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Abstract: Extensive study of the electronic structure of Fe-NO
complexes using a variety of spectroscopic methods was
attempted to understand how iron controls the binding and
release of nitric oxide. The comparable energy levels of NO m*
orbitals and Fe3d orbitals complicate the bonding interaction
within Fe—NO complexes and puzzle the quantitative assign-
ment of NO oxidation state. Enemark—Feltham notation,
{Fe(NO)}", was devised to circumvent this puzzle. This 40-
year puzzle is revisited using valence-to-core X-ray emission
spectroscopy (V2C XES) in combination with computational
study. DFT calculation establishes a linear relationship
between AE ., of NO and its oxidation state. V2C Fe
XES study of Fe=NO complexes reveals the AE,;. 5, of NO
derived from NO 0,,*/0,,— Fe, transitions and determines NO
oxidation state in Fe—~NO complexes. Quantitative assignment
of NO oxidation state will correlate the feasible redox process
of nitric oxide and Fe-nitrosylation biology.

After being discovered as the endothelium-derived relaxing
factor (EDRF) and named as molecule of the year in 1992,
nitric oxide was reported to trigger versatile signal trans-
duction pathways through Fe-nitrosylation, S-nitrosation of
thiol-containing proteins, Tyr-nitration, and N-nitrosation.
Among these signal transduction pathways, Fe-nitrosylation
features a diverse set of physiological processes and various
reaction mechanisms ascribed to alternative Fe active-site
structure and feasible redox propensity of nitric oxide.
Interplay between the NO and Fe center in different proteins
modulates vascular relaxation, transcriptional activation,
enzymatic function in Kreb’s cycle, and iron homeostasis.!'¢?!
Formation of mononitrosyl iron complex (MNIC) through
rapid binding of nitric oxide toward the regulatory ferrous
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heme group of soluble guanylate cyclase (sGC) accelerates
the formation of cGMP and activates the vascular relaxation
of blood vessels.'¥ Investigation of the biological function of
Fe-nitrosylation led to the discovery of dinitrosyl iron
complexes (DNICs) during nitrosylation of [Fe-S] proteins,
chelatable iron pool (CIP), and ferritin.®> As a result of
nitrosylation, DNICs are one of the major forms for storage of
nitric oxide and transnitrosation. Endogenous formation of
DNICs derived from nitrosylation of CIP triggers the
subsequent transnitrosation to afford cellular S-nitroso-
thiol.” Induction of NO-dependent upregulation of celluar
heat shock protein 70 and in vivo protein S-nitrosylation by
treatment of exogenous DNICs was also reported.™

Extensive study of the electronic structure of nitrosyl iron
complexes using a variety of spectroscopic methods was
attempted to understand how the metal iron utilizes its
intrinsic reactivity and redox propensity for the stabilization
of nitric oxide in the form of Fe—NO complexes.” These Fe—
NO complexes, in the meantime, are ready to release nitric
oxide after accomplishment of NO-related signaling process
or encountering with the NO-responsive target. The compa-
rable energy levels of NO m* orbitals and Fe3d orbitals,
however, complicate the Fe—NO bonding interaction and
puzzle the quantitative assignment of the oxidation state of
Fe-bound nitric oxide as NO™, NO radical, or NO™. Invention
of Enemark—Feltham notation, {Fe(NO),}", circumvents the
assignment of NO oxidation state in Fe—~NO complexes using
n to denote the summation of electrons in Fe 3d orbitals and
NO n* orbitals.’! Herein, this 40-year puzzle is revisited and
within reach with the development of valence-to-core X-ray
emission spectroscopy (V2C XES) as well as advances in
theoretical calculations.

V2C XES was demonstrated as a sensitive probe for the
identification of metal-bound ligand(s) and the quantification
of small-molecule bond activation.”! XES displays the dipole-
allowed transitions from metal p orbitals to metal 1s orbital
after ionization of a metal 1s electron. The XES valence-to-
core region, in particular, reveals the ligand np/ns—metal 1s
transitions, which are enhanced by a circa 5 % contribution of
Fedp orbitals into the valence orbitals. Upon binding of
diatomic molecules toward transition metals (that is, N,, NO,
CO, and CN"), the delocalization of 0,;* and o,, orbitals of
diatomic molecules into metal 4p orbitals results in the
dominant contribution of the 0,.* and o,, orbitals to the V2C
feature.’®”*) DeBeer and co-workers pioneered in the
utilization of this V2C feature for quantifying small-molecule
activation and determining the oxidation state of N, in iron—
dinitrogen complexes.”’? With regard to this benchmark work,
V2C XES in combination with DFT calculation opened
a parallel avenue to the determination of the oxidation state
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of NO in Fe—NO complexes. In this study, we demonstrate
a case study of mononitrosyl and dinitrosyl iron complexes.
V2C XES reveals the transitions from the 0,,* and o,, orbitals
of nitric oxide to Fe 1s orbital and directly probes the energy
difference between these two orbitals. This energy difference
further quantifies the oxidation state of NO in Fe—NO
complexes using the linear relationship between AE .., of
NO and its oxidation state derived from DFT calculation.

In an attempt to test the visualization of the transitions
from o,* and o, orbitals of iron-bound nitric oxide using V2C
XES, mononitrosyl iron complex (MNIC) [Fe(SPh);(NO)]~
(1) (§=3/2) and dinitrosyl iron complexes (DNICs) [Fe-
(SPh),(NO),]" (2) and [Fe(OPh),(NO),l" (3) (S=112)
embedded in a pseudo-tetrahedral geometry were investiga-
ted.”*? Complex [Fe"'(SPh),]*~ containing similar supporting
ligands and geometry was used as a reference complex to
contrast the contribution of nitric oxide (Figure 1A).1% As

A) B)
SPh12- 3.0
PhS/u,,Fe/
Phs™ >
\SPh i
g
sph1” 28 |
ON//,.,Fe/ = 20
Phs™ ko
y Neen M
©
ONin, senl € 1.0
_F€’ o
ON™
\SPh z =
oPh1
N, 0.0 ; . ; .
ONT™\ 7070 7090 7110 7130
g OFN Energy (eV)

Figure 1. A) Reference complex [Fe"(SPh),]>~ and nitrosyl iron com-
plexes 1, 2, and 3 used in this study. B) Comparison of the normalized
Fe K-valence XES spectra of complexes [Fe"(SPh),*~ (blue), MNIC

1 (red), DNIC 2 (black), and DNIC 3 (purple).

shown in Figure 1B, a broad transition peak at 7107.5 eV is
observed in the normalized Fe K-valence spectrum of
complex [Fe"(SPh),]*~, as opposed to three distinctive V2C
transition peaks at about 7098 eV, 7103 eV, and 7110eV
exhibited by nitrosyl iron complexes 1, 2, and 3. Theoretical
calculation was further pursued to verify the nature of these
spectral transitions. The deconvolution of the V2C feature of
complex [Fe(SPh),]*~ and the DFT calculated V2C XES
spectrum are shown in the Supporting Information, Figure S1,
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where the corresponding molecular orbitals are depicted in
the inset. Based on the DFT calculation, the m-bonding
interaction between Fe3d and S3p orbitals dominates the
V2C feature, while the minor contribution of S3s orbitals to
the V2C feature explains the transition observed at lower
energy (ca. 7100 eV).

The experimental V2C XES spectrum and spectral
deconvolution of MNIC 1 are presented in Figure 2A
(upper). In comparison with complex [Fe"(SPh),]*~, the
V2C transition peak of MNIC 1 at 7109.1 eV shifts from
7107.5 eV upon replacement of the phenylthiolate ligand by
nitric oxide. As shown in Figure 2B, DFT-calculated V2C
XES spectrum resembles the experimental V2C features and
rationalizes this energy shift owing to the contribution of the
NO mt* orbital. Compared to the nature of the V2C feature of
homoleptic complex [Fe(SPh),]*", this transition presents the
ni-bonding interactions between the [Fe(SPh);] core and nitric
oxide. At the lower-energy region, two distinctive V2C
transition peaks at 7097.8 eV and 7103.2 eV derived from
the incorporation of nitric oxide are observed. DFT calcu-
lation provides a computational validation for the dominant
contribution from NO o0,* and o,, orbitals, respectively, to
these XES V2C features together with a circa 5% contribu-
tion from Fe p orbitals. Figure 2A (middle and bottom)
depicts the experimental V2C XES spectra of DNICs 2 and 3
together with the representative fit to the data. A similar DFT
calculation and analysis was applied to assign the nature of
the V2C features observed in DNICs 2 and 3 (Figure 2B). The
molecular orbitals derived from the m-bonding interactions
between the [Fe(XPh),] core (X=O or S) and NO m*
orbitals, similarly, dominates the V2C transition at higher
energy (ca. 7109.7 eV). The V2C features at about 7097.9 eV
and 7103.3 eV, respectively, mainly originate from the NO
0,* and o, orbitals.

As shown in Table 1, nitrosyl iron complexes 1, 2, and 3
show a different V2C transition energy. The dominant
contribution of NO o0,* and o,, orbitals into the two V2C
features at lower energy demonstrates a possible utilization of
V2C XES as a spectroscopic measure to directly probe the
energy difference between these two orbitals, while the
minimal contribution from Fe p orbitals (ca. 5%) has to be
taken into account. To test the application of this energy
difference to identify the oxidation state of nitric oxide, DFT
calculations of oxygen Ka XES spectra of NO™, NO radical,
and NO~ was pursued to establish the linear relationship
between AE ., of NO and its oxidation state.

Table 1: Experimental V2C transition energy of Fe=NO complexes and calculated V2C oxygen Ka transition energy of nitric oxide.

NO o,.* NO a,, Fe—XPh t-NO g, AE of NO 0,,%-0,, Oxidation state of NO
[eV] [eV] X=0or S [eV] [eV]

1 7097.8 7103.2 7109.1 5.4 —0.5840.18"

2 7097.7 7103.2 7109.6 5.5 —0.77+£0.18%

3 7097.9 7103.5 7109.8 5.6 —0.95+0.18"

NO* 499.8 504.4 - 46 +1.00

NO 497.8 502.8 - 5.0 0.00

NO~ 496.1 501.8 - 5.7 —-1.00

[a] The intensity-weighted average energies are given here. [b] Oxidation state of NO in complexes 1, 2, and 3 is obtained using the equation AEG,..
0,5, =—0.550 (oxidation state of NO) +5.079. A detail discussion of error analysis is included in the Supporting Information.
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Figure 2. A) Experimental valence-to-core XES spectra (0) of MNIC 1 and DNICs 2/3. Spectral deconvolution of the data is shown as dashed
lines. B) DFT calculated valence-to-core XES spectra of MNIC 1 and DNICs 2/3, and the corresponding molecular orbitals for each of the

transitions. Calculated peaks are displayed as vertical lines.

Dipole-allowed transitions from NO 0,,, 05*, 05, and 1,
orbitals to the oxygen 1s orbital comprise the calculated
oxygen Ko XES spectrum of NO™, whereas NO radical and
NO™ displays an additional transition from occupied NO m,,*
orbital(s) to oxygen 1s orbital (Figure 3 A). The calculated
oxygen Ka XES spectra of NO with alternative oxidation
states display the energy levels of the occupied molecular
orbitals derived from oxygen and nitrogen 2s/2p orbitals
(Supporting Information, Figure S2). Of importance, the
energy difference of the calculated o,* and o,, orbital of
NO radical, 5.0 ¢V, is identical to that of reported binding
energies of NO derived from X-ray photoelectron spectros-
copy.!"!! This consistency calibrates the DFT calculation and
validates the further utilization of the linear relationship
between AE o, of NO and its oxidation state. As shown in
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Figure 3B, the correlation between AEq., of NO and its
oxidation state follows the equation: AE .4, = —0.550 (0xi-
dation state of NO)+5.079. Negative correlation between
AE .5, of NO and its oxidation state suggests that the
addition of electrons into NO m* orbitals weakens N—O
bonding interaction, raises the o,, orbital, pulls down the o,*
orbital, and results in the increase of the energy separation
between these two orbitals (Supporting Information, Figur-
es S2 and S3).

The absence of NO ,, orbitals interacting with the Fe p
orbitals in nitrosyl iron complexes 1, 2, and 3 prevents its
perturbation on the estimation of AE ., of Fe-bound nitric
oxide using V2C XES, in contrast to the overlap of 0,,—O;,
transition with s,,—Oj; transition at about 502 eV observed
in the calculated oxygen Ko XES spectrum of nitric oxide.
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Figure 3. A) DFT calculated oxygen Ko XES spectra of NO* (black),
NO radical (red), and NO~ (blue). The MO diagrams present the
corresponding molecular orbitals for each of the transitions. B) Corre-
lation of the oxidation state of NO and the energy difference between
0,5* and oy, orbitals of NO. The linear regression line follows the
equation AEG,.—0,,= —0.550 (oxidation state of NO) +-5.079 with
a standard error of 0.11.

Energy separation between these two orbitals, in return,
discloses the oxidation state of NO in Fe—NO complexes
using the equation: AEg..,=—0.550(oxidation state of
NO) + 5.079. Based on the AE .., €xhibited by MNIC 1 and
DNICs 2/3, the oxidation state of these nitrosyl iron
complexes are —0.58 £0.18, —0.77+£0.18, and —0.95£0.18,
respectively (Table 1). Previous spectroscopic study of com-
plexes 1, 2, and 3 rationalizes the electronic structure of
MNIC 1 as a resonance hybrid of {Fe"(NO)}’ and {Fe"-
(NO")}’, and that of DNICs 2 and 3 as a resonance hybrid of
[Fe'"(NO)(NO))’ and {Fe™(NO"),}°.P+<=° Herein, V2C
XES quantifies the partial reduction of nitric oxide in the
nitrosylation of [Fe(SPh),]” affording MNIC 1 and in the
subsequent nitrosylation of MNIC 1 affording DNIC 2 via
reductive elimination of phenyldisulfide.”) Namely, V2C XES
quantifies the allocation of the electron, derived from
reductive elimination of phenyldisulfide, between Fe and
NO upon binding of NO toward [Fe(SPh),]” and MNIC 1.
Moreover, the oxidation state of NO in DNICs 2 and 3
suggests that the replacement of [SPh]~ with [OPh] ™ polarizes
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the Fe—NO bond and enhances the electron transfer from Fe
to NO. This finding also suggests that binding of nitric oxide
toward non-heme iron, for the sake of the storage and
transport of nitric oxide, affords DNICs and stabilizes NO by
partial reduction.

In summary, we have demonstrated that valence-to-core
X-ray emission spectroscopy reveals the energy separation
between 0,* and o0,, orbitals of Fe-bound nitric oxide and
serves as a spectroscopic measure to determine the oxidation
state of NO in MNIC and DNIC containing s-donor ligands.
With the buildup of V2C Fe K XES as a sensitive probe for
oxidation state of NO in Fe—~NO complexes, efforts will be
made to expand this spectroscopic method to quantify NO
oxidation state in a variety of Fe—~NO complexes and to brings
insights into Fe—NO bonding interaction modulated by its
geometric structure and supporting ligands. Furthermore,
V2C Fe K XES provides a novel strategy to correlate the
interplay between feasible redox process of nitric oxide and
Fe-nitrosylation biology, although caution has to be taken on
the contribution of supporting ligands to the V2C feature.
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