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Nonheme “Fe'YO” Models: Ab Initio Analysis of the Low-Energy Spin State
Electronic Structures
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The spin-dependent geometries, energetics, and electronic
structures of the [FeO]?* motif are investigated on the basis
of DFT and perturbative CASPT2 ab initio calculations. The
synthetic complex [(Ls?)FeO]?* exhibits an S = 1 ground state
with a low-lying (=2000 cm™) competing quintet and an
open-shell singlet as the second excited state (=11000 cm™
above the ground state). By using the geometry optimization
information, it was shown from a valence bond reading of

the variational wavefunctions that a Fe''-O picture domi-
nates and that the number of d electrons is almost five in the
model system [Fe(NH3)50]?*. Analogy with the spin-cross-
over transition phenomenon is suggested, as the ground and
low-lying quintet states can be seen as resulting from a doub-
let — quartet transition of a Fe d° ion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Many metalloenzymes use iron as a cofactor to carry out
specific oxidation reactions.l'! It has long been invoked that
the intermediates responsible for the target reactions were
high valent iron-oxido intermediates.>! Thus, chemists
have made efforts to prepare models of these high-valent Fe
species, primarily focusing on the Fe—oxygen motif. Regard-
ing the formally Fe!V family of mononuclear nonheme en-
zymes, high-spin (S = 2) Fe"V—oxido compounds have been
identified in taurine/a-ketoglutarate dioxygenase (TauD)[!
and more recently in prolyl-4-hydroxylase (P4 H)[l and
halogenase CytC3.18] Conversely, synthetic models that have
been reported so far contain low-spin (S = 1) centers,**]
with the single exception of the in situ generated [(H,O)s-
Fe'VOP** ion.'% In contrast to TauD, which specifically cat-
alyzes hydroxylation of taurine,!'!l the oxidation of alkanes
with nonactivated C-H bonds (e.g., cyclohexane) by syn-
thetic models has been reported in a few cases but generally
yields products deriving from radical chain reactions.®!?!
It has been inferred from density functional theory (DFT)
calculations that the nature of the Fe=O bond remains al-
most the same in the two spin states.['3] Nevertheless, Shaik
et al. have shown that C-H activation by nonheme Fe!V—
oxido models may be rationalized by so-called two-state re-

[a] Institut de Chimie Moléculaire et des Matériaux d’Orsay, La-
boratoire de Chimie Inorganique, Université Paris Sud 11
91405 Orsay Cedex, France
Fax: +33-1-69154754
E-mail: fredbanse@icmo.u-psud.fr

[b] Laboratoire de Chimie, Ecole Normale Supérieure de Lyon
46, allée d’Italie 69364 Lyon cedex07, France
Fax: +33-4-72728860
E-mail: vrobert@ens-lyon.fr

4786

vvvvvvvvvvvvvvvvvvvvvv

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

activity (TSR)!'4! due to the proximity of the ground state
S =1 and the excited state S = 2.!3-16] After H-abstraction,
the ground state S = 1 surface displays a barrier for the
radical rebound, whereas this step is a lower-energy path-
way or barrier free in the S = 2 state. Then, products deriv-
ing from radical rearrangements are indeed expected if the
triplet state participates in the reaction.['>!®) DFT calcula-
tions performed on models of the TauD Fe!V—oxido inter-
mediate have recently demonstrated that relatively small
changes in the coordination sphere involving the binding
mode of the carboxylates is likely to tune the ground-state
spin multiplicity (i.e., S = 2 vs. S = 1).l'7l However, as men-
tioned by the authors,['”! uncertainties in the determination
of the spin-state energetics are intrinsic to DFT methods.['®]

From the experimental point of view, Mdssbauer spec-
troscopy is a powerful tool to investigate this class of com-
pounds. Because the isomer shift and quadrupole splitting
are sensitive to subtle changes in the electronic structure,
these parameters might be insightful to the environment of
the iron ion.17-192% [ndeed, oxidation numbers and spin
states can have major effects in Mossbauer isomer shift val-
ues. However, the distinction between S = 1 Fe''l and S =
1 or 2 Fe'V may not be directly accessible.?'] Not only does
the concept of formal oxidation number remain unadapted,
but the importance of charge transfers may greatly modify
this limiting picture. The assignment of oxidation numbers
is a frequently encountered issue in all areas of chemistry,
as recently illustrated for iron oxides.*?

In the course of our investigations of high-valent Fe—ox-
ido intermediates, we synthesized and identified [FeO]**
complexes with neutral ligands of the Ls?> family [cf.
Scheme 1, Ls> = N-methyl-N,N’,N'-tris(2-pyridylmethyl)-
ethane-1,2-diamine].l-23
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Scheme 1. Structure of ligands of the Ls> family used for the gener-
ation of [FeO]** complexes.

None of the molecular structures were resolved for these
complexes. Nevertheless, there is strong experimental evi-
dence that supports an S = 1 ground state in these systems.
On the basis of several theoretical studies, it has been pro-
posed,?3231 and later refuted,!'*26! that these species could
be best described as Fe'-O' rather than FelV=0 (see
Scheme 2).1231 This description could explain the interesting
activity of these intermediates towards the oxidation of cis-
stilbene that yielded the trans-epoxide preferentially.l>23 To
which extent these S = 1 synthetic systems as opposed to S
= 2 natural ones may be promising catalytic targets is a
challenging theoretical question.
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Scheme 2. Mesomer forms of the [FeO]** motif.

From a theoretical point of view, the zero overlap model
does not hold to describe such short Fe-O distances (ca.
1.65 A),127:281 Complete active space self-consistent field
(CASSCF) simulations do not properly account for charge
fluctuations,’! whereas DFT calculations may suffer from
the unadapted single determinantal description of open-
shell systems.*’! Besides, this method suffers from the arbi-
trariness of the exchange correlation functional and the
somewhat overestimated delocalization character of the or-
bitals. Because the Fe-3d and O-2p atomic orbitals (AOs)
are strongly mixed, one expects important charge transfers
that are to be quantified. Starting from the standard
Fe'V=0 picture, single and double charge-transfer forms
Fe"-O and Fe''-O" (cf. Scheme 2) are expected to contrib-
ute to the different spin state electronic structures. Even
though agreement has been reached as to the spin density
splitting between the Fe and O atoms for nonheme models
with neutral ligands,!'3-23-24:26] gignificant variations in the
spin populations of the speculated S = 1 TauD Fe'V—oxido
intermediate have been recently reported, ranging from
1.23/0.84 to 1.53/0.50 on Fe and O, respectively.l'”]

Therefore, we felt that a detailed inspection of the
[FeO** fragment would be very helpful to clarify (i) the
electronic structure and low-energy states of our synthetic
[FeO** motif [(Ls?)FeOJ]** (1; cf. Figure 1),[2% (ii) the elec-
tronic distribution in the Fe=O bond in terms of Fe!!, Felll,
and Fe'Y forms, and (iii) the S = 1, S = 2, and competing
S = 0 electronic structures as the Fe-O distance is varied in
model compound [Fe(NH3)sO1?* (2; cf. Figure 1). With this
goal in mind, orthogonal relocalized CASSCF MOs were
used to perform a valence-bond-type analysis of the wave-
function.
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Figure 1. Structures of 1 [(Ls>)FeOJ** (left) and of model com-
pound 2 [Fe(NH3)sO]** (right).

Thus, DFT and wavefunction-based ab initio calcula-
tions were performed to investigate the character of these
spin states in terms of the Fe!, Fe'!, and Fe!V contributions
(see Scheme 2). Because of the lack of X-ray diffraction
data, necessary structural information was first extracted
from DFT geometry optimizations. Then, nonvertical tran-
sition energies and electronic distributions available in the
wavefunctions of both 1 and model compound 2 (see Fig-
ure 1) were investigated by CASSCF calculations and sub-
sequent second-order perturbation theory (CASPT2). Fi-
nally, a detailed inspection based on variational CAS+ sin-
gle calculations was carried out to analyze the charge reor-
ganization phenomena.

Results and Discussion

Spin-State Energetics of 1

Full DFT geometry optimizations were performed on 1
in the different spin states (S =0, S =1, § = 2; cf. Table 1)
by using both B3LYP and BP86 functionals. Standard Fe—
N and Fe-O bond lengths are observed whatever the func-
tional. The major structural changes between the S = 1 and
the S = 2 states are, as expected in spin-transition sys-
tems,*") the increase in the Fe-N,, equatorial b9nd lengths.
Nevertheless, the bond length change (=0.1 A) is about
twice as small as that in the traditional singlet — quintet
Fe?* spin-crossover (SCO) systems.?!! In contrast, the Fe—
N.x axial and Fe-O bond lengths are almost unaffected.
The ligand-field effect was already analyzed as the spin state
changes from S = 1 to S = 2.[1320] Interestingly, the S = 1
and S = 0 structures are very similar with bond length
changes of ca. 2%. Finally, the spin-states energies calcu-
lated by using the corresponding optimized geometries (i.e.,
adiabatic transition) leave S = 1 as the ground state and S
=2 and S = 0 lying at 2300 and 11300 cm™! above, respec-
tively.

Table 1. Structural data obtained by DFT for 1 in the S = 1 ground
state and in the two excited states S = 2 and S = 0.

[(Ls2)FeO]** (1) Fe-O [A] Fe-N,, [A]®)  Fe-N,, [A]™
S=1 1.65 2.12 2.02
S=2 1.64 2.14 2.14
$=0 1.65 2.12 2.04

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] N, represents the axial N ligand. [b] Average distance between
Fe and the equatorial Nq ligands.
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Because DFT calculations are known to overestimate
charge delocalization, wavefunction-based calculations were
also performed. Therefore, demanding ab initio CAS(14,15)-
SCF calculations including 14 electrons in 15 molecular or-
bitals (MOs) and subsequent CASPT?2 treatment were car-
ried out by using the DFT-optimized spin-dependent geo-
metries for 1. This particular active space includes an extra
set of 3d orbitals in order to properly account for the d
electron correlation energy at the CASSCF level.[32331 The
importance of the so-called 3d’ set was reported in the spec-
troscopic analysis of spin-transiting systems.** As in most
synthetic models studies, our results show that the ground
state is triplet (S = 1), whereas the excited quintet (S = 2)
state is found in a close proximity at ca. 1200 cm™' above.
This result is in reasonably good agreement with the value
obtained by DFT calculations (2300 cm™'). These consis-
tent CASPT2 and DFT calculation results rule out the pos-
sibility to use such a neutral amine/pyridine environment to
favor the biologically relevant S = 2 over the S = 1 state. A
synthetic strategy to reverse the spin-state ordering would
be to modify the equatorial ligand field. With this goal in
mind, one may either use stronger n-donors in the equato-
rial plane?® or bulkier ligands.?3%! Finally, the open-shell
singlet (S = 0) previously reported®®! is found higher in en-
ergy: 11000 cm™! above the triplet state. Because the S =
0 and S = 1 geometries are not rigorously identical, these
excitation energies are not strictly Franck—Condon transi-
tions. The triplet-singlet energy difference we found by
using DFT and CASPT2 calculations turned out to be
twice as large as those previously reported for similar com-
pounds.[3°

Microscopic Analysis of the Fe-O Bond in 2

The efficiency of such formal [FeO]** motifs in achieving
an oxidation reaction strongly depends on the Fe=O bond-
ing naturel®”] and spin state. However, what might be a rel-
evant configuration assignment to such [FeO]*" species has
not been completely unraveled. In particular, how much
should the traditional Fe!V=0U!3211 configuration picture
(d,,)*(d,.)'(d,.)" be favored over Fe-OT*24 as n co-
valency competes with electron correlation effects? In order
to scrutinize the nature of the Fe=O motif giving rise to a
variety of competing spin states, we focused on the elec-
tronic description of a simplified model in which the critical
Fe-O distance was varied. This particular model system 2
(cf. Figure 1) turned out to be a relevant surrogate to inves-
tigate this class of compounds.!?*-?%! Therefore, we performed
a systematic theoretical analysis of the S =0, S =1, and S
= 2 spin state electronic structures of model system 2.

Our goal was to evaluate the weights of the different elec-
tronic configurations shown in Scheme 2. At this stage, a
smaller active space [CAS(10,8)] was chosen to perform a
systematic wavefunction analysis concentrated on the fron-
tier MOs (cf. Figure 2). These MOs are built from a naive
Fe**/O? picture. Nevertheless, owing to their important de-
localization character, one may wonder how much the elec-
tronic spin density is split between the Fe and O atoms.
4788
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Figure 2. S = 1 valence MOs used in the CAS(10,8)SCF+ single
variational calculations. Only one set of the degenerate (n..n,) and
(m,*,m,*) orbitals is shown.

On the basis of the geometry optimizations of 1, the
Fe-N., and Fe-N,, bonds were fixed by using the spin-
dependent Fe-N and Fe-O bond lengths given in Table 1.
The use of an average Fe-N,q value (Cy, symmetry) allowed
us to simplify the wavefunction reading. Starting from the
equilibrium Fe-O distance (1.65 A) defining the z axis, this
bond was contracted to 1.45 A or elongated to 1.85 A to
investigate the charge reorganization. Nevertheless, the
analysis of the multireference wavefunction in terms of the
CASSCF MOs was not straightforward, as both the CI ex-
pansion and the delocalized MOs incorporate information
upon covalency. Starting from the intuitive Fe"™V=0 picture,
one may look into the charge fluctuation configurations to
estimate the d-orbital occupancy. Thus, the relevant
CASSCEF r-active orbitals were relocalized either on the Fe
or O center to grasp the investigated information in the CI
expansion only (cf. Figure 3). The relocalized orbitals,
which will be used throughout the following wavefunction
analysis, exhibit large atomic character. Let us stress that
the two sets of MOs differ by a unitary transformation
within the active space. Such a rotation maximizes the
weights of the d and p atomic orbitals on the Fe and O
centers, respectively. This transformation leaves any observ-
able expectation value unchanged (in particular, the en-
ergy). Nevertheless, the atomic-like orthogonal MOs (i.e.,
relocalized MOs) offer a charge-transfer decomposition of
the wavefunction. It was recently shown that such decom-
position of the CASSCF wavefunction allows one to grasp
its physical content in terms of the possible distributions of
the valence electrons in molecularly optimized atomic-like
orthogonal orbitals.*® By using the resulting relocalized or-
bitals, the energetics and character of the lowest S = 0, 1,
and 2 states of model system 2 were evaluated at a CAS+
single level.l?]

Our results are summarized in Table 2. By varying the
Fe-O distance, we find that the ground-state triplet is
largely dominated (=65%) by the charge-transfer Fe'"'-O"
configuration. By using the correlated S =0, S =1, and S
= 2 wavefunctions, the weights of the Fe!l, Fe'l, and Fe!V
forms were calculated. The average Fe-3d orbitals occupa-
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relocalization

Figure 3. Delocalized and relocalized valence triplet orbitals of 2.
A similar set is obtained in the perpendicular plane.

tion (d) was simply evaluated by weighting the correspond-
ing six-, five-, and four-electron forms. This value remains
almost unchanged, and close to five, in the three spin states,
whatever the Fe-O probed distance. A detailed inspection
shows that the Fe!V/Fe!! ratio drastically decreases as the
bond length increases in the S = 0 and S = 1 states, whereas
this value is much less sensitive in the S = 2 state. Further-
more, the Fe™-O" and Fe!V=0 forms always contribute to
ca. 80% in the latter. In contrast to the S = 2 state, the
ground S = 1 and S = 0 states exhibit a nonnegligible O —
Fe charge transfer in the long-distance regime.

Table 2. Relative contributions [%)] of the Fe!l, Fe''!, and Fe!V forms
for 2 and average Fe-3d atomic-like orbital occupation (d).

Fe-O [A] 1.45 1.65 1.85

S=1/d 15:61:224 /49  13:67:20 /4.9  28:68:04 /5.2
sS=21/d 18:61:221 /5.0  18:64:18 /5.0  22:66:12/ 5.1
S=0/d 13:6720 /49  13:77:10/ 5.0  13:83:04 /5.1

In light of the ab initio calculations, a (d,,)*(d...d,.)*
configuration is favored in the S = 1 and S = 0 states. As a
result of the orthogonality of the d,. (respectively, d,.) and
p» (respectively, p,) orbitals, the ground state is triplet
(Hund’s rule) and consists of an equal weight of the (d,.)'-
(py)' and (d,.)'(p,)" triplet configurations. Even though the
involved AOs are (i) different in nature (2p in O,, 2p/3d in
FeO) and (ii) degenerate in O,, nondegenerate in the
[FeO]** motif, the constitutions of the MOs in the S = 0
and S = 1 states are very similar in both the O, and
[FeO]** systems.”*! Let us mention that this kinship was
suggested for late-transition-metal oxido bonds MO™ 140411
As expected, the singlet state is reminiscent of the A singlet
of the O, molecule.?! In particular, the rather delocalized
character of the MOs already reported in [FeO]** com-
plexesl®1413-17] strengthens this analogy and the preference
for the (d,,)*(d,..d,.)® configuration over the (d,,)*-
(d,.d,.)? configuration. Thus, the Fe spin character should
be considered as doublet in the S = 0 and 1 spin states of
the [FeO]** motif.

This is in contrast to the low-lying S = 2 spin state. The
formally nonbonding d,, — antibonding d,> ,» promotion
leads to a (d,,)'(d,-.d,.)*(d,> ,»)' configuration and an in-
termediate spin-state quartet on Fe results. Because the S =
1 — § = 2 conversion only implies orbitals lying in the
equatorial plane (i.e., d,,, perpendicular to the Fe-O bond),
this picture is compatible with the spin independence of the
Fe-O distance as previously reported.l'3?°l On the basis of
our wavefunction analysis, the net S = 1 — S = 2 phenome-
non should be seen as a doublet — quartet spin transition
occurring on the Fe center. Such a picture explains the
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structural changes accompanying the SCO phenomenon.
By using a monoelectronic picture, the number of promoted
electrons in the traditionally studied singlet — quintet tran-
sition is twice the number in the present doublet — quartet
phenomenon. This conclusion is consistent with the re-
duction of the Fe—-N,, bond lengths in 1. Let us stress that
such an analysis holds for Fe'V=0, for which a triplet —
quintet transition on Fe must be considered. Finally, spin-
density analysis shows that the Fe=O bond exhibits a 1/1
and 3/1 splitting in the S = 1 and S = 2 states, respectively.
These values are in relatively good agreement with previous
DFT-based analyses.'32426] Interestingly, these values are
almost unaffected as the bond length changes.

Conclusions

DFT calculations were performed on [(Ls?)FeO]**, a
complex we had previously reported but not structurally
characterized.l?®! The geometry optimizations allowed us to
perform low-lying spin state spectroscopy by using both
DFT and CASPT2 calculations. The geometries of each
spin state were fully optimized and almost identical for the
S =0 and S = 1 states, whereas the S = 2 state exhibits a
ca. 0.1 A elongation in the Fe-N distances in the equatorial
plane. The ground state was found to be triplet. The com-
peting quintet lies =2000 cm™' above the ground state,
whereas the open-shell singlet was found to be much higher
in energy. Starting from this structural information, varia-
tional wavefunction ab initio calculations were performed
on a model [Fe(NH;)sO]** system to obtain a detailed de-
scription of the Fe=O bond in [FeOJ]**-based complexes.
On the basis of valence-bond-type reading of the wave-
function, our calculations show that starting from the ionic
picture Fe**/O%, the O — Fe charge transfer leads to an
average number of d electrons of five on Fe in the three-spin
states. Low-lying spin state spectroscopy in such system can
be seen as resulting from a doublet — quartet spin transi-
tion on the Fe center. Let us mention that even though the
dominating configuration in the S = 2 spin state is consis-
tent with an Fe quartet, a nonnegligible Fe'V=0 character
subsists, whatever the Fe—O distance. Finally, an interesting
kinship between the electronic structures of O, and [FeOJ**,
with six 7 electrons in four MOs (cf. Figure 2) was found. In
particular, the presence of an [FeOJ*" singlet, reminiscent
of the A singlet of the O, molecule, can be looked for, as the
latter is known to be a strong oxidizing agent for organic
substances. If accessible, the [FeOJ]** singlet looks like a
promising candidate for oxidation reactions.

Computational Details

The synthesis of [Ls?FeO]** (1) was described previously,>3! but no
structural information was reported. Thus, the geometry of each
spin state was fully optimized at the unrestricted UB3LYP level by
using standard basis set 6-311G. Such a hybrid functional has
proven to provide very satisfactory results.3] Relativistic correc-
tions do not lead to any significant changes in the bond lengths.
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For single-point energy calculations, a 6-311G* basis set was used.
All our DFT calculations were performed with the use of the
Gaussian 03 program.[*l The sensitivity of the geometries and
energetics with respect to the functional were evaluated on the basis
of complementary UBP86/6-311G calculations. Regarding the
multireference calculations, we used the CASSCF approach and
CASPT2 treatment as implemented in the MOLCAS 5.4 pack-
age.[*”] The one-electron basis sets employed in the present work
to describe the MOs were derived from 21s15p10d6fdg primitive
functions contracted into 5s5p3d1f for Fe, 10s6p3d into 3s3pld for
O and N atoms, and 3s into 1s for H. Carbon atoms were described
with smaller basis sets (i.e., double zeta) to reduce the computa-
tional cost for calculations on 1.

In order to grasp the underlying physical phenomena, complemen-
tary wavefunction-based calculations were performed. Along the
CASSCF scheme, one qualitatively introduces in a multireference
wavefunction the leading physical configurations in the different
states of interest performing a full configurations interaction (CI)
within a limited space referred to as the complete active space
(CAS). The resulting n-electron wavefunction is formed by linear
combination of the so-called Slater determinants. Considering the
speculated electronic structure, the CAS we chose consists of 14
electrons (4 d, 6 p, and 2 s electrons arising from the Fe!'VO refer-
ence configuration, and one e,-type bonding pair on the equatorial
part of the ligand) in 15 MOs [5 mainly d-type centered on Fe, 4
arising from the oxygen valence orbitals, one bonding e,-type, and
an extra set of d-type orbitals, CAS(14,15)]. The latter set (so-called
double-shell) accounts for the radial correlation effects within the
iron 3d shell.3 A different active space was used previously that
did not include a second set of 3d orbitals.>®! This choice of active
space ensures a balanced treatment of the most important elec-
tronic configurations Fe'YO, Fe'O, and Fe'O*. The CASSCF
method allows one to account for nondynamic correlation effects.
Nevertheless, it fails to reproduce the transition energies because
of the lack of dynamical correlation contributions. In order to in-
corporate such physical effects, CASPT?2 calculations were carried
out by using an imaginary shift of 0.3 Hartree to avoid the presence
of intruder states.??! All electrons, except the core ones (Is for O
and N; 1s, 2s, and 2p for Fe), were correlated. Even though greatly
demanding, these calculations allow one to evaluate non Franck—
Condon transition energies. CAS+ single variational calculations
were also performed on a smaller active space [CAS(10,8)], as we
were mostly interested in examining the charge redistribution on
the FeO moiety. This CAS corresponds to the Fe-3d and O-2p sets
occupied by 10 electrons.
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