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Abstract

Presented here is a review of recent mechanistic work related to the formation of iron and ruthenium nitrosyl complexes. Given the
importance of NO as a biological molecule and that the targets for NO in vivo are metal centers, knowledge of the mechanisms by which metal
nitrosyls are formed is fundamental for understanding the diverse roles that NO plays in biology. The kinetics of metal nitrosyl formation
from the reactions of free NO with metal complex precursors are dominated by the lability of the complexes. The free radical character of
NO however, asserts itself especially if the precursors are relatively substitution inert or are coordinatively unsaturated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Nitric oxide (nitrogen monoxide) is important to a wide
variety of mammalian physiological processes[1,2], includ-
ing blood pressure control, neurotransmission and immune
response. Numerous disease states involving NO imbal-
ances have been reported, although it is not always evident
whether such imbalances are causal or symptomatic[2,3].
In this context, the reactions of NO with metal complexes
are of particular interest since metal centers such as hemes
are well established as targets for NO reactions in mam-
malian biology. Here, we present an overview of more
recent developments involving the reactions leading to the
formation of selected metal nitrosyl complexes.

NO is a stable free radical, and this feature is understand-
ably a dominant theme in its chemistry and biochemistry. It
reacts rapidly with other free radicals and with substitution
labile, redox active metals, but it is not a strong one-electron
oxidant or reductant. Its solubility and transport properties
are similar to those of dioxygen[4,5]. Notably, its sol-
ubility in aqueous solution (1.9 mM atm−1 at 298 K and
1.4 mM atm−1 at 310 K [4]) is considerably less than in
organic solvents (for example, 15.0 mM atm−1 in cyclohex-
ane at 298 K). Thus in a heterogeneous environment such
as a cell, NO would be expected to partition preferentially
into hydrophobic regions.

The focus of this article will be the formation of metal
nitrosyl complexes by the direct reaction of metal com-
plexes with NO itself (Eq. (1)). However, it should be noted
that metal nitrosyl bonds can also form by reaction with a
nitric oxide precursor such as nitrite ion, alkyl nitrites or
S-nitrosothiols[6] with a species such as HNO[7].

ML nX + NO
kon�
koff

ML n(NO) + X (1)

Coordinated NO can range in character (formally) from a ni-
trosyl cation (NO+) to a nitroxyl anion (NO−). The former is
isoelectronic to CO with nearly linear M–N–O bonds and in-
volves considerable charge transfer to the metal center. With
the latter, charge transfer is in the opposite direction and a
bond angle approaching 120◦ would be predicted. Between
these two extremes would be the situation where NO binds to
a 16 electron complex such as Ru(H)(Cl)(CO)(NO)(PR3)2.
In this case it was concluded that NO is acting as a 2e−
donor with the unpaired e− localized on the nitrosyl nitro-
gen[8]. The bonding of NO to metals was the subject of a
generalized description by Feltham and Enemark[9]. These
researchers proposed the{MNO}n formulation (wheren is
the sum of metal d-electrons and nitrosyl�∗ electrons) and
used Walsh-type diagrams to predict M–N–O bond angles of
ground state complexes. It should be noted that metastable
complexes generated photochemically in low temperature
solids display oxygen coordinated�1-NO

¯
and�2-NO struc-

tures[10,11]. Certain polynuclear complexes display bridg-
ing nitrosyls[12].

A key question to be asked when exploring formation of
metal nitrosyl complexes is whether the free radical nature
of NO leads to different substitution mechanisms than for
other small diatomic ligands such as CO. Should the reactiv-
ity pattern be different from other small Lewis bases, given
that the odd electron of NO resides in the�∗ orbital and may
not be strongly involved until the M–NO bond is largely
formed? As we will discuss in subsequent sections, there are
examples where the kinetics of the bimolecular substitution
(Eq. (1)) are dominated by the lability of MLnX thus the na-
ture of the incoming ligand is largely irrelevant. However,
when considering the rates of metal–ligand bond formation
from geminate pairs{MLn,AB}, the situation is different.
When such a species is formed, for example, by flash pho-
tolysis of a LnM–AB complex, there are often significant
reactivity differences between NO and CO. Furthermore, as
described immediately below, kinetics data suggest that the
radical nature of NO leads to associative substitution with
the 4d5 ruthenium(III) ammine complex Ru(NH3)63+. Thus,
there is a range of answers to the question posed above.

Nitric oxide is active as a diffusible signaling agent in
blood pressure regulation and in nervous tissue. The concen-
trations present in the endothelial cells have been reported
to be as high as 400 nM[13]; however, recent studies sug-
gest that values as much as two orders of magnitude lower
(4 nM) may represent true physiological conditions in tissue
[13b]. In contrast, NO concentrations are much higher during
episodes of immune response to pathogen invasions. Under
these conditions other reactive nitrogen species such as per-
oxynitrite (OONO−) and N2O3 may play important roles.
The primary targets for NO in bioregulatory functions are
metal centers, chiefly iron heme proteins[14]. The biolog-
ical relevance of the “on” reaction inEq. (1) is highlighted
by noting that the activation of the ferro-heme enzyme sol-
uble guanylyl cyclase (sGC), involves the formation of a ni-
trosyl complex where MLnX is a FeII (PPIX) moiety (PPIX:
protoporphyrin IX)[15]. Additional reports describe NO as
an inhibitor for other metalloenzmes such as cytochrome
P450[16], cytochrome oxidase[17], catalase[18] and nitrile
hydratase[19]. NO has also been shown to be a substrate
for several peroxidase enzymes[20] and is responsible for
the vasodilator properties of nitrophorins, which are salivary
ferri-heme proteins found in certain blood sucking insects
[21].

Fast reaction with its biological targets would be neces-
sary for NO to serve as an effective regulatory agent at the
sub-micromolar concentrations found in vivo. This is indeed
the case for the reaction of NO with sGC for whichkon =
1.4× 108 M−1 s−1 (277 K) was measured[22]. Developing
insight into the mechanisms of NO substitution reactions is
key to understanding the diverse chemical biology of this
seemingly simple molecule. For example, the low reactivity
of ferro- and ferri-cytochromec (CytII , CytIII ) toward NO
can be attributed to occupation of the heme axial coordi-
nation sites by protein bound ligands[23]. As will be dis-
cussed below, NO requires a vacant or labile coordination
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site for fast reaction with iron heme proteins and iron por-
phyrin model systems. Thus, unlike certain heme proteins
where one axial site is unoccupied, reaction with CytII and
CytIII involves ligand displacement and a significant protein
conformational change as well.

Knowledge of the “off” reactions is also important given
that deactivation of sGC(NO) and the vasodilatory effects
of nitrophorins must involve this step. NO release is also
important during the biosynthesis of NO from the various
forms of nitric oxide synthase (NOS) yet NO reacts rapidly
with the heme centers in NOS (kon > 106 M−1 s−1 [24]) and
inhibits the enzyme[25]. Thus, the interplay between NO
production and inhibition by forming nitrosyl species may
be a self regulating mechanism of the enzyme.

2. Ruthenium(III) complexes

2.1. Ru(III) ammines

Until the discovery that NO is a mammalian bioregulatory
agent, the only systematic mechanistic study of metal–NO
bond formation involved the nitrosylation of the Ru(III)
complex Ru(NH3)63+ to give Ru(NH3)5NO3+ [26]. In
1969, Taube and co-workers[26a] reported the reaction to
be second order (rate= kNO[Ru(NH3)63+][NO]) with a rate
constantkNO = 0.2 M−1 s−1 (298 K) in acidic aqueous so-
lution. Thus, NO displaced NH3 at a rate greatly exceeding
rates of substitution by ligands such as Cl− or H2O. In this
context an associative mechanism was proposed, whereby
the paramagnetic 4d5 Ru(III) center interacts with NO to
give a seven coordinate intermediate{Ru(NH3)6(NO)3+}
followed by loss of NH3 to give the diamagnetic product
Ru(NH3)5(NO)3+ (Eq. (2)). Subsequently, Pell and Armor
examined the temperature dependence and determined the
activation enthalpy to be 36 kJ mol−1 and the activation
entropy to be−138 J K−1 mol−1 in acidic solution[26b].
The small�H‡ and the large and negative�S‡ are both
consistent with the proposed associative mechanism.

(2)

The kinetic behavior of this system was recently reexam-
ined by Czap and van Eldik[27], who confirmed the general
features of the earlier results (kNO = 0.30± 0.01 M−1 s−1

(299 K), �H‡ = 41 ± 2 kJ mol−1 and �S‡ = −114±
7 J mol−1 K−1). Furthermore, these researchers used hy-
drostatic pressure effects to determine a negative activation
volume �V‡ = −13.6 ± 0.3 cm3 mol−1, consistent with
an associative mechanism. Similar activation parameters
were determined for the reaction of NO with two other

Ru(III) complexes Ru(NH3)5(H2O)3+ and Ru(NH3)5Cl2+,
the more labile H2O and Cl− being the ligands principally
displaced[27]. It should be noted that in the Ru–NO prod-
uct there has been considerable charge transfer from NO
to Ru, so that the final product might be envisioned (for-
mally) as having RuII (NO+) character[28]. This charge
transfer has been proposed as a rationale for the ready loss
of NH3 from the intermediate inEq. (2) [27]. Interest-
ingly, a somewhat analogous seven-coordinate intermediate
[HRu(NH3)63+] was proposed by Taube and co-workers
[29] as responsible for the acid catalyzed labilization of
NH3 from hexaammineruthenium(II) Ru(NH3)62+.

Entirely different products have been seen for the reac-
tion of Ru(NH3)63+ with NO in alkaline solution[26b].
The sole ruthenium product was the dinitrogen complex
Ru(NH3)5(N2)2+ and the rate law proved to be first or-
der in [Ru(NH3)63+], [NO] and [OH−]. A likely mecha-
nism is the reversible deprotonation of Ru(NH3)63+ to give
Ru(NH3)5(NH2)2+, followed by electrophilic NO attack at
the amido ligand to give the nitroso amine intermediate
Ru(NH3)5(NH2NO)2+, which undergoes dehydration to the
dinitrogen complex Ru(NH3)5(N2)2+. However, the kinetics
evidence did not exclude other possible sequences.

2.2. Ruthenium(III) salen complexes

Several Ru(III) salen complexes of the type RuIII (salen)
(X)(NO) (X = Cl−, ONO−, H2O; salen= N,N′-bis(sali-
cylidene)ethylenediamine dianion) were prepared in this lab-
oratory as possible precursors for NO delivery to biological
targets[30]. Photoexcitation leads to NO labilization and the
respective solvento species RuIII (salen)(X)(Sol) (Eq. (3)).
The kinetics of the reverse process, i.e. the reaction of NO
with RuIII (salen)(X)(Sol) to reform the nitrosyl complexes
were studied as a function of the solvent (Sol) and of the
reaction conditions. The reaction rates proved to be second
order (first order in [NO]) and were dramatically dependent
on the identity of the solvent. For RuIII (salen)(Cl)(Sol) the
rate constantkon varied from 5× 10−4 M−1 s−1 in acetoni-
trile to 4× 107 M−1 s−1 in toluene (298 K, X= Cl−). The
much slower rate in the more strongly donating solvent indi-
cates that RuIII –Sol bond breaking plays a rate-limiting role.

(3)

Ru(salen)(Cl)(Sol) + NO
kon−→ Ru(salen)(Cl)(NO) + Sol

(4)

Activation parameters were measured for several reac-
tions in toluene analogous toEq. (4). Temperature depen-

dence studies gave�H
‡
on values of 34±2 and 20±1 kJ mol−1

and�S
‡
on values of+10± 6 and−46± 2 J mol−1 K−1 for
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RuIII (tBu4salen)(Cl)(Sol) and RuIII (tBu4salophen)(Cl)(Sol),
respectively (tBu4salen: N,N′-ethylenebis(3,5-di-t-butly-
salicylideneiminato) dianion, tBu4salophen: N,N′-1,2-
phenylenediamine-bis(3-t-butlysalicylideneiminato) dian-
ion) [30b]. Rates for the “on” reaction were determined as a

function of hydrostatic pressure and�V
‡
on values of+22±2

and +16 ± 2 cm3 mol−1, respectively, were determined.

These are quite different from the�V
‡
on values recorded for

the Ru(III) ammine complexes. Thus, rather than an asso-
ciative mechanism, the kinetics ofEq. (4)would appear to
be dominated by the lability of Sol. Not only doeskon vary
by nearly 11 orders of magnitude depending upon the nature

of Sol, but the large and positive values for�V
‡
on in toluene

indicate a ligand exchange mechanism dominated by disso-
ciation of the Ru(III)–Sol bond prior to reaction with NO.

As a caveat it should be noted that�V
‡
on values

were not determined for the slow NO reactions of
Ru(tBu4salen)(Cl)(Sol) and Ru(tBu4salophen)(Cl)(Sol) in
acetonitrile[30]. Thus, it is possible that a change in mech-
anism accompanies the move from the weakly coordinating
toluene to the stronger donor acetonitrile. However, the

much larger�H
‡
on values (87± 8 and 82± 4 kJ mol−1,

respectively) and only modestly more negative�S
‡
on val-

ues (−12 ± 24 and−17 ± 12 J mol−1 K−1, respectively)
continue to be consistent with a mechanism where bond
breaking dominates. Nonetheless, it would be valuable to
determine the activation volumes in donor solvents to eval-

Scheme 1. Reactions of NO with RuIII (edta)(H2O)− in aqueous solution is pH dependent.

uate whether bond formation between Ru(III) and NO plays
a larger role when the leaving group is less labile.

2.3. Ru(EDTA) complexes

Ruthenium(III) polyaminocarboxylate complexes have
been examined as possible therapeutic NO scavenging
agents to treat septic shock[31]. Rate constants were de-
termined for the NO reaction with [RuIII (Hedta)Cl]− and
RuIII (Hedta)(H2O) (Hedta: ethylenediaminetetraacetic acid)
and found to be 2.24 × 107 and 1.95 × 107 M−1 s−1 (pH
7.4, 280 K) forming RuIII (Hedta)(NO) in each case. In this
study Davies et al. estimated the equilibrium constant to
be >108 M−1 [31]. The equilibrium constantKNO for for-
mation of RuIII (Hedta)(NO) from RuIII (Hedta)(H2O) was
estimated by Wanat et al. to be 9× 107 M−1 (pH 5.0,
298 K) using electrochemical and spectroscopic methods
[32] to confirm the previous estimate. In aqueous solution,
RuIII (Hedta)(H2O) undergoes deprotonation of the pen-
dant acidic group and of the coordinated water. Thus, the
specific form of RuIII (edta) is pH dependent (Scheme 1).
Reactions of NO with RuIII (Hedta)(H2O) under acidic
(pH 1.0) and basic (pH 9.1) conditions gavekon values of
3.8 × 104 and 1.2 × 105, respectively (298 K)[32]. These
rate constants are significantly smaller than those mea-
sured at pH 7.4[31a]. Thus one may conclude that the rate
constants determined in neutral solution involve the reac-
tion of [RuIII (edta)(H2O)]− with NO and thatk2 is much
greater thank1 or k3. This is serendipitous since it makes
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RuIII (edta) an effective NO scavenger at physiological pH.
These results are in agreement with the previous report that
[RuIII (edta)(H2O)]− in aqueous solution is extremely labile
and that ligand substitutions reactions occurred through an
associative mechanism[33].

The differences in reactivity of the various forms of
RuIII (edta) are striking especially when one considers that
k2 is nearly three orders of magnitude faster thank1 and
involves changes in protonation of a pendant carboxylate.
It has been speculated that hydrogen bonding to the coordi-
nated water may distort the Ru–edta bonds to create a more
accessible site for an entering ligand[33b]. This would be
consistent with the proposal that ligand substitution reac-
tions with [RuIII (edta)(H2O)]− occur through an associative
mechanism[33].

2.4. Ru(Por)(NO)(X) complexes

Ruthenium porphyrin nitrosyl nitrito complexes of the
form RuII (Por)(NO)(ONO) (Por: TPP, OEP and related por-
phyrins) are formed from NO reactions with RuII (Por)CO
[34,35] according toEq. (5) [34].

RuII (Por)CO+ 4NO

→ RuII (Por)(NO)(O
¯
NO) + N2O + CO (5)

Stopped-flow kinetics studies showed that the reaction
occurs in two steps[36]. The rapid first reaction was sup-
pressed by excess CO or other coordinating ligands, while
the second step was found to be second order in [NO]
(Scheme 2). The intermediate formed after the first step
was proposed to be a centro-symmetrictrans-dinitrosyl
complex Ru(Por)(NO)2 based on the singleνNO band at
1642 cm−1 (for Por: TmTP in cyclohexane solution) ob-
served via time resolved infrared techniques[37]. Subse-
quent theoretical calculations have argued that the dinitrosyl
complex has atrans-syn-Ru(Por)(NO)2 geometry[38]. The
observation of a singleνNO band was explained by DFT

Scheme 2. Reaction of NO with RuII (Por)CO. Porphyrin ligand substituents have been omitted for clarity.

calculations [38b]. While two νNO bands are predicted
for trans-syn-Ru(Por)(NO)2, the asymmetric stretch was
predicted to have an intensity over 40-fold lower than the
symmetric mode.

Laser flash photolysis of the RuII (Por)(NO)(ONO) prod-
uct with 355 nm light resulted in the photodissociation of
NO or NO2. The back reaction of NO with Ru(Por)(ONO)
is rapid with second order rate constants of 2.4–5.5 ×
108 M−1 s−1 [39]. Trapping of RuII (Por)(NO) with NO was
an order of magnitude slower (k = 2.4× 107 M−1 s−1) and
gave the analogous dinitrosyl according to step scan FTIR
detection [39]. As in the stopped-flow experiments dis-
cussed above, the dinitrosyl species reacts with additional
NO to reform RuII (Por)(NO)(ONO).

3. Ferric and ferrous complexes

3.1. Fe(III) and Fe(II) porphyrin complexes

Although rates of NO reactions with various iron por-
phyrins and heme proteins were first studied several decades
ago[40], systematic mechanistic studies have been more re-
cent. These were investigated by carrying out the flash pho-
tolysis of aqueous Fe(Por)(NO) and Fe(Por)(L)(NO) (Por:
TPPS (tetra(4-sulfonato-phenyl)porphinato) and TMPS
(tetramesitylporphinato)) solutions in the presence of ex-
cess NO. Excitation generally results in NO labilization
from Fe(Por)(L)(NO) followed by relaxation of the sys-
tem to equilibrium (Eq. (6)). Under such conditions, the
transient spectra decayed exponentially, and the observed
rate constantkobs could be extracted for different [NO] and
other variables. According to this model,kobs = kon[NO]
+ koff , and a plot ofkobs versus [NO] should be linear with
slope equal tokon and intercept equal tokoff [23,41,42].
For such plots, slopes are inherently more accurate than
intercepts, sokoff values so determined will have a high rel-
ative uncertainty, unless they are large. For systems where



396 P.C. Ford, L.E. Laverman / Coordination Chemistry Reviews 249 (2005) 391–403

Table 1
Kinetic data for NO “on” and “off” reactions for ruthenium and iron metal centers

“On” reactionsa kon (M−1 s−1) �H
‡
on (kJ mol−1) �S

‡
on (J mol−1 K−1) �V

‡
on (cm3 mol−1) Ref.

RuIII (NH3)6
3+ + NO 0.3 41± 2 −114 ± 7 −13.6 ± 0.3 [26b,27]

RuIII (NH3)5Cl2+ + NO 0.75 34± 1 −132 ± 3 −18 ± 0.5 [27]
RuIII (NH3)5(H2O)3+ + NO 55.6 31± 1 −108 ± 2 b [27]
RuIII (Tbu4salen)(Cl)(Sol)+ NOc 2.5 × 107 34 ± 2 10 ± 6 22 ± 2 [30b]
RuIII (tBu4salophen)(Cl)(Sol)+ NOc 9.2 × 106 20 ± 1 −46 ± 2 16 ± 2 [30b]
FeIII (TPPS)+ NO 4.5 × 105 69 ± 3 95 ± 10 9 ± 1 [41c]
FeIII (TMPS) + NO 2.8 × 106 57 ± 3 69 ± 11 13± 1 [41c]
metMb + NO 4.8 × 104 63 ± 2 55 ± 8 20 ± 6 [42]
FeII (H2O)6 + NO 1.4 × 106 37 ± 0.5 −3 ± 2 6.1 ± 0.4 [53]
FeII (Hedtra)+ NO 6.1 × 107 26 ± 1 −12 ± 3 2.8 ± 0.1 [70]
FeII (edta)+ NO 2.4 × 108 24 ± 1 −4 ± 3 4.1 ± 0.2 [70]
FeII (nta) + NO 2.1 × 107 24 ± 1 −22 ± 3 −1.5 ± 0.1 [70]
FeII (TPPS)+ NO 1.5 × 109 24 ± 3 12 ± 10 5 ± 1 [41c]
FeII (TMPS) + NO 1.0 × 109 26 ± 6 16 ± 21 2 ± 2 [41c]

“Off” reactions koff (s−1) �H
‡
off (kJ mol−1) �S

‡
off (J mol−1 K−1) �V

‡
off (cm3 mol−1)

FeIII (TPPS)(NO) 0.5× 103 76 ± 6 60 ± 11 18± 2 [41c]
FeIII (TMPS)(NO) 0.9× 103 84 ± 3 94 ± 10 17± 3 [41c]
metMb(NO) 42 68± 4 14 ± 13 18± 3 [42]
FeIII (H2O)5(NO−) 3.2 × 103 48 ± 1 −15 ± 5 1.3 ± 0.2 [53]
FeII (Hedtra)(NO) 4.2 73± 1 11 ± 4 4.4 ± 0.8 [70]
FeII (edta)(NO) 91 61± 2 −5 ± 7 7.6 ± 0.6b [70]
FeII (nta)(NO) 9.3 66± 1 −5 ± 4 −3.5 ± 0.7 [70]
FeII (TPPS)(NO) 6.4× 10−4 b b b [41c]

a Abbreviations given in abbreviation list.
b Not determined.
c Sol: toluene.

the “off” reaction is too slow to give acceptably accurate
intercepts, an alternative approach may be to measure NO
labilization rates by following directly the disappearance of
the Fe(Por)(L)(NO) complex after adding an efficient NO
trapping agent.

(6)

Laverman and co-workers carried out such studies with
the iron(II) and iron(III) complexes of the water soluble
porphyrin TPPS[41,42]. These studies involved systematic
measurements ofkon and koff as functions of temperature
(298–318 K) and hydrostatic pressure (0.1–250 MPa) to de-
termine values of�H‡, �S‡ and �V‡ for the “on” and
“off” reactions of FeIII (TPPS) and for the “on” reactions of
FeII (TPPS) and related species (Table 1).

For the ferriheme model, which is present as the diaquo

complex FeIII (TPPS)(H2O)2, the large and positive�S
‡
on

and the large and positive�V
‡
on (Table 1) indicate a substi-

tution mechanism dominated by ligand dissociation as illus-
trated inScheme 3. A key prediction of this mechanism is
that H2O exchange with the solvent should be much faster
that the rate of nitrosyl formation since [NO] is much smaller
than [H2O] in aqueous solution. This prediction is consis-
tent with earlier studies by Hunt et al.[43], who reported

that H2O exchange between solvent and FeIII (TPPS)(H2O)2
is indeed quite rapid (kex = 1.4 × 107 s−1 in 298 K).

If we assume that the NO substitution onto FeIII (Por)
(H2O)2 occurs via the dissociative mechanism depicted in
Scheme 3and the steady state approximation is taken with
regard to the intermediate FeIII (Por)(H2O), the kobs deter-
mined by the flash photolysis of FeIII (TPPS)(H2O)2 would
be

kobs = k1k2[NO] + k−1k−2[H2O]

k−1[H2O] + k2[NO]
(7)

The rapid solvent exchange process indicates thatk−1[H2O]

 k2[NO]; therefore,koff = k−2 andkon = k1k2/k−1[H2O].
Thus, the apparent activation parameters forkon would be

�Y
‡
on = �Y

‡
1 + �Y

‡
2 − �Y

‡
−1, where�Y

‡
1 is �H

‡
on, �S

‡
on

or �V
‡
on. However,k2 and thek−1 are the rate constants

for similar (very fast) reactions of the unsaturated interme-
diate FeIII (Por)(H2O) with an uncharged ligand (NO and
H2O, respectively). Thus the differences in their activation

Scheme 3. A limiting dissociative mechanism for NO substitution onto
FeIII (Por)(H2O)2.
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parameters (e.g.�V
‡
2 − �V

‡
−1) should be small. Accord-

ingly, the principal contributor to each�Y
‡
on term would

be�Y
‡
1 , the activation parameter for the H2O dissociation.

The k1 step should thus display a�H
‡
1 consistent with the

energy necessary to break a FeIII –OH2 bond, a large, posi-

tive �S
‡
1 owing to formation of two species from one, and

a substantially positive�V
‡
1 for the same reason. These

conditions are met forkon (Table 1). Furthermore, a recent
reexamination of the exchange kinetics[44] using variable

temperature/pressure NMR gave�H
‡
ex = 67 kJ mol−1,

�S
‡
ex = 99 J mol−1 K−1 and�V

‡
ex = 7.9 cm3 mol−1 in ex-

cellent agreement with the activation parameters measured
by flash photolysis for thekon pathway with NO[41b,c].
Thus, it is clear that the factors determining the exchange
between FeIII (TPPS)(H2O)2 and solvent H2O dominate the
NO reaction with the same species. Both processes ap-
pear to be largely defined by a dissociative mechanism as
illustrated byScheme 3.

Based on the principle of microscopic reversibility, one
may conclude that the intermediate(s) in the “off” step will
be the same as those generated during thekon pathway,
thus Fe–NO bond breakage (k−2) would be the energeti-
cally dominant step. Coordination of NO to FeIII (Por) is ac-
companied by considerable charge transfer to give a linearly
bonded, diamagnetic complex that can be formally repre-
sented as FeII (Por)(NO+). Thus, the “off” reaction must re-
flect intrinsic entropy and volume changes associated with
the spin change and solvent reorganization as the charge lo-
calizes on the metal (Fig. 1).

Fig. 1. Illustration of the effects of charge transfer in the reaction FeIII (TPPS) with NO on solvent reorganization.

The water-soluble ferrous complex FeII (TPPS) reacts with
NO about 103 times faster than does the ferric analog[41a].
The small values of the activation parameters (Table 1) are
consistent with rates largely defined by diffusional factors,
although thekon values reported are about an order of magni-
tude less than diffusion limits in water. High spin ferroheme
proteins complexes tend to be considerably more reactive to-
wards ligands than are the ferriheme analogs and a likely ex-
planation would be that the former are often five-coordinate.
Since such systems do not require displacement of a ligand
prior to metal–NO bond formation, the rates are not limited
by the lability of the metal center.

Flash photolysis proved to be unsuited for measuring
the slow “off” reactions for the iron(II) model complex
FeII (TPPS)(NO). The experimental uncertainties in the in-
tercepts obtained by extrapolatingkobs versus [NO] plots
to [NO] = 0 were larger than the values of the intercepts
themselves. More reliable estimates for the “off” reaction
were obtained by using Ru(edta)− as an NO scavenger.
Addition of excess Ru(edta)− to an aqueous solution of
FeII (TPPS)NO allowed measurements of thekoff value
(6.3 × 10−4 s−1, 298 K) (Table 1) [41c].

The koff can also be estimated using a Born-Haber
type cycle to calculate an equilibrium constantKII

NO for
FeII (TPPS)(NO) formation (KII

NO = 7.5 × 1012 M−1)
from the experimental values for the ferric analogKIII

NO
(1.1 × 103 M−1) [23] and the reduction potentials for
FeIII (TPPS)(NO) (+0.35 V versus SCE) and FeIII (TPPS)
(−0.23 V versus SCE) in aqueous solution[45]. From
the relationshipKII

NO = kII
on/kII

off and the measured value
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kII
on = 1.5 × 109 M−1 s−1, the value ofkII

off was estimated
as∼2× 10−4 s−1. This is about three-fold smaller than that
measured by NO scavenging, but given the uncertainties
the electrochemical potentials used to make this estimate,
the agreement is quite reasonable.

Kinetics studies[29c,46] of ferro-heme proteins and
model compounds have led to a suggested mechanism in
which an encounter complex,{FeII (Por)||L}, is formed prior
to ligand bond formation according to

FeII (Por) + L
kD�
k−D

{FeII (Por)||L} ka−→FeII (Por)L (8)

In this modelkD is the rate constant for the diffusion of the
FeII (Por) and L together,k−D is that for diffusion apart, and
ka is that for the “activation” step, where M–L bond for-
mation is effected. Applying the steady state approximation
giveskon = kDka/(k−D + ka). There are two limiting cases
in this model, one in which the reaction is diffusion limited
(ka 
 k−D) so thatkon = kD, the other in which the reaction
is activation limited (k−D 
 ka) sokon = kDka/k−D.

In the activation limited process,�V
‡
on = �V

‡
a +�V

‡
D −

�V
‡
−D, where�V

‡
D − �V

‡
−D is the volume difference be-

tween the encounter complex and the solvent separated
species. Although unknown, this is likely to be small for
a neutral ligand such as NO. The encounter complex does
not involve formation or breaking of bonds and should have
only modest impact on solvation. The dominant term for

the activation limited case would be�V
‡
a , which should

be negative owing to the formation of a FeII –L bond and
the concomitant spin state change from high spin quintet
FeII (Por)||doublet NO encounter complex to the doublet
product FeII (Por)(NO).

For the diffusion limited case�V
‡
on = �V

‡
D . This would

be positive owing to solvent viscosity increases at higher

pressure[47]. The positive �V
‡
on values observed for

FeII (TPPS) (Table 1) are somewhat larger than expected for
a diffusion limited process in aqueous solution. But they are
significantly smaller than are the analogous parameters for
the iron(III) analogs. Thus it was argued that sincekon is ap-
proaching the diffusion limit in water (kD ∼ 1010 M−1 s−1

at 298 K) �V
‡
on in this case would be small and positive

[48]. Similarly, the activation entropy for diffusion in aque-
ous solution can be estimated as∼34 J mol−1 K−1 [49]; thus

the measured�S
‡
on for FeII (TPPS) (12± 10 J mol−1 K−1)

is reasonably consistent with a process limited by diffusion.
The model described byEq. (8)applies to the analogous

reactions with CO. The second order rate constant (kCO =
3.6×107 M−1 s−1) for the reaction of FeII (TPPS) with CO is
several orders of magnitude below the diffusion limit[41c].
Since the rate is nearly three orders of magnitude smaller
than kD, the reaction must be activation limited. Further-

more, in contrast to the reaction with NO, the�V
‡
on val-

ues for CO are negative (−6 cm3 mol−1). These results par-

allel other studies of ferro-heme complexes which found
that reaction with NO is diffusion limited while reaction
with CO is activation limited. This model was confirmed
by a study of the CO reaction with FeII (MCPH) (MCPH:
monochelated protoheme, or protohemin 3-(1-imadazoyl)
propylamide stearyl ester) in toluene/mineral oil solutions.
Pressure effects on the solvent viscosity were used to tune
the reaction mechanism from an activation limited process

at low hydrostatic pressure (large negative�V
‡
on) to a diffu-

sion limited process at higher pressures (large positive�V
‡
on)

where the solvent viscosity increased dramatically[46].

3.2. Hexaaquoiron(II)

The classic qualitative test for ferrous ion in acidic aque-
ous solution involves the reaction of NO with [Fe(H2O)6]2+
to form the “brown ring complex” [Fe(H2O)5(NO)]2+
(Eq. (9)). The mechanism by which this reaction occurs
has recently been revisited by Wanat et al.[50]. Temper-
ature and pressure dependent kinetics studies using laser
flash photolysis and stopped flow techniques were used
to determine the activation parameters for the “on” and
“off” reactions (Table 1). These activation parameters,
the small and positive volumes of activation in particular

(�V
‡
on = +6.1 cm3 mol−1 and �V

‡
off = +1.3 cm3 mol−1),

were deemed consistent with a dissociative interchange,
Id, mechanism. The exchange of H2O between bulk sol-
vent and the coordination sphere of [Fe(H2O)6]2+ gave

similar activation parameters,�H
‡
ex = 41.4 kJ mol−1, �S

‡
ex

= +21.2 J mol−1 K−1 and �V
‡
ex = +3.8 cm3 mol−1. Thus

it can be argued that the NO binding rates are largely de-
pendent on the lability of the leaving group (H2O) in Eq. (9)
[51]. One might contend that the mechanism (and rates) for
NO substitution into the iron centers is more defined by the
coordination number (6 in this case) than the oxidation state.

[Fe(H2O)6]2+ + NO
kon�
koff

[Fe(H2O)5(NO)]2+ + H2O (9)

3.3. Pentacyanoiron(II) and iron(III)

Olabe, van Eldik and co-workers have also studied the
temperature and pressure dependent kinetics of the NO re-
actions with the pentacyano iron(III) and iron(II) complexes
[FeIII (CN)5(H2O)]2− and [FeII (CN)5(H2O)]3− in acidic
aqueous solution[52,53]. The former reaction, which gives
the nitroprusside anion (NP: [FeIII (CN)5(NO)]2−) as the
product, occurs at a second order rate (kon = 0.25 M−1 s−1

at 298.5 K) many orders of magnitude faster than the analo-
gous reactions of NCS− and N3

− with [FeIII (CN)5(H2O)]2−.

The activation parameters:�H
‡
on = 52 kJ mol−1, �S

‡
on

= −82 J mol−1 K−1 and �V
‡
on = −13.9 cm3 mol−1 are

qualitatively similar to those reported above for the reactions
of NO with Ru(NH3)63+. As noted above, an associative
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Scheme 4. Mechanism proposed for nitroprusside formation from
FeIII (CN)5(H2O)2−.

substitution mechanism was proposed for the latter reaction
based largely on these activation parameter values.

However, the kinetics of the reaction of [FeIII (CN)5
(H2O)]2− with NO in the presence of other ligands sug-
gested that simple associative displacement of the H2O
by NO may not be the sole pathway. For example, in the
presence of excess SCN−, NO catalyzes the substitution
of this ion into the FeIII coordination sphere. On this ba-
sis, the authors suggested a rate determining outer sphere
electron transfer in which NO reduces the Fe(III) center
giving rise to a much more labile ferrous intermediate,
[FeII (CN)5(H2O)]3− plus NO+. When other ligands are
not present, the latter would be trapped by subsequent
reactions with NO2− or HNO2 (kHNO2 = 400 M−1 s−1,
kNO2

− = 30 M−1 s−1 [52]), formed by hydrolysis of the
NO+. The resulting [FeII (CN)5(NO2)]4− would undergo
redox coupled dehydration in acidic solution to give NP
(Scheme 4). When SCN− is present, the [Fe(CN)5(H2O)]3−
undergoes ligand substitution to form [Fe(CN)5(SCN)]4−
which reduces the [Fe(CN)5(H2O)]2− starting material
to give [Fe(CN)5(SCN)]3−as a product and regenerates
[Fe(CN)5(H2O)]3− as a catalytic intermediate.

An obvious concern about this mechanism is that NO
reduction of [Fe(CN)5(H2O)]3− is very unfavorable (�E =
−0.83 V), although subsequent steps make the overall
chemical transformation favorable. Direct spectroscopic
evidence for the iron(II) intermediate was not obtained,
however trapping experiments in the presence of pyrazine
(pz) resulted in the formation of both [FeIII (CN)5(pz)]2−
and [FeII (CN)5(pz)]3−. The rate constant for pz reacting
with [FeII (CN)5H2O]3− had previously been reported to
be 380 M−1 s−1 at 298 K [54]. Electron transfer induced
charge separation such as indicated in the first step would

also be consistent with the observed negative�V
‡
on owing

to the increased solvation in the transition state[55].

Scheme 5. An alternative scheme for generation of Fe(II) intermediates during NP formation.

The high barrier to the electron transfer initiating the se-
quence of events inScheme 4, might be lowered by a path-
way whereby the first step involves formation of a seven co-
ordinate inner sphere complex such as suggested above for
the Ru(III) hexaammine ion (Scheme 5). If this can partition
between H2O dissociation and reaction of the coordinated
NO+ to form nitrite that is released, the barrier for Fe(III) re-
duction would be lowered and sufficient FeII (CN)5(H2O)3−
would be formed to provide a catalytic pathway for ligand
substitutions. Such reductive nitrosylations are common for
ferriheme models and proteins[56].

In a subsequent study, Roncaroli et al. examined the
pressure and temperature effects on the NO substitu-
tion reaction with the Fe(II) analog [FeII (CN)5H2O]3−
to give [FeII (CN)5NO]3− [52]. They determined thekon
to be 250 M−1 s−1 (298.4 K) with activation parameters

(�H
‡
on = 70 kJ mol−1, �S

‡
on = +34 J mol−1 K−1 and�V

‡
on

= +17.4 cm3 mol−1), very similar to those for reaction of
this complex with neutral ligands such as histidine or CO
(Eq. (10)). It was thus concluded that NO is acting as a
normal Lewis base and that ligand substitution rates are
controlled by the FeIII –OH2 bond lability. The large and

positive �V
‡
on values point to a dissociative mechanism,

where H2O release from the Fe(II) coordination sphere
would be rate limiting.

[FeII (CN5)(H2O)]2− + L
kL�
k−L

[FeII (CN5)(L)]3− + H2O

(10)

These newer data offer an interesting twist to the mecha-
nism proposed inScheme 4. Since the NO concentration
is considerably higher than that of the nitrite formed by
the electron transfer mechanism, NO could easily compete
for the Fe(II) intermediate in the absence of added trap-
ping agents. This would give [FeII (CN)5(NO)]3− that would
be oxidized by the [FeIII (CN)5(H2O)]2− to give NP plus
[FeII (CN)5(H2O)]3−. Thus the formation of NP from NO
and [FeIII (CN)5(H2O)]2− should be autocatalytic.

Notably, [FeII (CN)5(NO)]3− was found to be not very la-
bile to NO dissociation (koff = 1.6×10−5 s−1, 298 K) [57],
an observation that has possible relevance to the mechanism
by which sodium NP functions as a vasodilator[58]. Since
neither NP nor [FeII (CN)5(NO)]3− are sufficiently labile to
release NO on a time scale to explain this activity, another
pathway for NO release or perhaps another mechanism for
NP induced vasodilation would appear to be in order. On
the other hand, [FeII (CN)5(NO)]3− does readily dissociate a
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cyanide[57], presumably thetrans CN−. This follows ear-
lier observations of the weakened bonding of ligandstrans
to NO in a tetragonal{MNO}7 complex [9,28,59]. Such
trans-labilization of a nitrosyl ferroheme center has been
demonstrated to be a key feature of NO activation of sGC
[60]. However, it is unclear whether the CN-labilization from
reduced nitroprusside plays any role in the vasodilation prop-
erties of NP.

3.4. Iron(II) aminocarboxylato complexes

van Eldik and co-workers have also determined the rates
and activation parameters for NO reactions with different
iron aminocarboxylato complexes in aqueous solution[61].
The second orderkon values for these reactions ranged
from 105 to 108 M−1 s−1 for a series of Fe(II) complexes

(Table 1). The reaction of NO with FeII (edta) gave a�V
‡
on

of +4.1 cm3 mol−1, and a dissociative interchange (Id)
mechanism was proposed. Other iron(II) aminocarboxylato
complexes gave small positive activation volumes with the
exception of the FeII (nta) (nta: nitriloacetic acid) complex

for which �V
‡
on = −1.5 cm3 mol−1.

3.5. Iron sulfur nitrosyl clusters

The Roussin’s red and black salt anions ([Fe2S2(NO)4]2−
and [Fe4S3(NO)7]−, respectively) and the red salt esters
Fe2(SR)2(NO)4 have been studied as possible thermal and
photo-initiated precursors for nitric oxide delivery to bio-
logical targets[62]. Photolysis leads to NO dissociation and
gives species that are readily regenerated by the back reac-
tion with NO or are irreversibly trapped by O2 to give other
species[63]. Although not fully characterized, the interme-
diates generated in this way react extremely rapidly with
NO, with rate constants approaching diffusion limits, even
in a coordinating solvent such as water, alcohol or acetoni-
trile. For example, flash photolysis of the red salt anion la-
bilizes NO with a quantum yield of∼0.5. The iron contain-
ing transient also generated, presumably [Fe2S2(NO)3]2−,
reforms [Fe2S2(NO)4]2− upon second order reaction with
NO with a rate constant of 9×108 M−1 s−1 in ambient tem-
perature aqueous solution (Scheme 6) [63b]. This back re-
action is so fast that under continuous photolysis, there is

Scheme 6. Reactions of intermediates generated in the flash photolysis
of Roussin’s red salt (aq. solution, 295 K)[63b].

very little net photoreaction unless dioxygen is present to
trap [Fe2S2(NO)3]2− to give eventual photochemical gener-
ation of the black salt anion [Fe4S3(NO)7]−. The interme-
diates generated by the flash photolysis of several red salt
esters Fe2(SR)2(NO)4 behave similarly[63c]. In this con-
text, it seems unlikely that the back reactions of the unsat-
urated clusters [Fe2S2(NO)3]2− or Fe2(SR)2(NO)3 involve
the displacement of a coordinated solvento ligand.

4. Examples from metalloprotein chemistry

The kinetics of the reactions of NO with various of ferri-
and ferro-heme proteins under ambient conditions have
been studied by time resolved spectroscopic techniques
over the past 20 years[21,23,64–67]. Representative rate
constants are summarized inTable 2and demonstrate the
sizable range ofkon and koff values obtained for ferri-

Table 2
The rate constants (298 K) for the “on” and “off” reactions of NO with
ferri- and ferro-heme proteins

kon (M−1 s−1) koff (s−1) Ref.

Ferric proteinsa

metMbb 1.9 × 105 13.6 [23]
metMbc 4.8 × 104 43 [42]
CytIII d 7.2 × 102 4.4 × 10−2 [23]
Cate 3.0 × 107 1.7 × 102 [23]
eNOSf 8.2 × 105 70 [64]
nNOSg 2.1 × 107 40 [64]
NPnh 1.5–5.5× 106 0.006–12.7 [21]
MPOi 1.07 × 106 10.8 [71]

Ferrous proteins
HbT

4 j 2.6 × 107 3.0 × 10−3 [65]
HbR

4
j 2.6 × 107 1.5 × 10−4 [65]

Sgck 1.4 × 108 6–8 × 10−4 [66]
sGCl – 5.0 × 10−2 [66]
Mbm 1.7 × 107 1.2 × 10−4 [65]
CytII n 8.3 2.9× 10−5 [23]
eNOSo 1.1 × 106 70 [64]
nNOSp 1.1 × 107 ∼0 [64]
MPOq 1.0 × 105 4.6 [71]

a Abbreviations given in abbreviation list.
b Sperm whale skeletal metMb H2O, pH 6.5.
c Horse heart metMb, 50 mM phosphate, pH 7.0, 298 K.
d H2O, pH 6.5, 293 K.
e H2O, pH 6.5, 293 K.
f 283 K, 1 mM arginine.
g pH 7.8, 293 K, heme domain.
h 298 K rate constants are the range for NPn1, NPn2, NPn3 and NPn4,

pH 5.0 and pH 8.0, thekoff displays two phases.
i pH 7.0, 283 K.
j pH 7.0, 293 K, two phases are observed for NO binding.
k pH 7.4, 293 K.
l pH 7.4, 293 K, 3 mM Mg2+, 0.5 mM GTP.
m Phosphate buffer pH 7.0, 293 K.
n H2O, pH 6.5.
o 283 K, 1 mM arginine.
p pH 7.8, 293 K, heme domain.
q pH 7.0, 283 K.
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and ferro-heme proteins. Equilibrium constants measured
for the formation of nitrosyl complexes of met-myoglobin
(metMb), ferri-cytochromec (CytIII ) and catalase (Cat) are
all in reasonable agreement when measured both by flash
photolysis techniques (KNO = kon/koff ) and by spectro-
scopic titration in aqueous media (23). In several caseskoff
values were too small to be determined accurately by flash
photolysis methods and were measured by other means such
as NO trapping with scavengers. The small values ofkoff
result in very large equilibrium constants for ferrous-hemes
with the exception of ferro-cytochromec, CytII , which also
displays a very smallkon value.

Temperature and pressure dependent kinetics were mea-
sured for the reaction of NO with metMb in aqueous solu-
tion (Table 1) [42]. The activation parameters were found

to be �H
‡
on = 63 kJ mol−1, �S

‡
on = +55 J mol−1 K−1,

�V
‡
on = +20 cm3 mol−1 and �H

‡
off = 68 kJ mol−1, �S

‡
off

= +14 J mol−1 K−1, �V
‡
off = +18 cm3 mol−1 for the “on”

and “off” reactions, respectively. These activation parame-
ters are similar to those determined for reactions of NO with
the water soluble ferri-heme complexes FeIII (TPPS)(H2O)2
and FeIII (TMPS)(H2O)2 (Table 1) and demonstrate that the
latter compounds are reasonable models for the kinetics
for the analogous reaction with metMb. As with the model
complexes thekon step would appear to be defined largely
by the H2O lability of metMb(H2O) as shown inScheme 3.

Nonetheless the diffusion through protein channels, the
distal residues and the proximal histidine binding to the
Fe(III) center must all influence the NO binding kinetics
[42,64]. These issues may be the cause of the lower�S‡

values for both the “on” and “off” reactions on metMb. For
example, Cao et al. carried out flash photolysis of the wild
type horse heart metMb(NO) and a metMb mutant H64G in
which a glycine is substituted for the distal histidine[68b].
It was observed that thekon step is several orders of magni-
tude faster for the metMb mutant H64G than for wild type
metMb and the greater reactivity of the mutant was inter-
preted in terms of hydrogen bonding from His-64 stabilizing
the coordinated H2O of the wild type protein. One might

expect such stabilization to be reflected by a higher�H
‡
on

value for the wild type protein, but activation parameters
were not reported for the mutant protein.

Dissociation of NO from ferri-heme systems in aqueous
solution, formally FeII –(NO+), leads to significant solvent

reorganization and correspondingly large positive�S
‡
off and

�V
‡
off as discussed above for model hemes in aqueous solu-

tion [41]. The solvation of NO coordinated to iron(III) and
the resulting solvent reorganization upon NO dissociation
finds some analogy with the nitrophorins. The crystal struc-
ture of one nitrophorin, NPn4, shows that binding of NO to
the Fe(III) center leads to a collapse of the protein around
the coordinated NO. The distal heme-binding pocket in ni-
trophorin NPn4 is quite open to solvent in the absence of
NO. It was postulated that collapse of the protein around

the heme nitrosyl led to increased retention of bound NO at
low pH [21].

In general, iron heme proteins react rapidly with NO
to form the corresponding nitrosyl complexes,kon =
104–108 M−1 s−1 (Table 2). However, both CytIII and CytII

react with NO several orders of magnitude slower than other
heme systems. This low reactivity can be attributed to occu-
pation of both heme iron axial coordination sites by protein
bound ligands, an imidazole nitrogen and a methionine sul-
fur [67]. In this case formation of the nitrosyl complex must
also involve significant protein conformational changes.
The protein structure does not always inhibit reactivity as
shown by the greater reactivities of Cat and nNOS toward
NO compared to the model complex FeIII (TPPS)(H2O)2.

5. Summary

There have been other studies involving the reactions of
metal centers with NO, so the present review has attempted
to be representative, not comprehensive, of the more recent
work in this area. In general, two themes emerge when one
considers the mechanisms for the formation of metal nitro-
syl complexes via the direct NO reaction with coordination
compound in solution as illustrated inEq. (1). The first qual-
itative, and perhaps obvious, conclusion is that the gross
reactivities of these systems are largely defined by the la-
bilities of the metal complex precursors. The rates tend to
be very fast when the NO is entering a previously unoccu-
pied coordination site or is replacing a very labile leaving
group like the H2O in FeIII (TPPS)(H2O)2 (high spin d5).
But this is much slower in cases such as RuIII (NH3)63+ or
FeII (CN)5(H2O)3− (low spin d5 and d6, respectively) where
the ligands are much less labile. For complexes such as
FeIII (TPPS)(H2O)2, metMb and RuIII (salen)X(toluene), dis-
sociative mechanisms prevail, and the reactivity appears to
be defined almost entirely by this step. In contrast the slow
reaction of NO with RuIII (NH3)63+ appears to circumvent
the low lability of the RuIII –NH3 bond by engaging an as-
sociative pathway which appears to be unique to NO.

This uniqueness apparently draws from the second gen-
eral theme, namely the free radical character of nitric oxide.
Clearly, this is reflected in the nearly diffusion limited reac-
tion rates with other free radicals, such as with superoxide
to form peroxynitrite ONOO− (several values have been re-
ported all close to 1010 M−1 s−1 [69]). Furthermore, once
metal complex lability is taken into account, NO’s radical
character and ability to undergo electron transfer reactions
offer substitution pathways less readily available to other
Lewis bases. For example, it is not NO’s character as a
nucleophile that facilitates the reaction with RuIII (NH3)63+
Since the Ru(II) analog is also unreactive toward ammine
replacement, the reaction with RuIII (NH3)63+ cannot be at-
tributed to an outer sphere electron transfer followed by re-
actions of a more labile reduced species as was suggested
for FeIII (CN)5(H2O)2− [52]. Instead it must be the result
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of an inner sphere (i.e. associative) mechanism as origi-
nally proposed by Taube and co-workers 35 years ago[26].
Even when the coordination site is unoccupied, the elec-
tronic character on NO has a considerable impact on the
rate of metal–ligand bond formation as reflected in its much
greater reactivity with high spin ferrous porphyrins than CO.

From a physiological perspective, the principal (known)
targets of NO in its roles in blood pressure control and neu-
rological function are heme proteins, the best characterized
example being the activation of sGC. Given the low NO
concentrations generated for such purpose in the cardiovas-
cular system, the “on” reactions must be very fast in order
to provide prompt biological response. Clearly, defining the
mechanisms of these reactions as functions of the media,
conditions and the ligand field is crucial to interpreting NO’s
role in activation and inhibition of metalloproteins.
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