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Abstract

We describe new developments in the coordination chemistry of bound nitrosyl, considering its three formal redox states: NO+, NO• and
NO−/HNO. We emphasize on the correlation between well disclosed structural and spectroscopic aspects and different reactivity properties
associated with the total electron content, according to the {MNO}n description (n = 6, 7, 8 for the above mentioned nitrosyls, respectively). The
selected systems contain mainly six-coordinated nitrosyl-complexes with different MLx fragments (M = Fe, Ru, Os; L = cyanides, polypyridines,
amines, EDTA, porphyrins, etc.). We focus heavily on the pentacyanonitrosylferrate systems, though with an eye toward a generalized description.
For the NO+-complexes (n = 6), the electrophilic reactivity toward selected nucleophiles: OH−, N2H4, NO2

− and cysteine is analyzed. We provide
a mechanistic analysis, including DFT calculations for describing the reactants, transition states, intermediates and products. The crucial role of
the redox potential associated to the NO+/NO• couples, ENO+/NO, in determining the electrophilic addition reactivities is highlighted. We employ
a similar approach for studying the nucleophilic reactivity of NO•-complexes (n = 7) toward O2, a reaction that has great biological significance.

Finally, some recent results covering structural, spectroscopic and reactivity aspects of NO− and HNO-complexes (n = 8) are reviewed.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Up to the 1970s, the chemistry of nitrogen monoxide (NOX)
nd other reactive nitrogen oxide species, NOX, was largely
ocused on their known toxicity as constituents of air pollu-
ion [1]. It is now well established that NO plays fundamental
oles in biochemical processes, including blood pressure control,
eurotransmission and immune response, in tissue damage and
arcinogenesis [2]. NO has a ubiquitous place in the coordina-
ion chemistry of small nitrogen-containing molecules present
n the redox cycles in Nature, Scheme 1 [3]. Denitrification
rocesses generate N2 and N2O during the conversions of
O2

− to NH3 in plants, bacteria and fungi. These redox reac-
ions are catalyzed by a variety of metalloenzymes, which
lso operate in the reverse nitrification processes (e.g., NH3

NO2
−) [4].

In vivo generation of NO in mammals is achieved by oxida-
ion of L-arginine, mediated by the NO synthase enzyme (NOS)

5]. The principal targets for NO under bioregulatory conditions
re metal centers, primarily iron proteins [6]. NO binds to the
erro-heme protein soluble guanylyl cyclase (sGC), with further

Scheme 1.
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eactivity leading to vasodilation and other physiologically rele-
ant processes [7], and may inhibit the action of heme enzymes
s cytochrome P450 [8a], cytochrome oxidase [8b], nitrile
ydratase [8c–e], catalase [8f] and of a non-heme ferric uptake
egulator protein (Fur) [8g]. A main sink for NO in biofluids
ccurs through the very fast reactions with oxyMb and oxyHb,
iving NO3

− [9]. Also biorelevant is the use of the so-called
NO-donor” drugs: N-hydroxyurea, hydroxylamine (NH2OH),
odium nitroprusside (SNP, Na2[Fe(CN)5NO]), organic nitrates
nd nitrites (viz., glyceryl trinitrate, GTN), etc., which must be
etabolized in the body through oxidative or reductive processes

p to NO generation in order to be rendered physiologically
ctive [10].

Not only the paramagnetic NO• species, but also the dia-
agnetic, one-electron oxidized NO+ (nitrosonium), and the

ne-electron reduced species (either NO−, the nitroxyl anion,
r its protonated form HNO, nitroxyl) have been considered to
e involved in the reactions with diverse substrates [11]. The
hree species, in which the identity of the diatomic moiety is

aintained, may bind to metal ions, with the potential onset
f reversible interconversions, as will be analyzed along this
eview. For the nitrite reductases (NIR) [4], the initial coordina-
ion of NO2

− to the Fe(II) center leads rapidly to FeIINO+. NO
s successively released upon one-electron reduction, in cd1NIR
12a]. Alternatively, a full six-electron reduction of NO2

− to
H3 is afforded by the assimilatory NIR siroheme enzymes

12b], as well as by ccNIR [12c]. The action of ccNIR has
een modeled by considering the participation of one-electron
ntermediates, including HNO [4,12c]. The chemistry of bound
O–NO−/HNO is also relevant to the NO reductases (NOR),
ielding N2O [4,13], and to the hydroxylamine oxidoreductase
nzyme (HAO) that transforms NH2OH into NO2

− [14]. Lit-
le direct evidence exists for the formation of NO−/HNO in
iological systems, although HNO has been proposed as the
mmediate precursor of NO through the activity of NOS, and
as been reported as a major product during turnover of NOS
n the absence of biopterin [15]. HNO has also been linked to
asodilation [16] and citotoxicity [17], and has a physiologi-
al activity distinct from that of NO, including the inhibition

f aldehyde dehydrogenase [18]. Crucial differences between
he mechanistic actions of NO and HNO have been proposed
19]. For all the above reasons, there is a growing interest in



hemistry Reviews 251 (2007) 1903–1930 1905

t
r

r
p
b
o
s
i
S
d
o
i
T
m
i

2
i

t
t
t
s
w
�
a
e
c
s
u
t
p

r
w
w
c
c
r
f
T
e
n
t
i
p
e

i
i
v
w
f
d
b

Fig. 1. Molecular structures of iron- and ruthenium-nitrosyl complexes con-
taining the three redox forms of nitrosyl and a pentadentate ligand (four
equatorial sulfur bonds and a N-pyridinic bond trans to NO, see Table 1).
(a) [Fe(NO)(‘pyS4’)]PF6; (b) [Fe(NO•)(‘pyS4’)]·2CH2Cl2 (the disordered
O atoms of the nitrosyl ligand are indicated as O1A and O1B). (c)
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he emerging coordination chemistry of HNO, which has been
ecently reviewed [20].

We focus on recent achievements dealing with structure-
eactivity correlations for the three diatomic species, NO+/•/−,
ointing to the role of metals in controlling the reactivity of the
ound species. In Sections 2 and 3 we summarize central issues
n basic NO coordination chemistry: bonding, spectroscopy and
tability (formation and dissociation reactions), extending the
nformation provided by past reviews [21]. In a similar way,
ections 4 and 5 describe the reactivity aspects, with a sharp
istinction between the electrophilic and nucleophilic reactions
f bound NO+ and NO•, respectively [22,23]. The less explored
ssue of bound NO−/HNO reactivity is addressed in Section 6.
he selection of metallonitrosyls is based on recent achieve-
ents and/or specific biochemical relevance, with emphasis on

ron and group eight analogs.

. Structure and spectroscopy in the redox
nterconvertible forms of {MNO}n

Transition metal nitrosyl-complexes span variable geome-
ries, coordination numbers (CN) and electronic properties due
o the differences in electronic configurations of the metal cen-
ers and covalent MNO interactions. The nitrosyl-containing
pecies are described as {MNO}n (regardless of the coligands),
here n stands for the number of electrons in the metal d and
∗
NO orbitals [21a]. This description allows for a comprehensive
ccount of several geometries (mainly CN 4, 5, 6) with different
lectron contents, n. We concentrate in compounds with CN 6,
omprising values of n = 6, 7, 8, with occasional reference to
tructurally or kinetically relevant five-coordinated species. By
sing a simplified, limiting approach, we describe them as con-
aining bound NO+, NO• or NO−, respectively [21]. Eventual
rotonation of the MNO moieties will be considered.

In 1981, a comprehensive X-ray structural survey [21b]
evealed, for the hexa-coordinated nitrosyl complexes, 36 cases
ith n = 6 (tentative formal oxidation states are indicated: NO+,
ith M = Cr0, Mo0, W0, MnI, ReI, FeII, RuII, OsII, IrIII), four

omplexes with n = 7 (NO•, remarkably all with FeII) and five
omplexes with n = 8 (NO−, only for M = CoIII and RhIII). In the
ecent years, many other crystalline structures have been solved
or n = 6 [24] and a more limited number for n = 7 [24a–c,25].
he additional crystalline structures for n = 8 revealed the pres-
nce of HNO, not of NO− [26]. Noteworthy, there are still
o examples for all the three solid structures containing iden-
ically six-coordinated MLx(NOm) (m = +1, 0, −1). We show
n Fig. 1 the X-ray geometries of three pseudoctahedral com-
lexes containing NO+, NO• and HNO, with a similar coligand
nvironment, although with different metals, FeII and RuII.

Despite the above comment, the {MNO}n complexes may be
nterconverted (n = 6, 7, 8) either in aqueous or (more usually)
n nonaqueous solutions by chemical means or by using cyclic
oltammetry (CV). They usually display one-electron reversible

aves in a remarkably broad potential range (E1/2(NO+/NO• ),

rom ca. 0.6 to −0.4 V versus NHE, in aqueous solutions),
epending on the metal and the coligands. Shifted values have
een measured by changing the solvent, as in acetonitrile (AcN)

i
I
n

Ru(HNO)(‘pybuS4’)]·2CH2Cl2·MeOH. In (b) and (c), the C-bound H atoms
nd solvate molecules have been omitted [24a,26a].

olutions, in a range of 0.96–0.0 V. Additional one-electron
aves may occur at more negative potentials (E1/2(NO•/NO−)),

ange 0.3 to −0.5 V, in AcN) [24–28]. The latter waves are
requently irreversible at room temperature, suggesting ligand
abilization in the {MNO}8 moities. By sweeping to even more
egative potentials, a third irreversible multielectronic wave may
e observed, leading to NH2OH and/or NH3 [29]. Fig. 2 shows
display of CV waves corresponding to reversible redox behav-

or in the [Fe(cyclam-ac)NO]2+/+/0 series, measured in AcN
24c]. Both single-electron redox processes comprise mainly
O-based orbitals [28].
Detailed and reliable characterizations of nitrosyl complexes
n solution require the use of state-of-the art spectroscopies:
R, EPR, NMR, UV–vis, resonance Raman, Mössbauer, mag-
etic circular dichroism (MCD), etc., and modern theoretical
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Fig. 4. Monitoring the oxidation of [Ru(‘pybuS4’)(HNO)] in solution by IR
spectroscopy: (a) complex in THF (vNO: 1379 cm−1), (b) after addition of one
equivalent of FcPF , indicating the formation of [Ru(‘pybuS ’)(NO)]0 (v :
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ig. 2. Cyclic voltammogram of [Fe(cyclam-ac)(NO)](PF6) in acetonitrile at
0 ◦C (0.10 M [N(n-Bu)4](PF6) supporting electrolyte; glassy carbon working
lectrode; scan rates 50, 100, 200 and 400 mV s−1 [24c].

alculations [24–26,30]. This is essential for describing the true
lectron density inside the {MNO}n moieties, beyond the sim-
lified approach comprising limiting oxidation states for M and
O.
The bonding in mononitrosyl complexes can be readily

nderstood from a molecular orbital (MO) treatment [31]. Fig. 3
hows the ordering of orbitals, implying donor–acceptor �–�
nteractions between M and NO. Fig. 3a corresponds to the n = 6
ituation and Fig. 3b to n = 7 (it can be used also for n = 8). We
resent first the experimental background related to the bonding
icture, and we discuss this information later for the complexes
ith different n values.
Table 1 contains structural (distances dM–N, dN–O, and

MNO) and spectroscopic information (total spin state S and
nfrared nitrosyl-stretching frequencies, vNO) for a representa-
ive though not exhaustive amount of compounds with available
olid state structures.

The indicators in Table 1 reflect the detailed electronic struc-
ures in the {MNO}n moieties. The comparisons must be done
ith caution when the metal and coligands vary simultane-
usly for a given {MNO}n moiety, or alternatively when the
ounterions or the solvent are changed. The values of vNO are
articularly sensitive to the electron content n. Fig. 4 shows

he IR spectra corresponding to redox conversions obtained
pon successive one-electron oxidations of Ru(‘pybuS4’)(HNO)
n = 8) with [Cp2Fe]PF6 in THF solution, giving the NO• and
O+ complexes [26a].

ig. 3. Arrangement of molecular orbitals in six-coordinate {MNO}n com-
lexes, with M–N–O in: (a) a linear situation, n = 6, and (b) angular situation,
= 7 and 8.

F

C
E
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e
F
(
m
a
v
m
t
m

6 4 NO

610 cm−1), and (c) after addition of a second equivalent of FcPF6, or direct
ddition of one equivalent of HX, forming the NO+-complex (vNO: 1877 cm−1;
= H2PO3

−, Br−, CF3SO3
−) [26a].

.1. n = 6

The {MNO}6 complexes can be prepared either by coordi-
ation of NO into the adequate MIII precursors, namely labile
olvento- or coordinatively unsaturated complexes, Eq. (1),
r alternatively by mixing NO2

− with the corresponding MII

nalogs [24]. The latter reactions may be carried out in aqueous
olutions by direct mixing of the aqua-complexes with NO2

−
n sufficiently acid medium, Eqs. (2a) and (2b), or through a
revious isolation of the nitro-complex and subsequent proton-
sssisted dehydration generating the NO+-complexes, Eq. (2b):

IIIL5H2O + NO � MIIL5(NO+) + H2O (1)

IIL5H2O + NO2
− � MIIL5NO2

− + H2O (2a)

IIL5NO2
− + 2H+ � MIIL5(NO+) + H2O (2b)

lternatively, in CH2Cl2, NOBF4 may react with a five-
oordinated metal site, Eq. (3) [24a]:

eII(‘pyS4’) + NO+ → FeII(‘pyS4’)(NO+) (3)

hemical oxidation of bound nitrogen hydrides is also viable,
q. (4) [32]:

cis-RuII(bpy)2(NH3)2
2+ + 3Cl2 + H2O

→ cis-RuII(bpy)2(NH3)NO3+ + 6C1− + 5H+ (4)

ll these complexes contain diamagnetic (S = 0) and nearly lin-
ar MNO moieties, independently of the L coligands involved.
rom Fig. 3a we may derive the electronic configuration,
e1)4(b2)2(e2)0. In this arrangement (or in another with fewer
etal d electrons), the population of the strongly bonding (e1)

nd nearly non-bonding metal centered (b2) MO’s, and the

acancy at the antibonding e2 MO (both e1 and e2 are mixtures of
etal d and �∗

NO orbitals) explain the multiple bond order along
he linear MNO moiety. The �–� interactions within the MNO

oiety are influenced by the nature and charge of the metal,
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Table 1
Selected list of nitrosyl complexes, [ML5(NO)m]n containing different L coligands and redox states for NO (m = +1, 0, −1)

Compound S vNO (cm−1) dM–N (Å) dN–O (Å) ∠MNO (◦) Reference

n = 6
1 [Fe(‘pyS4’)NO]PF6 0 1893 1.634(3) 1.141(3) 179.5(3) [24a]
2 [Fe(PaPy3)NO](ClO4)2 0 1919 1.677(2) 1.139(3) 173.1(2) [24b]
3 [Fe(cyclam-ac)NO](PF6)2 0 1904 1.663(4) 1.132(5) 175.5(3) [24c]
4 [Fe(TpivPP)(NO2)NO] 0 1893 1.668(2) 1.132(3) 180.0 [24d]
5 Na2[Fe(CN)5NO].2H2O 0 1945 1.6656(7) 1.1331(10) 176.03(7) [24e]
6 Na2[Ru(CN)5NO].2H2O 0 1926 1.776(5) 1.127(6) 173.9(5) [24f]
7 [Ru(bpy)(tpm)NO](ClO4)3 0 1959 1.774 1.093 179.1 [24g]
8 [Ru(�2-phpy)(trpy)NO](PF6)2 0 1858 1.826(4) 1.139(5) 167.1(4) [24h]
9 [Ru(NH3)5NO]Cl3 0 1903 1.770(9) 1.172(14) 172.8(9) [24i]

10 trans-[Ru(NH3)4(nic)NO]2(SiF6)3 0 1940 1.71(2) 1.17(2) 177(1) [24j]
11 trans-[RuCl(cyclam)NO](ClO4)2 0 1875 1.747(4) 1.128(5) 178.0(4) [24k]
12 trans-[RuCl(py)4NO] (ClO4)2 0 1910 1.766(8) 1.123(1) 172.9(8) [24l]
13 trans-[Ru(OH)(py)4NO] (C1O4)2 0 1868 1.756(3) 1.145(4) 172.8(3) [24m]
14 [Ru(dpk)(trpy)NO](ClO4)3 0 1949 1.764(7) 1.126(6) 173.1(12) [24n]
15 [Ru(bpb)(Cl)NO](ClO4)3 0 1867 1.7534(14) 1.1444(19) 172.37(14) [24n]
16 [Ru(HEDTA)NO] 0 1890 1.756(4) 1.156(5) 172.3(4) [24o]
17 K2[RuCl5NO] 0 1843 1.738(2) 1.131(3) 176.7(5) [24p]
18 Na2[Os(CN)5NO].2H2O 0 1897 1.774(8) 1.14(1) 175.5(7) [24q]
19 (PPh4)2[OsCl5NO] 0 1802 1.830(5) 1.147(4) 178.5(8) [24r]
20 K[IrCl5NO] 0 1952 1.760(11) 1.124(17) 174.3(11) [24s]

n = 7
7 [Fe(‘pyS4’)NO] 1/2 1648 1.712(3) 1.211(7) 143.8(5) [24a]
8 [Fe(PaPy3)NO](ClO4) 1/2 1615 1.7515(16) 1.190(2) 141.29(15) [24b]
9 [Fe(cyclam-ac)NO](PF6) 1/2 1615 1.722(4) 1.166(6) 148.7(4) [24c]

10 [Fe(pyN4)NO]Br2 1/2 1620 1.737(6) 1.175(8) 139.4(5) [25a]
11 K(222)[Fe(TpivPP)(NO2)NO] 1/2 1668 1.840(6) 1.134(8) 137.4(6) [25b]
12 [Fe(TPP)(l-MeIm)NO] 1/2 1625 1.743(4) 1.121(8) 142.1(6) [25c]
13 trans-[FeCl(cyclam)NO]ClO4 1/2 1611 1.820(4) – 144.0(6) [25d]
14 [Fe(Lpr)NO] 3/2 1682 1.749(2) 1.182(3) 147.0(2) [25e]
15 [Fe(Me3TACN)(N3)2NO] 3/2 1690 1.738(5) 1.142(7) 155.5(10) [25f]

n = 8
16 [CoCl(en)2NO](ClO4) 0 1611 1.820(11) 1.043(17) 124.4(11) [62c]
17 [Rh(NCMe)3(PPh3)2NO](PF6)2 0 2.026(8) 1.159(10) 118.4(6) [62e]
18 [Ru(pybuS4’)(HNO)] 0 1358 1.875(7) 1.242(9) 130.0(6) [26a]
19 [OsCl2(CO)(PPh3)2(HNO)] 0 1410 1.915(6) 1.193(7) 136.9(6) [26b]
20 [IrHCl2(PPh3)2(HNO)] 0 1493 1.879(7) 1.235(11) 129.8(7) [26c]

T , 7, 8
s ed.
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he upperscript n corresponds to the total number of (d + �∗
NO) electrons = 6

tretching frequencies (vNO) and relevant distances and angles have been detail

nd by the donor–acceptor abilities of the coligands. A high
etal charge favors the �-binding strength for any ligand, and

isfavors the �-back donation. From the ligand side, �- and/or
-donor as well as �-acceptor abilities must be considered. We
ay extract some useful comparisons from Table 1. The val-

es of vNO cover a relatively broad range, 1800–1950 cm−1 for
he selected FeII, RuII, OsII and IrIII complexes. By compar-
ng the values of vNO for the three M(CN)5NO2− complexes
M = FeII, RuII, OsII), it can be seen that vNO decreases when
oing from FeII to OsII, in agreement with the increasing back-
onation to NO+ (cf. also the trends for MCl5NO2−, M = Ru,
s). Particularly low values of vNO may be found for strongly
ack bonding situations, as for K3[MnI(CN)5NO], 1700 cm−1

33]. In general, increasing the vNO values reflects a stronger

nitrosonium” character, assuming the establishment of a pure
O+ ligand as a limiting case affording a triple N–O bond
rder [28]. The situation for K[IrIIICl5NO] in propionitrile, with
NO = 1952 cm−1, reflects an approach to this idealized descrip-

i
t
o
t

, according to the Enemark–Feltham formalism. Total spin-state (S), nitrosyl

ion, with a poor back-donation probably associated with the
igh charge in the metal [34]. Interestingly, the highest value
ver measured for a solid nitrosonium complex has been found
n K[IrIIICl5NO], with vNO at 2006 cm−1 [35]. The nature of
he counterions or of the solvent medium may influence the
NO values because of the specific donor-acceptor interactions
fforded by some ligands such as chlorides, amines and cyanides
36].

The MII-complexes containing highly electron-acceptor lig-
nds (viz., polypyridines, azoimines, AcN) display values of
NO > 1900 cm−1, while the �/� donor ligands like OH− or Cl−
end to decrease vNO. For [RuII(η2-phpy)(trpy)NO](PF6)2 (con-
aining a strong �-donor coligand, phpy) and for [OsIICl5NO]2−
with a strong �-donor metal), the relative decrease in vNO and

ncrease in dM–N can be ascribed to the build-up of very elec-
ron rich MNO moieties. In the first case, a significant deviation
f ∠RuNO from linearity has also been observed, resembling
he situation found for some iron- and ruthenium-nitrosyl por-



1 hemis

p
[

t
s
p
c
e
F
o
i
n
R
O
w
l
c
c
l
f
f
a
s

w
t
[
s
w
N
H
b
c
p
F
m
p
c
b
f
a
h

o
H
w
[
1
s
t

d
m
E

c
f
s

a
t
m
�

2

s
r

F

S
v
[
t
[
s
g
S
i
c

i
c
e
1
m
d
M
m
a
o
o
M
W

S
e
u
o
p
F
t
a
{
s
o
b
s
m
t
a

908 F. Roncaroli et al. / Coordination C

hyrins containing aryl- and alkyl-coligands in trans position
37].

Theoretical calculations have been valuable in describing
he detailed orbital compositions of the HOMO and LUMO,
upporting the assignment of electronic transitions [38]. The
ioneering work with SNP [39] allowed to calculate a metal-
entered HOMO, with a ca. 30% �*(NO) contribution in the
1 MO (Fig. 3a). A similar composition has been found for
e(cyclam-ac)NO2+ [24c], and for some non-heme analogs
f nitrile hydratase, an enzyme with a Fe(III) center exhibit-
ng reversible coordination of NO [40]. In some cases, the
ature of the HOMO depends on the coligands, as for trans-
u(NH3)4(L)NO3+/2+ complexes. With L = NH3, H2O, Cl− and
H−, the HOMO is still metal centered, but the � interaction
ith NO+ may lower enough the energy of the metal orbitals,

eading to filled frontier orbitals that are mostly located on the
oligands, as for L = py and pz [41]. A similar behavior has been
alculated for Ru(bpy)(tpm)NO3+, with the HOMO strongly
ocalized on the bpy ligand, and only a marginal contribution
rom metal orbitals [24g]. In contrast with the above descriptions
or the HOMO, the LUMO becomes predominantly �*(NO) in
ll of the nitrosyl complexes calculated so far, although with
ignificant metal d participation.

In general, the synthetic efforts to prepare new complexes
ith specially designed coligands L have shown no innova-

ive geometric or spectroscopic features to the above description
42]. Searching for a detailed electronic distribution, some EPR-
ilent metalloporphyrins were originally described as FeIIINO•,
ith low-spin FeIII (S = 1/2) antiferromagnetically coupled to
O• (S = 1/2), as suggested by Mossbauer spectroscopy [24d].
owever, the latter measurements cannot strictly distinguish
etween purely diamagnetic FeIINO+ and antiferromagnetically
oupled FeIIINO•, as recently discussed for the heme-containing
rotein nitrophorin [43]. There is some consensus supporting
eIINO+ as a dominant contribution in the delocalized {FeNO}6

oieties for the nitrosyl “ferri-hemes”, as with classical com-
lexes [21,22]. This could be also the case with nitrophorins,
onsistently with the high values of vNO, ca. 1900 cm−1. It has
een proposed that the ruffling of the nonplanar hemes could
avor the alternative FeIIINO• limiting structure, in order to
ccount for the facile release of NO, which is at odds with the
igh strength of the Fe–N bond in the FeIINO+ distribution [43].

The {MNO}6 moieties are generally very stable toward
xidation, as a consequence of the strong stabilization of the
OMO. A unusual case of reversible electrochemical oxidation
as reported for [RuIICl5NO]2− in n-butyronitrile, at −40 ◦C

34]. For the oxidized complex, RuCl5NO−, n = 5 and vNO =
922 cm−1. It has been described as RuIIINO+ from EPR, IR
pectra and DFT calculations, revealing a metal-centered oxida-
ion of the RuIINO+ complex and a linear RuNO arrangement.

The complexes with high values of vNO behave as oxi-
ants, related to the build-up of positive charge at the MNO
oiety. Therefore, the redox potentials for nitrosyl reduction,
1/2(NO+/NO·), may be related to the values of vNO. Fairly linear
orrelations between these parameters have been found for dif-
erent series of RuLxNO complexes [28,24h,42a,c]. However,
ignificant deviations from linearity are found when the metals

d
R
t
v

try Reviews 251 (2007) 1903–1930

nd/or coligands are changed [27]. In general, it can be seen
hat E1/2(NO+/NO·) and vNO decrease when the metal becomes

ore electron-rich, i.e., with the stronger �/�-donor or weaker
-acceptor abilities of L.

.2. n =7

Most of the preparations involve direct mixing of NO with
olutions of the appropriate precursor, Eq. (4), which becomes
elated to Eq. (3) [24a]:

eII(‘pyS4’) + NO → FeII(‘pyS4’)NO (4)

imilarly, the isolation of [FeII(pyN4)NO]Br2 involved a pre-
ious direct mixing of [Fe(pyN4)Br]Br with NO in methanol
25a]. The [FeII(TpivPP)(NO2)NO]− complex was obtained by
he reaction of [Fe(TpivPP)] with NO2

− and NO, in C6H5Cl
25b]. Analogous processes have been carried out in aqueous
olutions, by bubblying NO into FeII(CN)5H2O3−, previously
enerated in situ through aquation of FeII(CN)5NH3

3− [44].
toichiometric amounts of reactant NO should be employed,

n order to prevent the formation of dinitrosyls in excess NO
onditions (see below).

Table 1 includes some examples of new compounds reported
n the recent years. All the complexes are bent, with ∠MNO
a. 140–150◦. By comparing with n = 6 complexes, a gen-
ral decrease of vNO is observed, with values in the range
600–1700 cm−1 for the MII complexes. When the same
etal/coligand environment is considered, the elongation of

M–N and dN–O can be clearly observed. Fig. 3 describes the
O situation. If an additional electron is added to the {MNO}6

oiety (Fig. 3a), the new configuration (e1)4(b2)2(e2)1 implies
partial occupation of the totally antibonding �-type MNO-

rbital. The consequent removal of the degeneracy of the e type
rbitals leads to a new orbital distribution (Fig. 3b), with weaker
–N and N–O bonds, and bending of ∠MNO according to
alsh’s rules [21c].
By using EPR spectroscopy, complexes with ground states

= 1/2 or 3/2 have been identified. The first situation is gen-
rally found in relatively strong ligand field systems. The
npaired electron resides in the a′ single occupied molecular
rbital (SOMO), which has metal d2

z and �*(NO) com-
onents [21c]. For the six-coordinate porphyrin derivative
e(TpivPP)(NO2)NO− and for Fe(OEP)NO, both with S = 1/2,

he unpaired electron has been assigned to a SOMO with
highly predominant d2

z character, suggesting a nearly pure
FeINO+} distribution [45]. The EPR spectra of some nitro-
yl metalloproteins (MbNO and HbNO) have been interpreted
n similar grounds [46]. Recent evidence from MCD, Moss-
auer and IR spectroscopies, and from DFT calculations [47],
upport the above assignment for Fe(TPP)NO, although with a
ore mixed electronic distribution, ca. 50% in Fe and NO. On

he other hand, the six-coordinate Fe(TPP)(1-MeIm)NO shows
nitrosyl-centered SOMO (ca. 20% in Fe), and can be best
escribed as FeIINO•. Fig. 5 shows the EPR spectrum of the
u(bpy)(tpm)NO2+ cation [24g]. Remarkably similar EPR spec-

ra have been measured with other metal NO•-complexes with
ery different L coligands [48] (viz., MII(CN)5NO3− (M = Fe,
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Fig. 5. Top right: DFT-calculated spin density of [Ru(bpy)(tpm)NO•]2+ in a
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Co(en)2NO + Cl → trans-CoCl(en)2NO (6)
acuum (B3LYP level, LanLDz basis set). Middle: EPR spectrum of the elec-
rogenerated cation in MeCN/0.1 M Bu4NPF6 at 110 K. Bottom: computer
imulated spectrum. See parameters in Ref. [24g].

u, Os) [49], RuII(NH3)4(H2O)NO2+ [50], IrIIICl5NO2− [34],
tc.). The spin electron density is located ca. 65% at the NO moi-
ty (with two thirds at N), showing a sizeable metal contribution
f ca. 35%.

Non-heme ferrous centers in some metalloproteins react
eversibly with NO forming nitrosyl species with S = 3/2 [51].
-ray, resonance Raman, MCD, Mossbauer spectroscopies,

nd DFT calculations support a best description as FeIIINO−
high spin ferric, S = 5/2, antiferromagnetically coupled to
O−, S = 1). Similar structures have been proposed for the

lassical complexes Fe(LPr)NO [25e], Fe(EDTA)NO [25f],
e(Me3TACN)(N3)2NO [25f], and for the “brown-ring” com-
ound, Fe(H2O)5NO2+ [52]. Interestingly, Fe(LPr)NO displays
pin equilibrium between the valence tautomers S = 1/2 and 3/2
n the solid state.

Reasonable assignments of the complex pattern of electronic
V–vis absorption bands [24g,53], strongly dependent on the
ature of the metal and coligands L, have been reported through
FT-calculations, which also allow to estimate the mixed com-
ositions of the HOMO and LUMO. The electronic absorption
ands are significantly shifted with respect to those observed in

6
he corresponding {MNO} systems [24a,g].
An important structural fact for n = 7 complexes is the elon-

ation of the M–L bond in the trans-ligand to NO, which
ometimes may lead to dissociation of L [54]. This has a

T
s
f

try Reviews 251 (2007) 1903–1930 1909

reat bioinorganic relevance, because the action of NO as an
ssential cellular signaling agent involves its coordination to
he ferro-heme center in sGC, with subsequent release of the
roximal histidine ligand [7,55]. This effect has been quan-
itatively demonstrated for FeII(CN)5NO3−, the one-electron
educed product of SNP [56]. The subsequent labilization of
yanide is described by Eq. (5), with K5 = 6.75 × 10−5 M:

e(CN)5NO3−� Fe(CN)4NO2− + CN− (5)

he pH influences the equilibrium concentrations of Fe(CN)5
O3− and Fe(CN)4NO2−, with the latter one increasing in

cid medium, due to HCN formation. The anions can be dis-
inguished through the UV–vis, IR and EPR spectra [57]. The
elatively high value of vNO = 1755 cm−1 for Fe(CN)4NO2−
uggests a significant contribution of FeINO+ to the elec-
ronic distribution, in contrast with Fe(CN)5NO3−, vNO =
608 cm−1 (dominant FeIINO•). Related situations comprising
he dissociation of trans-chloride ligands have been observed
or RuIICl(cyclam)NO+ [24k], for several RuII(NH3)4(L)NO2+

58], and for OsIICl5NO3− [24r]. The trans-labilizations may be
hought as arising in repulsion effects of the unpaired electron in
he SOMO (with significant d2

z character) with the donor trans-
igands. Interestingly, the complexes cis-OsII(bpy)2ClNO+

24r], cis-Ru(Lpy)NO2+ [59], and RuII(bpy)(tpm)NO2+ [24g]
ehave as robust species, probably because the trans-position
s occupied by the chelating ligand. Nevertheless, the DFT cal-
ulations indicate some relative elongation of the trans-Ru–N
ond for the last two complexes.

Given that the MIINO• moieties are more electron rich than
he MIINO+ ones, the possibility of protonation should be con-
idered. The blue species arising upon reduction of SNP was
nitially proposed to be FeII(CN)5(NOH)2− [49a]. This needs to
e modified, on the basis of the conclusive evidence favoring
e(CN)4NO2−, for which a stable solid salt has been iso-

ated [57a]. DFT calculations [60] afford a stable species for
e(CN)4NO2−, although not for FeII(CN)5(NOH)2−. Instead,
yanide-protonation has been predicted, in agreement with
xperimental evidence on the formation of FeII(CN)4(CNH)Ln−
omplexes at pHs <3 [61]. No other examples of protonation on
ound NO have been reported.

.3. n = 8

Complexes containing bound NO− have been much studied,
ith a predominance of five-coordinated species [21b]. A main
reparative route for six-coordinated complexes [62] involved
he reaction of monodentate ligands (NCS−, Cl−, Br−, etc.) with
ve-coordinated linear nitrosyl moieties. Reaction (6) describes
representative example for a Co-complex. The perchlorate salt
f the product was the first compound of this type studied by
-ray methods (Table 1) [62c]:

2+ − +
he structures of several cobalt nitrosyl porphyrins containing
trongly bent MNO moieties have been obtained [63], and a
ormal CoIIINO− distribution has been assigned. All of them
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re five-coordinate square-pyramidal systems, probably because
f the great trans-effect displayed by NO− [54]. The reduced
orm of aquacobalamin (vitamin B12r, CblII) binds NO under
hysiological conditions yielding a diamagnetic six-coordinate
roduct with a weakly bound a-dimethylbenzimidazole and a
ent nitrosyl coordinated to cobalt at the β-site of the corrin
ing. It has also been described as CoIIINO−, on the basis of
V–vis, 1H, 31P and 15N NMR data [64].
The occurrence of bound NO− may be inferred for other

iII, CoIII and IrIII nitrosyl complexes in aqueous or nonaqueous
olutions, but there is no spectroscopic evidence on the detailed
lectronic structure [65]. For Fe(cyclam-ac)NO0, electrochem-
cal, Mossbauer and IR measurements including 15N and 18O
abelling, as well as DFT calculations, support the presence
f NO− in acetonitrile [24c]. Indeed, there is strong evidence
or the formation of a complex with n = 8, although the lack of
tructural or 1H and 15N NMR information precludes a clear
iscrimination between NO− and HNO.

Three crystalline structures have been reported for six-
oordinated HNO-complexes (Table 1). The first one was
ublished in 1979 [26b], on the basis of a previous prepara-
ion described by Eq. (7) [66]. It involves the addition of HCl, or
n other words, the formal protonation of bound NO− to HNO:

sIICl(CO)(PPh3)2NO + HCl → OsII(Cl)2(CO)(PPh3)2HNO

(7)

similar procedure was used for an Ir unsaturated complex, Eq.
8) [66], with further structure elucidation [26c]:

rIII(PPh3)3NO + 2HCl → IrIII(H)Cl2(PPh3)2HNO + PPh3

(8)

inally, the first structure for a RuIIHNO complex (Fig. 1)
nvolved a solid isolated after the two-electron reduction of a
uIINO+ complex with NaBH4 in methanol [26a], Eq. (9):

uII(‘pybuS4’)NO+ + H− → RuII(‘pybuS4’)HNO (9)

dditional M–HNO-complexes were more recently well char-
cterized in nonaqueous solution [67]. Among them, the first
orphyrin-derivative, RuII(TTP)(1-MeIm)HNO was obtained
imilarly as in reaction (9) [68a]. The ReI(CO)3(PPh3)2HNO
omplex was prepared by two-electron oxidation of the hydrox-
lamine precursor with Pb(Ac)4 [68b]. A new alternative syn-
hetic route for the latter ReI complex proceeds by direct inser-
ion of NO+ into the metal-hydride bond in ReI(H)(CO)2(PPh3)2
68c]. Finally, cis–trans-ReICl(CO)2(PR3)2HNO (R = Ph, Cy)
ave been obtained through similar protonation reactions as in
qs. (7) and (8) [68d].

With the exception of Fe(cyclam-ac)NO0 [24c], the absence
f FeII complexes (and the general insolubility in water) are
emarkable drawbacks in the above picture. The first hemopro-
ein nitroxyl derivative, MbIIHNO, has been prepared in aqueous

olution by chemical (CrII) [69a] or electrochemical [69b] reduc-
ion of MbIINO, and has been characterized by using different
pectroscopies. The 1H NMR spectrum in D2O shows a sig-
al at 14.8 ppm which transforms into a doublet by using 15N

k

try Reviews 251 (2007) 1903–1930

JNH = 72 Hz). This evidence, together with vNO at 1385 cm−1

btained by resonance Raman spectroscopy provides a strong
upport to the identity of the HNO ligand in MbIIHNO, com-
lemented by XANES and XAFS spectroscopies [69c] and by a
tudy of the 1H NMR structure at the heme pocket [69d]. A struc-
ural, electronic and vibrational characterization of Fe–HNO
orphyrinates by DFT methodologies has been achieved, giv-
ng consistency to the apparently abnormal, high vFe−N value
bserved with MbIIHNO compared to vFe−N in the related redox
artners, which do not correlate with the expected loosening of
he Fe–HNO bond [69e].

An apparently stable product with an intense absorption at ca.
40 nm has been generated through the electrochemical two-
lectron reduction of SNP in aqueous solution [70a]. It was
roposed to be FeII(CN)4(NC)NO4−, but the evidence is poor.
ork is going on to better characterize the reduced species [70b].
n alternative assignment as the elusive FeII(CN)5HNO3− ion

ould be considered, based on theoretical predictions, which
rovide consistent values for vNO and for the relevant Fe–N
nd N–O distances and MNO angle [60]. Recently, a distinctive
ntense band at 505 nm has been reported upon the two-electron
lectrochemical reduction of RuII(dpk)(trpy)NO3+ (n = 6) in
cN [24n]. It has been related to the presence of bound NO−,

lthough a more detailed characterization would be desirable.
All the NO−/HNO complexes display common structural and

pectroscopic features in the solid state and in solution. They
re all diamagnetic (d6 low-spin metal, singlet NO−), with an
NO angle near to 120◦, reflecting a more pronounced bending

han for n = 7 systems, as seen in Table 1. The combined 1H/15N
MR evidence has been crucial for the conclusive identification
f the HNO ligand in solution for most of the above reported
omplexes. The vNO values appear at ca. 1300–1400 cm−1 for
he MIIHNO complexes [26,68], but values ≥1500 cm−1 have
een observed with the CoIIINO− complexes [62]. Overall, they
eflect a diminished bond order for NO−/HNO in comparison
ith NO•- and NO+-complexes, consistent with a full population
f the a′ antibonding MO (Fig. 3b).

The reasons for the preferential occurrence of bound NO−
r HNO constitute an open issue. MIII complexes apparently
avor the NO− situation. The low �-donor ability of MIII

ay explain the comparative high vNO values as well as the
ore facile deprotonation of HNO, in contrast with the MII

ystems.

. Formation and dissociation reactions of NO+, NO•,
nd NO−/HNO complexes

In order to get an insight into the redox reactivity of nitrosyl
igands, we need to know about the stability of the corresponding
omplexes, as described by Eq. (10), and, if possible, to obtain
inetic and mechanistic information on the direct and reverse
eactions, namely the formation and dissociation rate constants,

on and koff [21]:

MII,IIILxH2O + NOm

→ MII,IIILx(NOm) + H2O (m = 0, +1, −1) (10)
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Table 2
Dissociation rate constants, kd = koff, and activation parameters for different FeII(CN)5Xn− complexesa

Ligand kd (s−1) �H#
d (kJ mol−1) �S#

d (J K−1 mol−1) �V #
d (cm3 mol−1) Reference

NO+ Not detected – – –
COb <10−8 – – – [78b]
CN− c 4 × 10−7 – – – [78c]
NO• 1.6 × 10−5 106.4 20 7.1 [44]
dmso 7.5 × 10−5 110.0 46 – [78d]
pz 4.2 × 10−4 110.5 59 13.0 [80]
py 1.1 × 10−3 103.8 46 – [80]
NH3 1.8 × 10−2 102 68 16.4 [78e]
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a T = 25.0 ◦C; I = 0.1 M.
b Estimated number, measured by using pz as a scavenger.
c Extrapolated from data reported at higher temperatures.

n Eq. (10), we focus our analysis on six-coordinate systems
sually containing one labile water site and other more robust
oordination sites (x = 5 means either five identical monodentate
’s = aqua, cyano, ammine, etc., or a mixed system eventually
ontaining mono- and polidentate ligands, like polypyridines,
DTA, cyclam, porphyrins, etc.). We will consider separately

he chemistry of MII and MIII complexes for each NO+/NO/NO−
ituation.

.1. MIINO+–MIIINO+

The formation rate constants, kon, cannot be measured in
queous solutions for NO+, because its lifetime is very short,
eing readily hydrolyzed to NO2

−, Eq. (11) [71]:

O+ + H2O � NO2
− + 2H+ (11)

here are no reports for koff values related to the release
f NO+ from classical MIINO+ complexes (cf. SNP [72],
uII(NH3)4(L)NOn+ [73], etc.). Assuming a dissociative mecha-
ism, the multiple bond character in the MIINO+ moiety explains
he extremely high thermal inertness of NO+. Consequently,
O+ may be placed at the top of the so-called “spectrochemi-

al series”, behaving as a stronger ligand than CO or CN−, see
able 2.

In contrast to the thermally robust FeIINO+ systems, photo-
hemical activation readily occurs through irradiation into the
ppropriate electronic absorption bands [74]. As a prototypical
ase, reaction (12) describes the light-induced reactivity of SNP
74b,c]:

eII(CN)5NO2− + hv � FeIII(CN)5H2O2− + NO (12)

he event implies an intramolecular electron transfer process
ith metal oxidation and NO+ reduction. From Fig. 2a, both the
epopulation of the HOMO and population of the predominantly
*(FeNO) orbital upon excitation weaken the Fe–N bond. The

ormation of FeIIINO in the excited state allows for the facile
elease of NO, which has also been observed for the Ru- and Os-
nalogs of SNP with a decreasing quantum yield [74b]. Similar

hotoinduced reactions have been detected for other complexes
ith n = 6 [74d–f].
As a strongly electron acceptor ligand, NO+ induces elec-

ronic changes in the trans-position, as demonstrated for

I
w
d
k

rans-RuII(NH3)4(H2O)NO3+ [75]. The water ligand becomes
cidic (pKa = 3.1, of the same order as in RuIII(NH3)5H2O3+,
.4), and more inert toward substitution with other ligands. In
his trans-influence, the integrity of the six-coordinated species
s maintained.

Finally, we have not found any reported complex with a
eIIINO+ structure (n = 5). As said above, the FeIINO+ com-
lexes are very stable toward oxidation (see above for the
nusual RuIIINO+ complex).

.2. MIINO•–MIIINO•

Little kinetic work has been carried out with NO• as a lig-
nd in classical complexes. Careful removal of impurities in
he gas stream and absence of NO2

− and/or NO2 in solu-
ion must be ensured [22c]. Clean substitution processes occur
ith reduced metal centers. Thus, NO binds reversibly to
igh spin FeIILxH2O complexes (L = EDTA, NTA and deriva-
ives), which are potential catalysts for NO removal from
as streams. By using fast techniques, kon values were found
n the range 106 to 108 M−1 s−1, at 25 ◦C [76], whereas
off values vary between 10−1 and 103 s−1, depending on L.
imilarly, for Fe(H2O)5NO2+, kon = 1.41 × 106 M−1 s−1 and
off = 3.2 × 103 s−1 [52]. In all cases the electronic structure
f the nitrosylated products (S = 3/2) has been described as
eIIINO− (see above). Water exchange measurements and acti-
ation parameters sustain a dissociative-interchange mechanism
77].

The FeIII(CN)5NO3− ion may be considered a typical model
or d6, low-spin MIINO• systems [44]. Fig. 6 shows the spectral
hanges for the reaction of NO with aquated FeII(CN)5NH3

3−,
q. (13):

FeII(CN)5H2O3− + NO � FeII(CN)5NO3− + H2O,

kon, koff (13)

he inset of Fig. 6 shows that the initially attained absorption
t 350 nm corresponding to FeII(CN)5NO3− decays subse-
uently in excess of NO, suggesting decomposition (see below).

ndependently of this complication, the faster traces reflect a
ell-behaved pseudo-first order process. The values of kobs
epend linearly on the concentration of NO, and a value of
on = 250 M−1 s−1 can be derived. This value is similar to oth-



1912 F. Roncaroli et al. / Coordination Chemistry Reviews 251 (2007) 1903–1930

Fig. 6. Successive spectra in the reaction of 5 × 10−5 M [Fe(CN)5H2O]3− with
1.8 × 10−3 M NO, pH 10, T = 25.4 ◦C, I = 0.1 M. Decay of the aqua-ion at 440 nm
and build-up of [Fe(CN)5NO•]3− at 350 nm. Absorptions at ca. 600 nm reflect
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he presence of [Fe(CN)4NO]2−. Inset: time dependence of fast reactant decay
nd product formation. The further decay at 350 nm reflects product decompo-
ition (see text) [44].

rs measured for the coordination of several ligands (CO, NH3,
y, etc.) into Fe(CN)sH2O3− [61,78a], reflecting a dissociative
echanism in which the release of water is rate-limiting, as

upported by the positive activation enthalpies, entropies and
olumes. It can be concluded that NO behaves like other Lewis-
ase ligands, at least with the Fe(II) metal centers, without a
articular influence of the single unpaired electron on the mech-
nism of the formation reaction. A similar conclusion has been
rawn by studying the reaction of NO with the five-coordinate

IIH(Cl)(CO)L2 complexes (M = Ru, Os; L = PiPr3) in benzene
nd in equimolar conditions, giving MH(Cl)(CO)(NO)L2 [79].

Fig. 7 shows the spectral changes upon dissociation of NO
rom Fe(CN)5NO3− (reverse of Eq. (13)). According to an
ccepted mechanistic description for the dissociation of X from
eII(CN)5X3− complexes [78,80], Eqs. (14) and (14′) describe

he rate-determining decay of the reactant and the formation of
he final product under conditions of an excess of cyanide, which
cts as a fast scavenger of the aqua-complex:

e(CN)5NO3− + H2O � Fe(CN)5H2O3− + NO, slow

(14)

e(CN)5H2O3− + CN � Fe(CN)6
4− + H2O, fast (14′)

he value of koff (kl4) = 1.6 × 10−5 s−1 (25.0 ◦C, pH 10) [44],
btained under saturation conditions, is included in Table 2
ogether with a list of related k−x values obtained for other

eII(CN)5Xn− complexes [78,80].

The trend is consistent with the magnitude of the �–� inter-
ctions in the FeII–X bond. It can be concluded that NO• is a
oderate-to-strong ligand, weaker than carbonyl or cyanide, and

m
s
a
p

ig. 7. Spectral changes during the dissociation of NO from 3 × 10−4

Fe(CN)5NO•]3−, in the presence of free cyanide. pH 10.2, T = 50.4 ◦C,
= 0.1 M. Inset: time dependence for the decay at 347 and 440 nm [44].

ertainly than the NO+ ligand (lower �-acceptor ability of NO•,
espite a significant �-contribution). Reliable dissociation rate
ata for ML5NO•-systems are scarce. For several members of
he RuII(NH3)4(L)NO2+ series, values of koff (k−NO) have been
stimated by CV, upon reduction of the corresponding NO+-
omplexes [73]. The values appear as strikingly high (range
–10−4 s−1), compared to the quoted one for Fe(CN)5NO3−.
ndeed, the electron-donor coligands aid in NO-labilization.

ore experimental work is needed, particularly to assess the
nfluence of metal and coligands, as well as the interplay of
rans-L and NO•-labilization.

The value of koff for Fe(CN)5NO3− appears as too low for
xplaining the rapid vasorelaxation activity of SNP solutions
fter injection in the bodily fluids, assuming that a fast conver-
ion to Fe(CN)5NO3− is operative under the action of biological
eductants such as cysteine, Eq. (15), with a further NO-release
o the medium [81,82]:

e(CN)5NO2− + SR− → Fe(CN)5NO3− + (1/2)RS − SR

(15)

comprehensive study of the spontaneous thermal decomposi-
ion of equilibrated Fe(CN)5NO3− and Fe(CN)4NO2− (cf. Eq.
5)) is summarized in Scheme 2 [83].

The pH conditions are crucial for analyzing the results.
t pH 7, Fe(CN)4NO2− becomes the predominant species,

ee Eq. (5), and also decays with a low value of koff, ca.
0−5 s−1. A faster decomposition of Fe(CN)4NO2− occurs in
he minute time scale at pHs 4–5, with successive cyanide-
nd NO-release and the generation of Prussian blue-type pre-
ipitates (Scheme 2, below). Thus, the currently accepted idea
hat Fe(CN)4NO2− is the necessary precursor for a fast NO-
elease under physiological conditions cannot be attributed

erely to a pH effect, but is probably related to the expo-

ure of the cyano-ligands to donor interactions with specific
cceptor protein sites, thus promoting decomposition [81]. At
Hs 6–8, slow NO•-release is followed by the formation of
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Scheme 2.

n EPR-inactive intermediate (I), with a characteristic UV–vis
pectrum and vNO = 1695 cm−1, formed through the reaction
f NO with another [Fe(CN)4NO]2− molecule (see Scheme 2).
I) is a precursor of NO-disproportionation into Fe(CN)5NO2−
nd N2O, displaying a rigorous 1:0.5 molar stoichiometry. The
verall evidence suggests that (I) is a dinitrosyl species, trans-
e(CN)4(NO)2

2−. Preliminary DFT calculations support the
bove formulation, consistent with a recent proposal for an
ron-porphyrin, Fe(Por)(NO)2 [84]. The formation of trans-
e(CN)4(NO)2

2− is supported by independent kinetic data on
he reaction of Fe(CN)4NO2− with excess NO, leading to a
econd order rate law with k = 4.3 × 104 M−1 s−1. A related dini-
rosyl compound, Fe(NO)2(‘pyS4’) has also been obtained by

ixing Fe(‘pyS4’) with an excess of NO [24a]. The synthetic,
tructural and reactivity aspects of dinitrosyl compounds are
uite relevant to the chemistry of NO-reductases [4,13].

Also remarkable in Scheme 2 is the appearance of a final
ecomposition product associated with a new EPR signal,
ndicative of the presence of the so-called “g = 2.03” dinitro-
yls, which are biologically relevant and labile species, active
oward vasodilation [85]. Their general formula is Fe(L)2(NO)2,
n a pseudo-tetrahedral arrangement, with L = thiolates, imida-
olates, etc. as coligands [86]. In the reported reaction conditions
f Scheme 2, the L ligand should be necessarily cyanide.

We consider now the reactions of low-spin MIII complexes
ith NO. Recent studies with iron cyano-complexes [87] may
e represented be Eq. (16):

eIII(CN)5H2O2− + NO → Fe(CN)5NO2− + H2O (16)
here is an electron transfer in reaction (16), namely a reductive
itrosylation, as far as the nitroprusside product can be described
s a FeIINO+ species. The rate constant, kon = 0.252 M−1 s−1

25.5 ◦C, pH 3, I = 0.1 M) is several orders of magnitude higher
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han the values currently found for the coordination of different
ligands into FeIII(CN)5H2O2−, which are assumed to react

hrough dissociative-interchange mechanisms [78a]. The kon
alue, together with activation parameters, �H �= = 52 kJ mol−1,
S�= = −82 J K−1 mol−1, �V�= = −13.9 cm3 mol−1, suggest a

ate determining step involving electron transfer with forma-
ion of FeII-intermediates, for which direct evidence has been
rovided. Reaction (16) was erroneously reported as of “outer-
phere” type [87]. An associative mechanism involving an
eptacoordinated transition state has been suggested [22a],
elated to the one previously discussed for the coordination
f NO into [RuIII(NH3)5L)]n+complexes (L = NH3, H2O, Cl−)
88]. Alternatively, an inner-sphere pathway involving initial
ssociation of NO with bound cyanides in the precursor com-
lex, leading to the formation of NO+, reduced Fe(II) and further
hemistry would also be feasible, avoiding the proposal of an
ntermediate with CN 7 [44].

Reaction (16) is irreversible, as evidenced by the zero inter-
ept in the plot of kobs (s−1) against [NO]. Remarkably, the
eactants are the effective products in the photochemical activa-
ion of SNP, Eq. (12).

A similar interplay between a negligible thermal FeIINO+

issociation and a rapid photochemical NO-release has been
eported for Fe(PaPy3)NO2+, an n = 6 complex, see Table 1
24b]. For the RuIII(HEDTA)(H2O) complex [89], very high
oordination rates have been found, with kon exceeding
08 M−1 s−1 at physiological temperature, Eq. (17):

uIII(HEDTA)H2O + NO → Ru(HEDTA)NO + H2O (17)

he diamagnetic product has been described as RuIINO+, and
he reaction type appears as similar to Eq. (16). An associa-
ive interchange mechanism has been proposed. The unusual
igh value of kon has been ascribed to the extreme labil-
ty of the coordinated water molecule, which interacts with
he pendant carboxylate group creating an “open” area for
ite of attack of the incoming NO. This Ru(III) complex has
een used as an effective scavenger of NO in different dis-
ase states including sepsis, allograft rejection and cancer, as
ell as in kinetic studies of reversible reactions of NO with
etal complexes, for which a fast trapping of released NO is

eeded [90].
Finally, classical complexes with MIIINO• electronic struc-

ure have not been identified in the ground state, for which the
lternative MIINO+ formulation has been always assigned. On
he other hand, excited state MIIINO• complexes release NO in
he nanosecond time-scale [74b].

.3. MIINO−/HNO–MIIINO−/HNO

No reports exist in the literature on the coordination rates
f NO−/HNO into FeII or FeIII in classical coordination com-
ounds. HNO may be generated in aqueous solution by using

ngeli’s salt, Na2N2O3, which reacts according to Eq. (18), in
pH-independent way in the range 4–8 [20a]:

N2O3
− � HNO + NO2

− (18)
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he kon values for HNO are difficult to study because of
he high rate of competitive HNO-coupling, Eq. (19), with
l9 = 8 × 106 M−1 s−1 [91]:

HNO � [HONNOH] → N2O + H2O (19)

hus, at least for low-spin systems, reactions of HNO with the
nert Fe(II) or Fe(III) aqua-complexes (cf. FeII,III(CN)5H2O3,2−,
ee above) are unable to compete with self-dimerization. Coor-
ination may be achieved with high spin, labile metal ions. The
eaction of Ni(CN)4

2− with N2O3
2− leads to a deep violet color

t pH > 9, and has been described by Eq. (20) [65a]:

i(CN)4
2− + NO− � Ni(CN)3NO2− + CN− (20)

eaction (20) implies the displacement of CN− by NO−,
roviding evidence for free NO−/HNO in aqueous solution.
he electronic distribution in the tetrahedral Ni(CN)3NO2−

on remains uncertain. From the value of vNO = 1780 cm−1,
{Ni0NO+}10 distribution has been suggested [65a].

.4. FeII(Por)(NO) and FeIII(Por)(NO) (Por = porphyrins
nd hemoproteins)

These reactions have been comprehensively reviewed [22].
ith high spin FeII(Por) compounds (Por = water-soluble TPPS

nd TMPS, Hb, Mb, sGC), very fast NO-coordination ensues,
ith kon = ca. 107–109 M−1 s−1. On the basis of the low values
f the activation enthalpies and entropies, the mechanisms have
een discussed in terms of the diffusion-limited formation of an
ncounter complex, prior to NO bond formation according to
q. (21):

eII(Por) + NO � {FeII(Por)//NO} → FeII(Por)NO (21)

he reactant is probably a five-coordinate heme complex, and
he formation of a Fe–NO bond would not require the dis-
lacement of another ligand; thus, it is not limited by the rate
f ligand labilization. These very fast reactions are relevant
o the activation of sGC or to the inhibition of cytochrome
xidase [22].

Also important are the reverse NO-dissociation reactions of
FeII(Por)NO], which cover a broad range of koff values, from
0−2 to 10−5 s−1, depending on the conditions and the nature
f substituents in the heme-ligands [22,92].

Studies on the reversible reactions of FeIII(Por) with NO
nvolved systematic measurements to determine kon and koff
22]. The FeIII(Por)(H2O)2 species are considered to be spin-
dmixed with S = 3/2 and 5/2) [93]. The kon values are mostly
round 105 M−1 s−1 [22], with higher values for catalase
3 × 107 M−1 s−1) [94] and a noticeably lower one for cytIII,
.2 × 102 M−1 s−1 [94], which is attributed to occupation of
he axial coordination sites by an imidazole nitrogen and by

methionine sulfur of the protein. Large and positive activa-
ion entropies and volumes determine a substitution mechanism

ominated by dissociation of the aqua-ligand according to Eq.
22), followed by the very fast reaction of the unsaturated
ntermediate with NO, Eq. (23). The latter process implies a
onsiderable charge transfer to give a linear, diamagnetic FeNO

f
b

try Reviews 251 (2007) 1903–1930

oiety, which may be formally represented as FeIINO+. There-
ore, the mechanism of the “off” reaction (reverse of reaction
23)) also reflects the intrinsic entropy and volume changes
ssociated with the spin and solvent reorganizations:

eIII(Por)(H2O)2 � FeIII(Por)(H2O) + H2O (22)

eIII(Por)(H2O) + NO � Fe(Por)(H2O)NO (23)

n principle, reactions (22) and (23) imply a simple Lewis-
ase substitution reaction, with little (if any) influence of the
ree radical nature of NO• on the kinetics and mechanism of
he NO-heme interactions. A recent study with FeIII(TMPS)
t pHs 4–5 [95a] allowed to confirm the results and mech-
nistic interpretations for the FeIII(Por) nitrosylations [22].
owever, working at pH ≥8 (the pKa is 6.9), kon decreased
y two orders of magnitude with respect to the values at
Hs 4–5. Based on the changes in the activation parame-
ers (entropies and volumes) from positive to negative values
ith increasing pHs, a change in mechanism from dissocia-

ive (when H2O is the coligand) to associative (with OH− as
he coligand) has been suggested. At high pHs, the mecha-
ism would imply a fast association of NO with the presumably
ve-coordinated FeIII(TMPS)(OH) complex, with a subsequent
ate-limiting electronic redistribution forming the spin-changed
roduct, FeII(TMPS)(NO+)(OH). This behavior has been
eproduced for a water soluble octa-anionic FeIII(Por8−) com-
lex (pKa = 9.26) [95b]. Preliminary measurements with other
eIII(Por) compounds anticipate that this is a general feature
f NO coordination in these systems. It has been reported
hat the koff values also decrease at the high pHs, reflecting
he spin changes associated with a larger demand for reor-
anization of d electrons upon reformation of FeIII(Por)(OH)
rom FeII(Por)(NO+)(OH) (i.e., S = 0 → S = 5/2) in compari-
on to that occurring for FeII(Por)(NO+)(H2O) (S = 0 → S = 5/2,
/2). Evidently, these new results suggest that, in addition to
he lability of water, other factors such as the overall charge
f the porphyrin ligand, spin state, number and nature of the
xial ligands and solvent interactions ought to be considered
n the mechanistic analysis of these important and biorelevant
rocesses.

The reversibility of reactions (22) and (23) indicates that
eme-compounds are able to afford spontaneously the back con-
ersion of NO+ into NO•, in contrast with the results found for
lassical low-spin FeIII complexes. Although these reverse pro-
esses are usually described as NO-dissociations, it becomes
vident that koff involves a strong electronic redistribution cou-
led to the ligand interchange. The same can be said on the
irect kon reaction, which although considered a nitrosyl for-
ation reaction, may be alternatively described as a reductive

itrosylation process (see below).

.5. FeII(Por)NO−/HNO–FeIII(Por)NO−/HNO
A significant kinetic result on the coordination of HNO into
erro-heme systems has been obtained through reaction (24),
y reacting deoxyMb (MbII) with free HNO produced from the



hemis

d

M

T
t
i
g
[
a
M

M

M
t
T
r
t
t
R
v
t

t
n
u
c
A
[

4

H
s
H
I
c
E

a
v

r
i
d

M

T
n
(
a
h
c

v
h

a
f
d
N
s
s
N
t
o
fi
{
a
g

M
t
a
u
l
e
o
w
T
p

i
i
d
a
m
h
i
M
o
c
f
h
b
c
a
s

4
(
g

d

M

F. Roncaroli et al. / Coordination C

ecomposition of Angeli’s salt (cf. Eq. (18)) [96]:

bII + HNO → MbIIHNO, kon (24)

he reaction of Angeli’s salt with MbII is a matter of some con-
roversy, because a complex mixture of products is generated,
ncluding the transient formation of metMb (MbIII), ultimately
iving MbIINO, a reaction that had been previously observed
97]. It has been shown that the formation of MbIII ensues
ccording to reaction (25), implying a competing reactivity of
bII with the NO2

− byproduct formed in reaction (18):

bII + NO2
− + 2H+ � MbIII + NO + H2O (25)

bIIHNO has been quantified by 1H NMR and UV–vis spec-
roscopies in the mixtures also containing MbIINO [69a,96].
he maximum yield was ca. 80%, and this was obtained by

aising the pH in order to inhibit reaction (25). Kinetic simula-
ions considering the overall set of reactions give a lower limit
o the bimolecular rate of trapping as kon = 1.4 × 104 M−1 s−1.
eaction (24) showed to be irreversible, with unmeasurable koff
alues, revealing that MbIIHNO is very inert toward dissocia-
ion.

For MetMb, MetHb and other ferric hemoproteins, the reac-
ions with HNO, generated according to Eq. (18), led to reductive
itrosylation with formation of the corresponding FeIINO prod-
cts [98]. More recently, this trapping reaction has been also
arried out with a model porphyrin, FeIII(TPPS), Eq. (26) [99].

similar reaction has been observed with a MnIII-porphyrin
100]:

FeIII(TPPS)(H2O)2 + HNO

→ FeII(TPPS)(H2O)(NO) + H+ + H2O (26)

. Electrophilic reactivity of bound nitrosonium (NO+)

As NO+ behaves as a very strong electrophile, NO2
− or

NO2 are rapidly formed as dominant products in aqueous
olution, with extremely low concentrations of free NO+ [22c].
owever, NO+ may be stabilized by coordination to metal ions.

n this way, NO2
− solutions can readily generate metal-NO+

omplexes by coordination and proton assisted dehydration,
qs. (1) and (2).

In addition to the different manifestations of the electron-
cceptor ability of the NO+ ligand, related to the high values of
NO, facile NO-centered reductions, and photoinduced activity
endering free NO, we describe now the main thermal reactiv-
ty mode for bound NO+, the addition of a nucleophile B, as
escribed by reaction (27):

L5(NO+) + B− � {ML5N(O)B} (27)

he thermodynamics and kinetics of reaction (27) depend on the
ature of the metal M, the coligands L, and of the nucleophile B

with its deprotonated B− active form). Reactions of OH−, NH3
nd other nitrogen hydrides such as amines, hydrazine (N2H4),
ydroxylamine (NH2OH), hydrazoic acid (HN3), etc., sulfur
ontaining species as SH−, thiolates (SR−), SO3

2−, and finally a

I
t
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try Reviews 251 (2007) 1903–1930 1915

ariety of organic molecules have a very long and distinguished
istory, and have been comprehensively reviewed [23].

Reaction (27) is an equilibrium process for the formation
nd back-dissociation of the {ML5N(O)B} adduct. B− has a
ree electron pair that interacts with the positive charge in the
elocalized LUMO of the MNO moiety, mainly located at the
-atom. The adduct may dissociate back to the reactants or react

ubsequently, either losing a proton (as in the reaction with OH−,
ee below), or through redox processes involving reduction of
O+ and oxidation of B−. The latter is the case for the reac-

ions with nitrogen hydrides leading to gas evolution: N2, N2O
r mixtures of them, constituting one possible origin of denitri-
cation processes in soils [4,101]. Also, nitrosothiolate adducts,
FeL5NOSR}, or the dissociated NOSR’s, have been proposed
s nitrosyl carriers in the biological fluids, precursors of NO
eneration [11,81,82].

The stoichiometries of many addition reactions on
L5(NO+) complexes were well established over the 1970s,

hough with limited evidence on the characterization of the
dducts. The electrophilicity of the different NO+-complexes
sed to be considered in terms of the magnitude of the equi-
ibrium constant for reaction (27). Predictive estimations of the
lectrophilic reactivity were also done by considering the values
f vNO. In this way, complexes with vNO above 1860–1890 cm−1

ere found to show some reactivity with at least one nucleophile.
his picture has been useful, but fails in making a quantitative
rediction of reactivity for different ML5(NO+) systems [23].

In this section we describe recent advances on the following
ssues: (i) Rate constants for the elementary steps compris-
ng the adduct formations have been estimated, based on a
etailed discussion of the underlying mechanisms. This includes
proper description of the adduct-intermediates using experi-
ental and/or theoretical methods. (ii) A generalized approach

as been proposed for understanding and predicting reactiv-
ty, in terms of the redox potentials, ENO+/NO, of the different

L5(NO+) complexes, rather than the vNO values. We elaborate
n the possibility of including the heme-nitrosyls together with
lassical coordination complexes under a common mechanistic
ramework. (iii) The advances in the chemistry of the nitrogen
ydrides and thiolates, with the inclusion of NO2

− or HNO2 as
iologically relevant nucleophiles. (iv) The influence of subtle
hanges in the structure of the nucleophile on the stoichiometry
nd mechanisms for a given nitrosyl complex (SNP) has been
tudied (viz., for N2H4 and substituted derivatives).

.1. The mechanism of the reactions of M(CN)5NO2−
M = Fe, Ru, Os) and Ru(bpy)(tpm)NO3+ ions with OH−: a
eneralization for MLx(NO+) systems

The reactions of OH− with ML5(NO+) systems can be
escribed by the following global stoichiometry, Eq. (28):

L5(NO+) + 2OH− � ML5NO2
− + H2O (28)
n the mechanistic analysis we consider a set of successive reac-
ions [24q]:

L5(NO+) + OH− � {ML5(NO+)•OH−}, Kip (29)
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plexes have been measured [27]. All of them lead to the
corresponding nitro-complexes, with the same overall stoi-
chiometry. The different nitro-complexes may show a variable
stability toward the dissociation of NO2

−, Eq. (33), but the latter
916 F. Roncaroli et al. / Coordination C

ML5(NO+)•OH−}+ � ML5NO2H + H2O, K30, k30, k−30

(30)

L5NO2H + OH− � ML5NO2
− + H2O (31)

hese reactions have been usually studied spectrophotometri-
ally, measuring the increase in the concentration of the product
ith time. A pseudo-first order behavior has been found, with
H-dependent kobs rate constants. The experimental rate law
s of the form: kobs = a[OH−] + b/[OH−]. By considering reac-
ions (29)–(31), the following rate law can be deduced, with
OH = Kipk30 and Keq = KipK30K31 [24q]:

obs = kOH {[OH−] + 1/Keq [OH−]} (32)

he values of Kip can be calculated by knowing the charges
nd radii of the reactants, and in this way we can get values
or k30, which is the unimolecular rate constant for the conver-
ion of the outer-sphere complex into the inner-sphere addition
ntermediate, Eq. (30). Usually, we employ the second order
ate constants, kOH, for comparing the nucleophilic reactivi-
ies of different complexes toward OH−, assuming that they
eflect the trends in the values of k30, with a minor influence
f Kip. Finally, reaction (31) comprises a fast deprotonation
tep.

Kinetic studies with Fe(CN)5NO2− have been performed
102], followed by extensions to the Ru- [24f] and Os-analogs
24q]. The values of kOH for the reactions of Fe- and Ru- nitrosyl-
omplexes are very similar, 0.55 and 0.95 M−1 s−1, respectively,
t 25.0 ◦C. Ruthenium displays a stronger back bonding to
O+, and we should expect a smaller nucleophilic rate con-

tant compared to iron. Apparently, this is compensated by the
reater polarizability of the ruthenium-nitrosyl fragment. For
he osmium complex, kOH = 1.37 × 10−4 M−1 s−1. The sharp
ecrease in kOH has been ascribed to the stronger comparative
-donor ability of the Os-pentacyano fragment [24q].

The recently prepared complex [Ru(bpy)(tpm)NO](PF6)3
howed a very high vNO, 1959 cm−1, and was useful for explor-
ng the electrophilic reactivity [24g]. Fig. 8 shows the successive
pectra obtained for the RuNO+ → RuNO2

− conversion.
The inset in Fig. 8 shows the exponential increase of

bsorbance corresponding to the build-up of the nitro-complex,
ee Eqs. (29)–(31). Fig. 9 shows a plot of kobs versus [OH−],
hich has the form described by Eq. (32).
The value of kOH = 3.1 × 106 M−1 s−1 is close to the

ighest value ever measured for nitrosyl complexes,
.60 × 106 M−1 s−1, for cis-Ru(AcN)(bpy)2NO3+ [27].
ote that Fig. 9 displays a linear dependence on the concentra-

ion of OH−, only for sufficiently high pHs. For low pH values,
leveling off of kobs is observed. As shown by Eq. (32), this

s a consequence of the influence of the second term inside the
arenthesis. In these low pH conditions, the addition reaction is
vidently very slow, although the value of k30 may be evaluated

ccurately from the fit. The independence of kobs values on the
H for some related reactions has been considered as being
ssociated with the action of water, not of OH−, as the true
ucleophile (see below) [42a–c].

F
[

ig. 8. Successive spectra for the reaction of 5.4 × 10−5 [Ru(bpy)(tpm)NO]3+

ith OH−, I = 1 M, T = 25 ◦C, [OH−] = 2.2 × 10−9 M. Inset: absorption increase
ith time at 288 nm [24g].

The proposal of Ru(bpy)(tpm)NO2H2+ as an intermediate in
eactions (29)–(31) is consistent with the rigorous stoichiome-
ry found for many ML5(NO+) systems. In general, the highly
eactive NO2H intermediates have not been directly identified.
ig. 10 shows the optimized DFT geometries calculated along

he reaction coordinate, with ML5 = Fe(CN)5
3−, including the

ransition state [27].
We may associate the addition process with a geometric

hange from linear to bent (N-hybridization changes from sp
o sp2), or alternatively with an addition of the electron pair of
H− to the LUMO, involving a formal conversion from n = 6

o 8 in the {MNO}n moiety. The geometrical and IR parameters
alculated through the DFT procedure are in agreement with the
roposed scheme [27].

Looking for a generalized description of the OH−-addition
rocess, the reactivities of a great number of ML5(NO+) com-
ig. 9. Dependence of kobs on [OH−] for the reaction of (2.5–5.5) × 10 −5 M
Ru(bpy)(tpm)NO]3+ with OH−. T = 25 ◦C, I = 1 M [24g].
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Fig. 10. Optimized geometries for the initial steps of the reaction of [Fe(CN

rocesses show to be sufficiently slow compared to the previous
eactions (29)–(31):

L5NO2
− + H2O � ML5H2O + NO2

− (33)

ig. 11 shows a plot of ln kOH against the correspond-
ng ENO+/NO values for different ML5(NO+) complexes, and

able 3 includes some selected examples, providing values of
elevant parameters such as vNO, kOH and Keq.

The plot implies a Marcus-type linear free energy rela-
ionship (LFER), which currently holds when a group of

ig. 11. LFER plot of ln kOH (addition rate constant) against ENO+/NO
vs. Ag/AgCl 3 M KCl) for the reactions of a series of ML5NOn com-
lexes with OH−. Main plot, from left to right, in order of increasing
otentials: [Os(CN)5NO]2−; trans-[Ru(his)(NH3)4NO]3+; [Ru(CN)5NO]2−;
Ru(EDTA)NO]; [Fe(CN)5NO]2−; trans-[Ru(4-Mepy)(NH3)4NO]3+; trans-
Ru(NH3)4NO(py)]3+; trans-[Ru(Clpy)(NH3)4NO]3+; trans-[Ru(NH3)4NO
nic)]3+; trans-[Ru(NH3)4NO(pz)]3+; cis-[Ru(bpy)2ClNO]2+;
Ru(bpy)(trpy)NO]3+; cis-[Ru(bpy)2ClNO]2+; cis-[Ru(AcN)(bpy)2NO]3+;
Ru(bpy)(tpm)NO]3+. Secondary plot: trans-[Ru(OH)NO(py)4]2+;
rans-[RuClNO(py)4]2+; trans-[Ru(NCS)NO(py)4]2+; trans-
NCRu(py)4CNRu(py)4NO]3+ [24g,24o,27].
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]2 with OH−, giving the transition state and the HNO2 intermediate [27].

eactions are governed by a common mechanism [103]. Marcus
xtended his original model for weakly-coupled outer-sphere
lectron transfer reactions to the interpretation of inner-sphere
echanisms [104], i.e., comprising some associative charac-

er, which is the actual situation found in the nucleophilic
dditions. The plot has a slope fairly close to the theoreti-
al prediction, 19.4 V−1, and spans a range of rate constant
alues of ca. 10 orders of magnitude, as well as a difference
f ca. 1.2 V for the values of the extreme redox potentials.
bviously, the position of each complex in the plot is a

onsequence of the different coligands involved, which deter-
ine the value of the net positive charge in the acceptor
NO moieties. A correlation of k30 with these DFT-calculated

harges, as well as with the LUMO energies, has been also
ound [27].

Fig. 11 constitutes a valuable predictive tool for quantifying
he relative electrophilic reactivities of different metal nitrosyls
by the way, using a kinetic indicator!). Noticeably, a parallel
ine stands for a series of trans-Ru(L)(py)4NO3+ complexes,
hich react slower than expected, probably because of steric

estrictions. The recent value of k30 for Ru(bpy)(tpm)NO3+

24g] fits very well in the plot displayed in Fig. 11, in the upper
ight side, and the same can be said for Ru(EDTA)NO− [24o].

e can confidently assume that all the complexes described
n Fig. 11 react through the same mechanism. Even for the
ighly reactive nitrosyl complexes promoting a full conversion
f MNO+ into MNO2

− at low pHs (range 0–3), the above
reatment strongly suggests that OH− is always the relevant
ucleophile. Highly electrophilic complexes like IrCl5NO− [34]
nd Ru(trpy)(L)NO2+ (L = azoimines) [42b] must be maintained
n strongly acid media in order to avoid the conversion into the
itro-complexes.

Following the pioneering studies on the reductive nitro-
ylation reactions of hemoproteins [105a], the electrophilic
eactivity of nitrosyl ferri-hemes in aqueous solution has been
omprehensively reviewed [105b,c]. This reaction type involves
he reduction of the oxidizing metal center by NO, with genera-

ion of NO+/NO2

− products. The participation of nucleophiles
s shown in a generalized way in Eq. (34):

e(Por)m+ + NO + Nuc− � Fe(Por)(m−1)+ + Nuc-NO (34)
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Table 3
Kinetic results for the OH−-addition reactions on different NO-complexes

kOH
a (M−1 s−1) k30

b (s−1) �H�= (kJ mol−1) �S�= (J K−1 mol−1) ENO+/NO
c (V) vNO

d (cm−1) Ke (M−2) Reference

[Ru(bpy)(tpm)NO]3+ 3.1 × 106 1.4 × 106 94 193 0.31 1959 4.4 × 1021 [24g]
[Ru(bpy)(trpy)NO]3+ 3.2 × 105 1.3 × 105 89 159 0.25 1946 2.1 × 1023 [27]
cis-[Ru(bpy)2(Cl)NO]2+ 8.5 × 103 4.6 × 103 100 164 0.05 1933 1.6 × 1015 [27]
trans-[Ru(NH3)4(pz)NO]3+ 1.8 × 102 9.6 × 101 76 54 −0.11 1942 6.0 × 108 [27]
[Ru(EDTA)NO]− 4.35 ca. 3 × 101 60 −31 −0.34 1890 103 [24o]
[Ru(CN)5NO]2− 0.95 6.4 57 −54 −0.35 1926 4.4 × 106 [27]

Activation parameters, redox potentials, nitrosyl stretching frequencies, and equilibrium constants.
a Fitted irom the experimental rate law, Eq. (32).
b Ummolecular rate constant tor the conversion ot the outer-sphere- into the inner-sphere OH−-addition complex, Eq. (30). Estimated as kOH/Kip; see Ref. [27] for

details on the estimation of Kip.
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c V vs. Ag/AgCl, 3 M KCl (0.21 V vs. NHE).
d Measured in aqueous solution or with KBr pellets, see the references.
e Corresponds to Eq. (28).

t is usual to describe the complete process occurring for reduc-
ive nitrosylation in terms of a set of successive reactions, as
escribed in Scheme 3 and Eqs. (35)–(39):

FeIII(Por)(H2O)2 + NO � Fe(Por)(H2O)(NO) + H2O,

kon, koff (35)

eaction (35) comprises the reversible coordination of NO on
he high spin ferri-heme moieties, with the rate-constants usually
dentified as kon, koff. The product can be described as low-spin
eIINO+. In this way, the forward reaction is the true reduc-

ive nitrosylation step, with concomitant metal reduction and
xidation of NO to NO+.

In the second step of Scheme 3, Eq (36), it is assumed that
H− adds reversibly to the FeIINO+ moiety generating the
ighly reactive and elusive FeII(NO2H) intermediate:

FeII(Por)(H2O)(NO+) + OH− � FeII(Por)(H2O)NO2H,

k36, k−36 (36)
he current description for the heme-complexes omits the intro-
uction of the ion-pair formation constant, Eq. (29). Thus,
eaction (36) may be considered as equivalent to 29 + 30, and

Scheme 3.
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OH = k36. We describe separately the rapid deprotonation step,
q. (37), and the dissociation of NO2

−, Eq. (38):

FeII(Por)(H2O)NO2H + OH−

� FeII(Por)(H2O)(NO2)− + H2O (37)

eII(Por)(H2O)(NO2)− + H2O � FeII(Por)(H2O)2 + NO2
−

(38)

n the final step, the excess NO conditions favor a very fast reac-
ion leading to the stable, moderately inert FeII(P)NO complex,
q. (39):

eII(Por)(H2O) + NO � FeII(Por)(NO) + H2O (39)

he kinetic studies have been performed by following
pectrophotometrically the first order decay of the stable
e(Por)(H2O)NO intermediates, formed in reaction (35), evolv-

ng to the FeII(Por)NO final products, Eq. (39). With these kobs
alues, and by measuring the equilibrium constants for reaction
35), the rate constants for the reductive nitrosylation process,
red, s−1, can be estimated. It has been pointed out that kred may
epresent the sum of several terms dependent on the medium. In
eneral, kred may be obtained from kobs values by knowing KNO
nd [NO].

Evidently, if we want to have a close look to the nucle-
philic addition step, the picture of reactions (35)–(39) appears
s more complex than the previously discussed scheme with
lassical complexes, Eqs. (29)–(31). In the latter systems, we
tarted with well defined nitrosonium complexes, while in the
resent situation we deal with a formation reaction, Eq. (35),
hose equilibrium constant must be determined in the reaction

onditions. This can be done successfully, but sometimes a pH
ependence of the K35 values has been found. Reaction (36) is
ormally the same as reaction (29 + 30), and reaction (37) may
e also reasonably considered as a fast deprotonation step, as in
q. (31). Finally, two limiting situations may arise depending on
he relative rates of reactions (37) and (38) and the nucleophilic
ddition step, Eq. (36). It can be assumed that reactions (37) and
38) are fast ligand interchange processes, compared to reaction
36), or just the opposite situation [22].
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A first order dependence on the concentration of OH− has
een found in the reductive nitrosylation reactions of cytIII,
etHb and metHb [105a]. From the slopes of the plots of kobs

gainst [OH−] values of kOH = ca. 102–103 M−1 s−1 have been
alculated. They indicate a moderate-to-high electrophilic reac-
ivity of the hemoproteins, which compares qualitatively with the
lassical complexes located at the upper right part of Fig. 11. A
ore quantitative prediction is precluded because of the above
entioned uncertainties in the mechanistic treatment and the

ack of accurate values for the redox potentials of the hemopro-
eins, ENO+/NO [105].

The metMb compound revealed a pH-independent path for
eductive nitrosylation at pHs <6, in addition to the specific base-
atalyzed path (i.e., kred = k1 + kOH [OH−]). The k1 path was
ttributed to H2O as the actual nucleophile, probably acting in
generalized base-catalyzed process. Alternatively, a non zero

ntercept could arise from the reversibility of the nucleophilic
ddition step in Eq. (36), in a situation similar to the one depicted
n Fig. 8 for Ru(bpy)(tpm)NO3+.

The existence of a generalized base-catalyzed path was
emonstrated in a set of experiments with different buffer con-
entrations [106]. For acetate, it was found that kred = k0 + kB
B]. The interpretation of k0 should be related to the buffer-
ndependent path associated with the OH−-addition. The value
f kB was 2.4 × 10−3 M−1 s−1; this is a very low value, com-
ared to the above quoted kOH for the specific base-catalyzed
rocess. However, it becomes measurable because of the low
ate of OH−-addition in the low-pH conditions.

The work on the reductive nitrosylation reactions has
een extended more recently to several porphyrin compounds:
eIII(TPPS), FeIII(TMPyP) [106], and two octacationic and
ctaanionic species, FeIII(Por8+) and FeIII(Por8−) [95b,107].

nly pH-independent kred values have been reported, spanning
range of 10−4 to 10−2 s−1. If we tentatively assume that these

ate constants do in fact reflect the action of OH− as a nucle-
phile (see above), values of kOH can be roughly estimated to

k
a
c
b

able 4
ddition rate constants for OH− and NO2

− as nucleophiles, calculated from the red
emoproteins

orphyrina pKa
b kred

c (s−1) kOH
d

8+ 5.0 4 × 10−2 f 4.0 ×
MPyP2+ 5.5 9.8 × 10−3 h 3.3 ×
PPS6− 7.0 2.8 × 10−4 i 2.8 ×
8− 9.2 2.8 × 10−4 j 2.8 ×
itIII – – 1.5 ×
bIII – – 3.2 ×
bIII 8.99 – 3.2 ×
a See the abbreviations list.
b pKa value of the corresponding di-aqua complex.
c Corresponds to the pseudo-first order reductive nitrosylation rates.
d Nucleophilic second-order rate constant for OH−-addition.
e Nucleophilic second-order rate constant for nitrite-addition, obtained from the lin
f Measured at pH 4; same value at pH 2.
g Roughly estimated as kOH = kred/[OH−], by assuming first order in [OH−].
h Measured at pH 4.5.
i measured at pH 5.
j Measured at pH 7.
k Obtained from the linear plot of kred vs. [OH−].
try Reviews 251 (2007) 1903–1930 1919

e in the range 103 to 108 M−1 s−1. Moreover, the trends in kred
and kOH) are: Por8+ > TMPyP4+ > TPPS4− > Por8− (Table 3).
he increase of kOH with the overall charge on the porphyrins is
onsistent with the greater electrophilicities at the {FeNO}moi-
ties. Besides, the measurements involving FeIII(Por8+) made
t pH 8 (well above pKa = 5 for FeIII(Por8+)(H2O)2), reveal a
ecrease in kred of about an order of magnitude with respect to
he values measured at pHs 2–4. This is consistent with the pres-
nce of the trans-OH− ligand, which makes the {FeNO}moiety
ore electron rich.

.2. NO2
− as a nucleophile: reactions with nitrosyl

erri-hemes

In the context of the reductive nitrosylation studies with
he ferri-hemes, recent pioneering results allow to include
O2

− as a potential nucleophile adding to the electrophilic
FeNO} moieties [106]. NO2

− is a ubiquitous impurity in NO-
olutions because it is the product of NO autoxidation [108].
ts role in biochemistry is being revisited, by considering it
s a possible vascular storage pool of NO mediated by the
eduction of NO2

− with Hb [109]. When solutions of diverse
eIII(Por) complexes (Por = TPPS, TMPyP, as well as metHb and
etMb) were made to react with NO in the presence of vary-

ng amounts of added NO2
− at moderately acidic pHs (4–5),

reater rates of reductive nitrosylation were obtained. A lin-
ar dependence of kobs values on the concentration of NO2

−
as found, namely: kobs = (kred + knitrite [NO2

−] × f(NO), with
(NO) accounting for the role of NO in Eq. (35). From the slope,
alues of knitrite can be calculated. Table 4 shows these values
or a series of NO-porphyrins, including those for the “spon-
aneous” (i.e., without added NO2

−) reductive nitrosylations,

red. Table 4 also displays the more recent results for the NO2

−-
dditions to the highly charged anionic and cationic FeIII(Por)
ompounds, measured at different pHs, showing a similar
ehavior [107].

uctive nitrosylation rates, for differently charged iron nitrosyl porphyrins and

(M−1 s−1) kNO2
− e (M−1 s−1) Reference

108 g 242 [107]
107 g 83 [106c]
105 g 3.1 [106a,c]
103 g 2.1 [107]
103 k 1.6 [105a,106b]
103 k 0.14 [105a,106b]
103 k 0.011 [105a,106b]

ear plot of kred vs. [NO2
−].
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Overall, the values of knitrite are in the range 1.1 × 10−2

o 2.4 × 102 M−1 s−1. They show a similar trend as found for
he “spontaneous” processes occurring through OH−-additions,
n the sense that the rate constants increase with the positive
harge on the porphyrins. However, the nucleophilic ability
f NO2

− turns out to be significantly lower than for OH−,
y several orders of magnitude. On the other hand, knitrite
hows to be greater than kbuffer = 2.4 × 10−3 M−1 s−1, in the
cetate-catalyzed reductive nitrosylations. By studying the pH-
ependence of the NO2

−-additions, it has been found that both
O2

− and HNO2 contribute to the rates, with NO2
− being faster

y a factor of two [107].
In the mechanistic analysis (Scheme 4), N2O3 has been pro-

osed as the bound adduct-intermediate. This should be released
ery fast and hydrolyzed to NO2

− or HNO2, depending on pH.
inally, FeII(Por) would rapidly bind NO, as in the reactions
escribed in Section 4.1.

An alternative outer-sphere process with NO2
− being oxi-

ized to NO2 and concomitant FeIINO• formation has been
roposed; subsequently, NO2 would react very fast with excess
O to form N2O3, with further hydrolysis to nitrite [106]. A

eason for choosing the latter mechanism consisted in the rough
ependence of knitrite values with ENO+/NO for the heme-nitrosyl
omplexes. The authors displayed a LFER plot [106c], similar to
he one shown in Fig. 11 for the OH−-additions, although with
much greater slope than predicted by the Marcus treatment,
ith the points in the fitted line showing a high dispersion (this
robably reflects the uncertainties in the values of ENO+/NO).

esides, these LFER’s cannot discriminate between both mech-
nisms, because they are valid either for inner- or outer-sphere
rocesses, with similar slopes in the ln knuc versus ENO+/NO
lots (cf. Section 4.1) [104].

a
e
s
n

.

The trends for the NO2
−-additions to the different nitrosyl-

orphyrins have been discussed in terms of activation
arameters, including the activation volumes [107]. By con-
idering a general associative mechanism for NO2

− addition
nto the {FeIINO+} moieties, Eq. (27), it has been found that
he positively charged porphyrins, FeII(Por8+)(H2O)NO+ react
aster, affording positive activation entropies and volumes, than
he FeII(Por8−)(H2O)NO+ analogs, which react much slower,
ith negative values for the same parameters. The decrease
as been traced to the bond formation process being accom-
anied by some charge neutralization, causing a decrease in
lectrostriction, thus partially offsetting the negative intrinsic
ntropy and volume contributions. Conversely, the values are
ositive for FeII(Por8+)(H2O)NO+, indicating a major decrease
n electrostriction during bond formation. Similar trends in
he activation parameters have been previously found for the
H−-additions to differently charged ML5(NO+) complexes, cf.
able 3, [27]. A specific decrease in rates has been also detected
or the nitrite-additions when working at pHs higher than the
Ka of the FeIII(Por8+)(H2O)2 complex, as already discussed
bove for the OH−-additions [107]. Finally, the work on NO2

−-
atalyzed reductive nitrosylations has been complemented by
he direct measurements of NO2

− binding to FeIII(Por8+)(H2O)2
nd FeIII(Por8+)(OH−)(H2O), revealing a similar behavior as
ound for the binding of NO to these complexes (see above).

The above results and interpretation are more consistent with
he inner-sphere route for the reductive nitrosylation process.
his interpretation also supports the inclusion of NO2

− as an

dditional nucleophile toward bound NO+, behaving as all oth-
rs, as described in Eq. (27). Its nucleophilic ability appears as
ignificantly lower than found for the thiolates, OH− and the
itrogen hydrides (see below). In aqueous solutions, however,
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O2
− additions can be put in evidence with an adequate selec-

ion of pH-conditions, although in an unavoidable competition
ith OH− additions.

.3. The reactions of Fe(CN)5NO2− with nitrogen hydrides.
case study for hydrazine, N2H4, and substituted

erivatives

Nitrogen hydrides are also able to promote nucleophilic addi-
ions according to Eq. (27). We describe the stoichiometries
f the reactions for the more important nucleophiles with SNP
110–112]:

Fe(CN)5NO2− + N2H4 + OH−

→ Fe(CN)5H2O3− + N2O + NH3 (40)

Fe(CN)5NO2− + NH2OH + OH−

→ Fe(CN)5H2O3− + N2O + H2O (41)

Fe(CN)5NO2− + HN3 + OH−

→ Fe(CN)5H2O3− + N2O + N2 (42)

Fe(CN)5NO2− + NH3 + OH−

→ Fe(CN)5H2O3− + N2 + H2O (43)

as evolution processes are operative after the initial addition
tep. N2, N2O or equimolar mixtures may appear, depending
n the nucleophile. Kinetic studies afford values of the rate con-
tants for each of the corresponding addition steps, most of them
aving the same order of magnitude as the one found for OH−
102]. The values for N2H4 [110], NH2OH and HN3 [111] are:
.43, 4.6 and 0.2 M−1 s−1 at 25 ◦C, respectively. A much lower
alue has been measured for NH3, ca. 10−4 to 10−5 M−1 s−1

50 ◦C) [112]. This is probably related to the high pH involved
n the required deprotonation of NH3. Overall, these values allow
he use of a common mechanistic framework, as described above
or OH−. Although only scarce spectrophotometric information
as been obtained on the intermediates, DFT calculations have
een useful, as detailed below [110,113]. No kinetic studies for
omplexes other than SNP have been performed, in contrast with
he above described work for the OH−-additions.

We describe the N2H4-addition in more detail, Eq. (40).
cheme 5 describes this reaction with SNP, which becomes
atalytic for NO2

− reduction under specific conditions [110].
The first step involves the addition of deprotonated N2H4 to

O+, with subsequent proton migration and cleavage of the N–N
ond in the bound N2H4. After the loss of NH3 the formation of a
ovel �2-N2O isomer is postulated, which further isomerizes to
he linear �1-N2O form and then releases N2O to the medium. In
his way, the aqua-ion is able to bind NO2

− again (as NO+) and
ontinue with the addition process in a catalytic way if more

2H4 is present. Fig. 12 shows the DFT calculations for the

pecies affording stable minima in the potential energy surface.
A similar calculation for NH2OH as a nucleophile is included

n Fig. 12, describing the formation of N2O + H2O, Eq. (3). Note

W
s
t
o

Scheme 5.

hat in the latter case, only the �1-N2O isomer is predicted,
nd this is not only consistent with minimizing reorganization
arriers, but also with experimental results with labeled 18O and
5N, demonstrating that the oxygen and central nitrogen of N2O
ome from NH2OH [111].

A distinct feature has been found with N2H4-additions to
ome Ru-complexes, viz. Ru(NH3)5NO3+ [114]. N3

− has been
btained as a product, instead of N2O. The different behavior
robably depends on the different adduct reorganization modes,
hat could be in turn dependent on the overall charge of the
omplex [110]. Recently, [Ru(pysiS4)NO]Br·THF has also been
hown to react in MeOH/DMF similarly as SNP, producing N2O
nd NH3, with NH3 remaining finally bound to ruthenium [115].
hese N2H4-nitrosations are mechanistically connected with the

eaction of HNO2 with N2H4, in which both types of products
ave been found [116].

In the reactions of some substituted derivatives of N2H4
dding to Fe(CN)5NO2−, viz. NH2NHMe and NH2N(Me)2,
lternative paths with a decreasing reactivity have been sug-
ested as a consequence of the steric effects arising in the
resence of methyl groups adjacent to the N-adding atom of the
ucleophile [110]. The main stoichiometries are similar to the
ne described in Eq. (40), with N2O and NH2Me or NH(Me)2
eplacing NH3. Furthermore, the variation of pH has revealed the
ccurrence of alternative nucleophilic addition paths, which we
o not discuss in detail here. We do emphasize however on the
ery drastic mechanistic change found with MeHNNHMe, for
hich azomethane (MeNNMe) and NH3 were found as prod-
cts, Eq. (44), revealing a full six-electron reduction of SNP.
he stoichiometry in reaction (44) supports a mechanistic route

nvolving two-electron reduced intermediates comprising bound
NO- and NH2OH, in contrast with the two-electron reduction
f NO+ to N2O when using N2H4, NH2NHMe and NH2N(Me)2:

Fe(CN)5NO2− + 3MeHNNHMe

→ Fe(CN)5NH3
3− + H3O+ + 3MeNNMe (44)
e refer to the original work [110] for a comprehensive discus-
ion of this interesting set of reactions, where subtle changes in
he structure of the nucleophile lead to drastic changes in the
verall stoichiometries and addition mechanisms.
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Fig. 12. (a) Schematic representation of the initial steps involved in the reaction of Fe(CN) NO2− with N H , rendering the N O-bound intermediates. The structures
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orrespond to singular points in the potential hypersurface, calculated at a B3LY
o right: (1) [(NC)5FeN(OH)NHNH2]2−; (2) [(NC)5FeN(O)NHNH2]3−; (3) [(
H2OH. From left to right: (1) [(NC)5FeN(OH)NHOH]2−; (2) [(NC)5FeN(O)N

.4. The reactions of different ML5(NO+)complexes with
ysteine

The reactions of ML5(NO+) complexes with cysteine and
elated thiols (HSR) as nucleophiles have been explored by
sing the Fe(CN)5NO2− ion [117]. Typical red colors arise upon
ixing, with further decay. The addition process requires thiol-

eprotonation, and the electronic absorption maxima, all around
20 nm, with ε values of ca. 104 M−1 cm−1, are attributed to
etal-to-ligand charge transfer transitions to the nitrosothiolate

igand, NOSR:

e(CN)5NO2− + SR− � Fe(CN)5NOSR3− (45)

he infrared evidence aids in the identification of Fe(CN)5
OSR3−, showing vNO at 1350 cm−1 (for NOSEt) [57d],

evealing a double bond character in NO. The first crys-
alline structure in this family of metal-bound nitrosothiolates
as been recently published for the surprisingly stable trans-
[IrCl4(CH3CN)N(O)SCH2Ph] complex [118]. The kinetic rate

onstants for both the direct and reverse fast processes in Eq. (45)
ave been measured for different thiolates by using stopped-flow
nd T-jump methods. The values for the direct addition rate con-

tants, kSR, are in the range 103–104 M−1 s−1. These values are
ignificantly greater than the previously analyzed ones for OH−
nd nitrogen hydrides, due to the more polarizable character of
he sulfur-binding nucleophiles [119].

N
e
(

5 2 4 2

31G** level. Relative energies (y-coordinate) are not drawn to scale. From left
Fe-�2-N2O]3−; (4) TS structure; (5) [(NC)5Fe-�1-N2O]3−. (b) The same for
]3−; (3) [(NC)5Fe-�1-N2O]3− [110].

The subsequent processes related to the decay of the red
dducts have been studied in detail for Fe(CN)5NO2− with cys-
eine and other thiolates [82]. The reactions are mechanistically
omplex, involving radical paths. The initial decomposition
roduct associated with the decay of the red color involves
n intramolecular redox reaction, producing the one-electron
educed, EPR active Fe(CN)5NO3−, together with the cysteinyl
adical, a precursor of cystine, Eq. (46):

e(CN)5NOSR3− → Fe(CN)5NO3− + (1/2)RS − SR (46)

ecently, a comprehensive study, similar as the one described
or OH−-additions, has been carried out for the reactions of a
et of RuL5(NO+) complexes with cysteine (L = polypyridines,
H3, EDTA, etc.) [120]. Although these reactions were much

aster than those with OH−, they could be successfully studied
y lowering the pH, thus controlling the effective concentration
f cysteinate. The reactions showed to be complex, and different
rocesses could be identified for increasing time scales. The fol-
owing reaction Scheme 6 has been proposed for the successive
ddition of two cysteinate ions, followed by a final intramolecu-
ar redox process that leads to the ruthenium aqua ion, N2O and
ystine.
For the Ru nitrosyl complexes, a two-electron reduction of
O+ is involved. The mechanism is distinctive from the one-

lectron process observed with Fe(CN)5NO2−, Eqs. (15) and
46). This has been tentatively attributed to the more oxidizing
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apability of the ruthenium nitrosyls. Fig. 13 displays two LFER
lots, similar as those presented in Fig. 11.

The upper trace relates to the faster processes associated with
he addition of the first cysteinate; it can be seen that the points
ith the higher k values deviate from the straight line because of

pproaching the diffusion control limit. The other points, how-
ver, are aligned with a slope close to the theoretically predicted
alue, revealing a similar situation as the one discussed pre-
iously for OH−. The lower trace can be associated with the
ddition of the second cysteinate, and provides a valuable evi-
ence for the ongoing nucleophilic process. That the second
ddition is slower than the first one appears as consistent with the
xpected diminished electrophilic ability of the MNO system.
he study of these thiolate-additions could be biologically rele-
ant, and an extension to other complexes is desirable, in order
o disclose which are the factors controlling the appearance of
ne- or two-electron reduction products of ML5(NO+).

As a final conclusion, a picture emerges for considering
he electrophilic reactivity of metal nitrosyls under a common
ramework described by Eq. (27), taking due account of the
ifferent metals, coligands or nucleophiles involved (as proved
or OH− and thiolates, and seemingly valid also for nitrogen
ydrides or nitrite). The unified view can be established tenta-

ively also for the heme-compounds, even although the adducts

ay decompose in different ways according to the nature of B
nd the ML5(NO+) moieties. The key point relates to the precise
echanistic assignment for the second-order knucl values, in the

ig. 13. LFER plot of ln k1(SR) and ln k2(SR) against ENO+/NO (vs. Ag/AgCl 3 M
Cl) for the addition reactions of cysteine into a series of [RuL5NO]n complexes.

n both plots, from left to right: [Fe(CN)5NO]2−(down); [Ru(EDTA)NO]−
up); trans-[Ru(NH3)4NO(pz)]3+; cis-[Ru(bpy)2ClNO]2+; cis-[Ru(bpy)2(NO2)
O]2+; trans-[NCRu(py)4CNRu(py)4NO]3+;cis-[Ru(bpy)(trpy)NO]3+; cis-

Ru(AcN)(bpy)2NO]3+; [Ru(bpz)(trpy)NO]3+ [120].
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ense that they represent the true, elementary addition steps, as
escribed by Eq. (30) or (36).

. Nucleophilic reactivity of bound NO•: the reactions
ith O2

In the same way as electrophilic reactivity can be predicted
or NO+-complexes, we may anticipate a nucleophilic reactiv-
ty for the more electron-rich NO-complexes. Although nitrosyl
rotonation reactions seem not to occur at the {MNO}7 moi-
ties, many complexes in this series have been proved to be
xygen-sensitive [24a–c,25]. Remarkably, only scarce data are
vailable on the kinetics of these reactions [22]. A study on the
utoxidation reaction of Fe(CN)5NO3− in aqueous solution has
een performed recently [121]. The latter ion can be obtained
rom the corresponding NO+-complex, SNP, by chemical reduc-
ion with dithionite. Fig. 14a shows the decay of Fe(CN)5NO3−
ith successive additions of dissolved O2.
Through a titration experiment with O2 and a quantitative

stimation of product formation, the following stoichiometry
as been established, Eq. (47):

Fe(CN)5NO3− + O2 + 2H2O → 4Fe(CN)5NO2− + 4OH−

(47)

n excess of dissolved O2, Fe(CN)5NO3− decays exponentially
n a stopped-flow timescale (inset Fig. 14a). Fig. 14b shows that
he experimental pseudo-first order rate constant kobs correlates
inearly with [O2], leading to a global second-order rate law:

(1/4)d[Fe(CN)5NO3−]/dt = k47[Fe(CN)5NO3−][O2], with
47 = (3.5 ± 0.2) × 105 M−1 s−1 at 25 ◦C, pH 10. The activation
arameters were: �H# = 40 kJ mol−1, �S# = 12 J K−1 mol−1.
n all the experiments an excess of free CN− had to be used
o minimize trans-labilization of this ligand, Eq. (1). The rate
onstant was insensitive to changes in pH (9–11) and ionic
trength (0.1–1 M). However, for pH <10 and without extra
yanide, the oxidation rate decreased markedly.

The above results cannot be accommodated by an outer-
phere mechanism because of the endergonic character of
he first one-electron transfer process involving the forma-
ion of FeII(CN)5NO2− and superoxide, O2

−. Alternative
2-coordination steps following the dissociation of NO or CN−
ave also been discarded. Instead, an associative route through
eactions (48) and (49) has been proposed for the initial mech-
nistic steps associated with reaction (47):

eII(CN)5NO3− + O2

kad
�
k−ad

FeIII(CN)5N(O)O2
3− (48)

e(CN)5N(O)O2
3− + Fe(CN)5NO3− → 2Fe(CN)5NO2

3−
(49)

eaction (48) involves the formation of a new covalent bond
etween bound NO and O2. The product has been described
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Fig. 14. Reaction of O2 with the [Fe(CN)5NO•]3− ion. Successive UV–vis
s
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pectra for 10−4 M [Fe(CN)5NO•]3− reacting with aliquots of a 2.6 × 10−4 M
O2]; pH 10, I = 0.1 M; excess cyanide, 5 × 10−4 M; T = 25 ◦C. Inset: stopped-
ow trace for the decay of [Fe(CN)5NO•]3−, at 347 nm. (b) Plot of kobs against
O2] [121].

s a peroxynitrite anion bound to Fe(III), as shown in Fig. 15,
ccording to DFT computations.

In some related studies (see below for MbIINO) [122], an iso-
erization of the peroxynitrite adduct has been proposed [122a],

ubsequent to a reaction similar to (48), in order to explain the
ormation of NO3

− as a final product. Instead, we propose the
ast bimolecular formation of Fe(CN)5NO2

3−, Eq. (49), which
ay further react as in Eq. (50):

Fe(CN)5NO2
3− + Fe(CN)5NO3− + H2O

→ 2Fe(CN)5NO2− + 2OH− (50)

oth reactions (49) and (50) probably involve several steps. The
xidation equivalents remain bound to the metal all along the
eaction, leading to the experimentally found 4:1 global stoi-
hiometry, without other detectable by-products.

Assuming steady state conditions for Fe(CN)5N(O)

2

3− we get −d[Fe(CN)5NO3−]/dt = 4kadk49[O2][Fe(CN)5
O3−]2/(k−ad + k49[Fe(CN)5NO3−]). With k49[Fe(CN)5
O3−] > k−ad, this expression reduces to the observed first
rder rate law in each reactant, with k47 = kad.

i
(
w
d

ig. 15. DFT optimized geometry of the Fe(III)-peroxynitrite adduct formed in
he initial step of the reaction of [Fe(CN)5NO•]3− with O2 [121].

Second order rate laws have also been found for the
u(bpy)(tpm)NO2+ and Ru(NH3)5NO2+ complexes reacting
ith O2 [24g,123]. As the spin density distribution along the
ifferent {MNO}7 moieties remains essentially invariable [48],
t is reasonable to expect similar reactivity patterns for the NO-
omplexes. The Fe(CN)5NO3− and Ru(NH3)5NO2+ complexes
affordingENO+/NO values near to−0.10 V) react with very sim-

lar addition rate constants. However, the Ru(bpy)(tpm)NO2+

on (with ENO+/NO = 0.55 V) showed a much lower value of
ad, by five orders of magnitude. If a tentative plot is build
p with ln kad against ENO+/NO for the above three com-
lexes, a linear trend can be appreciated, with a negative slope
f 18.4 ± 0.9 V−1. Even although this correlation ought to be
onfirmed by measuring the autoxidation reactions of other
itrosyl-complexes, particularly those expected to behave with
ntermediate values of kad and ENO+/NO, the result appears as
emarkable. The value of the slope is in close agreement with the
heoretically predicted Marcus-type behavior previously con-
idered for bimolecular reactions occurring with associative
haracter, 19.4 V−1 [104]. Not unexpectedly, the plot appears
s very similar to the one showed in Fig. 11 for the electrophilic
ddition reactions of ML5(NO+) complexes with OH− as a
ucleophile, although with a positive slope.

It can be concluded that six-coordination is a necessary con-
ition to achieve autooxidation of bound NO-complexes. We
tated above on the rate decrease for reaction (47) with decreas-
ng pHs, suggesting the unreactivity of Fe(CN) NO2−, cf. Eq.
4
5). Also, the picket-fence compound Fe(TpivPP)NO reacts
ith O2 in nonaqueous medium only in the presence of pyri-
ine, to give Fe(TpivPP)(NO2)(py) [124]. A product with bound
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O2
− is also obtained in the autoxidation of the non-heme

e(PaPy3)NO+ complex in acetonitrile solution [24b]. In both
ases, the two-electron processes (with a 2:1 Fe:O2 stoichiome-
ry) formally involve a one-electron oxidation of NO• to NO2

−
nd a conversion of Fe(II) to Fe(III).

The slow decay of some FeII(Por)NO in aerated media are
oorly understood. Compounds with Por = TPP, TTP, OEP, form
O3

− and [FeIII(Por)]2O oxo dimers [125]. Rate determining
O-dissociations have been proposed for the autoxidations of
bIINO and HbIINO [125b,c]. Some mechanistic ambiguities

rise because of the competitive rates of NO-dissociation and of
he autoxidation reaction itself [22].

Indeed, that the redox potentials of the MNO+/MNO• couples
ould quantitatively predict the NO-autoxidation reactivities
ppears as quite significant. More work on additional, well
haracterized NO-complexes is desirable in order to extend
he mechanistic analysis and eventually validate the predictive
pproach. It must be recognized that one of the routes for the
ecay of free NO in biologically relevant solutions is through
he reaction described by Eq. (51):

NO + O2 + 2H2O → 4H+ + 4NO2
− (51)

eaction (51) is termolecular, with k = 2.88 × 106 M−2 s−1

108,126]. Thus, NO is expected to survive a long time
nder the dilute NO concentrations in the bodily fluids, unless
mmune response conditions are generated [22c]. The previ-
us discussion shows that NO•-coordination compounds could
eadily react with O2 in order to provide a fast route to NO•-
onsumption. However, the complexes like Fe(CN)5NO3− could
ardly compete with other main sinks for NO reactivity, namely
he very fast processes involving the reactions of free NO with
GC or with HbO2 [7,9].

. Reactivity of bound NO−/HNO complexes:
rotonation, metal-dissociation and reactions toward
lectrophiles or nucleophiles

Different methods for preparing HNO-complexes have been
escribed in Section 2. More recently, the formal coupling of
n H-atom with the NO-ligand has been observed in com-
lexes containing trans-hydride. The MHCl(CO)(NO)(PiPr3)2
omplexes (M = Ru, Os) lead to the nitroxyl-derivatives,
HCl(CO)(HNO)(PiPr3)2 through a H-atom transfer reaction,

lso generating MCl(CO)(NO)(PiPr3)2 as an additional product
79].

Protonation of bound NO− is a viable route to HNO-
omplexes. In fact, the NO− species are expected to be strongly
ucleophilic, and to abstract rapidly the protons from an ade-
uate source, viz. water. The recently reported pKa values for
ree 1HNO/3NO− and 1HNO/1NO− are 11.4 and 23, respec-
ively [91,127]. However, we know nothing about the pKa values
or bound 1HNO/1NO− in aqueous solutions. These should be

t least ≥10, on the basis of the unchanged electronic and NMR
pectra of MbIIHNO up to this pH [69]. For the Ru(‘pyS4’)HNO
omplex, HNO has been replaced by DNO, and its decom-
osition has been monitored in CD3OD. The recovery of the

7

i

try Reviews 251 (2007) 1903–1930 1925

ignal at 19.56 ppm for HNO in the course of 12 h suggests
hat a slow H+/D+ exchange with traces of H2O in the solution
as been occurred. Interestingly, the latter HNO-complex reacts
ith one-electron oxidants to give, step by step, NO• and NO+-

omplexes (Fig. 4), and also affords a full two-electron oxidation
hen treated with Bronsted acids like HBr. The latter reaction
ay be considered a reverse process compared to the synthetic

rocedure, cf. Eq. (9) [26a].
In contrast with the above described HNO-complexes, the

olubility in aqueous solution of MbIIHNO appears as remark-
ble [69], as also can be said on the reported inertness toward
he release of HNO (hour’s time scale). This result has also
een observed for Fe(cyclam-ac)NO0 in AcN [24c], and for
he MHCl(CO)(HNO)(PiPr3)2 complexes described above [79].
he inertness of bound HNO toward dissociation (although not

oward the reaction with excess redox-active substrates) is con-
istent with the previous postulation of it being a sufficiently
ong-lived intermediate in the reaction of MeHNNHMe with
NP, Eq. (44) [110], or in the disproportionation reaction of
H2OH catalyzed by pentacyanoferrates, leading to bound NO+

s the final oxidized product [128]. HNO has been also proposed
s an intermediate in the oxidation of NH2OH to NO2

− mediated
y HAO [14].

All the reported HNO-complexes appear as air sensitive, but
he products and mechanisms have not been studied in detail.
n principle, one would expect a decrease in the nucleophilic
eactivity of bound HNO, compared to NO− complexes. The
CoL4NO] complexes (formally CoIIINO−, with L = diverse
etradentate dianions) reacted with O2 in nonaqueous media,
nly in the presence of nitrogen- and phosphorus bases (B)
o yield the corresponding nitrocompounds, CoL4(NO2)B. The
ates of these autoxidation reactions were strongly dependent on
he nature of the trans-ligand to NO− in the CoIII complexes,
nd this was interpreted as influencing the nucleophilicity of the
CoNO}8 moieties [65b]. A series of IrCl(CO)(NO)(PPh3)2X
omplexes (also formally IrIIINO−, with X = I−, Br−, Cl−,
CS−, etc.) are also attacked by O2, giving in this case NO3

−
s product [65c]. Other complexes may form mixtures of NO2

−
nd NO3

− [129]. Given the results with the autoxidation reac-
ions of the NO•-complexes (Section 5), showing a generalized
redictive behavior through the LFER plots, systematic kinetic
nvestigations with NO−/HNO complexes are in order, as far as

ore of them become well characterized in aqueous solutions.
The electrophilic behavior of bound HNO is also biologically

elevant, given the known reactivity of free HNO toward the
hiolates, rendering NH2OH and disulfides as products [130].

Additional reactivity studies show that bound HNO (as in the
bove mentioned hydride-nitrosyl Ru- and Os-complexes), react
nder excess NO conditions [131] in the same way as reported
or free HNO [132], Eq. (52):

NO + 2NO → HONO + N2O (52)
. Conclusions and outlook

A significant progress has been achieved in the recent years
n the synthesis and characterization (either in the solid state
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r in solution) of complexes containing formally any of the
hree redox forms of bound nitrosyl: NO+, NO• and NO−/HNO.
he structural and spectroscopic properties (mainly IR, EPR,
V–vis, but also others as Mossbauer, resonance Raman, mag-
etic susceptometry, etc.), together with theoretical calculations,
llow to obtain adequate descriptions of the electronic structure
f the {MNO} moieties, although one must still be careful in
he interpretation of these results (i.e., in assigning limiting oxi-
ation states to the metal and NO ligand), due to the delocalized
ature of the electronic density.

In spite of the above comment, more well characterized
itrosyl-complexes in aqueous solutions would be desired for
he NO• and HNO ligands. In this context, dissociation pro-
esses, mutual trans-labilization effects effected by NO, NO−
r HNO, dinitrosyl formation reactions, redox-interconversions
f the three redox forms (including disproportionations), and dif-
erent types of reactivity of the bound nitrosyl-species toward
ubstrates (namely O2, excess NO or HNO, nitrogen hydrides,
hiolates, etc.) are only a sample of reactivity issues that need to
e clarified in order to mimic the relevant biochemical processes
ssociated with the physiological roles of NO.

Significant advances have been made in the electrophilic
eactivity studies of NO+-complexes. Kinetic measurements
nd mechanistic considerations, together with DFT calcula-
ions, allow the prediction of electrophilic abilities for a vast
mount of different {MNO}6 moieties in classical coordina-
ion compounds, by only considering the redox potentials of
he corresponding MNO+/MNO couples. This approach showed
o be valid for OH− and cysteine, and is seemingly valid for
ther nucleophiles as well, such as the nitrogen hydrides and
itrite. For the porphyrins and hemoproteins, this could also be
he case, although the mechanistic ambiguities (including the
ack of measured redox potentials in many cases) still pose a
uestion on the possibility of considering these systems under a
ommon framework. The studies with porphyrins and hemopro-
eins are receiving a great input of new results, dealing with the
asic formation-dissociation reactions of the NO-complexes and
he ensuing reductive nitrosylation processes that are observed
nder excess NO-conditions. Crucial questions relate to the
nfluence of the heme-structure, charge effects, nature of the
oligands in the axial positions, etc. The more recent kinetic
tudies reveal a complex picture in which the coordination of
O becomes associated with drastic changes in the redox nature
f the ligand and in the spin state of the metal center.

Emerging work on the nucleophilic abilities of the {MNO}7

oieties implied the use of O2 as the electrophilic reactant.
etailed kinetic and mechanistic studies of the autoxidation

eactions of MNO complexes are remarkably very scarce. The
ew results with a few of them suggest that a dependence of the
ddition rate constants on the redox potentials is operative for
lassical nitrosyl-complexes. DFT-methods showed to be useful
n characterizing peroxynitrite intermediates, which may evolve
ith formation of nitrite or nitrate, depending on conditions. The
eactivity picture of bound HNO toward O2 is still unraveled.
Summing up, the scene is ready for significant improvements

n the diversified scenario comprising the different biorelevant
O-reactivity issues.
try Reviews 251 (2007) 1903–1930
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