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Abstract: Although the interaction of low-spin ferric com-
plexes with nitric oxide has been well studied, examples of
stable high-spin ferric nitrosyls (such as those that could be
expected to form at typical non-heme iron sites in biology) are
extremely rare. Using the TMG3tren co-ligand, we have
prepared a high-spin ferric NO adduct ({FeNO}6 complex)
via electrochemical or chemical oxidation of the corresponding
high-spin ferrous NO {FeNO}7 complex. The {FeNO}6 com-
pound is characterized by UV/Visible and IR spectroelectro-
chemistry, Mçssbauer and NMR spectroscopy, X-ray crystal-
lography, and DFT calculations. The data show that its
electronic structure is best described as a high-spin iron(IV)
center bound to a triplet NO¢ ligand with a very covalent iron¢
NO bond. This finding demonstrates that this high-spin iron
nitrosyl compound undergoes iron-centered redox chemistry,
leading to fundamentally different properties than correspond-
ing low-spin compounds, which undergo NO-centered redox
transformations.

Nitric oxide (NO·) is known to have a variety of effects in
mammalian systems, where it acts as a signaling molecule at
low (nanomolar) concentrations and as an immune defense
agent at higher (micromolar) concentrations.[1] Many of the
effects of nitric oxide are mediated by interaction with metal
centers, particularly iron. Although the interaction of NO
with both ferric and ferrous heme iron has been well-
studied,[2] the interaction of NO with high-spin non-heme
iron centers, particularly in the ferric case, is not as well
understood. Correspondingly, although multiple low-spin
(diamagnetic) ferric NO adducts ({FeNO}6 in the Enemark–
Feltham notation)[3] are known in the literature, only one
well-characterized high-spin (paramagnetic) {FeNO}6 com-
plex has been reported to date.[4, 5] However, this complex
employs a tri-anionic tripodal thiolate ligand and is therefore
dissimilar to typical biological non-heme iron sites. On the
other hand, as has been shown previously, the neutral
TMG3tren ligand (1,1,1-tris{2-[N2-(1,1,3,3-tetramethylguani-
dino)]ethyl}amine, Scheme 1) is able to stabilize iron in high
oxidation states due to its strong donicity and typically favors

high-spin electronic configurations.[7] This precedent suggests
that it may be possible to generate a rare high-spin {FeNO}6

species (1) from the corresponding {FeNO}7 complex (2)
previously reported by our group.[8]

Here, we report the synthesis of a high-spin {FeNO}6

complex [Fe(TMG3tren)(NO)]3+ (1) generated via oxidation
of 2, which is the first example of a paramagnetic {FeNO}6

compound with a neutral co-ligand. This is also the first
paramagnetic {FeNO}6 complex that can be characterized in
the corresponding {FeNO}7 and {FeNO}8 oxidation states. The
spectroscopic parameters and structural features of 1 are used
to demonstrate that this complex is best described as a high-
spin FeIV¢NO¢ species. Finally, the electronic structures of the
set of TMG3tren {FeNO}6–8 complexes are contrasted to those
of corresponding low-spin systems.

Previously, we reported that 2 undergoes a reversible one-
electron reduction at ¢1.34 V vs. ferrocene/ferrocenium to
yield a metastable {FeNO}8 complex (3).[8] The cyclic voltam-
mogram of 2 in acetonitrile also exhibits a chemically
reversible {FeNO}6/7 couple at + 0.67 V vs. ferrocene/ferroce-
nium (Figure S1 in the Supporting Information). In order to
determine the spectroscopic features of the oxidized com-
pound (1), we first performed UV/Visible (Figure 1) and
infrared (Figure 2) spectroelectrochemistry experiments.

Scheme 1. Structure of the TMG3tren iron nitrosyl complex.

Figure 1. UV/Visible spectroelectrochemistry showing the oxidation of
2 to 1 in CH3CN.
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In the UV/Vis spectrum, the high-intensity band at
365 nm (e = 6300 m¢1 cm¢1) in 2 is replaced by two features
at 394 nm (e = 5400 m¢1 cm¢1) and 515 nm (e = 6100 m¢1 cm¢1)
upon oxidation, corresponding to a color change from brown
to deep red. A similar change in the absorption spectrum was
reported for the oxidation of a TMG3tren FeIII¢CN complex
to an FeIV¢CN complex; in this case, the high-intensity bands
were assigned as LMCT bands originating from the
TMG3tren ligand.[7c] The analogous changes in UV/Vis
features upon oxidation of 2 to 1 hint at an unusual FeIV

oxidation state for 1 (since 2 is best described as an FeIII¢NO¢

complex). Additionally, upon oxidation of 2 to 1 an extremely
broad, low-intensity band grows in at ca. 980 nm (e

� 440 m¢1 cm¢1). A similar feature has been observed in the
TMG3tren FeIV=O complex, and was assigned as an a(dxz/
dyz!dz2 ) transition,[7d] which further suggests that 1 could
have a similar high-spin d4 electron configuration.

In the IR spectrum, the N¢O stretch of 2 at 1750 cm¢1 is
replaced by a peak at 1879 cm¢1 upon oxidation, which can be
assigned as the N¢O stretch based on comparison to the
15N18O isotopolog. The magnitude of the upshift upon
oxidation is nearly identical to the 130 cm¢1 downshift
observed in the iron-centered reduction of 2 to 3,[8] implying
that the oxidation of 2 to 1 is also iron-centered.

Complex 1 can be generated in bulk by chemical oxidation
with the radical cation thianthrenyl tetrafluoroborate (see
Figures S2–S4). The 1H-NMR spectrum of 1 exhibits broad,

paramagnetically shifted resonances (Figure S5) and a solu-
tion magnetic moment of 3.2 mB (determined using the Evans
method) indicative of an S = 1 spin state, which is consistent
with the other reported paramagnetic {FeNO}6 complexes.[4,5]

In order to further characterize the series of {FeNO}6–8

complexes, Mçssbauer spectra of frozen solutions of 1–3 were
recorded (Table 1, Figures S6–S8). Due to the generally
observed non-innocence of NO as a ligand, the redox state
of the iron center cannot be definitively assigned by the
isomer shift (d) alone, since d is correlated with both Fe-
ligand p-bonding and iron oxidation state.[9] However, the
relatively large magnitude of the stepwise change in d along
the {FeNO}6–8 series is suggestive of iron-centered redox
chemistry (Table 1). Interestingly, both d and the quadrupole
splitting (jDEQ j) of 1 are extremely similar to the values for
the S = 2 TMG3tren FeIV=O complex.[7a] This similarity is due
to the fact that NO¢ , like the oxo ligand, acts as a strong p-
donor in high-spin complexes (see below). This observation
implies an FeIV¢NO¢ electronic structure for 1. In contrast,
the Mçssbauer parameters of the S = 0 TMG3tren FeIV¢CN
complex[7c] are significantly different from those of 1.

Although it is unstable at room temperature, 1 is suffi-
ciently stable at ¢35 88C to allow for crystallization (Figure 3,
Table 1).[10] The Fe¢N¢O bond of 1 is completely linear,
compared to the bent Fe¢N¢O bond of 2[8] and other {FeNO}7

complexes.[11] Linearization of the Fe¢N¢O moiety in
{FeNO}6 complexes has been observed previously for low-

Figure 2. IR spectroelectrochemistry showing the oxidation of 2 to
1 (top) and 2-15N18O to 1-15N18O (bottom) in CD3CN.

Table 1: Comparison of structural and spectroscopic parameters for the TMG3tren {FeNO}6–8 series to selected compounds from the literature.

Compound Fe¢N
[ç]

N¢O
[ç]

Fe-N-O
[88]

Avg.
Fe¢Nguan [ç]

Fe¢Namine

[ç]
S d

[mms¢1]
jDEQ j
[mms¢1]

n(NO)
[cm¢1]

Ref.[e]

{FeNO}6, 1 1.680 1.142 179.9 1.966 2.020 1 0.06[a] 0.48[a] 1879[b] t.w.
{FeNO}7, 2 1.748 1.154 168.0 2.037 2.251 3/2 0.48[a] 1.42[a] 1750[b] [8], t.w.
{FeNO}8, 3 1 0.84[a] 2.78[a] 1618[b] [8], t.w.
[FeIV(TMG3tren)(O)]2+ 2.006 2.112 2 0.09[c] 0.29[c] [7a,b]
[FeIV(TMG3tren)(CN)]3+ 0 ¢0.19[c] 4.45[c] [7c]
{FeNO}6 [Fe(PS3*)(NO)] 1.676 1.154 175.2 1 1807[d] [4]
{FeNO}7 [Fe(NS3)(NO)]¢ 1.756 1.11

1.18
145.9
147.8

2.178 3/2 1639[d] [4]

[a] Measured at 4.2 K in frozen 1:1 propionitrile:butyronitrile solution. [b] In CH3CN solution. [c] Measured at 4.2 K in frozen CH3CN solution. [d] Nujol
mull. [e] t.w. = this work.

Figure 3. Crystal structure of 1 with thermal ellipsoids shown at 30%
probability. Hydrogen atoms, solvent (CH3CN) molecules, and tetra-
fluoroborate counterions have been omitted for clarity. Color code:
blue N, red O, orange Fe, gray C.
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spin systems.[2] Oxidation leads to a decrease in
the Fe¢N(O) bond length in 1 as compared to 2,
whereas the N¢O bond length is only marginally
decreased in 1. Although no structural character-
ization is available for the {FeNO}7 form of
[Fe(PS3*)(NO)] (which is the only other structur-
ally characterized paramagnetic {FeNO}6 com-
plex), the {FeNO}7 form of the closely related
complex [Fe(NS3)(NO)]¢ was structurally char-
acterized; the geometric differences between the
{FeNO}6 and {FeNO}7 compounds are qualita-
tively similar to those in 1 and 2 (Table 1).[4]

Interestingly, the bonds to the TMG3tren co-
ligand in 1 are much shorter than those reported
for any other iron-TMG3tren structure, including
the analogous FeIV = O complex (Table 1) which
again strongly implies an FeIV center for 1.[7b]

Taken together, the structural and spectroscopic
data all support the assignment of 1 as an FeIV¢
NO¢ species.

To gain further insight into the nature of the
bonding in this system, density functional theory
(DFT) calculations were employed. The calcu-
lated geometric and spectroscopic parameters of 1, 2, and 3
are all in excellent agreement with experimental values
(Tables S2–S3). In particular, the DFT-calculated and exper-
imental d values show a strong linear correlation (Figure 4),
which indicates that DFT is able to properly describe bonding
trends within this series. As reported previously, the elec-
tronic structure of 2[8] and other high-spin {FeNO}7 com-
plexes[11, 12] is best described as a high-spin FeIII center
antiferromagnetically coupled to triplet NO¢ . The NO¢ in
these systems acts as a weak p-acceptor (a-spin), but mainly
as a strong p-donor (b-spin) into the iron dxz and dyz orbitals
(where the z-axis lies along the Fe¢N(O) bond vector),
resulting in a highly covalent Fe¢NO bond.[13] The DFT
calculations reveal an FeIV¢NO¢ electronic structure for
1 consistent with experimental findings. Due to the higher
effective nuclear charge of the iron center in 1 as compared to
2, the NO¢ moiety donates additional electron density into
the Fe d-orbitals in 1, making the Fe¢NO bond even more

covalent. This finding is consistent with a previous study
which showed that Fe¢NO bond covalency increases with
increasing effective nuclear charge of the iron center in
a series of {FeNO}7 complexes.[13] The increase in the
covalency of the Fe¢NO bond is reflected by the composition
of the magnetic orbitals (Figure 5, bottom), where the orbitals
of 1 show increased Fe character as compared to 2. On the
other hand, upon reduction of 2 to the {FeNO}8 (FeII¢NO¢)
complex 3, a decrease in the covalency of the Fe¢NO bond is
observed.

In contrast to the iron-centered redox chemistry for the
high-spin complexes 1–3, the redox chemistry in low-spin iron
nitrosyl systems has been shown to be primarily NO-centered,
which is supported by the spectroscopic features of these
complexes. For example, in the [Fe(cyclam-ac)(NO)]n (n = 0,
+ 1, + 2) system, N¢O stretching frequencies of 1903 cm¢1,
1607 cm¢1, and 1271 cm¢1 and d values of 0.01 mm s¢1,
0.26 mms¢1, and 0.41 mms¢1 are observed for the {FeNO}6,
{FeNO}7, and {FeNO}8 complexes, respectively. The large
changes in N¢O stretching frequencies and small changes in d

values are in accordance with more NO-centered redox
chemistry in low-spin systems.[14] Heme complexes generally
behave in a similar way. Thus, in heme systems, the N¢O
stretching frequencies for 5-coordinate {FeNO}6, {FeNO}7,
and {FeNO}8 complexes are approximately 1850 cm¢1,
1680 cm¢1, and 1460 cm¢1, respectively.[2, 15]

In the TMG3tren system, however, the N¢O stretch
increases only moderately (approximately 130 cm¢1) upon
oxidation, and the Mçssbauer isomer shift decreases more
significantly (approximately 0.4 mm s¢1) in line with the fact
that the redox chemistry is iron-centered. These results show
how the electronic structures of iron nitrosyls are dependent
on the spin state. We are currently investigating the reactivity
differences that result from this. In particular, low-spin heme
{FeNO}6 complexes are known to be electrophilic due to their
FeII¢NO+ electronic structure.[2] In contrast, since 1 has an

Figure 4. Correlation of experimental and DFT-calculated d (at the
B3LYP level) for 1–3 and selected TMG3tren compounds (see Table 1).

Figure 5. MO diagrams for the high-spin TMG3tren {FeNO}6–8 series. The b-spin
magnetic orbitals (boxed), which constitute the primary Fe¢NO bonding interaction
(NO¢ to Fe p donation), are shown with the percentage of iron and NO character
indicated. Sab denotes the overlap between the a-spin and b-spin orbitals and is an
indicator of covalency in the Fe¢NO unit (a larger Sab indicates a more covalent
bond).
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FeIV¢NO¢ electronic structure and a highly covalent Fe¢NO
bond, the complex is not expected to be appreciably electro-
philic. Additionally, low-spin {FeNO}6 model complexes are
intrinsically unstable with respect to NO loss,[2] whereas NO
loss from 1 is not observed even under vacuum (Figure S9).

In summary, complexes 1–3 represent the first reported
high-spin {FeNO}6–8 series. Our data show that the {FeNO}6,
{FeNO}7, and {FeNO}8 complexes have FeIV¢NO¢ , FeIII¢
NO¢ , and FeII¢NO¢ electronic structures, respectively, indi-
cating that in high-spin non-heme iron nitrosyl complexes of
the form reported in this work, all readily accessible redox
chemistry is iron-centered.
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