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Abstract: Non-heme high-spin (hs) {FeNO}® complexes have been
proposed as important intermediates towards N2O formation in
flavodiiron NO reductases (FNORs). Recent studies on diiron model
complexes have further demonstrated this reactivity. At the same time,
many hs-{FeNO}® complexes actually disproportionate by forming
dinitrosyl iron complexes (DNICs). However, the mechanism of this
reaction is not understood. In the process of investigating this reaction
further, we isolated a new type of non-heme iron-nitrosyl complex that
is stabilized by an unexpected spin state change. The hs-{FeNO}’
complex, [Fe(TPA)(NO)(OTf))(OTf) (1), was synthesized first and
characterized by different spectroscopic methods and X-ray
crystallography. Upon reduction of 1 with 1 eq. of CoCp2, the N-O
stretching band of 1 disappears, but no sign of DNIC or N2O formation
is observed. To our surprise, we isolated and structurally
characterized a dimer, [Fe2(TPA)2(NO)2](OTf)z (2). We propose that
this species is formed from dimerization of the initially formed hs-
{FeNO}? intermediate, followed by a spin state change of the iron
centers to low-spin (Is). This complex is further characterized by
Méssbauer and vibrational spectroscopy. We speculate that the
dinuclear structure of 2 models corresponding intermediates in hs-
{FeNO}® complexes that precede the disproportionation reaction.

serves, for example, as a signaling molecule that

regulates blood pressure and mediates nerve signal
transduction in mammals at low, nanomolar concentrations.!"!
Higher concentrations of NO are acutely toxic and are used by
mammals for immune defense.? More recently, the one-electron-
reduced form of NO, nitroxyl (NO/HNO), has been shown to
mediate a wide range of biological responses.®! For example,
both ferric and ferrous hemes are capable of binding HNO to form
{FeNO}" and {Fe(H)NO}® complexes, respectively.*! ‘Such
{Fe(H)NO}® type species have also been proposed as key
intermediates in the catalytic cycles of fungal NO reductase (Cyt.
P450nor) and multiheme Cyt c nitrite reductase.”® In contrast, the
coordination chemistry of non-heme iron centers with nitroxyl is
not well developed. Recent studies on model complexes for

N itric oxide (NO) is ubiquitous in biological systems and
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flavodiiron NO reductases (FNORs) have demonstrated that
stable high-spin (hs) diferrous dinitrosyl complexes, [hs-{FeNO}'],,
can be activated by reduction to the hs-{FeNO}?, or Fe(ll)-nitroxyl,
state for NO formation.®! FNORs are important enzymes in
bacterial pathogenesis, as they protect infectious microbes from
the mammalian immune defense agent NO.! Whereas few
mononuclear non-heme iron-NO model complexes have been
shown to generate N,O upon reduction to the hs-{FeNO}® state,®
the main reactivity of these complexes seems to be
disproportionation, leading to the formation of dinitrosyl iron
complexes (DNICs):19

2 hs-{FeNO}’ + 2e~ > 2 hs-{FeNO}® > {Fe(NO)}'® + Fe(ll) (1)

However, the mechanism of this disproportionation, which
constitutes an elegant pathway for the generation of DNICs from
simple non-heme iron centers, is unknown. Clearly, more work is
necessary to elucidate the biologically-relevant reactivity of non-
heme hs-{FeNO}® complexes. DNICs of {Fe(NO),}*"° type are
important in mammalian physiology, as they serve as a major pool
of NO.'" In addition, DNICs with histidine ligation have been
proposed to form at the non-heme diiron core of the ferric uptake
regulation protein (Fur),['" in serum albumin,['? and in ferritin.['%
In this regard, understanding the reactivity of hs-{FeNO}®
complexes provides important insight into how diiron sites can be
predispositioned for the diverging functions of N.O or DNIC
formation. However, the unstable nature of non-heme hs-{FeNO}®
complexes has so far prevented the isolation of any intermediates
prior to DNIC formation.['4]

In this study, we further investigated the reactivity of hs-{FeNO}®
complexes with TPA (tris(pyridylmethyl)amine) and related
coligands. In particular, we report the serendipitous discovery of
a Fey(NO), diamond core structure, which is unprecedented in
non-heme iron-NO chemistry. This core structure is stabilized by
a change in spin state of the iron centers to low-spin (Is) Fe(ll). In
contrast, a TPA derivative with a weaker ligand field that cannot
support the spin-state change to Is proceeds to DNIC formation.
These complexes were further characterized by X-ray
crystallography, and Mdssbauer and vibrational spectroscopy.

The ligand TPA was synthesized according to reported
procedures, and characterized by 'H-NMR spectroscopy.['
Metallation of TPA was carried out using Fe(OTf),*2CH3CN in
CH3CN to obtain a pure red solid of [Fe(TPA)(CH3CN).](OTf)s.
Synthesis of [Fe(TPA)(NO)(OTf)](OTf) (1) was accomplished by
reacting the red solution of [Fe(TPA)(CH3CN),](OTf), in CHsCN
with excess NO gas, which led to an immediate color change to
black. Complex 1 was isolated as a pure black solid upon
crystallization. The formation of 1 is evident from UV-Vis
spectroscopy, which shows the disappearance of the intense
bands at 320 and 380 nm of the ferrous precursor, and the
appearance of new bands at 326, 403, 490 and 655 nm upon
reaction with NO (Figure S1). The solid state IR spectrum of
complex 1 shows the characteristic N-O stretching band of a hs-
{FeNO}’ complex at 1806 cm™', which shifts to 1766 cm™' with



NO and 1732 cm™ with N0 (Figure S3). The cyclic
voltammogram of 1 is unusual, and shows two irreversible redox
events at -690 mV and -1240 mV versus Fc*/Fc, respectively
(Figure S11). The first event corresponds to the one-electron
reduction of complex 1, forming an unstable hs-{FeNO}® complex,
1red. This wave remains irreversible, even when the scan is
stopped prior to the second redox event. The second redox event
likely originates from a new species formed from 1red. EPR
spectra of 1 in CH,Cl, show an axial signal at g = 3.91 and 2.00,
characteristic of a non-heme hs-{FeNO}’ complex with S;= 3/2
(Figure S13, top). Surprisingly, the EPR spectrum of 1 in CH3CN
shows a new EPR signal at g = 2, indicating the partial formation
of a Is-{FeNO}’ complex with S; = 1/2 in this solvent (Figure S13,
top). This observation is supported by the appearance of a new
signal at 1701 cm™ in the solution IR spectrum of 1 in CH;CN
(Figure S13, bottom). In this regard it should be noted that ferrous
TPA complexes are close to the spin crossover point as
previously reported.["® In our case, the coordination of the solvent
CH3CN is likely responsible for the spin change behavior,
according to the equilibrium:

[Fe(TPA)(NO)(OTf)]* + CH3CN <==> [Fe(TPA)(NO)(CH3CN)]*

+ OTf (2)
where the CH3;CN-coordinated compound is then Is. To test this
hypothesis further, we prepared the analogous hs-{FeNO}’
complex with the weakly-coordinating tetrafluoroborate (BF4")
counter ion, 1-BF,. In the solid state, this complex shows the N-O
stretch at 1795 cm™'. In CH3CN solution, the EPR spectrum of 1-
BF4 now shows the major signal at g = 2.00, indicating dominant
formation of the Is (St = 1/2) complex [Fe(TPA)(NO)-
(CH3CN)])(BF4)2 (Figure S18). In the solution IR spectrum of 1-
BF,4in CH3CN, the N-O stretch is observed at 1701 cm™, identical
to complex 1 in CH3CN, indicating that the same Is species forms.
These observations strongly support our hypothesis that CH3;CN-
coordination is the cause for the spin state change in complex 1.
This conclusion is further support by density functional theory
(DFT) calculations (B3LYP*/TZVP), which show that the hs state
of complex 1 is 3 kcal/mol lower in energy in comparison to the Is
state. Upon replacing the bound triflate in 1 with a CH3zCN solvent
molecule, the hs and Is states become isoenergetic, with the Is
state at slightly lower energy (0.34 kcal/mol). Spin density
analysis shows that the Is complex (with CH3;CN bound) has a
Fe(ll)-NO- type electronic structure, typically observed for six-
coordinate ferrous heme-nitrosyls.!"”!

Crystals suitable for X-ray diffraction were obtained via diffusion
of diethyl ether into a saturated solution of 1 in acetonitrile (Figure
1). As has been observed previously for other non-heme hs-
{FeNO}’ complexes, 1 exhibits a pseudo-octahedral geometry
with a triflate counter ion bound in the sixth coordination site.
Complex 1 shows Fe-NO and N-O bond lengths of 1.76 and 1.14
A, respectively. Interestingly, the Fe-N-O angle is 170°, which is
surprising, considering that there is not much steric hindrance
present in the TPA ligand scaffold. Similar linear Fe-N-O angles
have been observed in other hs-{FeNO}’ complexes with v(N-O)
> 1800 cm'.['8 This indicates that the linear Fe-N-O angle in 1
originates from electronic factors, i.e. a very covalent Fe-NO bond
due to an electron-poor Fe center.['819]
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Figure 1. Crystal structure of complex 1 with ellipsoids drawn at 50% probability.
The triflate counter anion, solvent molecules, and hydrogen atoms are omitted
for clarity.

Upon reduction of 1 with 1 eq. of CoCp,in CH.ClI; (in which 1
is 100% hs) the solution immediately changes color from black to
bright orange, indicating the formation of a new species (2). UV-
Vis spectroscopic titration of 1 with CoCp, shows a complete
transformation of 1 with one equivalent of reductant via
appearance of a new, highly intense band at 445 nm (Figure S2).
Both solid state and solution IR spectra show the disappearance
of the intense N-O stretching band of 1 upon reduction to 2 (Figure
3 and Figure S6), but surprisingly, no new band is observed at
~2220 cm™ (N20) and within the 1600-1800 cm-" region (expected
for DNIC and hs-{FeNO}® complexes). This indicates the
possibility of NO dissociation from our metal complex upon
reduction. However, mass spectrometry shows an m/z of 376.09
that shifts to 377.09 with >NO and 379.09 with N80 (Figure
S19-20). This proves that NO is still bound to the reduction
product; however, the N-O stretch must have somehow shifted to
significantly lower energy (<1500 cm"). At the same time, the 'H-
NMR spectrum of the isolated product 2 shows a normal
diamagnetic NMR spectrum, and all the protons of the ligand
scaffold can be identified and integrated accordingly (Figure S22).
The Evans method further confirms that the compound is strictly
diamagnetic at room temperature. The Méssbauer isomer shift of
2 (6 = 0.31 mm/s) supports the formation of diamagnetic low-spin
Fe(ll) centers (Figure 4). This suggests the clean formation of an
St = 0 species upon reduction of 1, instead of the expected DNIC
formation according to eqgn. 1.



Figure 2. Crystal structure of complex 2 with ellipsoids drawn at 50% probability.
The triflate counter anion, solvent molecules, and hydrogen atoms are omitted
for clarity.

To determine the exact nature of the reduced product, crystals
suitable for X-ray diffraction were grown from diffusion of diethyl
ether into a saturated solution of 2 in acetonitrile. To our surprise,
complex 2 is formed by the dimerization of two hs-{FeNO}? units,
bridged by the two NO molecules (Figure 2), with a molecular
formula of [Fex(TPA)(NO),](OTf).. To our knowledge, this is the
first observation of an Fez(NO)2 core in non-heme iron-NO
chemistry. Further characterization by IR spectroscopy reveals
the antisymmetric (as) N-O stretching frequency of 2 at 1350 cm-
" that shifts to 1330 cm™' with ®NO and 1306 cm™" with ®N'80
(Figures 3 and S4). In comparison, the hs-{FeNO}® complex
[Fe(TMGstren)(NO)]* shows v(N-O) at 1618 cm™.['*l The low N-O
stretching frequencies observed for 2 indicate coordination of
singlet NO-, i.e. complex 2 contains two Is-Fe(ll) centers (S = 0)
bound to two 'NO- units (S = 0) and is therefore strictly
diamagnetic.
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Figure 3. IR spectra of solid samples of complex 2 with n.a.i. NO (black) and
5NO (red).
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To further explore the electronic properties of this new complex,
DFT calculations were performed. Geometry optimization of 2
with diamagnetic, bridged Is-{FeNO}® centers (using BP86/TZVP,
which has been shown to give good structures for nitrosyl
complexes)?) shows good agreement with the structural
parameters of 2 (Table S22). Subsequent frequency calculations
predict vas(N-O) = 1364 cm™ and vgm(N-O) = 1399 cm™ with
BP86/TZVP, where vgm(N-O) is not IR active (due to the
centrosymmetric Fex(NO), core). The calculated vas(N-O) is in
very good agreement with experiment. Calculated Mdssbauer
parameters are also in excellent agreement with experimentally
determined parameters (5 = 0.31(exp)/0.28(calc) mm/s and |AEq|
= 1.40(exp)/1.66(calc) mm/s) and indicate that the Fe centers are
in the Is +II state (Figure 4). As predicted by DFT, we do not
observe the symmetric N-O stretch of complex 2. Interestingly,
DFT calculations with hybrid functionals like B3LYP overestimate
the stretching frequencies of the bridging NO ligands in the
diamond core (see Table S25). In contrast, calculations where
both of the iron centers are in the hs state immediately quench to
the S; = 0 spin state with various functional and basis set
combinations, suggesting that the Is state of this complex is
favorable, thus preventing us from directly calculating the energy
of the analog of 2 where the Fe(ll) centers are hs.
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Figure 4. Mossbauer spectrum of complex 2 recorded at 4.2 K in an external
53-mT magnetic field applied parallel to the propagation direction of the y beam.
The experimental data are shown as black vertical bars. The blue line is a
simulation using the following parameters: 5 = 0.31 mm/s, |AEq| = 1.40 mm/s.

As a control, we prepared an analogous complex with a ligand
that provides a weaker ligand field (according to the
spectrochemical series), to test whether formation of complex 2 is
dependent on the ligand field strength. Previous studies have
shown fast DNIC formation from our hs-{FeNO}® model complex,
[Fe(TMG.dien)(NO)]*.'"¥ Similar reactivity is observed for our new
hs-{FeNO}’ complex [Fe(BMPA-tBu,PhO)(NO)(OTf)] (3), which
contains the weak field ligand [N-(3,5-di-tert-butyl-2-
hydroxybenzyl)-N,N-di-(2-pyridylmethyl)Jamine (BMPA-
tBu,PhOH). Here, metallation of BMPA-tBu,PhOH was carried
out using KOMe and Fe(OTf),*2CH3;CN in MeOH to obtain a pure
yellow solid of [Fe(BMPA-tBu,PhO)(OTf)] after purification.



Nitrosylation of this yellow solid in THF using dried NO gas
resulted in the formation of pure complex 3 (see Supporting
Information). Complex 3 shows an EPR spectrum with an axial
signal at ger = 3.91 and 2.00, characteristic of a non-heme hs-
{FeNO}’ complex with S;= 3/2 (Figure S14). The solid state IR
spectrum of 3 shows a typical v(N-O) = 1752 cm™'. Crystals
suitable for X-ray diffraction were obtained via diffusion of pentane
into a tetrahydrofuran solution of 3. The structure shown in Figure
5 exhibits Fe-NO and N-O bond lengths of 1.78 and 1.10 A,
respectively, and an Fe-N-O angle of 163°. The cyclic
voltammogram of 3 shows an irreversible signal at -1.07 V vs.
Fc*/Fc (Figure S12), thus allowing us to use CoCp, to reduce 3 to
the hs-{FeNO}® product, 3red. Upon reduction with 1 eq. of CoCp,
the N-O stretch at 1752 cm™ of 3 immediately disappears, and
two new features appear at 1632 and 1692 cm™', which are typical
for {Fe(NO),}'°® DNICs (Figure S8).' However, just as in the
previous studies, no intermediate of the process (following eqn.
1) can be observed.

Figure 5. Crystal structure of complex 3 with ellipsoids drawn at 50% probability.
Solvent molecules, and hydrogen atoms are omitted for clarity.

In conclusion, we have discovered a new structural motif in non-
heme iron-nitrosyl chemistry, an Fe;(NO), diamond core with two
bridging NO ligands (complex 2), generated from the reduction of
the non-heme hs-{FeNO}’ complex 1. We propose that the initially
formed {FeNO}® complex (after reduction) is hs, but that upon
dimerization the Fe centers undergo a spin crossover to Is, which
leads to the stabilization of the Fe,(NO), core. The studies on the
analogous complex 3 show that this reactivity is unique for the
TPA ligand scaffold, which has a ligand field that is on the
borderline of spin-crossover. Spectroscopic data show that
dimeric complex 2 contains Is-Fe(ll) with bound '"NO- ligands, and
hence, is diamagnetic. It is interesting to note that dimerization of
mononuclear hs-{FeNO}® complexes has been proposed to be the
key process in the formation of N,O and DNICs, as also
suggested by stoichiometry. To further support the idea that the
one-electron reduced form of complex 1 (1red) is a hs-{FeNO}®
species, DFT calculations were performed on 1red (with triflate
as the 6™ ligand) in both the Is and hs state (using B3LYP*/TZVP).
The results show that the hs state is clearly the ground state of
1red, being 15 kcal/mol lower in energy compared to the Is state.
Although previous studies have shown that DNICs are a common
reaction product of hs-{FeNO}® complexes, their mechanism of
formation has remained elusive. We speculate that the dimeric
structure of 2 could be a model for the corresponding intermediate
that is responsible for DNIC formation. Here, the {FeNO}® units
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would remain hs in the dimer, which, after loss of Fe(ll), generates
a DNIC. In this sense, the Fe;(NO), structural motif observed in 2
is a perfect template for the formation of DNICs. Further work will
now focus on the exact electronic structure and vibrational
properties of the highly unusual Fe;(NO), core of 2. Because the
N-O stretch of 2 is in an unexpected region, it is possible that
these types of intermediates have been overlooked in previous
protein and model complex studies. Given the close proximity of
the iron centers in iron-sulfur proteins, this type of intermediate
could potentially be formed. Nevertheless, whether a bridging
structure like 2 exists in Nature remains to be seen.
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