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Abstract

This contribution deals with the structure and reactivity of bound nitrosyl in transition-
metal centers (group8: Fe, Ru,Os). The focus is set onpseudooctahedral nitrosyl-complexes
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with coordination number 5 and 6, containing ancillary coligands of both heme- and non-
heme type. The discussion is organized in terms of Enemark and Feltham's classification,
selecting complexes within the {MNO}n framework (n¼6, 7, and 8). The examples have
been chosen for a best description of the electronic structures in terms of modern struc-
tural, spectroscopical, and computational methodologies. The selected {MNO}6,7,8 species
reflect the occurrence of three redox states of bound nitrosyl, frequently (though not
always) described as NO+, NO, and NO� for n¼6, 7, and 8, respectively. The analysis is cen-
tered on themembers of a series of complexes for which the three redox states have been
observed on the same platform, viz., [Fe(CN)5(NO)]

2,3,4� and [Ru(Me3[9]aneN3)(bpy)
(NO)]3,2,1+, in aqueous solutions. The influence of the donor–acceptor character of the col-
igands is specifically addressedwith emphasis on the ligand trans- to nitrosyl, showing that
the latter group may exert a delabilizing influence (as NO+), as well as a labilizing one
(NO��NO) on the trans-ligand.On the other hand, typical electrophilic reactivity patterns
(toward different nucleophiles) are analyzed for M–NO+, and nucleophilic reactivity (with
O2) is described for the reduced species, M–NO and M–(NO�). In the latter case, proton-
ation is described by characterizing the bound HNO species. Important differences are
highlighted in the chemistry of boundNO� andHNO, revealing the strongandmild reduc-
tant abilities of these species, respectively. The chemistry is analyzed in terms of the bio-
logical relevance to the behavior of nitrite- and NO-reductases and other NO-related
enzymes.

1. INTRODUCTION: GENERAL SCOPE

It has been already 40 years since Enemark and Feltham provided a

comprehensive description of the structure and bonding of metallonitrosyls,

including some reactivity properties. The use of molecular orbital (MO)

theory with emphasis in the covalent nature of the bonds led to the

{MNO}n description (n is the sum of metal d- and nitrosyl π* electrons),

where the MNO moiety played the role of a functional group while the

ancillary coligands became a perturbation (1). This new electron counting

{MNO}n formalism allowed organizing in a meaningful classification the

available structural data on mononitrosyl-, dinitrosyl-, bridging-, and poly-

nuclear nitrosyls (2). Moreover, this description traced a new direction for

reviewing the qualified work in the subject and for dealing with the emerg-

ing role of NO in biological functions relevant in neuroscience, physiology,

and immunology (3–6). In this context, the role of three redox states of

aqueous nitrosyl, namely NO+, NO•, and NO� in accomplishing different

biological functions by reacting with substrates (O2, O2
�, H2O2, amines,

thiolates, transition metals, and others) has been highlighted (4). These
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potential reactivity modes fueled up the research dealing with the changes in

the structure and reactivity of nitrosyls upon coordination but emphasising

on its “noninnocent” (7) character.

We aim to account for our most significant contributions on the met-

allonitrosyls of group 8 along the past decade, which deal mainly with

selected nonheme model complexes in aqueous media. We focus on those

systems that share the same coligand-platform for the three {MNO}6,7,8

redox states (M¼Fe, Ru). For iron, we have taken advantage of the distin-

guished history of the biorelevant sodium nitroprusside (SNP) (8,9).

[Fe(CN)5(NO)]2� is an n¼6 species that allowed us exploring the chemistry

of the 1-electron reduced [Fe(CN)5(NO)]3� (n¼7) (10–12) and of

[Fe(CN)5(L)]
n� (L¼NO�/HNO), the 2-electron reduced products

(n¼8) (12–14). For ruthenium, we have accessed to three {RuNO}6,7,8

analogs containing the [Ru(Me3[9]aneN3)(bpy)]
2+ fragment, thus charac-

terizing not only NO+, NO•, NO� but also HNO and NO2
� as ligands

(15). Most significantly, the determinations of pKas for the
1HNO/1NO�

conversions in the corresponding n¼8 systems opened a new prospect

for uncovering the stability range and the reactivity of these largely

unknown species in aqueous solutions (16,17).

All along this work, we compare the chemistry of nonheme and heme-

metallonitrosyls supported by modern spectroscopic, kinetic, and computa-

tional tools, seeking for a unified description of bonding and thermal

reactivity and a more precise representation of the electronic structures

beyond the Enemark–Feltham classification (18).

2. COMPLEXES WITH n56

2.1. Structure, spectroscopy, and electronic description.
Total spin S50. Dominant M–NO+ distribution

Table 1 collects selected metric parameters and IR stretching frequencies

(υNO) for a representative set of six-coordinated (6C) complexes of iron,

ruthenium, and osmium, and few iron 5C-compounds. A number of

Fe(III) heme proteins are involved in the regulation of the NO biosynthesis

by the enzyme NO synthase, in NO transport (as vasodilator) in

nitrophorins and in NO inhibition processes of cytochrome P450 and

related enzymes (45). Heme enzymes are also intermediates in cyt cd1 nitrite

reductases (NIRs), (46) and in NO reduction by a fungal cyt P450

NO reductase (47). The nonheme Fe(III) nitrile hydratase enzyme

(NHase) is relevant to the microbial assimilation of organic nitriles, using
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Table 1 Selected list of 6C and 5C nonheme- and heme-nitrosyl complexes {MNO}6

(M¼Fe, Ru, Os; S¼0)

Compound
νNO
(cm21) dM–N (Å) dN–O (Å)

∠MNO

(deg) Ref.

6C Na2[Fe(CN)5(NO)]�2H2O 1945 1.6656(7) 1.1331(10) 176.03

(7)

(19)

[Fe(pyN4)(NO)]Br2 1926 1.67 1.12 179–180 (20)

[Fe(PaPy3)(NO)](ClO4)2 1919 1.677(2) 1.139(3) 173.1(2) (21)

[Fe(OEP)(2-MI)(NO)]ClO4 1917 1.649(2) 1.132(3) 175.6(2) (22)

Fe(TPP)(NO)(O2CCF3) 1907 1.618(8) 1.151(8) 175.8(6) (23)

[Fe(cyclam-ac)NO](PF6)2 1904 1.663(4) 1.132(5) 175.5(3) (24)

[Fe(TPP)(H2O)(NO)]

SO3CF3

1897 1.63 1.15 173.0(3) (25)

[Fe(‘pyS4’)(NO)]PF6 1893 1.634(3) 1.141(3) 179.5(3) (26)

Fe(OEP)(S-2,6-

(CF3CONH2)2C6H3)(NO)

1839 1.671(9) 1.187(9) 159.6(8) (27)

[FeS2
Me2N3(Pr,Pr)(NO)]+ 1822 1.676(3) 1.161(4) 172.3(3) (28)

Fe(OEP)(p-C6H4F)(NO) 1791 1.728(2) 1.153(3) 157.4(2) (29)

[Ru(tpm)(bpy)(NO)]

(ClO4)3

1959 1.774 1.093 179.1 (30)

[Ru(Me3[9]aneS3)(bpy)

(NO)](ClO4)3

1945 1.766(4) 1.127(5) 176.5(4) (31)

Na2[Ru(CN)5(NO)]�2H2O 1926 1.776(5) 1.127(6) 173.9(5) (32)

t-[Ru(NH3)4(OH2)(NO)]

Cl3�H2O

1912 1.715(5) 1.142(7) 178.1(5) (33)

[Ru(Me3[9]aneN3)(bpy)

(NO)](ClO4)3

1899 1.768(4) 1.135(5) 172.5(4) (15)

[Ru(Papy3)(NO)](BF4)2 1899 1.779(2) 1.142(3) 170.9(2) (34)

[Ru(TPP)(OH2)(NO)]

BF4�2H2O

1875 1.726(3) 1.143(4) 178.1(3) (35)

[Ru(trpy)(η2-phpy)(NO)]

(PF6)2

1858 1.826(4) 1.139(5) 167.1(4) (36)

t-[Ru(NH3)4(OH)(NO)]2+ 1834 1.735(3) 1.159(5) 173.8(3) (37)

t-[Ru(DMAP)4(OH)(NO)]

(BF4)2

1832 1.773(3) 1.245(8) 169.3(6) (38)
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NO-uptake and photorelease as regulatory factors (48). Prominent model

nonheme iron-nitrosylated species are SNP (8,9), diverse types of dinitrosyls

(49), and sulfur clusters (such as Roussin’s salts) (49,50), as well as NHase-

mimics (51,52). Structural advances have been achieved for the heme-

nitrosyl compounds during the last decade (18,53).

2.1.1 Significance and importance of the “back-bonding model”
Figure 1A shows a simplified picture of the arrangement of MOs in 6C

{MNO}6 linear complexes. The dπ–π*NO back-bonding model describes

the linearity in the MNO units and the multiple character of the Fe–NO

and N–O bonds in terms of the orbital mixing of two fully occupied

dπ-bonding (dxz,dyz) and vacant π*NO antibonding orbitals, with a minor

contribution of the Fe–NO σ-interaction (4–6). The strong electron-

acceptor NO+ gets in this way involved in partial transfer of charge density

Table 1 Selected list of 6C and 5C nonheme- and heme-nitrosyl complexes {MNO}6

(M¼Fe, Ru, Os; S¼0)—cont'd

Compound
νNO
(cm21) dM–N (Å) dN–O (Å)

∠MNO

(deg) Ref.

Ru(OEP)(NO)(p-C6H6F) 1759 1.807(3) 1.146(4) 154.9(3) (39)

[Ru(T(p-OMe)PP)(NO)Et] 1724 1.825(5) 1.139(6) 153.4(5) (40)

Na2[Os(CN)5(NO)]�2H2O 1897 1.774(8) 1.14(1) 175.5(7) (41)

[Os(OEP)(NO)(SEt)] 1759 1.994(10) 1.136(11) 172.7(8) (42)

[Os(OEP)(NO)(OEt)] 1759 1.880(7) 1.165(9) 172.4

(10)

(42)

5C-

(sp)

[Fe(OEP)(NO)]

ClO4�CHCl3

1868 1.644(3) 1.112(4) 176.9(3) (43)

[Fe(OEP)(NO)]ClO4 1838 1.653(1) 1.140(2) 173.2(1) (43)

[Fe(S,SO2-C7H4)(S,S-

C7H4)(NO)]�
1761 1.622(5) 1.162(6) 171.9(5) (44)

Nitrosyl stretching frequencies (νNO) and relevant distances and angles have been detailed.
Abbreviations: bpy¼2,20-bipyridine; cyclam-ac¼1,4,8,11-tetraazacyclotetradecane-1-acetate
pentaanion; DMAP¼4-(dimethylamino)pyridine; 2-MI¼2-methylimidazole; Me3[9]aneN3¼1,4,
7-trimethyl-1,4,7-triazacyclononane; Me3[9]aneS3¼1,4,7-trithiacyclononane; OEt¼ethyl oxide;
OEP¼octaethylporphyrin dianion; PaPy3¼N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-
carboxamide monoanion; phpy¼2-phenylpyridine; pyN4¼2,6-C5H3N[CMe(CH2NH2)2]2; ‘pyS4’¼2,
6-bis-(2-mercaptophenylthiomethyl)pyridine dianion; SEt¼ethyl thiolate; 5,5-tpm¼ tris(1-pyrazolyl)
methane; TPP¼5,10,15,20-tetraphenylporphyrin dianion; T(p-OMe)PP¼ tetrakis-(4-methoxy)phenyl
porphyrinato; trpy¼2,20:60,200-terpyridine.
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from the metal, thus lowering υNO from 2390 cm�1 in free NO+ to

�1900 cm�1 in the n¼6 complexes. In turn, the multiple Fe–N bond char-

acter becomes reflected in a comparatively high value for υFe–NO, at

�590 cm�1(45).

Table 1 shows that most if not all of the metallonitrosyls approach linearity

(170–177� for the MNO angle). At the same time, the M–NO and NO

bond lengths reveal multiple characters while the values of υNO remain com-

paratively high at �1900–1950 cm�1. A similar picture arises for iron pro-

teins with N-binding imidazolic trans-ligands, like metMb, cd1 NIR, and

nitrophorin 1 (45). The MNO angles range extends down to�150�, in par-
allel with decreasing values of υNO that reach�1800 cm�1. It is worth men-

tioning a heme-thiolate model that exhibits a FeNO angle of�160� (27) and
νNO at 1839 cm�1, very close to values found for the NO-bound ferric

P450nor containing trans-cysteine (54). Similar results were reported for a

model of the inactive form of NHase with a trans-SR� ligand to nitrosyl

(28). The trans-SR� examples (for which also υFe–NO becomes lower,

�530 cm�1) suggest that the bending of the FeNO group has an electronic

rather than a steric origin (55). In general, the deviations from the typical

FeNO angle range occur for complexes with donor ligands (SR�, OH�,
Cl�, ONO�, Et, p-C6H4F, η2-phpy, DMAP), occupying mostly axial posi-

tions trans to the NO group, though there are also examples in the equatorial

plane. In the nonheme series of trans-[Ru(NH3)4(L)(NO)]n+, changing

L¼H2O by OH� leads to significant elongations of the Ru–NO and

N–Odistances (as well as a big shortening of theRu–O bond), together with

a decrease in the RuNO angle and a notorious decrease of υNO of

�80 cm�1(33,37,56), highlighting the trans-weakening role of OH� on

the MNO unit, as discussed for SR� and other Ls. Overall, the evidence

shows similar trends for the group 8 metallonitrosyls, in both heme- and

a1 (dz
2)

b1 (dx
2
-y

2) a¢(dx
2
-y

2)

a²(dz
2,p*(NO))

b2 (dxy)
dxy
dxz,p*(NO)

A B

dyz,p*(NO)

e2 (p*(NO), dxzdyx)

a¢(p*(NO), dz
2)

a²(p* (NO), dyz

e1 (dxzdyz,p* (NO)

Figure 1 Arrangement of molecular orbitals in {MNO}n complexes, with: (A) n¼6, linear
M–N–O moiety and (B) n¼7–8, angular M–N–O fragment.
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nonheme systems. The wide range of decreasing υNOs in Table 1 indicates a

decrease in the “nitrosonium” character of the NO ligand, comprising more

electron density transfer from the metal to the nitrosyl group (i.e., a partial

loss of the triple bond character of free NO+), within the same Enemark–

Feltham {MNO}6 category.

Vibrational-spectroscopy has been suggested as a powerful diagnostic

tool of the “back-bonding” model for describing the geometry and metric

data in the FeNO units. The analysis relies on the inverse correlation

observed between the values of υFeNO and υNO in response to the changes

in structure and ligand environment (45), as also described with the meta-

llocarbonyls. By introducing electron-donor substituents in the coligands,

υFe–NO and υNO increase and decrease as a consequence of the population

of π-(bonding) and π*-(antibonding) orbitals, respectively. The 5C

heme-compound [Fe(OEP)(NO)]ClO4(43) appeared as an outlier to this

trend as resonance Raman (RR) measurements as well as DFT computa-

tions involving several OEP-substituted species suggested a direct correlation

between υFeNO and υNO. It was concluded that the orbitals close to the

HOMO were different from those of the analogous CO-complexes. The

HOMO itself was described as σ-antibonding with respect to the entire

FeNO unit, suggesting a new feature in the bonding picture of the met-

allonitrosyls. The HOMO-1 and HOMO-2 comprised a degenerate pair,

π-bonding with respect to Fe–NO and π-antibonding with respect to

N–O, as predicted by the “back-bonding model.” Though restricted to

the 5C example, this analysis was illuminating for future improvements in

the best description of the Fe–N–O bonds.

2.1.2 Role of the σ*-FeNO interaction in the trans-effect exerted
over NO

Table 1 shows recent metric parameters for the heme-nitrosyls [Fe(TPP)

(NO)(OC(¼O)CF3)] (23) and [Fe(TPP)(NO)(H2O)]SO3CF3(25). Both

species contain O-binding ligands trans- to NO, and apparently behave as

typical FeIINO+ systems. In both cases, the {FeNO} moiety shows a slight

bending. It has been suggested that this deviation is due to inherent elec-

tronic properties of the species and is not the result of steric restraints

imposed by packing of the lattice (23). The coincidence between the exper-

imental and computed FeNO angle at 175.8� for [Fe(TPP)(NO)(OC(¼O)

CF3)] reinforces this statement. Additional DFT computations (BP86/

TZVP) with a series of [Fe(por)(NO)(L)] complexes containing variable

axial anionic Ls with N-, O-, and S-binding atoms, as well as with
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neutral methylimidazole (MeIm), actually show that the stronger the dona-

tion ability from the axial anionic ligand (namely,

SPh�>NO2
�>OC ¼Oð ÞCH3

�>OC ¼Oð ÞCF3�), the weaker the Fe–

NO and N–O bonds become and the more the Fe–N–O units bend.

The calculated Fe–NO and N–O force constants, frequencies, and FeNO

angles agree with this trend. The bending correlates with an increased bac-

kbonding into a σ* fully FeNO antibonding orbital, which is unoccupied in

the Im-complex but becomes partially filled for complexes with donor axial

ligands, by admixture into the occupied MO that results from the bonding

interaction of the σ-donor orbital of the ligand and dz2 of iron.

2.1.3 “Negative” trans-influence of the nitrosyl moiety
The nitrosyl ligand affects in different ways the M–L bond lengths of the

remaining coligands. For instance, in the nitroprusside dianion the axial

Fe–C distance is shorter than the equatorial ones by �0.05 Å (the axial

C–N is also shorter by 0.01 Å) (19). Similarly, the distance to the

N-carboxamido trans-arm in [Fe(Papy3)(NO)]2+, 1.90 Å (21), is signifi-

cantly shorter than in the related carbonyl analog complex, 1.94 Å (57),

as is also the case with the Fe–N(py) distances in the [Fe(pyS4)(NO)]+

and [Fe(pyS4)(CO)] complexes, at 2.005 and 2.014 Å, respectively

(26,58). A decrease of 0.05 Å has also been measured for the Ru–N

distance (trans to nitrosyl) in the [Ru(Me3[9]aneN3)(bpy)(NO)]3+ ion,

compared to the one in the corresponding nitro-complex (15). Also, for

trans-[Ru(DMAP)4(NO)(OH)]2+(38) the Ru–OH distance was the

shortest (1.92 Å) among other ruthenium-nitrosyls with OH� in trans-

positions, making a difference of �0.10 Å with the estimated covalent radii

at 1.99–2.10 Å (37,59). The comparison of cis- and trans Ru–L distances

for the pentaammino- and pentachloro-nitrosyl ruthenium-complexes

(37,60) already suggested that the strengthening of the trans MII–L bonds

to the nitrosyl group is a generalized phenomenon for n¼6 complexes.

These observations are not privative to nonheme systems: for instance,

both in [Fe(TPP)(NO)(OC(¼O)CF3)] and [Fe(TPP)(NO)(H2O)]

SO3CF3, the Fe–O bonds are 0.03–0.05 Å shorter than in the precursors

(23,25).

The strong electron-withdrawing power of NO+, in conjunction with

the σ/π-trans L-donor abilities, contrasts with the L-trans weakening effect

promoted by bound-NO• in the n¼7 systems: dFe–L in [Fe(Papy3)(NO•)]+,

1.96 Å (21); [Fe(pyS4)(NO•)], 2.167 Å (26), as well as the even stronger

effects for the n¼8 complexes containing NO� (see below).
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2.1.4 Different reactivity of the L ligand trans to NO
A chemical consequence of the influence of bound-NO+ is the decrease in

the pKas of the trans-ligands, compared with the pKas in the absence of

NO+. For trans-[Ru(NH3)4(H2O)(NO)]3+, the pKa(H2O), 3.1, is close to

the one measured for the [RuIII(NH3)5(H2O)]3+ ion, 4.4, indicating that

the RuIINO+ fragment approaches the behavior of a RuIII center

(33,56). Additionally, the water ligand is much more inert toward substitu-

tion than in related, non-nitrosylated aqua-complexes (33,56). On the other

hand, deprotonation of the trans-H2O ligand induces significant kinetic and

mechanistic changes in the nitrosylation/denitrosylation reactions of iron-

heme model complexes (61). As a consequence of the discussion presented

in Section 2.1.2, NO is expected to be released faster from the bent com-

plexes than from the linear ones, due to the weakening of the Fe–NObonds.

2.1.5 Other metal centers: Validity of the formal charge descriptions
The electronic structures of manganese-nitrosyls may be discussed on similar

grounds as for iron (18). Diamagnetic nonheme complexes show quasi-

linear low-spin MnNO fragments, multiple Mn–NO and N–O bonding,

and υNO �1700–1800 cm�1, in agreement with a stronger π-donor charac-
ter ofMn in the {MnNO}6 fragments, formally described asMnINO+. DFT

calculations and RR results support this electronic distribution in

[Mn(Papy3)(NO)]ClO4(62), modifying the previous assignment as

MnIINO•(63). A high-spin trigonal bipyramidal (with NO in the equatorial

plane) MnIIINO� (S¼2) state has been proposed for the 5C [Mn(TC-5,5)

(NO)] complex on the basis of IR spectroscopy (νNO¼1662 cm�1) and

SQUID susceptometry (64). For the linear isoelectronic [M(CN)5NO]n�

ions (M¼Fe, Mn, V) (65) with multiple MNO bond character, υNO

depends strongly on the metal center: 1939, 1725, and 1575 cm�1, with

M formally described as FeII, MnI, and V�1, respectively. The large decrease

in υNOs correlated with the increased back-bonding. As the π*NO character

in the HOMO increased from Fe (25%), to Mn (42%), to V (74%), the

dominant M(NO+)-description may be acceptable for FeII, doubtful for

MnI, and certainly inconsistent for V�1, for which a (π*NO)
4d2 formal struc-

ture was suggested. A generalized computational analysis on the electronic

structures of tetragonal nitrido- and nitrosyl metal complexes (covering

group 7 and 8 metals and ammine/cyanide coligands) maintains an open

scenario for best describing the ground state (GS) and lower excited states

of metallonitrosyls (66).

95Three Redox States of Metallonitrosyls in Aqueous Solution

Author's personal copy



2.1.6 Frontier MOs
Early MO calculations provided the composition of the frontier MOs and the

character of the electronic transitions in different metallonitrosyls. Briefly, the

HOMO has been described as metal-centered for SNP (�65–70%) (67) and

for many other systems (45). However, in the series of trans-[Ru(NH3)4(NO)

(L)]n+ complexes, the HOMO is still metal centered for L¼NH3, H2O, Cl�,
and OH�, though it is mainly py- or pz-centered for the N-heterocyclic

ligands (68). For the [Ru(Me3[9]aneN3)(bpy)(NO)]3+ ion (Table 1), a com-

bined experimental UV–vis/(TD)DFT approach allowed assigning the

detailed ordering of frontier orbitals (15), with the HOMO defined as a

π(bpy) orbital. On the other hand, the LUMO and LUMO+1 are mostly

located on the nitrosyl moiety with �27% contribution from metal center

orbitals, reflecting a substantial π-backbonding, comparable to the one calcu-

lated in [Ru(tpm)(bpy)(NO)]3+ (25–30%) (30) and [Ru(DMAP)4(OH)

(NO)]2+ (30%) (38). As a comparison, recent calculations with [Fe(por)

(MI)(NO)]+ afforded a pair of LUMO and LUMO+1 orbitals with compo-

sition close to 68% π*x,πy* and 27% dxz,dyz(69).

2.2. Formation and dissociation of NO-complexes:
Nitrosylations and denitrosylations

n¼6 metallonitrosyls may be obtained from bothM(II) or M(III) precursors

by reacting with NO2
� or NO, respectively, in a pH-controlled medium

(56,70–74).

2.2.1 Reactions with M(II) precursors (M5Fe, Ru): Proton-assisted
dehydration of bound nitrite

M(II) compounds react with nitrosonium salts in organic media, or with

nitrite in aqueous solutions (Equation 1):

FeII Xeq

� �
4
Lð Þ H2Oð Þ

h i
+NO2

� +2H+> FeII Xeq

� �
4
Lð Þ NOð Þ

h i+

+ 2H2O

(1)

Reactions like (1) comprise the initial step in the catalytic cycles of some

cd1 NIRs, implying N-coordination of NO2
� into the labile (or vacant)

Fe(II)-site, followed by the very fast proton-assisted dehydration of

NO2
� (generation of bound NO+) and reduction/release of NO with for-

mation of the Fe(III)–aqua complex. The latter is reduced by the vicinal

heme c-reductant (�1 s�1) leading to rebuilding of the catalytic site (46).

The reactions like (1) are strongly pH-dependent and are at the heart of
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the nucleophilic additions of OH� into complexes containing the NO+-

ligand (see below).

2.2.2 Reactions with high-spin M(III) precursors
The experimental information for Fe(III) compounds arises mostly from

kinetic and mechanistic studies with proteins (metMb, metHb, CytIII, cat-

alase) and related porphyrinate models (73,74) and is specifically addressed in

Chapter 4 of this volume. In a general way, the reactions have been

described by the equilibrium reaction (2), with L, X, and Y as coligands:

L stands for a tetradentate planar ligand, like the porphyrinate derivatives;

X is a ligand trans- to the NO-binding site; and Y the potentially released

ligand, which may be the solvent (eventually, X and Y may be the same).

MIIIL4XY+NO>ML4X NOð Þ+Y kon,koff ,KNO (2)

Both the forward (nitrosylation) and reverse (denitrosylation) reactions in

(2) are relevant in connection to the potential roles of free and bound NO in

biological fluids. The products have been identified as containing the

{MIINO+} unit. Therefore, reaction (2) is not a simple ligand substitution

but also involves a substantial degree of electronic rearrangement (61,72).

2.2.3 Reactions with low-spin, nonheme Fe(III) systems
These reactions evolve to a full completion, i.e., the reverse reactions are

negligible. Consider, for instance, reaction (3) related to the well-studied

series of pentacyano(Y)ferrates(III) (Y¼H2O, or other ligand) (75)

FeIII CNð Þ5 H2Oð Þ� �2�
+NO ! Fe CNð Þ5 NOð Þ� �2�

+H2O (3)

In this reaction, the nitroprusside dianion (a very stable compound even

in aerated aqueous medium) is formed irreversibly. The reverse process in

(3), i.e., the release of NO, only occurs under light irradiation in the

near-UV region (8,9).

A detailed kinetic and mechanistic study of reaction (3) was performed

by recording the absorbance decrease of the reactant at 394 and 344 nm.

A rigorously linear behavior without intercept was obtained by plotting

the pseudo-first-order rate constant, kobs, against [NO], affording a value

of k3¼0.25 M�1 s�1 (25.5 �C, pH 3, I¼0.1 M) (76). This value is much

higher than the one measured in the dissociatively activated

complex-formation reactions of [FeIII(CN)5(H2O)]2�with nonredox active

ligands (kon �10�4–10�7 M�1 s�1) (75). The left part of Figure 2
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(viz., reactions 1–3) highlights the reported mechanistic proposal for reac-

tion (3), described as a rate-determining FeIII-reduction and NO-oxidation

to HNO2 followed by a comparatively faster nitroprusside-formation step.

The activation parameters: ΔH#¼52 kJ mol�1, ΔS#¼�82 J K�1 mol�1,

and ΔV #¼�13.9 cm3 mol�1 indicate an associative mechanism and were

accounted for in terms of the increase in electrostriction due to charge concen-

tration during the electron-transfer process. The redox events in the

NO!NO+!HNO2/NO2
�! [Fe(CN)5(NO)]2� process involve the

onset of very fast proton-assisted NO2
�/NO+ interconversions on Fe(II)

(see Section 2.2.1).

Importantly, the reduced [FeII(CN)5(H2O)]3� intermediate was

detected because of its selective reactivity toward added pyrazine or thiocy-

anate (cf. reactions 4–5 in the right part of Figure 2), leading to a catalytic

mechanism for the consumption of the Fe(III)-reactant. Experimentally, this

was revealed by the characteristic spectral changes and the linear dependence

of kobs with the concentrations of the scavengers (NCS� or pz). As suggested

in a review (74), the excess NO conditions allow establishing an autocata-

lytic role for NO, given its binding ability to [FeII(CN)5(H2O)]3�(10,11).
Additional kinetic reports on low-spin M(III) nitrosylations (see below)

prompt for an alternative (and common to other compounds) mechanism to

accomplish reaction (3). Consider the consecutive processes described by

Equations (4–7)

FeIII CNð Þ5 H2Oð Þ� �2�
+NO> FeIII CNð Þ5 H2Oð Þ� �2�

, NO
n o

Kec (4)

FeIII CNð Þ5 H2Oð Þ� �2�
, NO

n o
> FeII CNð Þ5 H2Oð Þ� �3�

, NO+
n o

Ket

(5)

Figure 2 Mechanistic scheme for the reaction between [FeIII(CN)5H2O]
2� and NO.
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FeII CNð Þ5 H2Oð Þ� �3�
, NO+

n o
> FeII CNð Þ5 NOð Þ� �2�

,H2O
n o

Kdiss

(6)

FeII CNð Þ5 NOð Þ� �2�
,H2O

n o
! FeII CNð Þ5 NOð Þ� �2�

+ H2O Kpf (7)

Reaction (4) implies a weak associative interaction, erroneously defined

previously as of “outer-sphere” type (76). Encounter complexes have been

described and characterized in the nitrosylation/denitrosylation reactions of

aromatic compounds and were proposed to be inner-sphere adducts con-

taining weakly bound NO (77). They were considered as immediate pre-

cursors of transition states for intramolecular electron transfer, as in

reaction (5). The equilibrium constants for reactions (6–7) should be high.

The ligand interchange within the adduct-complex, reaction (6), is rate-

controlled by the cleavage of the FeII–H2O bond, coupled to a fast

NO+-coordination. Therefore, for the kinetic analysis, processes (6–7)

could be collected into a single kinetic constant k�H2O.

Based on this description, the rate constant for reaction (3) would reflect

the onset of two coupled initial equilibria (Kec, Ket), followed by the irre-

versible ligand-interchange reaction, i.e., k3¼Kec�Ket�k�H2O. From an

estimation of k�H2O�100–300 s�1(75), we calculateKec�Ket�10�3 M�1

in agreement with a low value for Ket, which could be anticipated by the

redox potentials for the FeIII,II and NO/HNO2 couples at pH 3

(E�¼0.37 and 0.81 V, respectively). As for the expectations onKec, associa-

tive effects might be sometimes significant, as shown below, though not par-

ticularly for reaction (4), presumably affording very weak interactions

between NO and the bound cyanides.

2.2.4 Nitrosylation of nitrile-hydratase and models
NHase, an enzyme containing a 6C low-spin Fe(III) site, contains two

deprotonated carboxamido nitrogens and three cysteinate sulfurs, one of

them trans to the labile active site, which binds H2O or OH� ligands

(51). Laser photolysis studies under excess NO allowed proposing a mech-

anism for the nitrosylation and photoinduced denitrosylation of NHase(78).

The rate constant for NHase nitrosylation was estimated by detecting the

recovery of the inactive (dark) form in excess of NO after a 355-nm laser

pulse. By monitoring the time profile of the absorbance change at

370 nm, a pseudo-first-order kinetics was observed at pH 7.5. The plot

of kobs (s
�1) versus [NO] yielded an asymptotically increase to a limiting
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value. Reactions (8–9) were considered, in similar terms as discussed in

Section 2.2.2 for [FeIII(CN)5(H2O)]2� (reactions 4–6).

FeIIINHase

� �
active

+NO> FeIIINHase

� �
, NO

� �
K8¼ k8=k�8 (8)

The “encounter-complex” intermediate in (8) was assumed to contain a

weakly trapped NO, subsequently forming the inactive form of the enzyme

by means of an irreversible, intramolecular redox- and coupled ligand-

interchange reaction (9):

FeIIINHase

� �
, NO

� � ! FeIINHase NO+ð Þ� �
inactive

n
k9 (9)

In the inactive form, a stable nitrosyl-complex is formed, even under

aerobic conditions if preserved from the light. From Equations (8) and

(9), the decay rate constant is kobs¼K8�k9 [NO]/(1+K8[NO]), and K8

and k9 were found to be 2.5�103 M�1 and 14 s�1 from the double-

reciprocal plot, respectively. Within our proposed generalized model,

the value of K8 appears as much higher than the value estimated for the

product of reactions (4–5), suggesting a stronger association in the encoun-

ter complex (the value of Ket should still be unfavorable for NHase). By

assuming a diffusive formation of the intermediate (k8�1010 M�1 s�1),

k�8 was estimated as 4.0�106 s�1. The mechanism implies that light irra-

diation of the inactive NHase releases NO from the Fe-center to a trapping

site in the protein moiety, yielding an intermediate that might lead back to

the reactants. Note that k�8 is much larger than k9, associated with the final

coordination of NO+ into iron, reflecting the lability of the FeII–

H2O/OH� active site of the enzyme. As also accepted for other nit-

rosylations, the product of reaction (9) has been described as {FeIINO+},

as shown by the EPR-silent properties, the value of υNO at 1854 cm�1, and

RR results. Here again, the release of NO can only be achieved photo-

chemically, and in this way NHase recovers the activation ability toward

hydrolysis of organic nitriles to amides.

The pentadentate ligand Papy3, with polypyridine- and

N-carboxamide-type binding arms, has been designed as a model for

NHase(21). Though kinetic studies are not available, the compound binds

NO in the dark, reaction (10):

FeIII Papy3ð Þ NCMeð Þ� �2+
+NO ! Fe Papy3ð Þ NOð Þ½ �2+ +NCMe (10)
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The EPR-silent [Fe(Papy3)(NO)]2+ complex is very stable, allowing for

the preparation of crystalline solids. The NO-release represented by revers-

ing reaction (10) is not available thermally, but it becomes possible upon illu-

mination (21). In a similar way, the compound [Fe(bpb)(NO)(NO2)]

complex was synthesized upon bubbling NO into an oxygen-free acetoni-

trile solution of the low-spin [FeIII(bpb)(py)2]
+ ion (a nonheme planar analog

of the iron(III)-porphyrinate) (57). Notice that the high-spin complex

[FeIII(bpb)(Cl)2] did not afford any isolable nitrosyl, a fact that has been

employed to propose that the spin state of the iron center of the precursor

complex dictates its affinity toward NO.

2.2.5 Nitrosylation of low-spin Fe(III)-heme models, [FeIII(TMPS)(CN)
(H2O)]

42 and [FeIII(TMPS)(CN)2]
52

The nitrosylation of [FeIII(TMPS)(CN)(H2O)]4� (TMPS¼meso-

tetrakis(2,4,6-trimethyl-3-sulfonatophenyl)porphyrinato) is represented by

reaction (11) and was studied under excess NO-conditions (79):

FeIII TMPSð Þ CNð Þ H2Oð Þ� �4�
+NO

! Fe TMPSð Þ CNð Þ NOð Þ½ �4� +H2O (11)

At low concentration ofNO, kobs (s
�1) follows a linear trend against [NO].

From the slope, the authors calculated a second-order rate constant,

k¼8.2�103 M�1 s�1. The mechanism was described as an initial reversible

equilibrium comprising water-release, followed by a redox coordination step

of NO into the Fe(III) complex. Noticeably, the plot showed saturation-like

behavior at high [NO], a fact that was ascribed to side reactions. However, this

behaviorcanbe interpretedonthesamegrounds as forNHase (seeSection2.2.4)

yielding values ofK¼Kec�Ket and kNOof 4.3�102 M�1 and 22 s�1, respec-

tively.The formervalue allowsproposing an initial encounter-complex forma-

tion with similar characteristics as in NHase; the latter one can be consistently

traced to k–H2O, implying a fast water-release followed by a fast NO+-

coordination step. The dicyano-complex [FeIII(TMPS)(CN)2]
5� also led to

[Fe(TMPS)(CN)(NO)]4�, though with an expectedly slower nitrosylation

rate. The limiting value of kobs¼1.54�10�2 s�1 (plot of kobs vs. [NO]) was

assigned tok–CN, the specific rate constant for cyanide-release,whichwas inde-

pendently measured and associated with positive values of the activation

entropy and volume (see also Chapter).
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2.2.6 Nitrosylations of other [FeIII(CN)5(Y)]
n2 complexes

Complementary evidence on the generalized reaction scheme arises from

the nitrosylation reactions involving other [FeIII(CN)5(Y)]
n– ions (Y¼py,

NCS�, NO2
�, CN�), which also pointed to the formation of Fe(II) species

as intermediates though with remarkable differences in the relative rates of

[Fe(CN)5(NO)]2� formation (76). Figure 3 shows the spectral changes for

the reaction of [FeIII(CN)5(py)]
2� with NO. The initial absorption band at

414 nm (corresponding to [FeIII(CN)5(py)]
2�, also absorbing at 368 nm)

(80) decreases with time, whereas the absorption at 368 nm first increases

and then decreases for longer reaction times. A multiwavelength treatment

involving factor analysis reveals an intermediate with a band at 364 nm, con-

sistent with the initial formation of [FeII(CN)5(py)]
3�(81). From the initial

decay at 414 nm, a pseudo-first-order rate constant kobs¼1.4�10�4 s�1 can

be estimated, which, importantly, has a similar value than the one obtained

for the reaction of NO with [FeIII(CN)5(H2O)]2�. Thus, reactions 4–5 (for
Y¼H2O) have very similar initial rates than for Y¼py (this is also valid for

Y¼NCS�, not shown), consistent with the fact that all three complexes

have very close redox potentials, �0.4 V (vs. NHE) (82), and that the

Kec values should also be expected to be similarly low. In contrast, the rate

of nitrosyl-product formation for Y¼py is much slower than for Y¼H2O,

given that in the first case the cleavage of the stronger FeII-py bond is

Figure 3 Spectral changes recorded during the reaction of [FeIII(CN)5py]
2� with NO.

Experimental conditions: 0.1 mM [FeIII(CN)5py]
2�; 0.9 mM [NO]; pH 5.0; 10 mM acetate

buffer; I¼0.1 M (NaClO4), and cycle time 336 s. Inset: Absorbance-time traces at 414 and
368 nm.
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required: in fact, the observed slow subsequent decrease at 368 nm

(k¼1.1�10�3 s�1, 25 �C) corresponds to the well-established dissociative

aquation rate of the [FeII(CN)5(py)]
3� ion (81).

The nitrosylation of [FeIII(CN)5(NO2)]
3� led to a particularly interesting

result: a notoriously fast conversion to nitroprusside was observed in the

stopped-flow time scale. As E� for the [FeIII,II(CN)5(NO2)]
3,4� couple is

also �0.4 V (83), we can still anticipate similar rates for the encounter-

complex formation and the electron transfer reaction steps (analogs of

4–5). However, k�NO2� cannot be high enough to account for the fast con-

version to final products (its rate constant should be comparable to k�py,

�10�3 s�1). Instead, the final step might involve a fast proton-assisted

NO2
�/NO+ interconversion (cf. Section 2.2.1), which would yield the

product without rupture of the initial FeII–NO2
� bond:

FeII CNð Þ5 NO2ð Þ� �4�
, NO+

n o3�
> FeII CNð Þ5 NOð Þ� �2�

+NO2
� (12)

In a nicely significant rate contrast, the reaction of [FeIII(CN)6]
3� with

NO was very slow toward the formation of nitroprusside (hours time scale).

Again, we expect comparable rates than before for the analogs of reactions

(4–5), and a great inertness of the FeII–CN bond toward dissociation in the

{[Fe(CN)6]
4�,NO+}3� intermediate (k�CN�10�7 s�1) (8).

2.2.7 Nitrosylations with Ru(III) precursors
Recent studies on nitrosylation rates of [RuIII(NH3)5(Y)]

n+ ions (Y¼H2O,

Cl�, NH3) (84) are described by reaction (13).

RuIII NH3ð Þ5 Yð Þ� �n+
+NO ! Ru NH3ð Þ5 NOð Þ� �3+

+Yn,n� (13)

From the activation parameters, the mechanisms were described as asso-

ciative bond formations, coupled to concerted electron transfer steps, to pro-

duce the same stable nitrosyl (RuIINO+) complex. A value of

k13¼55 M�1 s�1 was measured for [RuIII(NH3)5(H2O)]3+, remarkably

faster than for [FeIII(CN)5(H2O)]2� (reaction 3). By referring to the general

scheme, we consider k13¼Kec�Ket�k–Y, and we can estimate the values of

k�Y to be in the range �10�2 to 6.3 s�1 for the different Ys, which means

around one or more orders of magnitude faster than the initial electron-

transfer step. However, the k�Y values are much smaller than k�H2O in

the Fe(III)–aqua complex, �300 s�1. Therefore, the differences in the rel-

ative rates of Ru(III) versus Fe(III) nitrosylations should be associated with

either Kec or Ket. From the redox potentials of the Ru(III) complexes
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(��0.01–0.06 V), Ket is still unfavorable for Ru(III). We conclude that the

faster behavior of Ru(III) complexes can be ascribed to a greater Kec, i.e., a

stronger association (hydrogen-bonding) ability of NO/NO+ than in the

Fe(III) cyano-complexes.

In the above context, it is worth pointing out that the very fast reactivity

(�107 M�1 s�1, pH 7.4) of [RuIII(edta)(H2O)]� (leading to [RuII(edta)

(NO)]�) can also be ascribed to its ability for a strong association with

the incoming NO (85). The associative character of this reaction seems

not to be specific of NO, given that other nonredox active ligands also react

very fast with [RuIII(edta)(H2O)]�(86).
Timely work from van Eldik’s group dealt with the reaction of NOwith

the cis- and trans-isomers of [RuIII(trpy)(NH3)2(Cl)]
2+(87). The mechanistic

picture was complex, with faster reactions than for the related RuIII-

pentammine systems, and consistent with the more oxidant character

induced by the highly acceptor trpy ligand. The initial kinetic behavior

showed reversible nitrosylations (NO/Cl� interchange) for both the cis-

and trans-complexes, with activation parameters compatible with associative

processes. In this reaction, the cis-[RuII(trpy)(NH3)2(NO)]3+ isomer (but

not the corresponding trans-) was detected by the IR signature of the coor-

dinated NO+. This species would be formed by a second NO-dependent

process, namely an attack of free NO on the initial NO-intermediate. Much

slower reactions (k�10�2 s�1 at 55 �C) showing positive activation vol-

umes were assigned to the reactivity of both NO+-isomers, yielding

[RuII(trpy)(NH3)2(NO2)]
+ and [RuII(trpy)(NH3)2(H2O)]2+ due to nucleo-

philic attack of OH� followed by aquation, even at pH 2. As free nitrite was

quantified at the end of the process only for the trans-isomer, it may be

inferred that the latter species reacts faster, probably because of its greater

RuIINO+/RuIINO redox potential. These processes could be probably

included under the general mechanistic scheme comprising encounter-

formation steps with a weakly trapped NO that would later evolve to the

intermediates of {RuIINO+} structure.

2.2.8 Why is the release of NO so fast for the {FeIINO+} heme-nitrosyls?
The products of all the nitrosylation reactions described and analyzed so far

for both the heme- or nonheme complexes have been consistently described

as diamagnetic low-spin (FeIINO+) species, independently of the high-spin

or low-spin nature of the Fe(III) reactants. Strikingly, there is an evident

contrast between the values of koff that measure the lability of NO, between

moderately labile heme and the undoubtedly inert nonheme nitrosylated
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products (70). The unified heme/nonheme description becomes chal-

lenged, because the lability of the heme-nitrosyls is apparently at odds with

the strong FeII–NO+ bonds appearing in both types of nitrosylated model

complexes, as well as in heme-proteins. A response to the puzzle has been

provided by Lehnert et al., by calculating the potential energy surfaces for the

binding of NO to ferric hemes (69). The calculations indicate that the weak-

ness of the Fe–NO bond is not a property of the GS of these complexes, but

relates to the existence of a low-lying high-spin state (S¼2) with Fe(III)–

NO• character, dissociative with respect to the Fe–NO bond. Hence, the

n¼6 heme-nitrosyls would be all intrinsically labile because it is expected

that this state will always be present at low energy in the different systems.

Interestingly, the calculations also identified another state with FeIIINO•

character (S¼0) lying close to the GS (FeIINO+), though not dissociative.

In fact, the singlet FeIIINO• state can be populated by light-irradiation and is

believed to be the precursor of NO-photorelease from SNP and other n¼6

complexes (8,88).

2.3. Electrophilic reactivity toward O-, N-, and S-binding
nucleophiles

2.3.1 General approach to electrophilic reactivity
The electron-withdrawing ability of the (formally) NO+ ligand anticipates

the onset of electrophilic reactivity toward external reagents. Theoretical

calculations have shown that the N-atom in the delocalized LUMO of

the MNO moieties is the site for nucleophilic attack, due to its greater pos-

itive charge density (89). This type of reactions, mainly with B nucleophiles

such as OH�, N-bound species as NH3 and amines, NH2OH, N2H4, N3
�,

NO2
�, and S-bound ones like RS�, HS�, and SO3

2�, have been much

studied in the 1970s (90) and later on (91). A thermodynamic approach pre-

dominated at that time, looking for equilibrium constants. The reactions

have been described as occurring in two-steps:

MIIL5NO
� �x

+By> MIIL5N Oð ÞB� �� �x+ y
(14)

MIIL5N Oð ÞB� �� �x+ y! MIIL5H2O
� �x

+nitrosationproducts (15)

Reaction (14) describes the formation and back-dissociation of adducts

in a reversible process. Reaction (15) usually involves a bond-reorganization

within the adduct, with oxidation of B and reduction of NO+, formation of

the M(II) aqua-complex, and, in most instances, the evolution of gases (N2

and/or N2O), or of some other nitrosated product, depending on the
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nucleophile and the initial nitrosyl complex (91). A simple nonredox process

is operative in reaction (14) with B¼OH�, yielding a nitrous acid interme-

diate that upon rapid deprotonation becomes a bound nitrite. The latter spe-

cies may remain stable for some time and be easily detectable, or undergo

aquation (releasing free nitrite) with a rate that depends on the MIIL5 frag-

ment (92). A more complex picture appears in the reaction between N2H4

and [Fe(CN)5NO]2�, with the intermediacy of bound linkage isomers of

N2O, namely the “side-on” and “end-on” species as precursors of N2O

release, together with the formation of NH3. A comprehensive mechanistic

report of this reaction (93), reviewed later (91), allowed disclosing different

stoichiometries and mechanistic routes for the adduct decompositions

employing labeled 15N SNP and substituted methyl-derivatives of N2H4.

A related picture arises with the more recently studied addition reactions

of N- and O-methylated hydroxylamines (94), extending the early study

with NH2OH (95). Finally, the studies related to the addition of RS� have

also unraveled the structure of the metallo-nitrosothiolate (M-NOSR)

intermediate adducts (96), and the corresponding biorelevant decomposi-

tion processes that lead to reduced nitrosyl compounds (97). Once more,

the [M(CN)5NO]2� complexes have proven particularly useful. With

cysteinate as a nucleophile, 1-electron or 2-electron reduction products

have been detected, namely NO and N2O for M¼Fe (97) and Ru (98),

respectively.

Very recently, we revisited the “Gmelin” reaction of SNP with HS� by

performing a detailed kinetic and mechanistic study in a broad time scale, in

the pH-range 8.5–12.5 (99). The experimental evidence led proposing the

formation of a first adduct intermediate containing the NOSH ligand, which

might deprotonate to yield NOS�with a pKa value estimated to be 10. Both

species were tentatively characterized by the pH-dependent spectral changes

originated in electronic transitions at �570 and 535 nm for both species,

respectively. The 1-electron reduced, EPR-active intermediate

[Fe(CN)5NO]3� has also been identified in the reaction medium, in a

pH-dependent equilibrium with the trans-labilized 5C [Fe(CN)4NO]2�

(both n¼7 species, see below). The final reduction product has been

identified as NH3, together with the formation of N2O at pHs >11.

New experiments at pH 7 provided evidence to question the proposed

mechanism of this complex reaction. An alternative proposal involves the

intermediate formation and release of the 2-electron reduced species

nitroxyl (HNO) (100). A current revision of the mechanism of this impor-

tant reaction is in order, in view of the enhanced interest inside the
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biochemical community on the role of H2S as a new signaling agent. Indeed,

the characterization of NOSH/NOS� and the effective role of 2-electron

reduced intermediates (NO�/HNO) are very challenging hot issues related

to the “cross talk” of NO and H2S as biological signaling agents (101).

2.3.2 Correlation of nucleophilic rates with M(NO+)/M(NO•) redox
potentials

A significant contribution in this area has been the measurement of key rate

constants, kOH, for the addition of the simplest nucleophile, OH�, to yield

stable nitro-complexes. The study involves a wide group of nitrosylated

nonheme MX5 fragments of group 8 metal centers (mainly ruthenium)

and different coligands (92). There is a remarkable correlation between ln

kOH and the redox-potential for the nitrosyl centered 1-electron reduction

couples,EMNO+/MNO• (M¼Fe, Ru,Os) that takes the form of a linear-free-

energy-relationship (92). The results for the different species can be grouped

into two sets of parallel lines. The displacement to lower values of kOH for

the same potential in one of them is probably due to steric restrictions of the

tetrapyridine-nitrosyl complexes, an explanation that would also account

the lack of reactivity of [Ru(DMAP)4(OH)(NO)]2+ toward OH� and even

HS�(38). The correlation spans an impressive range larger than 1.0 V in the

redox potentials and �10 orders of magnitude in the values of kOH. This

trend seems to be valid for other nucleophiles as well, as shown by a series

of ruthenium nitrosyls reacting with cysteine (98), and by the addition-

reactivity of nitrite toward several iron nitrosyl-hemes (102). The plot is

a powerful predictive tool and can in principle be extended to the reactions

with the heme complexes. The consensus regarding these species is that the

nitrosylation reactions that lead to {FeIINO+} may be followed by slower

processes, namely: (1) addition of OH� forming bound NO2
�, (2) rapid

aquation of [FeII(por)(L)(NO2)]
� (por¼porphyrinate dianion) leading to

[FeII(por)(H2O)] and free NO2
�, and (3) very fast binding of excess NO

to form the n¼7 complex [FeII(por)(NO)]. The overall process described

by this sequence is usually called reductive nitrosylation (103). Though

the effective identification of [FeII(por)(L)(NO2)]
� as an intermediate

has never been directly achieved for the heme-systems, the linear depen-

dence of the observed rate constants, kobs (s
�1), measured by the buildup

of the final product, [FeII(por)(NO)], allows inferring a value for kOH,

the nucleophilic rate constant, related to the observed rate constant by

kobs¼kOH� [OH�] (103). Data for the OH�-additions into MbIINO+,

HbIINO+, and several heme-nitrosyl models containing TPPS, TMPy,
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TMPyP (TPPS¼ tetra-(4-sulfonato-phenyl)porphinato; TMPy¼meso-

tetrakis(N-methyl-4-pyridyl)-porphyrinato; TMPyP¼ tetrakis-(1-methyl-

pyridinium-4-yl)porphyrin)) (73,74), and Por16�, a highly negatively

charged substituted model (104), are consistent with the general trend

observed for the nonheme species. The results are encouraging, suggesting

that a common reactivity picture holds for the nonheme and heme-

metallonitrosyls.

3. COMPLEXES WITH n57

3.1. Structure, spectroscopy, and electronic descriptions
for 5- and 6-coordination. Total spin S51/2 or 3/2.
Alternative FeIINO•, FeIIINO2, or FeINO+ distributions

Addition of 1-electron to the {FeNO}6 moieties leads to bending of the

FeNO group and lowering of the symmetry environment (Figure 1B).

The singly occupied MO (SOMO) is mostly located in one of the splitted

π*NOσ orbitals that is axially σ-antibonding with respect to the iron dz2
orbital and therefore weakens the proximal Fe–L ligand trans to the NO.

In this way, metallonitrosyl compounds may attain CN 5 or 6, both of which

are of important in a biological context. The {FeNO}7 Enemark–Feltham

description leaves room for a large variation of the electronic structure medi-

ated by metal–ligand covalency (45): the FeIINO• description may need

consideration of partial charge transfer, leading in some cases to

FeIIINO� or FeINO+ limiting contributions to the bonding picture,

depending on the 5C/6C situation and (in the latter case) on the properties

of the trans-L ligand.

3.1.1 Heme and nonheme 5C nitrosyls with S51/2
The 5C heme-compounds have a general formula [Fe(por)(NO)] in some

proteins (HbNO, MbNO, sGCNO; sGC¼ soluble guanylate cyclase) and

model complexes, exhibiting a low-spin GS configuration (S¼1/2) (45).

The iron is displaced toward the axial NO, with larger displacements for

the 5C species (�0.2–0.3 Å) than for the 6C ones (�0.1 Å). The FeNO

geometries do not showmuch variation as a function of the porphyrin ligand

and present a temperature-dependent structural rotational disorder. High-

resolution crystal structures of model complexes reveal a tilting of the

Fe–NO bond vector from the heme normal and an asymmetry of the

Fe–N(pyrrole) bond distances (18). Table 2 shows data for α-HbII–NO,

for a typical TPP2� derivative, and for a recently prepared compound with
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Table 2 Selected list of 6C and 5C nonheme- and heme-nitrosyl complexes, [FeNO]7

Compound S νNO (cm21) dM–N (Å) dN–O (Å) ∠MNO (deg) Ref.

6C [Fe(T1Et4iPrIP)(OTf )(NO)](OTf ) 3/2 1831 1.764(1) 1.150(5) 171.5(4) (105)

[Fe(MeTp)(acacPhF3)(NO)] 3/2 1720–1761 1.813(3) 1.148(4) 147.7(3) (106)

[Fe(BMPA-Pr)(Cl)(NO)] 3/2 1726 1.7828(7) 1.1545(9) 151.80(7) (107)

[Fe(cyclam)(N3)2(NO)] 3/2 1690 1.738(5) 1.142(7) 155.5(10) (108)

[Fe(N4py)(NO)](BF4)2 1/2 1672 1.732(2) 1.157(3) 144.9(2) (109)

[Fe(N3PyS)(NO)](BF4) 1/2 1660 1.7327(18) 1.150(3) 147.2(2) (109)

[Fe(pyS4)(NO)] 1/2 1648 1.712(3) 1.211(7) 143.8(5) (26)

[Fe(TPP)(MI)(NO)] 1/2 1628 1.750(2) 1.182(3) 137.7(2) (110)

[Fe(pyN4)(NO)]Br2 1/2 1620 1.737(6) 1.175(8) 139.4(5) (20)

[Fe(cyclam-ac)(NO)](PF6) 1/2 1615 1.722(4) 1.166(6) 148.7(4) (24)

[Fe(PaPy3)(NO)](ClO4) 1/2 1613 1.7515(16) 1.190(2) 141.29(15) (21)

t-[Fe(cyclam)(Cl)(NO)](ClO4) 1/2 1611 1.820(4) 1.006(4) 144.0(4) (111)

Na3[Fe(CN)5(NO)]�2NH3 1/2 1608 1.737 1.162 146.6 (12,112)

5C [Fe(TMC)(NO)](BF4)2 (tbp) 3/2 1840 1.737(6) 1.137(6) 177.5(5) (113)

[Fe(1dmp)(NO)]� (tbp) 3/2 1750 1.748(2) 1.146(3) 160.3(2) (114)

[Fe(1ipr)(NO)]� (tbp) 3/2 1729 1.735(4) 1.122(5) 178.2(5) (114)

[Fe(TMG3tren)(NO)](OTf )2 (sp) 3/2–1/2 1748 1.748(2) 1.154(3) 168.0(2) (115)

Continued
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Table 2 Selected list of 6C and 5C nonheme- and heme-nitrosyl complexes, [FeNO]7—cont'd
Compound S νNO (cm21) dM–N (Å) dN–O (Å) ∠MNO (deg) Ref.

[Fe(3,5-Me-BAFP)(NO)] (sp) 1/2 1684 1.714(4) 1.142(5) 146.6(4) (116)

(NEt4)2[Fe(CN)4(NO)] (sp) 1/2 1746 1.565 1.161 177.1 (117)

[Fe(TC-5,5)(NO)] (tbp) 1/2 1692 1.670(4) 1.176(5) 174.3(4) (118)

α-HbII–NO (sp) 1/2 1668 1.74 1.1 145 (119)

[Fe(bpb)(NO)] (sp) 1/2 1673 1.7129(11) 1.1818(15) 144.74 (57)

[Fe(TPP)(NO)] (sp) 1/2 1670(1697) 1.739(6) 1.163(5) 144.4(5) (120)

[Fe(PhPepS)(NO)]2� (sp) 1/2 1626 1.700(2) 1.191(3) 149.3(2) (121)

[Fe(S,S-C6H2-,6Cl2)2(NO)]2� (sp) 1/2 1615 1.702(5) 1.186(6) 153.4(4) (44)

Total spin S, nitrosyl stretching frequencies (νNO), and relevant distances and angles have been detailed.
Abbreviations: acacX¼ substituted acetylacetonate; BMPA-Pr¼N-methylpropanoate-N,N-bis(2-pyridylmethyl)amine; bpb¼dicarboxamide dianion; cyclam-
¼1,4,8,11-tetraazacyclotetradecane; Hb¼hemoglobin; 3,5-Me-BAFP¼3,5-methyl-bis(aryloxy)-fence porphyrin dianion; N4py¼N,N-bis(2-pyridylmethyl)-(N-
(bis-2-pyridylmethyl)amine); N3pyS¼N,N-bis(2-pyridylmethyl)-(N-(bis-2-pyridylmethyl)amine) with one thiolate-S-ligand replacing one of the py donors;
OTf¼ trifluoromethanesulfonate anion (triflate); PhPepS¼N,N0-(1,2-phenylene)bis(2-mercaptobenzamide); TMC¼1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclote-
tradecane; TMG3tren¼a substituted derivative of tris(2-aminoethyl)amine; MeTp¼methyltris(pyrazol-1-yl)borate; T1Et4iPrIP¼ tris(1-ethyl-4-isopropylimidazolyl)
phosphine; 1dmp¼ tris(N-(3,5-dimethylphenyl)carbamoylmethyl)amine trianion. See Table 1 for other abbreviations.
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a bis-picket fence porphyrinate, 3,5-Me-BAFP2�, which is interesting for

being the first compound with a 5C ferrous heme-nitrosyl with a TPP2�

derivative as coligand that shows a single conformation of the Fe–NO unit.

Most of the heme compounds have Fe–NO distances at �1.70 Å (expect-

edly larger than for the n¼6 systems), and FeNO units at �145�. Included
are data for selected nonheme compounds. The structures are mostly square

pyramidal, with bent FeNO geometries as for the heme-nitrosyls, with the

exception of the trigonal bipyramidal (tbp) tropocoronand (TC) complex.

The [Fe(S,S-C6H2-,6Cl2)2(NO)]2� anion (44) is prototypical of a class of

5C iron complexes containing planar equatorial coligands of the dithiolene

family. On the other hand, [Fe(CN)4(NO)]2� originated on the 1-electron

reduction followed by cyanide loss of the nitroprusside dianion (117) con-

tains a FeNO unit distinctively close to linear with a very short Fe–N bond,

1.56 Å, even shorter than in SNP, 1.67 Å.

Overall, the values of υNO display a wide range, 1615–1690 cm�1, for

the bent systems, with the exception of SNP, 1746 cm�1. The υFe–NOs

and δFeNO bendings are at 520–540 and 360–390 cm�1, respectively (45).

The latter indicators are increasingly used with heme-proteins in order to

sense the environment of the active sites. 5C heme-nitrosyls exhibit char-

acteristic EPR spectra with anisotropic g-matrices’ principal values close

to 2.10, 2.06, and 2.01 (45), similar to [Fe(CN)4(NO)]2�(117).
The nature of the SOMO is relevant for understanding the charge dis-

tribution in this kind of species (Figure 1B). For instance, in [Fe(por)(NO)]

the mixing between π*NOσ and dz2 is strong enough to yield a computed net

transfer of about half an electron to the iron center, i.e., the unpaired elec-

tron of NO is fully delocalized over the FeNO subunit, with calculated spin

populations of about +0.5 on Fe and +0.5 on NO. Besides this strong

Fe–NO σ-bond, the other vacant π*NO forms a medium-strong

π-backbond with the fully occupied dyz orbital, and an additional π back-

bond results from the interaction of π*NOσ with dxz. In summary, NO

behaves as a strong σ-donor and medium-strong π-acceptor in the 5C heme

nitrosyls. The strong σ-donation of NO determines a noticeable FeI–NO+

character, i.e., a partial charge transfer (iron reduction/NO oxidation). The

strength of the π backbond can be modulated by adding electron withdraw-

ing or donating substituents to the phenyls of TPP2�-type ligands, leading to
inverse correlations between υFe–NO and υNO(45). For [Fe(CN)4(NO)]2�, a
dominant FeI–NO+ character is suggested by comparing themetric indicators

and the distinctive high values of υNO and υCN at 1746 and 2100 cm�1,

respectively (112). The results indicate (together with the short Fe–NO
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distance) that the strength of both σ/π bonds is synergistically enhanced (low
formal charge at FeI). Finally, [Fe(TC-5,5)(NO)] shows an unusual case of a

bipyramidal structure with an equatorial NO. Also unusual for the half-spin

systems, an electronic distribution with low-spin FeIIINO� has been pro-

posed on the basis of EPR, Mossbauer, SQUID susceptometry, and normal

coordinate analysis (118).

3.1.2 Nonheme and heme 6C nitrosyls with S51/2
An experimental and theoretical EPR study of the [M(CN)5NO]3� anions

(M¼Fe, Ru, Os) (122) showed spectra that are close to axial (g1,2�2.00,

g3<2.00) and one 14N hyperfine coupling constant, suggesting the identi-

fication of paramagnetic [MII(CN)5NO•]3�. High-level DFT calculations

revealed that the most pronounced changes upon reduction of the n¼6

compounds are concentrated in the M–NO lengths and in the MNO angles

(close to 145�), with a lowering of symmetry that leads to the removal of

degeneracy of the π*NO. For the three metal centers, the computed com-

positions of the SOMO show that spin densities are mainly confined to

the NO groups, with about two-thirds share on the N-atom, though with

sizeable metal contributions. The strongly increasing spin-orbit coupling

from Fe<Ru<Os is evident from both the experimental and calculated

data and is most pronounced in the Os system where g3 and the calculated

isotropic value gav are lowest and the total anisotropy g1–g3 is largest. This

work established a firm basis for assigning the EPR spectra of n¼7 systems

with S¼1/2, contributing to a confirmation of the early work with

[FeII(CN)5NO]3�(123), and allowed discriminating with the 5C

[Fe(CN)4NO]2�, which at that time was erroneously reported as

[Fe(CN)5NOH]2�. The success of the interpretation has been later

extended to a great variety of [MIIL5NO•]x complexes containing coligands

that induce relatively strong ligand field situations (124). A comprehensive

EPR study was done with the iron containing [Fe(cyclam-ac)(NO)]+

mono-cation, complemented by IR, UV–vis, M€ossbauer, and computa-

tional methods (24). As an example, Figure 4 shows the EPR spectrum

of [Ru(bpy)(tpm)(NO)]2+(30).

Typical g values for 6C heme-nitrosyls are markedly smaller than those

for their 5C analogs. Consistently, magnetic circular dichroism (MCD)

spectroscopic measurements and DFT calculations (125) show a decrease

in the spin density on Fe when going from 5C [Fe(TPP)(NO)] to 6C

[Fe(TPP)(MI)(NO)]. Other EPR differential features related to the hyper-

fine splitting pattern have been analyzed in detail in a recent review (45), as is
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also the case with the use of vibrational spectroscopy in the low-energy

region. Concerning the N–O and Fe–NO bonds, both are simultaneously

weakened when going from 5C to 6C. This can be best appreciated by

comparing the IR results for the TPP2�-complexes: the decrease of υNO

by 40 cm�1 upon coordination of MI is accompanied by a decrease of

υFe–NO (520!440 cm�1). The direct correlation indicates a weakening

of the Fe–NO σ-bond upon coordination of the sixth ligand (126,127).

In short, DFT calculations show that the trans-binding reduces mixing of

the SOMO of NO with the dz2 orbital of the Fe center due to an σ-trans
interaction with the proximal N-donor ligand. Because of the reduced

donation from the π*NOσ orbital, the N–O bond is also weakened, as is evi-

dent from the decrease of υNO. The spin-density distributions are about +0.8

on NO and +0.2 on iron for the 6C complexes, in contrast with the �50%

distribution in the 5C ones. Therefore, the 6C heme-complexes correspond

to a dominant FeIINO• distribution, in full agreement with the 6C nonheme

nitrosyls. Table 2 includes several examples of complexes affording the
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Figure 4 EPR spectrum of the electrogenerated cation [Ru(bpy)(tpm)NO]2+ inMeCN/0.1
MBu4NPF6 at 110 K. Experimental conditions: microwave frequency, 9.604 GHz; modu-
lation amplitude, 4 G. Bottom: computer-simulated spectrum. Top right: DFT-calculated
spin density of the same species in a vacuum (B3LYP level, LanL2DZ basis set).
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above-described electronic structure, as well as recent data on a structural

and electronic model of NO-bound cysteine dioxygenase, [Fe(NO)

(N3PyS)]BF4, together with a related all-N donor analogue, [Fe(NO)

(N4py)](BF4)2(109).

3.1.3 Nonheme nitrosyls with S53/2
Some nonheme ferrous centers in metalloproteins (128) react reversibly

with NO yielding bent 6C nitrosyl species with S¼3/2 GSs. EPR, RR,

XAFS, MCD, and M€ossbauer spectroscopies, together with SQUID

susceptometry and theoretical calculations, support a best description as

FeIIINO� (high-spin ferric, S¼5/2, antiferromagnetically coupled to

NO�, S¼1). Table 2 includes data for an early described nonheme exam-

ple, [Fe(cyclam)(N3)2(NO)] (108), and for two recently published models of

oxygenase enzymes able to bind NO (105,106). Many other complexes

with a low- to medium-field coordination sphere strength have been

described in similar terms, namely [Fe(H2O)5(NO)]2+(129), [Fe(edta)

(NO)] (130), and a series of ferrous chelate nitrosyls containing amino-

carboxylate and pyridylmethylamine coligands (131).

Table 2 includes some 5C examples with different geometries. An early

work showed the first structurally characterized example of a high-spin n¼7

compound, containing TMC, among a few other similarly behaved analogs

(113); it contains the NO group in the apical position of a distorted tetrag-

onal pyramid (in fact, intermediate between sqp and tbp) and displays a

temperature-dependent spin-equilibrium distribution, 3/2–1/2. Also

included are two representative bipyramidal complexes within the series

of tripodal ligands derived from tris(N-R-carbamoylmethyl)amine. The

R groups provide cavities around the metal center that influence the struc-

ture and particularly the degree of FeNO bending, with Fe–N–O angles that

range from 178.2� (R¼ iPr) to 160.3� (R¼dmp). The structural changes are

reflected in the EPR spectra that become significantly more rhombic for the

highly bent ligands (114,132). These last complexes have been also

described as {FeIIINO�} systems. Finally, the recently prepared tbp

[Fe(TMG3tren)(NO)]2+ complex (115) has shown to be a precursor for

the first high-spin nonheme [FeNO]8 complex (see below).

3.2. The trans-effect in heme- and nonheme complexes
It has been well established that sGC binds NO to a ferrous heme active site,

leading to the intermediate formation of a 6C complex, followed by the

breaking of the trans-Fe–his bond and generation of a 5C ferrous heme
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nitrosyl (45,133). In histidine heme-model complexes, coordination of NO

leads to a substantial weakening of the Fe-imidazole bonds trans- to NO,

showing binding constants of at most 10–50 M�1(127). Stable 6C ferrous

heme-nitrosyls have been obtained for globins containing a restrained axial

histidine. For several nonheme nitrosyl-complexes, Tables 1 and 2 allow

comparing the distances of the trans-ligands for the n¼6 and 7 systems

(cf. examples with the same non-nitrosyl coligand platform), showing a sub-

stantial elongation for the n¼7 case. In aqueous solutions, the magnitude of

the trans-labilizations may be strongly dependent on the nature of the ligand

and on specific situations related either to their pKas in the aqueous media or

to specific environmental effects, namely H-bond associations with

N-residues. Thus, the 6C and 5C cyano-nitrosyl complexes equilibrate in

aqueous solutions according to:

Fe CNð Þ5 NOð Þ� �3�> Fe CNð Þ4 NOð Þ� �2�
+CN� k16,k�16,K16 (16)

Values of k16¼2.7�102 s�1, k�16¼4�106 M�1 s�1, and

K16¼6.8�10�5 M have been measured (134). It can be seen that the

“trans-effect” translates into a low value of K16 (i.e., a high binding constant

for the 6C species, in contrast with sGC) suggesting that the “brown” 6C

species should be dominant in the currently studied solutions. However,

the protonation of cyanide (pKa(HCN)¼9.3) drives reaction (16) to the

right and favors the dominant formation of the 5C “blue” species in neutral

solutions. As detailed in the next section, the [Fe(CN)4(NO)]2� ion may

release NO in specific endogenous conditions, leading to sGC activation.

Labilization also arises upon 1-electron reduction of [Ru(NH3)5(NO)]3+,

with a subsequent rapid detachment of trans-NH3(135).

3.3. Formation and dissociation of NO-complexes:
Disproportionation reactions

3.3.1 Nitrosylations
Direct mixing of stoichiometric NO with M(II) complexes (either 5C or 6C)

leads to {MNO}7 species:

MIIL5 H2Oð Þ� �x
+NO> ML5 NOð Þ½ �x +H2O kon, koff (17)

The {MNO}7 species can also be generated chemically or electrochem-

ically by reduction/oxidation of adequate precursors. Relevant kinetic and

mechanistic information has been provided corresponding to reaction (17),

comprising the different electronic distributions for n¼7, as detailed above.
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For the aqua- and chelate-complexes described as FeIIINO� (S¼3/2,

derived from high-spin metal centers), water-exchange measurements and

activation parameters support a dissociative-interchange mechanism, with

high values of kon and variable values of koff as a function of the type of

chelate (131). Dissociative mechanisms have been proposed for the proto-

typical low-spin [Fe(CN)5(NO)]3� complex (S¼1/2, described as

FeIINO•), showing much lower values of koff at �10�5 s�1(10,11). The

coordination of NO into the low-spin [Fe(CN)5(H2O)]3� ion evolves

through a dissociative process, controlled by the lability of the Fe–OH2

bond, i.e., the values of kon are all around ca. 300 M�1 s�1 for the neutral

incoming ligands (viz., NH3, py, and CO), with smaller/greater values

for the negatively/positively charged ones, respectively (10,11). For the

porphyrinate models (cf. [FeII(TMPS)(H2O)(NO)]), much higher values

of kon at �108 M�1 s�1 are found (high-spin reactants), though the values

of koff are low and of the same order as found for the nonhemes (73,74).

For the important class of in situ-generated, low-spin [RuII(NH3)4(L)

(NO•)]n+ complexes, variable values of koff have been estimated (range

�1–10�4 s�1), suggesting the influence of the donor/acceptor abilities of

the trans L ligands (56).

3.3.2 Dinitrosyl complexes and disproportionation reactions
The conversion of NO into N2O that takes place at the active sites of

NO-reductases has stimulated investigations on the different mechanistic

routes to promote NO-coupling. The formation of dinitrosyls or the pro-

posed intermediacy of closely situated NO-species arising from structurally

different FeNO-complexes in the route to N2O-formation are a matter of

current interest. For these topics, the reader is referred to recent reviews

(115,136). Our contribution in this issue involved a close look at the intrin-

sic reactivity of [Fe(CN)5(NO)]3�, in the absence and in the presence of an

excess of NO conditions, showing an interesting scenario of successive bio-

relevant reactions (11).

An early concern on the hypotensive properties of solutions of SNP,

which manifest readily a few seconds after injection, led to the proposal that

reaction (16) is rapidly established once SNP is reduced by the thiolates in

the biological medium. Given the inertness of [Fe(CN)5(NO)]3� toward

NO-release (10), the activation of sGC was assigned to the lability of

[Fe(CN)4(NO)]2�(137). As there was no evidence in favor of the latter pro-
posal, we afforded a kinetic and mechanistic study on the thermal decom-

position of [Fe(CN)5(NO)]3� (rapidly generated from SNP upon reduction
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by dithionite) under a wide pH-range (4–10), i.e., studying solutions with a

pH-controlled ratio of [Fe(CN)5(NO)]3�/[Fe(CN)4(NO)]2�(11).
At the left-center of Figure 5, we show the equilibrium mixture of the

reactant complexes. At pH 9, a pseudo-first-order decay of predominant

[Fe(CN)5NO]3� can be observed, with koff¼4�10�5 s�1, in fair agree-

ment with the reported value for k–NO(10). NO was formed during the first

15 min and was absent after 10 h. Some N2O and SNP were observed as

minor decomposition products for ca. 10 h of reaction. The onset of a

new band at 2038 cm�1, typical of [Fe(CN)6]
4�, agrees with Equation (18),

describing a process subsequent to NO-dissociation, with successive release/

recombination of cyanides (138).

Fe CNð Þ5H2O
� �3�! 5

6
Fe CNð Þ6
� �4�

+
1

6
Fe2+ +H2O (18)

At pH 6, the consecutive spectra showed the decay of mainly

[Fe(CN)4NO]2� (λmax, 615 nm). The absorbance traces at two selected

wavelengths fitted to a two-exponential model. A slow monotonic decay

at 615 nm, along with an initial increase and subsequent decrease of an inter-

mediate I1 with maximum at 336 nm, was observed. Values of kobs¼3–6

and 1–2�10�5 s�1 were calculated for the steps involving the formation

and decay of I1, respectively. NOwas shown to be generated during the first

minutes and decreased slowly with time. A continuous formation of N2O

evolved with kobs¼1.4�10�5 s�1. At the end of the reaction,

Figure 5 Mechanistic scheme starting with [FeII(CN)5NO]
3�, illustrating the decompo-

sition paths at different pHs.
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[Fe(CN)6]
4� was found in low yields, in contrast with high yields of free

cyanides. Importantly, a disproportionation reaction led to SNP and N2O

(40% and 20%, respectively, with respect to the initial concentration of

[Fe(CN)5NO]3�). The successive IR spectra showed a decreasing intensity

of the bands corresponding to [Fe(CN)4NO]2�/[Fe(CN)5NO]3�, along
with an increase in the bands for [Fe(CN)6]

4�, SNP, and N2O. The out-

standing feature was the appearance of a transient weak absorption at

1695 cm�1 (maximum intensity at �2.5 h), which was absent at the begin-

ning and at the end of the process, revealing its intermediate character. We

assigned this feature to νNO in I1, consistent with the UV–vis results and with

isotope-labeling measurements with 15NO. In an independent experiment,

the IR-peak at 1695 cm�1 shows up by adding NO in a controlled way to

[Fe(CN)4NO]2� (with a new, weaker one at ca. 1737 cm�1). Both peaks

disappear by adding excess of NO, suggesting that I1 is unstable under these

conditions. Finally, the EPRmonitoring measurements showed that the ini-

tial signal of the reactants mixture evolves to a different one for a final para-

magnetic product (named as I2, see below), with an EPR-silent

intermediate, also assignable to I1.

We proposed that I1 is a trans-dinitrosyl species formed after

NO-dissociation from [Fe(CN)4NO]2�, Equation (19), with subsequent

coordination to the same complex (Equation 20):

Fe CNð Þ4NO
� �2�

+2H2O> Fe CNð Þ4 H2Oð Þ2
� �2�

+NO (19)

Fe CNð Þ4NO
� �2�

+NO! Fe CNð Þ4 NOð Þ2
� �2�

(20)

The EPR-silent properties of I1 were ascribed to a low-spin Fe(II) center

containing two antiferromagnetically coupled NO ligands. Independent

kinetic results for reaction (20) showed a first-order rate law in each reactant,

with k20¼4.3�104 M�1 s�1. Recent reports deal with the coordination of

NO to ferrous nitrosyl-porphyrins to yield trans-[Fe(por)(NO)2] in low-

temperature solutions (139). These are also EPR-silent complexes, with

similar IR properties as described for I1. From theoretical calculations, a

trans-syn (C2v) conformation has been proposed for [Fe(TPP)(NO)2]. We

found a similar picture for [Fe(CN)4(NO)2]
2�, also reproducing the trans-

syn geometry, with fairly consistent νNO values.

By lowering the pH to 4, the decomposition of [Fe(CN)4NO]2�

becomes faster by 2 orders of magnitude, with a subsequent release of

cyanide, NO, and aqueous Fe(II) ions (right, lower part in Figure 5). The

process is favored by the presence of metal ions (Cu, Fe). Therefore, our final
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conclusion is that NO requires the previous labilization of more cyanides

from [Fe(CN)4NO]2� in order to be subsequently released. We infer that

this may occur under physiological conditions, with local situations (viz.,

near positively charged centers in membranes) favoring complex decompo-

sition through the donor interactions of bound cyanides (6).

The upper part of Figure 5 involves a set of reactions comprising the

decomposition of I1, occurring at a similar rate as its formation. The rigorous

2:1 stoichiometry in SNP/N2O supports the disproportionation reaction

described by Equations (21–22):

Fe CNð Þ4 NOð Þ2
� �2�

+CN� +H+ ! Fe CNð Þ5NO
� �2�

+HNO (21)

2HNO ! N2O+H2O (22)

Figure 2 includes an additional, parallel route for the decomposition of

I1, as revealed by the distinctive EPR signature of the final product at pH 5.

We proposed it to be also a dinitrosyl species, [Fe(CN)2(NO)2] (I2), a new

member of the well-characterized series of paramagnetic distorted tetrahe-

dral complexes with different L ligands, described as {Fe(NO)2}
9. These

species behave as reversible, labile NO carriers, involved in trans-

nitrosylation processes. EPR signals assignable to these dinitrosyl complexes

have been found in tissue of ascite tumors of mice upon injection with SNP.

Those containing L¼ thiolates and imidazole were found to activate sGC

promoting vasodilation (140).

Besides the mechanistic significance of the above results for understand-

ing the SNP chemistry in biological fluids, an additional connection emerges

with the still controversial mechanism of sGC activation (141). The consen-

sus is that smooth muscle relaxation is rapidly induced by low levels of NO.

The fast response (within milliseconds) occurs because sGC efficiently binds

to and is activated by NO. With the purified protein, NO-binding to the

heme generates a 6C intermediate at a diffusion-controlled rate, which rap-

idly evolves to a 5C sGC-NO complex in which the bond between the

heme iron and histidine has been broken, producing the crucial event for

activation of the GTP!cGMP+pyrophosphate pathway. However, the

kinetic evidence (142,143) suggests that the mechanism of the activation

process is more complex: the 6C!5C conversion involves an additional

slower reaction that is of second-order in [NO], with k¼2.4�105 M�1 s�1

at 4 �C (142). It has been proposed that the second NO would occupy the

proximal site, concomitant with the displacement of the histidine molecule,

playing the role of a catalyst. It is not consumed in the process of generation
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of 5C sGC-NO, which appears as necessary for full activation. This seems

consistent with the formation of a low-activity complex with stoichiomet-

ric amounts of NO, whereas a high-activity complex is formed in excess

NO (142,143). Though the detailed mechanisms have not been clarified

yet (in vivo and in vitro results differ significantly), the participation of

dinitrosyls has been suggested as plausible (141,144), based on a detailed

study dealing with the behavior of another histidine-ligated heme protein,

bacterial cytochrome c0(144), which was found to display an analog

behavior as sGC (cf. Figure 6). From our side, the previous analysis

(Section 3.3.2) on the formation of trans-[Fe(CN)4(NO)2] and [Fe(por)

(NO)2], and particularly the subsequent reactivity leading to N2O and

FeII(NO+), allows suggesting that disproportionation of the trans-

dinitrosyl species could lead to bound NO� and NO+ (or probably

NO2
�, depending on the pH). The NO� could promote an even stronger

trans-effect than NO (see below), in agreement with the found conversion

of the proposed dinitrosyl to a final 5C complex with NO bound in the

proximal heme pocket (143).

3.4. Nucleophilic reactivity: The reactions of [ML5(NO)]
n

with oxygen
In contrast with the n¼6 systems, a nucleophilic reactivity might be antic-

ipated for the more electron-rich metallonitrosyls. Although nitrosyl pro-

tonation reactions seem not to occur at the {MNO}7 moieties (there are

at most reports on hydrogen bonds being established with distal histidines,

Ref. (45)), the reaction of MbIINO with O2 showed the formation of

NO3
�(145). The decay of [Fe(CN)5(NO)]3� upon consecutive additions

of dissolved O2 corresponds to the following stoichiometry:

4 Fe CNð Þ5NO
� �3�

+O2 + 2H2O > 4 Fe CNð Þ5NO
� �2�

+4OH� (23)

In excess of dissolved O2, the concentration of [Fe(CN)5NO]3� decays

exponentially with a pseudo-first-order rate constant kobs that correlates

Figure 6 Proposed mechanism for the activation of sGC.
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linearly with [O2]. This leads to a global second-order rate law: �1/4d[Fe

(CN)5NO3�]/dt¼k23[Fe(CN)5NO3�][O2], with k23¼ (3.5	0.2)�
105 M�1 s�1 at 25 �C, pH 10 (146). An excess of free CN�was used to min-

imize trans-labilization of this ligand (Equation 16). The rate constant was

insensitive to changes in pH (9–11) and ionic strength (0.1–1 M). An asso-

ciative route has been proposed for the initial steps:

FeII CNð Þ5NO
� �3�

+O2> FeIII CNð Þ5N Oð ÞO2

� �3�
kad,k�ad (24)

FeIII CNð Þ5N Oð ÞO2

� �3�
+ Fe CNð Þ5NO
� �3�> 2 Fe CNð Þ5NO2

� �3�
(25)

In reaction (24), a new covalent bond forms between bound NO and

O2. The product is, according to DFT computations, a peroxynitrite anion

bound to Fe(III); the anion has been also proposed as an initial intermediate

in the reaction ofMbIINOwithO2 that subsequently isomerizes to NO3
� as

a final product (145). Instead, we proposed the fast bimolecular formation of

[Fe(CN)5NO2]
3�, Equation (25), with a subsequent reaction (26):

Fe CNð Þ5NO2

� �3�
+ Fe CNð Þ5NO
� �3�

+H2O> 2 Fe CNð Þ5NO
� �2�

+2OH� (26)

The oxidation equivalents remain bound to the metal all along the reac-

tion, leading to the experimentally found 4:1 global stoichiometry, without

other detectable by-products. Under steady-state conditions for

[FeIII(CN)5N(O)O2]
3�, we get �d[Fe(CN)5NO3�]/dt¼4kadk24[O2][Fe

(CN)5NO3�]2/(k�ad+k24[Fe(CN)5NO3�]), which reduces to the observed
rate law, with k23¼kad, when k24[Fe(CN)5NO3�]>>k�ad.

Second-order rate laws were also found for [Ru(bpy)(tpm)NO]2+(30)

and [Ru(NH3)5NO]2+(147) complexes reacting with O2. As the spin den-

sity distribution along the different {MNO}7 moieties remains essentially

invariable (124), we expect similar reactivity patterns for the

NO-complexes. The [Fe(CN)5NO]3� and [Ru(NH3)5NO]2+ complexes

(affording ENO+/NO values at ��0.10 V) react with very similar addition

rate constants, though the [Ru(bpy)(tpm)NO]2+ ion (ENO+/NO¼0.55 V)

showed a much lower value of kad, by 5 orders of magnitude. Figure 7 shows

a plot of ln kad against ENO+/NO for the three nonheme complexes. A linear

trend can be appreciated, with a negative slope of 18.4	0.9 V�1, in close

agreement with a Marcus-type behavior. The plot also includes an estimated

value for MbIINO. The mechanistic interpretation for the reaction of

MbIINO with O2 is controversial; the observed rate constant has been
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alternatively linked either to a step similar to reaction 24 or to the dissoci-

ation of NO fromMbIINO occurring as the rate-determining step, followed

by O2 binding at MbII and further attack by NO (145). There is also some

ambiguity in the redox potential for the MbIII,IINO redox couple, which

was estimated through a thermodynamic cycle (102).

Remarkably, the oxidation rate (reaction 23) decreased markedly at pHs

<10 in the absence of cyanide, suggesting the unreactivity of

[Fe(CN)4NO]2�(146). That 6C is a necessary condition to achieve autoxida-

tion of bound NO-complexes agrees with a similar reactivity pattern found in

nonaqueousmedia for the nonheme [Fe(PaPy3)NO]+ complex (21). Also, the

picket-fence compound [Fe(TpivPP)NO] (TpivPP¼α,α,α,α,-tetrakis
(o-pivalamidophenyl)-porphyrin dianion) reacts with O2 only in the presence

of pyridine, to give [Fe(TpivPP)(NO2)(py)] (148). The increase in O2-

reactivity when going from 5C to 6C nitrosyls is consistent with the increase

in the radical character of the NO group, as discussed above. Finally, that the

redox potentials of the M–NO+/M–NO• couples could predict the

NO-autoxidation reactivities appears as quite significant. Some NO•-

coordination compounds could readily react withO2 in order to provide a fast

route to NO•-consumption. However, the complexes like [Fe(CN)5NO]3�

could hardly compete with other main sinks for NO, namely its very fast

reactions with sGC or with HbO2. On the other hand, we turn back to

sGC, searching for the mechanism of enzyme recovery of catalytic activity,

i.e., the back conversion of sGC-NO to sGC. Given the low values of koff

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-4

-2

0

2

4

6

8

10

12

14

16

2

 E0

NO+/NO
 / V vs. NHE

ln
 k

ad

1

4

3

Figure 7 Plot of ln kad versus ENO+/NO for the reactions of O2 with: (1) [Ru
II(NH3)5NO]

2+,
(2) [FeII(CN)5NO]

3�, (3) [RuII(bpy)(tpm)NO]2+, and (4) MbIINO. See text for details on the
latter species.
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for NO-release from 5C sGC-NO (�10�3–10�4 s�1) (73,74,141), the 6C

requirement for O2-attack to the 5C sGC-NO in the plentiful oxygen

medium could be important, linked to histidine rebinding, NO-release from

the labile “NO-ferric heme,” and further Fe(III) reduction by NO.

4. COMPLEXES WITH n58

4.1. Structure, spectroscopy, and electronic description:
Dominant 1NO2/1HNO (S50)

Species with {M–NO}8 configuration have been reached by reduction of

the corresponding {M–NO}6,7 either chemically or electrochemically.

The CV experiments performed on {M–NO}6 compounds usually show

two 1-electron reduction waves in aqueous solutions. The first one shows

up in the range�0.4 to +0.6 V, depending on the MX5 fragment. The sec-

ond reduction wave, most frequently irreversible, occurs at �0.8–1.0 V

more negative potentials (149). Free NO� (a species that is isoelectronic

with molecular oxygen) has a triplet GS. Coordination to a metal center

splits the degeneracy of the π*NO orbitals, and consequently, the GS of

{M–NO}8 coordination compounds of d6 metal centers has always been

described as singlet in character (16,17).

As with n¼7, both 5C and 6C compounds can be achieved, though an

even stronger trans-effect must be expected as a result of the increased pop-

ulation of the π*NO(σ) orbital. Compared to the species in the higher oxi-

dation states of coordinated NO, M–(NO�) complexes are more

electron-rich, a situation that might eventually lead to protonation at the

nitrogen lone pair, yielding complexes with coordinated HNO. Table 3 dis-

plays a selected number of well-characterized 5C or 6C species, with avail-

able X-ray structural data or reliable combined spectral/computational

information, containing either bound NO� or HNO.

4.1.1 NO2-complexes
TheX-ray structure of a 5CCo(III)-(TPP) complexwas described for the first

time in 1973 (160), though a higher quality crystal structure determination

was reported later (152). This species was obtained by reaction of the

corresponding Co(II)-(TPP) with NO, and it is a representative example

of a number of well-defined Co(III)-(NO�) porphyrinate systems, which

are all diamagnetic and square-pyramidal (18,53), as is also the recently pre-

pared Co(III)-LN4 complex with four asymmetrically bound basal N-ligands

in a nonmacrocyclic heme platform (161). The Co(III)-tropocoronand
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Table 3 Selected list of 5C and 6C nonheme- and heme-nitrosyl complexes, [MNO]8 (M¼Co, Fe, Ru, Os, Ir)a

Compound νNO (cm21) dM–N (Å) dN–O (Å) ∠MNO (deg) Ref.

NO� 6C [Co(en)2Cl(NO)]ClO4 1611 1.820(11) 1.043(17) 124.4(11) (150)

NOCbl�15H2O – 1.927(6) 1.14–1.20 121–117 (151)

Fe(cyclam-ac)(NO)b 1271 1.752 1.261 122.4 (24)

[Ru(Me3[9]aneN3)(bpy)NO]+ 1315, 1286

1404b
1.91 1.27 122.9 (15)

NO� 5C Co(TPP)(NO) (sqp) 1681 1.8301(5) 1.1492(7) �123.39(5) (152)

Co(TCC-4,4)(NO) (tbp) 1584 1.779(6) 1.151(9) 128.9(6) (153)

Co(TCC-3,3)(NO) (sp) 1656 1.785(6) 1.137(7) 127.3(6) (153)

Co(LN4)(NO) (sp) – 1.7890(11) 1.1551(15) 125.97(9) (154)

[Fe(CN)4(NO)]3� (tbp)b 1581 1.637 1.22 171.2 9

[Fe(TFPBr8)(NO)]� (sp)b 1547 1.790 1.201 122.7 (155)

HNO 6C [Fe(cyclam-ac)(HNO)]+b 1351 1.78 1.27 126.3 (24)

MbII(HNO)c 1385 1.82 1.24 131 (156)

[Fe(CN)5(HNO)]3�b 1338, 1394 1.783 1.249 137.5 (12)

Ru(pybuS4
0)(HNO) 1358 1.875(7) 1.242(9) 130.0(6) (157)

[Ru(Me3[9]aneN3)(bpy)(HNO)]2+b 1376 1.93 1.28 127.5 (15)

[Os(Cl)2CO(PR3)(HNO)] 1410 1.915(6) 1.193(7) 136.9(6) (158)

cis–trans-IrHCl2(PPh3)2(HNO) 1493 1.879(7) – 129.8(7) (159)

aTotal spin S¼0, unless otherwise indicated. Nitrosyl stretching frequencies (νNO) and relevant distances and angles have been detailed.
bFrom DFT.
cFrom XAFS.
Abbreviations: en¼ethylenediamine; LN4¼diimine/dipyrrolide dianion; Mb¼myoglobin; NOCbl¼nitrosylcobalamin; PR3¼ trialkylphosphine; ‘pybuS4’¼2,6-
bis-(2-mercapto,3,5-di-t-buthyl-phenylthiomethyl)pyridine dianion; TC-3,3¼ tropocoronand 3,3; TC-4,4¼ tropocoronand 4,4; TFPBr8¼2,3,7,8,12,13,17,
18-octabromo-5,10,15,20-[tetrakis-(pentafluorophenyl)]porphyrin dianion. See Tables 1 and 2 for other abbreviations.
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(TCC) derivatives show a distinctive behavior: the diamagnetic 4,4-complex

shows a bent nitrosyl in the equatorial position of a trigonal bypyramid, while

the 3,3-complex is a paramagnetic square-pyramid (153).

A series of 5C Fe-nitroxyl heme-complexes have been obtained by

reducing the corresponding n¼7 compounds with cobaltocene derivatives

in nonaqueous medium (154,161). The diamagnetic TFPBr8-compound

(Table 3) has been isolated and characterized by UV–vis, FTIR, 1H,15N

NMR spectroscopies and DFT calculations and is very stable in CH2Cl2,

in the absence of oxygen (155). The electronic structure of the latter has

been described as intermediate between FeIINO� and FeINO, in agreement

with computations in the 6C [Fe(por)(MI)(NO)]�(162). The enhanced sta-
bility compared to other unstable 5C TPP- andOEP-nitroxyls can be traced

to the electron-withdrawing groups in the porphyrin ring which also induce

a positively shifted reduction potential for the n¼7 complex. In a related

way, the [Fe(3,5-Me-BAFP)(NO)]� ion has been characterized as a result

of spectroelectrochemical reduction of the n¼7 compound (Table 2)

(116). Table 3 also includes the calculated DFT structural parameters for

the [Fe(CN)4(NO)]3� complex, which is presumably generated as a mod-

erately stable species upon cyanide-labilization from the unstable

[Fe(CN)5(NO)]4� ion (see below) (12).

Back in 1970, [Co(en)2Cl(NO)]ClO4 was prepared by reacting a Co(II)

precursor withNO (150), yielding the first X-ray structure of a 6C complex.

A similar strategy led to [Co(NH3)5(NO)]Cl2. Both complexes show

enhanced distances for Co(III) and the trans-ligands (Cl�, NH3), by

�0.3 Å (150). Other analogs with Schiff bases, dithiocarbamates,

dimethylglyoximates, and other chelating coligands have been prepared

(150). Most significant was the isolation in 2007 of nitroxylcobal(III)amin

(NOCbl, containing a corrin ring), obtained by reaction of

hydroxycobalamine�HCl with a NONOate (151). The Co–Nα axial bond

length to theDMB ligand of NOCbl is greater by 0.13 Å than the distance in

the related NO2Cbl structure, reflecting the trans-labilizing effect of NO�.
Both the axial “base-off” and “base-on” complexes coexist in aqueous solu-

tion at mild acidities, with predominance of the latter (deprotonated) form at

pHs 
7 (163). In an important application of the properties of Co(II)(por)/

Co(III)(por) fragments toward nitrosyl/nitroxyl coordination, a novel

amperometric method has been developed, based on the attachment of a

Co(II)(por) to a gold electrode and further electrochemical oxidation to

Co(III). The latter species can selectively bind HNO over NO upon the

exposure to HNO/NO donors (164). Though not included in Table 3,
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it is worth mentioning that NO�-complexes have been also prepared with

Rh(III) and Pt(IV) low-spin d6 metal centers (165).

The first 6C FeII-nitroxyl complex, trans-[Fe(cyclam-ac)(NO)], has been

thoroughly characterized in acetonitrile solution by reducing chemically or

electrochemically the n¼7 complex (24). The calculated metric data show

the Fe–N, N–O distances and FeNO angle (close to 120�) at similar values

than for the 5C Fe(II) heme-complex, though υNO is significantly lower,

suggesting the O-donor ability of the acetate ligand trans to nitroxyl. The

structure was described as FeIINO�. Remarkably again, the calculated

Fe–O distance is 0.14 Å longer than in the n¼7 analog (and 0.26 Å longer

than for the n¼6 one), reflecting the trans-effect of NO�. While the che-

lating ligand avoids the release of the acetate arm in acetonitrile solution, the

closely related complex trans-[Fe(cyclam)Cl(NO)] did not maintain its

integrity under the same conditions after reducing the n¼7 derivative

(Table 3), presumably because of the exchange of the chloride ligand with

the solvent or reoxidation to the starting material (111).

A RuII-(NO�) complex could be well characterized by electro-

chemical reduction of the n¼7 [Ru(Me3[9]aneN3)(bpy)(NO)]2+ complex

at �0.23 V, in acetonitrile (15). As with [Fe(cyclam-ac)(NO)] (24), the

reduction process can be represented by Equation (27):

Ru Me3 9½ �aneN3ð Þ bpyð Þ NOð Þ½ �2+ + e�

! Ru Me3 9½ �aneN3ð Þ bpyð Þ NOð Þ½ �+ (27)

The {Ru-NO}8 species displays a υNO that is �300 cm�1 lower (cf.

Table 3) than the value measured in the n¼7 precursor, in agreement with

other reports (cf. Table 2). The electronic spectrum showed a typical pattern

of bands, which were adequately reproduced by the (TD) DFT analysis.

Interestingly, the aqueous spectroelectrochemical preparation at pH 12.8

also led to a product with similar electronic absorptions as in acetonitrile,

suggesting the formation of the same species than in water. The NO�

-complex showed to be remarkably stable in both aqueous- and acetonitrile

media, in the absence of oxygen. The metric data provided by DFT

computations are quite consistent with those calculated for [Fe(cyclam-

ac)(NO)] (24).

4.1.2 HNO-complexes
The intermediacy of HNO-complexes in redox, metal-bound NO/

NH2OH conversions was early suggested by Roper’s work in 1970 (166)
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and led in 1979 to the first crystal structure of an HNO-complex,

[Os(Cl)2(CO)(HNO)(PPh3)2] (158) (Table 3). Though only two (Ru-

and Ir-) additional compounds with X-ray crystal structures are available,

a greater number of well-characterized compounds have been described

(16,17,70,71,167). Different synthetic strategies have been used for prepar-

ing nonheme and heme HNO-complexes (also containing Fe and Re

metals) (16,17). In short, the procedures have involved using either specific

oxidation pathways (viz., Pb(OAc)4 with a Re-bound hydroxylamine-

precursor in CH2Cl2(168)), or differently elaborated reductions of NO+-

or NO-complexes by using 2-electron reductants like hydrides (157), or

1-electron reductants, including electrochemical techniques. Recently, bulk

electrolysis in THF of a bis-picket-fenced iron-porphyrin, [Fe(3,5-

Me-BAFP)] (Table 2), led to a heme-based 1-electron reduction. Addition

of NO led to the nitroxyl (NO�) derivative, which in turn was treated with
acetic acid to yield [Fe(3,5-Me-BAFP)(HNO)], the first ferrous heme-

HNO model complex (116). The latter has an electronic spectrum that

resembles Farmer’s Mb(II)-HNO complex (156).

We succeeded in the preparation of [FeII(CN)5HNO]3� in aqueous

anaerobic solution by reaction of SNP with 2 equiv. of dithionite at

pH 10 in the presence of an excess of free cyanide (Figure 8) (13). The reduc-

tion led to nearly quantitative formation of the product as revealed spectro-

photometrically. Using BH4
� as an alternative reductant has been

recommended as a better choice for preparing [FeII(CN)5HNO]3�, though
only �20% yields could be reached (169). The main absorption band of

Figure 8 Spectra of [Fe(CN)5(NO)]
2� (1) and the one- and two-electron reduced com-

plexes [Fe(CN)5(NO)]
3� (2) and [Fe(CN)5(L)]

n� (3) (L¼HNO,NO�) obtained by two
sequential 1 equiv. additions of S2O4

2� to 3�10�4 M at pH 10, T¼25.0 �C.
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the [FeII(CN)5HNO]3� anion at 445 nm showed to be fairly persistent at

pH 10, reverting to [Fe(CN)5NO]3� (high yield,>80%), with a half-life time

of�50 min. However, and rather surprisingly, a rapid shift to pH�6 imme-

diately after completing the 2-electron reduction allowed attaining a great sta-

bility of the 445 nm band intensity, which decayed with a pseudo-first-order

rate constant of�10�6 s�1(14). The metric data (Table 3, previously obtained

employing DFT) and the ATR/FTIR evidence were in agreement with an

HNO-bound species, in full consistency with the crucial 1H-NMR experi-

ment showing δ at 20.02 ppm and JNH at 71.14 Hz (pH 6). NMR measure-

ments have been determinant for the early unambiguous identification of

HNO in the Os(II)-, Re(I)-, and other complexes. RR results (with l4N-

and 15N-labeled NO), obtained after irradiation close to the 445-nm band,

showed the disappearance of bands characteristic of [Fe(CN)5NO]2� upon

reduction, along with typical new absorptions assigned to

[Fe(CN)5HNO]3� (υNO at 1380 cm�1), consistent with the IR results.

Importantly, the [Ru(Me3[9]aneN3)(bpy)(HNO)]2+ ion could be gen-

erated in aqueous solution by electrochemical reduction of [Ru(Me3[9]

aneN3)(bpy)(NO)]2+ at pH 2.5 (15). Though the electrochemical wave at

��0.3 V showed irreversible in the CV time scale, a controlled potential

coulometry led reversibly to a stable product with an electronic spectrum

very different from the one obtained at pH¼12.8 or in acetonitrile. The

half-wave potential of the couple correlated with the pH with a slope of

60 mV per pH unit, suggesting a proton-coupled 1-electron reduction

(Equation 28).

Ru Me3 9½ �aneN3ð Þ bpyð Þ NOð Þ½ �2+ + e� +H+

! Ru Me3 9½ �aneN3ð Þ bpyð Þ HNOð Þ½ �2+ (28)

For a given metal fragment, the metric data for the HNO- and NO�-
complexes are similar, reflecting a double-bond N–O character in both

cases. On the other hand, the angles in the NO�-complexes approach

the limit of 120� more than the HNO-complexes do, suggesting the influ-

ence of greater repulsion effects of the lone-pairs at the N-atom. As shown

by recent calculations (170), the M(II)-complexes (viz., [MII(por)(5-MeIm)

(HNO)], M¼Fe, Ru) show significantly smaller values of υNO

(1399–1376 cm�1) than [MIII(por)(5-MeIm)(HNO)]+ (M¼Co, Rh, Ir),

at �1500 cm�1, probably because of a greater back-donation. These trends

are confirmed by the data for complexes in Table 3.
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The 6C HNO-complexes show similar trans-L distances to the ones

observed in related complexes that contain a weak-to-moderate π-acceptor
ligand, like the NO2

� group (15), suggesting the lack of trans-labilization

effect. This is in contrast with the elongations shown by the NO�-related
derivatives. The result is illuminating for the analysis of the comparative acti-

vation roles of NO, NO�, or HNO for sGC. By performing experiments

with non-native sGC prepared by substituting the hemin of the native

enzyme with MnII(PPIX) and CoII(PPIX) (PPIX¼Protoporphyrin IX),

addition of NO revealed the activation trend: sGC(Co)> sGC(Fe)� sGC

(Mn), which correlates with n¼8(CoIII)>n¼7(FeII)�n¼6(MnII)

(171). The role of HNO on the activation of sGC has been controversial

(169); recent theoretical calculations (172) suggest that no activation should

be feasible, supporting the presently reported results and reflecting the pro-

found electronic influence of protonation of the NO� ligand.

4.2. Characterization of the NO2/HNO interconversions in
solution

Most of the preparative work on the n¼8 complexes has been carried out in

nonaqueous solvents, and only some hints on the chemistry of the relevant

species are available in these media (16,17). A serious drawback is the dom-

inant insolubility of most of the reported compounds in water, as well as the

scarce iron-containing examples. In the following, we will focus on the

above discussed n¼8 Fe- and Ru-complexes. The different metal–coligand

framework allowed assessing a quite different chemical behavior in water

solution.

Once the characterization of [Fe(CN)5HNO]3� at pH 6 was conclusive,

we afforded an NMR titration experiment with OH�, searching for

deprotonation. The integrated intensity of a signal at 20.02 ppm decays with

increasing pH (13). This signal disappears at pH 10 and is partly recovered

when the pH is returned to 6–7. By assuming reaction (29), we estimated

pKa¼7.7:

Fe CNð Þ5HNO
� �3�> Fe CNð Þ5NO

� �4�
+H+ Ka (29)

The value of 7.7 was reported as a first estimation of the acidity of

bound-1HNO in coordination compounds. It seemed a reasonable value,

given that the pKa of the free
1HNO/1NO� conversion has been estimated

at�23 (173). However, some ambiguity was apparent from the fact that the

band maximum in the electronic spectrum of the titration product at
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pH 10 was essentially identical to the one at pH 6. This seems inconsistent,

given that the 445-nm band (MLCT in origin) should expectedly shift upon

deprotonation of HNO. Besides, the properties of the stable iron heme-

nitroxyl derivative HbIIHNO (Table 3) were reported to remain unchanged

in aqueous solution up to pH �10–11 (17,169).

At the time we reported the pKa for [Fe(CN)5HNO]3�, we had payed

no much attention to our own previous computational DFT result

predicting that [Fe(CN)5NO]4� was an unstable species that should lose

CN� from the coordination sphere, in contrast with the successful predic-

tions on the stability of other 5C and 6C cyano-nitrosyl complexes (12).

Anyway, we considered a plausible decomposition route for the putative

[Fe(CN)5NO]4� intermediate, involving the trans-labilization of cyanide

(Equation 30):

Fe CNð Þ5NO
� �4�> Fe CNð Þ4NO

� �3�
+CN� Ktrans (30)

This reaction type has been thoroughly explored for [Fe(CN)5NO]3�

(n¼7) in reaction (16), with pK16 �4, and leads to a dominant yield of

the blue [Fe(CN)4NO]2� species that is predominant even in neutral solu-

tion because of the protonation of free cyanide (134). In this context, we

trusted that reaction (30) could be reverted to the left at pH 10 by adding

an excess of free cyanide to the solutions. Some experimental evidence

points to the electrochemical generation of aqueous

[Fe(CN)4NO]3�(174). In the electronic spectrum of the solutions of

[Fe(CN)5HNO]3� employed for the experiments, we also detected an

asymmetry of the main absorption band at 445 nm, supporting the presence

of an absorption which could well be due to [Fe(CN)4NO]3�. Eventually, a
calculated electronic spectrum of the latter showedweak absorption bands in

the 500–600 nm range. Interestingly, the theoretical work predicts bipyra-

midal geometry for the latter anion, with the nitroxyl in the equatorial posi-

tion (12).

In the meantime, our work with [Ru(Me3[9]aneN3)(bpy)(HNO)]2+, on

which we expand below, led to a reliable value of pKa¼9.8 for bound

HNO (15). Though not only the metal center but also the coligands are dis-

similar compared to [Fe(CN)5HNO]3�, we are reelaborating on the real sig-
nificance of 7.7 as the midpoint of the titration curve in Figure 9. As a

preliminarily modified approach, we believe that the value of 7.7 might

be an apparent pK that results from the coupling of reactions (29) and

(30). Therefore, the measured value would be the sum of pK29 and pK30.
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By assuming that pK29 (pKa) is �10, we obtain a value of �2.3 for pK30.

Given that for the {FeNO}7 holding species pK16 �4, it results that the

equilibrium constant for the cyanide-labilization reaction is �6 orders of

magnitude greater for [Fe(CN)5NO]4� than for [Fe(CN)5NO]3�, which
seems consistent with the previous analysis of comparative trans-effects of

NO� and NO. In this new context, it results that the transient

[Fe(CN)5NO]4� species should remain in a negligible steady-state concen-

tration during the NMR titration. Even though equilibrium (28)might not

evolve to completion in the underlying conditions, the main product

[Fe(CN)4NO]3� can revert to [Fe(CN)5HNO]3� in a high yield by

reacidification in the minute time scale according to reactions (29) and

(30). In a longer time scale, the slow redox conversion giving

[Fe(CN)5NO]3� (345 nm) reveals an alternative oxidative decay of

[Fe(CN)4NO]3�, probably through solvent reduction, or through an

unknown disproportionation path (13). A very recent work (175) reinforces

the proposal of a pKa>10, on the basis of reported 17ONMRmeasurements

with the isotopically labeled [Fe(CN)5HN17O]3� at different pH-values,

revealing the conservation of the main 17O signal in the pH range 6–10.

In this work, the loss of the 1H NMR signal in the range 7–10 is ascribed

to a fast acid–base catalyzed hydrogen exchange and not to the actual spe-

ciation. These arguments are still unable to account for the different chem-

ical properties of the corresponding solutions at pH 6 and 10, as

discussed below.

Figure 9 Potential (E�)–pH diagram showing the redox and acid–base behavior of the
system based on the [Ru(Me3[9]aneN3)(bpy)]

n+ fragment. [1]+¼ [Ru(Me3[9]aneN3)
(NO2)]

+; [2]n+¼ [Ru(Me3[9]aneN3)(NO)]
n+ (n¼1, 2, 3); [2-H]2+¼ [Ru(Me3[9]aneN3)

(HNO)]2+. Data arising from CV and SWV experiments are displayed as squares, while
those originating from spectroelectrochemistry are represented as circles.
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We tried to surpass the ambiguities with the pentacyano-nitroxyl system

by designing a new Ru-complex, as anticipated above, with the following

issues in mind: (i) the Ru-complexes ought to be more inert toward ligand

exchange processes than the Fe-analogs. (ii) The use of chelating ligands, as

successfully exemplified by the use of a pendant-acetate arm cyclam-ac, would

prevent the exchange of the ligand trans to nitroxyl (24). (iii) The new com-

plex should be soluble in both solvents, acetonitrile andwater, in order to go a

step further in the comparisons with the reported chemistry of [Fe(cyclam-ac)

(NO)]. Inspired in already classic synthetic strategies, we isolated a salt of the

[Ru(Me3[9]aneN3)(bpy)(NO2)]
+ ion by reacting the aqua-precursor with

nitrite, followed by the conversion of the nitro-complex to the

[Ru(Me3[9]aneN3)(bpy)(NO)]3+ ion (cf. Equation 1). Both complexes were

characterized by X-ray diffraction, NMR, IR, and UV–vis spectroscopies,

cyclic voltammetry (CV), UV–vis/IR spectroelectrochemistry, and theoret-

ical calculations (DFT, (TD)/DFT). Spectroelectrochemical reductions in

acetonitrile and aqueous solutions allowed identifying the n¼7 and n¼8 spe-

cies, as well as the acid–base interconversion between bound HNO and

NO�. We focus on the latter issue and drive the reader to Tables 1–3 in order

to compare the metric data for the three nitrosyl redox states, which allowed

establishing well-defined trends in the distances, angles, IR-results, trans-

effects, and back-bonding abilities.

4.3. A potential-pH diagram in aqueous solution for the
different complexes based on the [Ru(Me3[9]aneN3)(bpy)]

2+

fragment
Figure 9 resumes a thermodynamic picture for the predominance of five

nitrogenated species with bound NO+, NO, NO�, HNO, and NO2
�,

under variable pH and redox potential conditions. The diagram was build

up from the combination of CV, square-wave voltammetry (SWV), and

spectroelectrochemical experiments. The different regions of thermody-

namic stability for the {RuNO}n species are clearly defined. The line that

separates the n¼7 from n¼8 compounds breaks at a pH close to 10, due to

reaction (31).

Ru Me3 9½ �aneN3ð Þ bpyð Þ HNOð Þ½ �2+>
Ru Me3 9½ �aneN3ð Þ bpyð Þ NOð Þ½ �+ +H+ (31)

A complementary acid–base titration and global analysis of the UV–vis

spectra allowed measuring values of pKa¼9.78	0.15 for reaction (31). The

reader might access to the details in the published article (15).
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As a preliminary conclusion on the measurements of pKa for bound

HNO in aqueous solutions, we might consider that a value of �10 is most

reliable, probably with some dependence on the metal center and the more

so with eventual variation of the coligands. Further work is needed for clar-

ifying these important issues, with a desirable extension to the heme-

systems. In any case, the speciation of M–(HNO) or M–(NO�) complexes

appears to be not only dependent on the pKa values. If this were the case,

M–(HNO) species should be always highly predominant in neutral solu-

tions, with no relevant participation of M–(NO�). As discussed above,

the coupled situation implying the trans-labilizing influence of NO�-
complexes could facilitate the presence of the latter species even in

neutral media.

4.4. Comparative reactivity of NO2 and HNO complexes
There are different reactivity modes that have been explored for the Fe- and

Ru-complexes presented above.

4.4.1 Ligand exchange in solution
We must differentiate between the ability of NO� and other coligands

toward dissociation in solution. The most significant results reveal that

the labilization of the coligand trans to NO� is a general feature for the

6C complexes, as shown by [Fe(CN)5NO]4�(12), [Fe(cyclam)(Cl)(NO)]

(111), and NOCbl (151,163). As [Fe(CN)4NO]3� and CN� revert to

[Fe(CN)5HNO]3� upon acidification to pH 6, the [Fe(CN)5NO]4� ion

apparently behaves as a true intermediate, i.e., the Fe-nitroxyl bond is con-

served under the varying pH-conditions. The DFT calculations reveal a

multiple Fe–NO bond character in the [Fe(cyclam-ac)(NO)] complex

(24); in this case, the stability also relates to the presence of the acetate-

binding arm avoiding the trans-labilizing decomposition mode. The

[Ru(Me3[9]aneN3)(bpy)(NO)]+ complex behaves also as a robust system,

suggesting a high contrast with the very labile n¼7 complex,

[Ru(cyclam)(Cl)(NO)] (176). That the Fe–NO� bond is very strong and

negligibly dissociative has been also observed with the 5C Fe(TFPPBr8)

NO complex in nonaqueous medium (155).

As for the HNO-complexes, all the available evidence in nonaqueous

and aqueous media suggest that these species are inert with respect to

HNO-dissociation (the trans-effect is negligible). A recent revision of the

aqueous solution behavior of [Fe(CN)5HNO]3� shows that its main absorp-

tion band at 445 nm decays very slowly at pH 6, through an oxidation pro-

cess of HNO leading mainly to [Fe(CN)5NO]2�, with kdecomp
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�5�10�7 s�1 at 25 �C (negligible N2O-formation) (14). The latter value is

a low limit to k–HNO, the specific dissociation rate constant for HNO. By

comparing with related [FeII(CN)5L]
n� complexes, the order of k–Ls is:

NO+�CO<CN�<HNO<NOBz<NO<dmso<pz<py<NH3,

with the latter k�NH3 at �10�2 s�1. HNO fits in an intermediate position,

reflecting its ubiquity in the so-called spectrochemical series, which reflects

the capability of the L ligands toward σ–π bonding to iron (14).

Finally, we go briefly on the coordination ability of free NO�/HNO

into metal centers containing a vacant or labile site. In general, mixing

nitroxyl-donors with heme-M(III) complexes (M¼FeIII, MnIII) leads to

reductive nitrosylations, with formation of MII–NO (177). On the other

hand, Fe(II) complexes like MbII allowed trapping HNO from the solutions

containing the same donors, forming HbII–HNO, in competition with the

fast dimerization of HNO to N2O (17).

4.4.2 Redox reactivity
There is a great difference between related NO�- and HNO-analog com-

plexes concerning their redox-chemistry. The HNO-derivatives appear as

mild reductants, while the NO� species behave as strong reductants. Quite

revealing are the results for the reactions of the 2-electron reduction

products of [Fe(CN)5NO]2� at pH 6 and 10, with poorly oxidizing

reagents. With methylviologen (MV2+, E�¼�0.44 V), no reaction is

observed at pH 6 with [Fe(CN)5HNO]3�. On the other hand, at

pH 10, the reduced viologen radical can be immediately appreciated after

mixing (14). A similar result follows the addition of 1 equiv. of

[Fe(CN)5NO]2�, a weak oxidant (E�¼0.05 V), to the nitroxyl complexes.

At pH 6, no spectral changes are apparent; however, at pH 10 the imme-

diate formation of [Fe(CN)5NO]3� is achieved, revealing quantitatively a

comproportionation process, reaction (32), preceded by the reverse of

reaction (30).

Fe CNð Þ5NO
� �4�

+ Fe CNð Þ5NO
� �2�>2 Fe CNð Þ5NO

� �3�
(32)

The results suggest a value of E��0.4 V for the cyano-NO�-com-

plexes, while [Fe(CN)5HNO]3� affords an estimated value of 0.3 V, in

terms of the oxidation wave measured in the CV at pH 6 (14), which has

been assigned as corresponding to the proton-coupled redox potential, E�

(FeNO, H+/FeHNO). This is remarkable, because the related potential
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for NO, H+/HNO has been reported to be at �0.55 V at pH 7 (16,17),

suggesting that aqueous free HNO is a strong reductant.

In contrast with our observations, it has been stated that MbIIHNO

reacts withMV2+ at pH 10, yielding MV+(17). If the latter speciation is cor-

rect at that pH, the result is the opposite as expected, at least by comparing

with [Fe(CN)5HNO]3�. As the real pKa values for bound-HNO

deprotonations seem to still need a closer scrutiny, the values of the

redox-potentials for the bound NO� and HNO-couples should be accord-

ingly considered as subject to revision.

The [Fe(CN)5HNO]3� ion reacts with [Fe(CN)6]
3� (E��0.4 V),

according to reaction (33):

Fe CNð Þ5HNO
� �3�

+2 Fe CNð Þ6
� �3�> Fe CNð Þ5NO

� �2�

+2 Fe CNð Þ6
� �4�

+H+ (33)

The rate-law is first order in each reactant, with k33¼70 M�1 s�1 at

25 �C (14). This value is of the same order of magnitude as the one measured

for free HNO reacting with [Fe(CN)6]
3�(16). If we assume an initial slow

1-electron oxidation of [Fe(CN)5HNO]3� by [Fe(CN)6]
3�, followed by a

rapid oxidation to [Fe(CN)5NO]2�, the use of the Marcus “cross-reaction”

model to the first step led to a value of 6�10�3 M�1 s�1 for the self-

exchange rate constant for the [Fe(CN)5NO]3�,H+/[Fe(CN)5HNO]3�

redox couple. This is a very low value compared to the much higher

exchange-rates for the [FeII(CN)5L]
n� complexes (�105 M�1 s�1), which

react through metal-centered electron-transfers when L is nonredox active.

On the other hand, reaction (33) appears to involve a ligand-centered redox

reaction, involving a proton-coupled process with high reorganization

energy (91).

In the preliminary experiments of SNP reduction with dithionite, we

verified that an excess of reductant over the necessary 2 equiv. for attaining

bound HNO induced the decay of the 445-nm band. This was indicative of

probable further reduction and led us to perform a kinetic study of the reac-

tion of [Fe(CN)5HNO]3� with dithionite at pH 6. In short, the stoichiom-

etry and rate-law allowed establishing that a 4-electron reduction was

operative, with NH3 as a final product, suggesting the onset of consecutive

ligand-centered processes with N-bound intermediates (14). In fact, the

overall 6-electron process starting from SNP down to [Fe(CN)5NH3]
3�

resembles the gross reactivity features of assimilatory nitrite-reductases (46).
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4.5. Nucleophilic reactivity: The reactions with dioxygen
A comprehensive set of 5C [CoIIIL4(NO�)] complexes (L¼quadridentate

or bis-bidentate platforms) react with O2 in nonaqueous media in the pres-

ence of nitrogen or phosphorus bases (B) to yield the corresponding 6C

nitrocompounds, trans-[Co(L4)(B)(NO2)] (178). The rates depend strongly

on the nature of B, influencing the nucleophilicity of the {CoNO}8 moi-

eties. The mechanism has been described as an initial equilibrium of the 5C–

6C species, with only the latter reacting with O2 and leading to a {Co(L4)

(B)N(O)O2} peroxynitrito-intermediate in the rate-determining step. This

step is followed by fast dimerization with another {CoL4B(NO)} unit,

homolysis of the O–O bond, and final formation of the nitro-complex.

Other Co-, Ru-, and Ir-complexes react similarly in the initial step, though

with the formation of nitrato complexes as final products, presumably

through the isomerization of the N-bound peroxynitrito-intermediate to

the O-bound species (179). The factors influencing one or other type of

stoichiometry are not clearly understood. More recently, a detailed kinetic

and mechanistic study has been performed with NOCbl at pH 7.4 in aque-

ous solution (180). Only “base-on”NOCbl reacts with O2, and the reaction

proceeds via an associative mechanism involving a Co(III)-N(O)OO�

intermediate, as described above. The latter species undergoes O–O bond

homolysis and ligand isomerization to yield NO2Cbl and

H2OCbl+/HOCbl, respectively, via the formation of •OH and •NO2 inter-

mediates arising in the homolysis.

The M–(NO�) and M–(HNO) (M¼Fe, Ru) complexes described in

this work have been shown to be reactive under an oxygen atmosphere,

either in nonaqueous or aqueous media, though no kinetic/mechanistic

studies are available (13–15). Once the speciation of the NO�/HNO com-

plexes is known, there is an obvious need to make advances in the studies on

this type of reactivity, particularly in biorelevant aqueous media, with a need

of disclosing the similarities and differences with autoxidation reactions of

n¼7 complexes, like those described in Section 3.4 for [Fe(CN)5NO]3�

and other related nonheme and heme-{MX5NO}n ions.

5. CONCLUSIONS

The comparative description of structure–reactivity correlations in the

n¼6, 7, 8 systems (particularly those involving group 8 metal centers hold-

ing the same coligand environment) contributed to disclose important
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mechanistic features that are interesting in their own right but also in asso-

ciation with biological functions. We have focused on recent advances that

deal with several aspects of a diverse (and in some cases well known) sce-

nario. For the {M–NO}6,7 species, we explore the factors that regulate

the stability of 5C/6C complexes, associated with the so-called trans-effect

and the role of the metal/coligand framework in controlling the electro-

philic or nucleophilic reactivities of the MNOmoieties. A specific mention

to sGC highlights the crucial mechanistic uncertainties still observable in the

activation process of this enzyme, and a provocative comment (already

raised by others) has been introduced on the possible involvement of

dinitrosyls. The role of diverse dinitrosyls appears also as crucial in the chem-

istry of NO-reductases, though we do have not addressed this issue here.

There have been recent reports onHNO/NO� coordination chemistry,

which have merited a detailed discussion on the structural results, as well as

on the chemistry of these species in aqueous solution. For n¼8, big uncer-

tainties are still detectable on the real speciation, as well as on crucial redox

potentials which may control the redox activity of HNO/NO� in metal-

bound systems. Several reports on the pKa of aqueous bound HNO, though

still controversial, suggest that a value of �10 is a reasonable assignment.

However, the experiments still suggest that bound NO� may be significant

to the chemistry even in neutral aqueous solutions, associated with its influ-

ence on the release of the trans-ligands. Overall, the structure and chemistry

of nonheme and heme systems show great resemblance but also specific dif-

ferences which may be relevant in a biological context.
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