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Electronic Structure of High-Spin Iron(1v) Complexes
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High-spin (S = 2) iron(1iv) species are rare but increasingly
recognized as reactive intermediates in the catalytic cycles of
several nonheme iron enzymes. A question of some interest,
therefore, concerns how much higher in energy the low-spin
(S = 1) state is for these species. With the use of density func-
tional theory (DFT) and high-level ab initio calculations
[CASPT2 and CCSD(T)], we have attempted to answer this
question for the so-called Collins complex, a square-pyram-
idal Fe!V complex with a tetraamido-N equatorial ligand set,
a chloride axial ligand, and an S = 2 ground state. The calcu-
lations suggest that relative to the ground state, the low-spin
state is higher in energy by at least 0.3 eV and possibly as
much as 0.7 eV. Using DFT calculations, a broad quantum
chemical survey of high-spin Fe!VO intermediates was also
undertaken. A key finding is that the Fe-O distance and O
spin population are quite similar across all mononuclear
FeVO species studied, regardless of the heme versus non-

heme environment and of the S = 1 versus 2 spin state, re-
flecting the essential similarity of the Fe(d,)-O(p,) orbital in-
teractions in all the species studied. However, the spin den-
sity profiles of high-spin Fe!VO species, currently believed to
be known only as a nonheme iron enzyme (TauD) interme-
diate, are predicted to be very different from that of Collins’
high-spin Fe!V complex. Our calculations further suggest that
with the help of sterically hindered ligands such as 6-me3-
tpa, it might be possible to generate synthetic high-spin
FeVO models of the unique TauD intermediate. Finally, our
calculations confirm the aptness of describing the [(6-me3-
tpa)Fe!'(u-O),Fe!V(6-mes-tpa)]®* cation as a flexible diamond
core and indicate the presence of a fairly discrete high-spin
Fe!'VO unit within the dinuclear core.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Although high-spin iron(1v) species are believed to be in-
volved in the catalytic cycles of a number of nonheme iron
enzymes,!'-?! they are exceedingly rare in a traditional inor-
ganic context. This is not surprising given that high oxi-
dation states are generally favored by strongly basic ligands,
which in turn normally favor low-spin states of the coordi-
nated transition metal ion. Indeed, a square-pyramidal Fe'v
complex with a macrocyclic tetraamido-N equatorial ligand
and a chloride axial ligand, reported by Collins and co-
workers more than a decade ago, serves as the only well-
characterized high-spin Fe'" species known.’] At least three
enzymatic high-spin Fe'V species have been spectroscopi-
cally characterized but until now they have not lent them-
selves to X-ray crystallographic analysis. Perhaps the most
celebrated example of a high-spin Fe!V species is the critical
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methane-hydroxylating intermediate Q of SMMO.™ There
is strong evidence indicating that Q features an [Fe',(u-
0),]*" diamond core with antiferromagnetically coupled lo-
cal high-spin Fe'V centers.>* A related Fe'"Fe!V species
called intermediate X produces the catalytically essential
tyrosyl radical in the R2 protein of ribonucleotide reductase
to initiate the process of ribonucleotide reduction in DNA
biosynthesis.l’! On the modeling front, Que and co-workers
have reported synthetic [Fe,(u-O),]** intermediates with lo-
calized high-spin Fe™ and Fe' centers, the high-spin
character of the metal centers reflecting the relatively weak-
field nature of the capping ligands, which are based on steri-
cally hindered 2,6-dialkylpyridine units.[®”! Finally and very
recently, a high-spin Fe!V intermediate of the mononuclear
nonheme iron enzyme TauD (taurine/a-ketoglutarate dioxy-
genase) has been spectroscopically detected.!® Given our
longstanding interest in the electronic structures of high-
valent transition metal species,! we have initiated a broad
quantum chemical exploration of the electronic structures
of various known high-spin Fe¥ species, this being our first
report on the subject.

We present our results in two parts. In the first part, we
present our efforts to model the well-characterized Collins
species mentioned above,B! focusing on benchmarking the
relative energies of the high- and low-spin states using den-
sity functional theory (DFT) and ab initio CASPT2 and

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4555



FULL PAPER

A. Ghosh, E. Tangen, H. Ryeng, P. R. Taylor

CCSD(T) calculations.!'% The results emphasize the diffi-
culty of the problem — an issue that is largely overlooked
in modern quantum chemical studies of bioinorganic prob-
lems — but that said, the DFT results are not bad at all,
and DFT is clearly indicated as the method of choice for a
broad survey of high-spin Fe!V species. In the second part
of this paper, we present such a survey, focusing on high-
spin Fe'VO species, including a model of the TauD inter-
mediate.

The Collins Complex

Before undertaking a broad quantum chemical survey of
high-spin Fe'VO species, it seemed worthwhile to obtain a
feel for the suitability of DFT for such a study. While DFT
has emerged as the almost universal method of choice for
bioinorganic modeling studies, a number of cases have been
documented in which DFT apparently does a poor job of
describing the relative energetics of the low-lying states of
transition metal complexes.['” Indeed, based on the some-
what limited data available, Fe'™' complexes appear to be
particularly problematic; for example, DFT (PWOII,
B3LYP) does not exhibit a clear preference for a sextet
ground state for (porphyrin)Fe'! chloride, as expected on
the basis of experimental data, whereas CASPT2 and
CCSD(T) calculations clearly yield the correct ground state
and a substantial sextet-quartet splitting of about 0.7 eV.['!]
In a recent review article,!'” we have summarized much of
what has been accomplished so far in terms of bench-
marking the energetics of key spin states of transition metal
species of bioinorganic relevance. As the only well-charac-
terized high-spin Fe'V complex, the Collins complex ap-
peared to be an ideal candidate for our benchmarking stud-
ies.

To address the essence of the benchmarking problem,
there seemed little to be gained by dealing with the rela-
tively complex macrocyclic tetraamido-N ligand used in the
experimental study.’)] We have therefore used the smaller
C,, model complex 1 shown in Figure 1, which captures the
key structural features of the synthetic complex.?! Ge-
ometry optimizations were carried out for the S = 1 and 2
states of the model complex with both the PW9l and
B3LYP functionals.'? CASPT2 and CCSD(T) -calcu-
lations!!3) were carried out at both the PW91 and B3LYP
optimized geometries. The CASPT?2 calculations were car-

Cl

Figure 1. Simplified C,, model 1 of the complex used in this study
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ried out with two high-quality basis sets, denoted BS1 and
BS2, the latter being significantly larger than the former.['#!
Basis set BS1 was used for the CCSD(T) calculations.
Table 1 lists selected geometry parameters for the PW91
and B3LYP structures as well as the PW91 Mulliken spin
populations for selected atoms.'>'®) The agreement be-
tween the optimized and experimentall® geometry param-
eters may be regarded as generally very good.!'3] The triplet-
quintet splitting turned out to be essentially zero with the
PWOI1 functional and 0.21 eV (with the triplet higher in en-
ergy) with B3LYP DFT calculations, which clearly emphas-
ized the need for benchmarking with more elaborate, corre-
lated methods such as CASPT2 and CCSD(T).

Table 1. Selected geometry parameters (A, °) and Mulliken spin
populations!!?!

S=1 S=2

PWO1  B3LYP PW9l B3LYP
Geometry parameters(®I]
Fe—N 1.893 1.896 1.927 1.925
Fe—Cl 2.164 2.198 2.331 2.349
Fe—Ny4 0.343 0.345 0.372 0.376
N—-Fe—Cl 100.44 100.48 101.12 101.25
Mulliken spin populations!®
Fe 1.632 3.149
N 0.043 0.074
Cl 0.059 0.330
C(CO) 0.002 —0.003
O(CO) 0.036 0.050

[ In general, the PW91 and B3LYP geometry parameters are in
excellent agreement, better than =0.01 A and *0.05°. The only
exception is the Fe—Cl distance, for which a somewhat larger dif-
ference is observed between the two functionals. ! The symbol
Fe—Nj refers to the distance of the Fe atom from the plane con-
taining the four nitrogen atoms. [! The version of Turbomole used
for the B3LYP optimizations does not report atomic spin popu-
lations.

At the CASPT2/BSI level and with B3LYP optimized
geometries, the triplet-quintet splitting was found to be
0.66 eV, or 0.56 ¢V if Fe 3s3p correlation was excluded.
With the larger basis set BS2 and B3LYP geometries, the
CASPT?2 triplet-quintet splitting was 0.69 eV, or 0.58 eV if
Fe 3s3p correlation was excluded. CCSD(T) calculations in-
cluding 3s3p correlation were too large for our compu-
tational resources: the triplet-quintet splitting at the
CCSD(T)/BS1 level without Fe 3s3p correlation, with
B3LYP optimized geometries, was found to be 0.26 eV.
Thus, agreement between the CASPT2 and CCSD(T) ener-
getics is only fair, with a difference of about 0.3 eV between
the two predictions when Fe 3s3p correlation is excluded.
This discrepancy is as large as the splitting itself predicted
by DFT [or by CCSD(T)] and begs the question as to which
results (if any) are to be relied on.'”! On a more positive
note, the triplet-quintet splitting obtained with B3LYP en-
ergetics is not bad and essentially the same as the CCSD(T)
result, indicating the suitability of DFT for a broader explo-
ration of high-spin Fe!V intermediates; we have indeed car-
ried out such a study and the results are outlined below.
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High-Spin Fe'YO Intermediates

A question of longstanding interest concerns the possible
involvement of Fe'VO intermediates in the catalytic cycles
of mononuclear nonheme iron enzymes such as the pterin-
dependent enzyme phenylalanine hydroxylase and the a-ke-
toglutarate-dependent enzyme prolyl hydroxylase.l'! How-
ever, as mentioned above, only very recently has the first
such species been spectroscopically characterized: this is an
intermediate of the mononuclear nonheme iron enzyme
TauD (taurine/o-ketoglutarate dioxygenase), for which
Maossbauer spectroscopic studies suggest a unique high-spin
Fe'V formulation.®! While the ligation state of the iron
center is not known, mechanistic considerations suggest
that this may be an FeVO species, which would make it the
first mononuclear high-spin Fe'YO intermediate — enzy-
matic or synthetic — to be spectroscopically characterized.

Considerable progress has also been made on the syn-
thetic modeling front. Thus, the groups of Wieghardt'®]
and Quel'>2% have synthesized and spectroscopically
characterized a number of mononuclear nonheme Fe™O in-
termediates.l'! One of these intermediates, Fe'V(O)(me,cy-
clam)(CH;CN), has also lent itself to a high-quality crystal-
lographic analysis.>'1 However, none of these species, which
are S = 1, faithfully mimic the § = 2 TauD intermediate.
In contrast, a formally dinuclear but “flexible” diamond-
core intermediate formulated as [(6-mes-
tpa)Fe"—O—Fe'V(6-mes-tpa)=0]*" and containing anti-
ferromagnetlcally coupled, localized high-spin Fe' and
Fe!V centers, reported by Que and co-workers, may provide
the closest synthetic mimic of a mononuclear S = 2 Fe'VO
intermediate.?”! Given the well-documented ability of steri-
cally hindered 6-alkylated tpa ligands to enforce high-spin
states of coordinated Fe' and Fe! ions,*>?4 it is natural
to consider (6-mes-tpa)Fe™V(O)(L) (where L is an, as yet,
undefined ligand) species as attractive synthetic models for
the S = 2 TauD intermediate. We have done so in this study,
and indeed a high-spin ground state appears likely for such
species. Also presented are the first results of our attempts
to model the flexible diamond core mentioned above.

The optimized structures of the S = 1 species FeV-
(O)(L)»(PhCN) (2: L = en; 3: L = tmen) and of Fe'-
(O)(P)(PhCN) (4), shown in Figure 2, provide a comparison
of the electronic character of the Fe'YO unit in heme with
nonheme environments.”>! Figure 2 shows that for a par-
ticular zrans ligand (PhCN in all these cases), the Fe—O
bond lengths are nearly identical in all three species and
very similar to that observed experimentally for Fe'V(O)-
(meycyclam)(CH5CN).P'T As long known for (porphy-
rin)Fe™O derivatives (peroxidase compound II ana-
logues),?®27] the electron spin density is almost completely
localized on the FeO unit for all three species 2—4 and also
partitioned rather similarly between the Fe and O atoms.

The TauD iron site has a 2-His-1-carboxylate ligand en-
vironment,® which we have chosen to model with chelating
bis(2-imidazolyl)methane and malonate ligands to provide
some conformational rigidity to the optimized species. A
number of stereoisomers were examined, and species 5, a
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Figure 2. Selected O\Ptlmlzed distances, Mulliken charges and spin
populations for Fe'YO model complexes 2—5; complexes 2—4 are
S =1, while5is S =2

five-coordinate trigonal-bipyramidal species shown in Fig-
ure 1, was found to have the lowest energy. Perhaps not sur-
prisingly in view of its trigonal-bipyramidal structure, an
S = 2 spin state was favored over lower-spin states by sev-
eral tenths of an eV. As shown in Figure 1, the Fe—O dis-
tance and O spin population for 5 are strikingly similar to
those for the low-spin species 2—4, indicating that the low-
versus high-spin character of the Fe'™VO unit has relatively
little effect on the Fe(d,)—O(p,) orbital interactions (which
are largely responsible for the oxygen spin populations).

A comparison of the spin density profiles of 5 and of the
Collins model complex 1 proved enlightening. If we define
the Fe=0 axis of 5 and the FeCl axis of 1 as the z direction,
simple crystal field theory arguments (which are confirmed
by our calculations) suggest that 5 should have a d.? hole,
while 1 should have a d,>_ > hole. Thus, if we describe the
local symmetries of the iron centers in 5 and 1 as approxi-
mately Cz, and Cjy,, then their ground states may be de-
scribed as A, and °B,, respectively. Further, we have al-
ready seen that the spin density profile of 5 is strongly affec-
ted by Fe(d,)—O(p,) orbital interactions, for which there is
no analogue in 1. These considerations suggest that species
5 and 1 should exhibit significantly different spin density
profiles, an expectation that is confirmed by Figure 3, which
plots the spin density profiles for the two species. This may
be seen as qualitatively consistent with the fact that the
TauD intermediate and Collins’ complex exhibit dramati-
cally different Mdssbauer spectroscopic parameters,>- al-
though these remain to be explicitly determined with DFT
calculations.

Without question, the discovery of a high-spin Fe'V inter-
mediate for TauD has galvanized biochemists and synthetic
chemists alike to seek additional nonheme Fe'O intermedi-
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Figure 3. Comparison of the spin density profile of 5 (top) with
that of a model (1, bottom) of Collins’ S = 2 Fe'V complex,
[Fe"Y(pmd-N,N),Cl]~ (pmd-N,N = propanediamidato-N,N); color
code for atoms: calcd. C black, N blue, O red, H grey/white, and
Cl green

ates. What might be a good strategy for the synthetic chem-
ist? As alluded to above,[%7-23-24] the use of 6-alkylated tpa
ligands seems like a promising strategy, which led us to
carry out geometry optimizations for both S = 1 and S =
2 states for the following four species: [Fe'Y(O)(X)(Y)]",
where X = tpa and 6-mes-tpa and Y = F and OH (Fig-
ure 4). Table 2 lists key geometry parameters and atomic
spin populations, but these essentially lead to the same gen-
eralizations as made above for 2—5, namely that the Fe—O
distance and the O spin population are rather similar across
all the species studied, regardless of spin state.

Table 2 shows that the PW91 calculations predict S =
1 ground states for [Fe™V(O)(tpa)(Y)]", consistent with the
experiment, but the preference for S = 2 ground states for
[Fe™(O)(6-mes-tpa)(Y)]" is less clear. The B3LYP calcu-
lations clearly favor S = 2 ground states for [Fe'V(O)(6-mes-
tpa)(OH)]*, but also for [Fe'V(O)(tpa)(OH)]", albeit by a
very slight margin. Elsewhere, we have documented that
PWO1 calculations exhibit a greater preference for low-spin
states than B3LYP results.['% Thus, at least certain of these
calculations deserve to be repeated with more definitive but
far more computationally demanding CASPT2 calcu-
lations. These uncertainties notwithstanding, the energetics
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Figure 4. (a) Ligands used in calculations summarized in Table 2;
tpa, R = H, 6-mes-tpa, R = CHj; (b) note the notation of the Ny,
N,, N; and Y atoms/groups, which are mentioned in Table 2

data shown in Table 1 suggest that there is a good chance
that [Fe'V(O)(6-mes-tpa)(Y)]" species may exhibit § = 2
ground states and, therefore, are attractive targets for syn-
thetic modeling studies.

Finally, we have examined the question of whether Que’s
“flexible diamond core” may be viewed as one containing
a high-spin Fe'V=0 unit.”?! For simplicity, we have only
studied the ferromagnetically coupled S = 9/2 state of the
[(6-mes-tpa)Fe(u-0O),FeV(6-mes-tpa)]** cation. The cal-
culation employed a diamond-core-like starting geometry
but only a C, symmetry constraint to allow for spontaneous
desymmetrization of the Fe,(u-O), core, which indeed took
place;1?8] selected geometry parameters and Mulliken spin
populations for the two spin states are shown in Figure 5.

Figure 5. Selected PW91/TZP optimized distances (A, magenta),
angles (°, black) and Mulliken spin populations (red) for the ferro-
magnetically coupled S = 9/2 state of the [(6-mes-tpa)Fe!(p-
0),Fe!V(6-me;-tpa)]** cation

The geometrical asymmetry of the Fe,O, unit (which seems
consistent with its flexible nature, as emphasized in the ex-
perimental study®?l) and the spin density profile clearly
indicate the presence of localized high-spin Fe''' and Fe'”
centers for both spin states. Thus, the Fe' center has a
short Fe—O bond of about 1.73 A, consistent with a high-
spin FeV=0 unit. Note that the nitrogen atom trans to this
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Table 2. Selected results on mononuclear tpa and 6-mes-tpa complexes: distances (A), Mulliken spin populations, and relative energies
(Ere1, €V); in general, the results refer to PW91/TZP calculations, while those shown in italics refer to single-point B3LYP/6-311G(d,p)

calculations on PW91/TZP optimized geometries

Compound S Distances Mulliken spin populations Eq
FeO FelL FeN FeN, FeN; Fe (0] Y N, N, N3
[(tpa)Fe(O)(F)]* 1 165 184 213 2.00 1.98 1.26  0.79 0.01 -0.01 -0.01 —0.01 0.00
[(tpa)Fe(O)(F)]* 2 165 181 219 2.09 2.24 297  0.66 0.15 —0.02 0.01 0.08 0.50
[(tpa)Fe(O)(OH)]™* I 165 19 215 203 1.98 129 0.78 —0.01 —0.01 0.00 —0.01 0.00
1 133 078 —0.03 0.00
[(tpa)Fe(O)(OH)]™* 2 165 183 226 2.09 2.26 2.88  0.68 0.25 —0.01 0.00 0.07 0.29
2 3.05 066 0.17 —0.07
[(6-mes-tpa)Fe(O)(F)]* 1 165 185 210 2.08 2.08 .24 0.79 0.00 -0.02 —0.00 —0.01 0.00
[(6-me;-tpa)Fe(O)(F)]* 2 le4 182 214 216 2.32 297  0.67 0.14  -0.02 0.01 0.08 0.08
[(6-mes-tpa)Fe(O)(OH)]* 1 164 190 212 212 2.08 1.27 0.78 -0.03 —0.02 0.01  —0.01 0.12
1 1.35  0.76  —0.06 0.54
[(6-mes-tpa)Fe(O)(OH)]* 2 1.65 1.84 218 2.16 2.37 2.89  0.70 024  —0.02 0.01 0.07 0.00
2 313 0.56 0.20 0.00

group has a small negative spin population, unlike all the
other nitrogen atoms, but consistent with the expectation
that the metal d.» orbital that lies along the Fe'V=0 unit is
formally unoccupied.

Summary

The main conclusions of this study may be enumerated
as follows.

(1) We began this study by an attempt to benchmark the
relative energies of the high- and low-spin states for a well-
characterized high-spin Fe'V complex. Based on the
CCSD(T) and CASPT?2 results on model complex 1, we
would like to assert that the triplet-quintet splitting is likely
to be larger than 0.3 eV and perhaps as large as 0.7 eV. Ob-
viously, we wish we could have narrowed down this range
somewhat, but that seems impossible with currently avail-
able technology. If this range is correct, then the DFT val-
ues are on the low side, consistent with the known tendency
of DFT to favor low-spin states.['” On a more positive note,
DFT does not perform badly and does emerge as the practi-
cal tool of choice for a broad survey of high-spin Fe!V spec-
ies.

(2) The Fe—O distance and O spin population are quite
similar across all mononuclear Fe™VO species studied, re-
gardless of the heme versus nonheme environment and of
the S = 1 versus 2 spin state, reflecting the essential simi-
larity of the Fe(d,;)—O(p,) orbital interactions in all these
species.

(3) A significant insight from this study is that a high-
spin Fe!V center does not correspond to a unique type of
electron spin density profile. Thus, the TauD intermediate
and Collins’ high-spin Fe'V complex feature dramatically
different spin density profiles, qualitatively consistent with
their very different Mossbauer spectroscopic parameters.

Eur. J. Inorg. Chem. 2004, 4555—4560 www.eurjic.org

(4) The sterically hindered 6-mes-tpa ligand and related
ligands provide a promising recipe for generating synthetic
S = 2 FeVO intermediates.

(5) Lastly, our calculations indicate the presence of a
fairly discrete high-spin Fe!V=0 unit in the mixed-valent,
so-called “flexible diamond-core” intermediate.

Supporting Information: Optimized Cartesian coordinates
for the different molecules studied are provided.
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