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Nitric oxide (NO) plays a pivotal role in a range of physiological
processes such as blood pressure regulation, immune system
response, neurotransmission, and smooth muscle relaxation.1 In NO-
mediated degradation of iron-sulfur clusters, the formation of
protein bound dinitrosyl iron complexes (DNICs) has been ob-
served.2 Likewise, modified or damaged iron-sulfur clusters can
be reassembled directly from DNICs.3 In parallel, the degradation
and reassembly chemistry of iron-sulfur clusters via DNICs has
been successfully mimicked in model studies.4

To understand the functions of DNICs, elucidation of their
electronic structures is a prerequisite. Due to the well-known
noninnocent nature of NO ligands, there is a longstanding debate
about the electronic structures of DNICs. Several alternative
electronic structures (FeI(2NO•)2,

2b,4a,5 Fe-I(1NO+)2,
6 or resonance

hybrids of FeI(2NO•)2 and FeIII(3NO-)2
7) have been proposed for

{Fe(NO)2}
9 (in the notation introduced by Enemark and Feltham8)

St ) 1/2 core. Thus, the electronic structure of {Fe(NO)2}
9 has not

been unambiguously determined. The same holds true for the one-
electron reduced form {Fe(NO)2}10.

Recently a series of DNICs ({Fe(NO)2}
9 (1) and {Fe(NO)2}

10

(2)) have been isolated and structurally as well as spectroscopically
characterized.4d However, the experimental results appear to provide
conflicting electronic structure information. The observed isomer
shifts (Table 1) fall into a region of the isomer shift/oxidation state
correlation diagram where different redox states heavily overlap,9

thus preventing an unambiguous oxidation state assignment. Given
the essentially identical isomer shifts for both species, the measure-
ments would appear to imply a ligand-centered reduction. This
would be consistent with elongated N-O bonds in 2 and consider-
able red shifts of the NO stretching frequencies (ν(NO)) upon
reduction (Table 1), because in an NO-based reduction, the extra
electron would occupy an NO-π* orbital. Thus, one would
anticipate elongated Fe-N (NO) bonds in 2 due to the attenuated
backbonding of the reduced NO ligands. However, the crystal
structure of 2 exhibits shorter rather than the expected longer Fe-N
(NO) bonds compared to 1.

To address the intriguing question of whether the reduction is a
metal- or ligand-centered process, the electronic structures of 1 and
2 have been investigated by DFT methods. Calculations were
performed with the BP86,10 TPSS,11 B3LYP,12 and TPSSh13

density functionals. Quite surprisingly, only the TPSSh calculated
Mössbauer parameters match experiment (Table 1 and S2). Thus,
the TPSSh Kahn-Sham solutions were used to interpret the
electronic structures of 1 and 2.

For both species the computed geometries and Mössbauer
spectroscopic parameters (isomer shifts, (δ) and quadrupole split-
tings (∆EQ)) are in excellent agreement with experiment. The
calculations predict substantial red shifts of the NO stretching
frequencies in 2 compared to 1. The slight overestimation of the
calculated frequency is not considered to be critical5 since calculated
harmonic frequencies are compared to experimental fundamentals.

Due to the effective Cs symmetry of the complexes, the in-plane
(ip) π*-orbitals (a′) of the two NO ligands cannot mix with their
out-of-plane (op) counterparts (a′′). Thus, symmetry dictates the
formation of in-phase and out-of-phase combinations of the two
NO-πip* orbitals, and the same holds true for the two NO-πop*
orbitals. Each combination of the NO π*-orbitals may interact with
an Fe-3d fragment orbital of appropriate symmetry. A molecular
orbital (MO) diagram for 1 is depicted in Figure 1. In the upper
valence region one can readily identify five singly occupied spin-
up MOs that are mainly of Fe-3d character. Four of them are
bonding MOs that are shared between the iron center and the two
NO ligands, while the last one is weakly π-antibonding with the
supporting ligand (nacnac). In the spin-down manifold four unpaired
electrons reside in the four NO π*-based orbitals thus yielding four
spin-coupled pairs with the four spin-up iron-based MOs. In fact,
one spin-down MO contains nearly identical contributions from
the metal and the NO ligands (50% Fe vs 48% (NO)2). Therefore,
the bonding pattern is best rationalized by two resonance structures:
(a) a high-spin (HS) ferric center (SFe ) 5/2) antiferromagnetically

Table 1. Comparison of the Calculated Structural and
Spectroscopic Parameters for 1 and 2 with the Experimental
Findings

Fe-N
(nacnac) Å

Fe-N
(NO) Å

N-O
Å

δ
(mm/s)

|∆EQ|
(mm/s)

ν(NO)
(cm-1)

1 Calc. 1.998 1.705 1.174 0.22 0.83 1775
1.996 1.714 1.171 1822

1 Exp.4d 1.974 1.696 1.177 0.19 0.79 1709
1.968 1.688 1.174 1761

2 Calc. 2.055 1.679 1.204 0.25 1.21 1639
2.052 1.679 1.199 1684

2 Exp.4d 2.053 1.668 1.218 0.22 1.31 1567
2.051 1.649 1.191 1627

Figure 1. Schematic MO diagram for 1.
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coupled to two triplet NO- (SNO ) 1) and (b) a HS ferrous ion (SFe

) 2) bound to an overall (NO)2
- ligand with S(NO)2 )

3/2 in an
antiferromagnetic fashion. This electronic structure description is
consistent with the X-ray absorption experiments on similar
{Fe(NO)2}

9 species.7b The very large mutual spatial overlaps (S )
0.8-0.9) in all spin-coupled pairs demonstrates the highly covalent
nature of the Fe-NO bonds.

The MO diagram for 2 (Figure 2) features a similar bonding
situation to the one described for 1. However, in 2 the weakly
π-antibonding Fe-dx2-y2 orbital is doubly occupied. The MOs in
the spin-up manifold are mainly Fe-3d based orbitals, while the
spin-down MOs are all of predominantly NO π*-character in
contrast with the observations made for 1. Hence, the electronic
structure of 2 may best be described as consisting of a HS ferrous
ion (SFe ) 2) antiferromagnetically coupled to two triplet NO-

ligands (SNO ) 1) thus yielding an overall singlet ground state.
Given the ambiguous oxidation state of the iron center in 1, one
may simply argue that it is not possible to determine whether the
reduction is a metal- or ligand-centered process. However, in line
with an earlier suggestion,14 the process is still best viewed as a
metal-based reduction, because the Fe-dx2-y2 orbital acts as the
electron acceptor. This is consistent with the elongated Fe-N
(nacnac) bonds in 2 relative to 1 since the Fe-dx2-y2 MO is a weakly
π-antibonding orbital with respect to the Fe-N (nacnac) interaction.

The metal 3d-orbitals in 2 are energetically closer to the NO
π*-orbitals than those in 1 because of the lower effective nuclear
charge of the reduced metal center; therefore, the {Fe(NO)2}

10

species features more pronounced π-backbonding. This results in
the observed shorter Fe-N (NO) and longer N-O bonds in 2,
concomitant with the appreciable red shifts of the NO stretching
frequencies. In other words, the reduced metal ion is a better
electron donor into the NO π*-orbitals. As found in 2, the reduction
eventually yields a ferrous center bound to two NO- ligands
(FeII-(NO-)2).

Iron-based reductions usually lead to a substantial increase in
isomer shifts (IS) because they are typically associated with
considerable metal-ligand bond lengthening. However, similar ISs
for 1 and 2 were observed. In addition to the oxidation state of the
metal, ISs correlate strongly with the backbonding abilities of
ligands: the stronger the π-backbonding, the smaller the IS.15

Therefore, the two counteracting factors (the increasing number of
d-electrons and the enhanced π-backbonding) lead to the only
marginally increased IS for 2.

In conclusion, experimentally calibrated electronic structure
descriptions of the {Fe(NO)2}9 core and its one-electron reduced
form, {Fe(NO)2}10, were reached by a detailed analysis of
Kohn-Sham solutions that successfully reproduce the experimental
structures and spectroscopic parameters. The {Fe(NO)2}9 unit is
best described by two resonance structures consisting of a HS-FeIII

(SFe ) 5/2) bound to two triplet NO- ligands (S(NO)2 ) 2) in an
antiferromagnetic fashion and a HS-FeII (SFe ) 2) antiferromag-
netically coupled to an overall quartet 4(NO)2

- ligand (S(NO)2 )
3/2).

The {Fe(NO)2}10 species contains a HS ferrous center (SFe ) 2)
antiferromagnetically coupled to two triplet NO- ligands (S(NO)2 )
2). The electronic structure of DNICs features highly covalent
bonding between the iron center and the two NO ligands. As a
consequence, four of the five Fe-3d orbitals are strongly π-bonding
with respect to the Fe-NO interaction, while the last Fe 3d-based
orbital remains essentially nonbonding. The latter acts as the
electron acceptor orbital for the one-electron reduction of the
{Fe(NO)2}9 species. This unusual “one-above-four” ligand field
splitting pattern may have mechanistic implications for the reactivity
of DNICs including modification and repair chemistry of iron-sulfur
clusters.
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Figure 2. Schematic MO diagram for 2.
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