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Abstract

In this review, the reactions of nitric oxide with selected metal complexes of biological and environmental importance are
reviewed. Fundamental chemical kinetics and mechanisms that lead to the formation and decay of nitrosyl complexes are
illustrated and discussed on the basis of work on Fe(II) chelate complexes and selected biomolecules such as metmyoglobin and
cobalamin. In the context of common interference of higher nitrogen oxides in the studies on the interactions of nitric oxide with
metal centres, the reactions of NO2

−/HONO (in aqueous media) and NO2/N2O3 (in aprotic media) with metal complexes are
described on the basis of selected examples. Throughout the review the focus is on the mechanistic details of the binding of NO
to and the release of NO from metal complexes, and the nature of the stable metal–NO complexes produced in solution. © 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

Reactions of nitric oxide (NO) with transition metal
ions play an important role in environmental and bio-

logical processes. Much of their significance is related
to the interaction of NO with iron porphyrins [1,2] and
non-haem iron complexes [3,4]. The biological and
environmental importance of such interactions has
stimulated research on the kinetics and mechanisms of
the binding and release of NO from these complexes, as
well as on the characterisation of the reaction products.
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These studies were aimed at a better understanding of
the fundamental chemistry of metal–NO interactions
under biological conditions. In this context, particular
attention was given to the reactions between NO and
haem and non-haem iron centres of metalloproteins. In
addition, a large number of model complexes have been
studied. These mainly include synthetic metallopor-
phyrins of the first row transition metals (especially
Fe(II) and Fe(III)), and Fe(II) chelate complexes, which
may serve as models for iron centres in non-haem
metalloproteins [1–5]. The latter class of compounds
has also received considerable attention as potential
catalysts for the removal of NO from exhaust gas
streams, which was aimed at finding inexpensive and
highly soluble metal chelates for selective and efficient
binding of NO in aqueous solution.

Kinetic and spectroscopic measurements revealed
large differences in the reactivity of metal complexes
towards NO, as well as in the nature of the resulting
nitrosyl species [1,6]. This rich chemistry results, on the
one hand, from the free radical character of NO, and
on the other hand, from the influence of the metal and
its ligand environment on reactivity towards NO. De-
spite the extensive studies on the metal–NO interac-
tions, the fundamental chemistry of thermal processes
by which NO forms and breaks bonds with the metal
are still not well characterised. Nevertheless, numerous
kinetic and spectroscopic measurements provide a gen-
eral mechanistic picture for such interactions: while the
radical nature of NO is important in determining the
stability and chemical properties of the resulting metal
nitrosyls, the reaction dynamics is dominated by the
lability of the metal centre [1].

Over the past few years we have developed an inter-
est in the mechanistic understanding of the interaction
of NO with different metal complexes and metallo-
proteins. We have performed detailed mechanistic stud-
ies, including the application of various spectroscopic
and high pressure kinetic techniques, on a variety of
systems that are of environmental and biological signifi-
cance. During this work we often ran into the question
whether it is really NO that is the reactive molecule,
and what the formal nature of NO is once it is bound
to a metal centre. In that sense, we would here like to
focus on the central question ‘To be or not to be NO in
coordination chemistry?’, in terms of the reactive spe-
cies in solution and the nature of the coordinated
ligand. In the present review, reactions of nitric oxide
with selected metal complexes of biological and envi-
ronmental importance are surveyed. Fundamental
chemical kinetics and mechanisms that lead to the
formation of nitrosyl complexes are illustrated and
discussed on the basis of our work on Fe(II) chelate
complexes and selected biomolecules (such as metmyo-
globin and vitamin B12).

2. Structure and electronic properties of metal nitrosyls

Binding of NO to a metal centre must result in the
stabilisation of NO, a radical species in the ground
state. Such stabilisation can be achieved by a shift of
electron density to the metal centre or to the nitrosyl
ligand, and can formally be described as the formation
of the nitrosyl cation (NO+) or the nitroxyl anion
(NO−), respectively, as depicted by the mesomeric
structures in reactions (1a) and (1b).

(L)Mn+ +NO � (L)Mn+�NO� (L)M(n−1)+ −NO+

linear M�N�O group (1a)

(L)Mn+ +NO � (L)Mn+�NO� (L)M(n+1)+�NO−

bent M�N�O group (1b)

The initially proposed description of metal–nitrosyl
complexes as derivatives of either NO+ or NO−, al-
though in many cases useful in describing the two
limiting geometries of the M�N�O group (linear or
bent), did not allow a uniform description of their
properties. A preferable description of metal nitrosyls
was, however, offered by Enemark and Feltham in 1972
[7]. Their theory was based on an electron counting
formalism and states that ‘the structure and properties
of nitrosyl complexes are best understood by consider-
ing the {M�NO}n group (where n represents the sum of
the metal d and NO �* electrons) as an ‘inorganic
functional group’ perturbed by the field imposed by
other ligands attached to the metal [7].’ According to
this description, the main focus of this review is on
penta-, hexa- and hepta-coordinate nitrosyl complexes
of iron and cobalt with the total number of electrons
within the {M�NO} unit n=6, 7, and 8. The M�NO
group in these complexes adopts a linear or bent
configuration (depending on n and on ligand environ-
ment of metal), which can be often correlated with the
formal oxidation or reduction of the nitrosyl ligand
upon its coordination to the metal centre. Thus the
coordination chemistry question remains: is it NO,
NO+ or NO− when coordinated to a metal centre?

2.1. Nitrosylmetalloporphyrins

Numerous metalloporphyrins react with NO to give
stable adducts. Due to the significant biological impor-
tance of these interactions, a substantial amount of
literature on the topic has already been published, and
the currently available information on synthesis, struc-
ture and properties of nitrosyl metalloporphyrins has
been summarised elsewhere [1,2]. For this reason we
present here only the most important features of metal-
loporphyrin nitrosyls, which may be helpful in the
discussion of kinetic and mechanistic aspects of metal-
loporphyrin–NO interactions presented later.
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An important feature of porphyrin-based complexes
is the presence of the porphyrin equatorial ligand which
induces a square-pyramidal or a pseudo-octahedral ge-
ometry of the nitrosyl complexes (for the five- and
six-coordinate species, respectively), i.e. molecules with
a nearly C4� symmetry. Coordination of NO to the
parent metalloporphyrins induces a low spin electronic
configuration of the metal centre in the resulting nitro-
syl derivatives [1]. Application of the Enemark and
Feltham formalism to such low-spin metal nitrosyls
with nearly C4� symmetry predicts a linear geometry of
the M�NO group for all the structures with n=6,
whereas for n�7 a bent M�NO unit is anticipated [7].
These predictions are in agreement with experimental
observations which clearly show a systematic variation
in the M�N�O angle and M�NO bond length along the
{M�NO}n series with increasing n [2]. This can be
illustrated by a series of synthetic FeIII(P)NO,
FeII(P)NO and CoIII(P)NO complexes (where P denotes
a porphyrinate ligand), in which the differences in
M�N�O angles and M�NO bond lengths indicate the
gradual changeover from a linear M�NO+ unit (ob-
served for the FeIII(P)NO complex with n=6) to a
strongly bent M�NO− group (observed for the
CoII(P)NO species with n=8) [1,2]. These changes are
accompanied by variation within the geometry of the
square-pyramidal M(Neq)NO coordination group, as
shown in schematic diagrams for M(P)NO complexes
with n=6, 7 and 8 (Fig. 1) [2]. In addition, close
examination of crystal structures of iron(II) porphyrin
nitrosyls revealed small but characteristic off-axis tilt of
the Fe�NO bond vector and the apparently correlated
asymmetry pattern in the equatorial Fe�Neq bond dis-
tances (see Fig. 1b) [2]. The distortions observed have
been reported as an intrinsic structural feature of all
{Fe�NO}7 porphyrin nitrosyls [2,8] and rationalised in
terms of the specific molecular orbital interactions
present in this class of compounds [8–10]. It is, how-
ever, worth noting that structural and electronic fea-
tures typical for {Fe�NO}7 porphyrinates can also be

observed in nitrosyl porphyrins which are formally
{M�NO}6 species, as shown by a recent study on
nitrosylated organometallic porphyrinate complexes of
Fe(III) and Ru(III), viz. Fe(OEP)(NO)(p-C6H4F) and
Ru(OEP)(NO)(p-C6H4F) [10]. Bending and tilting of
the MNO group observed in these complexes appar-
ently result from the presence of the strong �-donating
aryl ligand, which imposes a high electron density on
the Fe(III) (or Ru(III)) centre and thus induces specific
electronic interactions typical for that observed in
iron(II) porphyrin nitrosyls.

An important feature of the nitrosylmetallopor-
phyrins is a trans-labilisation effect of the coordinated
NO ligand observed in the {M�NO}7 and {M�NO}8

systems. While the {M�NO}6 species are usually six-co-
ordinate complexes, the affinity of the basically five-co-
ordinate {M�NO}7 nitrosyls for a sixth ligand is quite
small, and even further reduced in the case of the
{M�NO}8 systems [2].

A variety of spectroscopic techniques can be used to
study nitrosyl derivatives of metalloporphyrins. Due to
the usual low-spin electronic configuration of the metal
centre in nitrosylated metalloporphyrins, the {M�NO}6

and {M�NO}8 porphyrin nitrosyls are typically dia-
magnetic, while those of {Fe�NO}7 exhibit a paramag-
netic ground spin state of S=1/2. Application of EPR
spectroscopy to the latter class of compounds yields
useful information on their electronic and geometrical
structure [1,2,11]. On the other hand, diamagnetic
{M�NO}6 and {M�NO}8 nitrosyls can be effectively
studied by 15N-NMR spectroscopy, which provides a
direct indication of the electron density on the coordi-
nated NO ligand [12–14].

Infrared spectroscopy has often been used in the
assignment of the charge distribution in the M�N�O
group. Despite the well-known interpretation problems
associated with this technique, the nitrosyl stretching
frequencies were used as a probe for the NO+ or NO−

character of the coordinated NO ligand in iron por-
phyrin nitrosyls [2]. New insight into the electronic

Fig. 1. ‘Consensus’ structures based on available structural data on the M(Neq)NO coordination group in nitrosylporphyrin series {M�NO}n with
n=6, 7 and 8.
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configuration of the {Fe�NO}n group comes from
Mössbauer spectroscopic studies, which are capable of
providing information on the electronic configuration
of the iron centre [10,15]. Interpretation of the results
obtained with this experimental method is, however,
not straightforward and should be based on analyses of
data obtained for a series of structurally similar com-
plexes [10,16]. Furthermore, comparison of results ob-
tained with IR techniques with those obtained from
Mössbauer spectroscopic studies, shows that these two
indicators of charge distribution in the {Fe�NO}n unit
can be inconsistent [15]. This complication presumably
arises form a highly covalent nature of the {Fe�NO}n

unit in which the spin density is delocalised over the
entire M�NO group [2,8,15]. Although the assignment
of the electronic configuration for porphyrinate
{Fe�NO}n units with the aid of Mössbauer spec-
troscopy is preferable to a formal assignment of the NO
oxidation state, this description is not always satisfac-
tory when all the experimental data are considered [15].

The electronic absorption spectra of metallopor-
phyrins are dominated by strong �–�* intraligand tran-
sitions, which are, however, affected by the nature of
the metal and the axial ligands coordinated to the metal
centre [1,2]. Thus, examination of the UV–Vis spectra
of porphinato metal nitrosyls often yields information
on the electronic and geometrical structure of a given
nitrosyl complex [2]. In addition, UV–Vis spectroscopy
is widely used in kinetic studies on the interaction of
metalloporphyrins with NO.

2.2. Ferrous chelate nitrosyls

Nitric oxide reversibly binds to numerous iron(II)
chelates. The resulting nitrosyl complexes, which ac-
cording to the Enemark and Feltham formalism repre-
sent {Fe�NO}7 species, differ to some extend from
porphyrinate {M�NO}7 adducts. This mainly results
from the difference in ligand environment of the iron
centre, which in this case is not restricted by the equa-
torial porphyrin ligand. A variety of chelate ligands
which can coordinate to the iron(II) centre create lig-
and fields of different strength and symmetry. These
differences are apparently reflected in the properties of
the nitrosyl derivatives obtained from the parent
iron(II) chelates.

Extensive research on chelate {Fe�NO}7 nitrosyls has
been initiated by the observation of an unusual S=3/2
ground spin state in nitrosylated non-haem iron
proteins, which results from the addition of the odd
electron of NO (S=1/2) to a high spin (S=2) Fe(II)
site [3,4,17,18]. This led to the application of nitric
oxide as a useful paramagnetic probe for dioxygen
binding in studies on dioxygen activation by non-haem
iron proteins. Many examples of quartet spin state
{Fe�NO}7 species can be found within a series of Fe(II)

complexes with aminocarboxylate and pyridylmethy-
lamine ligands [4,19,20]; for instance, the well-known
seven-coordinate [Fe(edta)NO]2− complex exhibits this
spin behaviour [17].

Nitrosyl complexes of iron(II) have been character-
ised as six- and seven-coordinate species with a quartet
(S=3/2) [3,4,19,20] or doublet (S=1/2) [16,20–22]
ground spin state. The {Fe�NO}7 class of compounds
with the net spin state S=3/2, presents an interesting
case in which the metal–NO interactions within the
{M�NO}n group cannot be described by the MO treat-
ment proposed by Enemark and Feltham [7]. Such
description is, however, offered by the spin-polarisation
model. According to this model, the electronic structure
of a {Fe�NO}7 unit with the net spin state S=3/2 can
be described as a high-spin Fe(III) centre (S=5/2)
antiferromagnetically coupled to two unpaired electrons
on NO− (S=1). Thus, the formal oxidation states
within a {Fe�NO}7 unit can be assigned as {Fe3+

�NO−} [16,17,19,20]. Such description is based on con-
sistent results provided by EXAFS and XAS Fe-edge
measurements, resonance Raman, magnetic circular
dichroism and EPR spectroscopy, magnetic susceptibil-
ity measurements and advanced theoretical calculations
[17]. These results were confirmed recently by applied-
field Mössbauer spectroscopic investigations on a com-
plete series of isostructural complexes containing
{Fe�NO}6/7/8 motives [16].

Ferrous chelate nitrosyls of the type {Fe�NO}7 (S=
1/2), i.e. possessing the same ground spin state as that
observed for porphyrin {Fe�NO}7 species, and a few
cases of spin-crossover systems which show the equi-
librium S=3/2�S=1/2 have also been reported in
the literature [16,20,21]. In order to evaluate the influ-
ence of metal ligation on the net spin state of the
chelate {Fe�NO}7 nitrosyls, a series of FeII(L) com-
plexes with aminocarboxylate and pyridylmethylamine
ligands of different ligand field strength were studied
[19,20]. Results of these studies indicate that the elec-
tronic configuration of the {Fe�NO}7 unit is tuned by
the ligand environment of the metal centre. Whereas
weak and moderate ligand fields promote formation of
{Fe�NO}7 (S=3/2) nitrosyls, the S=1/2 electronic
isomers are formed in the presence of stronger ligand
fields.

Practical applications of FeII(L) complexes with re-
spect to nitric oxide chemistry are based on their ability
to effectively bind NO. However, although many
iron(II) aminocarboxylate and pyridyl-based complexes
form stable nitrosyl derivatives, they are also reactive
towards dioxygen. This fact considerably limits their
application in both industrial and biomedical applica-
tions [21,23]. Solving this and related problems requires
a good knowledge of the fundamental chemistry in-
volved in the interactions between FeII(L) complexes
and NO. Although extensive studies on structural and
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electronic properties of iron(II) nitrosyls are helpful in
this respect, mechanistic information on the interac-
tions between NO and FeII(L) complexes is apparently
lacking. In this context, some important developments
in mechanistic studies on such interactions, based on
studies performed in our laboratories, are presented
later in this review.

3. Interaction of NO with model FeII(L) complexes

As pointed out in the previous section, chelate
iron(II) nitrosyls belonging to the {Fe�NO}7 class of
complexes, differ in their structural and electronic fea-
tures from the corresponding metalloporphyrin sys-
tems. An important question is to what extend these
differences are reflected in the kinetics and mechanisms
of their interactions with NO. This question, although
interesting on its own, is of significant importance to
biomedical and industrial applications of such Fe(II)
chelates.

In contrast to the large body of kinetic and mecha-
nistic data on the nitrosylation of iron porphyrin cen-
tres, little is known on the binding and release of NO
from chelate Fe(II) complexes. As a consequence, the
main factors that influence the thermodynamics and
kinetics of these reactions are largely unknown. It is
reasonable to expect, however, that such data could
enable kinetic and thermodynamic control over NO
binding to FeII(L) complexes, and thus tuning of the
overall process with respect to potential practical appli-
cations. Recent developments in this area include stud-
ies on aminocarboxylate iron(II) complexes with
different chelating ligands derived from edta [23–25]. In
these studies, a systematic variation of donor type and
strength within a series of 38 selected ligands was
undertaken in order to optimise the efficiency and
reversibility of the binding of NO to the FeII(L)
complexes.

Nitrosation of an iron(II) chelate is expressed by
reaction (2).

FeII(L)H2O+NO �
kon

k off

FeII(L)NO+H2O (2)

This reaction describes the binding of NO to various
chelate complexes with coordination number six or
seven, in which a water molecule occupies one of the
coordination sites. The presence of such a water
molecule was detected in the crystal structure of the
seven-coordinate [FeII(edta)H2O]2− complex [26]. In
addition, water exchange studies on several FeII(L)
complexes, performed with the aid of 17O-NMR line
broadening techniques, indicate that at least some of
the complexes studied possess one or more coordinated
water molecules [25]. It may be expected on the basis of
information available on the reactions of other metal
complexes with NO [1] that NO binding to such

iron(II) chelates is probably not controlled by a simple
addition process, but rather a substitution reaction of a
labile water molecule by NO. However, as exact struc-
tural information on FeII(L) complexes in solution is in
many cases not yet available, coordinated water
molecules will be omitted in the following formulae,
unless their presence in a given complex is well estab-
lished, and important for the discussion.

FTIR spectroscopic studies on the nature of nitrosy-
lated aminocarboxylate complexes suggest a pro-
nounced electron donation from the metal to NO. In
the case of the [FeII(edta)NO]2− complex, a character-
istic NO band is observed around 1777 cm−1 [23], and
this complex has been shown to bind NO as FeIII�NO−

[17]. The slightly shifted bands for the other
[FeII(L)NO]x− complexes also correspond to species
formally written as [FeIII(L)(NO−)]x−. However, the
electronic structure of the {Fe�NO}7 group in most of
the [Fe(L)NO]x− complexes studied has not been deter-
mined in a more direct way.

A systematic study of the series of FeII(L) complexes
with different aminocarboxylate ligands indicated that
their ability to reversibly bind NO is influenced strongly
by the selected chelating ligand. This influence is appar-
ent from the large variation in the overall binding
constants, KNO (=kon/koff), which span a wide range
from ca. 1×103 to 2×107 M−1 for the complexes
studied [23,24]. In addition, an interesting correlation
was found between the stability of the FeIII(L)(NO−)
complexes and the oxygen sensitivity of the parent
FeII(L) complexes, i.e. their tendency to form
FeIII(L)(O2

−) species. From the comparison presented in
Fig. 2, it can, in general, be concluded that the higher
the KNO value for a given metal nitrosyl, the larger the
oxygen sensitivity of the parent FeII(L) complex.
Clearly, an increasing inductive effect of the chelate
ligand causes an increase in stability of the FeIII�NO−

bond, and also enhances the shift of electron density
from iron to oxygen in the corresponding FeIII(L)(O2

−)
complex.

A quantitative basis for the observed trends in the
stability of the FeIII(L)(NO−) complexes was provided
by kinetic and mechanistic studies on the binding and
release of NO from selected FeII(L) complexes. The
complexes exhibited quite different behaviour with re-
spect to their reactions with NO. The observed differ-
ences are particularly large in the case of the FeII(mida)
and FeII(edta) complexes: the mida complex shows
almost no oxygen sensitivity, exhibits a low binding
affinity for NO, and releases NO almost completely on
passing an inert gas through the solution. In contrast,
the edta complex is extremely oxygen sensitive, shows a
very high binding affinity for NO and releases NO only
slowly when treated with an inert gas.

Selected results from kinetic studies [24,27] per-
formed with the complementary use of stopped-flow,
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Fig. 2. Correlation between KNO and qualitative oxidation time of FeII(L) complexes (adapted from Ref. [23]).

Table 1
Summary of kinetic and thermodynamic parameters for the reversible binding of NO to a series of FeII(L)complexes

�H‡koff
akon

aComplex �S‡ �V‡ a K (kon/koff)
a K a,b

(kJ mol−1) (cm3 mol−1)(s−1) (M−1)(M−1 s−1) (M−1)(J K−1 mol−1)

24�1 −4�3FeII(edta) (1) +4.1�0.22.4×108

91.0 61�2 −5�7 +7.6�0.6 c 2.1×106 2.1×106

26�1 −12�36.1×107 +2.8�0.1FeII(hedtra) (2)
4.2 73�1 11�4 +4.4�0.8 1.1×107 1.5×107

1.9×106FeII(mida) (3) 40�1 8�3 +7.6�0.4
57.3 47�2 −55�5 +6.8�0.4 c 2.1×104 9.5×103

FeII(mida)2 (4) 34�11.8×106 −13�3 +8.1�0.2
62.2 64�1 5�5 +5.1�0.5 c 3.0×104 2.2×104

1.6×106FeII(H2O)6 (5) d 37�1 −3�2 +6.0�0.3
3.2×103 48�1 −15�5 +1.2�0.1 5×102 1.2×103

24�1 −22�32.1×107 −1.5�0.1FeII(nta) (6)
9.3 66�1 −5�4 −3.5�0.7 1.8×106 1.8×106

a Determined at 25 °C and at pH 5.0 unless otherwise stated.
b Determined thermodynamically from a combination of UV–Vis and potentiometric (NO electrode) techniques.
c Measured at 10 °C.
d Data from Ref. [27].

temperature jump, laser flash photolysis and pulse radi-
olysis techniques, are presented in Table 1. The thermo-
dynamic and kinetic data obtained in the studies
illustrate the fact that the overall binding constant,
KNO, for a given FeII(L) complex is a net measure of its
ability to bind and to release NO, and is therefore
controlled by the forward and reverse rate constants.
Thus, although the rate constant for the binding of NO
to FeII(edta) is approximately four times larger than
that observed for the FeII(hedtra) complex, the release
of NO from FeII(edta)NO is approximately 22 faster
than from FeII(hedtra)NO and this results in the lower
stability constant observed for FeII(edta)NO. In an-

other case, large differences in the KNO values of
FeII(edta) and FeII(mida) result from significantly dif-
ferent binding rate constants, kon, obtained for these
two complexes, whereas the koff values are of the same
order of magnitude. The FeII(nta) complex, which
shows an intermediate behaviour in terms of its re-
versible binding of NO and oxygen sensitivity, has
approximately the same stability constant, KNO, as that
observed for FeII(edta), but in this case both kon and
koff are smaller. In the case of the aquated Fe(II)
species, the binding of NO is as rapid as for the mida
complexes, but the dissociation of NO is the fastest of
all studied complexes and accounts for the unfa-
vourable overall binding constant.
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Fig. 3. Volume profiles for the reversible binding of NO to
[FeII(edta)H2O]2− and [FeII(nta)(H2O)2]−.

whereas it is known that FeII(edta)H2O is seven-coordi-
nate [26]. This would mean that some complexes react
according to an Id mechanism as a result of their
seven-coordinate, 20 valence electron character,
whereas the six-coordinate nta complex reacts accord-
ing to an Ia mechanism due to its 18 valence electron
character. These results suggest that water exchange
reactions on the studied FeII(L) complexes presumably
control the kinetics and mechanism of the NO binding.

Further support for this conclusion comes from a
comparison of the activation parameters for the ‘on’
reactions obtained for Fe(H2O)6

2+, Fe(mida) and
Fe(mida)2

2− with those resulting from water exchange
studies performed on these systems [27,28] (see Table
2). The values of �H‡

ex and �V‡
ex for the water exchange

process are similar to the corresponding activation
parameters obtained for kon, indicating that the binding
of NO displays kinetic features similar to those ob-
served for the water exchange reactions. This again
suggests the displacement of coordinated water by NO
as the rate-determining step, which is followed by a
rapid intramolecular charge-redistribution process lead-
ing to the final product, [FeIII(L)(NO−)]. The activation
volumes obtained for the ‘off’ reactions (see Table 1
and Fig. 3) indicate that NO release from the
[FeIII(L)(NO−)] complexes follows the similar inter-
change mechanism as that observed for the respective
‘on’ reaction. The rapid charge redistribution to form
[FeII(L)NO] prior to the rate-determining displacement
of NO by water, can account for such an observation.
Alternatively, the release of NO from [FeIII(L)(NO−)]
can be visualised as a ‘water assisted’ homolysis reac-
tion in which FeIII�NO− bond cleavage is accompanied
by formal reduction of Fe(III) to Fe(II), and involves
the simultaneous entry of a water molecule into the
coordination sphere of Fe(II). The rate-determining
step in the release of NO exhibits a much higher
activation enthalpy than the ‘on’ reaction, which must
be related to the strong Fe�NO bond and accounts for
the significantly slower ‘off’ reactions.

It may be concluded that NO binding to the iron(II)
chelate complexes studied is controlled by the lability of
the iron centre in the parent FeII(L) species, whereas the
dissociation reaction is largely affected by the strength
of the Fe�NO bond in the resulting [FeIII(L)(NO−)]

More detailed insight into the mechanisms of the
thermal reactions in which NO binds and dissociates
from the iron centre in the FeII(L) systems studied,
comes from activation parameters for the ‘on’ and ‘off’
reactions obtained from systematic studies of kon and
koff as a function of temperature and pressure (see
Table 1) [25]. The positive volumes of activation found
in most cases clearly indicate that the complex-forma-
tion reactions can be best described by a dissociative
interchange (Id) mechanism. The exception is the reac-
tion of FeII(nta)(H2O)2 with NO, which exhibits a
definite negative volume of activation, suggesting that
the reaction occurs via an associative interchange (Ia)
mechanism. The difference in the mechanism of nitrosy-
lation observed for the FeII(nta)(H2O)2 complex as
compared to the other studied complexes becomes clear
from a comparison of the volume profiles for the edta
and nta systems in Fig. 3. Such a variation in the
mechanism presumably reflects the fact that
FeII(nta)(H2O)2 is a six-coordinate complex [19,25],

Table 2
Kinetic parameters for water exchange reactions on selected FeII(L)(H2O) complexes

Complex kex (s−1) �H‡
ex (kJ mol−1) �S‡

ex (J K−1 mol−1) �V‡
ex (cm3 mol−1)

+21�541�1 +3.8�0.24.4×106FeII(H2O)6
a

27�31.8×107FeII(mida)(H2O) +1.2�0.2 b−16�11
2.4×107 39�3FeII(mida)2 (H2O) +27�10 +3.2�0.2 b

a Data from Ref. [28].
b Determined at 10 °C.
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Table 3
Structural data on the {Fe�NO}6/7 unit in nitrosylated haemoproteins and synthetic iron porphyrins

Fe–ligand distances (A� )Fe(P)NO Fe�N�O angle (°)Method Reference

Fe�Neq Fe�NO

{Fe�NO}7

2.00 1.75MS XAFS 150MbII(NO) [29]
–HbII(NO) 1.74Crystal. 145 [30]
2.01 1.73Crystal. 143FeII(OEP)(NO) [2]

FeII(TPP)(NO) 2.00Crystal. 1.72 149 [2]

{Fe�NO}6

2.00MbIII(NO) 1.68MS XAFS 180 [29]
2.00 1.66MS XAFS 170P450nor-(NO) [31]

Crystal.[FeIII(OEP)(NO)(H2O)] 1.99 1.64 177 [2]
[FeIII(TPP)(NO)(H2O)] Crystal. 2.00 1.65 174 [34]

complex. Both these properties are controlled by the
nature of L, which determines the electronic/structural
features of a given Fe(II) chelate. Although these con-
clusions are based on a relatively narrow range of the
complexes studied and should be evaluated in subse-
quent studies, the observed kinetic features of the
FeII(L)�NO interactions are quite analogous to those
observed in reactions of porphyrin-based complexes
with NO (vide infra).

4. Interaction of NO with biomolecules

4.1. Myoglobin, haemoglobin and metmyoglobin

As in the case of non-haem iron proteins and their
model complexes, metalloporphyrin nitrosyl adducts
have long been investigated in relation to the studies on
oxygen binding to haemoproteins which are responsible
for transport and storage of oxygen, such as
haemoglobin and myoglobin. Current scientific efforts
in the area of NO–haem interactions, however, are
mainly aimed at clarifying physiological effects which
result from the interaction of NO with haemoproteins
[1,5].

Nitric oxide reacts with both ferric and ferrous cen-
tres in haemoproteins to form the respective iron(II)
and iron(III) nitrosyl adducts [1,29–33]. As can be seen
from the data presented in Table 3, the structural
features of these adducts are similar to those observed
for iron(II) and iron(III) porphyrin nitrosyls [29–34].
These analogies are also reflected in similar chemical
reactivity observed for nitrosylated ferri- and ferro-
proteins and their respective porphyrin models. For
example, FeIII�NO adducts which form upon NO bind-
ing to ferrihaem centres in metmyoglobin,
methaemoglobin, ferricytochrome c and catalase, un-
dergo reductive nitrosylation in the presence of excess
NO [35], and similar process is commonly observed for

synthetic Fe(III) porphyrins [2]. The first step of this
reaction involves nucleophilic attack of OH− on the
nitrosyl ligand coordinated to the iron centre, as pre-
sented in Scheme 1.

Such reactivity of the nitrosylated protein ferrihaem
demonstrates the formal NO+ character of the nitrosyl
ligand in the {Fe�NO}6 unit, which has a similar
electronic structure as in nitrosylated iron(III) por-
phyrins, viz. FeII�NO+. In a similar way, formation of
a typical {Fe�NO}7 porphyrin nitrosyl upon binding of
NO to the ferrohaem centre in the soluble guanylyl
cyclase, can be deduced from the observed trans-labili-
sation effect [5], a characteristic feature of a nitrosyl
ligand within the {Fe�NO}7 porphyrin motif. It may,
therefore, be concluded that ferri- and ferrohaem
proteins tend to form {Fe�NO}6 and {Fe�NO}7 por-
phyrin nitrosyls, with a linear (n=6) and bent (n=7)
geometry of the M�N�O group.

Despite the similarities in the nature of the nitrosyls
in haemoproteins and model porphyrin systems, the
kinetics of NO binding and dissociation from the por-
phyrin centres embedded in the protein usually differs
from that observed for ‘free’ porphyrins. In fact, the
rates of NO binding to various ferri- and ferrohaems,
and water soluble porphyrins, vary over a range of
more than eight orders of magnitude [1,36,37], as sum-
marised in Table 4. Mechanistic studies on the origin of
these differences in selected haemoproteins and model
iron porphyrins have been reported in the literature
[32,33], and the main factors which influence the dy-
namics of protein–NO interactions have been reviewed
recently [1]. It has, in general, been concluded that the
rates of nitrosylation observed for haemoproteins de-

Scheme 1.
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Table 4
Rate constants for the reversible nitrosylation of representative haemoproteins and model porphyrins

Fe(P) Conditions a kon (M−1 s−1) koff (s−1) KNO (=kon/koff) References

Fe(III)
MbIII pH 7.4 4.74×104 37.4 1.3×103 [33]

3.0×107 1.7×102pH 6.5 1.8×105CatIII [1]
pH 6.5Cyt cIII 7.2×102 4.4×10−2 1.6×104 [1]

7.2×105 6.8×102 1.1×103FeIII(TPPS) [1]pH 6.5
3.0×106 7.3×102 4.1×103pH 6.0 [36]FeIII(TMPS)

Fe(II)
2.5×107 4.6×10−5pH 7.0 5.3×1011HbII [1]
1.7×107 1.2×10−4 1.4×1011 [1]MbII pH 7.0
8.3 2.9×10−5H2O 2.9×105Cyt cII [32]
1.8×108 2.9×10−4FeII(PP)(1-MeIm) 6.2×1011pH 9.0 [1]
1.5×109 �2pH 7.0FeII(TPPS) [37]
1.0×109 –FeII(TMPS) pH 7.0 [37]
5.2×109 b 4.17×10−5 cToluene 1.2×1014FeII(TPP) [1], [40]
– 0.15 c [41]FeII(OETAP) Toluene
– 47 c [40]TolueneFeII(OBTPP)

a Values measured at 25 °C unless otherwise noted.
b From Ref. [1].
c Determined by displacement of NO by a nitrogen base (N-methylimidazole or pyridine).

pend in part on the protein structure, the conformation
and the nature of ligands in the proximity of the metal
centre being of special importance. In these cases where
the protein limits access of NO to the metal site, the
rates of the ‘on’ reactions for both Fe(II) and Fe(III)
centres are slow [32,38]. However, when such access is
facile, the ‘on’ reaction is dominated by the reactivity of
the metal centre. The fast rates of NO binding observed
in such cases reflect the lability of the high-spin iron(II)
and iron(III) porphyrins [36,37,39].

Dissociation of NO from nitrosylated haemoproteins
is in general hindered by the presence of the protein
surrounding. Apart from this effect, a variety of other
factors, related mainly to the nature of the Fe�NO
bond in the protein haem nitrosyl, apparently affect the
kinetics of NO release. As can be seen from the data in
Table 4, ferrihaem nitrosyls are in most cases consider-
ably more labile toward NO dissociation than their
ferrohaem analogues. This indicates that the iron oxi-
dation state is an important factor that affects the rate
of NO loss from the (porphinato)iron nitrosyl. In terms
of the Enemark and Feltham formalism, it may be
concluded that the iron-nitrosyl bond within a bent
{Fe�NO}7 unit is more stable toward NO dissociation
than the corresponding bond in a linear {Fe�NO}6

unit. Such an effect presumably results from specific
bonding interactions of the iron(II) centre with the
nitrosyl ligand, which are reflected in characteristic
structural distortions observed within the {Fe�NO}7

unit in nitrosylated iron(II) porphyrins [2,8].
Detailed studies on synthetic FeII(P)NO complexes

revealed the strong influence of electronic and stereo-
chemical properties of porphyrin substituents on the

rate of NO release [40,41]. Despite the similar structural
features of the iron–nitrosyl group in all the complexes
studied, dramatic differences in the rates of NO release
were observed, apparently due to variations in the
electronic structure within the {Fe�NO}7 unit. How-
ever, the electronic factors that mainly influence the
stability of the FeII�NO bond remain to be clarified.
Mössbauer spectroscopy and theoretical calculations
appear to be the most promising techniques in this
respect [9,10,40].

From a mechanistic perspective, studies on the NO
release from iron(II) porphyrin nitrosyls are often com-
plicated by inconveniently slow kinetics of these pro-
cesses. It is therefore difficult to obtain information on
the mechanism of NO dissociation from the {Fe�NO}7

unit. This contrasts the kinetic behaviour of iron(III)
porphyrin centres, where both association and dissocia-
tion of NO are usually easily observable under physio-
logical conditions. Kinetic studies on these processes
give an opportunity to gain insight into the mechanisms
for the formation and decay of ferrihaem nitrosyls. As
a consequence, more is known about the nature of the
Fe�NO bond in iron(III) nitrosyls, and on the process
of NO release from these complexes. This can be illus-
trated by recent mechanistic studies on the reversible
binding of NO to metmyoglobin [33]. As in the case of
model iron(III) porphyrins, the high-spin Fe(III) centre
of metmyoglobin is six-coordinate, with a labile water
molecule occupying the potential coordination site of
NO. The binding of NO to the iron porphyrin centre of
the protein is given by reaction (3).

metMb(H2O)+NO �
kon

k off

metMb(NO)+H2O (3)
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Scheme 2.
Scheme 4.

Scheme 3.

Activation parameters (�H‡, �S‡and �V‡) for the
‘on’ and ‘off’ reactions were obtained from systematic
measurements of kon and koff as a function of tempera-
ture (5–45 °C) and pressure (0.1–130 MPa). As can be
seen from the kinetic data summarised in Table 5, the
results obtained for both reactions using the fundamen-
tally different stopped flow and laser flash photolysis
techniques, are in good agreement. Activation parame-
ters reported in the table indicate that both the forward
and back reactions exhibit large and positive values for
�S‡ and �V‡. Such results clearly show that both
processes (i.e. binding and release of NO) follow a
dissociative ligand substitution mechanism as depicted
in Scheme 4, where metMb5 is a five-coordinate inter-
mediate formed by the dissociation of H2O from
metmyoglobin.

According to this mechanism, the rate-determining
steps for the ‘on’ and ‘off’ reactions (k1 and k−2,
respectively) involve the dissociation of H2O and NO
from the first coordination sphere of the iron centre,
respectively. The forward reaction exhibits a large acti-
vation enthalpy indicative of the relatively high energy
required to break the FeIII�OH2 bond. Large positive
values for �S‡

on and �V‡
on are in line with the dissocia-

tion of water molecule from the metMb(H2O) complex
in the absence of any significant changes in solvation.

The reverse process dominated by the k−2 step (i.e.
dissociation of NO), involves homolysis of the Fe�NO
bond within a diamagnetic {Fe�NO}6 unit with a for-
mal FeII�NO+ character to give a paramagnetic, high-
spin FeIII(porphyrin)H2O centre and free NO.
Activation parameters for this step reflect the intrinsic
entropy and volume changes associated with bond
breakage, solvent reorganisation during charge redistri-
bution, and a low-spin to high-spin transformation at
the iron centre. Contributions from these processes are
expected to give overall large and positive values for
�S‡

off and �V‡
off as observed for metMb(NO).

FTIR and MS XAFS data [29,42] have shown that
the reaction product, metMb(NO), is a linear {Fe-NO}6

nitrosyl which formally has FeII�NO+ character, i.e.
partial charge transfer from NO to Fe(III) occurs dur-
ing the binding process. The equilibrium constant for
reaction (3) determined by spectrophotometric titration
in aqueous medium [33] was found to be 2.4×103

M−1. In an excess of NO, the reaction follows pseudo-
first order kinetics, and the observed rate constant is a
linear function of [NO], as given in Eq. (4).

kobs=kon[NO]+koff (4)

The rates of the binding and release of NO in this
system can be conveniently measured either by stopped-
flow mixing of aqueous metMb(H2O) and NO solu-
tions, or by flash photolysis of equilibrium mixtures of
metMb and metMb(NO). In the latter case, the system
is displaced from equilibrium by a laser flash (see
Scheme 2), and the kinetics of the relaxation back to
the equilibrium position can be followed
spectrophotometrically.

The values of kon and koff were determined from the
slopes and intercepts of linear plots of kobs versus [NO],
obtained from the stopped-flow and laser flash photoly-
sis experiments. The koff values obtained in this way
were confirmed more directly by application of an
NO-trapping method. This involved rate-determining
loss of NO from metMb(NO) using an excess of
[RuIII(edta)H2O]− as an NO-scavenger as shown in
Scheme 3.

Table 5
Rate constants and activation parameters for the binding of NO to metMb(H2O) (kon) and release of NO from metMb(NO) (koff) determined by
laser flash photolysis and stopped flow techniques a

�H‡
onExperimental kon

b �H‡
offkoff

b �V‡
on�S‡

on �V‡
off�S‡

off

(J mol−1 K−1) (cm3 mol−1)method (cm3 mol−1)(s−1) (J mol−1 K−1)(kJ mol−1) (kJ mol−1)(M−1 s−1)

18�314�1368�420�655�863�2374.7×104Laser flash
65�5 3�16 16�163�4 54�14294.8×104Stopped-flow 21�1

24 46�778�2NO-trapping 20�1

a Data from Ref. [33].
b Determined at 25 °C, pH 7.4.
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Table 6
Activation parameters for the binding of NO to FeIII(P)(H2O)2 (kon), the dissociation of NO from FeIII(P)(H2O)(NO) (koff), and water exchange
on model FeIII(P)(H2O)2 complexes

FeIII(TMPS)(H2O)2FeIII(TPPS)(H2O)2

�V‡�S‡ �S‡�V‡ �H‡�H‡

(J mol−1 K−1)(J mol−1 K−1)(kJ mol−1) (cm3 mol−1)(kJ mol−1)(cm3 mol−1)

+100�4 +8.3�1.5Fe(P)(H2O)2+NO NO binding a 62�270�3 +86�2 +13�1
+99�10 +7.9�0.2 61�1 +100�5Fe(P)(H2O)2+H2O water exchange b +11.9�0.367�2
+67�3 +17.9�1.4 83�3 +89�3 +18�478�4Fe(P)(H2O)(NO) NO release a

a Data from Ref. [36].
b Data from Ref. [39].

The proposed dissociative mechanism for the re-
versible binding of NO to metMb is supported by
earlier studies on water-soluble model iron(III) por-
phyrins, FeIII(TPPS) and FeIII(TMPS) complexes [36].
As can be seen from the data presented in Table 6,
mechanistic features exhibited by the model iron por-
phyrin complexes in their reactions with NO are very
similar to that observed for metmyoglobin. In addition,
kinetic data for water exchange on FeIII(TPPS)(H2O)2

and FeIII(TMPS)(H2O)2 are in excellent agreement with
this mechanistic interpretation [39]. Large and positive
�S‡

ex and �V‡
ex values demonstrate the dissociative na-

ture of the water exchange process and are very similar
to that observed for the respective nitrosylation reac-
tion. In fact, the activation volume reported for the
binding of NO to FeIII(TPPS)(H2O)2 [38] is identical to
that found for water exchange on this complex [39],
indicating that the binding of NO is controlled by the
water exchange reaction on the Fe(III) centre.

A comparison of the volume profiles for the reaction
of NO with metMb(H2O) and Fe(TPPS)(H2O)2 re-
ported in Fig. 4, clearly illustrates the similar mechanis-
tic behaviour of metMb and model iron(III) complexes.
However, whereas the �V‡

on value observed for the
binding of NO to FeIII(TPPS)(H2O)2 is close to the
maximum volume increase of 13 cm3 mol−1 expected
for the dissociation of a water molecule from an octa-
hedral complex [43,44], the �V‡

on value obtained for the
reaction of NO with metMb is significantly larger. This
observation was interpreted in terms of a structural
rearrangement of the protein upon release of coordi-
nated water prior to the binding of NO, which leads to
a further increase in the size of the protein in the
transition state. This conclusion is in line with XAFS
structural data on nitrosylated metMb [29], which indi-
cate steric strain in the linear coordination of NO to the
Fe(III) centre, and thus support the contention that an
increase in the size of the protein pocket occurs prior to
the binding of NO.

4.2. Cytochrome cII and cIII

As mentioned in the previous section, the protein
environment may affect significantly the kinetics of the
binding of NO to the haem centre in haemoproteins.
This can be illustrated by the reaction of NO with the
ferric and ferrous forms of cytochrome c, a haem-con-
taining mitochondrial protein involved in electron
transfer processes during biological oxidations.

Structural data on Cyt c revealed that the fifth and
sixth coordination sites at the metal haem centre are
occupied by histidine and methionine residues in both
oxidation states of the protein [1,38]. As a consequence,
a very labile coordination site (such as that present in
the high-spin iron(III) and iron(II) centres of myo-
globin, haemoglobin and model iron porphyrins) is not
available. Thus, coordination of NO to cytochrome c
involves in this case the displacement of a relatively
tightly bound axial ligand (i.e. methionine or histidine).
As a consequence, an unusually slow rate for NO
binding to the iron porphyrin centre in Cyt c III and Cyt
c II is observed (see data in Table 4). In particular, the
rate constant observed for the binding of NO to the
Fe(II) haem centre of ferrocytochrome c is significantly
smaller than that for the corresponding ferric form, i.e.
kon (Cyt c II)�kon (Cyt c III). These results contradict the

Fig. 4. Volume profiles for the reversible binding of NO to
metMb(H2O) and FeIII(TPPS)(H2O)2.
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Fig. 5. Structure of reduced vitamin B12 (cob(II)alamin) at pH�3.
Inset: schematic structure of the cobalt corrin ring.

can be occupied by various ligands (such as H2O in
aquacobalamin, Cbl(III)H2O), while in the case of re-
duced vitamin B12 the sixth coordination site of the
low-spin cobalt(II) centre remains vacant [45,46].

The structure of the corrin (see inset in Fig. 5) is
similar to that of a porphyrin, but lacks one of the
bridging methylene groups in the tetrapyrrolic ring. As
a result, the corrin ring is more flexible (due to the
partial loss of aromaticity of the tetrapyrrole
ring)[47,48] and has a smaller cavity size compared to
that of a porphyrin ring [47]. Despite these differences,
the main structural and electronic features of corrins
are relatively similar to that of porphyrins.

One of the recent interests in the chemistry and
biochemistry of vitamin B12 derivatives concerns the
interaction of aquacobalamin (Cbl(III)H2O) and its re-
duced form (Cbl(II)) with NO [49–54]. The physiologi-
cal effects observed which provide evidence for
cobalamin–NO interactions in vivo were interpreted
originally in terms of the NO binding to aquacobal-
amin, as shown in reaction (5) [49,50].

Cbl(III)H2O+NO � Cbl(III)NO+H2O (5)

Detailed spectroscopic and kinetic studies, however,
failed to provide convincing evidence for the formation
of the Cbl(III)NO complex [51–53]. The UV–Vis spec-
tral changes observed on introducing NO into aqueous
solutions of Cbl(III)H2O, have been shown to result
from the reaction of Cbl(III) with nitrite (present as an
impurity in aqueous NO solutions) according to reac-
tion (6), rather than from the reaction of aquacobal-
amin with NO [53] (see also Section 5.1).

Cbl(III)H2O+NO2
− �

K
Cbl(III)(NO2

−)+H2O (6)

Notably, on considering the similarity between the
corrin and porphyrin ligands, binding of NO to the
Co(III) centre of Cbl(III)H2O would lead to the forma-
tion of a porphyrin-like {M�NO}7 nitrosyl. However,
stable porphyrin nitrosyls with this electronic configura-
tion have only been obtained for iron(II) porphyrins
[2,8], from which it follows that the {CoIII�NO}7 com-
plex is not likely to form. On the contrary, UV–Vis,
NMR and resonance Raman spectroscopic studies
clearly indicate that the reduced form of vitamin B12

reacts with NO to form a stable nitrosyl complex
[50,52,54], according to the overall reaction (7).

Cbl(II)+NO �
K

Cbl(II)NO (7)

Formation constants for this complex, viz. K=1.0×
108 M−1 at pH 7.0 [52], and K=3.1×107 M−1 at pH
7.4 [54], have been reported recently by two different
research groups. These values indicate that the binding
of NO by cob(II)alamin is very efficient, and thus may
account for the observed physiological effects.

In terms of the Enemark and Feltham notation, the
Cbl(II)NO complex belongs to the class of the

general reactivity trend observed for model Fe(II) and
Fe(III) porphyrins (see Table 4) and apparently reflect
the stronger binding of the axial ligands in the reduced
form of the protein [32,38].

Despite the differences in the kinetics of NO binding
to the ferric and ferrous form of cytochrome c, com-
pared to that observed for model iron(II) and iron(III)
porphyrins, the resulting protein nitrosyls exhibit typi-
cal structural and chemical features of the {Fe�NO}6

and {Fe�NO}7 porphyrin adducts. This can, for in-
stance, be illustrated with the NO+ character of the
nitrosyl ligand within the {Fe�NO}6 unit formed in the
nitrosylated ferricytochrome c, which undergoes reduc-
tive nitrosylation in a similar manner as the other
{Fe�NO}6 nitrosyl porphyrinates [35]. It follows that
the kinetics of NO binding to both forms of cy-
tochrome c, although significantly different from that
observed for labile iron(II) and iron(III) porphyrins, is
still controlled by the lability of the metal–ligand sys-
tem. The free-radical nature of NO does not have a
significant influence on the observed reaction dynamics,
and the reaction leads to the formation of typical
{Fe�NO}6/7 nitrosyls.

4.3. Reduced �itamin B12

Reduced vitamin B12 (cob(II)alamin, Cbl(II)), a natu-
rally occurring cobalt(II) macrocyclic complex belongs
to the class of vitamin B12 derivatives, which play a
vital role in several enzymatic biotransformations. The
common structural feature of these relatively complex
biomolecules is the presence of the equatorial corrin
chelate coordinated to the cobalt atom, as shown in
Fig. 5. The sixth coordination position in vitamin B12

derivatives containing cobalt in the +3 oxidation state,
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{M�NO}8 species. As mentioned in Section 2.1, metal-
loporphyrin nitrosyls of this electronic configuration
exhibit the general structural features shown in Fig. 1c.
In particular, a bent M�N�O group (�(M�N�O)�
120°) and a strong trans-labilising effect of the NO
ligand are typical properties observed for this class of
compounds. Although the crystal structure of nitrosyl-
cob(II)alamin has not yet been reported, the presence
of a strongly bent M�N�O group, similar to that
observed in {M�NO}8 metalloporphyrins, has been
confirmed by 15N-NMR spectroscopy [54]. In addition,
significant weakening of the bond between the cobalt
centre and the nitrogen donor of dimethylbenzimida-
zole upon binding of NO to Cbl(II), demonstrates the
strong trans-labilising effect of the bound nitrosyl lig-
and [54]. It follows that the Co(Neq)NO coordination
group in nitrosylcob(II)alamin exhibits similar proper-
ties to that observed for typical {M�NO}8 nitrosylpor-
phyrins. Notably, the well-resolved 15N-NMR and
1H-NMR spectra of nitrosylated cob(II)alamin [54] in-
dicate the low-spin diamagnetic character of the com-
plex, resulting from the combination of the unpaired
electron of the paramagnetic d7 Co(II) centre with the
odd electron residing on the �* orbital of NO. This
process can be looked upon as a formal oxidation of
the Co(II) centre with formation of a Cbl(III)(NO−)
species [12]. Thus, the binding of NO to cob(II)alamin
is summarised in Scheme 5.

It may be expected that the formation and decay of
the corrin {Co�NO}8 nitrosyl should be governed by
similar general rules that determine the reactivity of
nitric oxide towards metal centres in metalloporphyrins.
The kinetics and mechanism of NO binding to co-
b(II)alamin should thus be determined by the lability of
the Co(II) centre, whereas NO dissociation from the
corrin {Co�NO}8 nitrosyl should reflect the properties
of the Co(III)�NO− bond. In this respect, detailed
kinetic studies on the ‘on’ and ‘off’ reaction have been
performed in our laboratories in order to gain insight
into the mechanisms of these reactions in the studied
system [54]. The kinetics of NO binding to co-
b(II)alamin was studied with the use of laser flash
photolysis under pseudo-first order conditions with re-
spect to NO. Irradiation of the Cbl(III)(NO−) complex
with a laser beam in aqueous solution led to the
formation of Cbl(II) and free NO. Following the flash,
re-formation of Cbl(III)(NO−) complex could be ob-
served. The reaction sequence induced by the laser flash
can therefore be expressed as in reaction (8).

Cbl(III)NO− �������
h� (532 nm)

Cbl(II)+NO�
kon

Cbl(III)(NO−)
(8)

The decay of the transient spectrum of the photo-in-
duced Cbl(II) species in the presence of excess NO
enables the measurement of the pseudo-first order rate
constant for the formation of the Co�NO bond, kobs, as
a function of [NO].

kobs=kon[NO]+koff (9)

In contrast to the reversible binding of NO to met-
myoglobin (see Section 4.1), no measurable intercepts
were observed in the linear plots of the kobs versus [NO]
in the present system. This indicates that the koff values
characterising the back reaction are too small to be
observed in the laser flash experiments. It was, however,
possible to measure koff directly using an NO-trapping
technique. This involved rapid mixing of the
Cbl(III)(NO−) solution with high concentrations of
[FeII(edta)H2O]2− (used as a scavenger for NO) in a
stopped flow instrument. Under such conditions, disso-
ciation of NO from nitrosylated cob(II)alamin occurs
as shown in Scheme 6.

At a sufficiently high concentration of [Fe(edta)-
H2O]2−, dissociation of NO from Cbl(III)(NO−) be-
comes the rate-determining step, such that kobs=koff.
The ‘on’ and ‘off’ rate constants and the corresponding
activation parameters, �H‡, �S‡ and �V‡ determined
from the temperature and pressure dependence of kon

and koff, are summarised in Table 7.
It is reasonable to expect that binding of NO to the

vacant coordination site of the five-coordinate
cobalt(II) centre in reduced vitamin B12 should be fast.
Such a process could be either controlled by diffusion
of NO, or by the formation of the Co�NO bond. In the

Scheme 5.

Scheme 6.

Table 7
Rate constants and activation parameters for the binding and release
of NO from cob(II)alamin

Kinetic parameter Forward reaction Back reaction

5.6 s−17.4×108 M−1 s−1Rate constant a

76�1�H‡ (kJ mol−1) b 24.5�0.7
+7�2 +24�5�S‡ (J mol−1 K−1) b

+7.9�0.5+5.4�0.2�V‡ (cm3 mol−1) a

a 25 °C, pH 7.4.
b pH 7.4.
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Scheme 7.

latter case the reaction should exhibit a significantly
negative activation volume due to bond formation and
formal oxidation of the Co(II) centre in the rate-deter-
mining step. As can be seen from the kinetic data
obtained for the ‘on’ reaction (see Table 7), these
expectations are not in line with experimental observa-
tions. Although the observed reaction is very fast, it is
approximately two orders of magnitude slower than the
limiting rate constant for a diffusion-controlled reaction
in water (kd�1010 M−1 s−1 at 298 K) [55] and, sur-
prisingly, exhibits a small but significantly positive vol-
ume of activation, viz. +5.4 cm3 mol−1. This value
cannot be correlated with a simple bond formation
process at the vacant coordination site of co-
b(II)alamin, but provides evidence for the operation of
a dissociative interchange (Id) ligand substitution mech-
anism for the photo-induced ‘on’ reaction [43,56]. It
follows that the rate-determining step in the binding of
NO apparently involves displacement of water at the
Co(II) centre in the photo-induced reactive Cbl(II)
intermediate.

A detailed investigation of this system [54] has shown
that the above conclusion, although rather surprising at
first sight, can be reconciled with the general reactivity
patterns observed in the reactions of nitric oxide with
metal centres. A thorough study of the transient spectra
recorded immediately after the laser flash, revealed that
the reactive Cbl(II) intermediate generated in aqueous
medium, differs from the intact Cbl(II) species which
binds NO in the thermal reaction. According to the
most self-consistent reaction scheme based on all spec-
troscopic and kinetic measurements performed for the
system studied [54], photo-dissociation of NO from
nitrosylcob(II)alamin leads to the formation of a five-
coordinate Cbl(II) species with a weakly coordinated
DMBI ligand, as shown in Scheme 7. This species
rapidly binds a water molecule prior to the recombina-
tion with NO, forming an aqua intermediate. Binding
of NO to this intermediate is controlled by displace-
ment of the very labile water molecule according to an
Id mechanism, and accounts for the positive volume of
activation found for the ‘on’ reaction. Such a water
molecule is, however, not present in the intact co-
b(II)alamin complex at physiological pH [57], such that
the intimate reaction mechanisms are expected to differ
for the photo-induced and thermal nitrosylation of

reduced cobalamin. The latter process is presumably
controlled by NO binding to the vacant coordination
site on the intact Cbl(II) complex and is expected to be
even faster than the corresponding photo-induced reac-
tion, where the binding of NO involves substitution of
coordinated water on the photo-generated Cbl(II)
species.

Kinetic data for the ‘off’ reaction summarised in
Table 7 clearly indicate that the dissociation of NO
from nitrosylcob(II)alamin is slow, and a high energy
barrier (reflected in a large �H‡

off term) must be over-
come to break the Co(III)�NO− bond in the
{Co�NO}8 corrin nitrosyl. A positive activation volume
observed for this process can be accounted for in terms
of a dissociative interchange mechanism in which the
breakage of the Co�NO bond is accompanied partially
by the strengthening of the Co�N(DMBI) bond in the
position trans to the leaving nitrosyl ligand.

Due to the fact that the reactive Cbl(II) intermediates
in the thermal and photo-induced ‘on’ reactions are not
the same, the data presented in Table 7 do not allow
construction of energy and volume profiles for the
overall reaction shown in Scheme 6. It is, however,
possible to construct a volume profile for the binding of
NO to the photo-generated aqua complex at pH 7.4, as
shown in Fig. 6. The volume profile once again illus-
trates the Id character of the ‘on’ and ‘off’ reactions and
the important role of solvent molecules in determining
the mechanism of NO binding to the metal centre.

Fig. 6. Volume profile for the photo-induced reaction Cbl(II)H2O+
NO � Cbl(III)(NO−)+H2O.
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Scheme 8.

5. Problems in the study of reactions of NO with metal
complexes in solution

5.1. Is the reacti�e species NO or NO2
−/HONO?

Various studies on the mechanism of the interaction
of NO with inorganic and bioinorganic metal com-
plexes have encountered the complex redox solution
chemistry of NO, which often posed experimental
difficulties in the study of such reactions [5,58]. From a
biological perspective, the interaction of NO with dif-
ferent species such as molecular oxygen, superoxide and
transition metal ions under biological conditions can
result in the formation of a variety of oxidation and
reduction products with discrete biological activities.
The contribution of such species to the observed NO
reactivity is sometimes not realised and may therefore
lead to difficulties in the correlation of data on the
reactivity of NO obtained in vitro with the measurable
biological effects. In order to contribute to the clarifica-
tion of such effects, we now focus on the central
question of this review (To be or not to be NO in
coordination chemistry?) in terms of the identity of the
actual reactive species in solution.

Important complications that may affect kinetic stud-
ies on the interaction of NO with metal centres arise
from the facile oxidation of NO by molecular oxygen in
solution to produce NO2 and N2O3 (formed from NO2

and excess NO). In aqueous solution, this process leads
to the formation of nitrite ions [58] according to reac-
tions (10)–(12) and, unless care

NO2+NO � N2O3 (10)

N2O3+H2O�2HONO (11)

HONO � H++NO2
− (12)

is taken, may lead to significant contamination of the
aqueous solutions of NO with NO2

−/HONO [53]. Al-
though this complication can to some extent be avoided
by the preparation and handling of NO solutions under
strictly oxygen-free conditions, and by removing the
higher nitrogen oxides from the NO gas stream [53,59],
it is practically impossible to completely eliminate con-
tamination of aqueous solutions of NO by traces of
nitrite. Based on our own experience, NO saturated
aqueous solutions prepared under an inert atmosphere
may easily contain nitrite in a concentration range of
0.3–3 mM [53]. Such a contamination can be detected

in a relatively simple way by monitoring the character-
istic fingerprint UV–Vis spectrum of HONO, recorded
following the acidification of the NO solution to pH 2
[53].

The possible interference of NO2
−/HONO or higher

nitrogen oxides (as found in aprotic media, see below)
in the reactions observed should be kept in mind on
considering the extensive, and sometimes controversial,
data available in the literature concerning the mecha-
nism of NO interactions with metal complexes.

It may be sometimes difficult to distinguish the reac-
tion of NO from that caused by the interference of NO2

and N2O3 present as contaminants in the aprotic sol-
vent saturated with NO. This can be illustrated by
recent studies on the reaction of selected Ru(II) and
Fe(II) porphyrinates with NO. Porphyrin carbonyl
complexes of the type MII(P)(CO) (where M=RuII or
FeII and P=various porphyrins), have been shown to
react with excess NO in aprotic solvents, such as tolu-
ene and chloroform, to form nitrosyl nitro complexes,
M(P)(NO)(NO2) [59–62]. Despite the analogy of the
final products formed by the ruthenium and iron ana-
logues, different reactivity patterns for these two metals
have been suggested [59]. In the case of the RuII

porphyrins, a metal-assisted disproportionation reac-
tion, in which the initially formed nitrosyl complex
reacts further with NO (see Scheme 8), is rather well
established [61,62].

On the contrary, the analogous FeII(TPP)(NO)(NO2)
complex was claimed to be formed only in the presence
of NO2/N2O3 impurities in the reaction medium [59],
and the process outlined in Scheme 9 was suggested as
the only reaction path leading to the formation of the
iron(II) nitrosyl nitro complex.

This conclusion is, however, difficult to reconcile
with the results of more recent studies on the reactivity
of FeII(TPP)CO with NO reported by another group,
which suggest that the reactivity patterns of rutheniu-
m(II) and iron(II) porphyrinates with excess NO are in
fact similar [60]. Despite the sophisticated studies on
the intimate reaction mechanism [60], the nature of the
reactive species in solution and the identity of the
intermediates occurring in the reaction of iron(II) por-
phyrins in the presence of excess NO is not fully
clarified.

Similarly, experimental difficulties may arise from
contamination of aqueous NO solutions with nitrite
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ions. This can be illustrated by studies on the apparent
interaction of nitric oxide with aquacobalamin, which
was reported to act as a possible scavenger for NO in
biological systems [49–51]. Experimental observations,
originally interpreted in terms of the binding of NO to
aquacobalamin, have in the meantime been shown to
result from the reaction of aquacobalamin with nitrite
ions present as impurity in aqueous NO solutions [53].

Although the interfering reactions with nitrite are in
many cases much slower than those with NO, and as
such do not directly interfere with the reaction kinetics
observed (see below), they may change the chemical
nature of the sample solution with time and, in some
cases, lead to erroneous or irreproducible results. Thus,
additional control is necessary in order to show that
nitrite is not an interference in the system under investi-
gation. Due to the possibility of such interference, a
study and description of the differences between the
reactivity of nitric oxide and nitrite towards metal
centres forms an important aspect of investigations on
metal–NO interactions in inorganic systems. Such stud-
ies are also of biological interest, considering the fact
that nitrite is the major product of NO metabolism,
such that nitric oxide and nitrite are two metabolically
related species present in body fluids.

5.2. Interactions of nitrite with transition metal
complexes

Nitrite can react with metal centres in different ways.
Many of these reactions involve coordination of nitrite
to the metal centre. This may lead to the formation of
a stable nitro complex, or occur as an initial step
followed by subsequent reactions of the coordinated
nitrite ligand, such as intramolecular M�ONO to
M�NO2

− isomerisation, oxygen transfer [63,64], nitro/
nitrosyl interconversion [13,65,66], nucleophilic addi-
tion and reduction processes [32,67–70]. In addition,
due to the relatively high redox potential of NO2

− and,
in particular of its conjugated acid HONO, interaction
of NO2

−/HONO with metal centres may involve oxida-
tion of the metal with simultaneous reduction of NO2

−

(or HONO) to nitric oxide [71]. These processes may
interfere in the studies on NO interactions with metal
complexes when nitrite ions are present as impurities in
the sample. Their importance, however, strongly de-
pends on the system studied and experimental condi-

tions applied in a particular study. Although nitrite can
react with a large number of transition metal com-
plexes, the present review concerns mainly metallopor-
phyrin and chelate iron(II) complexes. In this respect,
some important aspects of nitrite interactions with
metal centres in such complexes will be presented and
discussed on the basis of selected examples.

Extensive studies on the interactions of iron por-
phyrins with nitrite ions in non-aqueous solvents has
shown that nitrite is a relatively strong ligand toward
iron porphyrinates [64,72–77]. Coordination of nitrite
to synthetic iron(III) porphyrins results in formation of
the low spin, usually six-coordinate bis-nitro or mixed
ligand complexes, as shown in reactions (13) and (14)
[77].

FeIII(P)(X)2+NO2
− � FeIII(P)(X)(NO2

−)+X− K1

(13)

FeIII(P)(X)(NO2
−)+NO2

− � FeIII(P)(NO2
−)2+X− K2

(14)

The resulting nitrite complexes, however, can easily
undergo subsequent reactions to yield the iron(II) nitro-
syl derivatives, FeII(P)(X)(NO) and FeII(P)(NO2

−)(NO),
as the final reaction products [64,72,77]. Although the
structural and electronic features of the resulting com-
plexes are well characterised [64,75], the suggested reac-
tion pathways which lead to their formation remains
controversial [77]. The most often invoked mechanism
which accounts for the formation of iron(II) porphyrin
nitrosyls from the respective iron(III) nitrite complexes
involves an oxygen atom transfer from coordinated
nitrite to various oxygen acceptors, including NO2

−, as
shown in reaction (15).

FeIII(P)(X)(NO2
−)+NO2

− � FeIII(P)(X)(NO)+NO3
−

(15)

A different reaction pathway was suggested recently
to account for the formation of iron(II) nitrosyl species
form nitrite complexes of iron(III) porphyrins [77].
According to this pathway, the oxygen transfer reaction
involves the formation of a mixed oxidation state
bridged intermediate (as shown in Scheme 10) and can
only occur when both iron oxidation states are present
in solution.

Despite the apparent instability of (porphi-
nato)iron(III) nitrite derivatives in solution, such spe-
cies have been synthesised and characterised [73,76,78].

Scheme 9.
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Scheme 10.

Similarly, the synthesis and structural features of five-
coordinate FeII(P)(NO2

−) complexes have been reported
in the literature [74,75]. The electronic features of nitrite
complexes of ferric and ferrous porphyrins indicate that
NO2

− is N-bonded and acts as a strong �-acceptor
ligand [73–75,78].

Very little kinetic and mechanistic information can be
found on nitrite binding to model ferric and ferrous
porphyrins, especially in aqueous media. Relatively
more information is available on the kinetics of NO2

−

interaction with selected haemoproteins, such as
haemoglobin, myoglobin and cytochrome c [79–81].
Although it may be concluded on the basis of these
data that the reactions of synthetic and naturally occur-
ring iron(II) and iron(III) porphyrins with nitrite are in
general much slower than the respective reactions with
NO, they do not allow us to comment on the details of
the underlying reaction mechanisms. The interesting
question is, however, what factors may account for the
differences observed in the reaction kinetics exhibited
by the two nucleophiles, viz. NO and NO2

−.
In this context, a mechanistic study on the binding of

nitrite to the ferrihaem centre in metmyoglobin has
been carried out [82]. The reaction involves the binding
of nitrite ion to the ferrihaem centre according to
reaction (16).

metMb(H2O)+NO2
− �

kon

k off

metMb(NO2
−)+H2O (16)

The rate of NO2
− coordination to metMb(H2O) was

measured by stopped-flow technique as a function of
[NO2

−] at different temperatures and pressures. A com-
parison of the rate constants and activation parameters
with those for the reaction of metMb(H2O) with NO is
presented in Table 8. Inspection of these data and the
volume profiles for the reaction of metMb(H2O) with
NO and nitrite presented in Figs. 4a and 7, respectively,
allows some interesting conclusions to be drawn:

(i) activation parameters obtained for the reaction of
metMb with NO and NO2

− clearly indicate that
despite a significant difference in the ‘on’ reaction
rates observed for the two nucleophiles, they react
according to the same limiting dissociative mecha-
nism, as controlled by the ferrihaem centre;

(ii) the observed volume of activation for the binding
of nitrite to metMb is significantly smaller than
that obtained for the reaction with NO. Obvi-
ously, structural changes on the protein accompa-

nying the formation of the five-coordinate
intermediate in the fast reaction with NO do not
contribute to the volume change observed in the
rate-determining step of the much slower reaction
with nitrite;

(iii) the rate constants for the binding of nitrite to
metMb(H2O) are much smaller than those re-
ported for the binding of NO, such that nitrite
impurities will not interfere in studies on the
interaction of metMb(H2O) with NO.

Additional information on the observed differences
in the ‘on’ reaction rates for nitrite and NO were
obtained from DFT calculations performed for model
FeII/FeIII complexes with NO and NO2

− as ligands [82].
The calculated energies indicate that the NO2

− orbitals
are higher in energy than those of NO, and this may

Table 8
Comparison of kinetic data for the reversible binding of NO2

− and
NO to metmyoglobin

Back reactionKinetic parameter Forward reaction

metMbmetMbmetMb metMb

+NO2
−+NO+NO2

− +NO

156 2.6 s−1Rate constant a 2.7×104 16.0 s−1

M−1 s−1 M−1 s−1

78�2109�271�263�1�H‡ (kJ mol−1)
+12�3 +82�7�S‡ (J K−1 mol−1) +134�5 +46�7

�V‡ (cm3 mol−1) +12�1 +11.0�0.3 +16�1+21�1

a Data measured at 20 °C (from Ref. [82]).

Fig. 7. Volume profile for the reversible binding of nitrite to metmyo-
globin.
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Scheme 11.

The values of ka=31 M−1 s−1 and kb=45 M−1 s−1

were obtained from the experimental data [71]. A simi-
lar reactivity pattern has been observed in the reaction
of nitrite with the reduced form of cobalamin (Cbl(II)),
which has been shown to effectively bind NO on a
microsecond time scale (see Section 4.3) [54]. Kinetic
studies performed in order to compare the reactivity of
reduced cobalamin towards NO and NO2

−, have shown
that nitrite can partially oxidise Cbl(II) to Cbl(III) and
simultaneously produce NO, which rapidly binds to a
second Cbl(II) molecule to form Cbl(III)(NO−), in a
process similar to that outlined for FeII(edta) complex.
In the presence of excess nitrite, Cbl(II) can be con-
verted to a mixture of Cbl(III)(NO2

−) and
Cbl(III)(NO−), for which the overall reaction is given
in (19).

2Cbl(II)+2NO2
−+2H+

�Cbl(III)(NO2
−)+Cbl(III)(NO−)+H2O (19)

As in the case of the FeII(edta) complex, the observed
reaction rate strongly increases with decreasing pH and
increasing nitrite concentration, which can be ac-
counted for in terms of an increase in [HONO]. How-
ever, only the pseudo-zero order reaction path,
involving the formation of NO+ from two molecules of
HONO and its subsequent reaction with Cbl(II) (as
depicted in Scheme 12) was observed.

Apparently, the pseudo-first order pathway does not
contribute to the process observed under the selected
experimental conditions, and the rate equation describ-
ing the reaction kinetics reduces to (20).

-d[Cbl(II)]/dt=2ka[HONO]2 (20)

The rate constant for the formation of NO+ from
nitrous acid determined in this system, ka=18
M−1 s−1, is in reasonable agreement with that ob-
tained in the FeII(edta) study and with the correspond-
ing values reported in literature [71].

Values of the pseudo-zero and pseudo-first order rate
constants observed in the reactions of FeII(edta) and

account for the fact that NO binds to metMb(H2O)
much faster than NO2

−. As mentioned in the previous
sections, NO binding to ferric porphyrins results in a
partial charge transfer and the formal formation of
FeII�NO+. Calculations performed for NO+ and
model Fe(II) complexes show that ionisation of NO
causes a significant decrease in its orbital energies and,
as a consequence, a much better energy fit between the
reacting molecules (i.e. NO+ and Fe(II)). The calcula-
tions revealed that although NO binding to
metMb(H2O) is more favourable than that of NO2

−, the
resulting FeIII�NO (or formally FeII�NO+) bond is
weaker than the FeIII�NO2

− bond. This result is in line
with experimental findings that indicate larger koff val-
ues for release of NO from metMb(NO) than the
corresponding koff values for dissociation of NO2

−.
Interaction of FeII(edta) with NO2

−/HONO can serve
as an illustration of redox processes that may occur
between a transition metal complex and nitrite present
in the reaction medium. Apart from the fast reaction
with NO (see Section 3), the FeII(edta) complex was
observed to react with nitrite also [71]. This reaction
occurs on a much slower time scale and leads to the
formation of FeII(edta)NO and FeIII(edta) as the final
products, as shown in reaction (17).

2FeII(edta)+NO2
−+2H+

�FeIII(edta)+FeII(edta)NO+H2O (17)

Detailed kinetic studies on the FeII(edta)/NO2
−/

HONO system revealed that the process observed oc-
curs along two different reaction routes (viz.
pseudo-first and pseudo-zero order in FeII(edta) con-
tent). The mechanism which accounts for the mixed
order dependence and the observed reaction products
consists of the reactions presented in Scheme 11 for the
zero- and first-order paths, respectively.

The contribution of the different reaction paths and,
in particular, the observed reaction rates strongly de-
pend on pH and the total nitrite concentration, and can
be accounted for in terms of the overall rate equation
given in reaction (18).

-d[Fe(edta)]/dt=2ka[HONO]2+2kb[Fe(edta)][HONO]
(18) Scheme 12.



M. Wolak, R. �an Eldik / Coordination Chemistry Re�iews 230 (2002) 263–282 281

Table 9
Values of pseudo-zero- and pseudo-first-order rate constants for the
reaction of FeII(edta) and Cbl(II) with HONO and NO as a function
of pH

Fe(edta)+HONOpH Cbl(II)+HONO
2ka[HONO]2 2kb[HONO] 2ka[HONO]2

(M s−1) b(s−1) a(M s−1) a

4.4×10−4 �10−76.1 �10−7

3.5×10−34.7×10−7 1.1×10−65.1
4.2 4.3×10−5 5.9×10−2 5.4×10−5

4.3×10−1 8.3×10−47.5×10−43.4

pH Cbl(II)+NO cFe(edta)+NO
konkon

6.4×108 M−1 s−12.4×108 M−1 s−1 d5.0
5.3×108 M−1 s−13.6 �1×108 M−1 s−1 e

a [NO2
−]total=0.01 M, 25 °C (Ref. [71]).

b Values calculated for [NO2
−]total=0.01 M from ka determined

experimentally at pH 4 (Ref. [54]).
c Data from Ref. [54].
d Data from Ref. [24].
e Data from Ref. [83].

radical. Finally, higher nitrogen oxides and NO2
−/

HONO can interfere with reactions of NO in aqueous
solution and, in general, cause oxidation of M(L)H2O.
We thoroughly believe that further mechanistic investi-
gations on the interaction of NO with other metal
complexes and bio-relevant systems will contribute to
an understanding of the biological behaviour and func-
tions of this important molecule in even more complex
systems.
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