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The unusual metal coordination and spin-state of the Fe(III) center in nitrile hydratase (NHase) has stimulated the
synthesis of numerous model complexes in efforts to understand the reactivity and spectroscopic properties of the
enzyme. A particular problem has been the development of model Fe(III) complexes that exhibit reversible, photolabile
binding to nitric oxide (NO) in a manner similar to that observed for the NHase metal center. We now report a
detailed NBO analysis of the ground-state chemical bonding in three {Fe−NO}6 complexes that exhibit different
responses to irradiation, together with investigations of their spectroscopic properties using semiempirical INDO/S
CI singles calculations. Our computational studies reveal a correlation between the photolability of these complexes
and the existence of low-energy transitions that promote an electron into the Fe−NO π* antibonding molecular
orbital. In addition to providing detailed insights into how the ligand field influences the spectroscopy of these
mononuclear complexes, these studies strengthen our previous conclusions regarding the role of post-translational
cysteine modification in modulating the photoreactivity of the inactive, NO complex of NHase.

Introduction

The unusual metal coordination and spin-state of the Fe-
(III) center in Fe-type nitrile hydratase (NHase),1-3 which
catalyzes the conversion of nitriles to primary amides,3 has
stimulated the synthesis of numerous model complexes in
efforts to understand the reactivity and spectroscopy of the
enzyme.4 A particularly interesting feature of Fe-type NHase
is the ability of nitric oxide (NO) to interact reversibly with
the active site Fe(III),5 in a process hypothesized to be

involved in cellular regulation of the enzyme.6 Thus, Fe-
type NHase activity disappears in vivo due to the formation
of a stable Fe-nitrosyl complex when cells containing the
enzyme are kept in darkness. Irradiation of NO-inactivated
NHase with visible light results in Fe-NO bond cleavage,
thereby reactivating the enzyme.7 The interaction of Fe-type
NHase with NO was initially established in an elegant series
of photochemical experiments,5,7 and a detailed picture of
how metal-bound NO interacts with protein environment in
the nitrosylated enzyme was subsequently provided by high-
resolution X-ray crystallography (Figure 1).1c The crystal
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structure also revealed that the cysteine ligands coordinating
the Fe(III) were oxidized as a result of post-translational
modification, a transformation that is essential for enzyme
activity.8 The functional role of sulfur oxidation in Fe-type
NHase remains the subject of considerable discussion,
however, despite the preparation and characterization of
many interesting model Fe(III) complexes.4,9

The fully reversible inactivation and photochemical reac-
tivation is an intriguing feature of the NO-based regulation
of Fe-type NHase because, to our knowledge, only a single
model complex has been shown to exhibit similar revers-
ibility in its interaction with NO.10,11 Indeed, NO prefers to
interact with Fe(II) centers,12 although binding of this small
molecule ligand to Fe(III) in a small number of heme and
non-heme complexes has been observed.13 We have proposed
that one possible role for post-translational oxidation of two
active site cysteines coordinating the metal of Fe-type NHase
might be to confer the appropriate photochemical reactivity
onto the{Fe-NO}6 bond in the inactive form of the enzyme,
and have performed theoretical calculations to obtain support

for this proposal. Our computational studies suggested that
the presence of the sulfinate and sulfenate groups was
essential for promotion of an electron into the Fe-NO π*
antibonding molecular orbital (MO) upon the absorption of
visible light.14 On the other hand, since these calculations
employed only a gas-phase model of the NHase active site,
we have sought to test our conclusions further by calculating
the spectroscopic properties of additional NO-containing
compounds. While the bonding and reactivity of small
molecule Fe-NO complexes have been the subject of
computational investigations using a variety of high-level
theoretical methods,15 no such studies of the photolability
of these compounds have been reported. We now report
theoretical investigations for three{Fe-NO}6 complexes
(Figure 2), which have been synthesized as models of the
Fe center in NHase and exhibit differences in their ability
to lose NO upon irradiation.10,11,13bFor example, complex
1, in which the metal is coordinated by a deprotonated amide
nitrogen,4d rapidly releases NO when exposed to light (50
W tungsten lamp) in a process that is completely reversible.
Complex3, however, does not release NO reproducibly, even
upon prolonged irradiation under a variety of conditions,13a

and while NO is lost when complex2 is irradiated, the
process does not seem to be reversible. This latter finding is
presumably because the 5-coordinate intermediate, formed
in the photochemical reaction, decomposes under the reported
conditions,11 but no detailed experimental studies of this
hypothesis have yet been reported. The computational studies
discussed herein reveal a correlation between the photolabil-
ity of these complexes and the existence of low-energy
transitions that promote an electron into the Fe-NO π*
antibonding molecular orbital. These results not only validate
the computational strategy that was employed in our previous
calculations,14 thereby providing additional support for the
importance of sulfur oxidation in the observed NHase/NO
photoreactivity, but yield additional insight into the electronic
structure of the{Fe-NO}6 complexes1-3 that may underlie
their differential photochemical reactivities.
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Figure 1. X-ray crystal structure of the metal center in inactive, nitrosylated
nitrile hydratase. For clarity, only non-hydrogen atoms are shown, which
are colored using the following scheme: C, black; N, blue; O, red; S, yellow;
Fe, green. This image was generated using the CAChe Worksystem Pro
V6.0 software package.42
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Computational Methodology

Atomic coordinates for complexes1-3 (Figure 2)10,11,13bwere
obtained from the Cambridge Crystallographic Database.16 Explicit
solvent molecules and counterions were not included in any of the
calculations. Optimized structures of all three complexes were
obtained using the BLYP exchange-correlation functional17,18 and
were computed with the TURBOMOLE software package.19 Single
point energies were then calculated for the molecules at their
optimized geometries with B3LYP20,21 as implemented in Gauss-
ian98,22 which uses the third form of the VWN local correlation
functional (VWN-III).23 All calculations employed a 6-31G* basis,24

although polarization functions were not included on carbon atoms.
This choice of basis has been shown to give excellent geometries
and electronic structures for related, non-heme Fe(III) complexes
with N/S coordination.25 The density matrix in all single point
energy calculations was converged to a tight root mean square
threshold of 10-8 au, and geometry optimizations were converged
to a gradient of 10-3 hartree/bohr. To assess the accuracy of these
BLYP-derived structures, complex1 was also optimized using the
B3LYP functional with a 6-31G* basis lacking polarization
functions on carbon. The converged BLYP molecular orbital
coefficients were employed as initial guesses for all B3LYP
computations on complexes1-3. We note that B3LYP has been
demonstrated to give reliable transition metal geometries.26 The
chemical bonding in each of the three{Fe-NO}6 complexes at
their BLYP-optimized ground-state geometries was evaluated by
natural bond orbital (NBO) analysis27 of the appropriate density
matrix obtained from B3LYP single point calculations. Quantitative
analyses of the NBOs and their corresponding natural localized
molecular orbitals (NLMOs) to estimate bond covalencies were
performed using the approach that we have described for open-
shell Fe(III) complexes,25 except that the population of antibonding
orbitals was considered where appropriate. All NBO studies were
carried out with the NBO 5.0 software package.28

Electronic transition energies and oscillator strengths were
calculated for complexes1-3 at their BLYP-optimized, gas-phase
geometries using the semiempirical INDO/S CI singles (CIS)
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Figure 2. X-ray crystal structures of{Fe-NO}6 complexes1-3: 1, [N-[2-[bis[(2-pyridinyl-κ)methyl]amino-κN]ethyl]-2-pyridinecarboxamidato-κN1, κN2]-
nitrosyliron(II);10 2, [[3,3′-[(imino-κN)bis(3,1-propanediylnitrilo-κN)]bis[2-methyl-2-butanethiolato-κS]]nitrosyliron(II);11 3, [hexahydro-R,R,R′,R′-tetra-methyl-
1,4,7-thiadiazonine-4,7-diethanethiolato-κN4,κ N7,κS1,κS4,κS7]nitrosyliron(II).15b In the coordinate systems for these complexes, thez-axis was placed along
the Fe-NNO bond, with thex-axis being defined by one of the equatorial metal-ligand bonds. For clarity, we show only non-hydrogen atoms, which are
colored using the following scheme: C, black; N, blue; O, red; S, yellow; Fe, orange. This image was generated using the CAChe Worksystem Pro V6.0
software package.42
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approximation.29,30 All INDO/S calculations employed aâd value
of -23.0 eV for iron29a and standard resonance integrals and
interaction factors (fpσpσ ) 1.267 andfpπpπ ) 0.585).29b,29cThe CIS
calculation for each model included singly excited configurations
from a RHF ground state reference determinant. The CI active
spaces for INDO/S studies were chosen on the basis of an initial
CI using an active space composed of all occupied, heavy-atom
valence MOs excited into all virtual MOs of lower energy than
that of the MO composed principally of the Fe 4p orbitals. Orbitals
comprising the active space were then selected on the basis of
configurations that had energies within 50 000 cm-1 of the ground
state in this initial CI calculation. Although this yielded relatively
small active spaces for the three{Fe-NO}6 complexes in this study,
using larger active spaces gave much poorer agreement between
experimental and calculated spectra, presumably due to limitations
within the INDO approximation.31,32INDO/S CIS calculations that
included the effects of solvent environment employed a self-
consistent reaction field (SCRF) model, which has been described
in detail elsewhere.33 The CI active spaces for these INDO/S-SCRF
calculations were chosen using the same procedure as described
for the in vacuo studies. All calculated absorption energies and
oscillator strengths were fit to normalized Gaussian functions with
bandwidths of 3200 cm-1 in order to facilitate comparison of
theoretical and experimental spectra. Similar fitting procedures have
been used in theoretical studies of other iron complexes.34

Results and Discussion

Electronic Structure and Ground-State Bonding of Fe-
(III) Complexes 1-3. In many respects, the DFT-optimized
and experimental structures for complexes1-3 (Figure 2)
were very similar, as judged by comparison of bond lengths
and bond angles, although deviations between theory and
experiment were observed for some dihedral angles in
complex 1 (Table 1). For example, the Fe-N2-C1-O1
dihedral angle of the amide ligand was less planar in the
crystal structure than the in vacuo theoretical geometry. The
deviation from planarity in the experimental structure is,
however, likely associated with crystal packing effects rather
than deficiencies in the computational approach (see Sup-

porting Information). Control calculations using complex1
established that there was little difference between BLYP-
and B3LYP-optimized geometries, justifying our use of the
less computationally demanding BLYP functional to obtain
in vacuo optimized structures for the remaining complexes.
In all of the complexes, the Fe-NO bond length was
significantly shorter than all other Fe-ligand bonds, con-
sistent with a greater ground-state bond order between the
nitrosyl ligand and the metal in these{Fe-NO}6 com-
plexes.12 The calculated Fe-N-O bond angle varied from
172° to 177°, these values being well within the typical range
observed for{Fe-NO}6 complexes.12d

A detailed analysis of the Kohn-Sham wave function was
undertaken to determine the bonding between the metal and
the NO ligand in these{Fe-NO}6 complexes, since the
species [Fe(II)-NO+], [Fe(III)-NO•], or [Fe(IV)-NO-] can
all give rise to anS) 0 spin state. Hence, the B3LYP first-
order reduced density matrix was obtained in both a restricted
and unrestricted formalism for complexes1-3 at their
BLYP-optimized geometries. While there was no difference
between the restricted and unrestricted B3LYP wave func-
tions for complexes1 and2 (i.e., all electrons were perfectly
paired with an orbital overlap of unity so thatS ) 0, and
both calculations gave an identical total energy), this proved
not to be the case for complex3 (vide infra). NBO analysis27

was therefore carried out on the restricted B3LYP density
matrixes for complexes1 and 2 and on the unrestricted
B3LYP density matrix in the case of complex3. NBOs were
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Table 1. Selected Structural Properties of the Crystal and the
DFT-Optimized Geometries for{Fe-NO}6 Complexes1-3a

internal
coordinate

crystal
structureb BLYP/6-31G* B3LYP/6-31G*

Complex1
Fe-N1 1.978(2) 2.02 2.01
Fe-N2 1.9009(19) 1.90 1.88
Fe-N3 1.972(2) 2.03 2.01
Fe-N4 1.982(2) 2.04 2.02
Fe-N5 1.983(2) 2.03 2.02
Fe-N6 1.677(2) 1.68 1.66
N6-O1 1.139(3) 1.17 1.15
Fe-N6-O1 173.1(2) 170.0 169.9
Fe-N2-C1-O2 155.4 171.7 170.1

Complex2
Fe-N1 1.993(3) 2.03 c
Fe-N2 2.108(3) 2.16 c
Fe-N3 1.979(3) 1.99 c
Fe-N4 1.676(3) 1.66 c
Fe-S1 2.2603(9) 2.33 c
Fe-S2 2.2604(9) 2.30 c
N4-O1 1.161(4) 1.18 c
Fe-N4-O1 172.3(3) 172.6 c

Complex3
Fe-S1 2.285(2) 2.37 c
Fe-S2 2.284(2) 2.33 c
Fe-S3 2.291(2) 2.34 c
Fe-N1 2.024(5) 2.08 c
Fe-N2 2.063(5) 2.13 c
Fe-N3 1.609(6) 1.62 c
N3-O1 1.167(6) 1.17 c
Fe-N3-O1 177.2(6) 177.0 c

a Atom labels correspond to those shown in Figure 2.b All bond distances
and angles are reported in units of Å and degrees, respectively. Values in
parentheses are the errors reported for the experimental measurements.
c Calculation was not performed.
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compared to their corresponding NLMOs in order to gain
more detailed insight into the different symmetries of metal-
ligand interactions, using methods that we have described
previously,25a and bond covalencies were calculated on the
basis of the number of shared electrons.

Although the metal center in all three complexes possesses
a formal oxidation state of+3, the partial charges computed
using natural population analyses (NPA) are substantially
lower, suggesting donation of electron density from the
ligands to the metal center (Table 2). We note that the larger
amount of positive charge on Fe in complex1 relative to
that computed for3 is in agreement with expectations based
on the atomic polarizabilities of sulfur and nitrogen. Thus,
the partial positive charge associated with the Fe center
should decrease with an increasing ratio of sulfur to nitrogen
ligands, given that sulfur is a more polarizable ligand than
nitrogen. This observation is also consistent with the NPA
partial charges computed for the sulfur and non-NO nitrogen
ligands in complexes1-3 (Table 2).

The extent of covalency in the Fe-NNO bonds in the three
{Fe-NO}6 complexes was computed using the preorthogonal
natural atomic orbital (pNAO) compositions of localized
molecular orbitals, with the sign of these values being
obtained from the overlap integrals between hybrid orbitals
located on the covalently bonded atoms (Table 3). Such bond
orders have been considered to be superior to alternative
metrics,27b and have been applied in analyses of the extent
of d-orbital participation in the bonding of main-group
complexes.35 This analysis revealed that the Fe-NNO bond
in complex1 possesses double bond character, as indicated
by (i) the calculated NLMO/NPA and NBO bond orders of
1.238 and 1.375, respectively (Table 3), and (ii) the two
doubly occupied bonding NBOs between Fe and NO (see
Table S1 in the Supporting Information). Inspection of
natural hybrid orbital (NHO) compositions and occupancies
suggests that the bonding between Fe and the nitrogen of
the NO ligand is ofπ symmetry, consisting of approximately
63% Fe (dyz and dxz) and 27% NOπ* character. This Fe-
NO bonding is strikingly similar to that reported in recent
calculations on another{FeNO}6 complex, which possesses

a related coordination sphere.36 In terms of orbital occupation,
there are three doubly occupied Fe orbitals (Figure 3A) and
an empty NOπ* orbital, suggesting that complex1 may be
best regarded formally as an Fe(II) d6 low-spin system
bonded to NO+. The existence ofπ-back-bonding between
Fe(II) and NO+ is, however, evident from the NOπ*
character in the Fe d-orbitals (Figure 3A)36 and the NPA-

(35) Reed, A. E.; Schleyer, P. v. R.J. Am. Chem. Soc. 1990, 112, 1434-
1445.

(36) Serres, R. G.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; Weyhermu¨ller,
T.; Neese, F.; Wieghardt, K.J. Am. Chem. Soc. 2004, 126, 5138-
5153.

Table 2. NPA-Derived Partial Charges of Selected Atoms in
{Fe-NO}6 Complexes1-3 at Their DFT-Optimized Geometriesa,b

complex1 complex2 complex3

atom
partial
charge atom

partial
charge atom

partial
charge

spin
density

Fe +1.39 Fe +1.25 Fe +1.17 +0.308
N1 -0.55 N1 -0.54 N1 -0.54 -0.004
N2 -0.67 N2 -0.73 N2 -0.55 -0.005
N3 -0.52 N3 -0.55 N3 +0.11 -0.123
N4 -0.53 N4 +0.06 S1 +0.32 -0.005
N5 -0.53 S1 -0.22 S2 -0.26 -0.031
N6 +0.10 S2 -0.29 S3 -0.26 -0.016
O1 -0.09 O1 -0.16 O1 -0.13 -0.120
O2 -0.54

a Atom labels correspond to those shown in Figure 2.b Spin densities
for complex3 are computed from the unrestricted B3LYP wave function,
and positive values are arbitrarily assigned toâ spin density.

Table 3. Selected NLMO/NPA and NBO Bond Orders in{Fe-NO}6

Complexes1-3 at Their BLYP-Optimized Geometries Computed from
the Appropriate B3LYP/6-31G* Density Matrixa

bond order

bond NLMO/NPA NBO bond NLMO/NPA NBO

Complex1
Fe-N1 0.171 b Fe-N6 1.238 1.375
Fe-N2 0.463 b N6-O1c 1.499 0.988
Fe-N3 0.197 b N2-C1 0.907 0.944
Fe-N4 0.269 b C1-O2 1.319 1.814
Fe-N5 0.234 b

Complex2
Fe-N1 0.180 b Fe-S1 0.649 0.817
Fe-N2 0.114 b Fe-S2 0.578 0.800
Fe-N3 0.214 b N4-O2c 1.428 0.976
Fe-N4 1.351 1.370

Complex3
Fe-S1 0.206 b Fe-N2 0.138 b
Fe-S2 0.585 0.799 Fe-N3 1.175 1.020
Fe-S3 0.683 0.804 N3-O1c 1.634 1.353
Fe-N1 0.147 b

a Atom labels correspond to those shown in Figure 2.b Bond orders are
lower than the default threshold chosen to define an NBO.c The corre-
sponding NLMO/NPA and NBO bond orders for free NO are both 2.5.

Figure 3. (A) NBOs with significant Fe character in complex1,
corresponding to three doubly occupied Fe d orbitals (bottom) and two
unoccupied orbitals (top). (B) Selected NBOs (top) and their corresponding
NLMOs (bottom) demonstrating ligand-to-metalσ donation between Fe
and pyridine (i) or carboxamido (ii, iii) nitrogen donors in complex1. Atom
labels, which indicate the nuclei associated with the electrons in the MO,
correspond to those shown in Figure 2, and all contour plots were generated
with NBOView 1.0 using a value of 0.03.43
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derived partial charge for the NO moiety of-0.01|e-|. From
the analysis of pure NBOs, the formal N-O bond order in
free NO is 2.5, neglecting any lone pair contributions to
covalency. Comparison of the NBOs describing free NO and
the NO ligand in complex1 shows a calculated decrease of
approximately 1.5 in the N-O bond order (Table 3),
consistent with weakening of this bond when the ligand binds
to the metal center. On the basis of our NBO analysis, we
conclude that NO donates its unpairedπ* electron to the
metal, giving filled dxy, dxz, and dyz orbitals, and the latter
transfer electron density into two p-orbitals on the nitrogen
atom of NO. In addition, electrons that are usually shared in
the N-O π-bond become localized as an oxygen lone pair
in the bound ligand (Figure 3A). While the bonding between
Fe and NO therefore involves two bonds ofπ-symmetry,
the bonds between Fe and the remaining nitrogen ligands
arise fromσ-donation (Figure 3B). It has been proposed that
coordination of Fe by the carboxamido moiety in1 is
important for the observed photolability of this complex.4d,10

Although recognizing that ground-state bonding is not
necessarily relevant to excited-state properties such as
photolability, our NBO analysis does suggest that (i) the
relevant Fe-N2 bond (Figure 2) has the most covalent
character of the five Fe-N bonds that do not involve the
NO ligand and (ii) there is very little covalency in the
bonding between Fe and the nitrogen atoms in the tertiary
amine and pyridine groups (Table 4). There are additional
differences between the Fe-N2 bond when compared with
those from the pyridine and amino ligands, which arise
primarily from the fact that the carboxamido nitrogen has
two lone pairs that can interact with the metal center rather
than the single lone pair on the other non-NO nitrogen
ligands. For example, the covalent character in the bond
between Fe and the carboxamido N results from the fact that
each lone pair on the non-NO nitrogen ligands contributes
approximately 0.2|e-|. Visualization of NBOs and their
corresponding NLMOs for the Fe-N bonds also suggests
that π-donation from the pyridine and tertiary nitrogens is
mostly into Fe orbitals of either dx2-y2 or dz2 symmetry. In
the case of the carboxamido N, however, LP37 delocalization

involves the Fe-NNO π bonding orbital (∼50% into Fe,
∼18% into the NOπ*, and ∼19% into C1) (Figure 3B).
This interaction might be expected to strengthen the Fe-
NNO bond while weakening the N-O bond to some extent.

Even though there is a mixed coordination of sulfur and
nitrogen ligands about the metal, NBO analysis of complex
2 suggests that the bonding interaction between NO and the
Fe-center is very similar in terms of symmetry and bond
order to that computed for complex1. Hence, the Fe-NO
bond in2 has significant double bond character, as indicated
by calculated NLMO/NPA and NBO bond orders of 1.351
and 1.370 (Table 3), respectively, and the bonding is ofπ
symmetry (Figure 4A) consisting of∼60% Fe and 30% NO
π* character (Table S1). The presence of three doubly
occupied NBOs on Fe and an unoccupiedπ* NBO in the
NO moiety indicates that complex2 is best regarded as an
Fe(II)-NO+ system, in a manner similar to complex1. On
the other hand, the presence of the thiolate ligands does
appear to change the symmetry of the Fe d orbitals that
interact with NO. Hence the Fe-NNO bonding involves Fe
NBOs that are mainly composed of dxz and dz2 NHOs rather
than the dyz and dxz NHOs employed in complex1 (Table
S1). This difference arises from the fact that the Fe dyz NHO
in complex2 is the main Fe orbital involved in binding the
thiolate ligand (S2) trans to the NO (Figure 2). This finding
is especially intriguing, because it has been hypothesized that
the presence of a thiolate ligand trans to NO is important in
modulating the photolability of the Fe-NO bond.4a Exami-
nation of the other Fe-S bond in the complex, which is cis
to the NO moiety, suggests that chemical bonding occurs
via overlap of mainly Fe dxy and S py NHOs (Figure 4B).
Both ground-state Fe-S bonds are, however, of similar bond
order (Table 3) and the sameσ-type symmetry (Table S1).
The high degree of covalency in the bonds between Fe and
the thiolate ligands in2 also impacts the composition of the
Fe NHOs compared to those in complex1. For example,
although there is still one occupied LP-type NBO that is of

(37) We, and the NBO program authors,27 define a “lone pair”, symbolized
here by LP, to be a doubly occupied NBO that is not involved in
bonding, i.e., a valence orbital that is localized to a single atomic
center. In the case of complex3, however, the maximum possible
spin-orbital occupancy of an LP has a value of 1.0.25

Table 4. Calculated Covalent Character of Fe-Ligand Bonds in
{Fe-NO}6 Complexes1-3 at Their BLYP-Optimized Ground State
Geometriesa

complex1 complex2 complex3

covalency (|e-|) covalency (|e-|) covalency (|e-|)
bond bond total bond bond total bond bond total

Fe-N1 0.187 3.804 Fe-N1 0.182 5.283 Fe-S1 0.179 5.083
Fe-N2 0.402 Fe-N2 0.109 Fe-S2 1.064
Fe-N3 0.216 Fe-N3 0.224 Fe-S3 1.110
Fe-N4 0.230 Fe-N4 2.769 Fe-N1 0.119
Fe-N5 0.194 Fe-S1 1.080 Fe-N2 0.139
Fe-N6 2.575 Fe-S2 0.949 Fe-N3 2.472

a Atom labels correspond to those shown in Figure 2.

Figure 4. (A) NBOs with significant Fe character in complex2. (B) An
NBO (left) and its corresponding NLMO (right) that show ligand-to-metal
σ donation between a non-NO nitrogen donor and Fe in complex2. Atom
labels, which indicate the nuclei associated with the electrons in the MO,
correspond to those shown in Figure 2, and all contour plots were generated
with NBOView 1.0 using a value of 0.03.43
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mostly Fe dxy character, all of the Fe NHOs are involved in
bonding with the NO or the thiolate ligands (Figure 4A).
The Fe NBOs also gain occupancy via charge-transfer from
the non-NO nitrogen atoms, giving small calculated cova-
lencies in the approximate range of 0.1-0.2 |e-| (Figure 4B).
The Fe-N2 bond that is trans to S1 (Figure 2) is formed by
σ-donation to the metal (Figure 4B) and exhibits the least
amount of covalent bonding. In this, and other respects, we
note that the Fe-N2 bond in2 is similar in nature to the
bonds between Fe and the non-NO nitrogen ligands calcu-
lated for complex1.

Spin-restricted and spin-unrestricted single-point B3LYP
calculations were performed for complex3 at its gas-phase
BLYP-optimized geometry. The unrestricted B3LYP energy
was 1053 cm-1 lower than that determined in the spin-
restricted calculation, and therefore, the unrestricted B3LYP
density matrix was used in our NBO analysis of the chemical
bonding. A small amount of spin contamination, as indicated
by an 〈S2〉KS value of 0.047, was present, however, and
visualization of the spin-magnetization density of the Kohn-
Sham wave function revealed unpairedR andâ spin densities
on Fe and NO, respectively (Figure 5). As noted above,{Fe-
NO}6 complex 3 exhibits no Fe-NO photolability under
conditions that result in NO release from complexes1 and
2.13a,13bWhile we have detailed the strengths and limitations
of employing single-determinant Kohn-Sham descriptions
of Fe-containing complexes in understanding the chemical
bonding elsewhere,25 NBO analysis of the unrestricted
B3LYP density matrix showed some interesting differences
in the bonding description for this complex when compared
with 1 and2. For example, the NPA/NLMO and NBO bond
orders calculated for the Fe-NNO bond in complex3 are
1.175 and 1.020, respectively, suggesting that there is less
double bond character than for the cognate Fe-NNO bonds
in the other two complexes (Table 3). In addition, the Fe
character in the Fe-NNO bonding NBO is only approximately
46%. An analysis of the NBOs and NLMOs involved in Fe-
NNO bond for complex3 suggests that there is one Fe-NNO

NBO that is doubly occupied, due to pairedR- and

â-electrons, and one singly occupiedâ Fe-NNO NBO (Figure
6). This should be contrasted with complexes1 and 2 in
which two doubly occupied NBOs were evident in the
calculations. Another difference in the Fe-NNO bonding of
complex3 seems to be the contribution of metal-to-ligand
π-donation of an unpairedR electron from the Fe dyz NBO
into the NOπ* NBO (Figure 6D). We note that the Fe-
NNO π* antibonding NBO in complex3 has an average
occupancy of only about 0.3|e-|, in contrast to the
occupancies of∼0.6 |e-| calculated for complexes1 and2
(Table S1). The extent of spin contamination is small,
however, and inspection of the NBOs indicates that there
are three electron pairs in the Fe NBOs and aπ* NBO on
the NO ligand that has low occupancy (0.025). We therefore
suggest that this complex may be best described as Fe(II)-
NO+, albeit with a small contribution from the Fe(III)-NO•
form. Inspection of the NBOs indicated distinct differences
between the Fe-S bonds involving either the neutral
thioether (S1) or the thiolate (S2 and S3) ligands. For
example, the calculated bond covalencies of the Fe-S2 and
Fe-S3 bonds were 1.06|e-| and 1.11|e-|, respectively,
compared to 0.18|e-| for the Fe-S1 bond (Table 4). The
small amount of covalency in the bond between Fe and the
thioether is associated with ligand-metalσ-donation. Only
σ-bonds involving the thiolate ligands were sufficiently
covalent to give rise to Fe-S bonding NBOs, the interaction
between the metal and the two thiolates involving the Fe dxy

and dz2 NHOs and the S px and py NHOs (Figure 7A). Finally,
the extent of covalency in the Fe-N bonds involving the

Figure 5. Graphical representation of the B3LYP spin magnetization
density for the BLZYP-optimized structure of{Fe-NO}6 complex 3.
Positive density is contoured as green, negative as yellow. For clarity, we
show only non-hydrogen atoms, which are colored using the following
scheme: C, black; N, blue; O, red; S, yellow; Fe, orange. This image was
generated using the CAChe Worksystem Pro V6.0 software package.42

Figure 6. NBOs with significant Fe character in complex3 corresponding
to (A) Fe-S bonding within theâ NBO basis, (B) Fe-NNO bonding and
Fe LPs within theâ NBO basis, and (C) Fe-NNO bonding and Fe lone
pairs within theâ NBO basis. Note that Fe-S bonding in the NBO basis
is similar to that shown in Figure 6A. (D) An NBO (left) and its
corresponding NLMO (right) illustrating Fe-to-NOπ back-bonding in
complex 3. Atom labels, which indicate the nuclei associated with the
electrons in the MO, correspond to those shown in Figure 2, and all contour
plots were generated with NBOView 1.0 using a value of 0.03.41
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non-NO ligands arises from ligand-metal σ-donation and
is similar to that observed for similar interactions present in
complexes1 and2 (Figure 7).

UV/Visible Spectroscopy of Complexes 1-3. With the
availability of BLYP-optimized structures for the{Fe-NO}6

complexes, we undertook to compute their in vacuo spec-
troscopic properties. In all three cases, we performed an RHF
SCF calculation to identify configurations located within
50 000 cm-1 of the ground state. The results of this initial
computation were then used to obtain the relevant MOs used
in subsequent CIS calculations. This procedure avoids
artifacts arising from active spaces that are too large for use
within this modified zero differential overlap model.32 Thus,
the theoretical INDO/S UV/visible spectrum for complex1
(Figure 8A) was computed using a CI that included all single
excitations from the 10 highest energy occupied MOs into
the 10 lowest energy unoccupied MOs. We note that the
HOMO and HOMO-1 in these INDO/S calculations cor-
responded to nonbonding MOs on the carboxamido moiety,
and the two Fe-NO π* MOs were the LUMO and
LUMO+1. These semiempirical MOs are qualitatively
similar to the Kohn-Sham orbitals computed using the
B3LYP functional. The theoretical spectrum computed for
complex1 contained two absorption maxima at 415 and 680
nm and a shoulder at 550 nm (Figure 8A). The experimental
spectrum for complex1 exhibits absorption maxima at
wavelengths of 365 and 500 nm, with absorptivities of 1040
and 1840 M-1 cm-1, respectively.10 While we did observe
absorption features in the calculated spectrum of1 at 360
and 470 nm, which are close to the most intense experimental
peaks in this region, the theoretical oscillator strengths for
these signals were lower than those associated with transi-
tions of greater oscillator strength calculated at 415 and 680
nm. In the absence of experimental assignments, which have
not yet been reported for any of these three{FeNO}6

complexes, we have examined the nature of the electronic
transitions as predicted within the INDO/S semiempirical
model. These studies reveal the UV/visible spectrum to be
dominated by ligand-to-metal charge-transfer (LMCT) transi-

tions, many of which involve electron transfer from the
nonbonding MO associated with the carboxamido group
(Table 5). For example, the peak at 680 nm arises from
LMCT in which an electron is promoted from a MO
composed primarily of nonbonding p orbitals associated with
the oxygen and nitrogen atoms in the carboxamido moiety
into the Fe-NO π* antibonding MO (Figure 8B). The
calculated transitions at 470 and 360 nm involve electronic
promotions from the two nonbonding MOs associated with
the deprotonated amide into the Fe dz2 MO and into the Fe-
NO π* antibonding MO, respectively (Table 5). The transi-
tion at 415 nm, the largest calculated oscillator strength in
the visible region, also corresponds to promotion of an
electron into the Fe-NO π* antibonding MO from the
carboxamido group. Hence, these visible-region transitions
might be expected to decrease the Fe-NNO bond order in
the excited state, thereby increasing the likelihood of
photodissociation. These theoretical observations are con-
sistent with the hypothesis that ligation of the metal by the
deprotonated amide underpins the observed photolability of
complex 1.10 The shoulder at 550 nm in the theoretical
spectrum corresponds to a transition of mostly dd* character
from the Fe dyz MO into the Fe dz2 MO. High-energy
transitions (λ < 300 nm) having large oscillator strengths
were present in the theoretical spectrum, but these absorption
features appear to be associated primarily withπ-π*
transitions that occur within the pyridine moieties coordinat-
ing the metal.

Similar calculations on complex2, at its BLYP-optimized
geometry, employed an active space comprising eight
occupied and six virtual MOs centered about the HOMO
and LUMO. In contrast to our observations for1, the
occupied frontier MOs were composed primarily of either
Fe-Sσ bonding or nonbonding MOs on the thiolate ligands,
although the INDO/S LUMO and LUMO+1 MOs still
corresponded to the Fe-NO π* antibonding orbitals. The
theoretical UV/visible spectrum calculated for complex2 was
in reasonable agreement with experimental measurements
(Figure 8C). For example, the single absorption feature
observed at 420 nm was comparable to that calculated using
the INDO/S CIS method to have a value of 412 nm. A more
detailed analysis of the INDO/S calculation suggested that
the absorption features were dominated by LMCT transitions
from thiolate nonbonding and Fe-S bonding MOs into either
the Fe-NO π* MO or Fe d orbitals. Thus, the transition at
412 nm could be assigned as resulting from promotion of
an electron into the Fe-NO π* MO from an orbital for which
a significant component is the Fe-S2 σ bond (Figure 8D).
We would therefore expect this transition to weaken both
the Fe-S and Fe-NO bonds. A calculated absorption feature
with significant oscillator strength at 390 nm appears to be
associated with two energetically degenerate transitions. The
first of these is a MLCT transition from an MO composed
mostly of Fe dz2 and Fe dxz orbitals into the NOπ* MO,
while the second transition is a transition in which electronic
promotion takes place from an MO that has mostly Fe dxy

character into an MO having predominantly Fe-S2 σ*
character. Another interesting aspect of this analysis is that

Figure 7. Selected NBOs (left) and their corresponding NLMOs (right)
in complex3 showing ligand-to-metalσ donation for non-NO ligands. (A)
Fe-S1 bonding. (B) Fe-N1 bonding. (C) Fe-N2 bonding. Atom labels,
which indicate the nuclei associated with the electrons in the MO, correspond
to those shown in Figure 2, and all contour plots were generated with
NBOView 1.0 using a value of 0.03.43
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both thiolate ligands are equally involved in transitions that
promote an electron into the Fe-NO π* MO, and hence
these calculations do not provide strong support for the
hypothesis that a trans thiolate is necessary for photolability
of the Fe-NNO bond. We also note that these INDO/S CIS
gas-phase calculations predict low-intensity, low-energy
transitions at 662 and 710 nm that have not been reported
experimentally. These both correspond to transitions from
nonbonding p orbitals on sulfur into the Fe-NO π* MO.

Calculations on Fe-nitrosyl complex3 employed a smaller
active space comprising 10 occupied and five virtual MOs
centered about the HOMO and LUMO. In the INDO/S wave

function describing complex3, the frontier occupied MOs
correspond to nonbonding MOs located on the thiolate
ligands and Fe-S σ bonding MOs. Once again, the experi-
mental and calculated spectra for this complex were reason-
ably similar. For example, the computed transitions at 604
and 658 nm correspond to experimental absorption features
at 535 and 649 nm, respectively (Figure 8E). Unlike the low-
energy transitions of the photolabile{FeNO}6 complexes1
and2, however, the calculated absorptions at 604 and 658
nm for complex3 do not excite an electron into the Fe-NO
antibonding orbital. Instead they appear to be dd* in nature
with some intensity borrowing from transitions of CT

Figure 8. Simulated UV/visible spectra of{Fe-NO}6 complexes1-3 at their BLYP-optimized geometries. (A) In vacuo INDO/S CIS spectrum calculated
for complex1. (B) Graphical representation of the electronic transition calculated for the 680 nm photoexcitation of1. The phases of the initial (left) and
final (right) MOs involved in promotion of the electron are shown in blue/green and red/yellow, respectively. Non-hydrogen atoms are colored using the
following scheme: C, black; N, blue; O, red; S, yellow; Fe, orange. (C) In vacuo INDO/S CIS spectrum calculated for complex2. (D) Graphical representation
of the electronic transition calculated for the 410 nm photoexcitation of2. Atom and orbital coloring is identical to that in Figure 8B. (E) In vacuo INDO/S
CIS spectrum calculated for complex3. (F) Graphical representation of the electronic transition calculated for the 658 nm photoexcitation of3. Atom and
orbital coloring is identical to that in Figure 8B. In all simulated spectra, vertical lines show the theoretical absorption maxima, and their lengthis proportional
to calculated oscillator strength. The dashed lines represent a fit to Gaussian functions with bandwidths of 3200 cm-1, normalized to the height of the highest
energy transition.
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character (Figure 8F). In contrast to complexes1 and2, the
transitions computed for complex3 appear more equally
divided into CT type transitions, in which the electron moves
from a nonbonding Fe MO into the Fe-NO π* MO, and
LMCT transitions originating from the thiolate ligands (Table
5). For example, the absorption calculated at approximately
300 nm can be assigned as an Fe2+ f NO+ CT transition. It
is likely that such CT type transitions will serve to change
the Fe(II)-NO+ bond to a configuration more like [Fe(III)-
NO•]. Studies of nitroprusside have shown that similar
transitions also result in metastable states.38

We were concerned by the possibility that important effects
arising from the solvent environment had not been modeled

by these in vacuo studies and therefore carried out INDO/
S-SCRF calculations in which a continuum solvation model
was employed to determine the extent and nature of
solvatochromic shifts (Figure 9).33,39SCRF parameters were
chosen for each complex to reflect the properties of the
solvent used in determining its experimental UV/visible
spectrum. Hence, the electronic spectrum of complex1 in
the solvent field was computed using values of 37.5 and
1.3441 for the dielectric constant (ε) and refractive index
(η) of acetonitrile, respectively (Figure 9A). Inclusion of the
solvent environment did shift the absorption maxima calcu-
lated for complex1, thereby increasing the agreement of the
theoretical and experimental spectra. For example, the gas-
phase transitions at 680, 410, and 360 nm were shifted to
660, 400, and 380 nm, respectively. The most important
aspect of these calculations, however, was that inclusion of
solvation effects did not change the qualitative nature of the
MOs involved in the electronic excitations associated with
these peaks. Hence, the 660 nm transition still arose from
promotion of an electron into the Fe-NO π* MO, and
LMCT from the carboxamide moiety remained a dominant
feature of the photochemical excitation of the “solvated” Fe-
nitrosyl complex1.

In the case of complex2, the inclusion of the SCRF to
represent acetonitrile gave a spectrum that exhibited only
small solvatochromic shifts from that calculated for the in
vacuo system (Figure 9B), although the relative intensities
of the two transitions at approximately 390 and 410 nm were
reversed in the INDO/S-SCRF CIS spectrum. Closer exami-
nation suggested that while the 410 nm transition in the gas
phase spectrum was associated almost completely with
LMCT transitions from ligated S MOs into the Fe-NO π*
MO, the SCRF apparently lowers the relative intensity of
the cognate absorption feature at 406 nm by altering the
composition of MOs involved in the electronic excitation.
Thus, while this peak still arises partly from a transition from
the Fe-S σ bonding MO/S1 nonbonding MO into the Fe-
NO π* antibonding MO, the excitation is also composed of
transitions from the Fe-NO π bonding MO into the Fe dx2-y2

orbital. On the other hand, although the assignments for the
406 and 410 nm absorptions differ slightly in composition
in the INDO/S-SCRF and in vacuo INDO/S models, respec-
tively, both transitions will have the effect of weakening the
Fe-NNO bond. This observation is therefore consistent with
the observed photochemical behavior of this complex.11 The
transition at 390 nm computed using the INDO/S-SCRF
method is degenerate, being primarily composed of a CT
transition from the Fe dz2 MO into the NOπ* MO, as seen
for the in vacuo calculation. On the other hand, this transition
in the INDO/S-SCRF calculation appears to be degenerate
with electronic excitations from the nonbonding orbitals on
S1 and S2 into the Fe-NO π* MO. Weak, low-energy
absorptions are also calculated at 660 and 700 nm, but the
nature of these transitions is unchanged upon addition of the
SCRF.

(38) Buchs, M.; Daul, C. A.; Manoharan, P. T.; Schla¨pfer, C. W. Int. J.
Quantum Chem.2003, 91, 418-431.

(39) (a) Cramer, C. J.; Truhlar, D. G.Chem. ReV. 1999, 99, 2161-2200.
(b) Tomasi, J.; Persico, M.Chem. ReV. 1994, 94, 2027-2094.

Table 5. In Vacuo INDO/S CIS Electronic Excitations Calculated for
{Fe-NO}6 Complexes1-3 at Their BLYP-Optimized Ground-State
Geometriesa

Ecalc type
theoretical (INDO/S)

assignmentb Eobs

Complex1
14 536 (0.025)c LMCT amide nbf Fe-NO π*
18 125 (0.010) dd* dyz f dz2

21 242 (0.003) LMCT amide nbf dz2 20 000 (1040)d

23 682 (0.004) LMCT amide nbf Fe-NO π* 23 809 (1700)
CT dyz f NO π*

24 123 (0.061) LMCT amide nbf Fe-NO π*
26 747 (0.006) CT Fe-NO π bd f dx2-y2

27 813 (0.008) LMCT amide nbf Fe-NO π* 27 397 (1840)
30 993 (0.006) LMCT amide nbf Fe-NO π*

LMCT pyridine N1f Fe-NO π*
32 367 (0.032) LMCT amide nbf dz2

Complex2
14 079 (0.0009) LMCT S1, S2 nbf Fe-NO π*
15 100 (0.002) LMCT S1, S2 nbf Fe-NO π*

LMCT S1, S2 nbf dz2

18 678 (0.003) LMCT S1, S2 nbf Fe-NO π*
24 290 (0.020) LMCT S2σ bd f Fe-NO π* 23 809 (1700)

LMCT S1, S2 nbf Fe-NO π
25 273 (0.006) LMCT S1, S2 nbf Fe-S2σ*
25 746 (0.011) CT dz2 f NO π*

CT dxy f Fe-S2σ*
29 900 (0.006) LMCT Fe-S2σ bd f Fe-NO π*
31 511 (0.016) LMCT Fe-S2σ bd f Fe-NO π*

LMCT S1, S2 nbf Fe-NO π*
31 649 (0.030) LMCT Fe-S2σ bd f dz2

Complex3
15 187 (0.0009) dd* dxy f dxz 15 408e

16 552 (0.007) dd* dz2 f dx2-y2

20 429 (0.002) CT dxy f NO π* 18 692e

21 544 (0.002) CT dyz f NO π*
22 731 (0.003) LMCT S2 nbf NO π*
23 857 (0.003) dd* dxy f dx2-y2

LMCT S3 nbf Fe-NO π*
26 681 (0.017) LMCT Fe-S3σ bd f Fe-NO π*

CT dyz f NO π*
29 671 (0.010) LMCT Fe-S3σ bd f Fe-NO π*
30 446 (0.008) LMCT Fe-S3σ bd f Fe-NO π*
32 665 (0.006) CT Fe-S3σ bd f Fe-NO π*
33 312 (0.011) LMCT dxy f NO π* 33 333e

a Atom labels correspond to those shown in Figure 2.b Amide refers to
the carboxamido ligand in complex1, bd and nb indicate bonding and
nonbonding MOs, respectively.c All energies are reported in units of cm-1.
Values in parentheses correspond to calculated oscillator strength.d All
energies are reported in units of cm-1. Values in parentheses correspond to
observed extinction coefficients (M-1 cm-1). e Extinction coefficients are
not available for these absorption features.
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Our final set of INDO/S-SCRF calculations examined the
effects of DMF solvation (ε ) 36.7, η ) 1.43) on the
calculated transition energies and assignments for{Fe-NO}6

complex3 (Figure 9C). In this case, the semiempirical model
predicted two low-energy transitions at 657 and 586 nm, in
slightly better agreement with experiment than seen in the
in vacuo calculations on this complex. Both of these
absorptions were assigned as dd* coupled with CT-type
transitions involving the Fe-S σ bonding MOs. The calcu-
lated absorption feature at 290 nm corresponds to the solvent-
shifted peak observed at approximately 300 nm in the in
vacuo INDO/S spectrum and can be assigned to a LMCT
from S nonbonding p orbitals into MOs composed primarily
of the Fe 3d orbitals, again as for the gas-phase transition.
Finally, we note that the number of CT transitions in which
electronic excitation takes place from nonbonding Fe d
orbitals into the NOπ* MO is approximately equal to that
for transitions from the metal ligands into the Fe-NO π*
MO. Hence, the inclusion of the reaction field arising from
the DMF solvent does not fundamentally affect the conclu-
sions of the in vacuo calculations, i.e., that (i) there are no
low-energy absorptions that result in the promotion of an
electron from Fe d and Fe-S σ bonding MOs into the Fe-
NO π* antibonding Mos, as seen for both complexes1 and
2, and (ii) many of the transitions will merely create an [Fe-
(III) -NO•] system.

Summary

We have calculated both the ground- and excited-state
properties of three{Fe-NO}6 complexes that exhibit distinct
behavior with respect to light-activated NO release. Our
results suggest that the majority of and most intense
transitions for the mononuclear, photolabile complexes1 and
2 correspond to promotion of an electron into the Fe-NO
π* antibonding MO. Furthermore, similar electronic excita-
tions that lead to weakening of the Fe-NNO bond are not
the primary transitions computed for complex3, which does
not appear to be photolabile.13a These conclusions are
unchanged by the inclusion of SCRF continuum solvation
models, which demonstrate that while the solvent polariz-
ability causes shifts in the absorption maxima, the MOs that
are involved in the electronic transitions remain mostly

unchanged. We note, however, that time-dependent DFT
(TD-DFT) methods40 did not give calculated spectra for these
{Fe-NO}6 complexes that were in especially good agree-
ment with experiment, and a number of the computed
transitions were physically questionable (Greene, unpublished
results).41

Our calculations also provide some insight into the
correlation between metal ligands and photolability of the
Fe-NNO bond. For example, the INDO/S model supports
the published hypothesis that the presence of the carboxa-
mido group is necessary for the observed photodissociation
of Fe-NO bond in complex1,10 by providing direct
information on the changes introduced into the electronic
structure upon light irradiation. In a similar manner, our
computational results provide evidence for the idea that the
difference in photolability of complexes2 and3, which lack
carboxamido coordination, may be associated with the
presence of a thiolate ligand trans to the nitrosyl substituent.
Thus, in the absence of an axial thiolate, the most intense
transitions computed for complex3 correspond to CT in
which an electron from the equatorial sulfur ligands is
promoted into the Fe d orbitals rather than into the Fe-NO
π* antibonding MO.

On the basis of the results reported here, we conclude that
the calculation of electronic absorption spectra for DFT-
optimized structures using the computationally efficient
INDO/S CIS method is an effective strategy for predicting
the likely photolability of inorganic{Fe-NO}6 complexes.
These studies therefore represent a further application of our
computational approach for understanding the active site Fe-
(III) center in NHase and strengthen our conclusions

(40) Bauernschmitt, R.; Ahlrichs, R.Chem. Phys. Lett. 1996, 256, 454-
464.

(41) (a) Solomon, E. I.; Szilagyi, R. K.; DeBeer George, S.; Basumallick,
L. Chem. ReV. 2004, 104, 419-458. (b) Deeth, R. J.Faraday Discuss.
2003, 124, 379-391. For the failure of time-dependent DFT to model
large π-systems, see also: (c) Parac, M.; Grimme, S.Chem. Phys.
2003, 292, 11-21. The problems of employing this method to compute
spectra for transition-metal complexes are also alluded to in the
following references: (d) Fouqueau, A.; Mer, S.; Casida, M.; Max,
L.; Daku, L.; Hauser, A.; Neese, F.J. Chem. Phys.2004, 120, 9473-
9486. (e) Neese, F.J. Chem. Phys.2003, 119, 9428-9443.

(42) CAChe Group, Fujitsu America, Inc., Beaverton, OR (www.cachesoft-
ware.com).

(43) Wendt, M.; Weinhold, F.NBOView 1.0. Theoretical Chemistry
Institute, University of Wisconsin: Madison, WI, 2001.

Figure 9. Simulated solution-phase UV/visible spectra of{Fe-NO}6 complexes1-3 at their BLYP-optimized geometries. (A) INDO/S-SCRF CIS spectrum
calculated for complex1. (B) INDO/S-SCRF CIS spectrum calculated for complex2. (C) INDO/S-SCRF CIS spectrum calculated for complex3. Vertical
lines show the theoretical absorption maxima, and their length is proportional to calculated oscillator strength. The dashed lines represent a fit to Gaussian
functions with bandwidths of 3200 cm-1, normalized to the height of the highest energy transition.
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concerning the likely role of post-translational modification
in modulating the photochemical regulation of the enzyme.14
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