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ABSTRACT: High-level ab initio excited-state theory is
employed to investigate the electronic structure of doublet
{Fe(NO)2}

9 species in the ground state and compared
with the results obtained by density functional theory.
Both of the approaches consistently suggest that the linear
NO ligands in dinitrosyliron complexes (DNICs) feature a
radical character. Theoretical calculations also predict that
the cyanide-supported DNIC anion of [(NC)2Fe(NO)2]

−

features C2v symmetry with a Fe−C−N bonding motif, and
multireference theories suggest a minimal active space of
CAS(9,9) to describe these {Fe(NO)2}

9 compounds,
while larger CAS(13,13) calculations do not tend to
significantly improve the geometries. Experimental vibra-
tion modes of NO ligands are also accurately assigned due
to second-order n-electron valence state perturbation
theory.

Dinitrosyliron complexes (DNICs) were initially charac-
terized in animal and yeast cells with thiolato ligands a half-

century ago.1−4 The biological significance of DNICs and
derivatives received continual attention after the discovery of an
alternative nitric oxide (NO) source in biological systems as L-
arginine by Ignarro and Vanin.5,6 In DNICs, iron atoms are four-
coordinate and adopt a tetrahedral geometry. Four possible
electronic structures of DNICs have been proposed to account
for the oxidation state of [Fe(NO)2]

+, in terms of FeI(NO•)2,
7−9

FeI−(NO+)2,
10,11 resonance hybrids of FeI(NO)2 and

FeIII(NO−)2,
12,13 and resonance hybrids of FeIII(NO−)2 and

FeII(NO)2
−.14,15 In recognition of the covalent and extensive

delocalization in interactions such as Fe−N−O, Enemark and
Feltham suggested a widely used notation, the E−F notation,16

which treats the metal nitrosyl as a single unit in terms of the
electron count. [Fe(NO)2]

+, for example, is denoted by
{Fe(NO)2}

9, where 9 is the total number of electrons associated
with the d electrons of iron and the π* electrons of NO.
{Fe(NO)2}

9 DNICs featuring several ligands along the
spectrochemical series have been reported for individual features
and may function for specific biological purposes. Bryar and
Eaton studied the structure and coordination of the complex
[I2Fe(NO)2]

− (1)10 as one of the DNICs containing simple
anions. Later, in a chemically designed system, Tsai et al.
analyzed DNICs with S/N/O ligation including azide-coordi-
nated [(N3)2Fe(NO)2]

− (2).17 Inspired by the phenomenon
that the nitroxyl anion (NO−) regulates smooth muscle of
normal and cardiac hearts in vivo, an interesting homoleptic

compound, [(NO)2Fe(NO)2]
− (3), which is supported by four

nonequivalent NO ligands, has been synthesized by Liaw and co-
workers.18 High-level ab initio calculations have also been carried
out to study the electronic structure of 3. Hsieh et al.19 later
synthesized the thiocyanate-ligated DNIC [(SCN)2Fe(NO)2]

−

(4) and investigated its electronic structure in the motif of
{Fe(NO)2}

9 associated with possible linkage isomerism of these
SCN− ligands.
Cyanide (CN−), on the other hand, is a functional industrial

chemical, but its excellent coordination ability leads to fatal
toxification in live organs. The cyano-bound DNIC [(NC)2Fe-
(NO)2]

− (5) has been proposed as one of the intermediate
molecules in the decomposition mechanisms of the one-electron
reduction product of nitroprusside ion, [Fe(CN)5NO]

2−.20 The
structure of 5, however, has not yet been experimentally realized
because of difficulty isolating such transient species, yet spectral
evidence supports its existence. We therefore became interested
in the geometries and electronic structures of these open-shell
anionic {Fe(NO)2}

9 DNICs by theoretical methods. Accord-
ingly, density functional theory (DFT) and wave function
approaches were employed to assess their accuracy and capability
in the prediction of the structural motif for novel DNICs.
DFT calculations employing generalized gradient approxima-

tion (GGA) using BP86 (DFT with Becke88 exchange and
Perdew86 correlation functionals) functionals21 and meta-GGA
functionals of TPSS (exchange functional of Tao, Perdew,
Staroverov, and Scuseria) and TPSSh (its hybrid version),22 as
well as the ab initio symmetry-adapted cluster/configuration
interaction (SAC−CI)23 approach, are used to perform
geometry optimizations for 1−5. (The Supporting Information,
SI, provides computational details.) The optimized geometries of
1, 2, and 4 are shown in Figure 1 (and are detailed in Tables S1−
S5 in the SI).
Single-reference methods are able to give consistent and

accurate structural parameters for 1, 2, and 4. X-ray crystal
structures indicate that 1 and 4 adopt nearly C2v symmetry, while
2 is C2-symmetric. It is noticed that DFT calculations converge
the geometry of 2 into virtually C2v symmetry, although the
symmetry constraint is not imposed during optimization (Tables
S1 and S4 in the SI). For 1, 2, and 4, the benchmarked DFT
methods adequately predict the geometries, while pure GGA
functionals possess the least spin contamination. An excited-state
approach at the SAC−CI level also successfully reproduces
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experimental structures for all of 1−4, and these DFTs are able to
optimize the geometries except for homoleptic 3.
Multireference calculations at the levels of complete active-

space self-consistent field (CASSCF)24 as well as its second-
order perturbative correction using n-electron valence state
perturbation theory (NEVPT2)25, are additionally employed to
investigate these DNICs, and all of the experimental structures
are satisfactorily reproduced. At the NEVPT2 level, it
incorporates dynamic correlation and thus improves the Fe−N
bond lengths by shrinking the interatomic distances, while the
CASSCF theory tends to overestimate them.26 The wave
functions of these DNICs exhibit a dominant anionic
configuration whose CI coefficient is about 0.7. For the
homoleptic 3, its major CI coefficient at NEVPT2(9,9) is 0.68,
alone with another nine minor configurations greater than 1% as
well as 34 other very diffused expansions (Figures 2 and S3 in the

SI) of which CI coefficients are larger than 0.05. Within the active
space, the sum of the occupation numbers of each bonding−
antibonding orbital pair of the same character is very close to two
electrons, consistent with the findings in the literature.27 In
addition, charge analyses27 based on Boys orbital localization in
the CAS(9,9) wave function assign iron a numerical charge of
2.61+, which is principally composed of FeII (39%) and FeIII

(52%) (Figure S6 in the SI).

It is also demonstrated in Table S3 in the SI that larger active
spaces of CAS(13,11) and CAS(13,13) do not yield significant
superior geometries compared to those obtained with CAS(9,9);
in addition, their converged spin density plots may also indicate
that under symmetry constraint the active space of CAS(9,9) is
sufficient to describe the {Fe(NO)2}

9 system.28 Orbital local-
ization of 3 using the larger CAS(13,13) space gives iron a
slightly less positive numerical charge of 2.23+ (Figures S7 and
S8 in the SI), with increased FeII (51%) and decreased FeIII

(33%) ratios compared to those of CAS(9,9). Experimental
vibration frequencies of the two NO ligands of the DNICs are
also excellently identified at the NEVPT2 level by harmonic
frequency calculations, and meanwhile CASSCF theory
obviously overestimates the numerics (Table S6 in the SI).
Geometry optimizations for 3 were not successful using DFT

possibly because of the fact that density functionals failed to
generate adequate spin density in this homoleptic system, while
spin density plots of 1, 2, 4, and 5 produced by both DFT and
multireference theories are consistent (Figure S11 in the SI);
similar conclusions have also been reported by Reiher and co-
workers.28,29 The geometrical parameters of 5 predicted by DFT,
ab initio SAC−CI, and multireference calculations agree
mutually and favor C2v symmetry (Tables 1 and S5 in the SI),
and the CASSCF orbital diagrams are essentially tantamount
regardless of the symmetry. All of the quantum mechanical
approaches unanimously suggest the Fe−C−N bonding units
and foretell the average bond length between the iron and
nitrogen atoms (of the NO ligand) at around 1.65−1.75 Å with
an almost-linear Fe−N−O bond angle of 165° on average. The
orbital diagram of C2v-symmetric 5 (Figure S5 in the SI) reveals
that its electronic configuration is akin to the other four DNICs,
with the singly occupied molecular orbital being an unpaired
electron localized at the dz2 orbital of iron, while the two other
pairs of mutually perpendicular (d,π*) hybridized orbitals as well
as their antibonding rivals are all composed of iron and the two
NO ligands; their energetic orders might vary because of the
different anions in each compound. All of the orbital diagrams
illustrate the foresight of Enemark and Feltham to enclose the
metal nitrosyl as a single entity in the coordination.
The charge distributions of 3−5 are demonstrated in Figure 3

by the electrostatic potential (ESP) maps based on the optimized
geometries (those of 1 and 2 shown in Figure S9 in the SI).
Negative charge distributions are concentrated on the iodo (1),
azido (2), bent NO (3), thiocyano (4), and cyano (5) ligands,
and all of the linear nitrosyls among the five DNICs behave more
similar to neutral radicals.
The spectroscopic features of 5 reported in the literature are

also recreated by theoretical calculations. The experimental
frequencies20 of 5 at 1810 and 1737 cm−1 are assigned as NO
stretching bands due to the excellently agreeable theoretical
values of 1857 cm−1 (symmetric) and 1785 cm−1 (asymmetric),
respectively, at the NEVPT2(9,9) level, while CASSCF(9,9)
overestimates them at 2103 and 1987 cm−1.
In conclusion, DFT calculations seemingly fail to account for

the accurate spin density for homoleptic 3 and lead to incorrect
geometry optimization, while the high-level ab initio excited-
state approach of SAC−CI as well as multireference methods can
be applied for such conditions and well reproduce experimental
geometries for all of the five tested open-shell DNIC anions. The
molecular structure of transient intermediate 5 is consistently
predicted by all of the DFT, SAC−CI, CASSCF, and NEVPT2
methods with an Fe−C−Nbond angle of∼165°. In addition, the
recommended minimal active space of CAS(9,9) is sufficiently

Figure 1. Selected bond lengths (Å) and bond angles (deg) for
optimized geometries of {Fe(NO)2}

9 DNICs containing (a) I− (1), (b)
N3

− (2), and (c) SCN− (4). See also the SI for details.

Figure 2. Nature orbital diagram of 3 at NEVPT2(9,9).
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appropriate to describe the structures of these {Fe(NO)2}
9

species using multireference approaches under symmetry
constraint. These assessments may be beneficial to investigating
novel DNICs or other open-shell anionic coordination systems.
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(27) Radoń, M.; Broclawik, E.; Pierloot, K. J. Phys. Chem. B 2010, 114,
1518−1528.
(28) Boguslawski, K.; Marti, K. H.; Legeza, Ö.; Reiher, M. J. Chem.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published on theWeb onOctober 3, 2014. Figure
3 was replaced, and the corrected version was reposted on
October 6, 2014.

Table 1. Optimized Geometrical Parameters of 5 at the DFT and ab Initio Levels

BP86 SAC−CI CASSCF(9,9) NEVPT2(9,9)

C 1 C 2 C 2v C 1 C 2v

Fe−N(NO) (Å) 1.649 1.648 1.687 1.751 1.747
N−O (Å) 1.189 1.164 1.168 1.145 1.189
Fe−C (Å) 1.947 1.906 2.011 2.125 2.064
C−N (Å) 1.186 1.234 1.170 1.148 1.197
∠Fe−N−O (deg) 172.1 160.8 169.3 162.5 162.7
∠Fe−C−N (deg) 179.2 141.2 178.9 179.0 180.0

Figure 3. Charge distributions of compounds 3−5 demonstrated by
ESP maps.
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