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ABSTRACT:

The biochemical and physiological importance of nitric oxide (NO) in signaling and vasodilation has been studied for several
decades. The discovery of both protein-bound and free lowmolecular weight dinitrosyl iron complexes (DNICs) suggests that such
compounds might play roles in biological NO storage and transport. These complexes have important distinguishing spectroscopic
features, including EPR and M€ossbauer spectra, and NO vibrational frequencies (ν(NO)). The latter are particularly sensitive to
modifications of the ligand environment and metal oxidation states. Examinations of functionals and basis sets delineate their effect
on the NO vibrational frequencies and allow development of a methodology to calculate these frequencies in other DNICs. Three
complexes of the form (L)(CO)Fe(NO)2 (L = CO, N,N0-dimethyl-imidazol-2-ylidene (IMe) or 1-methylimidazole (MeImid)),
where {Fe(NO)2}

10 is in its reduced form, have been used to calibrate the vibrational frequencies. The functional BP86 paired with a
basis set of SDD/ECP on the metal and 6-311++G(d,p) on the ligand atoms exhibits the most accurate results, with deviations from
experimental vibrational frequencies of no more than (40 cm�1. Subsequent investigations were performed on a series of diiron
trinitrosyl complexes of the form {Fe(NO)}7�{Fe(NO)2}

9 bridged by sulfurs, namely, [(ON)Fe(μ-S,S�C6H4)2Fe(NO)2]
�,

[Fe(NO)2{Fe(NS3)(NO)}-μ-S,S0], and [(ON)Fe(bme-dach)Fe(NO)2-μ-S,S0]
+, with the ideal functional/basis set pair deter-

mined via the aforementioned test set. The ground state energetics (singlet/triplet/singlet, respectively), geometric parameters, and
nitrosyl vibrational frequencies were calculated. The results for the former two complexes correlated well with the experimental
work, and in contrast with what was reported in an earlier computational study, a stable triplet ground state structure was optimized
for [Fe(NO)2{Fe(NS3)(NO)}-μ-S,S0]. For [(ON)Fe(bme-dach)Fe(NO)2-μ-S,S0]

+, whose synthesis and structure were recently
reported, the geometric parameters, vibrational frequencies, and total energies compare well to experimental ones and favor a singlet
ground state.

’ INTRODUCTION

Nitrosyl chemistry has been a topic of interest for chemists
for several decades, as nitric oxide (NO), released from various
reagents, can have beneficial pharmacological effects.1 How-
ever, in excess, such as an atmospheric pollutant and with
subsequent oxidation to NO2, its deleterious nature is equally
well-known.2 Especially since 1990, enormous attention has
been focused on the biological functions of NO such as
signaling and neurotransmission,3�5 vasodilation,6 and
immunology.7,8 The discovery of NO bound to iron in vivo
has led to a considerable body of work from inorganic chemists
with the goal of modeling biological iron�nitrosyl complexes

thereby mimicking the electronic structure and NO-release
properties of these compounds.9�13

Biologically significant mononitrosyl iron complexes (MNICs)
include the heme-based iron�nitrosyls as well as the as-isolated,
inactive nitrile hydratase enzyme active site where the central
Fe�NO occupies a tripeptide N2S2 coordination sphere.14 Dini-
trosyl iron complexes (DNICs) are known in high molecular
weight forms where the Fe(NO)2 units, resulting from iron�
sulfur cluster degradation, are protein bound through cysteinyl
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sulfurs.12 The corresponding low molecular weight dinitrosyl iron
complexes (LMW-DNICs), released from the protein by free
cysteine, histidine, or glutathione, are presumed to act as nitric
oxide transport agents in vivo, while their protein bound precursors
are expected to serve as NO storage units.12 As an example, in the
bis-cysteinyl [(RS)2Fe(NO)2]

� species, the paramagnetic
[Fe(NO)2]

+ unit is described as the oxidized form of DNIC,
and it is this form with its signature g = 2.03 EPR signal that has
been targeted as a potential NO storage agent (in the high
molecular weight (HMW), protein-bound form) and as a poten-
tial NO transport agent (in the LMW, protein-released form).
Over the past decade, a number of biomimetic DNICs have been
synthesized and fully characterized, particularly by Liaw and co-
workers.12 A small sample of synthetic LMW-DNIC complexes
with biologically relevant thiolate, carboxylate, or imidazole ligands
is shown in Figure 1.11,15a Additional instances of the {Fe(NO)2}
motif are in the so-called “Roussin’s red ester” complexes, which
are a widely studied and well-characterized class of dimeric iron
dinitrosyls bridged by sulfur atoms of the form [(NO)2Fe(μ-
SR)2Fe(NO)2].

13,15b,15c,16�21

Transitionmetal nitrosyl complexes present challenging issues
in the description and prediction of their electronic structure.
The low-energy singly occupied π* orbital of the NO ligand
results in alternative assignments as NO+, NO, and NO� and
correspondingly varying metal oxidation states. Enemark’s and
Feltham’s (EF) notation {Fe(NO)}x avoids the oxidation state
ambiguity by counting d and π* electrons together as x.22 For
example, possible electronic configurations in the DNIC moiety
of L2Fe(NO)2, where the spectator ligand L = a neutral
two-electron donor ligand, may range from [Fe2�(NO+)2] to
[Fe2+(NO�)2] with three intermediate combinations of Fe and
NO redox levels between the two extremes. In the EF notation,
these are all {Fe(NO)2}

10. Although the EF notation avoids the
oxidation state ambiguity, it hides the difficulty in describing and
computing correctly the electronic structures that arise from the
near degeneracy of the NO π* and metal d orbitals.

To address the challenges of iron nitrosyl chemistry in both
molecular and electronic structures, density functional theory
proves to be a powerful tool to explain chemical phenomena that
may be difficult to interpret via typical spectroscopic methods
alone. As succinctly discussed by Neese, the selection of a
particular functional can be vital depending on the parameters
of interest. As an example, the pure functional BP86 has been
known to provide accurate geometries and frequencies but to
struggle with energetics, whereas PW91 is adept at calculation of
the exchange couplings.23 Although the standard functional in
inorganic and bioinorganic chemistry has been B3LYP, which is
fitted with chemically derived parameters,24 more modern func-
tionals without chemically derived parameters such as TPSS are
also finding utility.25 In short, although in many cases a routinely

chosen functional/basis-set combination may perform reason-
ably well, in order to understand complicated series such as iron
nitrosyl complexes, it is advisible to calibrate the functional and
basis set via a test set of complexes.

While there are numerous DFT studies of mononitrosyl iron
complexes (MNICs),26 computational explorations of DNIC-
type complexes remain sparse. Early studies of DNIC complexes
sought to model their geometric properties, their spin densities,
and parameters derived from M€ossbauer spectroscopy.26�29

Specifically, some of the most extensive computational investi-
gations of nitrosyls have been performed by Ghosh and co-
workers on structures of various iron nitrosyl composition.26

Through this work, they determined that for iron nitrosyl
complexes, the pure functional OLYP was a better compromise
for geometric and electronic properties than the hybrid func-
tional B3LYP.26 Noodleman and co-workers performed broken-
symmetry calculations on a series of mono-, bi-, and tetrametallic
iron complexes with varying numbers of nitrosyl ligands bound
to determine spin densities and oxidation states.26c Additionally,
in work by Ye andNeese, isomer shifts, electronic characteristics,
and molecular orbital diagrams of the DNIC [(Ar-nacnac)Fe-
(NO)2] in both its neutral {Fe(NO)2}

9 and one-electron
reduced {Fe(NO)2}

10 forms were calculated and compared to
experimental results.27 However, to our knowledge, no compre-
hensive study has been performed on the important issue of
modeling the nitrosyl infrared frequencies, which are character-
istic of the electronic nature of the iron dinitrosyl unit and are
important spectral signatures for both the EPR-active and EPR-
silent states of DNICs.

In this work, we calculate the geometries and IR frequencies
with various functionals and basis sets for a series of known
monomeric {Fe(NO)2}

10 complexes in order to determine the
optimal pair. The methodology is then used to model two
{Fe(NO)}7�{Fe(NO)2}

9 complexes previously investigated by
Jaworska in order to compare our selected functional/basis set pair
results for the ground state, IR frequencies, and geometries. We
also explore the applicability of ourmethodology from the reduced
{Fe(NO)2}

10 complexes to oxidized {Fe(NO)2}
9. To expand the

computational work on {Fe(NO)}7�{Fe(NO)2}
9 complexes, we

examine a newly synthesized complex, [(NO)Fe(N2S2)Fe(NO)2]
+,

where N2S2 = N,N0-bis(2-mercaptoethyl)-1,4-diazacycloheptane
(bme-dach).9

’COMPUTATIONAL DETAILS

Geometry and frequency calculations were performed at multiple
levels of theory. Functionals utilized in this study included B3LYP,30�32

BP86,33,34 TPSS,35 TPSSh,35 M06,36 andωB97X-D.37 The basis sets on
the metal and ligand atoms were of a varying levels of complexity, and
they are designated as follows:

Figure 1. LMW-DNIC complexes containing thiolate, carboxylate, or imidazole donors.11,15a
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(BS1) 6-311++G(d,p)
(BS2) Stuttgart-Dresden (SDD) effective core potential (ECP) on

Fe,38 6-311++G(d,p) on light atoms (C,H,N, and O)
(BS3) SDD ECP on Fe, 6-311G(d,p) on light atoms
(BS4) 6-311++G on Fe, 6-311++G(d,p) on light atoms
(BS5) 6-311G(d,p)
(BS6) SDD ECP on Fe, 6-31G(d,p) on light atoms
(BS7) SDD ECP on Fe, 6-311G on light atoms
(BS8) SDD ECP on Fe, D95 (Dunning�Huzinaga full double-ζ)

on light atoms
(BS9) LANL2DZ (Los Alamos National Laboratory 2-double-ζ)

ECP on Fe,39 D95 on light atoms

In complexes containing sulfur atoms, the double-ζ LANL2DZ ECP
or all-electron triple-ζ basis sets were used with an additional d
polarization function in the former case. These basis sets will be referred
to as BSXLANL or BSXPOP.

40

Where possible, input geometries were extracted from crystallo-
graphic coordinates and imported into Ampac Graphical User Interface
(AGUI)41 as starting geometries for the optimizations. For triplet
species, the optimized singlet structure was used as the starting
geometry. Geometry optimizations and frequency calculations were
performed using the Gaussian 09 software suite,42 and the frequency
calculations on stable geometries had no imaginary frequencies. Speci-
fically, the frequency values were determined analytically via calculation
of the second derivative of the energy by using the Freq keyword with
default parameters in Gaussian 09. Selected complexes were analyzed
with a solvation model using the polarizable continuum model (PCM)
parameters for tetrahydrofuran as implemented in Gaussian 09. AGUI
was used to extract the geometric properties and the infrared frequencies
(including the vectors for stretching and bending) and to generate and
render images of the frontier molecular orbitals. The 3D structures were
drawn in Cerius2.43 All energies in this manuscript have been converted
from Hartrees to kilocalories per mole.

’RESULTS AND DISCUSSION

Experimental Parameters of Complexes for Calibration.
Three well-characterized DNICs, (L)(CO)Fe(NO)2 (L = CO,
IMe, and MeImid, see figure caption for ligand description),

{Fe(NO)2}
10, are displayed in Figure 2. For complex 1, (CO)2-

Fe(NO)2, the experimental infrared frequencies in tetrahydro-
furan (THF) are ν(CO) = 2089 and 2038 cm

�1 and ν(NO) = 1808
and 1762 cm�1; from X-ray diffraction analysis, the average
N�O bond distance is 1.171 Å.44 The carbonyl ligands in
complex 1 can be exchanged with ligands of varying donor
strength with donor atoms being carbene�carbon, nitrogen,
oxygen, sulfur, and phosphorus. Within the same redox level,
exchanges with progressively stronger donor ligands lead to
lower ν(CO) and ν(NO) values, as expected by classical π-back-
bonding arguments.45

For this triad of complexes, we sought to examine several
variables in the computational study: (1) functional, (2) diffuse
and polarization functions, (3) the effect of triple- versus double-
ζ basis sets on the metal, and (4) effect of triple- versus double-ζ
basis sets on the ligand. The computational and experimental
vibrational frequencies for complexes 1�3 can be compared in
Table S1 (Supporting Information), and the salient geometric
parameters of the experiment versus selected functional/basis set
pairs for complexes 1 and 2 can be compared in Table S2
(Supporting Information). As of yet, no crystallographic data
have been reported for complex 3; only geometries of 1 and 2 are
compared with theory.
Effect of Functionals on Vibrational Frequencies. For the

six functionals investigated, three closely related pairs were
found. The recently developed hybrid functionals M06 and
ωB97X-D predicted the highest vibrational stretching frequen-
cies, with the carbonyl frequencies calculated between 2000 and
2220 cm�1 and the nitrosyl frequencies between 1770 and
2000 cm�1 depending on the basis set. The traditional hybrid
functionals B3LYP and TPSSh were similar to each other, with
both carbonyl and nitrosyl values approximately 50�60 cm�1

lower than the values found for M06 and ωB97X-D. Finally, the
nonhybrid functionals BP86 and TPSS were again similar to each
other, with carbonyl and nitrosyl values approximately
50�100 cm�1 lower than B3LYP and TPSSh, respectively.
Effect of Diffuse and Polarization Functions on Vibrational

Frequencies.The effect of the diffuse functions on the vibrational

Figure 2. (L)(CO)Fe(NO)2 series with salient geometric parameters and vibrational frequencies shown, where L = CO (1), IMe (N,N0-dimethyl-
imidazol-2-ylidene) (2), and MeImid (1-methylimidazole) (3). [BP86/BS2].
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frequencies can be determined by comparison (Table S1, Support-
ing Information) of BS1/BS5 and BS2/BS3 (diffuse/no diffuse
functions). Removal of the diffuse functions from all atoms in the
former and ligand atoms in the latter was probed. With the
removal of diffuse functions on all atoms, the average difference
in frequency between basis set pairs is approximately 10 cm�1 for
CO stretching frequencies and approximately 20 cm�1 for NO
stretching frequencies. In comparison, upon removal of the diffuse
functions solely for the ligand atoms (BS2 vs BS3), an average shift
of theCO andNO frequencies is 5 cm�1 and 15 cm�1, indicating a
metal contribution of about 5 cm�1, a relatively minor effect.
The effect of elimination of polarization functions on the

ligands can be evaluated by comparing basis sets BS3 (6-311G
(d,p)) and BS7 (6-311G). Loss of the light atom d orbital shifted
the vibrational frequencies drastically, on the order of 130 to
150 cm�1 for both carbonyl and nitrosyl frequencies. Conversely,
upon removal of the polarization functions on the metal (BS1 vs
BS4), no significant change in the calculated frequencies or bond
distances is observed, indicating that the sensitivity of the
frequencies to utilizing polarization functions lies predominantly
on the ligand atoms rather than the metal center.
In order to determine whether the effect on polarization

functions is intrinsic to the carbonyl and nitrosyl diatomic ligands
or due to redistribution over the {Fe(NO)2} unit, the free ligands
CO, NO+, NO, andNO�were calculated with basis sets BS3 and
BS7 and with the functionals BP86, B3LYP, and ωB97x-D, and
these results are presented below.
Intrinsic Properties of Diatomic Molecules CO and NO. To

separate the effect of polarization functions on the carbonyls and
nitrosyls of (L)2Fe(NO)2 complexes into an intrinsic effect on
the diatomic ligands or an effect involving their interaction with
the Fe in the {Fe(NO)2} unit, free CO as well as the three
oxidation states of free NO (NO+, NO, and NO�) were
calculated with BS3 and BS7 (polarization functions vs no
polarization functions) with the three functionals BP86,
B3LYP, and ωB97x-D. A table of these results can be found in
the Supporting Information.
From this study, several important effects were realized:
(1) The hybrid functional B3LYP most accurately calculates

the bond distances of the diatomic molecules with the
basis set including polarization functions (BS3), with
BP86 slightly overestimating and ωB97x-D slightly un-
derestimating the bond distance. With no polarization
functions, all bond distances were overestimated by at
least 0.015 Å.

(2) However, BP86/BS3 appears to be best for vibrational
frequencies, with an error of�16 cm�1 for free CO and of
�2 cm�1 for free NO. B3LYP calculates the frequencies
to be roughly 100 cm�1 higher for both CO and NO,
while ωB97x-D calculates them roughly 130�150 cm�1

higher, consistent with the results from the (L)2Fe(NO)2
complexes as described above.

(3) The difference in vibrational frequencies resulting from
polarization functions appears to be intrinsic to the free
diatomic molecules, as for the BP86 functional between
basis sets BS3 and BS7, the difference is approximately
150 cm�1 for CO and approximately 150�180 cm�1 for
NO and NO�, very similar to the effect of these functions
in the {Fe(NO)2} complexes. Interestingly, the difference
for NO+ is much higher at approximately 250 cm�1, a
result consistent with the expected ligand character of NO
to NO� rather than NO+.

Effect of Triple- Versus Double-ζ Basis Sets on Metal. The
effect of the size of the basis set on the metal was examined by
using two different basis sets with electron core potentials on
iron, the triple-ζ SDD basis set34 and the double-ζ LANL2DZ
basis set, BS8 and BS9.35 The ligand basis set was minimized to
the Dunning�Huzinaga full double-ζ (D95). These results are
summarized in Table S1, Supporting Information. The difference
between the two basis sets on the iron atom resulted in small
differences in the CO frequencies (on average, ∼1�5 cm�1)
with a greater difference in the NO frequencies (∼5�10 cm�1),
although the values are on par with or less than prior modifica-
tions, vide supra. Clearly, the nitrosyl frequencies were more
sensitive in their response to changes in the iron basis set,
affirming an effect, albeit minor, resulting from delocalization
of electron density on the {Fe(NO)2} unit.
Effect of Triple- Versus Double-ζ Basis Sets on Ligand. In a

similar fashion, changes due to the basis set of the ligands were
queried systematically through comparisons of double- and
triple-ζ basis sets. In these experiments, SDD ECP was used as
the standard basis set for iron, with the various ligand basis sets.
The basis sets selected for comparison were BS3 (6-311G(d,p))/
BS6 (6-31G(d,p)) and BS7 (6-311G)/BS8 (D95). In accordance
with a change from a larger (triple-ζ) to a smaller (double-ζ) basis
set, the nitrosyl frequencies shift by 15 cm�1, while the carbonyl
frequencies shift less systematically (negligible for BS3/BS5 and
25 cm�1 for BS6/BS7).
Overall Commentary on Methodology.With respect to the

calculated nitrosyl stretching frequencies, the variables discussed
above can be ranked in order of greatest to smallest possible effect.
1) Polarization functions on the ligand (150 cm�1)
2) Functional (60�120 cm�1)
3) Basis set of ligand (triple vs double ζ; 15 cm�1) and diffuse

functions on ligand (15 cm�1)
4) Basis set of metal (triple vs double ζ; 5�10 cm�1)
5) Diffuse functions on metal (5 cm�1)
6) Polarization functions on metal (0�5 cm�1)
An ideal functional/basis set pair should be that which

provides a simultaneously close match to the experimental
complex geometry and the carbonyl and nitrosyl vibrational
frequencies, while the complexity of the functional and size of
the basis set are balanced between suitable results and
computational cost.
One consequence of this study indicates that the basis set on

the ligand atoms has far more influence on diatomic ligand
vibrational frequency values than does the iron basis set. As
expected, the calculated frequencies and bond distances are
related, as shown in Figure 3. Comparison of the various
functionals shows that the best functional for the average ν(NO)

is BP86. In this figure, it can be seen that a majority of the
functionals achieve similar differences between the symmetric
and the antisymmetric stretches of the dinitrosyls. Somewhat
surprisingly, the new functionals M06 and ωB97X-D, thought
to circumvent issues and improve results relative to classic
functionals, perform the worst of the selected functionals due to
a systematic underestimation of backbonding, reflected in
shorter N�O bond distances and higher ν(NO) values. It is
worthwhile to note that in Figure 4, where the BP86 functional
is used to compare to experimental results by virtue of the eight
basis sets, the best match is with BS1 and BS2, with BS2
somewhat lower in computational cost due to the ECP on
the metal.
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Summarily, the best compromise between qualitative and
quantitative results in both calculated vibrational stretching
frequencies and N�O bond distances is found with BP86/BS2
(although TPSS/BS2 is quite similar). Interestingly, calculation
of the vibrational frequencies using a PCM solvation model for
THF at the BP86/BS2 level of theory demonstrates a shift of
both carbonyl frequencies (from 2049/2001 cm�1 in the gas
phase to 2037/1973 cm�1 for 1) and nitrosyl frequencies (from
1840/1804 cm�1 to 1809/1755 cm�1 for 1), with a larger effect
on the latter values. TheMulliken charges between the gas phase
and solvation calculations can be compared in Table S3
(Supporting Information), indicating no significant charge redis-
tribution. Due to these results, BP86 will be used further as the
functional of choice.

’COMPUTATIONAL INVESTIGATION OF
{Fe(NO)}7-{Fe(NO)2}

9 COUPLED SYSTEMS

Commentary on the Experimental Properties of the
{Fe(NO)}7�{Fe(NO)2}

9 Series. A series of [(NO)Fe(L)Fe-
(NO)2]

n (n = �1, 0, +1) complexes is shown in Figure 5, and
we utilized our methodology to model these with BP86/BS2
combinations. In this study, for all figures and tables, Fe0 refers to
the mononitrosyl iron and Fe00 refers to the dinitrosyl iron.
Complex 4, synthesized by Liaw and co-workers, was found to

be diamagnetic.46 Despite the similarities of the diamond-shaped
Fe2S2 core of 4 and 5, complex 5 demonstrates quite different
vibrational frequencies, a longer Fe�Fe distance (2.669 Å for 4
vs 2.766 Å for 5), and a magnetic moment of μeff = 2.81 μB,
signifying a triplet ground state.47 The geometric and spectro-
scopic properties are summarized in Table 1.
In previous computational investigations of 4 and 5, the

B3LYP/6-311G* functional/basis set pair (in our notation,
B3LYP/BS3) was used to optimize the geometry and to deter-
mine the magnetic coupling,28 and in a second study of complex
5, broken-symmetry calculations were used to model the
M€ossbauer parameters.26 Jaworska examined the natural orbitals
of 4 and 5 and found antiferromagnetic coupling in the
[(NO)Fe(μ-S)2Fe(NO)2] core in each case.28

Complex 6 has been recently synthesized in our laboratory.
Rather than the diamond-shaped Fe2S2 core found in 4 and 5, the
complex adopts a butterfly-shaped core with an Fe�Fe distance

of 2.786 Å.7 This observed difference in geometry is likely related
to the increase in the vibrational stretching frequencies of the
dinitrosyl unit compared to those of 4 and 5, with the mono-
nitrosyl vibrational energy between that of the symmetric and
antisymmetric stretch, see Table 1.
In an effort to integrate complex 6 with 4 and 5 as a related

series and to serve as a test set for our methodology described
above, we used the calibrated functional/basis sets (BP86/
BS2LANL; BP86/BS2POP) to model the vibrational frequencies
and optimized geometries of the bimetallics. Salient computa-
tional values are presented alongside the experimental in
Table 1.
Computational Exploration of [(NO)Fe(μ-S)2Fe(NO)2]

Complexes 4, 5, and 6. The crystallographic structures of
complexes 4, 5, and 6 were utilized as the starting structures for
the full optimizations at the BP86/BS2LANL level of theory.
Both the singlet and triplet state of this series of complexes were
calculated, and in nearly all instances, the optimized geometry
of the appropriate ground state structure matched reasonably
well with the crystallographic parameters. One notable excep-
tion was in the triplet state of complex 5. When optimized
starting from the singlet geometry, the triplet optimized with a
linear NO and large Fe�Fe distance in contrast to the experi-
mental results. In a second optimization, the Fe0�N�O angle
was initially frozen at the experimental value and the geometry
allowed to relax. The new starting structure was fully optimized
to a triplet-state geometry, which corresponds well to the
crystallographic data. The three optimized structures are shown
in Figure 5, and the geometric and vibrational frequency values
can be compared in Table 1. The degree of coupling between
the {Fe0(NO)}7 and {Fe00(NO)2}

9 units is illustrated in Figure 6
where the normal coordinates are shown. For each structure,
the contribution of each oscillator is shown in both magnitude
and direction.
Consistent with the experimental NMR data,46 complex 4

was predicted to be a singlet, with the triplet state nearly 15
kcal/mol higher in energy. The vibrational frequencies for both
4sing and 4trip match extremely well with those of 4exp. Likewise,
the Fe0�N�O angle and N�O distance were relatively in-
dependent of these states. Thus, by any of these measurements,
it was futile to identify the ground state. However, the predicted
Fe0�Fe00 distance expands from 2.649 Å in the singlet to 3.003

Figure 4. Frequency vs basis set/experiment of (CO)2Fe(NO)2 using
BP86. The average N�O bond distance is listed above the bars. The red
bars represent the values for the symmetric stretch, and blue bars
represent the antisymmetric stretch (gray and green bars are given for
experimental values).

Figure 3. Frequency vs functional/experiment of (CO)2Fe(NO)2
using BS2. The average N�O bond distance is listed above the bars.
The red bars represent the values for the symmetric stretch, and blue
bars represent the antisymmetric stretch (gray and green bars are given
for experimental values).
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Å in the triplet, and the former corresponds well with the
experiment. Additionally, the Fe�(μ-S) distances match ex-
tremely well in the singlet geometry but are overestimated by
nearly 0.1�0.2 Å in the triplet, corresponding to an average
error of approximately 5%.
Complex 5, which has been recently investigated by both

Jaworska28 and Ghosh and co-workers,26b,c has been reoptimized
with our parameters. Three distinct isomers were found on the
potential energy surface as follows: singlet state with a linear
Fe0�N�O, triplet state with a linear Fe0�N�O, and a triplet
state with a bent Fe0�N�O, the last of which is consistent with
the crystallographic structure. The ground state was found to be
the bent Fe0NO triplet structure, with the linear triplet 4.42 kcal/
mol and the linear singlet 7.52 kcal/mol higher in energy. The
crystallographic structure was reported to possess disorder in the
Fe0NO and Fe00NO nitrosyl oxygen atoms positioned cisoid to
one another, with two Fe0�N�O angles extracted from the data
at 145.3/151.8� and the Fe00�N�O angle at 170.1/173.3�. The
difficulty in accurate refinement of M�N�O complexes with
nitrogen and sulfur based ligand sets has been previously noted.48

Interestingly, the calculated Fe0�N�O angle for BP86 matched
identically with the latter experimental value. The Fe0�Fe00
distance was calculated to be 2.758 Å, close to the experimental
value of 2.766 Å. Finally, the frequencies of the lowest energy
structure were calculated to be 1797, 1751, and 1719 cm�1 with
the experimental values reported at 1789, 1736, and 1654 cm�1.
Thus, the two higher energy stretches match reasonably well,
with a larger error in the lowest energy stretch. The assignment of
the vibrational stretches, though, is determined to be appropriate
with the visualization of the infrared frequencies identifying the
lowest energy stretch as Fe0�N�O, consistent with the results of

Hughes and co-workers.47 Other salient geometric values, as well
as those utilizing an alternate functional (TPSS) or basis set
(BS2LANL), can be observed in Table 1.
Extension of Methodology to Complex 6. From its sharp

NMR features, the butterfly-shaped complex 6 is proposed to
exist as a ground-state singlet.9 With respect to the nature of the
trinitrosyl butterfly complex, we sought to use our computational
methodology to identify the ground state. Like complex 4, which
indicated a clear preference for the singlet state, 6trip was
calculated to be only 5.32 kcal/mol (BP86) higher than 6sing.
The experimental assignment of the infrared data of 6, in which
the highest and lowest nitrosyl stretching frequencies are as-
signed to the {Fe(NO)2}

9 and the middle nitrosyl frequency is
assigned to the {Fe(NO)}7 is confirmed upon examination of the
spectral pattern and visualization of the normal infrared coordi-
nates in the theoretical calculation.
Despite the better match of both the N�O and Fe�S bond

distances for 6sing than for 6trip, the Fe0�Fe00 distance (exp.
2.786 Å) is calculated too short in the singlet case (2.688 Å) and
too long in the triplet case (2.978 Å). To alleviate concerns that
the butterfly-shaped Fe2S2 core was not calculated with the same
degree of accuracy as the diamond-shaped complexes due to a
poor basis set on sulfur, all complexes were recalculated using
the all-electron 6-311++G(d,p) basis set on sulfur. The results
are found in Table 1 and show no significant difference in the
computational values, with experimental vs computational differ-
ences of the vibrational frequencies on the same magnitude of
error relative to the test set, indicating that larger molecules, such
as those containing sulfur atoms, do not reflect sensitivity to the
effects listed above. Thus, we assign the ground state structure
to be a diamagnetic singlet by virtue of energy, the vibrational

Figure 5. (From left to right) Experimental (top) and computational ground state (bottom) structures of [(NO)Fe(S4)Fe(NO)2]
� (4),46

[(NO)Fe(NS3)Fe(NO)2] (5),
47 and [(NO)Fe(N2S2)Fe(NO)2] (6).

9 Fe0�Fe00 and N�O bond distances are given in addition to —Fe�N�O,
and the [(NO)Fe(μ-S)2Fe(NO)2] core is represented as ball and stick drawings.
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frequencies, and the correspondence of geometric parameters to
those of experimental values.

’SUMMARY AND COMMENTS

Examinations of various functionals and basis sets for the
prediction of geometries and NO stretching frequencies in a
series of Fe(NO)2 complexes led to the following conclusions
relative to the functional/basis set pairs. The v(NO) values are
particularly sensitive to polarization functions on the ligands
which are essential as their exclusion causes a positive shift of
150 cm�1 from the optimal calculated value. Less sensitive are
diffuse functions on the ligand (15 cm�1) or any significant
changes to the metal (no shifts greater than 15 cm�1). The
functionals utilized in this work provide a range with a maximum
difference of 120 cm�1. In this manner, we discovered that the
best compromise between basis set size, quality of results, and
cost was BP86/BS2 with TPSS/BS2 a close second choice,
whereas newer functionals such as M06 and ωB97x-D system-
atically underestimate the degree of backbonding, resulting in
too short N�O bond distances and extremely high vibrational
frequencies with better basis sets. Additionally, it is observed for
the (L)Fe(NO)2(CO) complexes that NO is more sensitive to L
both experimentally and theoretically than is CO, as a larger
change in nitrosyl than carbonyl frequencies is seen for both the
exchange of the ligand L and changes in the functional/basis set.

By utilizing our methodology, three known complexes con-
taining a {Fe0(NO)}7�{Fe00(NO)2}

9 unit with a Fe2S2 bridging
moiety and disparate geometries on the {Fe0(NO)}7 fragment
were calculated. Our computations confirmed that complex 4 is a
singlet and complex 5 is a triplet, as has been concluded from
experimental results. There was improved computational agree-
ment in the case of complex 5. Utilizing our methodology, we
were able to mimic both the values of the frequencies as well as
the assignments of the experimental stretches, with an extension

to the newly synthesized complex 6, which was calculated to have
a singlet ground state with a low energy triplet state. This
methodology is expected to have general utility for other
{Fe(NO)2} applications.
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