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We report density functional theory calculations on six-coordinate ferric-NO ({FeNO}6) porphyrinates that contain
either imidazole or imidazolate as the trans axial ligand. Our results show that the sensitivities of the Fe−NO and
N−O stretching frequencies to cis and trans influences are directly correlated. In other words, as one decreases
so does the other for both the imidazole and the imidazolate complexes. This correlation is opposite that of the
isoelectronic ferrous-CO systems, whose Fe−CO and C−O frequencies are well-known to be inversely correlated.
Based on the results of our calculations, the molecular origin of the direct correlation in {FeNO}6 porphyrinates
can be explained by trends in the electron density distributions within the HOMO or HOMO−1, which exhibits
Fe−NO and N−O π-antibonding character. Variability in the Fe−N−O π-antibonding character of the HOMO or the
HOMO−1 modulates the ∠FeNO as well as the Fe−NO and N−O bond strengths in concert. Orbital interactions
in the six-coordinate FeIIINO porphyrin complexes are compared and contrasted with those of the isoelectronic
FeIICO analogues, and an overall view of {FeNO}6 bonding in these complexes is set forth.

Introduction

Nitric oxide (NO) is involved in a number of important
biological functions in higher organisms, including neuro-
transmission, vasodilation, and blood clotting.1-4 Addition-
ally, NO complexes of heme iron and copper are crucial to
bacterial and fungal denitrification reactions wherein NO is
reduced to N2O.5 An interesting feature of NO, which
distinguishes it from CO and O2, is its affinity for heme
proteins in both their ferrous and ferric oxidation states to
yield the ferrous and ferric NO adducts,{FeNO}7 and
{FeNO}6, respectively.6-8

In a previous study on five-coordinate{FeNO}6 porphyrin
complexes, we observed adirect correlation between the
νFe-NO and νN-O frequencies, as determined by resonance
Raman scattering and IR absorbance methods.9 That is,
factors that affect the FeNO triatomic unit either increase or

decrease the strengths of both the Fe-NO and N-O bonds.
This correlation is opposite that observed for the isoelectronic
[FeIICO] complexes, as well as the{FeNO}7 and [FeIIO2]
systems.10,11For the five-coordinate{FeNO}6 porphyrinates,
the sensitivity of the FeNO bonding was analyzed using
density functional theory (DFT) calculations on a series of
complexes whose electronic properties were modulated by
modification of the porphyrin periphery.9 Those calculations
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revealed an elegant relationship between the sensitivities of
the Fe-NO and N-O bond strengths that clarifies the
correlations betweenνFe-NO andνN-O in those five-coordinate
complexes. The electronic basis for this behavior is centered
around a high-energy molecular orbital which isσ-antibond-
ing throughout the Fe-N-O triatomic unit. A direct
relationship between the experimental Fe-NO and N-O
frequencies has also been reported for six-coordinate thiolate-
ligated {FeNO}6 hemes.12a Hence, thedirect relationship
between the sensitivities of Fe-NO and N-O bond strengths
to changes in structure and environment of the complexes
is emerging as a general characteristic of{FeNO}6 porphyrin
systems.

Figure 1 shows plots ofνFe-NO versusνN-O correlations
for five- and six-coordinate{FeNO}6 porphyrinates con-
structed using published experimental frequencies. Even from
this limited data set, it is evident that a direct correlation
exists for both the five-coordinate systems and the six-
coordinate enzymes containing a proximal thiolate ligand
trans to NO. Although the plots in Figure 1 do not address
whether a correlation exists in six-coordinate{FeNO}6

systems that contain an axial (proximal) imidazole ligand,
there are indications that the FeNO bond strength sensitivities
in these systems are distinct from their FeO2, {FeNO}7, and
isoelectronic FeIICO counterparts. For example, in wild-type
MbIIINO a singleνN-O band is observed at 1927 cm-1. When
the distal histidine (H64) is replaced by leucine, this band
shifts down in frequency to 1904 cm-1.17 This is counter to

the νC-O and νN-O shifts in the CO and NO complexes of
ferrous Mb(H64L), which are observed at over 20 cm-1

higher in frequency.22 In the current model for the relation-
ship between Fe-XO and X-O sensitivities in the CO, NO,
and O2 adducts of ferrous Mb, H64 exists as the NεH
tautomer, which results in a positive polar (δ+) or H-bond
donor interaction between H64 and the XO ligands.17,22 It
has been suggested that the frequency lowering ofνN-O in
Mb(H64L)IIINO is due to H64 tautomerization to yield
deprotonated Nε, resulting in a negative polar interaction (δ-)
with NO.17 The premise for this model is that the pattern of
Fe-NO and N-O bond sensitivities to environmental
changes is the same in the ferrous and ferric systems.
However, given that other{FeNO}6 systems exhibit adirect
correlation in theνFe-NO andνN-O frequencies, the presump-
tion of an indirect correlation analogous to that seen in the
FeIIXO adducts warrants re-evaluation.

Although NO binds to the ferrous state with much greater
affinity than the ferric state,{FeNO}6 complexes of heme
proteins have significant biological importance. For example,
the vasodilating effect of NO in mammals is exploited by
the blood-sucking insectRhodnius prolixuswhich delivers
NO to the tissues of its victim as a means of maintaining
blood flow to the site of its bite. Delivery of NO is
accomplished by the NO adduct of a group of ferric, not
ferrous, heme proteins called nitrophorins (NPs), which are
contained in the insect’s saliva.21,23,24The nitrophorins are
six-coordinate ferric heme proteins which contain a proximal
histidine ligand trans to NO. Other histidine-ligated{FeNO}6

heme proteins that have been characterized include myo-
globin (Mb),11,16,17,25,26 hemoglobin (Hb),14,15 horseradish
peroxidase (HRP),14,16,27mammalian heme oxygenase (hHO)
isoforms 119 and 2,28 nitric oxide reductase (NOR),5,20FixL,29

and leghemoglobin.30 While structural and electronic proper-
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Figure 1. Experimental correlations betweenνFe-NO andνN-O frequencies
for {FeNO}6 systems constructed from published data. Circles (b), six-
coordinate hemes in enzymes having proximal Cys-based thiolate ligands;
triangles (1), five-coordinate complexes; diamonds ([), six-coordinate
hemes in proteins having proximal His-based ImH or Im- ligands. P450,12a

CPO,12 NOR,20 fungal P450nor,13 Mb,14,16,17 HRP,14,16 NP1,21 hHO-1,19

HbA,14,15 HbN,18 [Fe(OEP)(NO)]ClO4.9
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ties of {FeNO}7 heme proteins and model complexes have
been extensively studied, the{FeNO}6 analogues have
received less attention, due perhaps in part to their greater
reactivity. The{FeNO}6 porphyrinates are susceptible in
varying degrees to reductive nitrosylation, wherein a nu-
cleophile, such as hydroxide ion, is nitrosated by the
{FeNO}6 complex with concomitant formation of an Fe(II)
center.7 In the presence of excess NO, the Fe(II) is trapped
by formation of the exceedingly stable{FeNO}7 complex.

Our previous study clearly showed that, in addition to the
direct relationship between the relative susceptibilities of the
Fe-NO and N-O bond strengths to peripheral and distal
effects, their absolute sensitivities to these effects are
substantially larger than those of their [FeIICO] and{FeNO}7

counterparts. In other words, FeNO bonding in the{FeNO}6

porphyrinates appears to be sufficiently sensitive to structural
and environmental factors that thereactiVity of bound NO
can be modulated. Thus, in addition to ferric hemes having
lower affinity for NO, as in the aforementioned example of
the nitrophorins, this malleability of{FeNO}6 reactivity is
also tied to variable electrophilicity of the bound NO nitrogen
atom. The reactivity of bound NO toward nucleophiles such
as hydroxide, leading to reductive nitrosylation (NO oxida-
tion), and hydride, leading to NO reduction, is thereby
regulated. Given that these reactions of coordinated NO
proceed through six-coordinate{FeNO}6 heme centers, we
have undertaken the present study with the aim of clarifying
the role of proximal heme ligation by imidazole (ImH) and
imidazolate (Im-) in the modulation of FeNO bonding and
reactivity.

This report describes the structural and electronic effects,
as determined using computational methods based on density
functional theory, of systematically varyingmesoandâ-pyr-
role substituents of six-coordinate{FeNO}6 porphyrinates
containing either ImH or Im- ligands trans to NO (Figure
2). The{FeNO}6-ImH and{FeNO}6-Im- models represent
the extremes of proximal charge that the protein environment
can impose on proximal His ligands, that is, no H-bonding
and strong H-bond donation by the bound His. The DFT
results indeed show adirect correlation between the Fe-
NO and N-O bond strengths for both the ImH and Im-

systems, further suggesting thedirectcorrelation is an innate
property of the{FeNO}6 porphyrinates. Furthermore, the
Kohn-Sham molecular orbitals reveal the origin of thedirect
correlation. For both the ImH and Im- systems, the Fe-NO
and N-O bond strength sensitivities are dominated by FeNO
electron density in either the HOMO or the HOMO-1, which
is π-antibonding throughout the entire Fe-N-O triatomic
unit.

Methods

The theoretical techniques used in this study are based on
the density functional theory of Hohenberg, Kohn, and
Sham.31,32 The accurate computation of geometries, vibra-

tional frequencies, and energies of transition metal containing
systems is known to require extensive electron correlation
techniques. The DFT methods, which incorporate nonlocal
exchange and correlation functionals, have demonstrated the
ability to account for much of this electron correlation.33,34

Moreover, DFT methods are very promising for the study
of large systems of biochemical interest, including porphy-
rins, since electron correlation effects can be included at a
fraction of the computational cost of traditional ab initio
methods.35-37

All electronic structure calculations were performed using
the hybrid exchange-correlation functional B3LYP, as imple-
mented in Gaussian 98.38 This functional is Becke’s three-
parameter exchange functional, in conjunction with the
nonlocal correlation functional of Lee, Yang, and Parr.39 The
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Figure 2. Side and top views of six-coordinate{FeNO}6 porphyrinate
models. (A) [Fe(P)(ImH)NO]+ and (B) [Fe(P)(Im)NO]. Parameters shown
are those of the B3LYP/6-31G(d) optimized structures.

Structure and Bonding in 6-Coordinate{FeNO}6 Porphyrinates

Inorganic Chemistry, Vol. 44, No. 5, 2005 1369



DFT methods and the B3LYP approach in particular have
been used on many other Fe and Fe-porphyrin systems, and
they appear to give reasonable results.40,41The basis set used
consists of the 6-31G(d) set for all atoms except Fe which
is the all electron basis set of Wachters and Hay using the
scaling factors of Raghavachari and Trucks and including
diffuse functions (6-311+G).42 An ultrafine integration grid
was used in all calculations to ensure numerical accuracy.
Additionally, we use the linear scaling factor of 0.961 for
the computation of harmonic vibrational frequencies, as
reported for the B3LYP/6-31G(d) method.43

All calculations were performed underCs symmetry
constraints unless otherwise stated. The plane of symmetry
includes the Fe-N-O unit and bisects adjacent Fe-
N(pyrrole) (Fe-Np) bonds with the trans ImH or Im- ligand
parallel to this plane. A geometry very close to this
orientation has been reported in the high-resolution X-ray
structure of NP4-NO (PDB code: 1KOI).24 All results are
obtained from the all-electron restricted Kohn-Sham cal-
culations for the systems of singlet spin multiplicity.
Experimental results indicate a low spin, diamagnetic ground
state for the{FeNO}6 heme proteins and model complexes
containing a trans ImH or Im- ligand.7,23,44

The forthcoming discussion involves significant compari-
son of six-coordinate{FeNO}6 porphyrins with their six-
coordinate [FeIICO] analogues. This comparison is appro-
priate and applicable because{FeNO}6 and [FeIICO]
porphyrinates are isoelectronic, and their Fe-X-O geom-
etries both tend toward linearity. Additionally, the [FeIICO]
systems have been throughly studied, both experimentally
and theoretically, and their inverseνFe-CO versus νC-O

correlation is well established. The DFT calculations reported
here for the [FeIICO] systems were carried out in the manner
as described for the{FeNO}6 complexes.

Results

The results of the DFT calculations for the [Fe(P)(ImH)-
NO]+ and [Fe(P)(Im)NO] complexes are shown in Table 1.
This table contains relevant bond lengths, bond angles, and
the scaled (×0.961) harmonic vibrational frequencies as-
sociated with these geometries. Additionally, experimental
parameters for relevant{FeNO}6 heme proteins and model
complexes are included in Table 1 for comparison.

1. Comparison of Axial Ligand Bonding in [Fe(P)-
(ImH)NO] + and [Fe(P)(Im)NO]. The DFT-optimized struc-
ture of [Fe(P)(ImH)NO]+ agrees well with reported structures
of six-coordinate{FeNO}6 model complexes containing an
ImH or other nitrogenous base trans to NO. Although the
experimental{FeNO}6 heme protein data are more varied,

the range of calculated bonding parameters for [Fe(P)(ImH)-
NO]+ and [Fe(P)(Im)NO] agrees well with those reported
for the proteins (Table 1). There is a significant difference
between the calculated Fe-NO bond lengths in [Fe(P)(Im)-
NO] (RFe-NO ) 1.661 Å) and [Fe(P)(ImH)NO]+ (RFe-NO )
1.639 Å), as illustrated in Figure 2. For these structures, the
calculated Fe-N(Im-) bond is substantially shorter than the
Fe-N(ImH) bond (RFe-N ) 1.937 and 2.024 Å, respectively),
which suggests that the Fe-NO and Fe-Nproximal bond
strengths are inversely correlated. The DFT calculations also
indicate similar and relatively short N-O bond lengths in
the [Fe(P)(ImH)NO]+ and [Fe(P)(Im)NO] complexes with
distances of 1.136 and 1.146 Å, respectively. In fact, theory
and experiment are consistent in showing thatRN-O is shorter
in six-coordinate{FeNO}6 porphyrinates with proximal
nitrogenous ligands than in free NO (RN-O ) 1.151 Å
(experimental);47 1.159 Å (DFT)). This effect is also
indicated by higherνN-O frequencies in these{FeNO}6

systems relative to free NO (νN-O ) 1877 cm-1 (experi-
mental);47 1913 cm-1 (DFT)). Finally, the calculations
indicate that the Fe-N-O moiety is nearly linear for [Fe-
(P)(ImH)NO]+ with ∠FeNO ) 179.7°, while FeNO is
slightly bent in [Fe(P)(Im)NO], wherein∠FeNO) 174.6°.
These angles are well within the range of experimental
values, with the exception of the highly bent NP4-NO
complex (Table 1).

Effects of basis set size on axial ligand bonding in [Fe-
(P)(ImH)NO]+ and [Fe(P)(Im)NO] were investigated by
increasing our basis set size to 6-311G(2d,p). The bonding
parameters from the respective optimized structures are listed
in Table 1. The larger basis set has only a small impact on
the optimized geometries of these two complexes. The largest
discrepancy is the N-O bond length, both of which are
shorter by 0.013 Å in the 6-311G(2d,p) optimized structures.
All Fe-N bond lengths change bye0.006 Å. Wondimagegn
et al.48 have performed a geometry optimization calculation
on the [Fe(P)(ImH)NO]+ system, using the PW91 exchange-
correlation functional and a triple-ú plus polarization quality
basis set, and obtained FeNO bonding parameters ofRFe-NO

) 1.639 Å, RN-O ) 1.149 Å, and∠FeNO ) 179.8°, all
similar to the results of the B3LYP calculations reported here.
Since the effect of the larger basis sets on calculated bond
lengths is small and since the differences do not change the
correlations between Fe-NO and N-O bond strengths (vide
infra), we have used the 6-31G(d) basis set throughout this
study.

The Fe-NO and N-O vibrational frequency differences
between the [Fe(P)(ImH)NO]+ and [Fe(P)(Im)NO] com-
plexes are consistent with the differences between the bond
lengths, withνFe-NO and νN-O frequencies of the former
complex being greater than those of the latter. The DFTνN-O(40) Salomon, O.; Reiher, M.; Hess, B. A.J. Chem. Phys.2002, 117, 4729-
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Structure Methods, 2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996.

(44) Hori, H.; Ikeda-Saito, M.; Lang, G.; Yonetani, T.J. Biol. Chem.1990,
265, 15028-15033.

(45) Ellison, M. K.; Scheidt, W. R.J. Am. Chem. Soc. 1999, 121, 5210-
5219.

(46) Ellison, M. K.; Schulz, C. E.; Scheidt, W. R.J. Am. Chem. Soc. 2002,
124, 13833-13841.

(47) NIST-JANAF Thermochemical Tables, 4th ed.; Chase, M. W., Jr., Ed.;
Journal of Physical and Chemical Reference Data Monograph No. 9.;
American Chemical Society: Washington, DC, 1998.

(48) Wondimagegn, T.; Ghosh, A.J. Am. Chem. Soc.2001, 123, 5680-
5683.

Linder and Rodgers

1370 Inorganic Chemistry, Vol. 44, No. 5, 2005



frequencies are 1981 and 1924 cm-1 for [Fe(P)(ImH)NO]+

and [Fe(P)(Im)NO], respectively, with correspondingνFe-NO

frequencies of 630 and 590 cm-1. The experimentalνFe-NO

frequencies (591-604 cm-1) for {FeNO}6 heme proteins and
model complexes fall between those calculated for [Fe(P)-
(ImH)NO]+ and [Fe(P)(Im)NO] and tend toward the Im-

end of the calculated range. The experimentalνN-O values
(1871-1927 cm-1) also tend toward the Im- end of the
calculatedνN-O range. This tendency toward the FeNO
frequencies of [Fe(P)(Im)NO] is not particularly surprising,
as heme proteins and model complexes exhibit a range of

H-bond strengths between the proximal imidazole and
H-bond acceptors, with totally non-H-bonded ImH being
relatively rare. Moreover, the hemes in proteins contain
substituted porphyrinate and experimental FeNO bonding
parameters are obtained from solution or crystal structures
where interactions with solvent are plentiful. Since the
calculated frequencies were obtained for isolated unsubsti-
tuted porphine complexes in the gas phase, small differences
in vibrational frequencies are not unexpected. Considering
these caveats, the agreement between the calculated and
experimental parameters is quite good.

Table 1. Six-Coordinate{FeNO}6 Theoretical and Experimental Bond Lengths, Bond Angles, and Vibrational Stretching Frequenciesa

system RFe-NO RN-O ∠FeNO RFe-N(L) RFe-Np νFe-NO νN-O δFe-NO (references) comments

[Fe(P)(ImH)NO]+ (imidazole) 1.639 1.136 179.7 2.024 2.020, 2.023 630 1981 597, 588 DFT, 6-31G(d)
[Fe(P)(ImH)NO]+ 1.644 1.122 179.9 2.029 2.017, 2.019 nc nc nc DFT, 6-311G(2d,p)

[Fe(P)(Im)NO] (imidazolate) 1.661 1.146 174.6 1.937 2.021, 2.030 590 1924 581, 612 DFT, 6-31G(d)
[Fe(P)(Im)NO] 1.663 1.132 176.7 1.944 2.020, 2.024 nc nc nc DFT, 6-311G(2d,p)

[Fe(P)NO]+ (5-coordinate) 1.614 1.145 180.0 - - 2.006 682 1932 (9)

Proteins and Complexes
[Fe(OEP)(1-MeIm)NO]+ 1.646 1.135 177.3 1.989 2.003 1921 (45)
[Fe(OEP)(Pyrazole)NO]+ 1.627 1.141 176.9 1.988 2.004 1909 (45)
[Fe(OETPP)(1-MeIm)NO]+ 1.650 1.130 177.0 1.983 1.990 1871 (46)
[Fe(OEP)(Indazole)NO]+ 1.632 1.136 177.6 2.010 1.996 1914 (45)
NP4(III)-NO 1.66 1.08 156.0 2.013 1.99, 2.00 (24) nitrophorin4,

PDB: 1KOI
Mb(III)-NO 1.68 1.13 180 2.04 2.00 (25) myoglobin (MS-XAFS)
Lb(III)-NO 1.68 1.12 173 1.89 2.00 (30) leghemoglobina

(MS-XAFS)
NP1(III)-NO 591 1917, 1904 578 (21) nitrophorin 1 from

R. prolixussaliva
hHO-1 596 1918 588 (19) human heme

oxygenase-1
metMb(III)-NO 595 1927, 1922 573 (14, 16, 17) myoglobin
HbA(III)-NO 594 1925 574 (14, 15) hemoglobin A
HRP(III)-NO 604 1903 574 (14, 16) horseradish

peroxidase
NOR(III)-NO 594 1904 (20) bacterial nitric oxide

reductase
HbN(III)-NO 591 1914 (18) HbN, fromM.

tuberculosis
HbN(III)-NO Y33F 592 1908 (18) HbN mutant

Substituted Models (Imidazole)
[Fe(P-â-F8)(ImH)NO]+ 1.645 1.134 179.7 2.023 2.017, 2.019 619 1987 589, 597
[Fe(P-â-(NH2)4)(ImH)NO]+ 1.634 1.138 179.7 2.025 2.020, 2.025 636 1971 587, 593
[Fe(P-meso-F4)(ImH)NO]+ 1.642 1.134 179.9 2.026 2.019, 2.020 621 1986 570, 578
[Fe(P-meso-(NH2))(ImH)NO]+ 1.639 1.137 176.5 2.025 2.013, 2.022 620 1973 579
[Fe(P-meso-(NH2)2)(ImH)NO]+ 1.659 1.140 171.2 2.016 1.999, 2.030 507 1947 555, 567
[Fe(P-meso-((NH2)2,Cl)(ImH)NO]+ 1.672 1.141 167.8 2.009 1.994, 2.028 501 1934 547, 570
[Fe(P-meso-((NH2)2,Cl2)(ImH)NO]+ 1.793 1.154 144.0 1.998 1.982, 2.019 nc nc nc
[Fe(P-meso-((NH2)2,F)(ImH)NO]+ 1.812 1.158 141.1 1.998 1.988, 2.029 382 1775 445, 452
[Fe(P-meso-((NH2)2,F2)(ImH)NO]+ 1.845 1.162 137.2 2.004 1.991, 2.022 nc nc nc
[Fe(P-meso-(NH2)3)(ImH)NO]+ 1.860 1.170 132.3 2.018 1.982, 2.013 379 1695
[Fe(P-meso-(NH2,F)(ImH)NO]+ 1.642 1.137 175.8 2.024 2.008, 2.026 602 1971 573, 580
[Fe(P-meso-(NH2,F2)(ImH)NO]+ 1.654 1.138 172.0 2.016 2.005, 2.028 561 1960 570, 570
[Fe(P-meso-(NH2,F3)(ImH)NO]+ 1.676 1.140 167.1 2.006 1.997, 2.035 546 1936 542, 568 6-31G(d)
[Fe(P-meso-(NH2,F3)(ImH)NO]+ 1.662 1.125 171.8 2.023 1.998, 2.026 nc nc nc 6-311G(2d,p)

Substituted Models (Imidazolate)
[Fe(P-â-F8)(Im)NO] 1.669 1.144 174.6 1.930 2.019, 2.027 577 1928 572, 609
[Fe(P-â-(NH2)4)(Im)NO] 1.656 1.145 176.3 1.943 2.027, 2.027 599 1929 587, 611
[Fe(P-meso-F4)(Im)NO] 1.680 1.146 165.8 1.930 2.009, 2.036 558 1909 561, 579
[Fe(P-meso-(NH2))(Im)NO] 1.665 1.146 170.4 1.937 2.018, 2.036 577 1918 576, 606
[Fe(P-meso-(NH2)2)(Im)NO] 1.679 1.148 164.6 1.938 1.996, 2.027 533 1896 573, 578
[Fe(P-meso-((NH2)2,F)(Im)NO] 1.703 1.152 158.0 1.937 1.986, 2.032 540 1863 549, 557
[Fe(P-meso-(NH2,F)2(Im)NO] 1.733 1.155 151.8 1.937 1.985, 2.028 516 1826 507, 535 6-31G(d)
[Fe(P-meso-(NH2,F)2(Im)NO] 1.707 1.138 158.5 1.943 1.986, 2.024 nc nc nc 6-311G(2d,p)
[Fe(P-meso-(NH2)3)(Im)NO] 1.761 1.163 144.9 1.948 1.973, 2.022 492 1768 499

a All theoretical parameters are from B3LYP/6-31G(d) calculations, and calculated frequencies are scaled by 0.961. Bond lengths in angstroms (Å), bond
angles in degrees (°), frequencies in wavenumbers (cm-1), L ) trans ligand, Np ) pyrrole nitrogen atom. Abbreviations: P, porphyrinate (dianion of
porphine); Por, generalized porphyrinate; ImH, imidazole; Im-, imidazolate; OEP, octaethylporphyrinate; TPP, tetrakis(5, 10, 15, 20)phenylporphyrinate;
nc, not calculated.
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2. Substituted Models.With a starting model in hand that
accurately mimics experimental structures and spectroscopic
properties of six-coordinate-{FeNO}6 porphyrinates, we set
out to establish the basis of the relationship between the
sensitivities of the Fe-NO and N-O bond strengths to
changes in structure and environment. While the hemes in
many proteins have similar peripheral substitution patterns,
their distal and proximal environments differ in amino acid
composition and in the number, types, and strengths of
electrostatic interactions. Such variations in the electrostatic
environments are difficult to model systematically, as choice
and design of distal electrostatic interactions with axial
ligands has high dimensionality.49 For five-coordinate CO,
NO, and O2 adducts of FeII(Por) and for six-coordinate [FeII-
(Por)(ImH)CO] complexes, it has been shown experimentally
that porphyrin peripheral substitutions produce inverse
vibrational frequency correlations. In this regard, the FeXO
moieties respond in much the same way as they would if
the molecule were subjected to a series of distal electrostatic
fields, such as those experienced across a series of protein
environments.10,11 Therefore, to induce shifts in theνFe-NO

and νN-O frequencies of our model systems, we have
exploited these cis or equatorial effects on FeXO bonding
by modifying the structural and electronic properties of the
porphine periphery with-NH2, -F, and-Cl substituents
in â-pyrrole and meso positions. Using this approach, full
geometry optimizations and frequency calculations can be
performed without imposing arbitrary distance and/or ge-
ometry constraints. The Fe-N-O bond lengths, angles, and
vibrational frequencies calculated using this approach are
listed in Table 1. The analogous Fe-C-O parameters for
the isoelectronic [FeII(Por)(ImH)CO] and [FeII(Por)(Im)CO]-

are listed in Table S1.
2a. [Fe(Por)(ImH)NO]+; FeNO Geometry and Vibra-

tional Frequencies.From Table 1, it is clear that modifica-
tions of the porphyrin periphery have a profound influence
on the Fe-N-O geometry. This is especially true for
variations in meso substituents. Not only do the Fe-NO and
N-O bond distances change significantly, but the Fe-N-O
angle does as well. The corresponding vibrational frequency
correlation plot constructed from the data in Table 1 is shown
in Figure 3.50 Overall, it is clear from this figure that factors
affecting the bonding in the FeNO triatomic unit either
increase or decrease bothνFe-NO and νN-O. That is, our
theoretical model predicts adirectcorrelation betweenνFe-NO

andνN-O frequencies for the [Fe(Por)(ImH)NO]+ systems.
Analogous calculations performed on the isoelectronic [FeII-

(Por)(ImH)CO] complexes show the expectedinVersecor-
relation betwenνFe-CO andνC-O that is uniformly observed
for heme proteins and model complexes. This result is shown
in the inset of Figure 3. Furthermore, the directνFe-NO versus
νN-O correlation is extensive, spanning a∆νFe-NO range of
257 cm-1 (379-636 cm-1) and a∆νN-O range of 292 cm-1

(1695-1987 cm-1). The analogous calculations for the [FeII-
(Por)(ImH)CO] complexes give values spanning a small
fraction of this range, 19 cm-1 for ∆νFe-CO and 23 cm-1 for
∆νC-O.

Systematic variation in∠FeNO for these complexes raises
the question of whether the vibrational frequencies provide
an accurate picture of the bonding interactions occurring
within the FeNO unit. For the fully optimized [FeII(Por)-
(ImH)CO] systems, the FeCO moiety is always linear
(∠FeCO> 179°). However, the data in Table 1 reveal that
∠FeNO tracks the FeNO vibrational frequencies for [Fe-
(Por)(ImH)NO]+ complexes having 132.3° e ∠FeNO e
179.7°. This bending induces changes in the contributions
of Fe-NO stretching and Fe-N-O bending coordinates to
the normal modes involving FeNO motion. Consequently,
it could complicate the gauging of Fe-NO and N-O bond
strengths based on vibrational frequencies. To address this
issue, a correlation between the calculated Fe-NO and N-O
bond lengths was plotted and is shown in Figure 4. This
figure unambiguously shows thatRFe-NO and RN-O either
increase or decrease in concert, consistent with the vibrational
data. Moreover, and consistent with the ranges of the
vibrational frequencies, the bond length ranges are substan-
tial, with ∆RFe-NO spanning 0.226 Å (1.634-1.860 Å) and
∆RN-O ) 0.036 Å (1.134-1.170 Å). The corresponding
values for [FeII(Por)(ImH)CO] are∆RFe-CO ) 0.017 Å and
∆RC-O ) 0.004 Å, which are much smaller than the{FeNO}6

values and, of course,RFe-CO and RC-O are inversely
correlated, as shown in the inset of Figure 4. Although
examination of the vibrational eigenvectors reveals that
mixing of internal FeNO coordinates does occur, the clear
bond length correlation indicates that the direct frequency

(49) Frazen, S.J. Am. Chem. Soc.2002, 124, 13271-13281.
(50) A note of clarification, The FeIIINO data in Figures 3 and 4 do not

contain the entire data set from Table 1. The reason for this is that
there is a very large gap between the data shown and the remaining
four data points. However, a direct correlation is still observed for all
of the data points. Moreover, the remaining data points correspond to
complexes in which∠FeNO< 144°. A previous study51 on FeIIINO
thiolate systems shows that the singlet electronic state is the ground
state for systems in which∠Fe-N-O J 140°. For ∠Fe-N-O j
135°, the triplet and quintet states become lower in energy. We have
not performed calculations on states of higher spin multiplicity for
any of our systems as the parameters from the highly bent complexes
are not necessary to explain the correlations between indicators of
Fe-XO and X-O bond strengths.

Figure 3. Correlation betweenνFe-NO and νN-O frequencies for six-
coordinate [Fe(Por)(ImH)NO]+ complexes as calculated at the B3LYP/6-
31G(d) level of theory. Inset, [Fe(Por)(ImH)CO] complexes.
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correlation is not attributable to∠FeNO-dependent changes
in normal mode compositions.

In the initial stages of performing DFT calculations on
substituted [Fe(Por)(ImH)NO]+ complexes, it became ap-
parent that choice of peripheral substitutents could have a
large effect on∠FeNO. Therefore, we have attempted to
quantify the energetics of Fe-N-O bending by performing
a series of constrained geometry optimizations holding only
∠FeNO fixed at 5° increments from 179.7° to 155.0°. This
set of calculations can be viewed as modeling of FeNO
bending in response to distal steric interactions that induce
minimal electrostatic polarization within{FeNO}6. The
results are listed in Table 2 with the corresponding bond
length correlation plot shown in Figure 5. Two interesting
properties of the{FeNO}6 moieties are revealed by these
calculations. First,{FeNO}6 is quite flexible, requiring very
little energy to perturb its geometry. In fact, bending the
linear FeNO unit 15° (to 165.0°) requires less than 1 kcal/
mol, while a bend of 25° (to 155°) requires less than 3 kcal/
mol (RT ) 0.6 kcal/mol at 300 K). This energy cost is
consistent with that calculated for six-coordinate [FeIICO]
porphyrinate having a proximal ImH ligand.52 {FeNO}6

structures having∠FeNO of this magnitude have been
observed experimentally in the six-coordinate NP4-NO,
which contains a proximal His ligand,24 and in a porphyrin
model complex containing an axialp-fluorophenyl ligand
trans to NO.53 Second, Figure 5 shows thatRFe-NO andRN-O

are directly correlated. That is, bending the FeNO unit to
155.0° increasesRFe-NO by 0.045 Å andRN-O by 0.004 Å.
Because the vibrational frequencies calculated for nonequi-
librium geometries are not invariant with respect to transla-
tion and rotation, they are not reported here. Nevertheless,

the bond length correlation suggests that the cause and effect
relationship between Fe-N-O bond strengths and∠FeNO
is bidirectional.

2b. [Fe(Por)(Im)NO]; FeNO Geometry and Vibrational
Frequencies.From Table 1, it is clear that modification of
the porphyrin periphery also has a significant influence on
the FeNO geometry of the corresponding Im--bound sys-
tems. However, the overall influence is less for the Im-

complexes than for their ImH-bound counterparts. This is
first evidenced by the smaller sensitivity of∠FeNO to
substituent effects in the Im- complexes (∠FeNO) 174.6-
144.9° for Im-; ∠FeNO) 179.7-132.3° for ImH). Figure
6 shows the vibrational frequency correlation plot constructed
from the data on Im- complexes in Table 1. This figure
clearly illustrates that factors affecting the FeNO triatomic
unit either increase or decrease the frequencies of bothνFe-NO

andνN-O. Hence, our theoretical model also predicts adirect
vibrational stretching frequency correlation for the series of
[Fe(Por)(Im)NO] complexes. This correlation spans∆νFe-NO

and ∆νN-O ranges of 107 cm-1 (492-599 cm-1) and 161
cm-1 (1768-1929 cm-1), respectively. Although these ranges
are smaller than those for the ImH complexes, they are
substantially larger than the corresponding ranges for the
isoelectronic [FeII(Por)(Im)CO]- complexes (∆νFe-CO ) 19
cm-1 and ∆νC-O ) 15 cm-1). Analogous calculations
performed on the isoelectronic [FeII(Por)(Im)CO]- systems
once again show the expectedinVersecorrelation between
νFe-CO andνC-O frequencies, as shown in the inset of Figure
6. Consistent with the vibrational frequencies, Figure 7 shows
thatRFe-NO andRN-O are also directly correlated. Moreover,
and consistent with the range in vibrational frequencies, the
range of bond lengths is large with∆RFe-NO spanning 0.105
Å (1.656-1.761 Å) and∆RN-O ) 0.018 Å (1.145-1.163
Å). The corresponding ranges for the [FeII(Por)(Im)CO]-

complexes are∆RFe-CO ) 0.014 Å and∆RC-O ) 0.002 Å,
about one-eighth of the{FeNO}6 ranges withRFe-CO and
RC-O showing the expected inverse correlation (inset of
Figure 7).

Although large variations in∠FeNO (down to 144.9° for
P-meso-(NH2)3) in the [Fe(Por)(Im)NO] complexes could
complicate interpretation of FeNO frequencies because of
angle-dependent changes in normal mode composition, the
correlation between the Fe-NO and N-O bond lengths
shown in Figure 7 is a clear indication that systematic
variations in normal mode composition do not play a
dominant role in either the sign or magnitude of the
vibrational frequency correlation. However, these variations
probably influence the shape of the vibrational frequency
correlation; Figure 6 does exhibit noticeable curvature. The
decrease in slope of the correlation with decreasing∠FeNO
is consistent with the Fe-NO stretching potential becoming
increasingly distributed across other normal modes as the
equilibrium FeNO geometry becomes more bent. Interest-
ingly, the vibrational frequency correlation for the ImH
complexes (Figure 3) does not appear to be curved. The
curvature in Figure 6 may be a result of changes in the
normal mode compositions in the Im- complexes due to
weaker Fe-N-O bonding.

(51) Scherlis, D. A.; Cymeryng, C. B.; Estrin, D. A.Inorg. Chem.2000,
39, 2352-2359.

(52) Ghosh, A.; Bocian, D. FJ. Phys. Chem.1996, 100, 6363-6366.
(53) Richter-Addo, G. B.; Wheeler, R. A.; Hixson, L. A.; Chen, L.; Khan,

M. A.; Ellison, M. K.; Schulz, C. E.; Scheidt, W. R.J. Am. Chem.
Soc.2001, 123, 6314-6326.

Figure 4. Correlation between Fe-NO and N-O bond lengths for six-
coordinate [Fe(Por)(ImH)NO]+ complexes at the B3LYP/6-31G(d) level
of theory. Inset, [Fe(Por)(ImH)CO] complexes.
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Discussion

Having established that both{FeNO}6-imidazole and
-imidazolate systems exhibit largedirectcorrelations in their
Fe-NO and N-O vibrational frequencies and bond lengths,
the ensuing discussion aims to establish a cause and effect
relationship between systematic changes in FeNO electron
densities and the relative sensitivities of Fe-NO and N-O
bond strength indicators to changes in structure and environ-
ment of{FeNO}6 porphyrinates.

1. Orbitals Responsible for the Direct Correlation
between Sensitivities of Fe-NO and N-O Bond Strengths
to Structure and Environment. 1a. [Fe(Por)(ImH)NO]+.
To understand the vibrational frequency correlations at a
fundamental level, it is helpful to examine the Kohn-Sham

molecular orbital (MO) representations and identify those
to which the bond strength sensitivities can be attributed.
Figure 8 shows a collection of MOs for a subset of the [Fe-
(Por)(ImH)NO]+ complexes in Figures 3 and 4 (top) and
their isoelectronic [FeII(Por)(ImH)CO] analogues (bottom).54

They show the Fe-X-O interactions that account for the
differences in behavior between these systems. This subset
of complexes was chosen because it represents a continuous
trend in the bond lengths and vibrational frequencies for both
the{FeNO}6 and [FeIICO] complexes, which facilitates direct
comparison of these isoelectronic systems. The [Fe(Por)-
(ImH)NO]+ complexes in Figure 8 span∆νFe-NO andνN-O

ranges of 84 cm-1 (546-630 cm-1) and 45 cm-1 (1936-
1981 cm-1), respectively. The corresponding ranges for the
[FeII(Por)(ImH)CO] complexes are 10 cm-1 (437-447 cm-1)
and 5 cm-1 (2018-2023 cm-1).

Figure 8 shows the highest occupied molecular orbitals
(HOMOs) for the [Fe(Por)(ImH)NO]+ complexes on the top
and for the [Fe(Por)(ImH)CO] complexes on the bottom. This
set of orbitals show pronounced differences in the FeXO
electron density between the respective{FeNO}6 and [FeII-
CO] complexes. Figure 8A shows that the FeXO electron
densities in the HOMOs of both [Fe(P)(ImH)NO]+ and [Fe-
(P)(ImH)CO] are very similar. The HOMOs are porphyrin
π MOs with electron density concentrated on the meso
carbon and pyrrole nitrogen atoms. Additionally, these two

(54) All MO figures (isosurfaces) were produced with the program
MOLEKEL version 4.2 (http://www.cscs.ch/molekel/). Portman, S.;
Lüthi, H. P.Chimia 2000, 54, 766-770.

Table 2. Theoretical Bond Lengths and Bond Angles from Constrained-Geometry Optimizations of Six-Coordinate [Fe(P)(ImH)NO]+ a

system RFe-NO RN-O ∠FeNO RFe-N(ImH) RFe-Np relative energy (kcal/mol)

[Fe(P)(ImH)NO]+ 1.639 1.136 179.7 2.024 2.020, 2.023 +0.0
∠Fe-N-O fixed at 175.0 1.641 1.136 175.0 2.022 2.016, 2.027 +0.1
∠Fe-N-O fixed at 170.0 1.646 1.136 170.0 2.017 2.012, 2.030 +0.4
∠Fe-N-O fixed at 165.0 1.655 1.137 165.0 2.011 2.008, 2.033 +0.9
∠Fe-N-O fixed at 160.0 1.668 1.138 160.0 2.004 2.004, 2.035 +1.6
∠Fe-N-O fixed at 155.0 1.684 1.140 155.0 1.997 2.000, 2.037 +2.6

a All parameters are from B3LYP/6-31G(d) calculations. Bond lengths in angstroms (Å), bond angles in degrees (°), Np ) pyrrole nitrogen atom.

Figure 5. Correlation betweenRFe-NO and RN-O for the [Fe(P)(ImH)-
NO]+ complex for which∠FeNO was constrained at the indicated values.

Figure 6. Correlation betweenνFe-NO and νN-O frequencies for six-
coordinate [Fe(Por)(Im)NO] complexes at the B3LYP/6-31G(d) level of
theory. Inset, [Fe(Por)(Im)CO]- complexes.

Figure 7. Correlation between Fe-NO and N-O bond lengths for six-
coordinate [Fe(Por)(Im)NO] complexes at the B3LYP/6-31G(d) level of
theory. Inset, [Fe(Por)(Im)CO]- complexes.
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HOMOs exhibit slight Fe-XO σ-bonding character with the
[FeIICO] having the stronger interaction. As peripheral-NH2

and-F substituents are added at the meso positions of the
{FeNO}6 and [FeIICO] complexes, a metamorphosis occurs
in the electron density distribution within the HOMOs of
the {FeNO}6 complexes. The HOMOs of the{FeNO}6

porphyrinates undergo a change in FeNO character, from
slightly Fe-NO σ bonding to stronglyπ antibonding with
respect to Fe-N-O. Moreover, Figure 8B,C shows that the
HOMOs for [Fe(P-meso-(NH2, F))(ImH)NO]+ and [Fe(P-
meso-(NH2, F3))(ImH)NO]+ become increasinglyπ-anti-
bonding with respect to the Fe-N-O triatomic unit. This
increased Fe-N-O π-antibonding character has the effect
of simultaneously diminishing the Fe-NO and N-O bond
strengths as electron density is polarized toward the FeNO
core by the addition of meso-F and-NH2 substituents.
The aforementioned change in FeXO character of the HOMO
is not observed in the corresponding [FeIICO] complexes.
On the other hand, the Fe-CO σ-bonding character of the
[FeII(Por)(ImH)CO] HOMOs is virtually unaffected by the
same meso substituents.

1b. [Fe(Por)(Im)NO]. In support of a similar analysis,
Figure 9 shows the HOMOs-1 for a series of [Fe(Por)(Im)-

NO] complexes (top) and their [FeII(Por)(Im)CO]- analogues
(bottom). This is the highest occupied MO having significant
FeNO electron density; the HOMO is an Im--basedπ MO
that is nonbonding with respect to FeCO and has slightπ*
character with respect to N-O. The subset of complexes in
Figure 9 represents a continuous trend in the bond lengths
and vibrational frequencies for Im- complexes of both the
{FeNO}6 and [FeIICO] porphyrinates. The calculated fre-
quency ranges are∆νFe-NO ) 74 cm-1 (516-590 cm-1),
∆νN-O ) 98 cm-1 (1826-1924 cm-1), ∆νFe-CO ) 14 cm-1

(437-451 cm-1), and∆νC-O ) 9 cm-1 (1977-1986 cm-1).
The FeNO angle bends approximately 20° across the
{FeNO}6 systems, while the FeCO moiety remains es-
sentially linear.

Consistent with the HOMOs of the ImH complexes, the
set of orbitals in Figure 9 also shows pronounced differences
between the FeXO electron densities of the{FeNO}6 and
[FeIICO] complexes. Figure 9A shows that the HOMOs-1
for the series of [Fe(P)(Im)NO] and [Fe(P)(Im)CO]- com-
plexes are principally porphyrinπ MOs with electron density
concentrated on the meso carbon and pyrrole nitrogen atoms.
Also consistent with the behavior of the ImH complexes
(Figure 8), the introduction of mesoπ-donor substituents

Figure 8. HOMOs for ImH complexes. Top,{FeNO]6 porphyrinates; bottom, [FeIICO] porphyrinates. (A) Porphine, (B) P-meso-(NH2, F), and (C) P-meso-
(NH2, F3). Electron density at the front edges has been removed to facilitate viewing of the FeNO moiety.

Figure 9. HOMOs-1 for Im- complexes. Top,{FeNO}6 porphyrinates; bottom, [FeIICO] porphyrinates. (A) Porphine, (B) P-meso-(NH2), and (C) P-meso-
(NH2, F)2 (HOMO for {FeNO}6). Electron density at the front edges has been removed to facilitate viewing of the FeNO moiety.
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induces large redistributions of electron density toward the
FeNO moiety. Such remarkable polarization of the HO-
MOs-1 is not observed in the corresponding [FeIICO]
porphyrinates. This contrast is illustrated in Figure 9B,C for
the P-meso-(NH2) and P-meso-(NH2, F)2 systems, respec-
tively. The HOMOs-1 of the [Fe(Por)(Im)NO] complexes
take on increasing FeNOπ-antibonding character as electron
density is polarized toward the FeNO core. This increase in
totally Fe-N-O π-antibonding character has the effect of
simultaneously diminishing the Fe-NO and N-O bond
strengths. Additionally, for [Fe(P-meso-(NH2, F)2)(Im)NO]
this orbital increases in energy to the extent that it becomes
the HOMO. On the other hand, the very slight FeCOσ*
character of the HOMO-1 is effectively constant among the
[FeII(Por)(Im)CO]- series.

1c. Basis Set Effects on Axial Ligand Bonding in [Fe-
(Por)(ImH)NO] + and [Fe(Por)(Im)NO]. Although we have
pointed out that the larger 6-311G(2d,p) basis set yields only
small effects on FeNO bond lengths and vibrational frequen-
cies, it remains to determine whether the larger basis set
influences the correlations among Fe-N-O bonding pa-
rameters and/or the molecular orbital analysis described
above. Toward this end, geometry optimizations were
performed on [Fe(P-meso-(NH2, F3))(ImH)NO]+ (Figure 8C)
and [Fe(P-meso-(NH2, F)2)(Im)NO] (Figure 9C) using the
6-311G(2d,p) basis set; the resulting FeNO parameters for
these complexes are listed in Table 1. The results of these
calculations, along with those for the unsubstituted porphine
analogues, reveal that the direct correlations between Fe-
NO and N-O bond lengths are also calculated with this basis
set. In addition to the slopes (∆RFe-NO/∆RN-O) from these
sets of calculations being indistinguishable, the molecular
orbitals (not shown) indicate the same electronic basis for
the direct correlation between the strengths of the Fe-NO
and the N-O bonds.

2. Orbitals Responsible for the Indirect Correlation
between Sensitivities of Fe-XO and X-O Bond Strengths
to Structure and Environment. The above orbitals quali-
tatively account for thedirect correlations shown for
{FeNO}6 porphyrinates in Figures 3, 4, 6, and 7. However,
they neither account for nor provide insight into the inverse
correlations between Fe-XO and X-O bond strength
correlations.

2a. [Fe(Por)(ImH)NO]+ and [Fe(Por)(ImH)CO]. Our
recent work on five-coordinate{FeNO}6 porphyrinates
showed that they can exhibit either a large direct correlation
between Fe-NO and N-O bond strengths or a small inverse
correlation covering stretching frequency and bond length
ranges similar to the corresponding [FeIICO] complexes.9 The
inverse correlation in{FeNO}6 porphyrinates was observed
for variations in theâ-pyrrole substitution pattern at the
porphyrin periphery. In these complexes, the only MOs in
which FeNO electron density was significantly influenced
by variations inâ-pyrrole substituent pattern were those
having Fe-NO π/N-O π* character, namely, the HOMO-
(2,3) pair.

Careful examination of Figures 3 and 4 and Table 1 reveals
that â-pyrrole-substituted systems (i.e., [Fe(P-â-F8)(ImH)-

NO]+ and [Fe(P-â-(NH2)4)(ImH)NO]+) behave in a manner
distinct from their meso-substituted counterparts. Theâ-pyr-
role-substituted systems cluster in the vicinity of the porphine
complex in both the frequency and bond length correlation
plots. Moreover, they appear to constitute a separate inverse
correlation. In fact, the [Fe(Por)(ImH)NO]+ â-inverse cor-
relation for these two points has a∆νFe-NO range of 17 cm-1

(619-636 cm-1) and a∆νN-O range of 16 cm-1 (1971-
1987 cm-1), while the analogous two pointâ-inverse
correlation for [FeII(Por)(ImH)CO] spans 15 cm-1 (435-
450 cm-1) and 23 cm-1 (2008-2031 cm-1) for ∆νFe-CO and
∆νC-O, respectively. These sets of complexes cover very
similar correlation ranges, suggesting similarity in the orbital
basis of their correlations.

In contrast to the large direct correlation in{FeNO}6

complexes, the indirect correlation does not appear to be
attributable to sensitivity of FeNO electron density within a
single MO. There are a number of high-energy occupied
MOs (i.e., HOMO-2, HOMO-3, HOMO-8, and
HOMO-9 for [FeII(Por)(ImH)CO]) having Fe-CO π/C-O
π* (back-bonding) character in these complexes, as illustrated
for the HOMO-(2,3) pair of [FeP(ImH)NO]+ and [FeP-
(ImH)CO] in Figure 10. However, changes in FeXO electron
density are not apparent from examining the Kohn-Sham
orbitals (not shown). This is not particularly surprising, given
that the Fe-X-O bond strength sensitivities responsible for
the small indirect correlations are distributed over multiple
orbitals.

The large ranges of the direct correlation between Fe-
NO and N-O bond strengths relative to those of the inverse
correlation suggest that any changes in{FeNO}6 porphyrinate
structure and/or environment that influence FeNO electron
density in the HOMO will cause the correlation to be direct.
This analysis provides a consistent picture of the direct
stretching frequency and bond length correlations for the ImH
adducts of meso-substituted{FeNO}6 porphyrinates.

2b. [Fe(Por)(Im)NO] and [Fe(Por)(Im)CO]-. The HO-
MO-(5,6) pair of the [Fe(Por)(Im)NO] and [Fe(Por)(Im)CO]-

complexes is the closest in FeXO character to the HOMO-
(2,3) pair of their ImH counterparts. Again, however, these
complexes comprise multiple high-energy MOs (i.e., HOMO-

Figure 10. HOMO-2 and HOMO-3 for [Fe(P)(ImH)NO]+ and [Fe(P)-
(ImH)CO] showing the Fe-XO π and X-O π* character of these MOs.
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2, HOMO-4, HOMO-5, and HOMO-6 for [Fe(Por)(Im)-
CO]-) having Fe-CO π/C-O π* character. Despite this
commonality with their ImH counterparts, the imidazolate
complexes of{FeNO}6 porphyrinates do not appear to exhibit
a separate inverse correlation for theâ-substituted systems.
Although the reason for this is not clear, it may be rooted in
multiple orbital contributions to the relative sensitivities of
the Fe-NO and N-O bond strengths. As suggested by the
approximately vertical correlation for [Fe(P-â-(NH2)4(Im)-
NO], [Fe(P)(Im)NO], and [Fe(P-â-F8)(Im)NO], it is possible
to have offsetting contributions such that the net contribution
of a change in porphyrinâ-pyrrole substitution to the change
in N-O bond order is nearly zero while the Fe-NO bond
strength remains responsive.

3. Other Structural Sensitivities to Peripheral Substit-
uents. 3a. Equilibrium Out-of-Plane Deformation of the
Porphyrin Ligand. Casual examination of Figures 8 and 9
reveals that the porphyrin ring adopts an increasingly ruffled
conformation as the number and size of its meso substituents
increase. Given the widespread interest in out-of-plane
porphyrin deformations and their physicochemical manifesta-
tions, this trend warrants comment. Our previous calculations
on five-coordinate porphyrins with the only axial ligands
being NO or CO showed that ruffling is unlikely to be
attributable to steric interactions between the porphyrin and
these axial diatomic ligands. This was confirmed in this study
by analysis of the resultant structures for constrained
geometry optimizations of [Fe(P)(ImH)NO]+ (Figure 5)
where in the highly bent structure (∠FeNO ) 155.0°)
becomes no more ruffled than the fully optimized structure
(structures not shown). With the addition of an imidazole or
imidazolate ligand to [Fe(P)NO]+, the extent of ruffling
increases slightly, the extent of which can be seen in Figures
2, 8A, and 9A. Thus the sixth imidazole ligand plays a minor
role in ruffling. It appears that the most significant driving
force for ruffling is the relief of steric interactions involving
the peripheral porphyrin substituents. This is corroborated
by comparing the extent of ruffling in P, P-meso-F4, P-meso-
(NH2)2, P-meso-(NH2)3, P-â-(NH2)4, and P-â-F8, in both the
imidazole and imidazolate complexes, which reveals that
ruffling in these structures is driven by interactions between
meso substituents andâ-pyrrole hydrogen atoms. The extent
of ruffling depends on meso substituents for the ferrous CO
complexes in a similar fashion as it does for the ferric NO
complexes. These observations are consistent with a large
body of crystallographic and spectroscopic data showing that
(a) axial imidazole planes oriented between pyrrole nitrogen
atoms induce ruffling of the porphyrin ligand as a conse-
quence of steric interactions and/or electronic stabilization
and (b) steric interactions of peripheral porphyrin substituents
can induce very large distortions along the ruffling coordi-
nate.55

3b. Core Deformations of Fe-N-O and Fe-NP Bonds.
Examination of Table 1 as well as Figures 2, 8, and 9 also
reveals that increasedπ donation from meso substituents
elicits bending in the FeNO moiety and tilting of the Fe-

NO bond away from the normal to the mean heme plane
and in the same direction as the bend. As will be discussed
below, these distortions occur in response to buildup of FeNO
electron density in the HOMO or HOMO-1. Similar
distortions occur in response to buildup of FeNO electron
density in the HOMO or HOMO-1 due to increasingσ
donation by a trans axial ligand, as can be seen by the
decreased∠FeNO in [Fe(P)(Im)NO] (Figure 9A) relative
to the nearly linear FeNO unit in [Fe(P)(ImH)NO]+ (Figure
8A). The FeNO distortions are accompanied by the appear-
ance of asymmetry in the Fe-Np core. The Fe-Np distances
listed in Tables 1 and 2 show that this asymmetry tracks
inversely with ∠FeNO. In all cases, decreasing∠FeNO,
either by imposing∠FeNO< 180° (Table 2) or by polarizing
electron density toward FeNO in the HOMO of the ImH
complexes (vide infra, Table 1), causes inverse changes in
the lengths of opposing Fe-Np bonds, with the iron atom
shifting in the opposite direction of the FeNO tilt and bend.
When decreasing∠FeNO is imposed on the complex, the
distance between opposing Np atoms decreases by 0.004 Å
as ∠FeNO is decreased from 179.7° to 155.0° (Table 2).
This is attributed to a slight increase in the out-of-plane
distortion along the ruffling coordinate as the FeNO moiety
is bent. The bond lengths in Table 2 indicate that this is not
a direct effect of steric interaction between the bent NO
ligand and the porphyrin; in fact, the distance between the
terminal oxygen atom and the porphyrindecreasesas the
Fe-NO bond gets longer with increased ruffling. The
increased ruffling that accompanies the decrease in porphyrin
core size is an indirect effect of systematic Fe-ImH bond
shortening as the Fe-NO bond becomes weaker due to
FeNO bending. The shorter Fe-ImH bond increases the
steric interactions between the axial ImH and porphyrin
ligand, thereby increasing the ruffling distortion. This inverse
correlation between the Fe-ImH and Fe-NO bond distances
is clearly shown by the plots in Figure 11. They show
virtually the same correlation lines, whether the off-axis
distortions are imposed by constraining them or electronically
driven by polarizing electron density toward FeNO in the
HOMO. A similar inverse correlation is not seen for

(55) Ellison, M. K.; Schulz, C. E.; Scheidt, W. R.J. Am. Chem. Soc.2002,
124, 13833-13841.

Figure 11. Correlation between B3LYP/6-31G(d)-optimized Fe-ImH and
Fe-NO bond lengths for varying meso substituents in [Fe(Por)(ImH)NO]+

complexes (2, constructed from data in Table 1) and for constrained∠FeNO
calculations (9, constructed from data in Table 2). The point corresponding
to NP4-NO (b) was placed according to crystal structure coordinates.24
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analogous Im- complexes, possibly because the HOMO and
HOMO-1 exchange character with respect to axial ligand
interactions when the FeNO moiety becomes electron rich.

The effects described above have been observed experi-
mentally to varying degrees. Two structurally characterized
systems will be considered here. Examination of the high-
resolution NP4-NO crystal structure shows ruffling of the
{FeNO}6 heme similar to that seen in all of the DFT-
optimized structures reported here. Although out-of-plane
distortion of the heme in NP4-NO also occurs along the
saddling coordinate, it is dominated by ruffling that appears
to be synergistic with the side chain positions of the distal
Leu residues that make van der Waals contact with the axial
NO ligand. The extent of ruffling and saddling distortions
both increase upon replacement of an axial water or ammonia
ligand by NO.24 As suggested by the constrained geometry
calculations reported here, these increases in out-of-plane
heme distortion are likely attributable, at least in part, to
increased steric interactions due to closer approach of a
strongly bound proximal ImH ligand to the mean porphyrin
plane in NP4-NO. However this is not unambiguous, as
the difference in ImH approach is on the order of the
experimental uncertainty in the bond distances. Core asym-
metry cannot be discerned due to uncertainty in the Fe-Np

distances.
Another six-coordinate{FeNO}6 porphyrinate having a

conspicuously bent FeNO moiety is [Fe(OEP)(p-C6H4F)NO],
in which∠FeNO) 157.4°.53 Although this complex contains
a different ligand trans to NO, it is a high-resolution structure
that lends itself to detailed analysis of FeNO bonding
parameters. This complex exhibits Fe-NO tilting and
bending, Fe-(p-C6H4F) tilting, and core asymmetry analo-
gous to that observed in the [Fe(Por)(ImH)NO]+ complexes
presented herein. Although this complex does not contain
peripheralπ donor substituents to polarize electron density
toward the FeNO moiety, it does contain the stronglyσ
donatingp-C6H4F aryl ligand. The fact that the∠FeNO is
so small strongly suggests that the aryl ligand induces
substantial FeNOπ* character in a MO in the frontier region.
In this situation, FeNO bending and tilting are expected in
order to partially compensate for the increased FeNO
antibonding. This complex also exhibits significant asym-
metry of the porphine core with the Fe-Np bonds nearest to
the bent NO ligand being longest. This is consistent with
the asymmetry calculated for the various substituted por-
phyrinates (Table 1) and for the enforced changes in∠FeNO
(Table 2).

Having established by these comparisons that the calcu-
lated bonding parameters listed in Table 1 are meaningful,
we now proceed to a discussion of two Kohn-Sham orbitals
to which these first coordination sphere distortions can be
attributed. There appear to be two MOs relevant to FeNO
distortion and equatorial asymmetry. They are most easily
identified in the constrained geometry optimization of [Fe-
(P)(ImH)NO]+ with ∠FeNO constrained to 155.0°, as
illustrated in Figure 12. The images in Figure 12A,B show
edge-on and top views, respectively, of the HOMO-1. In
the 155° constrained geometry calculation for [Fe(P)(ImH)-

NO]+, HOMO and HOMO-1 are reversed from their order
in all other ImH complexes studied here. The reason for the
reversal is not clear at this point. The center of Figure 12A
reveals an Fe-centered dz2-like contribution to HOMO-1 that
is slanted in the opposite direction of the FeNO tilt and bend.
This electron density along with that on the NO ligand
contributes to a totallyπ antibonding character of the
HOMO-1 with respect to FeNO. At the same time, it
contributes to Fe-ImH bonding character. Thus any elec-
tronic or structural perturbation of the axial ImH-Fe-NO
“stem” of the molecule will simultaneously weaken the Fe-
NO bond and strengthen the Fe-ImH bond. A reason for
Fe-NO bending and tilting will be discussed below, but there
are two structural properties that are intimately intertwined
with bending and tilting. The first is a slight off-normal tilt
of the Fe-ImH bond in the direction of the FeNO tilt. This
maximizes the Fe-ImH bonding character of the HOMO-
1. The second is a core asymmetry, which tracks∠FeNO.
Tilting of the dz2-like contribution to HOMO-1 leads to two
Fe-Np antibonding interactions in the direction of the FeNO
bend and two bonding interactions on the other side of the
NO ligand. Figure 12B shows the bonding interactions. These
interactions result in simultaneous lengthening of two
adjacent Fe-Np bonds and shortening of their trans coun-

Figure 12. MOs showing the interplay between ImH-Fe-NO character
of the HOMO-1 and HOMO-3 and ImH-Fe-NO distortions, equatorial
Fe-Np asymmetry, FeNO bending and off-normal Fe-NO tilt for [Fe(P)-
(ImH)NO]+ having∠FeNO constrained at 155°. (A) HOMO-1, edge-on
view with electron density at the front edges removed to facilitate viewing
of the FeNO moiety; (B) HOMO-1, top view; and (C) HOMO-3, edge-
on view.
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terparts, resulting in an∠FeNO-dependent shift of the Fe
atom in the mean porphyrin plane and away from the NO
ligand. While there may be other MOs or groups of MOs
that contribute to these structural relationships, they are
clearly rationalized in terms of the electron density distribu-
tion in the HOMO-1 and the systematic redistribution
thereof in response to changing structure and/or environment.

The question of why the ImH-Fe-NO stem of the
molecule becomes increasingly distorted with increasing
electron density still remains. Table 1 reveals that the Fe-
NO bond is weakened, as gauged by its increased length,
with the introduction ofπ donor substituents at the meso
carbons of the porphyrinate ligand, which is attributed to
the totally antibonding FeNO character of the HOMO.
Interestingly, the same effect is observed upon enforced
bending of the FeNO moiety, as shown in Table 2 and Figure
11. This loss in Fe-NO bond order is partially compensated
by an axially asymmetric Fe-NO bonding interaction in the
HOMO-3 that is facilitated by bending and tilting of the
FeNO moiety as well as slanting of a dxz-type contribution
to HOMO-3. Such bonding character would likely be quite
weak or nonexistent in a linear FeNO unit having a long
Fe-NO bond. This Fe-NO bonding character is illustrated
in Figure 12C, which shows an edge-on view of HOMO-3
for [Fe(P)(ImH)NO]+ with ∠FeNO constrained at 155.0°.
It is interesting to note that the FeNO electron density in
fully minimized [Fe(P)(ImH)NO]+ (Figures 8A) and in that
with ∠FeNO fixed at 155.0° (Figure 12A) differ substan-
tially. Enforcing a bend in the FeNO moiety increases the
off-normal Fe-NO tilt, the FeNO electron density, and Fe-
N-O distances. On the other hand, by changing theπ donor
ability of porphyrin meso substituents in such a way as to
concentrate electron density on the FeNO moiety,∠FeNO
decreases, off-normal tilt increases, and Fe-N-O distances
increase. Additionally, the inverse correlation between Fe-
NO and Fe-ImH bond lengths is observed for both types
of perturbation (Tables 1 and 2). Taken together, these results
clearly show that the cause-and-effect relationship between
FeNO geometry and NO electron density in the higher
occupied MOs of{FeNO}6 porphyrinates (and the conse-
quent changes in Fe-NO and N-O bond strengths) is
bidirectional. Hence, whether FeNO electron density is
increased by changes in peripheral substituents (cis effects),
by changes in proximal donor strength (trans effects), or by
enforced bending (steric effects), the concerted responses of
the FeNO geometry and bond strengths remain consistent.
These calculations reveal an exquisite sensitivity of NO
electron density within MOs in the frontier energy region to
enforced structural changes or polarization effects such as
those imposed by bonded and nonbonded heme-protein
interactions in the heme pockets of proteins and enzymes.
Thus it is reasonable to suggest that such sensitivity provides
considerable control over the reactivity of NO toward
oxidation, reduction, and dissociation in{FeNO}6 porphy-
rinates.

Recent discussions of the NP4-NO crystal structures have
cast some doubt upon the assignment of the heme as a
{FeNO}6 species. Because of the rather small FeNO angle,

the possibility of the heme having been reduced to{FeNO}7

in the X-ray beam has been set forth.7 The intrinsic stability
of bent{FeNO}6 porphyrinates and the small cost of bending
the FeNO moiety revealed by the results presented here
clearly support the possibility of a highly bent{FeNO}6

porphyrinate having a neutral proximal imidazole ligand.
Moreover, the direct relationship between NO electron
density within the HOMO and∠FeNO supports the hypoth-
esis that enforcement of this small angle by the protein is
the means by which reductive nitrosylation, which would
render the protein useless as an NO delivery vehicle, is
precluded. If this hypothesis is borne out, the proposed attack
of hydride on the nitrogen atom of{FeNO}6 hemes in NO
reductase reactions would be favored by an electron-deficient
NO ligand. The results presented here suggest that, based
on electronic considerations alone, if P450nor-catalyzed NO
reduction involves hydride attack on the nitrogen atom of
{FeNO}6, it would best be facilitated by a more electron-
deficient, linear{FeNO}6 moiety. Interestingly, the structures
of fungal P450nor-NO indicate a bent FeNO moiety with
∠FeNO≈ 160°.13 There is but one steric interaction between
the backbone carbonyl of Ala 239 and the NO ligand, which
might play a role in enforcing an FeNO bend. The bent
structure is also likely to be stabilized by strong donation
by the proximal Cys-based thiolate ligand, analogous to that
observed for the aryl ligand of [Fe(OEP)(p-C6H4F)NO] and
for the Im- complexes studied here. A bent and, therefore,
electron-rich NO ligand would make it less susceptible to
attack by nucleophiles such as water and hydroxide. While
this could serve to protect the heme against reductive
nitrosylation, it would also be expected to diminish the
kinetic efficacy of hydride transfer to bound NO. Hence, as
one might expect, it appears that explanation of structural
and mechanistic data for NO reduction will require a unified
understanding of the interplay between static and dynamic
aspects of the protein environment and intrinsic electronic
properties of the heme-NO complex. For example, the NO
could be released from its bent geometry in response to a
conformational transition triggered by NADH binding. This
could occur by relaxation of the interaction between bound
NO and Ala239 and/or by protonation of the proximal Cys-
based thiolate ligand which, by analogy to protonation of
the Im- ligand in [Fe(P)(Im)NO], would render the bound
NO less bent and more electron deficient. Such an NADH-
triggered change in FeNO structure and bonding would
explain how the bound NO can be reduced by hydride
transfer while being protected from reductive nitrosylation
in the rather solvent exposed heme pocket of P450nor-NO.

Conclusions

In this study we present DFT calculations on a series of
model six-coordinate{FeNO}6 porphyrinates that contain
either an axial ImH or Im- ligand trans to NO. The results
of geometry optimizations and force constant calculations
show that indicators of Fe-NO and N-O bond strengths
(vibrational stretching frequencies and bond lengths) are
directlycorrelated in both classes of complexes. An analysis
of Kohn-Sham orbitals shows that this direct correlation
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results from structural and environmental sensitivities of the
FeNO electron density within the HOMO or HOMO-1,
which areπ antibonding with respect to the entire FeNO
triatomic unit. In addition to the large direct correlation for
both systems, we also propose that the responses of Fe-
NO and N-O bond strengths are inversely correlated over
smaller ranges, similar to those of the FeCO correlations,
for groups of [Fe(P)(ImH)NO]+ complexes with varying
â-pyrrole substitution patterns. This relationship is not seen
among the [Fe(P)(Im)NO] analogues. Orbital analysis further
reveals that the axial ligand distortions in these complexes
also occur in response to the sensitivities of electron density
distributions within the HOMO or HOMO-1, and HOMO-
3. The overarching theme emerging from this work is that
the Fe-N-O bond strengths in{FeNO}6 porphyrinates are
susceptible to modulation over a considerable range and that
FeNOπ-antibonding electron density and FeNO geometry,
as modulated by distal, cis, and trans effects, are tightly
coupled such that perturbation of one causes the comple-
mentary change in the other. This interplay between distor-

tions in the axial stem of{FeNO}6 porphyrinates and their
electronic properties provides insight into how, and the extent
to which, protein environment can influence the reactivities
of heme-bound NO toward nucleophiles such as water,
hydroxide, and hydride.
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