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Insight Into the Preferential N-Binding versus O-Binding of 
Nitrosoarenes to Ferrous and Ferric Heme Centers 
Erwin G. Abucayon,a Jia-Min Chu,b Megan Ayala,a Rahul L. Khade,b Yong Zhang,* b and George B. 
Richter-Addo* a

Abstract: Nitrosoarenes (ArNOs) are toxic metabolic intermediates that bind to heme proteins to inhibit their functions. 
Although much of their biological functions involve coordination to the Fe centers of hemes, the factors that determine N-
binding or O-binding of these ArNOs have not been determined. We utilize X-ray crystallography and density functional 
theory (DFT) analyses of new representative ferrous and ferric ArNO compounds to provide the first theoretical insight 
into preferential N-binding versus O-binding of ArNOs to hemes. Our X-ray structural results favored N-binding of ArNO to 
ferrous heme centers, and O-binding to ferric hemes. Results of the DFT calculations rationalize this preferential binding 
on the basis of the energies of associated spin-states, and reveal that the dominant stabilization forces in the observed 
ferrous N-coordination and ferric O-coordination are d-p* and d-p*, respectively. Our results provide, for the first 
time, an explanation why in situ oxidation of the ferrous-ArNO compound to its ferric state results in the observed 
subsequent dissociation of the ligand.

Introduction 
Nitrosoarenes and -alkanes (R-N=O; R = aryl, alkyl) are 
generated in vivo and in vitro from the reduction of 
nitroorganics (RNO2) or from the oxidation of amine-
containing (RNH2) drugs. This class of compounds frequently 
displays biological activity as a result of interactions with 
metalloproteins.1-5 The coordination chemistry of RNO 
compounds is fairly well established.6-8 For monomeric RNO 
ligands, their coordination to monometallic systems may occur 
through the N-atom, the O-atom, or through both atoms in a 
side-on N,O-binding fashion (Figure 1).

Interactions of RNO compounds with heme proteins are 
particularly relevant to their bioinorganic chemistry.7, 8 For 
example, in heme proteins containing exposed cysteine 
residues (e.g., human hemoglobin (Hb)), the RNO species may 

Figure 1. Binding modes of monomeric RNO ligands to monometallic centers.

interact directly with heme Fe and/or with the cysteine 
residues (e.g., Cys93 in Hb) to alter their functions.9, 10 
Importantly, the inhibition of heme enzymes such as 
cytochrome P450 after metabolic activation of amine-
containing drugs to their nitroso derivatives has been known 
for decades.11-13 Confirmation of RNO as an inhibitory ligand 
that can bind to heme Fe centers was first reported by Mansuy 
in 1977 for a synthetic heme model system,14, 15 with the heme 
model-RNO product displaying a similar UV-vis spectrum to 
that of the valence isoelectronic oxyferrous heme. Surprisingly, 
only a few heme protein-RNO derivatives of ferrous Hb, legHb, 
and myoglobin (Mb) have been characterized by X-ray 
crystallography,16-19 and the data to date reveal an N-binding 
mode of the RNO ligands to the ferrous heme centers.

A particularly interesting class of RNO compounds are 
those that contain para-amino functionalities, namely the p-
nitrosodialkylanilines (Figure 2). Both NODMA and NODEA are

Figure 2. The nitrosoarenes NODMA and NODEA.
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toxic, mutagenic, and exhibit bactericidal effects.20 NODMA-
dependent alcohol dehydrogenase enzymes are also known.21 
As with other nitrosoarenes, NODMA is known to interact with 
Hb to inhibit its oxygen transport function resulting in difficulty 
breathing, and can induce the onset of methemoglobinemia.22-

24 Coordination and bioinorganic compounds of NODMA and 
NODEA have been reported, with both N- and O-binding to the 
transition metals established by X-ray crystallography.25-30

A useful historical predictor of the mode of binding of 
nitrosoarenes derives from consideration of the Hard-Soft 
Acid-Base concept. In a seminal paper by Pearson on the 
topic,31 metal cations such as Fe3+ and Co3+ are classified as 
"hard acids" that have favorable interactions with hard bases 
such as O-donors, whereas and Pt2+, Ag+, Cu+ are considered 
"soft acids" that favor interaction with soft bases such as S-
donors. Metal cations such as Fe2+, Co2+, and Zn2+ are 
considered "borderline". Indeed, this predictor, in many cases, 
has helped rationalize binding modes of ligands in several 
coordination complexes, especially those of biological 
relevance. The Hard-Soft Acid-Base concept, despite being 
useful in many cases, has not been sufficient in explaining 
some experimental observations of preferred binding modes, 
especially when it comes to heme model complexes. For 
example, the X-ray crystal structure of the model heme 
complex [(TPP)Co(NODMA)2]SbF6 (TPP = tetraphenyl-
porphyrinato dianion) reveals an experimental N-binding of 
the ligand to the hard Co3+ metal center,28 in preference to the 
predicted O-binding mode. Some flexibility was also observed 
when soft cations such as Cu+ interact with nitrosoarenes to 
result in complexes displaying either the N-binding or O-
binding modes.29, 32, 33 Further, an O-binding mode of a 
nitrosoarene was established in a complex of the borderline 
Zn2+ cation.34 This situation is complicated further upon 
consideration of the fact that nitrosoarenes are themselves 
redox active that can serve as -acid ligands towards metal 
centers.8, 35, 36

To date, N-binding of RNO ligands to ferrous heme proteins 
and models appears to be the favored binding mode based on 
the experimental data. Oxidation of the ferrous heme–RNO 
complexes generally results in spectral changes that are 
accompanied by the loss of the RNO ligand or its modified 
form (Figure 3).  In particular, addition of ferricyanide as an 
oxidant to solutions of RNO-adducts of ferrous Hb,37, 38 Mb,37 
cyt P450,13, 39-41 NO synthase,42 microperoxidase 8,43, 44 and 
prostaglandin H synthase45 all results in the dissociation of the 
respective RNO groups from the ferric centers. In some cases, 
ferric intermediates "Fe(III)-RNO" (middle of Figure 3) with 
presumed weak interactions between the ferric centers and 
RNO ligands were observed,42, 43, 45 although the exact nature

Figure 3. Oxidation of ferrous heme-RNO compounds.

of RNO binding to the ferric centers was not established.
We previously reported our preliminary results of 

nitrosoarene N-binding to the ferrous center of 
(TPP)Fe(PhNO)2, and O-binding to the ferric center of 
[(TPP)Fe(NODEA)2]+.27 However, issues with extensive disorder 
in the crystal structure of the latter O-bound derivative, and 
the fact that two different nitrosoarenes were used for these 
two derivatives, prevented a reliable comparison of their 
structural properties to assess the effects of N-binding versus 
O-binding on their relative stabilities. In this paper, we report 
the investigation of preferential binding modes of the NODMA 
and NODEA ligands to ferrous and ferric porphyrin centers. 
Importantly, we employ X-ray crystallography to provide the 
first direct comparison regarding the geometrical binding 
preferences as a function of Fe oxidation state in heme models 
that are relevant to some biological systems. In addition, our 
Density Functional Theory (DFT) calculations offer the first 
theoretical support of such a differential coordination mode 
change due to the Fe oxidation state with data from energies 
and optimized structures. Our DFT results also revealed 
previously unknown electronic insights of charges and 
molecular orbital features into the preferred stabilities of the 
experimentally observed coordination modes. These results 
help provide an understanding of the biological binding motifs 
of RNO compounds in ferrous and ferric heme proteins and 
their model systems.

Results and Discussion
As this study focuses on the structural and electronic 
consequences of nitrosoarene binding to FeII and FeIII heme 
centers, it is informative to first consider the properties of the 
free ligands. The crystal structures of NODMA46, 47 and 
NODEA48 have been reported. Both structures suffer from 
disorder in their –CNO fragments, but the overall geometrical 
data sufficiently define a substantial contribution of the 
zwitterionic quinoidal structure shown on the right of Figure 4. 

Figure 4. Zwitterion contributions to NODMA and NODEA.

Consistent with the significant zwitterionic contribution are 
(i) the planarity of the ONC6H4NR2 core, (ii) the observed long 
(L) and short (S) bond-length alteration within the aryl –C6H4– 
fragment, and (iii) the larger (O)NCC angles cis to the nitroso O 
than trans to O (by ~10–15°) attributed to intramolecular 
repulsive interactions involving the nitroso O-atom. This 
zwitterionic contribution appears to correlate with the 
difficulty of assigning the vibrational stretching frequency of 
the NO bond (NO). Unlike most nitrosoalkanes and 
nitrosoarenes where NO's have been assigned with reasonable 
confidence,7, 49 the NO's of NODMA and NODEA (both free and 
liganded) have historically been the subject of much 
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controversy, as discussed by Gowenlock, Cameron, and 
Lüttke.50-53 Contributing to this difficulty in NO assignment is 
the extensive vibrational coupling between NO and CC and 
CH. This is evidenced by the number of IR bands that shift in 
response to 15N-nitroso and 18O-nitroso isotopic substitution 
for both NODMA (Figure 5, top) and NODEA (Figure 5, 
bottom); a dynamic visual of this vibrational coupling is shown 
in the Figure S5 movie file in the SI. Perhaps the most reliable 
reported assignment of NO of NODMA to date is that provided 
in the Ph.D. dissertation of Knieriem54 that documents a 
similar observation of multiple 15N-isotope sensitive band 
shifts, and assigns a NO value of 1363 cm-1 based on both 15NO 
and 2H isotope substitutions. 

Figure 5. Truncated FTIR spectra of NODMA and NODEA (KBr pellets) and their 15N-
nitroso (broken line trace) and 18O-nitroso (dotted line trace) isotope-substituted 
derivatives. The major isotope-sensitive bands in these truncated regions are shown in 
the respective boxes. See Figures S1-S4 in the SI for additional characterization data.

Given the historical complexity of NO assignment in 
NODMA and NODEA in both the free ligands and their metal 
complexes, it is not surprising that the unambiguous 
determinations of N– vs. O–binding modes of NODMA/NODEA 
to metal centers have been through the use of X-ray 
crystallography. For example, a proposed O-binding mode of 
NODMA to a cobalt center based on IR spectroscopy55, 56 was 
revised to an N-binding mode based on X-ray 
crystallography.25 Indeed, the IR spectra of the complexes 
prepared in this current work (Experimental Section, and 
Figures S6 and S8-S10 in the SI) reveal several 15N-nitroso and 
18O-nitroso isotope sensitive bands, making it difficult to 

unambiguously assign the NO vibrations in these compounds. 
Consequently, obtaining crystal structures of both the ferrous 
and ferric derivatives of NODMA and NODEA became an 
absolute requirement for our study in order to assign the 
binding modes with confidence.

The Ferrous Systems

Reaction of NODEA with in situ-generated ferrous d6 (OEP)FeII, 
in a manner similar to that used for the preparation of 
(TPP)Fe(PhNO)2,27  resulted in the formation of the mono-
nitrosoarene adduct (OEP)Fe(NODEA)(NH2C6H4NEt2-p) (eq 1).

(1)

The complex was isolated in good yield and is air-stable as 
a solid for several days. To date, we have been unable to 
obtain suitable crystals of the expected bis-ArNO 
(OEP)Fe(NODEA)2 derivative. The six-coordinate mono-NODEA 
derivative was likely obtained due to the serendipitous in situ 
Zn-reduction of the NODEA reagent present in excess in the 
reaction mixture. We note that the chemical reduction of 
nitrosoarenes such as NODMA (e.g., by Zn or Fe, with proton 
sources) to their amines are well-known.57 

The molecular structure of (OEP)Fe(NODEA)(NH2C6H4NEt2-
p) was identified by X-ray crystallography and is shown in 
Figure 6; selected bond lengths and angles for the structures 
obtained in this work are collected in Table 1. The axial N/O 
atoms in the crystal structure of (OEP)Fe(NODEA)-
(NH2C6H4NEt2-p) exhibit a 90:10 positional disorder across the 
porphyrin plane (Figure S7). The Fe–N(por) bond lengths of 
1.99-2.01 Å in (OEP)Fe(NODEA)(NH2C6H4NEt2-p) are consistent 
with those expected for ferrous d6 low-spin hemes.58 The axial 
Fe–N(O) bond length of 1.827(2) Å is shorter than that for the 
trans Fe–NH2Ar bond length of 2.100(2) Å, with the latter 
being close to the 2.028(2)–2.043(3) Å bond lengths observed 
in the bis primary amine complexes (TPP)Fe(NH2R)2 (R = 
alkyl).59 The slight lengthening of this Fe–NH2Ar bond in 
(OEP)Fe(NODEA)(NH2C6H4NEt2-p) is likely due to the presence 
of the trans -acceptor ArNO moiety. Consistent with this 
latter feature is the slight apical displacement of 0.13 Å of the 
Fe atom from the 24-atom porphyrin plane towards the ArNO 
ligand. In this structure, the NO group is oriented in a position 
that essentially bisects adjacent porphyrin N atoms. 

There are several interesting structural features of the 
bound NODEA ligand in the crystal structure of 
(OEP)Fe(NODEA)(NH2C6H4NEt2-p). First, the O1–N7–C47–C48 
torsion angle involving the nitroso group of the NODEA ligand 
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is 58.2(4)°, and this large deviation from the planarity 
substantially disrupts the overlap of the NO and aryl  systems 

Figure 6. The molecular structure of (OEP)Fe(NODEA)(NH2C6H4NEt2-p) with thermal 
ellipsoids drawn at 35%. Only the major axially NO/NH2-disordered (~90%) component 
is shown (see Figure S7).

observed in the free nitrosoarene.60 Second, the (O)NCC bond 
angles associated with the ON–aryl link are similar for N7–
C47–C48 (at 119.0(2)°) and N7–C47–C52 (at 121.2(2)°), with 
~2° difference being much smaller than the 10–12° observed in 
the free ligand. Third, both the ON–C and (aryl)C–NEt2 bond 
lengths are longer than those observed in the free ligand that 
has significant quinoidal character. Fourth, the aryl C–C bond 
lengths do not show the substantial alternating long-short-long 
trend observed in the free ligand (Table 1; c.f. Figure 4). We 
note that N-binding of NODEA/NODMA in metal derivatives 
does not necessarily result in such deviations from the quinoid 
structure of the free ligand,30 and a twist angle of only ~4° 
from planarity was observed in an N-bound Co–NODMA 
complex.25 

We had anticipated that the observed significant deviation 
from planarity and quinoidal character of the NODEA ligand in 
(OEP)Fe(NODEA)(NH2C6H4NEt2-p) structure, in effect making 
the NODEA more of a "normal" ArNO ligand, would have 
allowed us to estimate the NO in this complex. For example, 
Zhang and coworkers have used experimental IR data and 
detailed computational methods to establish an inverse 
correlation of d(N–O) with NO in a series of heme–RNO/ArNO 
complexes.49 Using their inverse correlation as a predictive 
tool, the experimental N–O bond length of 1.281(3) Å in 
(OEP)Fe(NODEA)(NH2C6H4NEt2-p) should correspond to a NO 
of ~1250 cm-1. Indeed, the IR spectrum of 
(OEP)Fe(NODEA)(NH2C6H4NEt2-p) reveals an 15N-nitroso 
isotope sensitive band at 1230 cm-1 (Figure S6). However, we 
are hesitant to assign this band to an isolated vibration, as 
extensive vibrational coupling within NODMA/NODEA results 
in multiple bands being 15N- and 18O-isotope sensitive as 
described above (Figure 5).

Table 1. Selected bond lengths (Å) and angles (°) for the structurally characterized 
ferrous and ferric compounds obtained in this work.

ferrous-OEP ferric-OEP ferric-TTP
Fe–N(O) 1.827(2)[a] - -
Fe–O(N) - 1.9680(17) 1.920(4)

N–O 1.281(3)[a] 1.318(2) 1.334(5)
a 1.463(3)[a] 1.339(3) 1.313(7)

b/b' 1.388(3)/ 
1.385(3)

1.431(3)/ 
1.412(3)

1.425(8)/ 
1.429(7)

c/c' 1.379(3)/ 
1.388(3)

1.350(3)/ 
1.355(4)

1.347(8)/ 
1.339(8)

d/d' 1.407(3)/ 
1.405(3)

1.453(3)/ 
1.444(4)

1.452(8)/ 
1.434(8)

e 1.390(3) 1.333(3) 1.312(7)
FeNO 122.69(16)[a] - -
FeON - 115.52(13) 113.5(3)
ONC 110.59(18)[a] 114.64(19) 113.6(4)

[a] Data for the major (~90%) NO/NH2-disordered component.

The Ferric Systems

Reactions of the ferric porphyrin precursors (por)FeFSbF5 (por 
= OEP, TTP) in CH2Cl2 with ~1.5 equiv of the nitrosoarenes 
(ArNO = NODMA and NODEA) result in the generation and 
subsequent isolation of the mono-nitrosoarene derivatives 
[(por)Fe(ArNO)]SbF6 containing the uncoordinated anion. The 
use of <2 equiv of the nitrosoarene favors, in our hands, the 
isolation of the mono-nitrosoarene compounds that could be 
crystallized into well-resolved structures. 

  (2)
These five-coordinate [(por)Fe(ArNO)]SbF6 compounds in 

CDCl3 solvent displayed magnetic moments, determined by the 
Evans' method,61 of 4.8–4.9 BM suggesting admixed-spin 
systems of S = 3/2 and 5/2 in solution. 

The crystal structures of the cations of the ferric 
derivatives [(OEP)Fe(NODEA)]SbF6 and [(TTP)Fe(NODMA)]SbF6 
are displayed in Figure 7. The most important feature of these 
structures is the determination of the O-binding mode of the 
nitrosoarene ligands to the ferric centers. The structure of the 
[(OEP)Fe(NODEA)]+ cation was ordered except for one of ethyl 
C-atoms of the terminal NEt2 group. The Fe–N(por) bond 
lengths of 2.0284(18)–2.0529(18), the axial Fe–O length of 
1.9680(17) Å, and the apical displacement of the Fe atom by 
+0.40 Å from the 24-atom mean porphyrin plane towards the 
NODEA ligand are consistent with its admixed-spin state. The 
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axial Fe–O–N moiety is situated in a position that eclipses a 
porphyrin N-atom, with a (por)N2–Fe–O–N(NODEA) torsion 
angle of ~0.2°. 

The crystal structure of the [(TTP)Fe(NODMA)]+ cation is 
also ordered, with the exception of a methyl group of one of 
the porphyrin tolyl substituents. The geometrical data are also 
in the range of those determined for an admixed-spin system, 
with the NODMA ligand in this case oriented in a manner that 
essentially bisects a pair of adjacent porphyrin N-atoms, with a 
(por)N1–Fe–O–N5 torsion angle of ~35°, and the Fe atom 
apically displaced by +0.48 Å from the 24-atom mean 
porphyrin plane towards the axial ligand.

Figure 7.  The crystal structures of the cations of (a) [(OEP)Fe(NODEA)]SbF6, and (b) 
[(TTP)Fe(NODMA)]SbF6, with thermal ellipsoids drawn at 35%.

Important differences are evident when comparing the 
geometrical parameters of the nitrosoarene ligands in the O-
bound ferric complexes with that in the N-bound ferrous 
system described earlier. We will focus on the crystal 
structures of the ferrous and ferric OEP/NODEA pair, namely 
the N-bound (OEP)FeII(NODEA)(NH2C6H4NEt2) versus the O-
bound [(OEP)FeIII(NODEA)]+. The nitroso N–O bond length of 
1.318(2) Å in the ferric O-bound complex is longer than the 
related distance of 1.281(3) Å in the ferrous N-bound 
derivative. Consistent with this is also the shorter (O)N–C bond 
length of 1.339(3) Å in the ferric complex compared with 
1.463(3) Å in the ferrous case. Of particular note is the 
essential planarity of the ONC6H4N-moiety in the ferric O-

bound complex with an O1–N5–C37–C38 torsion angle of –
0.6(3)°, and the larger N5–C37–C38 angle (125.1(2)°; cis to 
nitroso-O) compared with the N5–C37–C42 angle (116.0(2)°; 
trans to nitroso-O). In addition, the aryl C–C bonds in the O-
bonded ferric system show the alternating long-short-long 
bond lengths similar to that observed in the free ligand (e.g., 
right of Figure 4). 

Similar geometrical parameters are extant in the crystal 
structure of the ferric [(TTP)Fe(NODMA)]+ derivative (Table 1). 
As with the ferrous-NODEA system, we are unable to 
determine a reliable assignment of NO in these ferric 
derivatives due to extensive vibrational coupling even with 
15N-nitroso isotopic substitution (Figures S8 and S9 in the SI). 

Computational Insight into the Preferential N- versus O-
Binding of the Nitrosoarenes

In order to understand the electronic reasons for the 
preferential binding modes in the experimentally determined 
structures of the ArNO liganded ferrous and ferric hemes, we 
performed a quantum chemical investigation of model systems 
using B97XD, a recently developed hybrid Hartree-Fock and 
DFT method with dispersion correction. We have found this 
method to yield accurate predictions of various experimental 
spectroscopic properties, structural features, and reactivity 
results of iron porphyrin complexes.62-68 We focused on the 
electronic structures of the bis-ArNO and mono-ArNO liganded 
systems with no other axial ligands, to exclude possible 
secondary electronic effects of other trans ligands. Using the 
parent unsubstituted porphine macrocycle, we calculated the 
optimized geometries for both the N-binding mode for the 
ferrous (FeII-N) system (left panel of Figure 8) and O-binding 
mode for the ferric (FeIII-O) mono-NODMA system, as well as 
the alternate but not observed FeII-O and FeIII-N systems (right 
panel of Figure 8). 

The geometry optimizations and energy calculations 
yielded results consistent with experiment. The optimized 
structure of the ferrous FeII-N mode showed that the ground 
state is a singlet (S = 0), with the triplet and quintet states 
being >10 kcal/mol higher in Gibbs free energy that are 
accompanied by the dissociation of one or both ligands. This 
singlet ground state agrees with the experimental data for 
ferrous (por)Fe(ArNO)2

27 and (por)Fe(ArNO)L compounds,15, 60 
and is also consistent with the fact that six-coordination in 
ferrous porphyrins is generally associated with the low-spin 
state.69, 70

The calculations also showed that the ground state of the 
experimentally observed ferric FeIII-O mode is an admixed S = 
3/2 and S = 5/2 spin state, as these two spin states are very 
close in energy; the energy (G) of the high-spin state is only 
2.22 kcal/mol higher than that of the intermediate-spin state 
(Table 2).  This agrees with the experimental magnetic 
moment data in solution determined by the Evans method 
(Experimental Section).  In contrast, the low-spin state (S = 1/2; 
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Figure 8. Optimized structures of the FeII-N and FeIII-O (left panel) and alternate 
coordination geometries (right panel) of NODMA-coordinated ferrous and ferric 
porphines (atom colors: N-blue, O-red, C-cyan, H-grey, Fe-black).  

Table 2. Relative Energy Results (in kcal/mol) of Iron Porphyrins with Favorable Spin 
States (S)

Mode S E EZPE H G
FeII-N 0 0.00 0.00 0.00 0.00
FeII-O 0 11.65 10.59 11.08 8.22
FeIII-O 3/2 0.00 0.00 0.00 0.00

5/2 5.77 3.31 3.82 2.22
FeIII-N 5/2 4.30 2.23 2.03 4.26

3/2 6.44 5.29 5.38 5.99

not shown) is significantly higher in energy than the high-spin 
state by 6.52 kcal/mol.  The spin density data in these ferric 
FeIII-O systems (Table 3) show that for the S = 3/2 spin state, 
the Fe center holds most of the spin density (2.836 e) with only 
0.044 e located on the porphine macrocycle. In contrast, for 
the S = 5/2 spin state, the spin density is more generally 
distributed between the Fe center (3.729 e) and the porphine 
(1.221 e). This difference in spin density distribution is not 
unlike those observed in related S = 5/2 and S = 3/2 iron 
porphyrins.71

Table 3. Spin Densities (in e units) of the Ferric Porphyrins with Favorable Spin States

System S ραβ
Fe ραβ

Por ραβ
L a)

FeIII-O 3/2 2.836 0.044 0.120
5/2 3.729 1.221 0.050

FeIII-N 3/2 2.023 0.961 0.004
5/2 3.765 1.225 0.001

[a] L is the axial ligand.

Importantly, the calculated geometries, especially 
those involving the key bond lengths and angles involving the 
coordinated ONC6H4NR2-p ligands (Table 4), match very well 
with the experimentally determined structures, with a mean 
percentage error of 3%.

The energies (G) of the alternate, but not experimentally 
observed, binding modes for the ArNO ligands (right panel of 
Figure 8, and Table 2) were also probed computationally using 
the favorable and experimentally observed spin states. For the 
ferrous system, the alternate FeII-O binding mode is higher in 
energy than the experimentally observed FeII-N binding mode 
by 8.22 kcal/mol. For the ferric systems, the alternate FeIII-N 
binding mode is higher in energy than the experimentally 
observed FeIII-O binding mode by an average of ~4-6 kcal/mol. 
These computational results clearly reveal that the 
experimentally observed ArNO coordination modes originate 
from the different relative stabilities of the N- and O-binding 
forms of the molecular ferrous and ferric systems, and are not 
artifacts resulting from crystal packing effects.

To help understand the origin of the observed different 
stabilities associated with the ferrous and ferric porphyrins, we 
first look into their geometries. As seen from Figure 8, 
regardless of iron oxidation state, the N- and O-coordinated 
ligands are tilted with respect to the porphyrin planes. 
However, there is an interesting trend when comparing the 
experimental structures of the ferrous N-coordinated and 
ferric O-coordinated forms:  the Fe–ON bond length is longer 
than the Fe–NO, and the O-coordination is associated with a 
longer N–O bond length, a shorter (O)N–C bond length, larger 
phenyl C–C bond length variations (the difference between 
average of (N)C–C and the "internal" C–C bonds), as well as 
shorter C–N(Et2) bond lengths, compared to the N-
coordination. These structural changes point to a resonance 
structure difference as shown in Figure 4, i.e., the O-
coordination prefers the right zwitterionic resonance 
structure, while the N-coordination favors the left neutral 
resonance structure, consistent with the X-ray structural data 
shown in Table 1.  

This feature of zwitterionic contribution is further 
supported by the charge analysis results as shown in Table 5. 
Compared to the almost neutral NO moiety (–0.074 e) in the 
N-coordinated ferrous porphyrin FeII-N, the NO fragment is 
significantly more anionic with a –0.359 e charge in the O-
coordinated ferric porphyrin FeIII-O, averaged for the S = 3/2 
and 5/2 admixed states. In general, because O is more 
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Table 4. Selected Geometric Parameters of Iron Porphyrins with Favorable Spin States (Units: Å and  for bond length and bond angles respectively)

Mode S Fe–Np[a] Fe–
N/O[b]

N–O a [c] b/d [c] c [c] e FeNO/FeON ONC

FeII-N Expt.[d] 1.999 1.827 1.281 1.463 1.396 1.384 1.390 122.7 110.6
Calc.[e] 0 2.020 2.032 1.210 1.421 1.405 1.381 1.373 119.0 114.1

FeII-O Calc. 0 2.017 1.984 1.225 1.394 1.411 1.378 1.367 119.7 114.6
FeIII-O Expt. [f] 2.060 1.921 1.334 1.312 1.435 1.343 1.312 113.4 113.6

Calc. 3/2 1.988 2.073 1.256 1.348 1.427 1.365 1.344 114.3 116.1
5/2 2.105 2.087 1.255 1.354 1.425 1.366 1.346 112.7 116.1

FeIII-N Calc. 3/2 2.007 2.380 1.220 1.390 1.416 1.373 1.356 111.3 117.2
5/2 2.088 2.213 1.223 1.384 1.417 1.372 1.353 109.9 118.0

[a] averaged for four Fe–Npor bonds. [b] axial coordination to N or O. [c] average of aryl bond lengths as defined in Table 1. [d] (OEP)Fe(NODEA)(NH2C6H4NEt2-p) 
(major component). [e] for the bis-NODMA compound. [f] [(TTP)FeIII(NODMA)]+..

electronegative than N, the O- and N-coordination may 
prefer the zwitterionic and neutral forms, respectively. It is 
interesting to note that, even for the ferrous systems, the 
change from N-coordination (FeII-N) to O-coordination (FeII-
O) also results in a similar structural variation pattern of the 
nitrosoarene toward zwitterionic character (although 
quantitatively smaller): a shorter Fe–ON coordination bond, a 
longer N–O bond length, a shorter (O)N–C bond length, 
larger phenyl C–C bond length variations, and a shorter C–
N(Me2) bond length, as seen from Table 4, and a more 
anionic NO (Table 5). The same structural and charge 
variation pattern toward zwitterionic character also occurs in 
moving from N-coordination (FeIII-N) to O-coordination (FeIII-
O) for the ferric porphyrins.  

Table 5. Atomic Charges (in e units) of Iron Porphyrins with Favorable Spin States

System S QFe Qpor QNO

FeII-N[a] 0 0.231 –0.737 –0.074
FeII-O 0 0.399 –0.824 –0.131
FeIII-O 3/2 1.079 –0.355 –0.334

5/2 1.111 –0.299 –0.384
FeIII-N 3/2 0.776 0.064 –0.277

5/2 1.089 –0.269 –0.300

[a] Averaged for the same two ligands.

Due to the ferric center in FeIII-O having a much higher 
positive charge than in the ferrous porphyrin FeII-N  (~0.9 e, 
Table 5), it can be better stabilized by the more zwitterionic 
ligand form and thus favor the anionic O-coordination mode, 
while the more neutral ferrous center will favor the more 
neutral N-coordination mode. This is supported by the 
calculated energy trend that shows that N-coordination is 
more thermodynamically favored than O-coordination for 
ferrous porphyrins, while the opposite trend is observed for 
ferric porphyrins. 

We then probed the electronic nature of the preferred N- 
and O-coordination modes for the ferrous and ferric 
porphyrins. The relevant MOs that involve significant 
interactions between Fe orbitals and the axial ArNO ligands in 
both the ferrous and ferric systems are shown in Figure 9. For 
ferrous FeII-N (Figure 9a), the -type bonding between the Fe 

d orbitals (including both dxz and dyz) and ligand p* 
orbitals can be clearly seen in the HOMO region (HOMO-4 
and HOMO-5), while the - type bonding between the Fe dz2 
orbital and the ligand is in the LUMO region (LUMO+9). This 
suggests dominant -bonding interactions that stabilize the 
ferrous N-coordination mode. 

Figure 9. The MOs involving Fe and NO interactions for (a) the ferrous FeII-N complex 
(porphine)Fe(NODMA)2,  (b) the ferric FeIII-O complex [(porphine)Fe-(NODMA)]+ with 
S = 3/2, and (c) the latter ferric FeIII-O complex with S = 5/2. Contour values =±0.02 
au. The MO numbering is for the  spin.

In contrast, there are three significant differences that 
are evident for the MOs in the ferric FeIII-O systems for both 
the S = 3/2 (Figure 9b) and S = 5/2 (Figure 9c) spin states. 
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First, the -type interaction between the Fe dz2 orbital and 
the ArNO in-plane (i.e., ligand plane) * orbitals is now 
located in the HOMO region (HOMO-3). Second, unlike the 
two Fe d and ArNO * interactions that are present in the 
ferrous complex, there is only one major Fe d and ArNO  
interaction in the case of ferric FeIII-O, which involves the 
out-of-plane (i.e., perpendicular to the ligand plane)  orbital 
with antibonding (HOMO-22 in Figure 9b) and bonding 
(HOMO-26 in Figure 9c) interactions with the Fe dyz orbital in 
the S = 3/2 and S = 5/2 spin states, respectively. Third, the -
type bonding is more important than the -type of bonding 
for ferric FeIII-O system, due to the fact that the -type 
bonding is near the surface of HOMO region, while the -
type interaction is located in inner MOs as indicated by the 
relative MO numbering in Figure 9b-c. This kind of bonding 
helps stabilize the FeIII-O  interaction between the ferric 
center and the anionic O-coordination from the zwitterionic 
resonance contribution, as also noted above from the 
calculations of the structures and charges.

Conclusion
We have reported the preparation and crystal structural 
characterization of ferrous and ferric Fe–ArNO heme model 
compounds, and demonstrate that N-binding of the para-
amino substituted ArNO ligand is favored for ferrous heme, 
and O-binding is favored for ferric heme. Examination of the 
geometrical features reveals that the quinoidal/zwitterionic 
character of the para-substituted ArNO ligand is prominent in 
the O-bound ferric system. Our results from DFT calculations 
on the N-binding and O-binding modes as a function of Fe 
oxidation and spin state are consistent with the 
experimentally observed preferential N- and O-binding 
modes in the ferrous and ferric systems, respectively. 

Overall, these results provide the first theoretical 
comparisons of structural features, charges, and molecular 
orbital interactions due to Fe–N/O coordination in ArNO 
porphyrin complexes, and reveal that the dominant 
stabilization forces in the observed ferrous N-coordination 
and ferric O-coordination are d-p* and d-p*, 
respectively. These results support the experimentally 
observed N-coordination of RNO compounds to ferrous 
heme proteins and the subsequent dissociation of such 
ligands upon in situ oxidation to the ferric state,13, 37-44 due to 
the instability of N-coordination to ferric centers as revealed 
here.

Experimental Section
General: The reactions were performed anaerobically under an 
atmosphere of nitrogen unless otherwise noted. Air-sensitive samples 
and reagents were handled inside a glove box and all reactions were 
performed using standard Schlenk glassware. Solvents were dried using 
a Pure Solv 400-5-MD (Innovative Technology) solvent purification 
system, or distilled from appropriate drying agents under nitrogen. The 
free base porphyrin OEPH2 (octaethylporphyrin) was purchased from 
Frontier Scientific, and TTPH2 (tetratolylporphyrin) was synthesized by 
the Adler method.72 The metalloporphyrins (por)FeX (por = OEP, TTP; X 

= Cl, SbF6
 )73-75 and Zn/Hg76 were prepared according to published 

procedures. Silver hexafluoroantimonate (AgSbF6, 99%), N,N-diethyl-4-
nitrosoaniline (p-Et2NC6H4NO; NODEA, 97%), N,N-dimethyl-4-
nitrosoaniline (p-Me2NC6H4NO; NODMA, 97%), and Dowex 50WX2 were 
purchased from Sigma-Aldrich and were used as received. 18O-labeled 
water was purchased from Icon Isotopes. Na15NO2 and chloroform-d 
(CDCl3, 99.96%D) was purchased from Cambridge Isotopes; CDCl3 was 
deaerated by three freeze-pump-thaw cycles and stored over molecular 
sieves. IR spectra were collected on a Bruker Tensor 27 FTIR 
spectrometer. 1H NMR spectroscopy was performed using a 400 MHz 
Varian NMR spectrometer. UHPLC-MS measurements were performed 
on a Waters (Milford, MA) Acquity chromatography system coupled with 
a Waters G2-Si Ion Mobility Q-TOF mass spectrometer equipped with an 
electrospray ionization source operated in positive ion mode.

15N-labeled p-Me2NC6H415NO (15NODMA). The 15N-labeled derivative 
was prepared in a similar manner to that used for the preparation of the 
unlabeled analogue,77 but with slight modifications. To a cold (ice-bath) 
stirred solution of dimethylaniline (0.51 g, 4.21 mmol) in conc. HCl (~2 
mL) was added a solution of Na15NO2 (0.32 g, 4.57 mmol; in ~1 mL of 
H2O). The solution was stirred for 1 hr while cold (<8 °C), during which 
time the color turned yellow-orange with formation of a dark yellow 
precipitate. The precipitate was collected by vacuum filtration, washed 
with HCl:H2O (1:1 v/v,  3 x 10 mL) followed by ethanol (3 x 10 mL), and 
subsequently dried under vacuum to give p-Me2NC6H4

15NO·HCl in 
~60% crude yield. This salt was neutralized by addition of enough water 
to form a paste of the salt to which aq. NaOH (3 M) was added until the 
solution turned basic (as judged using pH paper) and the color changed 
to a bright green. The neutralized product was then extracted using 
benzene (3 x 10 mL), the extract then concentrated by slow evaporation 
(at ~80 °C), and the resulting solution was cooled to yield crystals of the 
p-Me2NC6H4

15NO (15NODMA) product which were isolated by filtration 
and air-dried overnight (78% isolated yield).  IR (KBr; major 15N-isotope 
sensitive bands): 1388, 1360, 1332, and 1299 cm-1. 1H NMR ( ppm, 
CDCl3, 500 MHz): 7.90 (v br, 2H, aryl-H), 6.69 (br, 2H, aryl-H), 3.18 (s, 
6H, -N(CH3)2) (Figure S1 in the SI). ESI-TOF MS: m/z 152.0833 (calcd. 
152.0836) (Figure S2 (middle) in the SI).

15N-labeled p-Et2NC6H415NO (15NODEA). The diethyl analogue p-
Et2NC6H4

15NO (15NODEA) was prepared similarly, but using Na2CO3 as 
the neutralization agent (60% isolated yield). IR (KBr; major 15N-isotope 
sensitive bands): 1362, 1344, and 1327 cm-1. 1H NMR ( ppm, CDCl3, 
500 MHz): 8.70 (v br, 2H, aryl-H), 6.67 (br, 2H, aryl-H), 3.51 (q, JCH 7 Hz, 
4H, -N(CH2CH3)2), 1.28 (t, JCH 7 Hz, 6H, -N(CH2CH3)2) (Figure S3 in the 
SI). ESI-TOF MS: m/z 180.1158 (calcd. 180.1143) (Figure S4 (bottom) in 
the SI).

18O-labeled p-Me2NC6H4N18O (18O-NODMA). The 18O-labeled nitrite 
used for this reaction was prepared following a literature procedure78 but 
with modifications due to our inability to obtain anhydrous HCl during the 
COVID-19 lab shutdown restrictions. To a solution of vacuum dried 
NaNO2 (0.38 g, 5.51 mmol) in cold 18O-labeled water (H2

18O, ~1.5 mL, 
ice bath) was added Dowex 50WX2 (~0.50 g) and allowed to warm to 
room temperature and kept at this temperature for ~24 h. In a separate 
vial, a stirred solution of dimethylaniline (0.62 g, 5.12 mmol) in cold H2

18O 
(~1.5 mL, ice bath) was mixed with Dowex 50WX2 (~0.75 g), and to this 
mixture was slowly added the mixture of NaNO2/Dowex 50WX2, and 
stirred for an additional ~30 min. The color of the combined reaction 
solution turned deep green during this period. The solution was decanted 
from the Dowex resin, and the product was extracted using benzene (2 x 
10 mL). The benzene extract was dried with anhydrous K2CO3, and the 
product isolated by evaporation of the benzene at ~80 °C and air-dried 
overnight. The remaining mixture, after the benzene extraction step, was 
neutralized with NaOH (3 M) to recover more product. The total yield of 
the product, our hands, was low (~5%). IR (KBr; major 18O-isotope 
sensitive bands): 1387, 1364, 1330, and 1294 cm-1. ESI-TOF MS: m/z 
153.0917 (calcd. 153.0908); the ratio of 18O-labeled:unlabeled NODMA 
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was 2:1, indicating ~66% isotope incorporation (Figure S2 (bottom) in the 
SI).

(OEP)Fe(NODEA)(NH2C6H4NEt2-p). To a THF (10 mL) solution of 
(OEP)FeCl (25.0 mg, 0.040 mmol) was added excess Zn/Hg (48.2 mg, 
0.74 mmol in Zn) and the mixture stirred for 1 h, during which time the 
pale purple solution changed to a bright red-purple. The supernatant 
solution was transferred by cannula into a separate Schlenk tube. To this 
air-sensitive solution was added NODEA (18.0 mg, 0.10 mmol, 2.5 
equiv), and the reaction mixture was stirred for an additional 1 h. The 
THF was removed in vacuo, and the residue was washed with anhydrous 
n-hexane (3 x 10 mL). The resulting solid was redissolved in CH2Cl2 
(~1.5 mL) and transferred to a separate vial, and the solution carefully 
layered with n-hexane (~3 mL). Slow evaporation of the solvent mixture 
to dryness inside a glove box resulted in a formation of thin plates that 
were isolated by handpicking and identified by X-ray crystallography as 
(OEP)Fe(NODEA)(NH2NC6H4NEt2-p) in ~80% yield based on Fe. As with 
the compounds below, X-ray structural determinations from several 
crystals from the batch revealed the formation of only one crystalline 
product. An IR spectrum (KBr) of the crystals revealed several 15N-
nitroso isotope sensitive bands as shown in Figure S6 in the SI.

[(OEP)Fe(NODEA)]SbF6. To a CH2Cl2 (10 mL) solution of 
(OEP)FeFSbF5 (13.8 mg, 0.017 mmol) was added NODEA (1.9 mg, 
0.023 mmol, ~1.4 equiv). The mixture was stirred for 2 h during which 
time the color of the solution slowly changed from light purple to red. The 
solution was concentrated to about half volume and the product was 
precipitated using n-hexane (~15 mL). The supernate was decanted and 
the solid was washed with n-hexane (3 x 10 mL) and subsequently dried 
in vacuo. The solid was redissolved in CH2Cl2 (~1.5 mL) and carefully 
layered with n-hexane (~3 mL) in a vial inside the glove box. Slow 
evaporation of this solution to dryness inside a glove box afforded block-
shaped crystals that were isolated by handpicking and identified as 
[(OEP)Fe(NODEA)]SbF6 (~63% isolated yield) by X-ray crystallography. 
An IR spectrum (KBr) of the crystals revealed several 15N-nitroso isotope 
sensitive bands as shown in Figure S8 in the SI. A spin-only magnetic 
moment of 4.91 BM was determined for the crystalline complex in CDCl3 
(25 °C) by the Evan's NMR method, which suggests an admixed-spin 
system of S = 3/2 and 5/2.79, 80 

 [(TTP)Fe(NODMA)]SbF6. To a CH2Cl2 (10 mL) solution of 
(TTP)FeFSbF5 (31.2 mg, 0.033 mmol) was added NODMA (7.5 mg, 
0.050 mmol, ~1.5 equiv.). The mixture was stirred for 2 h during which 
time the color changed from orange-red to red. The solution was 
concentrated under reduced pressure, and the product was precipitated 
with n-hexane (15 mL). The supernate was decanted and the solid was 
washed with n-hexane (3 x 10 mL) and subsequently dried in vacuo. The 
solid was redissolved in CH2Cl2 (~ 2 mL), and the solution carefully 
layered with n-hexane (5 mL). Placing the mixture at –25 °C  for ~1 d 
resulted in the formation of crystals which were isolated by decanting the 
supernate and drying the crystals using a flow of nitrogen gas. The 
crystals were identified as [(TTP)Fe(NODMA)]SbF6 (82% yield) using X-
ray crystallography. An IR spectrum (KBr) of the crystals revealed 
several 15N-nitroso isotope sensitive bands as shown in Figure S9 in the 
SI. A spin-only magnetic moment of 4.78 BM was determined for the 
crystalline complex in CDCl3 (25 °C) by the Evan's NMR method, which 
suggests an admixed-spin system of S = 3/2 and 5/2.79, 80 

X-ray crystallography. Single-crystal X-ray diffraction data were 
collected using a D8 QUEST diffractometer with a Bruker Photon II 
CPAD area detector81 and an Incoatec 1 s microfocus Mo K radiation 
source ( = 0.71073 Å), or with a Bruker APEX ccd area detector.82, 83 
Diffraction data were collected from the samples at 100(2) K. The 
structures were solved by direct methods and using the SHELXTL 
system and refined by full-matrix least-squares methods on F2.84 Details 
of crystal data and structural refinement parameters are collected in 
Table S1 in the SI. CCDC 2011046-2011048 contain the supplementary 
crystallographic data.  These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, or by emailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge 
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; 
fax: +44 1223 336033.

(i) (OEP)Fe(NODEA)(NH2C6H4NEt2-p). A red plate-shaped crystal of 
dimensions 0.040 x 0.156 x 0.173 mm was selected for structural 
analysis. Cell parameters were determined from a non-linear least 
squares fit of 9890 peaks in the range 2.19 <  < 26.93°.  A total of 72590 
data were measured in the range 2.191 <  < 27.366° using  and ω 
oscillation frames. The data were corrected for absorption by the 
empirical method85 giving minimum and maximum transmission factors of 
0.942 and 0.986. The data were merged to form a set of 11216 
independent data with R(int) = 0.0828 and a coverage of 99.9%. The 
monoclinic space group P21/n was determined by systematic absences 
and statistical tests and verified by subsequent refinement. Non-
hydrogen atoms were refined with anisotropic displacement parameters. 
Hydrogen atom (bonded to carbon) positions were initially determined by 
geometry and refined by a riding model. The axial NO/NH2 ligands in the 
structure were disordered. The occupancies of atoms N7, O1 and N5 
refined to 0.901(4) and 0.099(4) for the unprimed and primed atoms, 
respectively. Restraints on the positional and displacement parameters of 
the disordered atoms were required. Hydrogen atom displacement 
parameters were set to 1.2 times (1.5 for methyl) the displacement 
parameters of the bonded atoms. A total of 611 parameters were refined 
against 51 restraints and 11216 data to give wR(F2) = 0.1064 and S = 
1.027 for weights of w = 1/[2(F2) + (0.0330 P)2 + 3.5800 P], where P = 
[Fo

2 + 2Fc
2]/3. The final R(F) was 0.0468 for the 7946 observed, [F > 

4(F)], data. The largest shift/s.u. was 0.001 in the final refinement cycle. 

(ii) [(OEP)Fe(NODEA)]SbF6•CH2Cl2.  A purple block-shaped crystal of 
dimensions 0.080 x 0.240 x 0.420 mm was selected for structural 
analysis. Cell parameters were determined from a non-linear least 
squares fit of 9975 peaks in the range 2.26 <  < 29.22°. A total of 55564 
data were measured in the range 1.393 <  < 29.784° using  and ω 
oscillation frames. The data were corrected for absorption by the 
empirical method85 giving minimum and maximum transmission factors of 
0.3728 and 0.4324. The data were merged to form a set of 13621 
independent data with R(int) = 0.0400 and a coverage of 100.0%. The 
triclinic space group P-1 was determined by systematic absences and 
statistical tests and verified by subsequent refinement. Non-hydrogen 
atoms were refined with anisotropic displacement parameters. Hydrogen 
atom (bonded to carbon) positions were initially determined by geometry 
and refined by a riding model. Hydrogen atom displacement parameters 
were set to 1.2 times (1.5 for methyl) the displacement parameters of the 
bonded atoms. The anion was disordered, with occupancies refining to 
0.9687(5) and 0.0313(5) for the unprimed and primed atoms, 
respectively; restraints on the positional and displacement parameters of 
the disordered atoms were required. The displacement parameters of the 
two Sb atoms were constrained to be equal. The occupancies of the 
ligand NEt2 atoms C45 and C46 were also disordered and refined to 
0.867(5) and 0.133(5) for unprimed and primed atoms, respectively. A 
total of 654 parameters were refined against 624 restraints and 13621 
data to give wR(F2) = 0.1056 and S = 1.005 for weights of w = 1/[2(F2) + 
(0.0560 P)2 + 1.6400 P], where P = [Fo

2 + 2Fc
2]/3.  The final R(F) was 

0.0417 for the 11034 observed, [F > 4(F)], data. The largest shift/s.u. 
was 0.002 in the final refinement cycle.  

 (iii) [(TTP)Fe(NODMA)]SbF6. A purple plate-shaped crystal of 
dimensions 0.024 x 0.132 x 0.233 mm was selected for structural 
analysis. Cell parameters were determined from a non-linear least 
squares fit of 9853 peaks in the range 2.31 <  < 24.73°. A total of 80385 
data were measured in the range 2.310 <  < 25.383° using  and ω 
oscillation frames. The data were corrected for absorption by the semi-
empirical from equivalents method85 giving minimum and maximum 
transmission factors of 0.833 and 0.981. The data were merged to form a 
set of 10138 independent data with R(int) = 0.0842 and a coverage of 
99.9%. The monoclinic space group P21/c was determined by systematic 
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absences and statistical tests and verified by subsequent refinement. 
Non-hydrogen atoms were refined with anisotropic displacement 
parameters.  Hydrogen atom (bonded to carbon) positions were initially 
determined by geometry and refined by a riding model. Hydrogen atom 
displacement parameters were set to 1.2 times (1.5 for methyl) the 
displacement parameters of the bonded atoms. The anion and one of the 
methyl groups (of TTP) were disordered. The occupancies of the C48 
atom refined to 0.50(6) and 0.50(6) for the unprimed and primed atoms, 
respectively. The occupancies of the anion refined to 0.872(5) and 
0.128(5) for the unprimed and primed atoms, respectively. Restraints on 
the positional and displacement parameters were required. A CH2Cl2 
solvent molecule was severely disordered and its effects on the intensity 
data were removed using the Squeeze algorithm.86 A total of 708 
parameters were refined against 1157 restraints and 10138 data to give 
wR(F2) = 0.1637 and S = 1.053 for weights of w = 1/[2(F2) + (0.0520 P)2 
+ 20.7200 P], where P = [Fo

2 + 2Fc
2]/3. The final R(F) was 0.0636 for the 

7048 observed, [F > 4(F)], data. The largest shift/s.u. was 0.000 in the 
final refinement cycle.  

Computational methodology. All calculations were performed using 
Gaussian 16.87 Full geometry optimizations using the unsubstituted 
porphine (por) macrocycle were conducted for all studied chemical 
systems, with subsequent frequency calculations to verify the nature of 
the corresponding stationary states on their potential energy surfaces 
and provide zero-point energy corrected electronic energies (EZPE’s), 
enthalpies (H’s), and Gibbs free energies (G’s) at room temperature in 
addition to electronic energies (E’s). The used method includes the 
B97XD88 functional with the basis set LanL2DZ89 for Fe, 6-
311++G(2d,2p) for first shell atoms (porphyrin N atoms and RNO’s NO 
moiety), and 6-31G(d) for the rest of the atoms, which was the same for 
all systems, all bonding situations, and all spin states studied here. This 
functional enabled accurate predictions of various experimental 
geometric parameters, spectroscopic properties, and reactivities of iron 
porphyrin complexes62-68 and other transition metal complexes,90 and this 
basis set also well reproduced many experimental properties of similar 
NO/HNO heme systems.91-93 The atomic charges and spin densities 
reported here are from the Natural Population Analysis (NPA) and 
Mulliken schemes respectively, as implemented in Gaussian 16.87
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