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Ferric heme proteins with nitric oxide (NO) as an axial ligand
are critical components for the regulation of NO biosynthesis
by the enzyme NO synthase,[1] for NO transport (as vaso-
dilator) in nitrophorins,[2] for NO inhibition of cytochrome
P450 and related enzymes,[3] and these species have been
identified as intermediates in cyt cd1 dissimilatory nitrite
reductases[4] and in NO reduction by a fungal cyt P450 NO
reductase.[5] Ferric heme nitrosyls are generally described by
the FeII�NO+ electronic ground state that is dominated by p

backbonding, although the alternative low-spin FeIII�NO
electronic state is close in energy.[6] The physiological
functions of ferric nitrosyl heme proteins are clearly depen-
dent on the character of their Fe�NO moities. Thus, it is of
great interest to investigate a range of ferric nitrosyl hemes
that vary in trans axial ligand donor character (for example,
S-, N-, and O-donors), as these trans ligands are expected to
influence the electronics and hence functions of the Fe�NO
groups. Previous investigations of the effect of axial trans
ligands on ferric�NO groups have focused on thiolate
systems, and a surprising trans effect of axial thiolate
coordination was reported to influence both the geometry
and electronics of the Fe�NO unit.[7] Unfortunately, ferric
nitrosyl hemes are much more difficult to isolate in pure form
than their ferrous counterparts owing to the relatively weak
binding of NO to ferric heme.[8] This difficulty in the isolation
and structural characterization of ferric heme nitrosyls has
greatly hindered a complete analysis of the effects of NO
binding to these ferric hemes.

Heme catalases[9, 10] and heme-binding HasAp proteins[11]

contain tyrosine as an axial ligand. The coordination of
tyrosine to the heme plays a critical role for the functions that

these proteins carry out. It is known that the direct binding of
NO to the iron center in heme catalases can result in
reversible inhibition of enzyme activity,[12] and the
CatIII(NO)[13] and CatII(NO)[14] compounds have been
reported previously. However, only one protein crystal
structure of a catalase–NO derivative has been reported;
unfortunately, the low occupancy of NO (ca. 55%) and
resolution of the structure prevented an accurate determi-
nation of the Fe�NO geometry (which could be modeled in
the 175–1608 range with weak restraints, and up to ca. 1108 if
no restraints were applied).[15] Surprisingly, no neutral
[(por)Fe(NO)(O-ligand)] model species has been character-
ized by spectroscopy or crystallography to model the active
site of NO-inhibited heme catalase and related proteins. The
closest examples are the structurally characterized
[(TPP)Fe(NO)(H2O)]ClO4,

[16] [(TPP)Fe(NO)(H2O)]-
SO3CF3,

[17] and [(TPP)Fe(NO)(HO-i-C5H11)]ClO4 species[18]

(H2TPP = 5,10,15,20-tetraphenylporphyrin), but all three
contain cationic iron nitrosyl porphyrin moieties. Herein, we
utilize a heterogeneous crystal-gas method[17,19, 20] for the first
preparation and accurate structural determination of a neutral
[(por)Fe(NO)(O-ligand)] species, namely [(TPP)Fe(NO)-
(OC(=O)CF3)]. We are thus now able to determine, for the
first time, the trans effect of anionic O-based ligands on NO
and compare our results across a range of ferric nitrosyl
porphyrins with axial ligands of varied donor strength.

Dissolution of the five-coordinate compound
[(TPP)Fe(OC(=O)CF3)] (1) in CH2Cl2 reveals a band at
1715 cm�1 in its IR spectrum assigned to nCO. Exposure of this
solution to about 5 equiv of NO gas reveals a new strong band
at 1907 cm�1 assigned to the nNO of [(TPP)Fe(NO)(OC(=O)-
CF3)] (2), as shown in Figure 1; the original nCO band at
1715 cm�1 shifts to lower frequency.

This nNO value of 1907 cm�1 is lower than those of the six-
coordinate cations [(TPP)Fe(NO)(L)]+ (L = Lewis base;
1910–1925 cm�1 in CH2Cl2) and is higher than those of the

Figure 1. IR spectra recorded before (a) and after (c) the
addition of NO gas to [(TPP)Fe(OC(=O)CF3)] (1) in CH2Cl2.
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neutral compounds [(TPP)Fe(NO)(halide)] (1889–1873 cm�1;
CH2Cl2), [(TPP)Fe(NO)R] (R = alkyl, aryl; 1850–1764 cm�1

in Nujol), and [(OEP)Fe(NO)(SR)] (SR = thiolate;
1850 cm�1 in CH2Cl2).[19, 21]

The weak binding of NO in this ferric product 2 is
evidenced by its complete dissociation (loss of nNO) when N2 is
bubbled into the product solution to restore the nCO band of
the starting complex. Addition of a large excess of NO to the
five-coordinate precursor [(TPP)Fe(OC(=O)CF3)] results in
the formation of [(TPP)Fe(NO)(OC(=O)CF3)] as the pre-
dominant species initially, but the known byproducts
[(TPP)Fe(NO)]+ (nNO 1844 cm�1), [(TPP)Fe(NO)] (nNO

1681 cm�1), and [(TPP)Fe(NO)(NO2)] (nNO 1886 cm�1) also
form with time.[22] Indeed, attempted crystallization of the
product [(TPP)Fe(NO)(OC(=O)CF3)] from solution resulted
in the generation of this mixture of products, as the
crystallization needed to be performed in the presence of
excess NO.

We then turned to the crystal-gas method for trapping and
X-ray crystal structural characterization of the target
[(TPP)Fe(NO)(OC(=O)CF3)] by diffusing NO gas into
crystals of the five-coordinate precursor [(TPP)Fe(OC-
(=O)CF3)].[23–25] Crystals of 1 under an anaerobic atmosphere
were exposed to NO at room temperature for 12 h. The IR
spectrum of the product revealed the nNO band at 1901 cm�1

(KBr). The molecular structure of 2 is shown in Figure 2, and

selected structural data for 1 and 2 (for comparison) are
collected in Table 1 (for the structure of the precursor 1, see
Supporting Information, Figure S1).

Several structural features of the product 2 are notable.
First, the Fe�N�O moiety in the formally {FeNO}6 product 2
is almost linear with an angle of 175.8(6)8. Second, upon NO
binding, the porphyrin macrocyle adopts a near-planar
conformation in the six-coordinate product, in contrast to
the saddled conformation observed in the five-coordinate
precursor 1.[26] Next, the Fe atom in 2 displays a dramatic,
circa 0.52 � apical movement into the porphyrin plane from
its initial position 0.45 � towards the acetate ligand in the
precursor.[27, 28] A shortening of the Fe�Npor bond lengths
accompany this apical movement of the Fe atom in the
crystal. Interestingly, the trans Fe�O bond in the product 2 is
slightly shorter, by about 0.03 �, than that found in the

precursor 1. An accompanying opening of the Fe-O-C-
(acetate) angle, from 1268 to 1338, occurs upon binding of
the NO ligand (Table 1), reflecting the closer approach of the
axial acetate ligand to the porphyrin macrocycle in the
product. Finally, the mean-plane separation of adjacent face-
to-face porphyrins increases from 4.4 � in the precursor to
4.8 � in 2, and the lateral shift shows an incredible increase
from 7.8 � to 9.7 � upon NO binding (Figure 3). This results

in a net expansion of the unit cell from 2093.1(3) �3 in the
precursor 1 to 2144(3) �3 in the product 2, but without
a significant loss in crystal quality.

To determine if the crystal lattice expansion that occurred
upon NO diffusion into the crystal had any influence on the
observed Fe�NO geometry (for example, whether the lattice
expansion occurred because of steric hindrance involving the

Figure 2. Molecular structure of [(TPP)Fe(NO)(OC(=O)CF3)] (2), with
ellipsoids set at 35% probability. Hydrogen atoms have been omitted
for clarity.

Table 1: Selected structural data [�,8] for compounds 1 and 2.

1 2

Fe1–N5 1.618(8)
N5–O3 1.151(8)
Fe1–Npor 2.048(2)–2.073(2) 2.004(6)–2.019(6)
Fe1–O1 1.932(2) 1.899(6)
Fe1-N5-O3 175.8(6)
O1-Fe1-N5 174.1(3)
C45-O1-Fe1
DFe[a]

126.4(2)
0.45

132.7(5)
0.07

O tilt[b] 3.5 [2.8] 1.7 [1.0]

[a] Apical displacement of the Fe atom from the 24-atom mean porphyrin
plane towards the acetate ligand. [b] Tilt of the Fe-bonded acetate O
atom from the normal to the porphyrin 4N [24-atom] plane.

Figure 3. The packing diagram showing the relative positioning of two
adjacent molecules in crystals of a) [(TPP)Fe(OC(=O)CF3)] (1) and
b) [(TPP)Fe(NO)(OC(=O)CF3)] (2) with ellipsoids set at 35% proba-
bility.
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newly formed Fe�NO groups), we performed density func-
tional theory (DFT) calculations on the model compound
[(porphine)Fe(NO)(OC(=O)CF3)]. The BP86/TZVP opti-
mized structure of this model compares well with the crystal
structure of [(TPP)Fe(NO)(OC(=O)CF3)]; the calculated Fe-
N-O angle of 175.88 is identical to the experimentally
determined angle (Supporting Information, Table S1). This
indicates that the slight bending of the Fe�NO unit is an
inherent electronic property of the complex and not a result
of steric restraints imposed by packing of the crystal lattice.
Key molecular orbitals for [(porphine)Fe(NO)(OC(=O)CF3)]
are shown in Figure 4 (charge contributions are listed in the

Supporting Information, Table S2). The main bonding inter-
action between the Fe center and the nitrosyl ligand in this
low-spin compound (with FeII�NO+ character)[6] corresponds
to two strong p-backbonds from the dxz and dyz orbitals of FeII

into the empty p*x and p*y orbitals of NO+, respectively
(Figure 4a,b). The strength of the p-backbond is best
estimated from the charge contributions of the corresponding
antibonding combinations; for example, the MO h129i (that
is, LUMO+1) has 28% d and 65 % p*y character, which
corresponds to a strong interaction. Additionally, a weak s-
bonding MO is observed at lower energy between the dz2

(5%) orbital of Fe and the snb (64 %) orbital of NO
(Figure 4c).

To better understand the electronic effect of the trifluor-
oacetate ligand on the Fe�NO geometry, we compared the
geometry optimized structure of 2 with that of the non-
fluorinated acetate complex [(porphine)Fe(NO)(OC-
(=O)CH3)], where acetate is expected to be a stronger
donor than trifluoroacetate. In the latter case, the Fe-N-O
angle bends by 58 (compared with 2), reflecting a stronger
trans effect of the axial acetate ligand on the bound NO.
Extension of this comparison to the ferric nitrosyls

[(porphine)Fe(NO)(MeIm)]+,[6] [(porphine)Fe(NO)-
(NO2)],[29] and [(porphine)Fe(NO)(SPh)] [7] reveals that the
stronger the donation from the axial (anionic) ligand is, the
weaker the Fe�NO and N�O bonds become (direct correla-
tion), and the more the Fe-N-O units bend (Figure 5, Table 2;
Supporting Information, Table S3). The calculated Fe�NO
and N�O force constants and frequencies and Fe-N-O angles
agree with this trend.

Importantly, the observed Fe�NO bending correlates with
increased backbonding into a s* (a fully Fe-N-O antibonding)
orbital of the Fe�NO unit (for example, Figure 4d), labeled
dz2_s*. This orbital is unoccupied in the Im complex, but
becomes partially occupied by admixture into the occupied
MO that results from the bonding interaction of the s-donor
orbital of the anionic ligand and dz2 of iron (Figure 4d). The
charge contributions for the dz2_s* orbitals are listed in the
Supporting Information, Table S4, for the different complexes
investigated here. As expected, the largest admixture of the
dz2_s* orbital is observed (15% Fe(d) and 4% NO(s*)) for
the thiolate complex having the strongest axial donor and
correspondingly, the most bent Fe-N-O angle. Hence, as

Figure 4. Important molecular orbitals of [(P)Fe(NO)(OC(=O)CF3)]
calculated with BP86/TZVP (P =porphine macrocycle). a) and b) corre-
spond to the strong p backbonding interactions, c) to the weak
s interaction, and d) to the antibonding s*_dz2-type interaction
involved in the bending of the Fe�NO unit.

Figure 5. Optimized geometric parameters of [(P)Fe(NO)(X)] calcu-
lated with BP86/TZVP (P = porphine macrocycle).

Table 2: DFT calculated structural data (BP86/TZVP; [�,8] of represen-
tative ferric nitrosyl porphyrins.

Fe–NO Fe-N-O Fe–X[a]

[(porphine)Fe(NO)(MeIm)]+ 1.644 180.0 2.018
[(porphine)Fe(NO)(OC(=O)CF3)] 1.637 175.8 1.936
[(porphine)Fe(NO)(OC(=O)CH3)] 1.656 170.6 1.905
[(porphine)Fe(NO)(NO2)] 1.676 165.4 2.067
[(porphine)Fe(NO)(SPh)] 1.685 164.4 2.343

[a] The distance between the Fe atom and the coordinating atom of the
ligand trans to NO.
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demonstrated here for the first time, this backbond into the s*
orbital of the Fe�NO unit is responsible for the weakening of
the Fe�NO and N�O bonds, and the bending of the Fe-N-O
unit, over a wide range of axial anionic ligand donor strengths.
The observed bending of the Fe-N-O unit causes a small
reduction of the unfavorable antibonding interaction between
the dz2 orbital of iron and the s* orbital of the formally NO+

ligand, and in this way, leads to a small energy gain of the
system.[7]

In summary, we have successfully prepared the first
member of the elusive class of neutral [(por)Fe(NO)(O-
ligand)] compounds by employing a rare solid–gas two-phase
reaction. The O-coordinated complex complements the
known stable N-bonded and S-bonded derivatives. The
molecular structure of this ferric nitrosyl does not reveal
a lengthening of the trans iron–ligand bond as normally
observed for the more common ferrous nitrosyl porphyrins
with N-base ligands.[30] The observed heme flattening upon
NO binding is remarkable and, combined with our earlier
observation in a cationic derivative,[17] suggests that this
feature may be more common than previously thought. It is
interesting to note that such heme flattening upon binding
NO has been suggested to play a significant role in the
activation of the H-NOX family of sensor proteins that
includes the mammalian enzyme soluble guanylyl cylase
responsible for blood pressure control.[31] Our DFT computa-
tional results and analyses have provided an explanation of
the variation in electronic structure and weakening of the Fe�
NO/N�O bonds and the bending of the Fe�NO units in
a range of ferric heme nitrosyls with varied axial ligand (O-,
N-, S-) donor strengths. Based on these results, it is reasonable
to suggest that the varied trans effects of axial ligands in ferric
heme proteins play significant roles in determining the
physiological functions of the Fe�NO moieties. We speculate,
based on the weak binding of NO in our model ferric
[(por)Fe(NO)(O-ligand)] complex and combined with our
DFT results, that the O-coordinated tyrosine ligand in heme
catalase is critical for preventing the irreversible inhibition of
enzyme activity by NO.

Experimental Section
The five-coordinate compound [(TPP)Fe(OC(=O)CF3)] was synthe-
sized from the reaction of the oxo-dimer [{(TPP)Fe}2(m-O)] with
trifluoroacetic acid, as described previously.[25] Triclinic crystals of
[(TPP)Fe(OC(=O)CF3)] were grown from a 2:1 mixture of CH2Cl2/
cyclohexane at room temperature.

Crystal data for 1·(C6H12): C46H28F3FeN4O2·(C6H12) (Mr =

865.73), triclinic, space group P1̄, a = 11.2285(9), b = 12.0522(9), c =
17.1643(13) �, a = 72.885(2), b = 82.233(2), g = 70.680(2)8, V=
2093.1(3) �3, Z,Z’= 2, T= 100(2) K, R1 = 0.0524 (I> 2s(I)), wR2
(all data) = 0.1407. Crystal data for 2·(C6H12): C46H28F3FeN5O3·
(C6H12) (Mr = 895.74), triclinic, space group P1̄, a = 11.055(9), b =

13.204(10), c = 16.953(13), a = 85.074(9), b = 72.130(9), g =
65.693(8)8, V = 2144(3) �3, Z,Z’= 2,1, T= 100(2) K, R1 = 0.0812
(I> 2s(I)), wR2 (all data) = 0.2494. CCDC 904064 (1) and 904063
(2) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

DFT calculations (geometries and frequencies) were performed
using Gaussian 03 with the BP86 functional and TZVP basis set.
Molecular orbitals were obtained from subsequent single-point
calculations using ORCA. Details of the DFT calculations (such as
geometries, frequencies, charge contributions to important MOs,
force constants) are given in the Supporting Information.

The synthesis and crystallography were performed at the
University of Oklahoma, and the DFT calculations were performed
at the University of Michigan.
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