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We have carried out a density functional theory study of the S ) 1/2 {FeNO}7 tropocoronand complex, Fe(5,5-
TC)NO, as well as of some simplified models of this compound. The calculations accurately reproduce the
experimentally observed trigonal-bipyramidal geometry of this complex, featuring a linear NO in an equatorial position
and a very short Fe−NNO distance. Despite these unique structural features, the qualitative features of the bonding
turn out to be rather similar for Fe(5,5-TC)NO and {FeNO}7 porphyrins. Thus, there is a close correspondence
between the molecular orbitals (MOs) in the two cases. However, there is a critical, if somewhat subtle, difference
in the nature of the singly occupied MOs (SOMOs) between the two. For square-pyramidal heme−NO complexes,
the SOMO is primarily Fe dz2-based, which favors σ-bonding interactions with an NO π* orbital, and hence a bent
FeNO unit. However, for trigonal-bipyramidal Fe(5,5-TC)(NO), the SOMO is best described as primarily Fe dx2-z2

in character, with the Fe−NNO vector being identified as the z direction. Apparently, such a d orbital is less adept
at σ bonding with NO and, as such, π bonding dominates the Fe−NO interaction, leading to an essentially linear
FeNO unit and a short Fe−NNO distance.

Introduction

In view of their biological importance,1,2 metalloporphy-
rin-NO complexes have long served as the paradigms of
transition metal-NO complexes in general.3-5 The geo-
metric6-8 and electronic8-13 structures of these invariably
low-spin complexes are reasonably well-understood and may

be conveniently summarized in terms of the so-called
Enemark-Feltham electron counts (n),14,15 defined as the
number of metal d electrons plus NOπ* electrons. Thus,
for n ) 6, as in the case of Mn(II)-NO and Fe(III)-NO
porphyrins, the MNO unit is generally approximately linear
because this maximizes metal(dπ)-NO(π*) π bonding.3,16,17

However, forn ) 7 and 8, as in the case of Fe(II)-NO and
Co(II)-NO porphyrins, respectively, the MNO unit is
strongly bent and the highest occupied molecular orbital
(HOMO) may be viewed as aσ-type interaction between
the metal dz2 orbital and an NOπ* orbital.9

Non-heme transition metal-NO centers exhibit a broader
range of geometric and electronic structures.4,5 Thus, a
number of non-heme{FeNO}7 complexes (with the super-
script referring to the Enemark-Feltham electron count)
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exhibitS) 3/2 ground states, arising from antiferromagnetic
coupling betweenS ) 5/2 Fe(III) centers andS ) 1 NO-

units.18 However, Franz and Lippard have described an
unusualS) 1/2 five-coordinate{FeNO}7 complex based on
a macrocyclic tetradentate tropocoronand ligand;19 the com-
plex exhibits a trigonal-bipyramidal geometry with an
essentiallylinear, equatorial (as opposed to axial or apical)
NO. Experimentally, this complex has been rigorously
characterized, but a molecular orbital (MO) description of
the bonding has yet to be given. Specifically, does the unique
linear {FeNO}7 unit imply a radically different electronic
structure relative to heme-NO complexes and, if so, how?
This is the key question that we sought to explore in this
study.

In a certain sense, tropocoronand ligands (m,n-TC2-; see
Figure 1) are rather similar to porphyrins. Thus, for the
dianionic ligands, each TC nitrogen carries a formal charge
of -1/2, as in a porphyrin. However, depending on the lengths
of the polymethylene tethers, TC ligands might impose
significantly different steric constraints on the metal ions they
coordinate, compared to a porphyrin. Geometrical differences
between TCs and porphyrins necessarily engender key

differences in the electronic structure and coordination
geometry between the two families of complexes, and we
will attempt to present a theoretical analysis of these
differences for{FeNO}7 derivatives. A theoretical approach
also readily permits us to simplify a TC ligand to a pair of
tropamiminato (tamim, named by analogy with tropolonato)
or N,N′-dimethyltropamiminato (me2tamim) ligands, which
are shown in Figure 1. We will see that these simpler ligands
allow us to transcend some of the geometrical constraints
of the macrocyclic TC ligands and to examine the relative
stabilities of different five-coordinate stereochemistries of
model{FeNO}7 complexes. Thus, a second goal of this study
has been to obtain a sense of the “inherent” stereochemical
preferences of low-spin five-coordinate{FeNO}7 complexes.

Details of the Calculations

Using the ADF 2004 program system, we carried out density
functional theory (DFT; PW91/STO-TZP)20 calculations on the
following complexes: Fe(tamim)2NO, Fe(me2tamim)2NO, and Fe-
(5,5-TC)NO. For each complex, we considered square-pyramidal
(SQP) and trigonal-bipyramidal (TBP) geometries as well asS )
1/2 and 3/2 electronic states. For the TBP complexes, both axial
(TBPax) and equatorial (TBPeq) NO orientations were considered.
Judicious use of symmetry constraints allowed us to obtain
optimized geometries for the different stereochemistries of interest.
In addition, fully unconstrained geometry optimizations were also
carried out for each molecule. Table 1 summarizes highlights of
the calculated energetics, structural, and spin population data.
Figures 2-5 present highlights of the optimized structures as well
as the spin-density profiles for the various species studied (albeit
only for theS ) 1/2 states), while Figure 6 depicts selected MOs
for Fe(tamim)2NO.

Results and Discussion

Table 1 shows that anS) 1/2 spin state is favored for all
of the molecules studied, consistent with experiment as well
as with our intuitive notion of the strongly electron-donating
nature of the ligands. Given the high energies of theS) 3/2
states, we will not discuss them further in this paper. Our
other main findings are as follows.

Figure 1. Tropocoronand ligands, [m,n-TC]2-. Also shown are the tamim
and me2tamim ligands.

Table 1. Relative Energetics, FeNO Geometry Parameters, and FeNO Atomic Spin Populations (s) for the Various Species Studied

symmetry distances and angles (Å and deg) Mulliken spin populations

compound spin geometry symmetry Erel (eV) d(FeNNO) d(NO) ∠FeNO sFe sN sO

Fe(tamim)2NO 1/2 SQP C1 0.000 1.692 1.193 145.6 0.8429 0.0250 -0.0112
1/2 TBPeq C2 0.091 1.656 1.188 180.0 0.9308 -0.0740 -0.0734
1/2 TBPax Cs 0.643 1.638 1.183 172.5 0.9429 -0.1221 -0.0875
1/2 SQP Cs 0.029 1.685 1.194 147.2 0.8506 0.0336 -0.0098

Fe(tamim)2NO 3/2 TBPeq C1 0.957 1.728 1.188 152.2 3.1402 -0.3587 -0.285
3/2 TBPeq C2 0.974 1.719 1.183 180.0 3.2224 -0.4293 -0.3254
3/2 TBPax Cs 0.962 1.775 1.201 136.0 2.7820 -0.0802 -0.0941
3/2 SQP Cs 1.248 1.972 1.207 138.9 1.6836 0.7086 0.3583

Fe(me2tamim)2NO 1/2 TBPeq C1 0.000 1.655 1.192 167.2 0.9480 -0.0740 -0.0706
1/2 TBPeq C2 0.010 1.651 1.191 180.0 0.9632 -0.0912 -0.0809
1/2 TBPax Cs 0.475 1.634 1.185 178.5 0.9720 -0.1204 -0.0884
1/2 SQP Cs 0.352 1.686 1.199 144.0 0.9655 0.0013 -0.0316

Fe(me2tamim)2NO 3/2 TBPax C1 0.745 1.741 1.196 142.5 2.6496 -0.0224 -0.0471
3/2 TBPeq C2 0.897 1.722 1.186 180.0 3.2154 -0.4392 -0.3287
3/2 TBPax Cs 0.967 1.755 1.199 146.2 2.6498 0.0085 -0.0518
3/2 SQP Cs 1.122 1.720 1.189 151.6 3.1647 -0.3707 -0.2923

Fe(5,5-TC)2NO 1/2 TBPeq C1 0.000 1.649 1.194 178.5 0.9941 -0.1059 -0.0854
1/2 SQP Cs 1.287 1.686 1.192 144.9 0.9486 0.0131 -0.0256
3/2 TBPeq C1 0.805 1.727 1.202 148.0 2.7322 -0.0836 -0.0911
3/2 SQP Cs 1.911 1.729 1.184 151.1 3.2308 -0.3581 -0.2891
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(a) Energetics of Different Coordination Geometries.
For Fe(tamim)2NO, the lowest-energy conformation corre-
sponds to SQP coordination, with the TBPeq geometry only
about 0.1 eV higher in energy, while the TBPax geometry is
significantly higher in energy. In contrast, for Fe(me2-
tamim)2NO, the TBPeq geometry is clearly the lowest-energy
conformation, with the SQP geometry 0.35 eV higher and
the TBPax form still higher in energy. The results for Fe-
(5,5-TC)NO are qualitatively similar to those for Fe(me2-
tamim)2NO: the TBPeq geometry has the lowest energy, the
SQP geometry is nearly 0.9 eV higher in energy, and the

TBPax form is higher still. The fact that the TBPeq geometry
is substantially favored over the TBPax geometry was also
noted in some of the early theoretical studies on transition-
metal nitrosyls.14,21 Nonetheless, we will again rationalize
this finding in terms of the MO picture obtained here.
Another interesting issue is the reversal of stereochemical
preference between Fe(tamim)2NO, on the one hand, and
Fe(me2tamim)2NO and Fe(5,5-TC)NO, on the other hand.
In other words, why does N alkylation of the tamim ligands,
whether with methyl groups or with the polymethylene
tethers of the 5,5-TC ligand, tip the stereochemical preference
from SQP to TBPeq? Is this an electronic effect?

(b) MO Descriptions. Figure 6 depicts selected majority-
spin-occupied MOs of the low-spin SQP, TBPeq, and TBPax

forms of Fe(tamim)2NO as well as the lowest unoccupied
MOs (LUMOs) of each molecule. For all of the molecules,
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Figure 2. Structural highlights (angstroms in brown and degrees in green) and spin-density plots for different conformations of Fe(tamim)2(NO): (a)
TBPeq (C2), (b) TBPax (Cs), and (c) SQP (C1). Majority and minority spins are indicated in red and blue, respectively.

Linearity of a Low-Spin{FeNO}7 Unit
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each majority-spin MO also has a rather similar-looking
minority-spin MO partner. Note that certain of the metal d
orbitals contribute significantly to several canonical MOs;
moreover, several of the MOs involve considerable metal-
ligand orbital mixing. Both these factors make it somewhat
difficult to describe the electronic structures in simple ligand
field theory terms. Nonetheless, two factors contributing to
the instability of the TBPax geometries are readily discerned.
First, note that for the SQP and TBPeq geometries, none of
the higher occupied MOs exhibits significant metal-ligand
antibonding interactions, whereas in the TBPax case, theR

HOMO (which may be viewed as the SOMO, the “singly”
occupied MO) as well as theR HOMO-2 andâ HOMO-1
all exhibit significant metal-tamimσ-antibonding character.
Second, and perhaps more importantly, the metal-tamim
bonding interactions are stronger in the SQP and TBPeq cases
than in the TBPax case. Thus, note the strong metal-tamim
bonding interaction in the majority-spin HOMO-19 in the
SQP and TBPeq cases in Figure 6 (at the top of the figure);
there is no comparable orbital interaction in the TBPax case.

For the TBPeq stereochemistry of Fe(tamim)2NO and for
Fe(5,5-TC), the electronic configuration of the metal may

Figure 3. Structural highlights (angstroms in brown and degrees in green) and spin-density plots for different conformations of Fe(me2tamim)2(NO): (a)
TBPeq (C2), (b) TBPax (Cs), and (c) SQP (C1). Majority and minority spins are indicated in red and blue, respectively.
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be described as (dxz,dyz)4dxy
2dx2-z21, where the seven electrons

correspond to the Enemark-Feltham electron count in
question and thezdirection corresponds to the Fe-NNO axis.
The Fe dπ orbitals (dxz and dyz) are readily discernible in
Figure 6. The majority-spin HOMO-2 may be viewed as an
Fe dxy-based MO. Interestingly, the “SOMO” (i.e., the
occupied majority-spin MO that does not have an occupied
minority-spin partner) is actually best described as a dx2-z2

orbital rather than as primarily dz2, as in a heme-NO
complex. This may also be seen from the spin-density
profiles of the various TBPeq species shown in Figures 2, 3,
and 5. The reason for this is that, in the TBPeq case, the
strongest ligand field is clearly along the pseudo-3-fold axis
of the trigonal bipyramid (which we may call they axis),
resulting from a pair of tropocoronand nitrogens. Thus, in a
ligand field theory picture, the unoccupied d orbital may be
described as dy2.

Compared with the SQP case, where there is a small but
significant amount of majority spin on the NO moiety (which
is consistent with the observation of NO nitrogen hyperfine
coupling in the EPR spectra of heme-NO complexes), Table
1 and Figures 2, 3, and 5 show that there is actually a small
amount of minority spin on the NO unit in the TBPeq

complexes. This minority-spin density arises from a small
offset between the majority- and minority-spin Fe(dπ)-NO-

(π*) π MOs. This aspect of the spin-density profile is
consistent with Franz and Lippard’s description19 of the
{FeNO}7 center in Fe(5,5-TC)NO as a low-spinS) 1/2 Fe-
(III) strongly antiferromagnetically coupled to anS) 1 NO-

group, as discussed further below.
(c) Molecular Structures. We will pay attention to the

following questions as we discuss the various optimized
geometries. First, how do the different stereochemistries vary
with respect to bond distances and angles? Second, how do
the optimized structures compare with relevant experimental
results? Third, are the various optimized structures qualita-
tively consistent with the MO picture presented above?

Let us first consider the calculated Fe-N distances
involving the tamim fragments. Note that two of the three
equatorial Fe-N vectors in the TBPax structures are unusually
long (>2.00 Å) compared with all other Fe-N distances in
this study. These two distances reflect the metal-tamim
antibonding interactions in the HOMO (SOMO) of all of
the TBPax species (see Figure 6). Otherwise, the Fe-N
distances involving the tamim fragments are relatively short,
as expected for low-spin Fe(III) centers: 1.91-1.95 Å for
SQP Fe(tamim)2NO (Figure 2), 1.93-1.94 Å for TBPeq

Fe(tamim)2NO (Figure 2), and 1.95-1.98 Å for TBPeq Fe-
(5,5-TC)NO.

Regarding the FeNO units, the calculated Fe-NNO dis-
tances are considerably shorter in the TBPeq structures than
in the SQP ones. Thus, the Fe-NNO distance is only 1.656
Å in the TBPeq conformation of Fe(tamim)2NO, a full 0.046
Å shorter than the distance of 1.692 Å for the TBPax

conformation. In a similar vein, the calculated Fe-NNO

distance in Fe(5,5-TC)NO is 1.649 Å, which is considerably
shorter than that for heme-NO model compounds Fe(P)(NO)
(1.704 Å) and Fe(P)(ImH)(NO) (1.741 Å), where P refers
to porphine and ImH to imidazole. These calculated differ-
ences nicely mirror experimental results. Thus, experimen-
tally, the Fe-NNO distance in Fe(5,5-TC)NO is 1.670(4) Å,

Figure 4. Qualitative comparison of the (a) optimized and (b) crystal-
lographic structures of Fe(5,5-TC)(NO). Majority and minority spins are
indicated in red and blue, respectively.

Figure 5. Structural highlights (angstroms in brown and degrees in green)
and spin-density profiles for the (a) TBPeq (C1) and (b) SQP (Cs)
conformations of Fe(5,5-TC)(NO).

Linearity of a Low-Spin{FeNO}7 Unit
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compared to 1.717(7) Å for Fe(TPP)(NO) (TPP) tetraphenyl-
porphyrin).

Interestingly, the calculated NO distance varies much
less between the TBPeq and SQP stereochemistries: for Fe-
(tamim)2NO, the NO distances are 1.188 and 1.193 Å,
respectively, in the two conformations, thus differing by
only 0.005 Å. This may be viewed as qualitatively consis-

tent with very similar NO stretching frequencies observed
for Fe(5,5-TC)NO (1692 cm-1) and Fe(TPP)(NO) (1670
cm-1).

A comment is also in order on the three-dimensional
conformation of Fe(5,5-TC)NO. Thus, Figure 4 shows that
a DFT geometry optimization accurately reproduces the
experimentally observed conformation for this molecule.

Figure 6. Selected higher energy occupied MOs and the LUMOs of different conformations of Fe(tamim)2(NO). For every majority-spin (R) MO, a
qualitatively similar-looking minority-spin (â) MO was also identified. Percent iron contributions are indicated.

Linearity of a Low-Spin{FeNO}7 Unit
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Last but not least is the Fe-N-O angle. Why is the FeNO
unit strongly bent (the angle being about 145°) in the SQP
structures, while it is essentially linear for TBPeq conforma-
tions? This may seem especially surprising, considering the
geometrical similarity of the SQP and TBPeq conformations.
Thus, starting with the SQP conformation of Fe(tamim)2NO,
we can obtain the TBPeq conformation by simply twisting
the equatorial chelate rings in opposite directions. Indeed, a
careful examination of Figure 6 shows that there is a close
similarity between nearlyall of the higher occupied MOs
of the two conformations. Thus, the very different Fe-N-O
angles must result from relatively subtle differences in orbital
interactions between the SQP and TBPeq conformations.

To identify these subtle differences, we decided to compare
the MO energies for Fe(5,5-TC)(NO) (TBPeq) as well as for
Fe(P)(NO) as a function of the Fe-N-O angle (in a Walsh
diagram-type approach), all other internal coordinates being
fully optimized. The results of these studies (not explicitly
shown) indicated that while the Fe-N-O angle favors Fe-
N-O σ bonding (i.e., lowers the energy of the dz2 or dx2-z2-
based MO), it raises the energies for Fe(dπ)-NO(π*)
bonding MOs. As a result of these two opposing effects, the
net energetic cost of FeNO deformation is remarkably small.
Thus, an TBPeq Fe(5,5-TC)(NO) structure with an Fe-N-O
angle constrained to 140°, but otherwise fully optimized, is
only about 0.1 eV higher than the global minimum (which
has a near-linear Fe-N-O angle). In the same spirit, aC4V

structure of nitrosylheme (with a perfectly upright NO group)
was found to be only 0.2 eV higher than theCs global
minimum with an Fe-N-O angle of 142°; qualitatively
similar energies have also been obtained for nitrosylhemes
by other researchers.22-24 In other words, both cases are
characterized by a shallow Fe-N-O bending potential curve.
Yet, in one case [Fe(5,5-TC)(NO)], Fe-NO π bonding wins
out, leading to a linear FeNO unit, whereas in the other case
[Fe(P)(NO)], Fe-NO σ bonding gains the upper hand,
leading to a bent FeNO unit. What accounts for the
difference? Having carefully eliminated other factors, we
conclude that the nature of the SOMO is the key determinant
of the Fe-N-O angle: the primarily dz2-based SOMO for
SQP species such as Fe(P)(NO) is simply more conducive
to Fe(d)-NO(π*) σ bonding than the dx2-z2-like SOMO of
the TBPeq Fe(5,5-TC)(NO). As a result, the Fe-NO bonding
in the latter case is nearly pureπ in character.

Conclusion

Time was when bent metal-NO units demanded theoreti-
cal explanations.14,15,21 Franz and Lippard’s synthesis of a

low-spin {FeNO}7 complex with a near-linear FeNO unit
turned the tables on this question, posing a new theoretical
challenge, which we took on in this study. Looking back at
our findings, the linear FeNO unit in Fe(5,5-TC)(NO) seems
to have been somewhat of a red herring, suggesting, as it
did to us and presumably to others as well, a radically
different electronic structure relative to SQP heme-NO
derivatives. Instead, one of our key findings is that the
bonding in the SQP and TBPeq stereochemistries is not
qualitatiVely different. Thus, in general, there is a close
correspondence between the MOs in the two cases. However,
there is a critical, if somewhat subtle, difference in the nature
of the SOMOs between the two geometries. In the SQP case
(such as heme-NO complexes), the SOMO is primarily Fe
dz2-based, which favorsσ-bonding interactions with an NO
π* orbital, and hence a bent FeNO unit. However, in the
TBPeq case [such as for Fe(5,5-TC)(NO)], the SOMO is best
described as primarily Fe dx2-z2 in character. Presumably,
such a d orbital is less suitable forσ bonding with NO and,
as such,π bonding dominates the Fe-N-O interaction,
leading to an essentially linear FeNO unit. Overall, the fact
that our calculations accurately reproduce the unique,
experimentally observed structure of Fe(5,5-TC)(NO) is
strong evidence that we have also obtained a correct
electronic-structural description for this species.

We have also obtained a “feel” for the relative stabilities
for different alternative geometries for low-spin{FeNO}7

complexes. For the sterically unhindered model compound
Fe(tamim)2NO, the SQP and TBPeq stereochemistries are
nearly equienergetic, with the former very slightly lower in
energy. Steric constraints, such as those operating for Fe-
(5,5-TC)(NO), can readily reverse this stereochemical prefer-
ence. In contrast, the TBPax geometry is strongly disfavored
on electronic grounds, namely, stronger metal-ligand bond-
ing interactions for the SQP and TBPeq stereochemistries and
stronger metal-ligand antibonding interactions for TBPax.

Equipped with these insights, we look forward to exploring
additional non-heme-NO complexes, including other tro-
pocoronand NO complexes reported by Lippard and co-
workers.25,26
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