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S K-edge X-ray absorption spectroscopy (XAS) is a direct experimental probe of metal ion electronic structure as the
pre-edge energy reflects its oxidation state, and the energy splitting pattem of the pre-edge transitions reflects its spin state.
The combination of sulfur K-edge XAS and density functional theory (DFT) calculations indicates that the electronic
structures of {FeNO}” (S = 3/2) (SM*2N,(tren)Fe(NO), complex I) and {FeNO}” (S = 1/2) ((bme-daco)Fe(NO),
complex 1) are Fe"(S = 5/2)-NO (S = 1) and Fe"'(S = 3/2)-NO (S = 1), respectively. When an axial ligand is
computationally added to complex I, the electronic structure becomes Fe"(S = 0)-NOe(S = 1/2). These studies
demonstrate how the ligand field of the Fe center defines its spin state and thus changes the electron exchange,

an important factor in determining the electron distribution over {FeNO}” and {FeO,}® sites.

Introduction

Mononuclear non-heme iron centers are present in a wide
range of enzymes that carry out reactions involved in oxygen
activation."* To obtain molecular insight into the mecha-
nisms of these enzymes, it is important to have a detailed
description of the electronic structure of the non-heme iron-
dioxygen adducts.> However, these oxygen intermediates
often rapidly react and are therefore not amenable to experi-
mental study. NO has been shown to reversibly bind to the
ferrous center of many mononuclear non-heme iron enzymes
and model complexes, forming stable Fe-NO complexes that
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can be spectroscopically studied.*”® These Fe-NO complexes
can serve as analogues of dioxygen intermediates and provide
insight into the electronic structures of the intermediates and
the mechanisms of oxygen activation.>'®!'" In addition to
being an analogue, non-heme Fe-NO complexes are active in
biological processes such as the nitric oxide reductases.'>
The Fe-NO complexes considered here are of the {FeNO}’
type according to the Enemark and Feltham notation,'? that
is, the total number of valence electrons in the Fe d and NO
7r* orbitals is 7. The spin state of these {FeNO}’ complexes is
either S = 3/2 or S = 1/2. The electronic structures of { FeNO}’
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Scheme 1. Plausible Descriptions of the {FeNO}’ (A) S = 3/2 and
(B) S = 1/2 Spin States

A Fe(ll)- NO- Fe(IIl) - NO’ Fe(l) - NO*
§=2 8=/ §=5/2 §=1 §=32 S=0
s=1 S=12 $=1/2 8=l

§=3/2 §=0

B Fe(ll) - NO- Fe(IIl) - NO” Fe(l) - NO*
§=1 §=1/2 §=3/2 §=I S=122 S=0
S=0 S=1/2 $=12 8=l

§=1/2 §=0

complexes have been controversial ¢~ %!%11-14731 playsiple
descriptions are presented in Scheme 1A and 1B. For {FeNO}’-
(S = 3/2), reference 11 presented spectroscopic evidence and
calculations which strongly support an electronic description
of a high spin Fe'"" (S = 5/2) antiferromagnetically coupled to
NO™ (S=1). For {FeNO}’(S = 1/2), a number of studies”'" %
invoke a description of low spin Fe'' (S = 0) coupled to
NOe(S = 1/2), while references 21 and 24 proposed a de-
scription of intermediate spin Fe'' (S = 3/2) antiferromag-
netically coupled to NO™ (S = 1).

We have developed sulfur K-edge X-ray absorption spec-
troscopy (XAS) as a direct experimental probe of the electronic
structure and bonding in metal complexes.™ ** The K-edge
X-ray absorption spectrum of a sulfur ligand bound to a tran-
sition metal ion can have an intense pre-edge feature, which is
assigned as a sulfur 1s to metal 3d transition. The intensity of
this transition (i.e., I(S;s— W*4) in eq 1, below) is directly
proportional to the % sulfur np character (o) mixed into
unoccupied or half-occupied valence metal d orbitals W*; =

(1= 0" My) — a/Ssp) of a transition metal complex.**

I(S)s — W7y = o’I(Sys — S3p) (1)
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Figure 1. Molecular structures of (A) complex I and (B) complex II, from
X-ray crystallography.’”*® (Fe atoms are in green, S atoms are in yellow,
C atoms are in gray, and N atoms are in blue. H atoms are omitted for
clearity).

Here I(S,5—S5,) is the intrinsic intensity of a sulfur 1s—3p
transition. Thus the pre-edge intensity provides a direct measure
of sulfur—metal bond covalency (o).

The energy of the pre-edge transition reflects the energy
difference between the metal d and sulfur 1s orbital. For the
same type of sulfur ligand (i.c., thiolate, sulfide, dithiolene)
the energy of the sulfur 1s orbitals is fairly constant.** There-
fore, the pre-edge energy reflects the energy of the metal d
electron acceptor orbital, which is dependent on the ligand
field and, more strongly, the effective nuclear charge (Z.sr) of
the metal, which in turn is determined by its oxidation state.
In addition, the pre-edge energy splitting pattern reflects the
half-occupied and unoccupied d orbitals, hence the spin state
of the metal center.*® Therefore, S K-edge XAS is a direct
experimental probe of metal ion electronic structure.

In the present study, (SM°2N4(tren))FegNO) (complex I,
S = 3/2 determined by EPR and SQUID)*” and (bme-daco)-
Fe(NO) (complex II, S = 1/2 determined by EPR)*® are
examined since complex I is an SOR (superoxide reductaseg
analogue while complex II is the only reported {FeNO}
(S = 1/2) model complex that contains sulfur ligands. Both
complexes are structurally defined by X-ray crystallography
and have a bent Fe—=N—O unit. (The structures are shown in
Figure 1; bond lengths and angles are given in Table 1.)
Complex I is six-coordinate with one thiolate, one imine and
three amine ligands while complex II is a five-coordinate
complex with two thiolate ligands and two amine ligands, in
addition to the NO moiety.

A combination of sulfur K-edge XAS and density functional
theory (DFT) calculations is used to elucidate the electronic
structures of {FeNO}(S = 3/2) (complex I) and {FeNO}’-
(S = 1/2) (complex II). The experimentally validated computa-
tional results are further used to explore the factors determin-
ing the electron distribution over the {FeNO}’ unit. These
studies are also relevant to {FeO,}® intermediates (see Dis-
cussion) as they demonstrate how the metal ion spin state
(aresult of its ligand field) influences the electron distribution
over FeNO and FeO; sites.

(36) Dey, A.; Chow, M.; Taniguchi, K.; Lugo-Mas, P.; Davin, S.; Maeda,
M.; Kovacs, J. A.; Odaka, M.; Hodgson, K. O.; Hedman, B.; Solomon, E. I.
J. Am. Chem. Soc. 2006, 128, 533-541.

(37) Villar-Acevedo, G.; Nam, E.; Fitch, S.; Benedict, J.; Freudenthal, J.;
Kaminsky, W.; Kovacs, J. A. J. Am. Chem. Soc., in press.

(38) Chiang, C.Y.; Miller, M. L.; Reibenspies, J. H.; Darensbourg, M. Y.
J. Am. Chem. Soc. 2004, 126, 10867-10874.



Article

Table 1. Geometric Parameters, Spin Densities, and S Covalencies from Crystal
Structures, Experimental Data, and Calculations

Fe(trenS)NO (complex I) Fe(daco)NO (complex 1)

exp. B3LYP exp. B3LYP
Fe—S 228 2.28 Fe—Sl 224 226
Fe—N1 2,12 221 Fe—S2 225 226
Fe—N3 2.2 2.34 Fe—NI1 2.07 2.15
Fe—N2A 2.21 2.32 Fe—N2 2.08 2.15
Fe—N2B 221 229
Fe-NO 1.76 1.8 Fe-NO .70  1.73
N-O .15 1.16 N-O .17 1.19
Fe—N-0O 152.6 161 Fe—N-O 151.4 149.8
O—N—-Fe—S 0 —143 O—N-Fe—Sl 203 46
spin density on Fe 3.67 spin density on Fe 2.16
spin density on NO —1.13  spin density on NO -1.15
S covalency 43¢ 39 S covalency 55¢ 40

“From the covalency in Table 2.

Experimental Details

Sample Preparation. The complexes (SM?Ny(tren))Fe(NO)
and (bme-daco)Fe(NO; were synthesized according to proce-
dures in the literature.”” ~*° For complex I, SQUID data gave a
good fit (R? = 0.999) over the temperature range 7' = 5—265 K,
with uer = 4.12 up, and the elemental analysis of the solid
isolated compound is good (Anal. Calcd for FeC35sH43Ns0O4S;:
C, 64.74%, H, 6.62%; N, 10.79%. Found: C, 64.67%:; H, 6.53%;
N, 10.29%). Spin quantitation of the EPR signal (vs Fe™EDTA)
indicated 96% purity.®” For complex II, the samples studied
were in pure crystalline form (ground into powder). The analy-
tical data for the crystals can be found in ref 38. For S K-edge
XAS experiments, the samples were ground into fine powders
and dispersed as thinly as possible on sulfur-free Mylar tape in a
No,-filled inert atmosphere glovebox. This procedure has been
verified to minimize self-absorption effects. The samples were
then mounted across the window of a 1 mm thick aluminum
plate. A 6.3 um polypropylene film window protected the solid
samples from exposure to air during transfer from the glovebox
to the experimental sample chamber.

Data Collection and Analysis. All sulfur K-edge data were
measured at the Stanford Synchrotron Radiation Lightsource
using the 54-pole wiggler beamline 6—2 under ring conditions of
3 GeV and 60—100 mA. Details of the experimental configura-
tion for low-energy studies have been described previously.*
The photon energy was calibrated to the maximum of the first
pre-edge feature of Na,S,05-5H,0 at 2472.02 eV. A total of
3—5 scans were measured per sample to ensure reproducibility.
Raw data were calibrated and averaged using EXAFSPAK.*!
Using the PySpline program,** the background was removed
from all spectra by fitting a second-order polynomial to the pre-
edge region and subtracting it from the entire spectrum. Nor-
malization of the data was accomplished by fitting a flat second-
order polynomial or straight line to the post-edge region and
normalizing the edge jump to 1.0 at 2490 eV. The intensities of
the pre-edge features were quantified by fitting the data with
pseudo-Voigt line shapes with a fixed 1:1 ratio of Lorentzian to
Gaussian contributions, using the EDG_FIT program.*' The
reported intensity values are based on the average of 10—12
good fits. In addition to the error resulting from the background
correction and fitting procedure (~2%), normalization procedures
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Figure 2. S K-edge XAS spectra of complex I ({FeNO}’, S = 3/2, blue),
comlplex II ({FeNO}’, S = 1/2, green), Fe'"=SOR (high spin, red),
Fe™(SM2N,(tren))(NCS) (low spin, black) and Fe'"=SOR (high spin,
light blue). The vertical lines indicate the three pre-edge features asso-
ciated with transitions to 'A, to °Ty, °T, and Ty, and to 'T, states for
FeM(SM2N,(tren))(NCS).

can introduce 1—3% error in the total pre-edge peak areas. The
uncertainty in pre-edge energy is ~0.1 eV.*

DFT Calculations. Geometry optimization and single point
calculations were performed on dual-CPU Intel Xeon work-
stations using the Gaussian 03 package.** The optimizations were
performed using the unrestricted B3LYP hybrid functional*>*®
for both complexes. For complex I, the 6-311+G(3df) basis set
was used for Fe, S, N, and O atoms and 6-311+G* was used for
C and H atoms. For complex II, the 6-311+G* basis set was
used for Fe, S, N, and O atoms and 6-311G* was used for C and
H atoms.*” The initial coordinates for the geometry optimiza-
tion were obtained from the crystal structures.*”*® Single point
calculations were performed for both complexes using the
unrestricted B3LYP functional and a 6-3114+G(3df) basis set
onthe Fe, S, N, and O atoms and a 6-3114+G* basis set on the C
and H atoms with tight convergence. The molecular orbitals
were plotted using the Gaussview v.3.0 software, and Mulliken
population analyses*®>! were performed using the QMForge
program.>? Time-dependent DFT (TD-DFT) calculations were
performed with the electronic structure program ORCA®>*
with the same basis sets and functional as the single point
calculations. The {FeO,}® complexes in different configurations
were calculated using the Gaussian 09 package.’

Results

A. S K-Edge X-ray Absorption Spectroscopy. The S
K-edge XAS data for (SM**Ny(tren))Fe(NO) (complex I,
S = 3/2, blue) and (bme-daco)Fe(INO) (complex II, S = 1/2,
green) are presented in Figure 2. The resolved pre-edge
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Figure 3. Fits of the pre-edge features of complex I (A) and complex II (B).

Table 2. Pre-Edge Peak Energies (E, ¢V), Intensities (D), and Covalencies

complex E (V) Dy covalency” total covalency
1 2470.1 0.44 17 43
2471.0 0.70 26
11 2470.5 1.05 39 55
2471.6 0.42 16

“Quantitation was based on the expression Dy = A0o’I(S)/3n, where
o is the S character in each orbital, 4 is the ground state degeneracy, n is
the normalization factor (i.e., number of S atoms contributing to the pre-
edge feature,n = 1 for complex I and n = 2 for complex II) and /(S) is the
transition dipole integral (/(S) = 8.05 for thiolate™).

fits are shown on an expanded scale in Figure 3, with fit
results given in Table 2. Complex I shows two pre-edge
features, at 2470.1 and 2471.0 eV, respectively, split by
0.9 eV. Complex II also shows two pre-edge features,
at 2470.5 and 2471.6 eV, split by 1.1 eV with a different
intensity pattern.

To elucidate the electronic structures of complex I and
I1, data of three reference complexes are also included
in Figure 2. Fe™(SM**N,(tren))(NCS) (black) is a six-
coordinate low spin ferric complex ® which shows three

re-edge features associated with transitions to 'A,, to
T,, T, and 'T,, and to 'T, states, respectively’’ (vertical
lines in Figure 2); Fe—SOR (red) is a six-coordinate
high spin ferric protein site, which has two pre-edge features
of comparable intensity, assigned to S 1s—Fe d(t,) and
S Is—Fe d(e)*® transitions; Fe"'—SOR (light blue) is a six-
coordinate high spin ferrous complex, whose pre-edge feature
is higher in energy and obscured by the S 1s transition to
the S—C o* orbital at ~2472.5 eV.*®

(56) Miinck, E.; Kovacs, J. A. et al., unpublished results.

(57) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,
K. O.; Solomon, E. 1. J. Am. Chem. Soc. 1997, 119, 6297-6314.
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Both complex I and complex II show distinct pre-edge
features in the same energy region as the Fe'! reference
complexes, showing that their Z reflects an Fe''! site.
The shape of the complex I ]_Pre-edge feature (blue in
Figure 2) resembles that of Fe'"—SOR (red, two peaks of
comparable intensity split by ~1.2 ¢V), suggesting that
complex I is a high spin Fe'"! complex. However, the pre-
edge feature of complex II (i.e., two peaks with intensity
ratio of 2.5: 1, split by ~1.1 eV) differs from that of Fe'"'—
SOR as well as from that of the low spin reference com-
plex Fe'(SM®2N(tren))(NCS) (black in Figure 2), which
shows three pre-edge features (with the intensity ratio of
1.1: 4.8: 1). This indicates that while complex II has an
Fe'Tsite, it is neither high nor low spin, raising the possib-
ility of an intermediate spin ground state. This is sup-
ported by TD-DFT calculations in section B.

Since there is a linear relationshi}g between oxidation
state and effective nuclear charge,”® and the pre-edge
transition energy reflects the Z.¢ (for the same type of
S ligand), we can estimate the oxidation states of the iron
in complex I and II based on their pre-edge transition
energies relative to those of the Fe"SOR and Fe"'SOR
references.® Using the Slater— Zener rules,*®' the oxida-
tion stateis estimated to be 2.75 for complex I and 2.67 for
complex II (see Supporting Information). These results
indicate that both complexes I and II have oxidation
states close to the oxidation state of the Fe'! reference
complex defined as 3.0.

B. DFT Modeling. Geometry optimizations were per-
formed using the spin unrestricted B3LYP functional,
starting from the crystal structures®’® for both complexes.
The optimized geometric parameters for complexes I and
II are listed in Table 1 for comparison to the parameters
from the crystal structures. For both complexes, the
optimized bond lengths and angles agree well with those
of the crystal structures, with the main differences being
that for complex I the calculated Fe-amine bond lengths
are longer than in the crystal structure by ~0.1 A and for
complex II the O—N—Fe—S dihedral angle is calculated
to be larger than in the crystal structure. However, the
total energy change is only 0.56 kcal/mol for the bond
length change in complex I and 0.13 kcal/mol for the angle
change in complex II relative to the crystallographic values.

The calculated wave functions for both complexes were
found to be stable using the stability check option in
Gaussian 03. From the Mulliken spin densities™ in Table 1,
both complexes are determined to have the Fe and NO
antiferromagnetically coupled.

The calculated MO diagrams for both complexes are
presented in Figure 4A and B. Only the lowest seven
unoccupied orbitals that have significant Fe d or NO 7*
character are included in the diagram and are analyzed
further.®> From the MO diagram, complex I has two
unoccupied o orbitals that are composed mainly of NO
gr* character (77, * denotes the orbital in the Fe—N—O plane;
7, *denotes the orbital perpendicular to the Fe—N—O plane)

(59) Slater, J. C. Phys. Rev. 1930, 36, 0057-0064.

(60) Note that the ligand field (LF) also affects the pre-edge transition
energies, but to a smaller extent relative to Z.g. The oxidation states derived
here do not include the effect of the LF.

(61) Zener, C. Phys. Rev. 1930, 36, 0051-0056.

(62) Unoccupied orbitals are used here to visualize the uncompensated occupied
orbitals of opposite spin, which are strongly mixed because of spin polarization.
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Figure 4. MO diagrams of complex I (A), complex II (B), and complex II + axial L (C). (Only unoccupied orbitals are shown. Occupied orbitals are in
Supporting Information, Figure SI—S3.) Numbers shown are the percentage of Fe d, NO 2p, and S 3p orbitals in each MO. o contours are shown on the left

and f§ contours are shown on the right.

and five unoccupied f orbitals that are composed mainly
of Fe d character. Complex II has three o and four 5 un-
occupied orbitals, all of which have both Fe and NO char-
acter. Two o orbitals are mainly NO 7%, while one o and
the four § orbitals are mainly Fe d.

Total S covalencies were calculated by summing the S p
component in the orbitals shown in the MO diagram. The
calculated S covalencies are listed in Table 1 (bottom).
For both complexes, the calculated total S covalencies are
lower than the experimental values from S K-edge XAS in
Table 2 by 4% for complex I and 15% for complex I1.%

To further test the results of these electronic structure
calculations, TD-DFT calculations were performed to
simulate the S K-edge XAS data. In Figure 5 the energy is
shifted up by 57.3 eV to compensate for relativistic effects
that are not included in the calculation, and the intensity
is scaled down by 0.024 to compensate for the intensity
normalization of the experimental data.®* For both

(63) The results for the pure functional BP86 are not presented because
they do not reproduce the energy splitting and the intensity pattern of the
pre-edge in the S K-edge XAS.

(64) George, S. D.; Petrenko, T.; Neese, F. Inorg. Chim. Acta 2008, 361,
965-972.

complexes, the calculated S K-edge XAS spectra repro-
duce the split pre-edge in the experimental spectra, sup-
porting the accuracy of the calculated descriptions of the
bonding. From these TD-DFT calculations, for complex I
(Figure 5A) the pre-edge feature at 2470.1 eV is assigned to
transitions to the Fe t, () orbitals (d,. (878), d., (83p),
and d.. (894)) and that at 2471.0 eV is assigned to
transitions to Fe e () (d\>—,> (908) and d.. (91p)) and
NO 7* () (90,91a) orbitals. For complex II the pre-edge
feature at 2470.5 eV is assigned as transitions to Fe d.. (5)
(84p), d“ (B) (85p), d.» (B) (86p) and d\.—,» (o) (85a)
orbitals® while that at 2471.6 eV has contributions from
the transitions to Fe d._,. (8) (878) and NO n* (o)
(86,870 orbitals.

Analysis

A. Electronic Structure of Complex I (S = 3/2). For
complex I {FeNO}’ (S = 3/2) in Figure 4A, the two
unoccupied a orbitals 90 and 91 are NO z* orbitals and

(65) The transition to d\»—,» (o) is lower in energy than transition to
dy2- )2 (B) because of exchange stabilization of the quintet final state on
the Fe.
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Figure 5. TD-DFT calculated (pink) and experimental (blue for com-
plex I and green for complex II) S K-edge XAS spectra for complex I (A)
and complex II (B). The transitions have been convolved with a pseudo-
Voigt function of 0.5 eV half-width to account for experimental and core-
hole broadening.

the five unoccupied 8 orbitals 87—91 all have dominant
Fe d character, that is, the Fe d orbitals have five o elec-
trons while the NO s* orbitals have two f electrons.
Therefore, complex I is described as a high spin Fe'™' (S =
5/2) antiferromagnetically coupled to triplet NO™ (S = 1)
(Scheme 2, left). This electronic description is consistent
with the experimental S K-edge X AS result that complex I
has a high spin ferric center very similar to that in Fe'"—SOR.
It is also consistent with our earlier studies.®'!

We also note that the wave functions in Figure 4A are
significantly delocalized between the Fe d orbitals (especially
d,-and d,.) and the NO 7* orbitals. The delocalization in
the S unoccupied orbitals between d,.. and NO m,* and
between d,. and NO s,* reflects the amount of electron
donation from the occupied NO™ 7* to the Fe d orbital
while the delocalization in the o unoccupied orbitals
between NO 7* and d,./d,. reflects the backbonding of
the occupied Fe d character into the NO z* orbitals.
Because the amount of electron donation from NO z* to
Fed (total ~66%) is much larger than that from Fe to NO
(total ~9%), the net delocalization somewhat decreases
the Zeg of the Fe''! center. This is consistent with the fact
that the oxidation state estimated from S K-edge data
is 2.75, which is lower than the oxidation state of the
Fe""—SOR reference complex of 3. Rodriguez et al.'
have drawn a similar conclusion from the isomer shifts in
the Mossbauer spectra and from DFT calculations for
nitrosyl derivatives of deoxy hemerythrin.

B. Electronic Structure of Complex II (S = 1/2). For
complex II, the MO diagram in Figure 4B shows that
there are two o holes in NO 77* (86, 87) and one o (85) and
four f3 holes (84—87) in Fe d orbitals, that is, the Fe d
orbitals have four a electrons and one 3 electron while the

Sun et al.

NO 7* orbitals have two  electrons. Therefore, complex 11
is described as an intermediate spin Fe'"'(S = 3/2) anti-
ferromagnetically coupled to triplet NO™ (S = 1) (Scheme 2,
middle left). This description is consistent with the experi-
mental results from the S K-edge data that complex II has
an intermediate spin ferric center.

Complex II also has the seven valence electrons par-
tially delocalized within the {FeNO} unit. The electron
delocalization of the four unoccupied S orbitals reflects
the amount of electron donation from the NO 7* into the
Fe d orbitals (~60% total), while the delocalization of the
unoccupied a orbitals 86 and 87 reflects the backbonding
from the occupied Fe d,./d,. into the NO 7, * /7, * orbitals
(~15% total). As in complex I, the net NO™ donation in
complex IT decreases the Z.g of the Fe'"" center. This is
consistent with the Z.y of 2.67 estimated from the S
K-edge data, that it is lower in complex II relative to the
Fe""—SOR reference.®

C. Correlation of the Electronic Structure Description
of Complex II (S = 1/2) to Descriptions in the Literature.
From the S K-edge XAS spectra and DFT calculations,
complex I1is described as Fe'''(S = 3/2)-NO (S =1) S =
1/2, that is, an intermediate spin state ferric center anti-
ferromagnetically coupled to a triplet NO . However, in
the literature, most iFeNO}7(S = 1/2) complexes have
been described as Fe''(S = 0)-NOe(S = 1/2), that is, a low
spin ferrous center coupled to a NO radical,”!”~** with
the exception of reference 21 and 24, in which an Fe''-
(S = 3/2)-NO (S = 1) description is proposed.

There are two possible explanations for this discre-
pancy: (1) the method used here to determine the electro-
nic structure is different from that used in the literature;
(2) the electronic structure of complex II is different from
that of the other complexes studied, reflecting its different
geometric structure. The first possibility can be ruled out
because B3LYP was also used in the previous studies’!:18-2
and the description of complex IT does not change when
the basis sets used in literature were examined (See Sup-
porting Information, Table S1), indicating that the elec-
tronic structure difference may be due to the specific
geometric structure of complex II.

The structure of complex II is different from the struc-
tures in the literature”!”~?° in two ways: (1) there are
two cis thiolate ligands; (2) complex II is five-coordinate
with a pseudo-square pyramidal geometry (similar to the
complex in reference 24) while the other complexes in
the literature all have six ligands and are pseudo-octahedral.
To investigate the effects of these structural differences,
we performed calculations on three models: (A) the thiolate
ligands in complex II were replaced by amines; (B) a N
coordinated axial CN™ ligand was added to the original
structure, trans to the NO; (C) the thiolate ligands were
replaced by amines and an axially N-coordinated CN™
ligand was added.

From the calculations (Supporting Information, Table
S2 and S3), model A gives the same electronic structure
description as the original structure of complex II (Fe'"'(S =

(66) Note that while the net charge donation from NO to Fe is larger in
complex I (~58%) than in complex II (~45%), the NPA charge for complex
1 (1.8)is higher than complex II (1.5) because of differences in donation from
the other ligands. This is consistent with the oxidation states estimated from
the S K-edge energies in Supporting Information
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Scheme 2. Descriptions of {FeNO}’ Complexes with Different Ligand Fields
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Fe" (S=5/2)-NO7(S=1) Fe" (S=3/2)-NO<(S=1) Fe'" (S=0)-NO+(S=1/2)
3/2)-NO" (S = 1)) while models B and C both give a low ¥ ¥
spin ferrous (S = 0) center coupled to an NO radical
(Scheme 2 right), equivalent to most of the descriptions in b
the literature. The MO diagram for complex II + axial L
is given in Figure 4C. There are two o and two 3 holes in
the d o orbitals (i.e., a (tzg)6 configuration on the Fe) and X X
one a and two  holes in the NO 7* orbitals (i.e., an NOe
configuration). These results indicate that it is the lack of

an axial ligand that changes the electronic structure of
complex II relative to that of most of the complexes studied
previously.

D. Ligand Field Contributions to Spin States of {FeNO}’.
Itisinteresting that in going from complex I to complex I1
to complex II + axial L, the {FeNO}’ moiety changes from
Fe'''(S = 5/2)-NO (S = 1) to Fe'"'(§ = 3/2)-NO (S = 1)
to Fe''(S = 0)-NOe(S = 1/2). From the dndlySlS in section
C, the ligand field of the Fe can affect its sg)ln state and
thus the electronic structure of the {FeNO} " site.

From the MO diagrams in Figure 4, complex I has a
high spin ferric center with one o electron in each d
orbital, while complex II has an intermediate spin ferric
center with an electron pair in the d,, orbital and an
unoccupied d,. . orbital. The Fe'" center in complex 11 is
intermediate spin rather than high spin because the
energy gap between the d.._ . and d., orbitals is large
enough to overcome the electron repulsion increase asso-
ciated with electron pairing in the d,,, orbital. From DFT
calculations, the energy difference between thed..andd,,
orbitals in complex I is 1.2 eV while the energy dlf—
ference between d,>—,» and d,, in complex I is 2.3 eV. o7
This large energy gap between d,»— )2 and d,, orbitals in
complex II reflects its square pyramidal geometry with
stronger o donating equatorial ligands (Figure 6).

When the axial ligand is computationally added to com-
plex I1, the ligand field along the z axis becomes stronger and
shifts the d.. orbital higher in energy. This would result in a
shift of the d.. electron of complex II into the d.. orbital to
spin pair, producing a low spin Fe'" state (Scheme 2 center-
right). However, the computed electronic structure descrip-
tion of complex II + axial L is a low spin Fe'". This means
that upon going low spin because of the strength of the
ligand field, one electron also transfers from the NO ™~ m,*
orbital into the Fe d,. orbital, resulting in a low spin Fe'and
NOe (Scheme 2, far right). The driving force for this electron
transfer is investigated below.

(67) The energy difference between d—y? and dy, in complex II is not
directly obtained because d.—y* and dy, differ in occupancy. So a single
point calculation on the complex II structure with a total spin S = 3/2 was
performed and the enery gap was obtained for the unoccupied d,.—)? and dy,
orbitals.

Figure 6. Equatorial ligand field of complex I (left) and complex II
(right). Note complex I has two strongly donating cis thiolates and four
equal L—Fe—L angles (L = S or N) of 86(£2)° while complex I has one
thiolate, two N—Fe—N angles of 53° and two S—Fe—N angles of 101°.

E. Exchange Contributions to the Electron Distribution
over {FeNO}'. Normall?/ adding an axial ligand would
stabilize the oxidized Fe'"" state; however, the computed
electronic structure for complex II + axial L is Fe"'—NOe.
This indicates that the total energy of the Fe''—NOe
configuration is lower than that of the Fe'"=NO™ con-
figuration, that is, the total energy change in going from
Fe"—=NO™ to Fe'"=NOe (AE,,) is negative for complex
IT + axial ligand. In contrast, for complex II (without an
axial ligand), AE is positive since the ground state is
Fe'''-NO™.

In going from the Fe'"—NO™ to the Fe'"-=NOe con-
figuration for complex I (Scheme 3 left half) and complex
IT 4 axial L (Scheme 3 right half) an electron is transferred
from the NO z* orbital to the acceptor Fe d orbital. Since
the NO sr* orbital is higher in energy than the Fe d orbital
in both complexes, the Fe"'=NOe configuration is favored
(i.e., the one electron orbital energy difference, AE,4, is
negative). Since there is one more donor ligand on the Fe
in complex I + axial L, the Z.g" © is less positive and the d
manifold should be higher in energy, its AE,,, should be
less negative. Therefore, this term will stabilize Fe''—=NOe
configuration more in complex II than in complex II +
axial L, the reverse of what is found in the DFT calcula-
tions and experiments for complex II.

However, two additional contributions have to be
considered in evaluating the relative stability of the two
electronic configurations for the two complexes: (1) the
decrease in the stabilization energy because of the anti-
ferromagnetic exchange coupling between the spins on
the Fe and NO, AEAF, and (2) differences in the e” —¢~
repulsion interaction between the two configurations for
each of the two complexes, AE,p;.

(1). AE4p. This term has an energy contribution to the
stabilization of the ground state of each configuration
for each complex in Scheme 3, which is given by eq 2 (for
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Scheme 3. Correlation between Descriptions for Complex II and Complex II + Axial L*
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“Contributions to energy difference between Fe'"=NO™ and Fe""—NOe for each complex at bottom.

H = —2JS,-S,, where Jis the antiferromagnetic exchange
coupling constant):

Earp = _J(Stot(Smt-i-l)—Sl(Sl+1)—S2(S2+1)) (2)

For complex I1, the Fe"™ (S = 3/2)-NO (S = 1) Sio = 1/2
configuration has Exp of 5J, the Fe''(S = 1)-NOe(S = 1/2)
Siot = 1/2 configuration has Eap of 2J and thus AEAE = —3J,
assuming similar J values for both configurations. For
complex II 4 axial L (Scheme 3 right half), the Fe'(S =
1/2)-NO" (S = IP Sior = 1/2 configuration is stabilized by
2J while the Fe''(S = 0)-NOe(S = 1/2) St = 1/2 config-
uration has no exchange stabilization, so AEAr = —2J.

Since the J’s are negative (i.e., antiferromagnetic coup-
ling), for both complexes the Fe""NO™ configuration is
stabilized by the increase in the number of its exchange
pathways. The Fe""NO ™~ configuration is more stabilized
in complex II by ~ Jaf (see bottom of Scheme 3). This is
qualitatively consistent with the above DFT calculations
where complex IT has an Fe""NO ™~ ground configuration;
however, this term is expected and calculated to be small
(~0.14eV).587 7

(2). AE;p. In going from the Fe'""NO™ to the Fe''—
NOe configuration for both complexes in Scheme 3, elec-
tron repulsion on the NO moiety is lost while the e” —e™
repulsion on the Fe is increased. For AE,, no, the NO™
loses J(m,*, m,*) — K(r,*, m,*) repulsion, where J is the
two electron Coulomb and K the two electron exchange
integral. For AE\, e, this change in e —e repulsion
must be obtained for each of the two configurations (for

(68) This J was calculated for complex II using the broken-symmetry
formalism of Noodleman et al.’® and Yamaguchi et al.”' (Scheme 3 left
Fe""-NO™ configuration). This has two strong magnetic orbital pathways
out of six total, Complex II + axial L (Scheme 3 right Fe'-NO™ config-
uration) has one strong magnetic pathway out of two total. Thus the J of
Complex II + axial L should be ~3/2 that of complex II. However, the
stabilization energy due to the antiferromagnetic coupling of complex II
should be ~3/2 that of complex I + axial L (AEAg’s at bottom of Scheme 3).

(69) Noodleman, L.; Davidson, E. R. Chem. Phys. 1986, 109, 131-143.

(70) Noodleman, L. J. Chem. Phys. 1981, 74, 5737-5743.

(71) Soda, T.; Kitagawa, Y.; Onishi, T.; Takano, Y.; Shigeta, Y.; Nagao,
H.; Yoshioka, Y.; Yamaguchi, K. Chem. Phys. Lett. 2000, 319, 223-230.

(72) J’s and K’s are substituted by Racah parameters 4, B, and C using
J(do, dy) = J(do,dy) = 44+ 2B+ Gy J(doo, dy) = 4 — 4B+ C; J(d,, d,) =
‘](d_vz’ d\-y) = J(d,\':’ d\-y) =A-2B+ C; -I(dx:’ dx:) = J(dyzv dy:) = J(dx_y» dx_y) =
A+ 4B +3C; K(d-, dy.) = K(d-, d,.) = B+ C; K(d,., d,.) = 3B+ C.

complex II: Fe''(S = 3/2) and Fe"(S = 1); for complex I1
+ axial L: Fe'(S' = 1/2) and Fe''(S = 0)) in terms of J and
K integrals, which can be then rewritten in terms of the
Racah parameters A, B, and C.”*"* These expressions are
given in Table 3. The difference in the repulsion between
the two configurations for each complex, AE.), is given
at the bottom of Scheme 3. The first two terms, AE.p no +
(154" — 1045 are common in both and will be
positive (i.e., favor the Fe"=NO™ configuration) as the
e —e  repulsion is higher on the metal ion than the NO.
However, it is important to focus on the difference of the
differences in configurational repulsion between the two
complexes, eq 3.

AAErcpl = BFcll + 7BFcIII - 3CFC” + SCFCIll (3)

Since Cp.'" is larger than Cg.", this term is positive,
indicating that the Fe'"—=NO~configuration is favored
in complex II relative to complex II + axial L by this
difference in electron repulsion. The magnitude of this
term can be estimated from the Racah parameters. For
Fe'", B=1015cm !, C = 4800 cm™ !, and for Fe'', B =
917cm ™', C = 4040 cm™'. Their nephelauxetic reductions
due to covalency in 7 backbonding comglexes are found
tobe S =0.65(Fe""), and 8 = 0.4 (Fe'").”* 7° These give a
calculated estimate that the Fe'"—=NO™ configuration is
stabilized in complex II by 1.95—2.5eV (depending on the
nephelauxetic reduction) relative to this configuration in
complex II + axial L because of differences in e —e~
repulsion. From Table 3 a significant contribution to this
is the exchange given by K(d..,d..) + K(d,..d,.), estimated
tobe 1.1—1.7 eV (dependent on the covalent reduction of
the Band C) only present for the electronic configurations
for complex II.

In summary, the difference in energy between the two
configurations of each complex is

AEtol = AEorb + AEAF + AErepl (4)

(73) Sugano, S.; Tanabe, Y.; Kamimura, H. Multiplets of transition-metal
ions in crystals; Academic: New York, 1970.

(74) Figgis, B. N.; Hitchman, M. A. Ligand field theory and its applica-
tions; Wiley-VCH: Weinheim, Germany, 2000.

(75) Naiman, C. S. J. Chem. Phys. 1961, 35, 323-328.

(76) The values used for f3 are the experimental values for K;[Fe(CN)g]
and K4[Fe(CN)g], which have 7 back-bonding as in the FeNO complexes.
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Table 3. E,y. . for Complex II and for Complex II 4 Axial L in Terms of Coulomb, and Exchange Integrals, and Their Conversion to Racah Parameters

expressions in J and K

expressions in 4, B, and C

complex IT Fe'll J(dz2, dy2) + J(d, dy) + 2J0(d s, dyy) + J(d,n dy) + 2J(d, dy) 4+ 20(d s, dy) 104 — 15B 4+ 9C
+ J(d,\‘,,\rs d,\‘y) - K(d23’ dy:) - K(d:z, dx:) - K(dyzs dx:)
Fe'! J(d2, dy) + 2/, dyo) + 2J(d2, dyy) + 20(d,z, di) + 20,2, dyy) + J(dys, dys) 154 = 11B + 18C

+ 4'](dx:~ dxy) + J(dxya dxy) - K(d:2> dyz)

complex I + axial L Fe'!

The orbital term favors the Fe""—NOe configuration,
while the antiferromagnetic coupling (which is small)
and the change in e —e repulsion favor the Fe'"NO~
configuration. For complex II, the two electron exchange
for Fe''(S = 3/2) dominates and the ground configuration
is Fe"'NO™ with the ligand-to-metal charge transfer
(LMCT) excited state (corresponding to the Fe"'—NOe
configuration) calculated to be at 1.8 eV higher energy
from TD-DFT. For complex II + axial L, in the low spin
Fe''(S = 1/2)NO™(S = 1) configuration the two electron
exchange is eliminated and the ground configuration is
found to be Fe'"—=NOe with the MLCT excited state (i.c.,
Fe""NO™ configuration) calculated (from TD-DFT) to
be at 1.3 eV higher energy.

Discussion

A. Ligand Field and Two e Exchange. The range
of electronic structure descriptions of {FeNO}’ com-
plexes®¢~ 8101114731 g gt Jeast partially due to the differ-
ent ligand environments of the different complexes. Most
{FeNO}’ (S = 1)2) species studied in the literature’!'”~2°
are described as Fe' (S = 0)-NOe(S = 1/2) complexes.
Interestingly, all such complexes are six coordinate. The
complex of Franz et al.** is five coordinate and is described
as Fe'"'(S = 3/2)-NO (S = 1), consistent with complex II
in the present study. The complex of Hauser et al.*' is also
described as Fe''(S = 3/2)-NO (S = 1), but has an addi-
tional axial Cl™ ligand. However, CI™ is a relatively weak
field ligand and when replaced by a stronger carboxylate
ligand, the resultant complex is described as Fe''(S = 0)-
NOe(S = 1/2).%° Praneeth et al.'"® and Radon et al.*! also
found that the axial ligand affects the electronic structure
of {FeNO}’ species.

The electronic structure descriptions of complex I, com-
plex I, and complex II + axial L determined in this study
are Fe'''(§ = 5/2)-NO (S = 1), Fe""(§ = 3/2)-NO (S = 1),
and Fe''(S = 0)-NOe(S = 1/2), respectively. In going from
complex I (S = 3/2) tocomplex II (S = 1/2), the equatorial
ligand field becomes stronger. As a result, the high sPin
Fe'"" in complex I becomes an intermediate spin Fe'"" in
complex II. Complex II still has significant stabilization
of the Fe"—NO™ electronic configuration relative to
the Fe"=NOe configuration, and thus Fe'"-NO~ is the
experimentally determined electronic structure description.
When an axial ligand is computationally added to com-
plex II, the 10Dq on the Fe"' becomes large enough to
stabilize low spin Fe'" which, in turn, leads to electron
transfer from the NO™ to the Fe. This electron transfer is
due to the relatively low two-electron exchange stabiliza-
tion of the low spin Fe" (and the fairly limited antiferro-
magnetic exchange coupling between the Fe'' and the
NO~ in the Fe"!(S = 1/2)-NO (S = 1) configuration).
The NO 7* orbital is at higher energy relative to the redox

2J(dyz, dx:) + 2J(dyza dxy) + J(dx:’ dxz) + 4J(dxzy d,\'_v) + J(d,\‘yy d\\)
Fe'! J(d,. d,.) + 44, dy) + 44(d, dy) + J(de dy) + 40(d s dy) + J(dy. dy)

104 — 8B + 14C
154 — 12B + 21C

active Fe d orbital and thus transfers an electron to reduce
the Fe, leading to the Fe''(S = 0)-NOe(S = 1/2) descrip-
tion of the ground state. In summary, the ligand field
defines the spin state of the ferric center. This changes the
electron exchange and thus the electron distribution over
the {FeNO}’ unit.

B. Extension to {FeO,}® Systems. At least three elec-
tronic structure descriptions have been considered for
{FeO,}® (S = 0) sites, such as in hemoglobin: the Pauling
description Fe''(S = 0)-0,(S = 0),”” the Weiss description
Fe'"'(S = 1/2)-0,7 (S = 1/2),”® and the McClure—Goddard
description Fe''(S = 1)-0,(S = 1)’ (Scheme 4). The
model developed here for {FeNO}’ can be extended to
{FeO,}® complexes to consider the contributions that
would stabilize each configuration. Using the approach
described in the Analysis section E, the contribution to
the relative Eoyp,, Ear, and E,p for the three descriptions
of { FeOz}8 are listed in Table 4. For E,, the three descrip-
tions follow the order: Pauling < McClure—Goddard <
Weiss; for the antiferromagnetic coupling (Eaf), the
order is: McClure—Goddard < Weiss < Pauling; for
Erepl,0, and Ep re, the orders, respectively, are McClure—
Goddard < Pauling < Weiss and Weiss < McClure—
Goddard < Pauling. Since the Coulombic repulsion
between electrons in Fe d orbitals is larger than that in
O, 7r* orbitals, the total E,.p follows the order Weiss <
McClure—Goddard < Pauling. The electronic distribu-
tion that has the lowest total energy is again determined
by the net effect of Eiot = Eoryb + Ear + Erepl-

Compared with the Pauling description, the Weiss
configuration is favored by E,¢p pe and Exp but disfa-
vored by Eiep0,and Eqp (Scheme 4, Table 4). In going
from the Weiss to the Pauling configuration, the chanige
in Epire 18 the same as AE., . in going from Fe!'l
(S = 1/2)-NO (S =1) to Fe''(S = 0)-NOe(S = 1/2) for
complex II + axial L (Scheme 3, Table 3). The change in
Eap (—1.5JaF) is smaller than AEsp for complex IT +
axial L (—2 JaF, Scheme 3), by —0.5J o assuming similar
Jar values. The change in E, o, in going from Weiss to
Pauling (—2J(w.*, m,*)) is larger in magnitude than
AErepl, NO (_[J(nv*sﬂh*) - K(ﬂ:v*wnh*)]) by J(ﬂv*snh*) +
K(m,*,m,*), because of the extra electron in s, *and the
lack of two electron exchange in O, (S = 1/2). The
change in E,, in going from the Weiss to the Pauling
configuration is expected to be smaller in magnitude than
AE,, in {FeNO}’ because of the higher electronegativity
of the oxygen atom. Therefore, compared with the { FeNO}’
complex II + axial L where the electronic structure of the
ground configuration is defined above as Fe(IT)-NOe, for

(77) Pauling, L.; Weiss, J. J. Nature 1964, 203, 182-183.

(78) Weiss, J. J. Nature 1964, 202, 83-84.

(79) McClure, D. S. Radiation. Res. Suppl. 1960, 2, 218.

(80) Goddard, W. A.; Olafson, B. D. Proc. Natl. Acad. Sci. U.S.A. 1975,
72, 2335-2339.
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Scheme 4. Three Electronic Structure Descriptions of {FeO,}®

Pauling Weiss
Fe"(8=1/2)-07(S=1/2)

Fe'($=0)-0,(S=0)

Sun et al.

McClure-Goddard
Fe"(5=1)-0,(S=1)

dxov2 — dow — dew
_— dzz _— dzz —*+~— dzz
— 02 'ITV* + 02 va* + 02 Trv*
A d, 4 dy 4 d,.
Oz my*
‘%’— dyz _% O, Th* ‘%‘— dxz _% O, T* —%— dxz + 2 Ith
N diy N dy N dyy
Table 4. Expressions of Relative Eyyp, Erepi, and Ex for the Three Descriptions of {Fe0,)®
Pauling Weiss McClure—Goddard
Eo’ 0 Epv — Eq_ Eyq,— E4 + En* — Emy*
Exr 0 =3/2J Ak —4Jar

Erepl Erepl.Fe J(dyzady:) + 4J(dy:~d.\‘z) + 4J(dy:adxy)
+ J(didy) 4 40(ddyy) + J(dyydy)

Ercproo  J(my™®, m,*)
! E,p (Pauling) defined as 0.

the {FeO,}® complex the Pauling description (Fe''(S = 0)-
O(S = 0)) is favored by the E. 0, contribution (and a
small contribution from E ) while the Weiss description
is favored by the decreased E,,, contribution. To evaluate
the resultant effects of these differences in e” —e™ repul-
sion, Ear, and relative ligand and metal orbital energies,
we have also calculated complex II + axial L as an
{FeO,}® S = 0 system in both the Pauling (Fe''(S =
0)05(S = 0)) and Weiss (Fe'''(S = 1/2)-0, (S = 1/2))
configurations. Since complex I 4 axial L is a computa-
tion model, we have also calculated complex I and com-
plex II which have been studied experimentally above as
{FeO,}® systems to calibrate this approach. These results
are given in the Supporting Information, (Figure 542 and
show their ground electronic configurations to be Fe''(S =
5/2)057 (S = 1/2) for complex I and Fe"(S = 3/2)-0, (S =
1/2) for complex 11, consistent with their corresponding
{FeNO}’ ground electronic structures. However, for com-
plex I + axial L the {FeO,}® S = 0 complex is calculated
to have a Weiss like Femgs = 1/2)0, (S = 1/2) ground
configuration with the Fe''(S = 0)-O,(S = 0) configura-
tion at 16 kcal/mol higher energy. This is in contrast to the
{FeNO}’ species in complex II + axial L, which has an
(Fe"(S = 0)-NOe) ground configuration. Thus, the lower
energy of the O, 7r* valence orbitals appears to be the key
feature in shifting from the Fe''=NOe to an Fe'"O,~
ground state. In fact, calculations of an {FeNO}* model

(81) Compared with the Pauling description, the McClure—Goddard con-
figuration is favored by Eycp re, and Eay but disfavored by Eq, (Table 4). The
difference in Eayis —4Jxp ~0.5 V. Using the 4, B, C expressions of Fe'l (S =1,
as in complex IT) and Fe'" (S = 0, as in complex II + axial L) (Table 3), the
difference in Eyppe is estimated to be =B + 3C = ~1 ¢V dependent on
nephelauxetic reduction (see Analysis section E). The difference in E.ppe is
estimated to be ~1 eV from the singlet—triplet energy gap in O,. The
difference in E,, between the Pauling and the McClure—Goddard descrip-
tions is the energy splitting of the O, 7,* and 7, * orbitals plus the energy
splitting between d,.. and d.. which is determined by the specific ligand field
of the Fe center. Therefore, the contributions from E\.p) e, and Exp favor
the McClure—Goddard description by ~2.5 eV, which is offset by the
energy splitting between the O, 7,* and 7,* orbitals (dependent on the
strength of the O,-Fe bond) plus the energy splitting of Fe d,. and d.
orbitals (dependent on the ligand field of the Fe).

J@n®, ) + 2J(*, )

2J(dy:~d.v:) + ZJ(dyz»dxy) + J(dx:adx:) J(d_"lvdy:) + ZJ(d:3adxz) + 2J(dzzﬂd.\‘y) + 2J(dy:~d.\‘z)
+ 4J(d.\’:ad.\’y) + ‘](dx}‘ﬁd.\’)")

+2J(d-.dyy) + J(dy-,dy) + 40(dyzdyy)
+ Ji (d,\'_]:adxy) - K(dzlady:)
J(*, ™) — K™, ™)

of complex II + axial L give a ground configuration of
Fe''(S = 0)-NO (S = 0).%!

Since E,y is strongly impacted by the ligand field of Fe
and the E., and Eap are affected by the covalent de-
localization of the molecular orbitals (MOs) which affect
2e repulsion and antiferromagnetic coupling, the resul-
tant effect of this combination of contributions in specific
cases, in particular oxy-hemoglobin and oxy-picket fence
porphyrin,®? is best determined by experiment. The most
recent computational study of oxy-myoglobin favors the
Weiss description.
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