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Reduced nitrogen oxide ligands such as NO–/HNO or nitroxyl participate in chemistry distinct from nitric 
oxide (NO). Nitroxyl has been proposed to form at heme centers to generate the Enemark-Feltham 
designated {FeNO}8 system. The synthesis of a thermally stable {FeNO}8 species namely, 
[Co(Cp*)2][Fe(LN4)(NO)] (3), housed in a heme-like ligand platform has been achieved by reduction of 10 

the corresponding {FeNO}7 complex, [Fe(LN4)(NO)] (1), with decamethylcobaltocene [Co(Cp*)2] in 
toluene. This complex readily reacts with metMb resulting in formation of MbNO via reductive 
nitrosylation by the coordinated HNO/NO–, which can be inhibited with GSH. These results suggest 3 
could serve as a potential HNO therapeutic. The spectroscopic, theoretical, and structural comparisons are 
made to 1 and the {CoNO}8 complex, [Co(LN4)(NO)] (2), an isoelectronic analogue of 3. 15 

Introduction 

The one-electron reduced form of nitric oxide (NO), namely NO–

/HNO or nitroxyl (pKa = 11.4), has been shown to engage in 
biologically relevant chemistry distinct from NO.1-3 For example, 
HNO donors have been used as anti-alcoholism agents2a and are 20 

proving to be promising therapeutics against heart failure.2b-d 
Like NO, nitroxyl has been proposed to be generated and targeted 
at a variety of heme-containing proteins.3 Indeed, transient iron-
nitroxyl intermediates have been suggested in the catalytic cycles 
of heme proteins involved in biological denitrification like nitrite 25 

reductase (NiR), NO reductase (NOR)3a,4 and at NO synthase 
(NOS) under certain conditions.1a Accordingly, these nitroxyl-
bound species are classified according to the Enemark-Feltham 
notation as {FeNO}8 systems.5 In addition to these biological 
examples, small-molecule derivatives of iron-porphyrins (Fe-30 

por),6 a non-heme Fe-cyclam complex,7 and nitroprusside8 have 
produced {FeNO}8 systems. The reactivity of these few {FeNO}8 
complexes has never been explored and most are only 
characterized by in situ spectroscopy/electrochemistry where a 
discrete complex has not been isolated. Thus, there remains a lack 35 

of spectroscopic in combination with reactivity data to aid in the 
identification of the elusive {FeNO}8 intermediate. Studies on 
small molecules; however, will establish the foundation to 
identify and ultimately predict the fate of such species traversed 
in biology as demonstrated in a {CuNO}10 NiR model.9 The lack 40 

of benchmarks for the {FeNO}8 formulism highlights the need 
for such systems to be constructed. Herein, we present the 
synthesis, structure, and spectroscopic/theoretical properties of 
discrete {MNO}7/8 complexes (where M = Fe, Co) and report 
their reactivity with ferric myoglobin (metMb) and glutathione 45 

(GSH). 

Results and Discussion  

 The LN4 ligand (Scheme 1) was designed and utilized in this 
work as a simple non-macrocyclic heme platform. Reaction of 
NO(g) with the Fe(II) complex, (Et4N)2[Fe(LN4)Cl2], in MeCN at 50 

room temperature (RT) generated the green microcrystalline 
{FeNO}7 complex, [Fe(LN4)(NO)] (1), in 79% yield (Scheme 1). 
The analogous Co species was synthesized similarly affording the 
dark-red {CoNO}8 complex, [Co(LN4)(NO)] (2), in 75% yield. 
Complexes 1 and 2 appear stable – no dissociation or reaction of 55 

the coordinated NO was observed with excess gas (NO, O2) 
purge, vacuum or ordinary laboratory light.10 
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Scheme 1 Synthetic Route Towards {MNO}7/8 Complexes (ia, M = Fe; 
ib, M = Co) NO(g), MeCN, RT; (ii) [Co(Cp*)2], toluene, RT; (iii) 60 

[Fe(Cp)2][PF6], MeCN, RT. 

 X-ray structures revealed five-coordinate (5C) square-
pyramidal (Sq-Py) coordination modes for the metal centers in 1 



 
and 2 (Fig. 1). The structure of 1 exhibits two distinct but similar 
molecules in the unit cell (see the ESI†). The Fe center in 1 is in a 
distorted Sq-Py (avg = 0.31) originating from the four basal N-
ligands of [LN4]2– that are asymmetrically coordinated and one 
quasi-linear-to-slightly bent NO (Fig. 1). Complex 1 is a rare 5 

example of an {FeNO}7 complex that exhibits an average Fe–N–
O angle of ~160,11 significantly above the normal range of 140-
145.12 The quasi-linear nature of this bond angle has been 
ascribed to significant metal dz2-pz mixing, which minimizes 
repulsion between the Fe dz2 and the  lone-pair of NO.11d In 10 

contrast, the average N–O distance in 1 (1.171 Å) is more typical 
(1.15-1.18 Å).12 Analogous to Fe-por-NO species, the Fe center 
in 1 is displaced out of the N4 plane, and towards NO, by 0.46 Å. 
Such out-of-plane deviations toward NO are also observed in 
other {FeNO}7 porphyrin complexes.ref Crystals of 2 revealed a 15 

similar geometry about Co much like 1 ( = 0.27) (Fig. 1). The 
N–O distance of 1.1551(15) Å in 2 is shorter compared to 1. This 
difference is further reflected in the M–NO distance, which is 
longer in 2 (1.7890(11) Å) than 1 (avg: 1.6994(12) Å) suggesting 
potential lability of the M–NO bond in {MNO}8 systems. The 20 

severely bent Co–N–O angle (125.97°) is characteristic of 
{CoNO}8 type complexes.12,13 

 
Fig. 1 ORTEP diagrams of [Fe(LN4)(NO)] (1) (one unique molecule) and 
[Co(LN4)(NO)] (2) at 50% thermal ellipsoids for all non-hydrogen atoms. 25 

Selected bond distances (Å) and angles (deg): (1) Fe1–N1, 1.9413(12); 
Fe1–N2, 1.9730(11); Fe1–N5, 1.700(12); N5–O1, 1.1705(14); Fe1–N5–
O1, 153.23(10); (2) Co1–N1, 1.9277(10); Co1–N2, 1.9433(11); Co1–N5, 
1.7890(11); N5–O1, 1.1551(15); Co1–N5–O1, 125.97(9). 

 The spectroscopic properties of 1 are typical of 5C Sq-Py 30 

{FeNO}7 species.12,14 Complex 1 exhibits an S = ½ EPR signal 
with gmin= 2.02 split into a triplet from hyperfine coupling to the I 
= 1 14N nucleus of NO (toluene glass; 10 K; see the ESI†, Fig. 
S1). The FTIR spectrum exhibits one strong and single NO peak 
at 1704 cm-1 (KBr matrix), which shifts to 1673 cm-1 (NO = 31 35 

cm-1) upon isotopic substitution with 15NO consistent with the 
harmonic oscillator model. More interestingly, 1 displays a 
reversible redox wave at E½ = –1.38 V (Ep = 0.074 V) vs. 
Fc/Fc+ in MeCN, which we assign to the {FeNO}7  {FeNO}8 
couple (Fig. 2). In contrast, 2 displays a similar diffusion-40 

controlled {CoNO}8  {CoNO}9 couple at –1.40 V (Ep = 
0.061 V) vs. Fc/Fc+ in MeCN (see the ESI†). This similarity in 
E½ has been observed in isostructural Fe/Co–(N2S2)NO systems 
suggesting that the frontier MOs of both MNO platforms in 1 and 
2 are isoenergetic.15 Reversible one-electron reductions have also 45 

been reported in the Fe-Por species, [Fe(TPP)NO]6a-c and 
[Fe(OEP)NO],6a-c as well as non-heme systems like [Fe(cyclam-
ac)NO].7 Thus, at least on the electrochemical time scale, the LN4 
imine/pyrrolide platform is capable of supporting coordinated and 

reduced nitrogen oxide ligands. To further probe the nature of the 50 

Fe center in 1, its Mössbauer spectrum was measured (see the 
ESI†, Fig. S27). The observed isomer shift () of 0.11(3) mm/s 
for 1 is more consistent with {FeNO}6 rather than {FeNO}7 
complexes suggesting NO+-like character and a low-spin Fe(I) 
oxidation state. This assignment would support the near-linear 55 

Fe–N–O bond although theoretical studies suggest more of a 
resonance structure (vide infra). 

 
Fig. 2 Cyclic voltammograms (CVs) of a 2 mM MeCN solution of 
[Fe(LN4)(NO)] (1) at different scan rates as indicated in the inset (0.1 M 60 
nBu4NPF6 supporting electrolyte, glassy carbon working electrode, Pt-
wire counter electrode, RT). Arrow displays direction of scan. 

 The electrochemical reversibility of 1 suggested that the 
corresponding {FeNO}8 complex should be isolable. When 1 was 
reacted under anaerobic conditions with one mol-equiv of 65 

decamethylcobaltocene = [Co(Cp*)2] in toluene at RT, a violet 
solid formulated as the {FeNO}8 complex, 
[Co(Cp*)2][Fe(LN4)(NO)] (3), precipitated from the reaction 
mixture in quantitative yield (Scheme 1). In contrast to other 
reported {FeNO}8 complexes that have been generated in situ or 70 

at low temperature,6-8 3 was isolated as an air-sensitive solid at 
RT. The reduction was also found to be chemically reversible; 
treating an MeCN solution of 3 with ferrocenium salts like FcPF6 
resulted in quantitative regeneration of 1. 
 This {FeNO}8 complex (3) has been characterized by 75 

elemental microanalysis and several spectroscopic techniques. 
Additionally, its electronic structure was determined by DFT 
computations (vide infra). Complex 3 is soluble in polar organic 
solvents like MeCN forming dark violet-colored solutions where 
it exhibits good stability (t½ = 4.25 h) in stark contrast to the few 80 

reported {FeNO}8 systems.6-8 The ultimate fate of dissolved 3 
appears to be a disproportionation reaction into 1 and an Fe(I)-
dinitrogen complex via a transient dinitrosyl, which complicates 
the isolation of single crystals of 3.16 The UV-vis spectrum of 3 
(MeCN, 298 K) exhibits two distinct visible bands at 560 nm (: 85 

1,810 M-1 cm-1) and 781 nm (: 450 M-1 cm-1) with an intense -
* band at 293 nm (53,000 M-1 cm-1) primarily due to the 
associated [Co(Cp*)2]+ counter-cation (Fig. 1 and the ESI†, Fig. 
S10). The intensity of the 560 nm band is suggestive of a charge-
transfer electronic transition although the exact nature (i.e. 90 

ligand-metal or metal-ligand) has yet to be elucidated. Complex 3 
is diamagnetic as exhibited by its 1H NMR spectrum in CD3CN, 
implying an overall S = 0 ground state at RT. 15N NMR of 3 



 
confirms this diamagnetism and reveals a single and downfield-
shifted 15N resonance at 743 ppm (Fig. 3), a value at the upper 
limit for bent metal-nitrosyls.17 The chemical shift of 3 is similar 
to the only {FeNO}8 complex with a reported 15N chemical shift 
( = 790 ppm in CD2Cl2).6c The isoelectronic {CoNO}8 complex 5 

2 (Co–N–O: 126°) exhibits an 15N peak at 821 ppm (see the ESI†, 
Fig. S7), further supporting the bent nature of the Fe–N–O unit in 
3. 

 
Fig. 3 UV-vis spectrum of 3 (MeCN, 298 K). See the SI for the full 10 

spectrum displaying the -* transition of the [Co(Cp*)2]+ cation. Inset: 
15N NMR of 3 (CD3CN, CH3NO2 reference, 298 K). 

 Vibrational spectra of {FeNO}8 complexes have been difficult 
to interpret in Fe-Por systems due to overlap with ligand 
vibrations but have been observed in the 1440–1600 cm-1 range 15 

experimentally6 and theoretically,18 consistent with a mixed low-
spin–Fe(II)–NO– ↔ low-spin–Fe(I)–NO• description.18 In 
contrast, the non-heme {FeNO}8 complex, [Fe(cyclam-ac)NO], 
displays a low-intensity NO peak at 1271 cm-1 (generated in situ 
at –20 oC).7 Complex 3 exhibits an intense NO band at 1604 cm-1 20 

that overlaps with ligand peaks and shifts to 1570 cm-1 upon 
15NO isotopic substitution (NO = 34 cm-1) suggesting more of a 
metal-centered reduction. The non-heme pyrrole-based LN4 
complex is thus comparable to porphyrin {FeNO}8 systems. In 
support of this designation, DFT calculations by another group on 25 

a 5C S = 0 Fe-por {FeNO}8 system calculated NO = 1578 cm-

1.18b Despite the absence of a structure, high-resolution FTMS of 
3 and 3-15NO give rise to the expected parent ion peak in the 
negative ion mode (m/z = 312.0553 for 3; m/z = 313.0521 for 3-
15NO) with the predicted isotopic distribution pattern (see the 30 

ESI†, Fig. S9), further supporting the {FeNO}8 formulation. The 
Mössbauer spectrum of 3 is consistent with Fe-NO unit reduction 
affording  = 0.51(3) mm/s (EQ = 1.41(5) mm/s (Fig. 4)) and is 
comparable to the only other Mössbauer-characterized {FeNO}8 
system by Wieghardt that displays  = 0.41 mm/s.7 This drastic 35 

increase in  from 1-to-3 ( = 0.40 mm/s) indicates a change in 
the overall -accepting ability of the ligand as a similar trend is 
observed in the isostructural [Fe(cyclam-ac)X]n+/- series (where X 
= NO+, NO, and NO–). Thus, on reduction of 1-to-3 one would 
expect a decrease in the -acid nature of the nitrosyl suggesting 40 

more NO•/– character in 3. Taken together, complex 3 is the first 
example of a relatively stable and isolable {FeNO}8 complex that 
has been characterized by a variety of techniques in both the 
solution- and solid-state and at RT. 

 45 

Fig. 4 Zero-field Mössbauer spectrum of (3) recorded at 298 K. MB 
spectrum contains contributions from two separate Fe species accounting 
for 75 and 25% of the spectrum, which we assign as 3 and 1, respectively. 
An additional ~10% high-spin ferrous impurity has been removed from 
the original spectrum. The solid line shown is a least-square fit to the 50 

experimental data points of a simulated spectrum of the major Fe species 
with  = 0.51(3) mm/s and EQ = 1.41(5) mm/s. 

 DFT (OLYP/STO-TZP; ADF 2009) calculations accurately 
reproduce the experimental geometries of 1 and 2;19 highlights of 
which are presented in the SI (see the ESI†, Table S3). The 55 

{FeNO}7 bending potential (see the ESI†, Fig. S25) is 
exceedingly soft and effectively barrierless,11c reflecting a 
superposition of multiple MO energies that rise or fall as the Fe–
N–O unit bends away from linearity. It is therefore remarkable 
that our calculations reproduce the unusual pseudo-linear Fe–N–60 

O angle of 1 with such accuracy.11d Perhaps even more 
intriguingly, these calculations predict additional examples of 
quasilinear {FeNO}7 units. This study, in a sense, represents the 
first practical realization of our predictions, whereas the other 
examples predicted remain to be experimentally realized. In 65 

contrast to the {FeNO}7 angle, the observed Co–N–O angle 
corresponds to a normal, steep-walled minimum. 
 The three key M(d)–NO(*) orbital interactions that define the 
bonding in these complexes are depicted in Fig. 5. The a″-
symmetry dyz-based MO is very similar in all {MNO}7/8 70 

derivatives. However, defining the equatorial N4 plane as the xy 
plane, mixes the dxz and dz2 orbitals somewhat in {FeNO}7 1. As 
a result, the dz2-like orbital in 1 is distinctly tilted relative to the 
N4 plane. In other words, these two d-orbitals interact in an 
intermediate  manner with the NO *x orbital, with the dz2-75 

like orbital more  in nature. In the {Fe/CoNO}8 case, the dz2-
based orbital interacts in a more purely  fashion with NO *x 
(Fig. 5). M–NO -bonding thus appears to be stronger for 1 than 
in 2, consistent with the significantly shorter M–NO distance in 
the former. Careful examination of the MOs also indicates that 80 

the -bonding in the {FeNO}8 case 3, as measured by average 
NO * character in the -bonding MOs, is intermediate between 
the {FeNO}7 and {CoNO}8 cases. Except for the dxy-based 
orbital, which is purely nonbonding in all cases, the other d-based 
occupied MOs of 1-3 all have about 1/3 to 1/2 d-character and a 85 

comparable proportion of NO * character. The M–NO bonding 
is thus invariably highly covalent and, as elsewhere, we would 
describe the electronic structure of {FeNO}7 1 as halfway 
between low-spin-Fe(I)–NO+ and low-spin-Fe(III)–NO–.11b,c,20 In 



 
general, the metal character of the MOs is somewhat higher in the 
Co case than in Fe, suggesting a Co(II)–NO• description; 
however, given the covalence, it might be better to describe as a 
resonance structure between low-spin-Co(II)–NO• ↔ low-spin-
Co(III)–NO–. On going from {FeNO}7 to {FeNO}8, the Mulliken 5 

charge (Table S4) decreases (in an algebraic sense) at Fe, the NO, 
and for a number of atoms on the equatorial ligand. The reduction 
in 3 is thus neither Fe- nor NO-centered but rather occurs over the 
entire FeNO group consistent with an electronic structure 
between low-spin-Fe(II)-NO– ↔ low-spin-Fe(I)-NO• (vide 10 

supra). Additional insights into the nature of {FeNO}8 complex 3 
were obtained from calculations of singlet-triplet (S-T) splittings 
and electron affinities (EAs). Thus, OLYP/TZP calculations 
indicated an S-T splitting of 0.6 eV for 3, essentially identical to 
those of {CoNO}8 complex 2 and of {FeNO}8 and {CoNO}8 15 

porphyrin derivatives. Although hybrid functionals resulted in a 
small amount of broken-symmetry character (as evidenced by 
separation of  and  spin densities) across the {MNO}8 unit, 
there was no evidence for a non-innocent equatorial ligand with 
any method. The OLYP calculations further indicated similar 20 

EAs of about 1.4 eV for both 3 and for the analogous {FeNO}7 
porphyrin, suggesting that barring difficult solubility problems or 
the propensity for disproportionation, a variety of {FeNO}8 
derivatives should be isolable. 

 25 

Fig. 5 M(d)-NO(*) overlaps in the three HOMOs of optimized 
equilibrium structures of the experimental conformations of 1 and 
geometry-optimized low-energy conformation of 3 (ESI†, Table S3). 

 The reactions of {FeNO}8 systems have yet to be explored and 
we have probed the reactivity of the {MNO}8 complexes 2 and 3 30 

in the present account. The most biologically significant and 
facile reaction of nitroxyl is with thiols1,3 and heme proteins.3,21 
Moreover, NO–/HNO preferentially targets Fe(III)-heme centers 
to form stable {FeNO}7 species through reductive nitrosylation.1,3 
We thus tested the nitroxyl donor ability of {MNO}8 systems 2 35 

and 3 with established biological targets such as metMb. This 
technique is the standard and most sensitive method for 
characterizing HNO donors.22 Reaction of equine skeletal metMb 
with the {MNO}8 complex 3 in buffer (pH 7.2) resulted in 
immediate formation of MbNO in quantitative yield as monitored 40 

by UV-vis spectroscopy (Fig. 6). The metMb Soret band at 409 
nm red-shifts to 422 nm immediately upon addition of 3 with the 
appearance of the double-humped Q-bands (540, 575 nm) that are 
characteristic of MbNO (Fig. 6). In contrast, the reductive 
nitrosylation of sperm whale metMb with Angeli’s salt 45 

(Na2N2O3) takes 15.5 min to go to completion.22 Since thiols have 
higher affinity for HNO than hemes,22 we also performed a 
competition experiment with glutathione (GSH) in the metMb 

reaction (see the ESI†, Fig. S16). Indeed, reaction of 3 with 
metMb under identical conditions in the presence of GSH 50 

completely inhibited reductive nitrosylation. Although classic 
HNO-donors react with thiols to form disulfide and 
hydroxylamine, it appears as if 3 reacts with GSH to form the 
reduced Roussin red ester (rRRE) compound, [Fe2(-GS)2(NO)4]-

, as determined by UV-vis of the reaction medium in the absence 55 

of metMb.23 The {FeNO}7 complex 1 and {CoNO}8 complex 2 
do not react with metMb under identical conditions; however, 1 
does nitrosylate ferrous Mb (deoxyMb), which suggests that 3 
may reductively nitrosylate metMb in a two-step process viz. 
reduction of metMb following NO-transfer. The reactivity of 3 is 60 

similar to reported non-metal-based HNO donors and has not 
been explored with previously reported {FeNO}8 complexes, 
possibly due to the unstable nature of these earlier systems. 
Although the exact nature of the NO ligand in 3 cannot be 
completely verified, these results do confirm the reduced 65 

character of the nitrogen oxide ligand in 3 and demonstrate that 
these species have the potential to be utilized as quantitative 
nitroxyl-donors at ambient temperature and at physiological pH. 

 
Fig. 6. UV-vis spectrum of a 2.97 M solution of metMb before (black 70 

line) and after (2 min mixing: black dashed line) reaction with 3 (5 mol-
equiv) at 293 K in 50 mM phosphate buffer (pH 7.2). Inset: expansion of 
the Q-band region. 

Conclusions 

 In summary, we have described the synthesis and 75 

spectroscopic/structural/theoretical characterization of discrete 
{FeNO}7/8 (1 and 3) and {CoNO}8 (2) complexes. Complex 3 is a 
rare example of a thermally stable {FeNO}8 complex isolated as a 
solid under ambient conditions.6c This work also presents the first 
insight into the electronic structure, spectroscopic features, 80 

reactivity, and potential fate of {FeNO}8 units in biology. 
Furthermore, the reduced {FeNO}8 complex 3 has proven as a 
useful reductive nitrosylation agent towards metMb under 
physiological conditions and demonstrates promise for these 
types of complexes as future HNO therapeutics. In fact, the 85 

endogenous production of nitroxyl has not yet been clearly 
established. Presumably, this is due to the short half-life (t1/2 = 
2.5 s), lack of detection methods, and the use of HNO-donors that 
produce other reactive nitrogen species or don’t operate ideally at 
physiological pH.1 The development of better donor systems is 90 

thus a current need that these complexes could meet. 
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