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ABSTRACT: We report the synthesis, structure, and
reactivity of [Fe(T1Et4iPrIP)(OTf)2] [1; T1Et4iPrIP =
tris(1-ethyl-4-isopropylimidazolyl)phosphine]. Compound
1 reacts reversibly with nitric oxide to afford [Fe-
(T1Et4iPrIP)(NO)(THF)(OTf)](OTf) (2), which is the
first example of a 6-coordinate {FeNO}7 S = 3/2 complex
containing a linear Fe−N−O group. 2 exhibits the highest
ν(NO) for compounds in this class. Density functional
theory studies reveal an enhanced degree of β-electron
transfer from π*(NO) to the Fe d orbitals accounting for
the large stretching frequency.

Class III nonheme dioxygenases possess iron(II) coordina-
tion sites bearing three histidine residues, which contrasts

with Class I and II sites containing 2His-1-carboxylate metal
binding sites. The lack of a carboxylate group in the first
coordination sphere renders the iron site more Lewis acidic by
altering the mechanism for dioxygenase reactivity. Enzymes
containing His3 metal binding sites include gentisate 1,2-
dioxygenase, salicylate 1,2-dioxygenase, 3-hydroxyanthranilate
3,4-dioxygenase, 1-hydroxy-2-naphthoate dioxygenase, and
cysteine dioxygenase.1 These enzymes belong to the cupin
superfamily characterized by two highly conservative sequence
motifs of G(X)5HXH(X)3,4E(X)6G and G(X)5PXG(X)2H-
(X)3N.

2 Nitric oxide has been used to characterize ferrous active
sites because they are electron paramagnetic resonance (EPR)
silent and do not exhibit low-energy absorption bands.3 Although
many nonheme enzymes form stable Fe-NO complexes, a
number of them are known to react reversibly3a with the
formation of paramagnetic nitrosyl iron centers, which according
to the Enemark and Feltham notation are of the {FeNO}7 type.5

These nonheme iron enzyme nitrosyl derivatives invariably
possess an EPR-active S = 3/2 ground state characterized by an
axial EPR spectrum with gx, gy, and gz values of ∼4, ∼4, and ∼2,
respectively. Researchers have used Raman, magnetic circular
dichroism, EPR, Mössbauer spectroscopies, SCF-Xα-SW, and
generalized gradient approximation (GGA) density functional
theory (DFT) calculations and have determined that these
{FeNO}7 (S = 3/2) species are the result of high-spin ferric (S =
5/2) antiferromagnetically coupled to NO− (S = 1).3b,6 The
acquisition of synthetic complexes capable of reversibly binding
NO is an important aspect for accurately modeling these
enzymes. In our efforts to synthesize models that reproduce the
reversibility of iron nitrosyl formation, we have employed the
ligand tris(1-ethyl-4-isopropylimidazolyl)phosphine (T1Et4i-

PrIP).7 The reaction of T1Et4iPrIP with Fe(OTf)2·2MeCN
affords [Fe(T1Et4iPrIP)(OTf)2] (1; Figure 1). In the structure

of 1, iron(II) is bonded to three imidazole N atoms in a facial
manner along with twoO atoms from the triflates to afford highly
distorted trigonal-bipyramidal geometry (τ = 0.33)8 with one O
atom and one N atom occupying the apical positions.
The reaction of a colorless solution of 1 in tetrahydrofuran

(THF) with nitric oxide at 25 °C yields a yellow-brown solution
(Figure S1 in the Supporting Information, SI). The three-band
pattern in the UV−vis spectrum, with relatively intense
absorption features in the near-UV region, followed by an
absorption band with intermediate intensity in the 400−500 nm
region and a weaker absorption band between the 600 and 700
nm region is characteristic of iron nitrosyl compounds.9 The
band centered at ∼455 nm is assigned to a Fe−NO metal-to-
ligand charge-transfer band. When a vacuum is applied to the
reaction mixture or argon is bubbled into the solution, the band
near 455 nm diminishes, giving a spectrum similar to that of the
starting material. This process is reversible over several cycles.
The crystal structure for the nitrosyl adduct reveals a bound

NO molecule along with a coordinated THF and triflate group.
The asymmetric unit cell contains two iron cations and two
triflate groups. One of the cations (Figure 2) shows a slightly
bent Fe−N−O unit with an angle of 168.6(5)° and Fe−NO and
N−O distances of 1.765(5) and 1.146(6) Å, respectively, while
the other exhibits a more linear Fe−N−O unit with an angle of
174.4(4)°, a Fe−NO distance of 1.763(5) Å, and a N−O
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Figure 1. (a) T1Et4iPrIP and (b) a thermal ellipsoid plot (50%
probability) for 1. H atoms have been omitted for clarity.
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distance of 1.153(6) Å. The observed Fe−N−O angles can
mostly be ascribed to electronic and not steric effects because the
nearest interaction between the O atom of NO and the ligand is
3.174 Å (O1−C12). Having Fe−N−O angles greater than 165°
constitutes 2 as the first example of a linear FeNO complex in this
class.10

The EPR spectrum for 2 in toluene/THF glass at 77 K shows S
= 3/2 signals with effective g values of 3.90 and 2.01 (Figure S2 in
the SI). These data are in accordance with the well-established
electronic structure of nonheme ferrous nitrosyls, which show
FeIII−NO− ground states where the high-spin FeIII and NO− (S =
1) are antiferromagnetically coupled.3b The high concentration
(20 mM) needed to achieve a good signal suggests a low
concentration of this species, however.
Although 2 is relatively stable in a THF/pentane solution at 25

°C under an atmosphere of NO, Park et al.11 observed that
[Fe(PhTIP)(acac)(NO)] [PhTIP = tris(2-phenylimidazol-4-
yl)phosphine] was only moderately stable at −40 °C in MeCN.
The difference in the nitrosyl-adduct stability could be due to
either the higher steric shielding and/or greater electron-
withdrawing nature of the 4-phenyl groups on PhTIP or the
lack of a 1-alkyl group on the imidazole ring (compared to
T1Et4iPrIP). Like 2, [Fe(6TLA)(BF)](ClO4)

9a {6TLA =
tris[(6-methyl-2-pyridyl)methyl]amine; BF = benzoylformate}
reversibly binds NO to afford the nitrosyl adduct [Fe(6TLA)-
(BF)(NO)](ClO4).
Vibrational spectroscopy was used to further characterize the

nature of the Fe−NOunit in 2 (Figure S3 in the SI). Importantly,
the IR spectra of 2 (KBr) exhibits a ν(NO) stretching frequency,
which is the highest (1831 cm−1) observed for 6-coordinate
iron(II) nitrosyl complexes with {FeNO}7 (Figure 3 and Table
S1 in the SI), occurring only 44 cm−1 below the stretching
vibration of free NO (1875 cm−1)!12 When the spectrum is taken
in a THF solution, we observe a value of 1820 cm−1, suggesting
that crystal packing may have some influence on the solid-state
value.
There is a positive correlation between the Fe−N−O bond

angle for 6-coordinate {FeNO}7 complexes and ν(NO) (Figure
3).3b,9a,13−20 The average Fe−N−O angle (171.5°) for 2 is used
in this plot. Such a correlation was previously observed for 5-
coordinate {FeNO}7 complexes.15 The correlation is particularly
strong when compounds exhibiting spin-crossover15,22 and close
contacts between the coordinated NO and other ligands6a,21 are
excluded.

In a study of 5-coordinate complexes,23 the relationship seen
in Figure 3 was reversed. One explanation for this could be that
the observed Fe−N−O angle was not under electronic but steric
control. The interaction between the NO group and ligand
substituents could influence ν(NO), thus masking the
correlation. It can be seen that the least influenced NO ligand
in this study along with a recent example24 correlates well with
the previously mentioned study.15

DFT calculations have previously been performed on FeNO
compounds.9b,24 The PBE0 6-31+G*-optimized structure on the
cation of 2 shows excellent agreement with experimental values.
The Fe−NO distances of 1.765 and 1.789 Å are only slightly
smaller than the calculated value of 1.795 Å. Fe−N−O angles of
164.5 and 174.4° are very close to the calculated value of 173.24°.
The N−O bond distances of 1.146 and 1.153 Å (calcd: 1.157 Å)
also compare well. Most importantly, the calculated N−O
stretching frequency of 1839 cm−1 (scale factor = 0.938) is very
close to the experimental (KBr) value (1831 cm−1). Thus, the
DFT results essentially reproduce the experimental metric and
vibrational values. Analysis of the molecular orbital (MO)
diagram demonstrates an electronic-structural description that is
consistent with the high-spin FeIII−NO− bonding scheme.3b

Correspondingly, in the α-spin MO diagrams, all of the Fe d
orbitals are (singly) occupied. In the applied coordinate system
(Fe−NO vector corresponding to the z axis), the dxz and dyz
orbitals do not participate in back-bonding with the two
unoccupied α−π* orbitals of NO.
In the β-spin MO diagram, all of the Fe d orbitals are empty,

whereas the β−π* orbitals of NO are occupied. These occupied
orbitals are situated to donate into the empty β-spin dxz and dyz
orbitals of Fe. The strength of this interaction can be estimated
from the corresponding antibonding combinations β193 (42%
dyz, 58% π*) and β194 (38% dxz, 62% π*) for the cation of 2,
which show significant Fe d orbital and NO π* character (see
Figure 4). As a result, the π donation from NO− is significant.
This result was also observed in [Fe(BMPA-Pr)Cl(NO)].13

The calculated spin-density values for Fe and NO are +3.93
and −1.15, respectively. These values reflect the strong donation
of negative (β) spin density from NO to Fe, rendering NO to
appear closer to NO• and Fe closer to Fe2+. Because the donation
originates from N−O π* orbitals, a strengthening of this
interaction should result in a strengthening of the N−O bond
and a corresponding increase in the N−O stretch. The
description of NO as closer to that of NO• could account for
the greater reactivity compared to that of [Fe(BMPA-Pr)Cl-
(NO)]. Additionally, Lehnert and co-workers observed that

Figure 2. Thermal ellipsoid plot (50% probability) for [Fe-
(T1Et4iPrIP)(THF)(OTf)(NO)]+ (cation of 2). H atoms have been
omitted for clarity.

Figure 3. Plot of the Fe−N−O angle versus ν(NO) for 6-coordinate
{FeNO}7 compounds (linear fit, R = 0.95).3b,9a,13−20
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decreasing the negative charge on the iron center results in
increasing the iron’s ability to accept electron donation from
bound NO−.13 Unlike [Fe(BMPA-Pr)Cl(NO)], we do not
observe back-bonding between Fe α−dz2 and α−π* of NO−

because of the near-linearity of the Fe−N−O bond in 2. The lack
of α-spin donation from Fe toNO could also account for the long
Fe−NO bond distance.
In summary, we have synthesized an accurate model for His3

enzymes. The model reversibly binds nitric oxide to generate a 6-
coordinate {FeNO}7 iron nitrosyl species with a nearly linear
Fe−N−O bond angle. The ν(NO) stretching vibration is the
highest recorded to date, and a strong correlation between the
Fe−N−O bond angle and ν(NO) is observed when these
parameters are plotted for other known 6-coordinate {FeNO}7

complexes. Computational studies indicate that the bonding in
the nitrosyl group can be described as a high-spin FeIII (S = 5/2)
antiferromagnetically coupled to NO− (S = 1), where the Fe−
NO bond consists mostly of β electrons being donated back to
the iron center. This accounts for the high N−O vibrational
frequency.
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Figure 4. β-spin isosurface plots for Fe d orbitals and π* orbitals of NO
for the cation of 2: (a) β193 (Fe 42%, NO 58%); (b) β194 (Fe 42%, NO
58%).
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