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Aims and Scope

The series Structure and Bonding publishes critical reviews on topics of research

concerned with chemical structure and bonding. The scope of the series spans the

entire Periodic Table and addresses structure and bonding issues associated with all of

the elements. It also focuses attention on new and developing areas of modern

structural and theoretical chemistry such as nanostructures, molecular electronics,

designed molecular solids, surfaces, metal clusters and supramolecular structures.

Physical and spectroscopic techniques used to determine, examine and model struc-

tures fall within the purview of Structure and Bonding to the extent that the focus is on
the scientific results obtained and not on specialist information concerning the

techniques themselves. Issues associated with the development of bonding models

and generalizations that illuminate the reactivity pathways and rates of chemical

processes are also relevant

The individual volumes in the series are thematic. The goal of each volume is to give

the reader, whether at a university or in industry, a comprehensive overview of an area

where new insights are emerging that are of interest to a larger scientific audience.

Thus each review within the volume critically surveys one aspect of that topic and

places it within the context of the volume as a whole. The most significant develop-

ments of the last 5 to 10 years should be presented using selected examples to illustrate

the principles discussed. A description of the physical basis of the experimental

techniques that have been used to provide the primary data may also be appropriate,

if it has not been covered in detail elsewhere. The coverage need not be exhaustive in

data, but should rather be conceptual, concentrating on the new principles being

developed that will allow the reader, who is not a specialist in the area covered, to

understand the data presented. Discussion of possible future research directions in the

area is welcomed.

Review articles for the individual volumes are invited by the volume editors.

In references Structure and Bonding is abbreviated Struct Bond and is cited as a

journal.
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Preface

Volumes 153 and 154 of Structure and Bonding have been devoted to nitrosyl

complexes of the transition metals and their implications to catalysis, biochemistry

and medicine. It is surprising that this topic has not been the subject of previous

volumes of Structure and Bonding since their structural and chemical properties

have attracted great interest from coordination and organometallic chemists. In the

1960s and 1970s the renaissance of coordination chemistry led to the detailed study

of nitrosyl complexes and the emergence of new spectroscopic and structural

techniques defined the metrics of nitric oxide when coordinated to transition metals

and established that unlike CO and CN- NO adopted alternative coordination

geometries with transition metals. This ambivalence caused some interest and

controversy in the inorganic community, but the research was considered to be of

academic rather than practical importance. However, the discovery in the 1980s

that NO played a very important role as a messenger molecule in biology provided

the impetus for the widespread resurgence of interest in this molecule and its

coordination chemistry. NO is produced in vivo by the nitric oxide synthase

(NOS) family of enzymes and plays a key role in the nerve-signal transreduction,

vasodilation, blood clotting and immune response by white blood cells. In these

biological processes the coordination of nitric oxide to metal centres is crucial and

therefore their detailed study is essential for an understanding of nitric oxide’s

functions at the molecular level. These volumes provide contemporary reviews of

these important developments by leading experts in the field.

The first volume starts with an introductory chapter by myself on “Historical

Introduction to Nitrosyl Complexes” recounts the discovery of nitric oxide and its

complexes and serves as a general broad introduction to the two volumes. This is

followed by a pair of chapters by Dr. Hanna Lewandowska on the “Coordination

Chemistry of Nitrosyls and Its Biological Implications” and the “Spectroscopic

Characterization of Nitrosyl Complexes.” A comprehensive overview is presented

of the biologically relevant coordination chemistry of nitrosyls and its biochemical

consequences in the first chapter. Representative classes of metal nitrosyls are

introduced along with the structural and bonding aspects that may have
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consequences for the biological function of these complexes. The biological targets

and functions of nitrogen (II) oxide are also introduced. The second chapter reviews

structural and spectroscopic data and provides descriptions of the spectroscopic

characteristics of nitrosyl complexes. The results of IR, Raman, UV–Vis, EPR

Mössbauer, magnetic circular dichroism, NRVS, X-ray absorption spectroscopy are

reviewed and conclusions concerning the structure and reactivities of nitrosyls are

summarised. The study of nitrosyl complexes has not only had implications for

biology but also homogeneous catalysis and Professor Heinz Berke and

Dr. Yangfeng Jiang have reviewed recent developments in this field in the chapter

entitled “Nitrosyl Complexes in Homogeneous Catalysis.” The ability of nitric

oxide to coordinate in a flexible fashion has considerable implications for lowering

the kinetic barriers of reactions of organic molecules at metal centres and Berke and

Jiang give many examples of this charactristic.

Cellular actions are coordinated by sending signals to each other. This intercel-

lular signalling is achieved by using neurotransmitters. Molecules which behave as

neurotransmitters are compounds produced by neurons and stored in vesicles until

stimulation of the neurons triggers their release. They bind to specific membrane

receptors in a neighbouring cell to produce a physiological effect. ‘Gasotransmit-

ters’ are a group of small gaseous molecules that exhibit a similar signalling

function in the body but through a different mechanism. They function without

receptors because they are freely permeable to cell membranes. The molecule must

be produced within the body for a specific biological function. Three gasotransmit-

ter molecules have been proposed – nitric oxide, carbon monoxide and hydrogen

sulphide. They modulate cellular functions by influencing a range of intercellular

signalling processes. The significance of this discovery was recognised by the

award of the 1998 Nobel Prize for physiology to Murad, Furchgott and Ignarro

for the discovery of the endogenous production of NO. In addition to the three

accepted gasotransmitter molecules, recent reports suggest that the small gaseous

sulphur dioxide molecule may also play a gasotransmitter role within the body, and

other gases such as carbonyl sulphide and nitrous oxide have been suggested for

investigation. Therefore the second volume highlights general electronic features of

ambivalent molecules and the specific role of nitric oxide in biology and medicine.

The second volume also starts with an introductory chapter by myself on

“Ambivalent Lewis Acid/Bases with Symmetry Signatures and Isolobal Analo-

gies.” This review emphasises that the nitric oxide belongs to an important class of

ambivalent molecules which have the potential to act as messenger molecules in

biology. The ambivalence of ligands may also have implications for understanding

intermediates in nitrogen fixation processes. The subclass also encompasses ambi-

philic molecules such as SO2 and I2. Professor Lijuan Li has contributed a chapter

on “Synthesis of Nitrosyl Complexes” which reviews the synthesis of dinitrosyl

complexes, particularly of iron, which are relevant to understanding their important

biological role. Professors Peter Ford et al. have reviewed the photochemistry and

reactivities of nitrosyl complexes in their chapter entitled “Mechanisms of NO

Reactions Mediated by Biologically Relevant Metal Centres.” They illustrate how

understanding the basic coordination chemistry of nitric oxide is so important for
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understanding its biological role. They discuss the applications of both thermal and

photochemical methodologies for investigating such reactions which provide quan-

titative data on fundamental reactions involving NO. Professor William Tolman

and Deborah Salmon have reviewed “Synthetic Models of Copper Nitrosyl Species

Proposed as Intermediates in Biological Denitrification” and thereby emphasise

that iron is not the only metal which is important in defining the role of NO in

biology. Professor Robert Scheidt and Nicolai Lehnert have contributed much to

our understanding of the structures of porphyrin nitrosyl complexes over the last

40 years and the bonding of nitric oxide to transition metals and their chapter with

Dr. Mathew Wolf on “Heme Nitrosyl Structures” summarises our current under-

standing of the geometric and electronic structures of ferrous and ferric heme-

nitrosyls. In detail and in-depth correlations are made between these properties and

the reactivities of these biologically important complexes. The second volume

finishes with a very timely chapter on the “Medical Applications of Solid Nitrosyl

Complexes” by Professors Russell Morris and Phoebe Allan. They review endoge-

nous production and biological effects of nitric oxide before discussing the exoge-

nous dosage of nitric oxide as a medical device. They summarise recent research

work on chemical donors, e.g. polymers, porous materials, particularly zeolites and

metal-organic frameworks, as delivery vessels for NO.

Those of us who are old enough to remember performing the “brown-ring test”

in qualitative inorganic chemistry practical exams will realise that the subject has

come a long way in the last 50 years. There is, however, still much to learn about the

biological and catalytic implications of the fascinating NO molecule and I am sure

that future generations will realise its potential through interdisciplinary studies.

Oxford, UK D. Michael P. Mingos

June 2013
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Ambivalent Lewis Acid/Bases with Symmetry

Signatures and Isolobal Analogies

D. Michael P. Mingos

Abstract This review proposes that the nitric oxide belongs to an important

subclass of ambivalent molecules, which includes transition metals and main

group molecules (or ions). The subclass encompasses ambiphilic molecules such

as SO2 and I2, a range of ligands with nitrogen or oxygen donor atoms and some

transition metal complexes in low oxidation states. Adducts of these ambivalent

molecules display geometric signatures, which reflect the number of electrons

which they formally donate or accept. A frontier molecular orbital analysis is

presented which rationalises the observed geometric preferences. The symmetry
signaturesmay be observed at the ligand, at the metal or at the ligand and the metal

simultaneously. The geometric changes associated with transition metal complexes

may be interpreted using the Complementary Spherical Electron Density Model.
Bringing together a significant and important group of ligands with ambivalent
symmetry signatures provides the opportunity for developing a deeper understand-
ing of their biological and catalytic functions and provides a more detailed

understanding of their chemical similarities and differences.

The isolobal analogy has been widely used to provide bridges between

coordination, organometallic and organic chemistry and between main group and

transition metal polyhedral molecules. In this review it is extended to highlight

important analogies between nitrosyl and related ligands. Detailed DFT molecular

orbital calculations on some specific examples are used to highlight the basis of the

isolobal analogy and its limitations.
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DFT Density functional theory
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dppm Bis(diphenylphosphino)methane

EAN Effective atomic number

Et Ethyl

Me Methyl

Mes Mesityl 2,4,6-trimethylphenyl (not methanesulphonyl)

Ph Phenyl

Pr Propyl

i-Pr Isopropyl

Tol 4-Methylphenyl

VSEPR Valence Shell Electron Pair Repulsion (Theory)

1 Introduction

Since the discovery that nitric oxide plays many roles in biology, there has been an

exponential growth of interest in its biochemistry and the study of nitrosyl transition

metal complexes and particularly biomimetic complexes of iron and copper. It has
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also renewed interest in a range of small molecules such as SO2, H2S, CO, COS and

N2O which may also function as neurotransmitter molecules in biology [1, 2]. The

biological role of these gasotransmitters is in many cases dependent on their basic

coordination chemistries with transition metals. Their ability to coordinate to

transition metals with specific and variable geometries can trigger what at first

seem to be subtle effects, but which result in important changes at the molecular

level for biology. Small changes in the effective size of the metal (via spin changes)

may be amplified into large changes in the protein environment which may result in

important allosteric effects. Similarly, relatively small changes in trans influences
of a ligand bound to a metal may result in major geometric changes between the

protein and the metal. The modulation of the redox properties of the metallo-protein

can also dramatically influence the rates of reaction involving the protein and

substrate. All or some of these effects are crucially important if the ligands are to

function effectively and exclude other competing substrates. Consequently it is

important to understand those factors which enable ligands to alter their geometries

on coordination to transition metals. The aim of this chapter is to emphasise that

nitric oxide belongs to a wider group of ligands which have alternative geometric

signatures and electron-donating properties. These are described as ambivalent
ligands with symmetry signatures. Seeking patterns in their common properties

may lead to a more general understanding of the geometries and strengths of

interactions between the signalling molecules and metal sites in metallo-proteins

and the use of complexes containing these ligands in homogeneous catalysis.

The initial Lewis bond description of Werner coordination complexes was based

on the assumption that the ligand is an electron pair donor to the Lewis acidic metal

cation. As coordination chemistry has developed, it has become increasingly clear

that the metal–ligand bond types cover the whole range of possibilities shown in 1.

Ambivalent Lewis Acid/Bases with Symmetry Signatures and Isolobal Analogies 3



The Pauling electronegativities of the transition metals range from 1.5 to 1.9

(first row) and 1.3 to 2.54 (third row) and may be compared with the following

electronegativities for common ligands: H (2.20), CH3 (2.31), CN (3.32), NH2

(2.47) and OH (2.82) [3]. The earlier transition metals are significantly less electro-

negative than these ligands and therefore the bond descriptions on the left-hand side

are an appropriate starting point for an initial description of the bond. The later

transition metals have electronegativities, which are comparable to H, CH3 and

NH2 and consequently the bonding approximates more closely to either a homopo-

lar description, or indeed for a boron or aluminium Lewis acid adducts, then the

polar covalent bond shown on the right-hand side may represent a more appropriate

starting point. The completely ionic description of the bond on the far right-hand

side is only achieved for an alkali metal salt of a metal carbonyl anion.

Of course a completely rigorous description of the polarity of the bond may only

be obtained by sophisticated molecular orbital calculations or spectroscopic/X-ray

diffraction measurements which are able to accurately plot the electron distribution

in the bond. This electron distribution is influenced by the oxidation state of the

metal and the electronic properties of the spectator ligands attached to the metal. An

electron pair bond persists across most of the spectrum of bond types illustrated, but

its electron distribution is asymmetric and concentrates towards the more electro-

negative atom. The oxidation formalism for transition metal complexes is based

on the left-hand side of the bond descriptions given in 1 and reflects the higher

electronegativities of common ligands compared to the transition metals. There are

situations, however, where the presence of strong π-acceptor spectator ligands may

cause a reversal of the bond polarity. For example, for metal carbonyl hydride

complexes, their acidic properties suggest that the protonic representation shown

below may be an equally valid starting point for describing the bonding. The

alternative representations are associated with the different formal oxidation states

for the metals shown in 2, i.e. Co(I) and Co(�I). This remains an artefact of the

formalism and is the consequence of a very clumsy way of representing a redistri-

bution of electron density. However, if the two alternative oxidation states (and

their associated d electron counts) are accompanied by different geometries, the

observed structure may give circumstantial evidence regarding the polarity of the

metal–hydrogen bond.

The other feature, which has become more apparent as the subject has devel-

oped, is that the metal–ligand bond may have multiple bond character resulting

4 D.M.P. Mingos



from overlap between orbitals of π symmetry on the ligand with d orbitals with

matching symmetries (usually dxz and dyz). Pauling [4–6] was the first to recognise

that a ligand such as CO is able to function within its complexes simultaneously

as a Lewis acid and Lewis base, by virtue of the synergic bonding interactions

[5]. These synergic interactions involve complementary σ and π orbitals on the

ligand and metal and the point group symmetry of the adduct remains unaffected by

the relative contributions of the forward and back donation components, although

the relative lengths of the M–C and C–O bonds do vary according to the relative

contributions of the components. The relative contributions of forward and back

donation components can change the partial charges on the metal and ligand and

thereby influence the reactivities of the complexes. This flexibility has been used to

tune the ability of complexes to function as Lewis acids or bases by changing the

oxidation state, coordination number, steric effects and the donor/acceptor

properties of the spectator ligands [7].

The earlier transition metals which have empty d orbitals of π symmetry are

capable of accepting electron pairs from filled π orbitals of π-donor ligands,

e.g. N3� and O2� [8–10]. Therefore, multiple bonding between ligand and metal

is a general feature of complexes of transition metals with π-acid and π-donor
ligands and has been supported by numerous structural and theoretical studies [7],

although there have been differing views regarding the actual strength of multiple

bonding and the assignment of formal oxidation states in the complexes.

The great majority of organometallic complexes of transition metals may be

brought within the context of the effective atomic number rule (EAN), and this

results from the consensus which has been achieved for defining the number of

electrons donated by most ligands [7]. For simple innocent π-acid ligands, e.g. CO,
the electron count is defined by the number of electrons in the σ-donor orbital (2),
whereas for π-donor ligands, e.g. NR, the electron count needs to take into account

the contribution from filled σ- and π-donor orbitals, and the EAN count depends in

part on whether the metal has an empty orbital available to accept the electron pairs.

This discussion underlines the complexity of the bonding in metal complexes!

In the 1960s, C K Jørgensen introduced the term innocent and non-innocent ligands
to draw attention to these ambiguities [11–16]. A non-innocent ligands is one for

which there is an ambiguity in its electron-donating properties. It may also have

implications for assigning the formal oxidation state of the metal. Nitric oxide

represents a pertinent example of a non-innocent ligand, and as the previous

chapters have indicated, its coordination to metals results in different localised

geometries and local point group symmetries, i.e. linear, intermediate and bent. The
oxidation state ambiguities for NO as a non-innocent ligand led Feltham and

Enemark [17] to propose a widely adopted and cited notation, which made no

assumptions concerning the formal charge on the ligand or the metal. In Volume

154, I indicated the problems which have arisen from this notation and proposed an

alternative formalism for describing the geometric complexities of nitrosyl

complexes based on the EAN rule [18].

Ambivalent Lewis Acid/Bases with Symmetry Signatures and Isolobal Analogies 5



In this chapter I wish to draw attention to the fact that NO is not unique in this

regard and it belongs to an important group of ambivalent Lewis acid/bases with
symmetry signatures and this phenomenon is controlled in large measure by the

symmetries and nodal characteristics of their frontier orbitals. These ligands are

described as ambivalent because they are capable of formally donating alternative

numbers of electrons to Lewis acids. 3–5 illustrate alternative geometries shown by

NO, SO2 and I2 in transition metal complexes and as described below these

differences may be related to the donor/acceptor properties of these molecules.

Other ligands which may be described as ambivalent are illustrated in Fig. 1

[7–10]. All these ligands have two things in common – they adopt alternative

metal–ligand geometries and have different electron-donating capabilities. The

alternative geometries therefore represent symmetry signatures (C1v for linear

MNO and Cs for bent MNO) for these ambivalent ligands.

The bonding in these complexes may be analysed using the Walsh diagram

methodology described in the previous volume and the detailed geometries for

complexes of these ligands may be accurately calculated using DFT procedures

[19–28]. The purpose of this review is not to analyse the bonding in specific

examples of these ligands and their complexes, but to draw together some general

conclusions which bring together the common characteristics of ambivalent ligands

and their geometric signatures.

The reader will now be familiar with the view that NO may behave as either as a

three-electron donor (3a) in linear complexes or a one-electron donor in bent

complexes (3b) [29]. Other ligands which exhibit related ambivalent symmetry

signatures are summarised in Table 1. NR2, N2R and NCR2 also are capable of

behaving as three- or one-electron donors and exhibit symmetry signatures analo-

gous to those described previously for NO. In N2R complexes the R group does not

lie on the MNN rotation axis and therefore the alternative geometries are commonly

described as bent and double bent. The N2R ligand is also capable of bonding in a

π fashion (η2) and this additional feature will be discussed in more detail below. A

large number of ketimine, NCR2, complexes have been structurally determined and

the statistical pattern is very similar to that noted in the previous chapter for NO,

i.e. the great majority are linear and the remainder have intermediate (140–160�)
and bent (110–140�) geometries. For odd electron donors we shall avoid the
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complications which result from designating them as L+ and L� by formally and

consistently using the neutral form of the ligand and no attempt is made to designate

a formal oxidation state to the metal [7, 29]. Instead the new notation emphasises

only the total electron count in the molecule. Numerous DFT calculations on

complexes of the ligands given in Table 1 [19–28] have underlined the validity of

the electroneutrality principle and therefore this seems the most reasonable approx-

imate starting point for describing the bonding in classical Lewis electron pair

bonding representations. The table also provides examples of ambivalent ligands

which donate either four or two electrons. The alkoxy ligand, OR, is particularly

flexible and is capable of donating five, three or one electron. O2 and the isoelec-

tronic RNO are not strictly ambivalent because in the bent and the η2 geometries

they donate the same number of electrons formally, although they certainly have

different symmetry signatures. They have been added for completeness sake and

will be discussed later. For NH2 and NR2 the planar geometry is invariably the

geometry observed even for complexes of the later transition metals. Amido

complexes of the later transition metals are highly nucleophilic and their interesting

reactions with organic molecules have been studied by Bergman, Hartwig and

Fig. 1 Ligands with symmetry signatures (shown as neutral ligands)
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Gladysz [26, 30–33]. The related phosphido-arsenido ligands exhibit a wider range

of geometries.

There is a smaller group of ambivalent ligands in Table 1 which are classified as

two- or zero-electron donors. Of course a zero-electron donor is no longer a Lewis

base, but a Lewis acid and therefore such ligands are ambiphilic. An ambiphilic

molecule is one which is capable of forming adducts with either a Lewis base or a

Lewis acid [4, 6]. The iodine molecule is not a very well-studied ligand, but it

shows linear and bent geometries (see 5a and 5b), whereas SO2 exhibits planar 4a

(point group C2v) and non-planar 4b (point group Cs) geometries. SO2 and I2
represent examples of ambiphilic molecules and in the Lewis notation this is

represented by a reversal of the dative bond arrow in 4a and 4b and 5a and 5b.

They have been included in the table because they show symmetry signatures

closely related to those described for other ligands in the table and ambiphilicity

and ambivalency are clearly closely interrelated. For example, if we had started our

analysis based on NO+ rather than NO, then the linear and bent geometries could be

described as manifestations of this ligand acting as a Lewis base or a Lewis acid,

i.e. being ambiphilic. Indeed the first structurally characterised example of a bent

nitrosyl ligand originated from the reaction of NO+ with a square-planar iridium

(I) complex [29]. The ambivalent ligands in Table 1 which donate either three or

Table 1 Summary of the electron-donating capabilities of ambivalent ligands with symmetry

signature

Ligand M–L geometric description (descriptor) Electron donation

NO Linear (l ) (180–160�) Three electrons

NO Bent (b) (100–140�) One electron

NR2(PR2) Non-planar (np) One electron

NR2(PR2) Planar ( p) Three electrons

NCR2 Linear (l ) Three electrons

NCR2 Bent (b) One electron

N2R Singly bent (sb) Three electrons

N2R Doubly bent (db) One electron

N2R π bonded (η2) Three electrons

NR Linear (l ) Four electrons

NR Bent (b) Two electrons

NOR Linear (l ) Four electrons

NOR Bent (b) Two electrons

OR Bent (b) One or three electrons

OR Linear (l ) Five electrons

SO2 Planar ( p) Two electrons

SO2 Non-planar (np) Zero electron

I2 Bent (b) Two electrons

I2 Linear (l ) Zero electron

O2 Bent (b) Two electrons

O2 π bonded (η2) Two electrons

RNO Bent Two electrons

RNO π bonded (η2) Two electrons
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one electron may also be described as ambiphilic based on L+ acting as a Lewis

base or acid.

The long list of ligands summarised in Table 1 suggests that the ambivalency is

quite an important characteristic of many small-molecule ligands. The ligands have

the following features in common:

1. The donor atoms have elements from groups 15, 16 and 17 of the periodic table.

The preponderance of these groups is closely related with electronegativity since

the more electronegative atoms are more capable of stabilising the lone pair on

the atom which bends [8–10].

2. The ambivalent characteristic involves a change of formal electron-donating

ability of two electrons, i.e. one or three electrons and two or four electrons.

3. The ambivalence is often associated with the transfer of an electron pair from a

lone pair localised on the ligand to the formation of a dative π bond from the

ligand to the metal, i.e. electrons move in a way that is predictable from Lewis

electron pair bond structures. Electronically this requires an empty orbital on the

metal with π symmetry which accepts the lone pair from the ligand (see Fig. 1).

Interestingly carbene and carbyne complexes do not exhibit ambivalence

because the multiply bonded structures are favoured by effective π-bonding
from the carbon which has a lower electronegativity than nitrogen, oxygen and

fluorine [8–10].

4. The geometries of the coordinated ligand may be understood in terms of the

Valence Shell Electron Pair Theory (VSEPR). The alternative ambivalent

geometries for SF3 shown in Fig. 1 which have been proposed on the basis of

DFT calculations by King et al. [34] demonstrate the validity of this approach for

rationalising the structures of more complex ligands.

The preponderance of ligands with nitrogen donor atoms emphasises that this

phenomenon is not only of importance for understanding the messenger role of

nitric oxide but also of relevance for understanding the enzymatic conversion of

dinitrogen to ammonia. The proposed intermediates in this process are shown in

Fig. 2 [35–37] and many of them also appear in Fig. 1 and Table 1 as examples of

ambivalent ligands albeit with R rather H substituents. Ambivalent ligands also

participate in catalytic reactions involving organic molecules, and their flexible

electron-donating abilities probably contribute to their high activities.

2 Ligands with Symmetry Signatures

2.1 Ambivalent Ligands

The ambivalent ligands listed in Table 1 share in common the ability to form

complexes with a pair or triplet of structures. One of which has a lone pair localised

on the donor atom and in accordance with VSEPR theory the stereochemical
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activity of the lone pair leads to a less symmetrical structure, viz., bent or
non-planar [8–10]. This less symmetrical structure is favoured if the metal has a

filled d orbital of π symmetry which repels the lone pair on the ligand and prevents

the formation of a dative L ! M π bond. Figure 3 illustrates this four-electron

destabilising interaction for an alkylimido complex. If the metal has an empty

d orbital of π symmetry, then a dative L ! M π bond is formed and is associated

with the adoption of a more linear M–N–R geometry. The resonance forms for the

linear four-electron donor are illustrated on the right-hand side of Fig. 3. The figure

also emphasises the close relationship between the ambivalent NR and NO ligands.

Similar considerations apply to the other ambivalent ligands listed in Table 1 and

illustrated in Fig. 1. The successful transfer of an electron pair suggested by Fig. 3

depends primarily on the electronegativity difference between the metal and the

ligand noted in the previous section and the overlap integrals between the ligand

and the metal orbitals. However, in contrast to the main group trio NO2
+ (linear),

NO2 (intermediate) and NO2
� (bent), the geometry depends on the electronic and

steric characteristics of the spectator ligands on the metal and ligand, which are

discussed in more detail below. For example, a strong π-donor trans to the imido or

nitrosyl ligand will provide competition which will limit the extent of donation and

favour a more bent geometry. There is some evidence that nitrosyl porphyrin

complexes, which are expected to be linear, adopt nonlinear geometries when

trans alkylthiolate or phenyl ligands are present [38–40]. In contrast strongly

electron-withdrawing spectator ligands encourage linear geometries [18]. We

have previously proposed a relationship between the ability of spectator ligands

to conform to the EAN rule and the geometry of the nitrosyl ligand.

Figures 4 and 5 provide many specific examples of transition metal complexes of

ambivalent ligands and underscore the widespread occurrence of the ambivalent

signature phenomenon described above. Below each structure, the new notation,

Fig. 2 Proposed intermediates in enzymatic nitrogen fixation [35–37]. Those shown in blue are
potentially ambivalent ligands
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introduced in volume 154 for nitric oxide [ ], has been extended to describe the

geometries and electron counts in these ambivalent complexes [27, 41–53]. For

nitric oxide, it was noted that the M–N–O geometries were not strictly limited to

M–N–O ¼ 180� or 120� and intermediate geometries are also observed. Therefore,

for pragmatic reasons, the following classification was suggested M–N–O

180–160� (linear l ), 160–140� (intermediate i) and 140–110� (bent b) and this has

been extended to the other ambivalent ligands in Table 1 [18]. For triatomic ligands,

the nomenclature planar and non-planar is proposed.

Figure 3 suggests that the donation of a lone pair from the ligand to the metal

depends not only whether an empty orbital is available on the metal but also on the

donor/acceptor properties of the spectator ligands, the hybridisation of the donor

atom, the other substituents on the donor atoms and their steric requirements. In

view of these competing electronic and steric effects, it will come as no surprise that

Fig. 3 Interrelationship between ambivalent forms of the alkylimido and NO ligands [8–10, 18]
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a wide range of bond angles are observed structurally. For example, alkylimido

complexes provide numerous examples of linear, intermediate and bent geometries

[23, 27, 46, 52, 53]. In contrast the corresponding dialkylamido complexes provide

few examples of non-planar geometries even with metals of the later transition

metals. The aryloxy structures (see Fig. 5) provide examples where the M–O–C

angle falls in the intermediate category (between linear and bent) and this is

indicated by i in the new notation. This intermediate angle is consistent with the

aryloxy ligands behaving as either one- or three-electron donors – the notation in

the figure is based on them acting as three-electron donors. The figure also provides

an example of an alkoxy complex of zirconium with an almost linear geometry. The

greater polarity of the metal–ligand bonds and the weaker π-bonding make the EAN

rule less reliable. In addition the presence of several π-donors around the metal may

lead to orbital combinations which do not match the symmetries of the metal

orbitals and therefore remain non-bonding. Such complexes generally have electron

counts which exceed the EAN rule.

Fig. 4 Structures illustrating

the ambivalency of nitrogen

ligands
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Detailed statistical analyses of the structural metrics of ambivalent complexes

have shown that linear complexes generally have shorter metal–ligand bonds than

bent complexes, but the statistical significance of the correlations between M–O–R

and M–N–R bond angles and the M–O and M–N bond lengths is not a strong one.

This reinforces the proposal that there are significant ionic contribution to the

Fig. 5 Structures illustrating the ambivalency of nitrogen and oxygen ligands
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bonding for the more electronegative donors, and steric effects are important,

especially when bulky substituents have been introduced [23, 27, 46, 52, 53].

Figure 5 illustrates some specific examples of complexes of these ligands and a

summary of the geometries and electron counts using the newly proposed notation.

For the aryl and alkyloxy and dialkylamido ligands (see Fig. 5), detailed

calculations have confirmed that the ionic contributions to the bonding, which

also favours a linear geometry, is important. Therefore many of the examples

have either linear (l ) or intermediate i) geometries for alkoxy ligands and planar

for dialkylamido ligands. The ketimine ligands provide examples of both linear (l ),
intermediate i) and bent geometries (b) and Fig. 5 illustrates some linear and bent

examples. Alkylimido complexes show a smaller range of M–N–R bond angles and

the complexes may be classified as linear (l ) or intermediate i). Electronegative
atoms adjacent to nitrogen and the ability to delocalise the electron pair to these

atoms encourage the non-planar or bent geometries.

For the corresponding third-row donor atoms the π-bonding is weaker and the

ionic contributions are smaller and therefore the balance between linear and bent or

planar and non-planar geometries becomes more finely balanced. For example, in

the arylthiolato complex shown in the middle of Fig. 5, the ionic contribution is

smaller and a distinctly bent geometry is observed. Dialkyl and diarylphosphido

ligands similarly show a much wider range of geometries than the corresponding

amido compounds, and the bottom for Fig. 5 provides some specific examples of

planar ( p) and non-planar (np) geometries, which have been observed in molybde-

num, iron and hafnium complexes. Not surprisingly the molybdenum and iron

examples are 18-electron complexes, and the non-planar geometry results in signif-

icantly longer M–P bonds. This may be attributed to reduced metal–ligand

π-bonding. The final example in the figure illustrates the occurrence of planar and

non-planar dialkylphosphido ligands within one hafnium complex and the inter-

change of planar and non-planar is sufficiently fast on the NMR timescale to have

been confirmed using 31P NMR studies. This represents an example of valence
tautomerism analogous to that observed in complexes with linear and bent nitrosyls

in the previous volume.

The series of tetrahedral compounds OsOn(NBu
t)4�n may be classified as

follows in the new notation: {L3M(NBut) l}18, {L2M(NBut)2 lb}18, {LM(NBut)3
lbb}20, {M(NBut)4 lbbb}

22. It is not uncommon for high symmetry oxo, nitrido and

imido complexes to exceed the EAN rule when they have high symmetries. The

additional electrons occupy non-bonding orbitals which are localised on the ligands

[21, 22, 26, 28]. This aspect is discussed further in Sect. 3.7. There are also

examples of alkylimido complexes where rather than showing a linear-bent duality

both ligands adopt intermediate geometries [25]. It is also noteworthy that the

amido complexes provide examples of radical species reminiscent of nitrosyl

complexes with 17 and 19 electrons (see middle of Fig. 5 for a specific example).

The use of signature as a description is deliberate and attempts to convey that

the phenomenon cannot be defined in a completely rigorous statistical manner,

because of ambiguities associated with the subtle interplay of steric, π-bonding and
ionic effects, but nonetheless represent a useful portmanteau addition to the
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vocabulary of coordination chemistry. In our daily lives, we recognise that

signatures are very variable in their legibilities, but they nonetheless provide a

unique method of identifying an individual. So an ambivalent signature provides

a unique description, but its detailed analysis depends as always in chemistry on a

balance of competing effects. Also by bringing together a significant and important

group of ligands with ambivalent symmetry signatures, it provides the opportunity
for developing a deeper understanding of their biological and catalytic functions,

which is based on a more detailed understanding of their chemical similarities and

differences.

2.2 Ambiphilic Ligands

Molecules which are able to act as Lewis acids and Lewis bases are described as

ambiphilic. Ligands exhibit ambiphilic properties when they have equally accessi-

ble HOMOs and LUMOs. Examples of ambiphilic ligands include SO2 and I2. Ibers

and Muir [54] and Ibers, Pearson and Hodgson [29] were the first to suggest that the

geometries of SO2 and NO+ adducts of Vaska’s compound, [IrCl(CO)(PPh3)2],

could be rationalised if these ligands were viewed as Lewis acids which accepted an

electron pair from the metal. Kubas, Moody Eller and Ryan[55] and Mingos [56]

widened the scope of SO2 complexes in the 1970s and more recently van Koten

[57, 58] has studied the Lewis acid chemistry of SO2 with platinum (II) square-

planar complexes with pincer ligands. Hoffmann and Rogachev [59] have recently

published a detailed bonding analysis of the alternative bonding modes of I2. They

have described the I2 molecule as a Janus-faced ligand which displays alternative

coordination geometries [59]. I prefer to describe SO2 and I2 as ambiphilic or

ambivalent ligands with symmetry signatures. Ligands, such as SO2 and I2, share

in common a donor orbital (D) which has a sufficiently low ionisation energy to

enable them to donate to a Lewis acid and an acceptor orbital (A) which is

accessible to an electron pair from a Lewis base [55, 56, 60]. According to frontier

molecular orbital theory [61, 62], the nodal characteristics and localisation of the

frontier orbitals determine the preferred donor and acceptor directions for SO2 and

I2. The donor and acceptor orbitals in these ambiphilic ligands are orthogonal to

each other (see Fig. 6) and consequently if the approaching Lewis acid or Lewis

base has only a single acceptor or donor orbital with σ pseudo-symmetry the shapes

of the resultant adducts belong to different point groups. These preferred directions

are indicated by the arrows in Fig. 6.

SO2 functions as a donor using a lone pair-like orbital which is coincident with

the rotation axis of the ligand, whereas I2 has a donor orbital perpendicular to the

rotation axis. When SO2 functions as a donor it forms the higher symmetry planar

adduct, whereas I2 forms the lower symmetry T-shaped adduct (see Fig. 7). This

geometry maximises the donation from the filled π* orbitals of I2, which have their

maximum electron density perpendicular to the molecular axis.
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In localised terms this corresponds to donation from one of the lone pairs of the

I2 molecule. They are illustrated in the Hoffmann and Rogachev paper [59]. When

SO2 functions as a Lewis acid, it forms a non-planar geometry. This geometry

maximises the overlap between the lone pair of the Lewis base and the LUMO of

SO2, which are more localised on S [55, 56, 63–65]. In contrast I2 forms linear

Fig. 6 Frontier orbitals of ambiphilic ligands. The HOMOs are shown on the left and the LUMOs

on the right. Arrows indicate the preferred donor and acceptor directions for a simple Lewis acid

(A) or base (D) based on frontier orbital considerations

Fig. 7 Alternative geometries shown by ambiphilic ligands when they coordinate to an acceptor

or donor with a single orbital of σ symmetry. The point group symmetries of the adducts are also

indicated
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adducts as a result of donation from the lone pair of the Lewis base to the empty σ*

orbital of I2 (see Fig. 6).

For comparative purposes, the donor and acceptor orbitals of NO+ are also

shown in Fig. 6, because in this cationic form it may also be considered as

ambiphilic. In molecular orbital terms, the strikingly different geometries and

point group symmetries of the SO2 and I2 adducts reflect the reversal in the

symmetries of the HOMO and LUMO in these molecules. The structures of their

adducts may also be represented by classical Lewis acid/base dative bond

representations and the geometries follow the predictions of VSEPR theory.

Figure 7 summarises the geometric consequences of these orbital interactions in

adducts of these ambiphilic ligands in simplified Lewis acid/base representations

and gives specific examples. The examples are drawn from main group chemistry

and closely related transition metal examples are shown in Figs. 8 and 9. In these

figures, examples of NO complexes are also included in order to emphasise the

structural similarities between ambivalent and ambiphilic ligands.

There are numerous examples of planar SO2 complexes where SO2 functions

formally as a Lewis base through sulphur, and some typical examples are illustrated

in Fig. 8 [66–68]. The EAN notation is given for each example. Besides the ligand

Fig. 8 Examples of NO and SO2 complexes where the ligand is acting as a Lewis base.

Unfortunately, to date, no analogous examples of mononuclear I2 complexes have been reported,

but the polymeric silver complex clearly shows the ability of I2 to function as a Lewis base

[69]. Main group analogues are shown below each example
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geometry, the number of spectator ligands is indicated, and the total electron count

is calculated using the data in Table 1. The cyclopentadienyl ligand is regarded for

these purposes as occupying three coordination sites [7]. It is noteworthy that all the

examples given for SO2 and NO obey the 18-electron rule. Figure 3 illustrates

specific examples of iodine acting as a ligand and the resultant bent geometry leads

to a Ag+ zigzag polymer with 14-electron counts at each metal centre [69]. Linear

geometries are very common for Ag+. Hoffmann and Rogachev have discussed in

detail examples of compounds where I2 functions as a Lewis base to rhodium

acetate metal–metal bonded dimers, where the ligand donates to the antibonding

Rh–Rh antibonding σ* orbital [59].

Figure 9 shows a series of related square-pyramidal NO+, SO2 and I2 adducts

which have been derived from square-planar d8 complexes, which function as

Lewis bases through their filled dz2 orbitals. The pincer ligands stabilise the

square-planar Lewis base geometry relative to alternative trigonal-bipyramidal-

based ML4 geometries and this preference has been used to great effect by van

Koten [57, 58]. All the examples in Fig. 9 have an EAN count of 16. The new

proposed notation emphasises the changes in geometry for the NO (linear ! bent),

SO2 (planar ! non-planar) and I2 (bent ! linear) and these geometric changes

may be interpreted using simple extensions of the frontier orbital arguments

summarised in Fig. 6.

The energy differences between the isomeric forms showing alternative symmetry

signatures are calculated by DFT calculations to be small (<5 kcal mol�1) (see

references [63–65] for specific DFT calculations on SO2 complexes) but may be

Fig. 9 Examples of square-planar d8 complexes acting as Lewis bases towards NO+, SO2 and I2.

Main group analogues are shown below each example
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greater in complexes with sterically rigid spectator ligands or where hydrogen

bonding effects may stabilise one of the isomers, e.g. in a biological pocket. The

subtlety of the electronic factors discriminating between two geometries is

underlined by comparing the closely related complexes of nickel and platinum in

6–8. The nickel complexes have planar (p) SO2 geometries, whereas the platinum

complexes have pyramidal (np) geometries [66–68]. The notations given under 6–8

emphasise the formal electronic relationships between the ambivalent ligands, since

the planar SO2 nickel complexes have 18-electron counts, whereas the non-planar

SO2 platinum compounds have 16 and 14 electron counts, respectively. The point

group symmetries at the metals in the pairs of compounds are identical, but the

P–M–P bond angles in 9 are larger than those in 8. This distortion occurs towards the

linear 14 electron geometries observed in R3P–Pt–PR3. Similarly 7 shows a distortion

towards trigonal 16 electron (ideal angle S–Pt–P 90�) for Pt(PPh3)3.

A comparison of SO2 (7 and 9) and related NO (10 and 11) complexes suggests

that the barrier for converting SO2 from planar to non-planar is smaller than that for

converting linear to bent NO. The mononitrosyl has a symmetry imposed M–N–O

bond angle of 180o and the dinitrosyl has Ir–N–O ¼ 164� [70, 71], whereas the

corresponding angle between the SO2 plane and the Pt–S vector is approximately

120� in both complexes [55, 66–68]. This conclusion has been supported by

calculations by Kubas, Moody and Ryan [55, 67] who have related the difference

to the smaller HOMO–LUMO gap in SO2.
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2.3 Ambiphilic and Ambivalent Metal Complexes

Recently great interest has been shown in the coordination of Lewis acid ligands

such as AlCl3, BR3, and SnX4 (and their organo-derivatives) to low oxidation state

transition metal complexes of the later transition metals [72–75]. The majority of

these Z-type ligands (Green/Parkin notation) [7, 76, 77] function exclusively as

Lewis acids and as Parkin has pointed out do not display the geometric changes

characteristic of SO2 and NO+ and I2 [76, 77]. The complexes of these Lewis acids

with platinum (0) and gold (I) accept an electron pair in an empty pz orbital or

a σ-bonding M–X orbital, e.g. SnX4 [72]. In the latter example a three-centre

four-electron bond results (see Fig. 10). These ligands function simply as Lewis

acids and are not ambiphilic, because they do not also have a filled donor orbital

localised on the central atom. Consequently, their point group symmetries do not

show the symmetry signatures noted above for ambivalent and ambiphilic ligands

[58, 59]. Interestingly, the transition metal centres are ambiphilic in these examples,

but only in some examples do they show the symmetry signatures similar to those

noted above for NO, SO2 and I2.

The Complementary Spherical Electron Density Model (CSEDM) [78–81]

provides an interesting insight into the origins of the symmetry signatures for

ambiphilic molecules of both transition metal and main group donors and acceptors.

This model has drawn attention to an important, but not widely appreciated,

difference between main group and transition metal stereochemistries. For main

group molecules the stereochemistries are controlled by the number of electron

pairs provided by the ligands and the lone pairs on the central atom and this

generalisation is enshrined in the VSEPR theory. For transition metal complexes

which obey the EAN rule lone pairs associated with d shell electron pairs are

stereochemically non-active, whereas electron pair holes in 16 and 14 complexes

are stereochemically active. CSEDM has thereby provided some broad

generalisations for rationalising the geometries of closed shell and coordinately

unsaturated organometallic complexes [80] and the conclusions are relevant for

understanding the symmetry signatures in ambiphilic metal complexes.

Specifically CSEDMmakes an important distinction between d10 complexes and

those with partially filled d shells. All the d10 examples shown in 6–11 are

Fig. 10 Examples of

σ-acceptor Z-type ligands
with typical transition metal

donor complexes
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ambiphilic at the metal centre, but do not display the symmetry signatures analo-

gous to those discussed above for NO+, SO2 and I2. In trigonal and linear d10

complexes, the pairs of donor and acceptor orbitals no longer have orthogonal

symmetries (unlike SO2 and I2), but have the same symmetry properties with

respect to the donor/acceptor direction (see Fig. 11). The Lewis basicity results

from donation from a filled dz2 orbital and the acceptor orbital is the empty pz
orbital, i.e. both have pseudo-σ symmetry along the direction of the Lewis acid or

base as shown in Fig. 11. Consequently the point group symmetries of these trigonal

and linear complexes do not change when they switch their function from Lewis

acids to Lewis bases, but they distort in a symmetrical fashion with the ligands

moving symmetrically away from the incoming Lewis acid or base (see 6–11 for

specific examples). The extent of distortion mirrors the strength of the Lewis acid/

base interaction and in general when they function as Lewis acids the bonding is

stronger and the distortions away from the parent geometries are larger.

Low oxidation complexes of transition metals form complexes with H and

AuPPh3 which have structures which are difficult to classify unambiguously as to

whether they are complexes of H� or H+ (or AuPPh3). If the hydrogen ligand

occupies a regular coordination site, then it may be classified as a complex of H�,
and it thereby follows the conventional Werner picture for a coordination complex,

e.g. octahedral (OC)5Mn–H or (OC)5Mn–AuPPh3. However, other examples show

Fig. 11 Frontier orbitals of some d8 and d10 ambiphilic metal fragments
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distortion anion, which suggest that the bonding is more approximate to a

protonated (or aurated) complex of metal carbonyl or phosphine. Figure 12

provides some specific examples of tetrahedral d10 complexes where the metals

appear to be functioning as Lewis bases by donation from a donor orbital which

points along the threefold axis of the tetrahedron [82–84].

For complexes with partially filled d shells, the geometry is sensitive to whether

the incoming ligand is functioning primarily as a Lewis acid or a Lewis base. In d8

complexes, the ML4 fragment functions as a more effective donor if the geometry is

square planar and the incoming Lewis acid approaches along the z-axis in order to

maximise the overlap with this orbital. However, it functions more effectively as a

Lewis acid if the ML4 geometry is related to a trigonal bipyramid and has an

unoccupied dz2 orbital if the Lewis base approaches along the threefold axis and a

mixture of dz2 and dx2�y2 if it approaches along the twofold axis [85–87]. Hoffmann,

Mingos and their co-workers analysed these geometric preferences for d8 five-

coordinate nitrosyl complexes nearly 40 years ago [86, 87].

[Os(OH)(NO)2(PPh3)2]
+ (12) and [OsCl(NO)2(PPh3)2]

+ (13) differ only in the

replacement of OH by Cl, but they have dramatically different geometries. Crystal-

lographic determinations have shown that 12 has a square-pyramidal geometry with

an apical bent nitrosyl, whereas 13 has a trigonal-bipyramidal geometry with linear

Fig. 12 Examples of

ambiphilic metal complexes

with other acceptors
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nitrosyls [87–89]. The comparison of 12 and 13 shows that both the nitrosyl and the

ambiphilic metal centre are both showing distinctive symmetry signatures. The
notation given below the structures confirms that 12 and 13 are formally associated

with 16- and 18-electron counts and the empty orbital in the former is

stereochemically active according to CSEDM. The transfer of an electron pair

from the metal to nitrogen creates according to VSEPR a bent geometry at nitrogen

to accommodate a lone pair and the hole which it leaves at the metal centre creates a

square pyramid with a stereochemically active empty orbital at the metal.

This process is represented schematically in Fig. 13 for NO and SO2. Therefore,

complexes of this type provide examples of double symmetry signatures. Following
the designations given in Table 1 for ligands the changes in metal geometry for the

ambiphilic metal complex may also be indicated as follows: {spL3M(NO)2 lb}
16

(12) {tbpL3M(NO)2 ll}18 (13), where sp and tbp represent the square pyramid and

trigonal bipyramid geometries.

The different possible symmetry signatures for ligands and metal complexes

results in the three possibilities summarised in Fig. 14. For the d8 iridium complexes

the complexes undergo a double symmetry switch involving both the ligand and the

metal-coordination sphere. In contrast the related d10 sulphur dioxide complexes

Fig. 13 Summary of stereochemical consequences of a switch of symmetry signatures for NO and

SO2
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involve only a ligand switch. The ruthenium and iron carbonyl complexes at the

bottom of the figure provide an example where geometric changes are not observed

at the group 14 centre, but a dramatic change in geometry from octahedral to

bicapped tetrahedral is observed at the transition metal centre and would be

characterised as a metal-based symmetry signature [84, 90].

Fig. 14 Examples of double and single symmetry signatures in complexes where the metal and

the ligand are both ambiphilic
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Although the alternative structural formulae in Fig. 14 have been shown with

dative bonds changing direction they may also be drawn with dative bonds pointing

exclusively towards the metal in both examples if the charges on the ligands and the

metal change by two units. Specifically, the NO+/dative bond formalism may be

replaced by an NO+/NO� formalism with both alternatives forming a dative bond to

the metal centre. In terms of formal oxidation states this switch results in a change

in formal oxidation state of +2 at the metal centre, i.e. to compensate for the change

from NO+ to NO�, SO2 to SO2
2�, H+ to H�, GeCl3

+ to GeCl3
�, etc. In the first

example in Fig. 14 iridium(III) changes formally to iridium(I) as a consequence of

the straightening of the nitrosyl ligand. In the second example, the group 10 metal

changes formal oxidation state from 0 to +2. If several ligands are involved, e.g. the

third example in Fig. 9, the change in oxidation state doubles for each successive

ligand, and this results in a change of formal oxidation state from +2 to �2. It

should be noted that in these circumstances this may lead to unusual and indeed in

some cases unreasonable oxidation states, and for this reason we have consistently

used only the dative bond notation. Hill and Parkin have discussed the complexities

of these oxidation state formalism in some detail [58, 59]. The new notation

introduced above removes the necessity of assigning formal oxidation states since

it is based on the total number of electrons in the complex and a symmetry

designator for the ligand. The Pauling electroneutrality principle [5] works well

in these complexes, and none of these formal oxidation state formalisms approxi-

mate to the calculated charge distributions in these complexes, and therefore, we

favour a notation which only specifies the total electron count in the molecule.

2.4 Valence Tautomerism

The symmetry signatures of ambidentate and ambiphilic ligands may lead to

a dynamic switching process if the energy separation between two isomeric

structures has similar energies. Solution and solid-state 15N NMR in combination

with infrared studies of 15N-enriched isotopomers have proved particularly

useful for studying dynamic processes involving linear and bent nitrosyls

[87, 91–93]. Solid-state nmr studies have established that the linear and bent

nitrosyls in molecules related to 12 do not exchange in the solid state. In solution

it has been suggested that the square-pyramidal isomer with linear and bent

nitrosyls is in equilibrium with a trigonal-bipyramidal isomer with essentially linear

nitrosyls as shown in Fig. 15 [87, 91–93]. Both complexes occur in solution as a

mixture of square-pyramidal and trigonal-bipyramidal forms (73% and 27% for

ruthenium and<50% and>50% for osmium) and undergo a rapid fluxional process

which makes the linear and bent forms equivalent on the nmr timescale (see

Fig. 15). The interconversion does not occur through a Berry pseudo-rotation

involving the intermediate trigonal-bipyramidal complex, but more likely via a

turnstile mechanism involving the two nitrosyls and the chloride as shown in

Fig. 15 [87–89].
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Valence tautomerism has also been observed in alkylimido complexes which

have linear and bent geometries within the same molecule, e.g. [OsO2(NBu
t)2], and

the molecules are fluxional on the nmr timescale with an activation energy less than

5 kcal mol�1. The diphosphido complexes of hafnium [Hf(η-C5H5)2(PR2)2] (see

Fig. 5) have both planar and non-planar phosphido ligands (R ¼ Et) in the solid

state. For R ¼ Cy two 31P signals are observed at low temperatures, and they

coalesce at higher temperatures indicting a valence tautomerism similar to that

described above. The calculated activation energy is approximately 6 kcal mol�1.

Analogous arsenido complexes are known and a molybdenum complex undergoes a

similar planar–non-planar valence tautomerism.

2.5 π-Bonded Alternative Geometries

In the foregoing discussion the emphasis has been placed on the two most charac-

teristic geometries for complexes of the ambivalent ligands, but it is also necessary

to draw attention to an additional possibility. Coppens [94, 95] has demonstrated

that nitrosyl and sulphur dioxide complexes have metastable states which may be

generated photochemically and structurally defined by X-ray crystallography.

These studies have shown that η2 geometries are only a few kcal mol�1 less stable

than the linear and planar geometries for NO and SO2 (14). And (15) provide

specific examples of the compounds they structurally characterised. The general

Fig. 15 The dynamic processes which have been proposed to account for the 15N NMR spectra of

[MCl(NO)2(PPh3)2]
+ M ¼ Ru or Os
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point to make is that ambivalent ligands are not limited to only two symmetry

signatures and alternative geometries may be favoured, particularly if the metal

fragment functions effectively as a π-donor rather than as a σ-donor. Ambivalent

metal centres which follow the frontier orbital analysis shown in Figs. 6, 10 and 11

require low oxidation states and high d electron counts which ensure that the filled

dz2 orbital is occupied and has a low ionisation energy. 16 and 17 illustrate this

orbital for d8 square-planar and square-pyramidal geometries and indicate that good

σ-donors in the equatorial plane make the metal atom more basic and for the square

pyramid a good σ-donor along the axis is particularly effective because it is strongly
antibonding in this direction. However, other metal fragments are good π-donors
and the frontier orbital analysis has to be modified. For example, angular ML2 d

10

and ML4 d
8 C2v fragments are particularly good π-donors (see (18) and (19)) and

this favours a π interaction with the LUMO of the ligand acceptor orbital as shown

in Fig. 6. Ryan and co-workers have reported a number of examples of η2 complexes

of SO2 [60], but to date there are no examples of η2 complexes of NO, but a

structural determination of the native enzyme in Alcaligenes faecalis [96, 97] has

suggested the presence of a side on nitrosyl.
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2.6 Summary

The discussion above has drawn together a wide range of ligands which are capable

of coordinating to transition metals with alternative geometries. These geometries

have been described as symmetry signatures and attributed primarily to the ambiv-

alent and ambiphilic electronic properties of these ligands. A frontier molecular

orbital analysis rationalises the geometric preferences, but it is noteworthy that

ionic and steric effects also contribute to the observed solid-state geometries. The

symmetry signatures may be observed only at the ligand, at the metal, or at both the

ligand and the metal. The review has described specific examples of this behaviour

and the general geometric principles are summarised in Fig. 14. Interestingly the

diazenido and dioxygen complexes also show η2 geometries, which have been

discussed above in the context of η2 SO2 complexes. These are particularly

favoured when the metal centre has filled π orbitals which may function as effective

donors. It is noteworthy that King has recently reported DFT calculations on SF3
complexes of transition metals where the SF3 ligand displays symmetry signatures

which resemble those described in this paper. The calculations suggest triplet states

on the metal rather than the singlet states described in the complexes described

herein [34].

There are of course chemical implications associated with the ambivalent/

ambiphilic behaviour and we note that Berke [98, 99] has recently reviewed the

catalytic implications of the linear-bent transformations in nitrosyl complexes. The

occurrence of double signature processes described above involves the creation of

a lone pair on the main group ligand, which is accompanied by the creation of a

16-electron centre at the metal, and this has chemical implications for reactivity,

fluxionality and the catalytic behaviour of ambidentate and ambiphilic complexes.

Since the symmetry signatures indicate the occurrence of a simultaneous creation of

a lone pair on the ligand and a 16-electron metal centre, this suggests the internal

creation of a frustrated Lewis acid/base pair [100–102]. The large trans influence
differences associated with the ambidentate bonding modes of ligands such as NO

also have significant biological and chemical implications.

Organometallic π-bonded ligands are capable of decreasing their hapticity and

thereby creating an empty orbital on the metal centre. Therefore they are closely
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related to the ambivalent ligands described above. The difference lies in the fact

that for organic unsaturated ligands, double bonds rather than lone pairs are created

in the lower symmetry geometry (see 20 and 21). These changes may be controlled

by the symmetries of the metal fragments and the substituents on the organic ligand.

They have also been proposed as intermediates in ligand substitution reactions at

the metal centre. In complexes which contain both ambivalent inorganic ligands

and π-bonded ligands, there are opportunities for exploring their relative tendencies
to adopt lower symmetry geometries and the possibility valence tautomerism

involving both types of ligands [80].

3 Isolobal Analogies for Nitrosyl Complexes

3.1 Introduction

The synergic bonding interactions between CN�, CO and NO+ and transition metal

fragments result in three bonding (σ and π) and three antibonding (σ* and π*)
molecular orbitals and maximum stabilisation is achieved for six valence electrons.

For such complexes the isolobal analogy [103–106] may be used to identify related

groups of main group and transition fragments which have matching frontier

orbitals. Some isolobal main group and metal fragments, which also have three

outpointing orbitals occupied by three electrons, are summarised in Table 2 and

illustrated in Fig. 16.

The isolobal analogy has proved to be a very useful concept for uniting large

areas of inorganic and organometallic chemistry and highlighting important

similarities between main group and transition metal chemistry and organic and

inorganic chemistry [103–106]. Indeed the previous section on ambiphilic ligands

has shown the close similarities in the structures of adducts of SO2 and I2 with main

group and transition metal fragments, without explicitly stating that the isolobal
analogy underpinned the similarities.

The left-hand side of Fig. 17 illustrates the frontier orbitals of metal fragments

with 6–3 spectator ligands located along the equator or below the equator.
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The symmetrical partial coordination polyhedral may be described by analogy with

cluster compounds as nido. Specifically they are based on pentagonal-bipyramidal,

octahedral, trigonal-bipyramidal and tetrahedral polyhedral minus an axial vertex.

They all share an empty frontier orbital pointing towards the missing vertex and a

pair of dxz, dyz orbitals, occupied by three electrons, which symmetry match

σ(NO) and π*(NO) to form three stable molecular orbitals occupied by six

electrons. For the three coordinate conical fragment the frontier orbitals are dp

hybrids rather than pure d orbitals [103–106]. The frontier orbitals of the isolobalM
(η-C5H5) fragment are very similar to those of the conical M(CO)3 fragment [104].

Figure 19 gives generalised molecular orbital interaction diagrams for compara-

ble nitrido and nitrosyl transition metal complexes [107]. This emphasises the

Table 2 Examples of isolobal main group and transition metal fragments

Main group Transition metal Geometry

NO, NS N, P, As M(S2CNR2)3 Pentagonal pyramid

PS, AsS O+ [Fe(NH3)5]
3+ C4v octahedral

N2R CR� NR+ [RuCl5]
2� C4v octahedral

Mn(CO)4 Trigonal bipyramid eq.

[IrH(PPh3)3]
+ Trigonal bipyramid axial

Ni(η-C5H5)

[Co(CO)3]

C5v symmetry

C3v pyramid

[Ir(PPh3)3] C3v pyramid

Fig. 16 Isolobal analogies for nitrosyl, nitrido and related complexes

30 D.M.P. Mingos



similarity in the three bonding (σ and π) and three antibonding (σ* and π*) orbitals
which are the major contributors to the bonding between the metal and the nitrido

and nitrosyl ligands. They form the basis of the triple bond description favoured

by Gray and Parkin if the bonding orbitals are occupied by six electrons

[108–110]. The formation of multiple bonds by both ligands leads to their classifi-

cation as strong field ligands and in general their coordination to transition metals

Fig. 17 Transition metal fragments which are isolobal with nitrosyl and nitrido on the left-hand
side and F on the right-hand side. Specific examples of complexes derived from the isolobal
analogy are given below the energy diagrams
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leads to low-spin complexes. This property is particularly significant for under-

standing the changes in magnetic properties of biologically active metal complexes.

There are significant differences in the localisation of the bonding and antibond-

ing orbitals which reflect the energies of the frontier orbitals of N and NO shown on

the right-hand side of Fig. 19. For the nitrido complexes, the bonding molecular

orbitals are localised more on the nitrogen which leads to a larger negative charge

on the ligand in 18 electron nitrido complexes compared to nitrosyls (see Sect. 3.2

for more details). For nitrosyl complexes the bonding orbitals are localised more on

the metal than the nitrosyl ligand (see bottom of Fig. 19). Differences in the

Fig. 18 Examples of isolobal nitrosyl, carbyne and nitrido complexes
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localisation of the electron density in the π-bonding orbitals are exaggerated in the

designation of formal oxidation states in the two types of complex. Specifically

assigning the four electrons in Nx,y + dxz,yz exclusively to nitrogen in the nitrido

complex leads to N3� and a formal metal oxidation state of 3+ in MLn(N), whereas

if they are assigned to the metal in dxz,yz + NOx,y in the nitrosyl, the formal

oxidation state is �1 in MLn(NO). π*(NO) effectively donates an electron to

dxz,yz + NOx,y, i.e. in the pre-Enemark–Feltham notation [17], it is an NO+ complex.

In the new notation introduced in these volumes of Structure and Bonding the large
difference in oxidation states is not relevant since it depends only on the EAN

count. The formal triple M–X bond described above is also applicable to oxo, linear

carbyne, imido alkoxy and singly bent azenido complexes [8–10]. The EAN rule is

satisfied for all these complexes if the (6 � n) non-bonding orbitals shown in the

figure are fully occupied.

One important difference between isolobal main group and transition metal

fragments is the presence of non-bonding orbitals in the d orbital manifold.

Fig. 19 Generalised molecular orbital diagrams for MLn(N) and MLn(NO)
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These orbitals generally have nodes in the ligand directions. For (n ¼ 6) there are

no non-bonding orbitals, for (n ¼ 5) the non-bonding orbital is dxy, for (n ¼ 4), dxy
and dx2�y2; and for (n ¼ 3), dxy and dx2�y2 and dz2 (which is rendered non-bonding by

the admixture of s orbital character). These orbitals may be depopulated without

significantly affecting the M–X multiple bonding. Octahedral amine and cyano

nitrosyl complexes provide examples of complexes with partially filled

non-bonding orbitals.

The isolobal fragments have not been extended to n ¼ 7 and n ¼ 8 in Fig. 19

because according to the complementary nature of the ligand and metal orbitals,

such coordination geometries no longer have dxz or dyz orbitals for interacting with

π*(NO). The π interactions between dxz, dyz and π*(NO) are so important that eight

(d2) and nine (d0) coordinate nitrosyl complexes are not stable.

The formal triple M–X bond in nitrido, alkylimido and oxo complexes is most

commonly observed for metals on the left-hand side of the transition series.

Electrons may occupy the (6 � n) non-bonding orbitals and thereby satisfy the

EAN rule. Additional electrons then must occupy the antibonding metal–ligand

orbitals dxz,yz � Nx,y in Fig. 19. Gray [110] has argued that in tetragonal complexes

the importance of metal-oxo π-bonding leads to an “oxo wall” on the right-hand

side of the transition series which makes the isolation of oxo (and nitrido)

complexes a significant synthetic challenge. To find complexes beyond this wall

reduced coordination numbers and geometries are required. Wilkinson’s

[IrO(mesityl)3] (d
4 – 16 electron) and Hillhouse’s two-coordinate imido complexes

were cited as examples of complexes which overcome the wall by adopting lower

coordination numbers [111, 112]. A corresponding wall exists for nitrosyl

complexes on the left-hand side of the transition series as discussed above.

In order to have six electrons occupying the three strongly bonding orbitals –

dz2+ NOsp and dxz,yz + NOx,y – in Fig. 19 the metal must contribute at least three

electrons. Therefore, metal nitrosyl complexes are very rare for the early transi-

tion metals. (In addition the strong electrophilicity of the early transition metals

may result in the extraction of the oxygen atom from nitric oxide in the attempted

synthesis of nitrosyl complexes of these metals.)

Nitrosyl complexes adhere more faithfully to the EAN rule than the

corresponding nitrido complexes because the additional electrons contributed by

metals in the middle and to the left in the transition series populate the (6 � n)
orbitals shown in Fig. 19. For nitrido complexes additional electrons can only be

accommodated if they occupy the antibonding orbitals and this results in a reduc-

tion of the M–X bond order [109].

In summary the molecular orbital descriptions of nitrido and nitrosyl complexes

are more closely related than the formal oxidation state descriptions would suggest.

In a later section of this review, detailed DFT calculations suggest very similar bond

orders and charge distributions in both classes of complexes. However, there are

also significant differences which lead to a preference for forming nitrido

complexes for the early transition metals and nitrosyl complexes for the later

transition metals. This complementarity suggests that the formation of mixed
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nitrido-nitrosyl complexes may not only lead to the annexation of a larger area of

the transition series for both ligands, but also lead to interesting synergic

interactions between the complementary ligands.

Examples of coordination and organometallic compounds, which illustrate the

wide scope of the isolobal analogy, are shown in Fig. 18. All these examples are

isolobal with NO2
+, N2O and N3

� (16 electron) and share in common with them

linear X–N–O (X ¼ M, O or N) geometries. The compounds in Fig. 18 span a range

of coordination numbers (specifically 7–4) and a wide range of spectator ligands.

They also share in common that they all obey the effective atomic number (EAN)

(8 and 18 electron) rule if NO is categorised as a three-electron donor. To empha-

sise this the examples are accompanied by the notation {LnM(NO)}18, which has

been introduced for transition metal complexes of ambiphilic ligands. The

examples shown also stress that the isolobal analogy also relates NO2
+, N2O and

N3
� to a wide range of carbyne, nitrido, oxo and nitrosyl coordination and organo-

metallic compounds.

3.2 Theoretical Underpinning of the Isolobal Analogy

The isolobal analogy does not however distinguish the relative importance of the

σ and π M–X interactions in related compounds and how they vary across a series.

Recent DFT molecular orbital calculations [24, 25, 113–116] for [Ru(CN)6]
4� and

[Ru(NO)(CN)5]
2�, the ruthenium analogue of Prussian Blue, summarised in

Table 3, provide a means of placing these bonding differences on a more quantita-

tive basis. The eg set of orbitals of [Ru(CN)6]
4� has a slightly lower d orbital

population than [Ru(NO)(CN)5]
2�, suggesting more effective σ-donation from the

lone pair orbital of CN� into these orbitals, and the degeneracy of the t2g set is

removed and the reduced electron population of dxz and dyz in [Ru(NO)(CN)5]
2�

emphasises more effective π-bonding between NO and Ru. The different population

of dxy which by symmetry cannot participate in the π-bonding to NO unlike dxz and

dyz is particularly noteworthy (dxy is the (6 � n) non-bonding orbital in Fig. 19).

The calculated Wiberg indices also confirm strong multiple bonding (see 22).

The isolobal analogy also depends on the formation of strong covalent bonds

between the metal and the nitrosyl and the spectator ligands. For second- and

third-row transition metal nitrosyl complexes, e.g. Ru, described above, this

generalisation holds well.

Table 3 Summary of the

electron populations

(in electrons) of the d orbitals

in [Ru(CN)6]
4� and

[Ru(NO)(CN)5]
2�

d orbital populations [Ru(CN)6]
4� [Ru(NO)(CN)5]

2�

dx2�y2 1.16 1.33

dz2 1.16 1.25

dxy 1.86 1.93

dxz 1.86 1.47

dyz 1.86 1.47
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The DFT calculations are able to reproduce the observed structural details with

reasonable degree of accuracy and 23 and 24 provide a specific example of the

calculated and experimental data [113–116].

DFT calculations may also be used to highlight validity and limitations of the

isolobal analogy [23, 25, 115–120]. For example, calculated bond lengths for

isolobal ruthenium nitrosyl and nitrido complexes show that the multiple bonding

between Ru and N is strong in both complexes and the ruthenium–nitrogen multiple

bonding in the nitrosyl is only marginally weaker than that in the nitrido complex.

The calculated Mulliken charges and overlap populations shown in 27–30 show that

the overall charge on the nitrosyl ligand is �0.37e compared to �0.48e for the

nitrido ligand. Although the formal oxidation states of the metal in the two

complexes are very different (+2) for the nitrosyl and (+6) for the nitrido, the

computed charges are very similar.

Related comparisons are made for [Co(NO)(CO)3] and [CoN(CO)3] in 31–36.

Again the computed bond lengths for related nitrosyl and nitrido complexes both

indicate substantial multiple bond character and the nitrosyl ligand is slightly less

negatively charged, but the difference between nitrosyl and nitrido is significantly

larger. Despite the formal oxidation state difference of the metals of +4 the charges

only differ by 0.29e and are both lower than those in the corresponding ruthenium

compounds and this probably is associated with the π-acceptor properties of the

carbonyl spectator ligands.
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Although it is generally accepted that NO is a poor σ-donor the calculated

Mulliken overlap populations suggest that the σ-bonding makes a negative contri-

bution to the M–N bond in both nitrosyls and nitrido complexes. Whether this is an

artefact of the functional, the Mulliken population analysis or results from overlaps

with internal nodes raise questions. Ghosh has discussed the importance of the

choice of functionals in such complexes [117, 120].
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3.3 Sixteen-Electron Isolobal Analogies

Figure 18 illustrates a wide range of examples of 18-electron complexes based on

the isolobal analogy. There are a substantial number of transition metal complexes

which follow a 16- rather than 18-electron rule and it is no longer appropriate to

relate them directly to main group analogues (i.e. N2O
2+ and NO2

3+), which are not

stable ions. The partial occupation of the non-bonding orbitals shown in Fig. 19

leads to nitrosyl and nitrido complexes with fewer than 18 electrons, and analogies

between isolobal transition metal complexes are instructive (see Fig. 20).

Isoelectronic oxo, imido and carbyne complexes also exist. The 16-electron
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square-pyramidal iron porphyrin nitrosyl complexes have been extensively studied,

particularly by Scheidt and Lehnert [38–40, 121–124], because of their relevance to

the biological role of nitric oxide and their structures are discussed in detail

[121–124]. There also exist a wide range of square-planar and trigonal complexes

which are generally associated with 16 electrons, but they are not as relevant to

understanding the structures of nitrosyl complexes.

3.4 Isolobal Analogies for Bent Nitrosyl Complexes

Bent nitrosyl complexes may also be interpreted using the isolobal analogy.

Specifically, HNO, RNO and FNO with 18 valence electrons represent archetypical

angular (bent) nitroso compounds and therefore transition metal fragments which

reproduce this geometry are isolobal with H�, R� or F�. The relevant transition

metal fragments which are isolobal and pseudo-isoelectronic with H, R or F have a

singly occupied dz2 or spd hybrid orbital which points along the symmetry axis and

is able to pair up with the single electron of π*(NO) (see right-hand side of Fig. 17).
The important point to note from Fig. 17 is that the same MLn fragments may

represent different isolobal analogues according to the population of the frontier

orbitals. In each example, the isolobal analogue requires the addition of two

electrons to the metal’s manifold. The formation of a strong covalent bond is

encouraged by good overlap between dz2 and σ(NO) and π*(NO) and is enhanced

by strongly donating spectator ligands which lower its ionisation energy. The

fragments shown in Fig. 17 are capable of being isolobal with X if the dxz and dyz
orbital pair is completely occupied and a single electron resides in dz2. The fragments

which are isolobal with F are associated with an additional electron pair which ends

Fig. 20 Isolobal 16-electron nitrido and nitrosyl complexes
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up in an orbital which resembles a lone pair in F–N–O, but which has significant

contributions also from dz2 and dxz. One component of the π-bonding involving dyz
and π*(NO) is retained in the bent geometry and consequently bent M–N–O

complexes retain some multiple bond character and this is reflected in the M–N

bond lengths. The M–N(O) bond lengths in the following series of tetraphenyl-

porphyrin complexes illustrate the loss of multiple bond character as the nitrosyl

bends: {L4Mn(NO) l}18 Mn–N 1.644 Å
´
(Mn–N–O 176�), {L4Fe(NO) i}

19/17Fe–N

1.717 Å
´
(Fe–N–O 149o), {L4Co(NO) b}

18 Co–N 1.837 Å
´
(Mn–N–O 125o) [125].

Specific examples of {LnM(NO) b}18 bent nitrosyl complexes, which are

isolobal with FNO, are illustrated in Fig. 21. Figure 21 also gives some examples

of {LnM(NO) b}16 complexes which appear to conform to the 18-electron rule if

NO acts as a 3-electron donor, but which have bent nitrosyls, suggesting that one of

the electron pairs is localised mainly on nitrogen and thereby relating them to the

{M(NO)}16 complexes illustrated in Fig. 20. These complexes generally have

tetragonal symmetries and consequently the isolation of these complexes is

favoured by rigid porphyrin-like ligands [121–124] and pincer ligands [125]

which encourage tetragonal-planar geometries.

Fig. 21 Metal complexes isolobal with NOF
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3.5 Isolobal 19-Electron Complexes

The isolobal analogy has related NO2
+ and NO2

� to linear and bent transition metal

nitrosyl complexes. The intermediate NO2, a radical with 17 valence electrons, is

electronically related to these two charged species and has an intermediate bond

angle (134�) and it is possible to identify a series of isolobal transition metal

complexes. Examples of octahedral complexes are illustrated in Fig. 22 and in

the new notation they are defined as {L5M(NO) i}17/19.
The compounds shown have intermediate M–N–O bond angles lying between

139 and 159�, i.e. neither linear nor bent and not dissimilar to that observed in NO2

(134�). All these transition metal examples have one unpaired electron. A series of

related five-coordinate square-pyramidal complexes is shown in Fig. 23. It is

noteworthy that these {L4 M(NO)}17 complexes have M–N–O bond angles much

closer to 180� than the related octahedral complexes and consequently are

designated as l or i. They are also paramagnetic (single unpaired electron) and

EPR studies on [Fe(NO)(porphyrin)] confirm the lack of axial symmetry (gx 6¼ gy
6¼ gz) and the spin density residing primarily in dz2 , but the nitrogen hyperfine

splitting confirms some localisation on N [123–127]. Comparison of the structures

in Figs. 22 and 23 confirms that the presence of the trans ligand results in a more

bent geometry. The bottom of Fig. 23 shows a simple orbital picture which

rationalises this observation. In these complexes there is a three-electron

Fig. 22 19-Electron metal complexes which are isolobal with NO2
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two-centre interaction between the “lone pair orbital” on N and the dxz orbital which

hinders the adoption of a linear geometry. The antibonding character of this

interaction is reduced by mixing with dz2 because for the bent geometry these two

metal orbitals have the same symmetry. For the square pyramid the absence of a

trans ligand reduces the antibonding character of dz2 and permits the M–N–O

geometry to become more linear than in the corresponding octahedral complex.

Fig. 23 17-Electron complexes isolobal with NO2
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3.6 Trans-Influences in Isolobal Complexes

The discussion above has emphasised important similarities between nitric oxide

and other ligands capable of forming triple bonds to transition metals. These

ligands, however, have very different trans influences and effects. Trans influence
is a ground-state effect which is detected crystallographically or spectroscopically

by bond lengthening or weakening effects on the ligand trans to the specified

ligand. A trans effect is a kinetic phenomenon whereby the trans ligand is labilised
differentially by the specified ligand. The trans influence and effect do not neces-

sarily correlate, but if the nucleophilic substitution reaction is dissociative, then

generally ligands which have a high trans influence also exert a strong trans effect,
because the bond weakening effect reduces the activation energy for ligand disso-

ciation [126, 127].

Coe and Glenwright [128] have proposed the following generalisations regard-

ing trans influences for transition metal complexes:

Very large (>0.2 A
��
): SiR3, NO (bent), N, O, S, RC

Large (0.1–0.2 A
��
) H, R, alkenyl, Ph, RCO, N2R (double bent)

Moderate (<0.1 A
��
) CO, Cn, CNR, alkynyl, NO2, NS and NO (linear)

The isolobal nitrido, oxo and alkyl (or aryl) imido ligands have a large trans
influence, but linear nitrosyls do not. In contrast bent nitrosyls and double-bent

diazenido ligands exert a large trans influence in octahedral complexes. The origins

of the different trans influences for linear and bent nitrosyls were first interpreted

within a framework of molecular orbital theory by Mingos in 1973

[85, 129–134]. Specifically it was shown that the bending of the nitrosyl ligand in

[Co(NH3)5(NO)]
2+ results in a lengthening of the Co–NH3 bond trans to NO by

0.09 Å
´

when compared to the cis-Co–NH3 bonds [135]. The relevant Walsh

diagrams and the importance of the metal dz2 orbital in creating the trans influence
are discussed more fully in other chapters. The biological significance of the larger

trans influence of NO compared to CO and NO was first recognised in 1976 by

Perutz and co-workers [131] who interpreted differences in changes of the quater-

nary structures of haemoglobin adducts of carbonyl, nitrosyl and dioxygen ligands.

In model octahedral tetraphenylporphyrin complexes of Mn and Fe with

4-methylpyridine trans to NO, the Mn–N bond length is 2.20 Å
´
(Mn–N–O linear;

{L4M(NO) l}16), and this lengthens to 2.40 Å
´
in the corresponding Fe complex

(Fe–N–O ¼ 142�;{L4M(NO) i}17), underlining the fact that a significant trans
influence also occurs for complexes with intermediate-bent geometries.

When the physiological and biological significance of NO as a signalling

molecule was recognised in the 1980s, the reactions between NO and biological

molecules with Fe(II) porphyrin cores took on a special importance. Specifically

Traylor and Sharma [136] have proposed a mechanism for sGC (soluble guanylyl

cyclase) activation by NO [137, 138]. Guanylyl cyclase is a heme enzyme with an
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[FeII(protoporphyrin IX)] at its core with an open axial distal coordination site and a

histidine nitrogen occupies the proximal site. Coordination of NO to the heme

centre gives an {L5M(NO)}19 complex that weakens the histidine–iron bond and

results in changes in protein conformation that greatly activates the enzyme (see

Figs. 22 and 23) [137, 138].

The electronic origins of the very different trans influences of nitrido and linear

nitrosyl ligands were first examined using DFT molecular orbital calculations in

1995 by Lyne and Mingos [25, 115, 116, 118]. Specifically calculations were

reported on [Ru(NO)Cl5]
2�, [Ru(N)Cl5]

2� and [Os(N)Cl4]
�. These calculations

explored the steric and electronic effects in these complexes and established that

the electronic effects underlying the large trans influence in the nitrido complex

were intimately connected with the bending of the cis-chloro ligands away from

the nitrogen atom. It is apparent from 37 to 39 that in the nitrido complex 38, the

lengthening of the trans-M–Cl is associated with the increase in the N–Os–Cl angle

from 90� to 96� which strengthens the Os–N multiple bonding (see 40 and 41). This

distortion does not occur in the corresponding nitrosyl complex 37, because the

M–NO dz2 + Nsp and dxz,yz + Nx,y molecular orbitals are less localised on N (see

Fig. 16) and the back donation effects which strengthen the M–N bond simulta-

neously weaken the N–O bond (see 42 and 43).

Kaltsoyannis and Mountford [20, 26, 28] have reported DFT calculations on

titanium imido complexes and have suggested that 25% of the trans influence in

these complexes is related to bending distortion observed in osmium nitrido

complexes and 75% to direct electronic effects involving antibonding interactions

between the trans chloride and the titanium atom. Lyne and Mingos have reported

the effect of d electron configurations on the trans influence in d0 and d2 molybde-

num and tungsten imido complexes, where the phosphine spectator ligands play an

important role [25].
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3.7 Isolobal Poly(Nitrosyls) and Poly-Nitrido-Oxo and Imido
Complexes

The discussion above has focussed on isolobal complexes containing few nitrosyl

and nitrido ligands, but it is also important to consider the bonding implications for

complexes with several of these ligands. It is significant to note an important

difference between complexes containing several nitrosyl or carbonyl ligands and

complexes which contain several nitrido or oxo ligands. The former adhere to the

EAN rule irrespective of the number of π-acceptor ligands, whereas the latter

diverge increasingly from the EAN rule as the number of π-donor ligands increases.
For example, the homoleptic complexes Cr(NO)4 and Cr(CO)6 both have

18 electrons, whereas OsO4 and [OsO4(OH)2]
2� have 24 and 30 electrons, respec-

tively. The generalised molecular orbital diagram in Fig. 19 emphasised the impor-

tant role of the non-bonding metal d orbitals in metal nitrosyl and nitrido

complexes. In homoleptic complexes with π-acid ligands the ligand π* orbitals

remain unoccupied, but in complexes with π-donor ligands, the ligand π orbitals are
occupied, and when n > 3 then it is important to consider non-bonding LCAOs

Ambivalent Lewis Acid/Bases with Symmetry Signatures and Isolobal Analogies 45



localised on the ligand. In MLn where L is an axially symmetric π-donor ligand,
there are 2n linear combinations generated from the px,y orbitals of N, O, etc., and

some of these do not have the nodal and symmetry properties to overlap with the

metal nd, (n + 1)s and (n + 1)p orbitals. The Complementary Spherical Electron

Density Model [78, 79, 81, 139, 140] has provided an analysis of the tensor surface

harmonic functions generated in such MLn complexes and the conclusions are

summarised in Table 4. The number of non-matching LCAOs increases from

1 for trigonal ML3 complexes to 6 for octahedral ML6 complexes. Occupation of

these orbitals leads to valence electron counts which exceed that required by the

EAN rule. Figure 24 provides examples of complexes with π-donor ligands and

contrasts them with complexes with π-acceptor ligands which generally obey the

EAN rule [8–10, 19–23, 27, 48, 141–146].

3.8 Summary

The analysis presented above has indicated that it is possible to relate the

geometries and electron counts of a large number of transition metal nitrosyl

complexes to NO2
+, NO2 and NO2

� by utilising isolobal analogies. The definition
of the frontier orbitals of the metal and ligand fragments provides a very flexible

basis for relating a wide range of complexes. DFT calculations have provided a

basis for confirming the basis of the isolobal analogies and have highlighted

important differences between the ligands. Of particular note is the larger trans

Table 4 Symmetries of ligand-based orbitals in MLn complexes

MLn geometry

π-ligand LCAOs

match d and p

π-ligand LCAOs do not

match d and p�
No of additional

electrons

n ¼ 3 D3h symmetry a2
00, e0, e00 a2

00
4

n ¼ 4 Td symmetry t2, e t1 6

n ¼ 4 D4h symmetry eg,eu,b2g,a2u a2g,b1u 4

n ¼ 6 Oh symmetry t1u, t2g t1g, t2u 12
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influence of nitrido and alkylimido ligands compared to linear nitrosyl. The high

trans influence of intermediate and bent nitrosyls is significant not only from a

chemical point of view, but appears to be essential for the biological function

of NO.
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Fig. 24 Comparison of π-donor and π-acceptor complexes. The methoxy ligand may be viewed as

a three- or five-electron donor
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The Preparation, Structural Characteristics,

and Physical Chemical Properties

of Metal-Nitrosyl Complexes

Lauren R. Holloway and Lijuan Li

Abstract The preparation and characterization of a representative group of novel

non-heme metal nitrosyl complexes that have been synthesized over the last decade

are discussed here. Their structures are examined and classified based on metal

type, the number of metal centers present, and the type of ligand that is coordinated

with the metal. The ligands can be phosphorus, nitrogen, or sulfur based (with a few

exceptions) and can vary depending on the presence of chelation, intermolecular

forces, or the presence of other ligands. Structural and bonding characteristics are

summarized and examples of reactivity regarding nitrosyl ligands are given. Some

of the relevant physical chemical properties of these complexes, including IR, EPR,

NMR, UV–vis, cyclic voltammetry, and X-ray crystallography are examined.

Keywords Dinitrosyl iron complex � Iron sulfur cluster � Metal nitrosyl �
Nitric oxide
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1 Introduction

Metal nitrosyl complexes are classified as having at least one nitric oxide group

attached to a transition metal atom. The synthesis and study of these molecules

began in the mid-1960s and have increased exponentially since the 1990s because

of the discovery that nitric oxide can be used within the body for smooth muscle

relaxation, tumor regulation, and long-term memory formation [1–3].

There are many different types of metal nitrosyl complexes. Homoleptic nitrosyl

complexes containing only a metal atom and nitric oxide groups are very rare [4].

The majority of metal nitrosyl complexes contain two nitric oxide groups and are

known as dinitrosyl complexes. However, mononitrosyl complexes are numerous and

sometimes represent the products of nitric oxide transfer reactions of their precursor,

dinitrosyl complexes. Examples of trinitrosyl complexes are very rare, but do exist.

The majority of known nitrosyl complexes have simple structures consisting of a

single metal core, but some have several metal atoms in a cluster arrangement. Nearly

all metal nitrosyl complexes also have one or more organic ligand molecules of

varying size, shape, and donor/acceptor properties. The type of ligand present and

the coordination of the ligand to the metal center ultimately define the overall

characteristics of the complex.

It has been reported that these complexes exhibit properties that make them

useful for pharmaceutical and biological applications; the most useful of these is the

storage and transport of nitric oxide [5, 6]. Many recently synthesized complexes

demonstrate the ability to deliver NO and a few are currently being used to treat

common ailments such as high blood pressure. It is predicted that these nitrosyl

complexes can have more complex biological implications, including aiding in

long-term memory formation, fighting infection, and treating cancer.

Although this subject has been frequently and comprehensively reviewed

[7–11], this review describes a selection of representative metal nitrosyl complexes

synthesized during the last decade or so. The representative compounds are chosen

in order to give a wide array of structures, including different metal center type,

different ligand type and structure, and better synthetic procedures. The synthetic

methods, structural characteristics, and spectroscopic properties of those selected

complexes are described in detail, while structures similar to those mentioned here

are cited but not necessarily discussed. Organometallic metal nitrosyl complexes

are minimally discussed with a few examples relating to the reactivity of nitric

oxide at transition-metal centers. Work on heme nitrosyls is not discussed, as this

subject is the focus of another chapter.

54 L.R. Holloway and L. Li



2 Dinitrosyl Complexes Containing a Single Metal Center

Dinitrosyl complexes with single transition metal center are commonly represented

with a general formula of M(NO)2(L)2 and are known to possess tetrahedral

geometry. Recently, these dinitrosyl units have been detected within living tissues

under a wide range of conditions, including inflammatory responses [12]. The

[M(NO)2] unit has also been shown to bind to proteins containing cysteine residues

and can be formed when a protein with a coordinated iron atom reacts with

gaseous nitric oxide [13–15]. These dinitrosyl iron complexes have a nickname

of “g ¼ 2.03 species” and are also referred to as non-heme iron nitrosyls

in biological systems. Thus, nowadays, dinitrosyl metal complexes are often

synthesized with ligands containing sulfur, nitrogen, phosphorus, or oxygen

atoms with an ultimate goal of mimicking biological non-heme iron nitrosyls.

2.1 Dicarbonyldinitrosyl Iron

The most common starting material used to synthesize dinitrosyl metal complexes is

dicarbonyldinitrosyl iron (DDI). This useful starting material has been synthesized

through several different procedures starting in the early 1930s. Some of the different

methods included a simple acidification of nitrate ion and Fe(CO)5, or pyrolysis of Hg

[Fe(CO)3NO]2, the second of which is only suitable for small amounts of material

[16]. Another method involves reacting Fe3(CO)12 or Fe2(CO)9 with nitric oxide [17].

One of the more common procedures for making DDI involves placing a stoichio-

metric ratio of iron pentacarbonyl and nitrosyl chloride in a stainless steel bomb. This

container is sealed and allowed to sit at room temperature for approximately 24 h

before cooling to �196�C. Carbon monoxide, the ubiquitous by-product of these

reactions, is then pumped off. The contents of the container are distilled under reduced

vacuum pressure into a trap cooled to a temperature of �78�C. Analysis by vapor

phase chromatography shows that the red liquid collected in the trap is approximately

65% dicarbonyldinitrosyl iron and 35% iron pentacarbonyl [18]. It was found that

when the ratio of iron pentacarbonyl to nitrosyl chloride exceeded 1:2, no appreciable

amount of dicarbonyldinitrosyl iron is produced.

The most recent method for synthesizing and collecting dicarbonyldinitrosyl

iron involves a reaction between iron pentacarbonyl and sodium nitrite and is a

slightly modified version of a previously published procedure [19]. The reactions,

shown in Eqs. (1) and (2), illustrate the two-step process that occurs. A three-

necked round bottom flask is equipped with a condenser column, a nitrogen inlet,

and a pressure equalized dropping funnel. The flask is filled with 50 ml of degassed

water, 6.0 g sodium nitrite, and 10.0 g sodium hydroxide. Once all of the reactants

are dissolved, 5.0 ml of iron pentacarbonyl is injected into the flask. The reaction

mixture is refluxed for 3 h with stirring under a gentle nitrogen flow. After the

reaction is complete, the temperature is reduced to 30–40�C and a stream of
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nitrogen is passed through the system, into two traps containing approximately 20 g

of calcium chloride, and another two traps cooled to �78�C using an acetone/dry

ice bath. A 75% solution of glacial acetic acid and water is added dropwise from the

dropping funnel. Brown fumes of DDI begin to form and are collected in the cold

trap. A reaction of this scale can be expected to afford up to 60% yield. It is noted

that any reaction involving ironpentacarbonyl as a reactant may have trace amounts

of the material as a contaminant after the reaction has completed.

FeðCOÞ5 þ NaNO2 þ 2NaOH ! Na½FeðCOÞ3NO�
þ COðgÞ" þ Na2CO3 þ H2O (1)

Na½FeðCOÞ3NO� þ NaNO2 þ 2CH3CO2H ! FeðCOÞ2ðNOÞ2 þ COðgÞ"
þ 2Na½CH3CO2� þ H2O (2)

2.2 Phosphorus Based Ligands

One of the first DNIC structures synthesized with phosphine ligands was reported in

the early 1960s. Since then, many new structures have been synthesized that range

from simple derivatives of triphenyl phosphine [20, 21] to more complicated

structures that make use of different metal centers [22–24]. We choose to use the

following examples to illustrate the structures, spectroscopic properties, and

mechanisms of reactions.

Fe(NO)2(CO)(PR3): Several different nitrosyl complexes were synthesized

using phosphine-type ligands PR3, where R ¼ PPh3, OCH3, P(n-Bu)3, PMe2Ph,

PEt2Ph. These compounds are synthesized by reacting a 1:1 ratio of Fe(NO)2(CO)2
with the appropriate phosphine ligand at room temperature for approximately

12–15 h [25, 26]. These carbonyl substitution reactions are slow, requiring a longer

reaction time for the replacement of the first carbonyl and requiring heating at 85�C
for 1–2 days to replace the second carbonyl [27], and is believed to proceed via a

conventional associative mechanism. The FT-IR data of these complexes are listed

in Table 1. The spectrum of the starting material, Fe(NO)2(CO)2, exhibits two

nitrosyl stretches and two carbonyl stretches. Upon replacement of a single

carbonyl moiety by a phosphite or phosphine group, the remaining CO absorbs in

the lower frequency range 1995–2018 cm�1. The two nitrosyl IR stretches in these

complexes also shift to lower wavenumbers. The shifting can be explained by the

fact that phosphorus donor increases the electron density at the iron center, which in

turn enhances the back-bonding from the filled d-orbitals on the metal to the vacant

anti-bonding orbitals of the carbonyl and the nitrosyls, with concomitant weakening

of the C¼O bond as well as the N�O bond. This results in shift of both carbonyl

and the nitrosyl stretches towards lower wavenumbers, in the regions of

~1995–2018 and 1700–1770 cm�1, respectively. The cyclic voltammogram data

for these complexes are listed in Table 2. The family of Fe(NO)2(PR3)(CO)
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compounds shows a quasi-reversible reduction potential E� from �1.96 V to

�2.15 V with large peak-to-peak separations. A correlation between the pKa values

and reduction potentials has been observed. This observation can be qualitatively

rationalized in that with increasing electron density being donated to the iron center,

it is rendered less prone to reduction. A comparison can be made between the

decreasing average IR stretching frequencies for the nitrosyls in Table 1 and the

increasing pKa values in Table 2.

Fe(NO)2[PR3](η2-TCNE): The substitution of the CO group by TCNE is further

accomplished by treating a 1:1 molar ratio of Fe(NO)2(CO)(PR3) with TCNE,

which afforded complexes of Fe(NO)2[PR3](η2-TCNE) (where PR3 ¼ PPh3, 1,

P(OCH3)3, 2, P(n-Bu)3, 3, PMe2Ph, 4, and PEt2Ph, 5) [20]. These reactions typically

Table 1 A list of IR stretching frequencies for the Fe(NO)2(PR3)(CO) family and Fe(NO)2(PR3)

(TCNE) family

Complex

CN stretch

(cm�1)

CO stretch

(cm�1)

NO stretch(es)

(cm�1)

Average NO stretch

(cm�1)

Fe(NO)2(CO)2 – 2090, 2040 1817, 1766

Fe(NO)2(PPh3)(CO) – 2007 1766, 1718

Fe(NO)2(PPh3)

(η2-TCNE), 1
2224 – 1834, 1790

Fe(NO)2[P(OMe3)](CO) – 2018 1770, 1722 1770, 1722

Fe(NO)2[P(OMe)3]

(η2-TCNE), 2
2230

(2233)

– 1843, 1790

(1843, 1797)

1843, 1797

Fe(NO)2[P(n-Bu)3](CO) – (1995)a (1752, 1704) 1752, 1704

Fe(NO)2[P(n-Bu)3]
(η2-TCNE), 3

2229

(2230)

– 1828, 1778

(1824, 1785)

1824, 1785

Fe(NO)2[PMe2Ph](CO) – (2004) (1754, 1708) 1754, 1708

Fe(NO)2[PMe2Ph]

(η2-TCNE), 4
2219

(2226)

1839, 1792

(1830, 1786)

1830, 1786

Fe(NO)2[PEt2Ph](CO) (2004) (1755, 1706) 1755, 1706

Fe(NO)2[PEt2Ph]

(η2-TCNE), 5
2225

(2231)

– 1812, 1755

(1827, 1790)

1827, 1790

aValues shown in parentheses were measured in CH2Cl2 solution

Table 2 Electrochemical potentials for the family of Fe(NO)2(PR3)(TCNE) species vs FeCp2
+/

FeCp2 at scan rate of 100 mV/s and the pKa values for the phosphines and phosphite

Complexes

Epc

(V)

Epa(P)

(V)

E� (ΔE)
(V)

pKa

(Phosphine)

Fe(NO)2[P(OMe)3](η2-TCNE), 2 �0.990 �0.398 2.6

Fe(NO)2[PEt2Ph](η2-TCNE), 5 �1.120 �0.604 6.25

Fe(NO)2[PMe2Ph](η2-TCNE), 4 �1.123 �0.607 6.5

Fe(NO)2[P(n-Bu)3](η2-TCNE), 3 �1.146 �0.652 8.43

Fe(NO)2[P(OMe3)](CO), �1.96 (125 mV) 2.6

Fe(NO)2[PEt2Ph](CO) �2.108 (131 mV) 6.25

Fe(NO)2[PMe2Ph](CO) �2.101 (268 mV) 6.5

Fe(NO)2[P(n-Bu)3](CO) �2.150 (130 mV) 8.43
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occur over 1–2 h at room temperature with yields over 80%. These complexes are

soluble in polar solvents such as CH2Cl2, THF, (CH3)2CO, CH3CN, and MeOH.

However, decomposition occurs after a few hours. They are relatively stable when

stored in the solid state under a nitrogen atmosphere and at low temperatures.

The rapidity of such a substitution reaction is due to the participation of free

radicals, as evidenced by the observation of the intermediates of TCNE� and

Fe(NO)2(PPh3)L
+ (where L may be CO or a coordinated solvent molecule) radicals

using EPR upon mixing of the starting materials. We proposed that the reaction

proceeds via an electron transfer autocatalysis mechanism, through a 17-electron

paramagnetic intermediate as shown in Scheme 1.

The FT-IR data for 1–5 and other related complexes are listed in Table 1. The IR

spectrum shows that the carbonyl stretching band of the CO group disappears during

replacement of the carbonyl group by TCNE. Only one broad cyano stretching

frequency at 2225 cm�1 in both solid state and in solution is visible in the IR spectra.

This gives evidence that the TCNE moiety is in fact π-bonded to the iron. The cyano
stretching frequency is shifted to a lower wavenumber in comparison with the

corresponding stretching frequencies for free TCNE, which can be interpreted in

terms of the efficient back-donation from the filled metal d-orbitals on iron into the

vacant π*-orbital of TCNE. This back-donation results in a weakening of the C�N

bond. X-ray crystal structures for compounds 1 and 2 were obtained, and a represen-

tative ball-and-stick model of structure 2 is shown in Fig. 1. From the crystal data, the

dihedral angle between the plane containing C(1)¼C(2), that is perpendicular to the

Fe–C(1)–C(2) plane and the plane containing C(1)–C(12)–N(12), and C(11)–N(11) is

15.6�. This loss of planarity presumably results from the back-donation of electron

density from the metal to the alkene π* manifold.

The 13C-NMR spectrum of 2 at room temperature showed pairs of cyano peaks

at 113.1 ppm (JC-P ¼ 4.0 Hz) and 113.3 ppm (JC-P ¼ 5.6 Hz), in addition to the

Scheme 1 Mechanism of

the reactions of

Fe(NO)2(CO)(PPR3) with

TCNE showing the electron

transfer autocatalytic

pathway through a

17-electron intermediate
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expected methoxy carbon at 55.3 ppm (JC-P ¼ 6.5 Hz). A very weak peak, due to

relatively long relaxation time, at 29.0 ppm was also observed and was assigned to

the ethylene carbons. Because of coordination to the iron center, the ethylene

carbons are significantly shielded compared to those of free TCNE (112.6 ppm).

This phenomenon was also observed in the 13C NMR spectrum of 1. The crystallo-

graphic data support these observations, especially the lengthening of the C(1)–C

(2) distance in the π-bonded TCNE moiety relative to free TCNE. These chemical

shifts are indicative of significant sp3-character at the olefinic carbons of the

tetracyanoethylene moiety.

A shift of the two nitrosyl peaks to higher frequencies (1750 cm�1 and

1850 cm�1) is also observed. This is explained by the electron-withdrawing effect

of TCNE, which reduces back-bonding, which in turn strengthens the nitrosyl bond.

The magnitude of this high frequency shift completely compensates for the bond

weakening observed on initial incorporation of the phosphine or phosphite moiety.

The average N–O distance in 2 (1.158 Å) is similar to the corresponding values

found in 1 (1.169 Å) and Fe(NO)2(CO)2 (1.171 Å) [28]. This confirms that the

electron-withdrawing effect of the TCNE moiety is sufficient to counteract the

corresponding electron-donating strength of the phosphorus ligand, as compared to

the Fe(NO)2(CO)2 reference.

Upon replacement of the carbonyl by TCNE, the reduction becomes irreversible.

Table 2 lists the reduction potentials,Epc, of complexes 2–5 at a scan rate of 100mV/s.

This reduction has no corresponding oxidation peak, even at a scan rate of 1V/s,which

indicates that the reduction is chemically irreversible at room temperature. Thus, the

radical anion, [Fe(NO)2PR3(η2-TCNE)]�, decomposes rapidly to yield a decomposi-

tion product. The complexes 2–5 (Epc ¼ �0.990 V ~�1.146 V) are harder to reduce

than the free TCNE ligand (E1/2 ¼ �0.207 V) but are easier to reduce than the

Fig. 1 A ball-and-stick

representation of the X-ray

crystal structure of

compound 2
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corresponding carbonyl compound, Fe(NO)2(PR3)(CO) (E
� ¼ �1.96 ~ �2.15 V)

[20]. The coordination of TCNE leads to a shift in the reduction potentials to a more

negative value compared to free TCNE and to a more positive value in comparison

with Fe(NO)2(PR3)(CO). This indicates that the back-bonding from the iron center to

the TCNE ligand is stronger than the characteristic covalent bonding arising from

σ-donation by the TCNE ligand. This back-donation to the TCNE ligand renders the

iron atompartially positive, and thereby easier to reduce. The reduction is presumed to

occur at the iron center rather than on the TCNE ligand since the basicity of the

phosphorus moiety has an impact on the electrochemical behavior of these

compounds.

It is interesting to note that rotation along Fe-TCNE π-bond is restricted on the

NMR time-scale. Variable-temperature 13C NMR spectra were recorded as shown

in Fig. 2. The peaks coalescence at about 70�C and is consistent with an activation

Fig. 2 Variable-temperature
13C-NMR spectra of

structure 1 in CD3CN.

Reprinted from Journal of

Crganometallic Chemistry

Volume 550, A. Horsken,

G. Zheng, M. Stradiotto,

C. T.C. McCrory, L. Li “Iron

Dinitrosyl Complexes of

TCNE: A Synthetic, X-Ray

Crystallographic High Field

NMR and electrochemical

Study.” p 1–9, 1998, with

permission from Elsevier
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energy barrier of 18.1 kcal/mol. This is rather high compared to the published

barriers for the rotation of coordinated olefins, which are typically between 12 and

15 kcal/mol. Clearly, the increased barrier to TCNE rotation is a reflection of the

enhanced back-donation from metal d-orbitals into π* of the alkene.

One crystallographic feature worthy of noting is that the two nitrosyl groups in

2 are nearly linear with angles of 175.1(7)� and 172.6(6)�, while for 1, angles of 178.0
(5)� and 165.8(5)� were observed. The Fe(NO)2 unit is in an “attracto” conformation

in 2 with O–Fe–O and N–Fe–N angles of 116.2� and 120.9�, respectively. “Attracto”
conformations generally favor first row transition-metal dinitrosyls containing

ligands that are good π-acceptors. The reverse conformation (O–M–O > N–M–N)

is called “repulso” and is more common for the second-row and third-row transition

metals [29]. For example, the N–M–N and O–M–O bond angles reported for

M(NO)2(PPh3)2 complex are 139.2� and 142.7� when M ¼ Ru [30, 31] and 139.1�

and 140.6� when M ¼ Os [32]. This is also true for the cationic species,

[M(NO)2(PPh3)2]
+, where the reported N–M–N and O–M–O bond angles are

157.5� and 173.7� for Rh [33] and 154.2� and 167.5� for Ir [21], respectively. Five
coordinated dinitrosyls also fit this correlation, indicating the conformation is an

electronic rather than steric effect [34].

(NO)2FeP~PFe(NO)2: Despite the well-established history of dinuclear bis

(phosphine) complexes in the field of inorganic chemistry, bis(dinitrosyliron)

derivatives of this class are still rare and their properties remain essentially

unexplored with the exception of a few select structures [35, 36]. Depending on

the reaction conditions employed, either linear diiron constructs connected by one

bis(phosphine) linker, (NO)2FeP~PFe(NO)2, or macrocyclic species spanned by

two bridging ligands, [(NO)2Fe]2(P~P)2, can be obtained [35].

Several different compounds including a mononuclear complex, (NO)2FeP–X–P

(X¼ CH2, 6), and several linear diiron species, (NO)2FeP–X–PFe(NO)2 (X¼ CH2, 7,

C�C, 8, (CH2)6, 9, and p-C6H4, 10), could be easily synthesized from

Fe(NO)2(CO)2 via addition of the desired ligand (Scheme 2). From those

compounds, the cyclic structures 11 and 12 can be synthesized. All of these

species are air sensitive and will completely decompose after several hours.

Decomposition occurs at a slower rate and is minimized when the compounds are

stored in a proper degassed solvent or as a pure solid under a nitrogen atmosphere at

ambient temperature.

The conversion of Fe(NO)2(CO)2 into compounds 6–10 and subsequently into 11

or 12 is readily monitored by the use of infrared spectroscopy; selected FT-IR data

are listed in Table 3. The decrease in stretching frequencies observed for the carbonyl

and the two nitrosyl ligands in 6–10, relative to Fe(NO)2(CO)2, is characteristic of

phosphine substituted dinitrosyl iron complexes. In turn, the nitrosyl stretching

frequencies observed for both 11 and 12 appear at even lower wavenumbers. The

macrocyclic DPPM-supported complex, 11, exhibits four distinct IR absorptions

(1733, 1721, 1687, and 1668 cm�1) in the solid state and in solution, possibly arising

from the interaction of the Fe(NO)2 centers, as has been observed in other cyclic

systems [37, 38]. This phenomenon appears to depend on ring size, as the related

ten-membered ring compound, 12, displays only two nitrosyl stretching signals
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(1723 and 1679 cm�1) in both the solid and liquid states. Based on the observed IR

frequencies, the nitrosyl groups are best described as linear donating NO+ fragments

(vide infra). The formation of 6–12 was also followed by the use of NMR spectros-

copy, and each of the dinuclear compounds 7–12 exhibits a single 31P NMR

resonance in the range of 33–57 ppm, consistent with a disubstituted bis(phosphine)

complex.

X-ray crystallographic studies of compounds 7, 8, 11, and 12 were conducted

and the thermal ellipsoid plots of the refined molecular structures of the DPPM

compounds 7 and 11 appear in Figs. 3 and 4, respectively. The iron centers in all

four of the crystallographically characterized compounds possess distorted tetrahe-

dral geometries, a structural feature that is common to dinitrosyliron complexes.

The iron–iron distances in both the linear (7, ~5.2 Å; 8, ~7.6 Å) and macrocyclic

(11, ~4.4 Å; 12, ~7.0 Å) compounds are all significantly longer than the related

distances found in other structurally characterized species that are described as

possessing a metal–metal bond. The crystallographically determined structures of

the linear species, 7 and 8, can be compared with that of [Fe(NO)2Cl]2(μ-DPPE)
(DPPE ¼ 1,2-bis(diphenylphosphino)ethane), where DPPE stands as a single

bridge joining the two metal centers [35].
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Scheme 2 Generalized synthetic pathway to compounds 6–12

Table 3 Nitrosyl and carbonyl IR stretching frequencies for species 6–12 (KBr pellet)

Compound νCO (cm�1) νNO (cm�1)

[Fe(DPPM)(NO)2(CO)], 6 2014, 1994, 2005a 1763, 1720 (s), 1700, 1761,a 1718a

[Fe2(μ-DPPM)(NO)4(CO)2], 7 2005, 2004a 1760, 1719 (s), 1702, 1764,a 1718a

[Fe2(μ-DPPA)(NO)4(CO)2], 8 2020, 2005 1767, 1716

[Fe2(μ-DPPH)(NO)4(CO)2], 9 1999 1755, 1701

[Fe2(μ-DPPB)(NO)4(CO)2], 10 2009, 1999 1760, 1707

[Fe2(μ-DPPM)2(NO)4], 11 – 1733, 1721, 1687, 1668

[Fe2(μ-DPPA)2(NO)4], 12 – 1723, 1679
aMeasured in THF solution
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Despite the range in N–Fe–N angles (115.6� to 126.5�), all eight of the Fe(NO)2
units in compounds 7, 8, 11, and 12 exhibit “attracto” conformations where the

N–Fe–N angle is greater than the > O–Fe–O angle. The observation of contracted

Fe–N distances (~1.64 to ~1.73 Å) and lengthened N–O bonds (~1.16 to ~1.20 Å) in

these complexes indicates significant iron-nitrosyl multiple bond character, arising

due to appreciable back-donation from the iron fragment into the π*-orbital on the

nitrosyl ligand. By comparison, Ray et al. reported crystallographic data for a series

of trigonal bipyramidal, iron nitrosyl complexes, in which the Fe–N(O) and N–O

distances are in the range of ~1.73–1.75 Å and ~1.12–1.15 Å, respectively

[39]. These X-ray structural data and the IR results suggest that the NO units in

7, 8, 11, and 12 function as three-electron donors. Compounds 8 and 12 represent

the first examples of crystallographically characterized species containing the

Fe(NO)2(μ-DPPA).

Fig. 3 An X-ray

crystallographic

representation of species 7

with thermal ellipsoids

drawn at 50%. Hydrogen

atoms are eliminated for

clarity

Fig. 4 An X-ray

crystallographic

representation of species 11

with thermal ellipsoids

drawn at 50%. Hydrogen

atoms are eliminated for

clarity
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2.3 Nitrogen-Based Ligands

Dinitrosyl iron complexes in biological systems have been investigated intensively

by EPR techniques and usually exhibit a characteristic isotropic g-factor of 2.03
[21, 31–43]. Three types of EPR-active “g ¼ 2.03” complexes have been identified

in mammalian ferritins, which have been attributed to iron-nitrosyl complexes with

imidazole groups of histidine, thiol groups of cysteine, and carboxylate groups of

aspartate and glutamate [44]. While there are plenty of examples of in situ charac-

terization by IR or EPR spectroscopy, the isolation and structural determination of

these compounds are both extremely tedious and difficult. It was not until 1994 that

the first “g ¼ 2.03” species, Fe(NO)2(1-MeIm)2, 13, was isolated [45]. Since then,

other structures utilizing ligands pertaining to the imidazole family [46, 47] or

containing metals other than iron [48] have been reported. In this section, the

physical and chemical properties of several well-studied structures are thoroughly

examined. General synthesis steps and some spectroscopic data are given for other

representative compounds in order to demonstrate the array of structures that have

been synthesized so far.

Fe(NO)2(1-MeIm)2: Single crystals of structure 13 suitable for X-ray analysis were

obtained from diethyl ether by mixing a 1:1 ratio of DDI with 1-methylimidazole. The

X-ray crystal structure is shown in Fig. 5. The complex is pseudo-tetrahedral with a d10

iron center. The nitrosyl groups are linear with Fe–N–O angles of 167.5� and 170.1�

and are displaced at the N(NO)–Fe–N(Im) angles of 111.3� and 107.8� away from the

imidazole ligands. The Fe–N(NO) bond distances are 1.648 and 1.650 Å. The Fe–N–O

groups are bent symmetrically, with a O–Fe–O angle of 107.3� as compared to the

N(NO)–Fe–N(NO) angle of 116.6�. This is considered an “attracto” conformation

because the N–M–N bond angle is less than 130� and the two oxygen atoms bend

towards each other. The Fe–N(Im) bond distances are 2.048 and 2.044 Å. The

horizontal plane through each 1-methylimidazole ligand is skewed 106.7� away from
the other [45].

Fig. 5 A ball-and-stick

representation of the

X-ray crystal structure

of complex 13
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The reaction of Fe(NO)2(CO)2 with L-histidine and a series of substituted

imidazoles, such as 1-methylimidazole, 4-methyl imidazole (4-MeIm), imidazole

(Im), benzimidazole (BenzIm), and 5,6-dimetheylbenzimidazole (Me2BenzIm)

were also investigated by EPR spectroscopy in order to establish the validity of

using this ligand as the biomimetic model. Figure 6 shows a typical reaction

monitored by EPR spectroscopy. The starting material, Fe(NO)2(CO)2, underwent

an auto-oxidation in the solution and produced a broad singlet with g ¼ 2.0275 and

ΔHpp ¼ 18.5 G corresponding to [Fe(NO)2(CO)2]
+. Upon the addition of one of the

ligands, a new set of signals, corresponds to the 17e species, overlapping with

the broad singlet was observed after approximately 15 min. A list of the EPR

parameters measured at 240 K in solution and some of the IR stretching frequencies

of the isolated product are shown in Table 4. The g-values for the imidazole and

substituted imidazole radicals fall in the range of 2.0151–2.0338. Computer

simulations gave rise to two sets of equivalent nitrogens (14N, I ¼ 1) and aN in

the range of 2.28–3.90 G. The hyperfine structure is due to coupling of two

equivalent 14N nuclei from the nitrosyls and two equivalent 14N nuclei from the

1-MeIm, yielding a structure of Fe(NO)2(I-MeIm)2
+. For benzimidazole and

substituted benzimidazole, the g-values are slightly higher (2.0341–2.0352) while

the aN values are smaller (1.88 G–2.12 G). For L-histidine, both g-value (2.0222)

and hyperfine couplings (2.66 G and 3.01 G) fall in the range of substituted

imidazoles.

Fig. 6 The evolution of Fe(NO)2(Me-Im)2
+ upon addition of Me-Im to a solution of

Fe(CO)2(NO)2. Reprinted with permission from N. Reginato, C.T.C. McCrory. D. Pervitsky and

L. Li. 1999. J. Am. Chem. Soc. 121, pp. 10217-10218. Copyright 1999 American Chemical

Society

Table 4 A list of EPR parameters measured at 240 K and IR stretching frequencies of the isolated

product

Compound g-value aN (G) νNO (cm�1)

Fe(NO)2(1-MeIm)2
+ 2.0151 aN1 ¼ 3.60, aN2 ¼ 3.90 1673, 1616

Fe(NO)2(4-MeIm)2
+ 2.0338 aN1 ¼ 2.33, aN2 ¼ 2.64 1677, 1620

Fe(NO)2(Im)2
+ 2.0337 aN1 ¼ 2.28, aN2 ¼ 2.44 1680, 1622

Fe(NO)2(BenzIm)2
+ 2.0341 aN1 ¼ 1.97, aN2 ¼ 2.12 1682, 1625

Fe(NO)2(5,6-dimethylBenzIm)2
+ 2.0352 aN1 ¼ 1.88, aN2 ¼ 2.04 1683, 1625

Fe(NO)2(L-Histidine)2
+ 2.0222 aN1 ¼ 2.66, aN2 ¼ 3.01 –
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FT-IR investigations showed that upon addition of the imidazole ligands to

Fe(NO)2(CO)2, the νNO’s were lowered by approximately 140 wavenumbers and no

carbonyl stretching frequencies were observed. This indicates that two Im ligands had

replaced the two CO ligands. The nitrosyls fall into the region of 1650–1940 cm�1,

indicating they are linear. Table 4 lists the NO stretching frequencies observed for

these complexes. Addition of 1-MeIm shifted the IR stretching frequencies of the

nitrosyl groups from 1810 and 1767 cm�1 [νNO for Fe(NO)2(CO)2] to 1673 and

1616 cm�1, suggesting that 1-MeIm acts as a strong σ-donor. To explain the trend

in the IR stretching frequencies, EHMOcalculationsweremade. The results show that

the LUMOof the Fe(NO)2 unit hasmore contribution to the overall molecular orbitals.

Thus, effectively, imidazole units act as electron donors to the LUMO of Fe(NO)2
fragment.

Fe(NO)2(N,N
0-chelate): Despite the fact that coordination of N,N0-chelating

ligands to transition metals is very common, only a limited number of examples on

isolated iron-nitrosyl with nitrogen donor ligands involving N,N0-chelation could be

found. Earlier work includes: a reaction of [Fe(NO)2Cl]2with 1,4,-diaza-1,3-butadiene,

which yielded a DNIC with N,N0-chelation [49], a salt [Fe(bipy)3][Fe(NO)2Cl2]2,

which was isolated by using large excess of bipy vs. [Fe(NO)2Cl]2 (10:0.75) [50],

and [(spartiene)Fe(NO)2] was prepared by reacting spartiene with Fe(CO)2(NO)2 [51].

Recently, we reported the synthesis, structures, and spectroscopic and electro-

chemical properties of three new dinitrosyl iron complexes with bidentate

[N,N] chelating ligands; 2,20-bipyridine, 14, 2,20,200-terpyridine, 15, and 1,10-

phenathroline, 16 [52]. Complexes 14–16 were prepared by mixing 1:1 ratio of

Fe(NO)2(CO)2 and the proper chelating ligands, bipy, terpy, and phen in THF and

was stirred 48 h at room temperature under nitrogen atmosphere as shown in

Scheme 3 (yields between 82 and 88%). X-ray quality single crystals of 14 and

15 were obtained by slow evaporation of either THF or methanol. Complexes

14–16 are stable in the solid state under nitrogen, and all three complexes are

relatively soluble in most polar organic solvents including dichloromethane,

methanol, and THF but are insoluble in diethyl ether and hexane.

Similar to the imidazole-based ligands, upon reacting, the typical carbonyl

stretching frequencies from Fe(NO)2(CO)2 disappeared, indicating that both carbonyl

groups are replaced by the bidentate ligands 2,20-bipyridine, 2,20,200-terpyridine, or
1,10-phenanthroline as observed in the crystal structures. In the meantime, the

characteristic IR absorptions of nitrosyl groups (νNO, 1807, 1760 cm�1) shifted

~120–146 cm�1. These values are located in the range of NO+, suggesting again

that these nitrogen-containing ligands act as strong σ donors rather than π-acceptors.
The peaks close to 1619 cm�1, 1621 cm�1, and 1614 cm�1 in complexes 14–16 are

assigned to the coordinated bidentate ligands by comparing them with the IR spectra

of the free ligands. The characteristic nitrosyl stretching frequencies are similar to the

reported values for the mononuclear metal complex Fe(NO)2(sparteine) [44] and for

Fe(NO)2(1-MeIm)2 [38]. However, they are clearly lower than the values 1774 cm
�1,

1712 cm�1 for the anionic complex [Fe(NO)2(Im-H)2]
� [53], and 1796 cm�1,

1726 cm�1 for the tetranuclear iron complex [Fe(NO)2(Im-H)]4 (Im-H ¼
imidazolate). The results show that the NO stretching frequencies are related to the
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oxidation levels of dinitrosyl iron complexes and the observed νNOs’ in complexes

14–16 make them {Fe(NO)2}
10 according to the Enemark-Feltham notation [54].

These complexes are diamagnetic thus, well-resolved 1H-NMR and 13C-NMR

spectra were recorded in DMSO. The NMR results indicate that both complexes

14 and 16 possess high symmetry. Four sets of resonances between 7.54 and

8.66 ppm were observed in the 1H-NMR of complex 14, and five distinct peaks in

the aromatic carbon region for the 13C-NMR, which corresponds to the coordinated

bipy ligand. Complex 16 exhibits four sets of resonances between 7.74 and

8.86 ppm with two of them very close to each other and the 13C-NMR shows six

distinct carbons which correspond to the protons and carbons in the coordinated

phen ligands, respectively. On the contrary, complex 15 displays seven sets of

resonances between 7.07 and 9.21 ppm, which are attributed to the magnetic

inequivalence of the three pyridyl rings in the terpy ligand, meaning this compound

bears low symmetry. These observations are consistent with the results found in the

crystal structures of complexes 14 and 15. These show that the two NOs are

symmetrically located on two sides of Fe(bipy) plane in complex 14, while in

complex 15, the two NOs are distributed in two sides of plane consisted of Fe and

two coordinated pyridyl rings but almost parallel to the uncoordinated pyridyl ring.

As shown in the X-ray crystal structures (Fig. 7), complex 14 crystallizes in

triclinic P-1 space group and the asymmetric unit consists of one Fe(NO)2(bipy)

molecule with NO groups in the two sides of Fe(bipy) plane, while complex 15

crystallizes in monoclinic P21/n space group. In both cases, the iron center is

connected to four nitrogen atoms, which include two from the nitrosyls and two

nitrogen atoms from the ligands, with a pseudo-tetrahedral geometry. In complex

15, the uncoordinated pyridyl is perpendicular to the plane consisted of iron atom

and two coordinated pyridyl rings, but almost parallel to the Fe(NO)2 plane.

The average Fe–N(NO) and Fe–N(N,N-L) bond lengths are 1.650 Å and 2.046 Å for

complex 14 and 1.648 Å and 2.048 Å for 15, respectively. The average Fe–N(NO)

bond distance of 1.649 Å is similar to those reported in other mononuclear
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Scheme 3 Synthesis scheme for compounds 14–16
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complexes but is clearly shorter than those found in the tetranuclear

[Fe(NO)2(Im-H)]4 (Im-H ¼ imidazolate) and the dinuclear complexes, [(N2C5H7)

Fe(NO)2]2 (N2C5H7 ¼ 3,5-dimethylpyrazolyl). The average Fe–N–O bond

angle of 167.9� is thought to be close to linear formation, indicating that the

nitrosyl moieties exhibit sp hybridized NO+ character in complex 14, while the

N(N,N-L)–Fe1–N(N,N-L) bond angle of 78.4� shows that the Fe(N4) possesses severe
distorted tetrahedral environment.

Complexes 14 and 15 also exhibit “attracto” conformations with the Fe–N–O

groups symmetrically bent with the average O(NO)–Fe–O(NO) and N(NO)–Fe–N(NO)

angles of 104.1� and 114.6�, respectively. In both complexes 14 and 15, Fe–N(NO)

bond distances are all clearly shorter than Fe–N(N,N-L) distances, indicating the NO

groups are much better π-acceptors than either 2,20-bipyridine or 2,20,200-terpyridine.
Both complexes 14 and 15 reveal a layering effect on the crystal packing

diagrams, in which different layers interact by the π–π stacking and H-bonding

effects (Fig. 8). Both molecules of different layers are staggered with the iron

nitrosyls in the opposite sides. The uncoordinated pyridyl groups are clearly

oriented away from each other in 15. Interestingly, in both complexes, the aromatic

rings almost completely overlap, which is expected because the space hindrance is

compensated by the H-bonding interactions of nitrogen and oxygen atoms of

nitrosyls with the hydrogen atoms from the adjacent bipyridine or pyridyl ligands.

The distances between the planes are 3.5880 Å and 3.4254 Å for 14 and 15,

respectively. This indicates that there are quite strong π–π stacking interactions

between the two bipyridine ligands and the two coordinated pyridyl rings of

terpyridine ligands. However, almost no interactions are observed between the

adjacent uncoordinated pyridyls.

The electronic absorption spectra of complexes 14–16 are recorded and the data

are shown in Table 5 together with cyclic voltammetry (CV) results. The relative

Fig. 7 Ball-and-stick representations of the X-ray crystal structures of complexes 14 and 15.

Reprinted with permission from R. Wang, X. Wang, E. B. Sundberg, P. Nguyen, G. Paola,

G. Grant, C. Sheth, Q. Zhao, S. Herron, K. A. Kantardjieff, and L. Li. 2009. Inorg. Chem.

48, pp 9779–9785. Copyright 2009 American Chemical Society
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low-energy absorption bands at 374–471 nm can be assigned mainly to the MLCT

(dFe-π*NO, dFe-π*N,N-L), while the absorptions at higher energy are attributed to

combined contributions from LMCT (π*NO-dFe, π*N,N-L-dFe), πNO (πN,N-L)! dFe,
πNO!π*NO, and ligand-localized transitions of the coordinated [N,N] ligands,

πN,N-L!π*N,N-L.
As shown in Table 5, complex 14 exhibits two quasi-reversible one-electron

reductions at �0.48 V and �2.07 V [versus E1/2
�
(Cp2Fe/Cp2Fe+)], while complexes

15 and 16 show two quasi-reversible one-electron reductions at �1.09 V, �2.07 V

and �0.50 V, �2.05 V, and one irreversible reduction at �1.85 V and �1.80 V,

respectively. The first reductions of all complexes are assigned to the [LFe(NO)2]/

[LFe(NO)2]
� couple, while the reductions close to �2.07 V are believed to be the

usual ligand-based reductions. The half-wave potential of the first reduction peak

for complex 15 is clearly more negative than the corresponding values for

complexes 14 and 16, showing that complex 15 is more difficult to reduce. It is

consistent with the greater electron donor effect of the uncoordinated pyridyl ring in

complex 15. The results indicate that the electronic property of the ligands has

important influence on the electrochemical properties of the relevant complexes.

Fig. 8 Ball-and-stick representations of the molecular packing in the crystal structures of 14 and

15. Reprinted with permission from R. Wang, X. Wang, E. B. Sundberg, P. Nguyen, G. Paola,

G. Grant, C. Sheth, Q. Zhao, S. Herron, K. A. Kantardjieff, and L. Li. 2009. Inorg. Chem. 48,

pp 9779–9785. Copyright 2009 American Chemical Society

Table 5 List of electrochemical redox potentials and the UV–vis absorptions of complexes 14–16

Complex E�
1/2, expt (V) (vs. Fc

+/Fc) Absorptions

Fe(NO)2(N2C10H8), 14 �0.48 �2.07 221(s), 245(m), 294(m), 390(w), 471(w)

Fe(NO)2(N3C15H11), 15 �1.09 �1.85a �2.07 211(s), 272(m), 304(m), 374(w) 470(w)

Fe(NO)2(N2C12H8), 16 �0.50 �1.80a �2.05 212(s), 224(s), 271(m), 389(w), 470(w)
aIrreversible redox of a solvated species
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[(TPA)Fe(NO)2][BF4] and [(PDI)Fe(NO)2][BF4]: Several new structures have

been synthesized that result in 5 and 6 coordinate compounds [55]. These structures

make use of a single ligand, which contains three or four nitrogen atoms that all

coordinate with the metal center. The structures of these ligands are shown in Fig. 9.

The first compound was synthesized by 1:1 ratio of tris(2-methylpyridine)amine

(TPA) ligand and [Fe(CO)2(NO)2][BF4] in THF at 0�C. This reaction led to a product
containing two IR vNO stretching frequencies at 1720 and 1619 cm�1. This cationic

six-coordinate [(NO)2Fe(TPA)][BF4] molecule was characterized using several

different methods. In a similar fashion as above, a five-coordinate DNIC was also

be synthesized by 1:1 ratio of Fe(CO)2(NO)2 with 2,6-bis[1-(2,6-diisopropylphe-

nylimino)ethyl]pyridine (PDI). This reaction generated a cationic five-coordinate

[(NO)2Fe(PDI)][BF4] molecule. The IR stretching frequencies (νNO 1794 s,

1721 s cm�1) imply the formation of the five-coordinate DNIC, coordinated by the

tridentate PDI ligand. It was noticed that the IR spectra of the six-coordinate, five-

coordinate, and four-coordinate DNICs ([(NO)2FeL2] (L¼thiolate, imidazolate)) all

had the same peak patterns but differed in the position of νNO and the separation of qNO
in the NO stretching frequencies (qNO, ~101 cm

�1 for six-coordinate vs. ~73 cm�1 for

five-coordinate vs. ~60–45 cm�1 for four-coordinate DNICs). Interestingly, several

other 4 and 5 coordinate nitrosyl complexes have also been synthesized using cobalt

instead of iron [56].

While the majority of metal dinitrosyl complexes have ligands containing

phosphorus, nitrogen, or sulfur atoms, coordination of other ligands such as oxygen

or arsenic has become more common [44, 57]. Recent work is also focusing on

compounds that are harder to synthesize, like those involving rare or radioactive

metals [58, 59], or the isolation of unstable products with metals that usually do not

form nitrosyls such as copper [60] while other molecules are synthesized for their

specific abilities, such as hydrogen bonding [61].

3 Nitrosyl Complexes Containing Two or More Metal

Centers

3.1 Complexes Containing “M2S2” Core

Sulfur-containing ligands have been known to coordinate with the [M(NO)2] unit for

some time. These complexes were discovered as being bound to the cysteine

N N

N

N

N
N N

Fig. 9 Structures for TPA

and PDI ligands
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residues of proteins within body tissues. It was also found that proteins containing

[Fe–S] clusters, such as rubredoxin and ferredoxin, can react with nitric oxide to

form protein-bound DNICs and Roussin’s Red Ester types of complexes [62]. The

dinitrosyl iron complexes and RREs were found to be interchangeable when binding

to proteins. These molecules were tested for their effects on tumor cell growth and

were found to be efficient NO donors that lead to eventual cell death [63].

RREs and RBEs are a class of compounds frequently used as a starting material

in the synthesis of novel metal nitrosyl complexes (Fig. 10). Many structures

resembling Roussin’s Red and Black Esters have been prepared [64–70]. RREs

may be synthesized through the alkylation of Roussin’s Red Salt (RRS) with an

alkyl halide or treatment of Fe2(μ-I)2(NO)4 with an organic thiol compound in the

presence of a proton acceptor [71]. Many substituted complexes are also generated

by reacting DDI with the proper ligand under an inert atmosphere [72, 73] or by

reacting a protein containing a biological Rieske center with nitric oxide

[74]. A wide variety of structures mimicking Rieske centers have also been reported

[73, 75–80]. Ford and others studied the photochemical NO release of RREs and

found that the photochemical response and the light harvesting ability improved

when the R groups were changed [70, 81, 82]. Here, several structures are discussed

in depth to illustrate the chemical and physical characteristics. General synthesis

steps for several other compounds are also given in order to display the wide variety

of structures discovered in the past decade.

[Fe2(μ-RS)2(NO)4]: The Roussin’s Red Salt Esters [Fe2(μ-RS)2(NO)4] (R¼ n-Pr,
17, t-Bu, 18, 6-methyl-2-pyridyl, 19, and 4,6-dimethyl-2-pyrimidyl, 20), were

prepared by mixing Fe(NO)2(CO)2 with equal molar of the corresponding ligands,

1-propanethiol, 2-methyl-2-propanethiol, 4,6-dimethyl-2-mercaptopyrimidine, or

6-methyl-2-mercaptopyridine in CH2Cl2 in the presence of potassium carbonate

and was stirred 72 h at ambient temperature under nitrogen atmosphere (Scheme 4)

[72]. The reaction solution was filtered to remove undissolved potassium carbonate,

and methanol was slowly added to the filtrate, then the mixed solution was kept at

�35�C overnight to crystallize. Black crystals suitable for X-ray crystallography

were collected by filtration and washed with methanol. The solids were dried under

vacuum for several hours and yields ranging from 49% to 69% were obtained [72].

Another method of preparing 18 was also reported, in which Fe(NO)2(CO)2 and

sodium 2-methyl-2-propanethiolate were dissolved in methanol and stirred 48 h at

room temperature under nitrogen atmosphere. The solution turned from green to

dark brown. The reaction solution was filtered and recrystallized from a mixture of

CH2Cl2 and methanol.

Fig. 10 Roussin’s Red and

Black Salt Structures
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These complexes are soluble in common organic solvents such as CH2Cl2, THF,

and acetone. The infrared spectra of 17–20 were studied in both KBr pellets and

in THF solution, as shown in Fig. 11. The characteristic carbonyl stretching

frequencies disappeared, indicating that both carbonyl groups were replaced by

the sulfur-containing ligands, while the typical IR absorptions of nitrosyl groups

(νNO) shift from 1807, 1760 cm�1 to 1805–1823, 1770–1793, and 1743–1759 cm�1,

suggesting that these sulfur-containing ligands only act as weak electron donors.

In solution, complexes 17–20 display one weak and two strong NO stretching

frequencies. However, in the solid state, only two strong NO stretching frequencies

were observed. It was proposed that in solution, the cis- and trans-isomers coexist,

while in the solid state, only trans-isomers are present. To explain the vibrational

modes, frequency calculations using density functional theory (DFT) were carried

out for cis- and trans-isomers using complex 17 as a model. The calculated results

for the cis-isomer show four different vibrational modes, which correspond to the

two symmetric and two anti-symmetric vibration modes, whereas the trans-isomer

results in only two vibrational modes derived from two anti-symmetric vibrational

modes. The bands at 1775 and 1748 cm�1 are the result of the overlap of those

bands derived from symmetric and anti-symmetric vibration modes of the cis- and
trans-isomers, but the band at 1810 cm�1 is only derived from one of symmetric

vibration modes of cis-isomer. Hence, these complexes actually show only three

vibrational bands for the NO moieties in the experimental solution IR spectra, as

shown in the theoretical simulation in Fig. 12.

Geometry optimizations using density functional theory (DFT) were also

performed on the cis- and trans-isomers of complex 17 and the results showed

that the energy difference is only about 3 kcal/mol, as shown in Fig. 13. Such a
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small energy difference of two spatial isomers could easily be supplied by the

solvent in solution, which allows both isomers to coexist. Indeed, experimentally,

with the increase of spatial hindrance of the R group from complex 17 to 20, the

intensity of the weak absorption band at ~1810 cm�1 derived from the cis-isomer

gradually decreases in comparison with two strong ones in both THF and CH2Cl2
solution. In solid state, complexes 17–20 only contain the trans-isomer as shown by

the X-ray crystal structures; hence, their IR spectra only display two strong NO

stretching frequencies (Fig. 14).

The redox behavior of complexes 17–20 was studied by cyclic voltammetry

(CV) in CH2Cl2. All of the complexes exhibited irreversible oxidations, which is

consistent with the fact that these complexes are very unstable in air. As shown in
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Fig. 11 Infrared spectra of the nitrosyl stretching region of complexes 18 and 22

Fig. 12 Theoretical IR simulation of NO stretching frequencies
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Fig. 15, complexes 17 and 18 exhibit two quasi-reversible one-electron reductions

at �1.16, �1.84 V and �1.20, �1.81 V, respectively, but complexes 19 and 20

only show one quasi-reversible one-electron reduction at �0.99 and �0.91 V,

respectively. All of these reductions can be attributed to iron–sulfur-based redox

processes. The half-wave potentials for the first reduction peak clearly turn to more

positive values in the order of complex 18, 17, 19, and 20, showing these complexes

are easier to reduce along the sequence. This is consistent with the less electron

donor effect of the R group in this order. These results indicate that the electronic

properties of the R group of the RREs significantly influence the electrochemical

properties of the relevant complexes.

Fig. 13 Geometry optimizations using DFT showing conversion of the cis- and trans-isomers of

complex 17

Fig. 14 The molecular structure of complex 17 with thermal ellipsoids drawn at the 30%

probability displaying the chair shape and the trans-isomer found in the solid state
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The molecular structures of complexes 17–20 were determined by X-ray

diffraction analysis, and it showed that all these complexes possess a “chair-

shape” structure with the two R groups are almost parallel to each other along

opposite direction and form an angle of ~110� with the 2Fe–2S plane as shown in

Fig. 14. The Fe(1)–Fe(1a) distance of 2.70 Å suggests that there is fairly strong

interaction between the two iron centers. The Fe–Fe distance and the average Fe–S

bond length for complex 20 are 2.741 and 2.278 Å, respectively, which are longer

than the corresponding values (2.698, 2.708, 2.708 and 2.257, 2.257, 2.270 Å) for

complexes 17–19, indicating that complex 20 is essentially more unstable. The

observations are consistent with the electrochemical studies where complex 20

possesses the most positive reduction potential amongst the four complexes.

The average Fe–N(NO) bond distance for complex 17–20 is ~1.670 Å, which is

slightly shorter than the reported value in the complex Fe(NO)2[(SC6H4-o-NHC(O)
CH3)2]

� (average value: 1.681 Å), the dinuclear complex [(N2C5H7)Fe(NO)2]2
(N2C5H7 ¼ 3,5-dimethylpyrazolyl) (average value: 1.696 Å), and the tetramer

[Fe(NO)2(Im-H)]4 (Im-H ¼ imidazolate) (average value: 1.694 Å), but significantly

longer than the found value in the dinuclear complex Fe2(μ-L)2(NO)4
(L ¼ Ph2PCH2PPh2 and Ph2PC�CPPh2) (average value: 1.644 and 1.656 Å).

[Fe2(μ-RS)2(NO)4]
� anionic form: The corresponding family of reduced species,

[Fe2(μ-RS)2(NO)4]�, was prepared by the reaction of neutral [Fe2(μ-RS)2(NO)4] with
a slight excess of cobaltocene or Li(BHEt3) in THF. The dark brown solution turned to

dark green after the reduction. Complex 20 slowly decomposes during the course of

the reduction reaction.

IR spectra of the monoanionic complexes [Fe2(μ-RS)2(NO)4]� (21–24) were

collected and exhibit the characteristic νNO stretching frequencies at 1673, 1655

(21); 1670, 1650 (22); 1690, 1670 (23) and 1693, 1674 cm�1 (24) in THF. The

corresponding νNO bands are shifted by 100 cm�1 to a lower energy in comparison

with neutral species due to their negative charge. Roussin’s Red Salt Esters are

Fig. 15 Cyclic

voltammograms of a 2 mM

solution of complexes 17–20

in 0.1 M [NBu4][PF6]/

CH2Cl2
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diamagnetic and EPR-silent. The reduced species, [Fe2(μ-RS)2(NO)4]�, are EPR

active and exhibit an isotropic signal at g ¼ 1.998–2.004 without hyperfine

splitting in the temperature range from 180 K to 298 K. This is quite different

from the typical DNICs, where the g-values are close to 2.03 and the hyperfine

structures rising from the coupling between the unpaired electron and the nitrogen

of the NO.

In order to interpret the difference, optimizations were first performed on neutral

and negatively charged complexes with the spin-unrestricted method. The

optimized structures were all obtained at minimum energy as proved by no negative

frequencies evident in frequency calculations. The spin density distributions of the

singly occupied molecular orbit (SOMO) for the complexes 21–24 were obtained

by single point calculations on the four optimized structures of the anionic

complexes by including all electrons (Fig. 16). The results show that there are

60–63% of the electron delocalized on two irons, 25.0–25.8% of the electron

delocalized on two sulfurs, and only 2–6% of the electron delocalized on four

NOs. Since most of the unpaired electron is delocalized over the Fe and S atoms and

the most natural abundance of isotopes of these are 56Fe and 32S, whose nuclear

spins (I) are zero, the lack of hyperfine splitting in the EPR spectra of these

complexes is expected.

In order to understand the differences between the g-values for 21–24 (~2.000)

and the typical DNICs (2.03), the distribution of electron density on the SOMO of

complex [Fe(NO)2(CO)2]
+ was also calculated by using DFT as shown in Fig. 17.

The results showed that Fe and NO moiety possessed 54.4% and 41.8% of the

electron density of the SOMO, respectively. It should be pointed out that the

Fig. 16 Spin density distribution of the SOMO for the complexes 21–24 and the calculated

composition (in percent) of the SOMO in terms of Fe, S, and NO fragments
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calculated distribution of electrons on the iron in DNICs (54%) is lower than the

values obtained by 57Fe-enriched EPR experiments on other g ¼ 2.03 species

[83]. However, it is well known that DFT calculations often produce an over-

delocalized distribution. Nonetheless, for complexes 21–24, the amount of electron

density on each iron is in the range of 30–32%, and the total percentage of the

electrons on the NO moieties is only 2–6%. Therefore, the difference between the

EPR g-values for 21–24 (~2.000) and the typical DNICs (2.03), and the lack of

hyperfine couplings from the NO group in complexes 21–24, can be well explained

by the percentage of the electrons on the metal and NO moiety.

In order to validate the above-mentioned results, additional calculations were

carried out to obtain the g-values by using complex 22 as an example. The

calculated isotropic g-value is 1.995, which is very close to the experimental data

of 1.999. The calculated anisotropic parameters, g⊥ ¼ 2.014 and g|| ¼ 1.958 are

in agreement with the experimental data g⊥ ¼ 2.009 and g|| ¼ 1.965, for this

complex. These theoretical results explain clearly why hyperfine structures were

not observed and corroborate that the electron density of the SOMO is mostly

delocalized on the Fe and S atoms. In fact, the single point calculations show that

the extra electron goes mainly on the Fe atoms, which further explains why adding

electrons causes weakening the bond between two irons. The molecular orbital

characters of the SOMOs shown in Fig. 17 are clearly anti-bonding: thus adding

electrons into the SOMO actually increases electron–electron repulsion between

iron atoms and contributes to the weakening of the Fe–Fe bond. The composition of

the SOMO mainly comes from the d orbital of the metal but also has some 3p
character, although in a very small amount for all four complexes, while the sulfur

contribution is solely from its p orbital.

Fig. 17 Comparison of the distribution of electron density on the SOMO of complex

[Fe(NO)2(CO)2]
+ and RRE calculated by DFT
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[PPN]2[Fe2(μ-StBu)2(NO)2]: Several other RRE-like structures have been

synthesized. One of these was formed by dissolving a precursor complex containing

an iron atom bound to several chelating oxygen atoms in an appropriate amount of

CH3CN solvent. To this mixture, 2 molar equivalents of [StBu]� was added [55]

and the product was easily isolated and is surprisingly stable. This product was

characterized by IR, UV–vis, and other methods. The FT-IR νNO bands of this

product [1637 m, 1613 s, 1578 s, 1567 s cm�1 (KBr)] shifted by ~30 cm�1 from

those of the precursor molecule, indicating a complete reaction. The UV–vis

spectrum of the product displays absorptions 270 and 396 nm (CH3CN). This is

in direct contrast to that of the reduced RRE [(NO)2Fe(μ-StBu)]2– which displays an
intense transition absorption around 982 nm. It is thought that the conversion of the

precursor molecule into the product is due to the capability of the thiolate ligand

to bridge two {Fe(NO)2}
10 fragments. This is also attributed to the preference of

{Fe(NO)2}
10 motifs which are connected by the electron-donating thiolate group.

Another branch of nitrosyl complex exists containing sulfur ligands that do not

resemble Roussin’s Red or Black Esters. These complexes frequently seek to mimic

amino acids such as cysteine [84]. Several different structures have been

discussed pertaining to the dinuclear {Fe(NO)2}
10–{Fe(NO)2}

10 and mononuclear

{Fe(NO)2}
10 constructs. These complexes rapidly convert between the DNIC and

RRE forms [85] or into the RBE forms [86, 87]. Recently, Lippard’s group reported

reactions of NO with synthetic [2Fe–2S] and [4Fe–4S], yielded the DNIC,

[Fe(NO)2(SR)2]
�, (R ¼ Ph, p-tolyl, 4-MeC6H4) [88]. Other work focuses on

the effects that thiolate ligands play on the conversion between DNICs and RREs

[89] or the means by which nitric oxide is delivered [90]. Reaction pathways of iron

nitrosyls in sulfur-rich biological coordination environments are also a well-studied

area [91, 92].

[Fe2(μ-SCys)2(NO)4]: It has been proven that DNICs as well as other metal

nitrosyl complexes can form upon reacting with biological Rieske centers. In order

to determine this, the Rieske protein, toluene/o-xylene monooxygenase component

C (ToMOC) from Pseudomonas was exposed to several different components

[74]. The Rieske center of this protein was slowly exposed to Na2S2O4. As the

reaction took place, three new maxima characteristic of reduced ToMOC began

appear at 380, 420, and 520 nm and steadily increased. Once Na2S2O4 was added to

the protein, the spectra ceased to change. This lack of further changes indicated a

complete reduction of the iron–sulfur cluster. The optical features of ToMOCox

and ToMOCred were used as standards to determine whether the various redox

states of the Rieske cluster will undergo reaction with NO(g) and NO donors such

as DEANO and SNAP under anaerobic conditions. The charge-transfer bands of

ToMOCox were bleached which is consistent with cluster disassembly, upon

addition of a large excess (~20 equivalents) of DEANO or SNAP under anaerobic

conditions. When the reaction was complete, a new optical feature indicative of an

iron dinitrosyl species was evident at 367 nm. This is indicative of the ability of

DNICs and/or other nitrosyl complexes to form at Rieske centers of certain

proteins.
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[Fe2(μ-SEt)2(NO)4]
2+(cationic form): A separate body of work has studied the

effects of sulfur ligands on the ability of an Fe–S cluster to convert into DNICs

[89]. This work began with the synthesis of DNIC cations, which is a reactive

species that can undergo further transformations under proper condition. A precursor

complex, [Fe(μ-SEt)(NO)2]2 coordinated with the anion of choice, was dissolved in

an appropriate amount of THF and stirred at ambient temperature for approximately

20 min. During this time, a reduction reaction occurred to yield complexes of

[Fe(μ-SEt)(NO)2]2+ (cation) coordinated with PPN+, Na+-18-crown-6-ether or,

Me4N
+. These complexes were identified by IR, UV–vis, EPR, and single-crystal

X-ray diffraction. The complex coordinated with the PPN ligand exhibits diagnostic

IR νNO stretching frequencies at 1673 s, 1655 s cm�1 (THF). In contrast to Roussin’s

red esters with {Fe(NO)2}
9–{Fe(NO)2}

9 coupling, rationalizing the absence of

paramagnetism and the EPR signal, the anionic Roussin’s red ester using PPN is

best described as a fully delocalized [{Fe(NO)2}
9–{Fe(NO)2}

10] complex.

[Fe2(SC6H4-o-NHC(O)Ph)2(NO)4]: Another metal nitrosyl complex that falls

into this category is a mixed ligand structure. In this case, the DNIC contains sulfur,

nitrogen, and oxygen coordinated ligands. Several different complexes were

obtained by varying the ligand structure slightly [93]. In order to synthesize this

particular compound freshly prepared Fe(CO)2(NO)2 liquid was dissolved in

degassed THF solvent. Separately bis(o-benzamidophenyl) disulfide was dissolved

in THF solvent. The second solution was added to the first by cannula under a

positive N2 pressure at 0�C. The resulting solution was allowed to stir at ambient

temperature overnight. The solution was filtered through Celite to remove solid

contaminants. An appropriate amount of hexane was then added to the filtrate to

precipitate the brown-green solid [Fe(SC6H4-o-NHC(O)Ph)(NO)2]2 (Yield 90%).

This product was characterized by 1H NMR, IR, and UV–vis spectra.

[(ON)Ni(S(CH2)2S(CH2)2S)Fe(NO)2]: This interesting compound makes use

of two different metals to form the nitrosyl complex [94]. It was prepared by mixing

the starting materials: [PPN][Fe(NO)2(SePh)2], NaNO2, and [Ni(S(CH2)2S(CH2)2S)]

into a Schlenk flask and CH2Cl2 was added and stirred at 50�C overnight. A dark

green solid was isolated by recrystallization from CH2Cl2 and hexane. IR (νNO):
1805 m, 1767 s, 1725 s cm�1 (CH2Cl2); 1798, 1763 s, 1723 s cm�1 (THF).

(μ-depdt)[Fe(NO)2PMe3]2PF6: Here, a rather complicated, mixed-valent

molecule is shown with two iron centers and several different ligand groups

[95]. This species was synthesized through addition of a cold (�78�C) CH2Cl2
solution of a precursor molecule to a dry ice cooled solution of Fe[PF6]2. This

resulted in an immediate color change from red to purple red. The reaction was

stirred for 10 min and then warmed to �42�C. Addition of precooled hexane

formed purple/red precipitates. X-ray quality crystals were obtained by mixture

of CH2Cl2 with pentane/diethyl ether solution. IR (cm�1, in CH2Cl2): νCO 2041 (s),

2005 (s) 1993 (sh), 1874 (w).

[Fe2(C14H12N3S)2(NO)4]: A dinuclear iron nitrosyl complex was also prepared

[Fe2(C14H12N3S)2(NO)4], 25, (C14H12N3S ¼ 2-mercapto-1-[2-(4-pyridyl)-ethyl]-

benzimidazolyl) by stirring Fe(NO)2(CO)2 with 2-mercapto-1-[2-(4-pyridyl)-

ethyl]-benzimidazole in 1:1 ratio in CH3OH (30 ml) at ambient temperature
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under nitrogen atmosphere for 96 h [66]. The reaction solution was filtered to

remove any dissolved impurities. The residue was redissolved in CH2Cl2 and

methanol was slowly added to the solution. The solution was then left at �35�C
in a glove box overnight to crystallize. Black crystals suitable for X-ray crystallog-

raphy were collected by filtration, washed with methanol, and dried under vacuum

for several hours. Yield: 40%.

The complex shown in Fig. 18 is soluble in common organic solvents such as

CH2Cl2, THF, and acetone and is characterized by IR, UV–vis, electrochemistry,

and single-crystal X-ray diffraction. IR spectrum displays two strong characteristic

NO stretching frequencies (νNO) in solution and in solid state. Cyclic voltammetry

shows one irreversible, two quasi-reversible, and two reversible one-electron

reductions and irreversible oxidizations. This result is consistent with the fact that

complex 25 is very unstable and ready to lose NO in the air. The single-crystal

X-ray diffraction of complex 25 shows a “chair-shape” structure by the connections

of two iron centers and S–C–N frames of benzimidazole. The dihedral angle of

benzimidazole ring and 2Fe–2S plane is 73.6� (Fig. 18).

3.2 Iron–Sulfur and Iron–Selenium Nitrosyl Clusters

As the only structurally authenticated example iron–sulfur nitrosyl cluster of [Fe4S3]

was foremost found in the Roussin’s Black Salt anion [Fe4S3(NO)7]
�, several

iron–sulfur nitrosyl clusters, such as [Fe4S3(NO)7]
n�, (n ¼ 1–3), [Fe4S4(NO)4]

0, 1�

and [Fe6S6(NO)6]
2� were also obtained [96–99]. However, some clusters such

as [Fe6S6(NO)6]
2� were obtained only by complicated multistep procedures [98].

Subsequently, a new [Fe8S6(NO)8]
2� cluster [100] was synthesized with improved
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Fig. 18 A molecular drawing and X-ray crystal structure of complex 25
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one-step synthetic method, in which [Fe4S3(NO)7]
� was used as one of the starting

materials. Yet, despite many known examples of iron–sulfur nitrosyl clusters,

iron–selenium nitrosyl clusters are extremely rare. Prior to our recent work on

[(n-Bu)4N]2[Fe6Se6(NO)6], which will be described in more detail below, only one

iron–selenium nitrosyl cluster, (Ph4As)[Fe4Se3(NO)7], has been reported, with no

characterization other than its structure [101].

[(n-Bu)4N]2[Fe6Se6(NO)6]: Recently, a new complex [(n-Bu)4N]2[Fe6Se6(NO)6],
26, was synthesized by mixing [(n-Bu)4N][Fe(CO)3NO], selenium, and methanol in a

vial under a nitrogen atmosphere [102]. The vessel was then sealed and heated at

85�C for 48 h in an autoclave, which was subsequently allowed to cool to room

temperature. After the reaction solution was filtered and washed using methanol,

black solids were obtained, which was then redissolved in acetonitrile, and diethyl

ether was slowly added to the solution. The mixed solution was placed in a glove box

at �35�C overnight and yielded black crystals, which were collected by filtration,

washed with methanol, and dried under vacuum for several hours. Yield: 52 mg

(85%, based on [(n-Bu)4N][Fe(CO)3NO]). This complex is soluble in most polar

organic solvents including acetonitrile, dichloromethane, and THF but is insoluble in

methanol, ethyl ether, and hexane.

The IR spectrum of 26 displays one strong characteristic NO stretching

frequency at 1694 cm�1 (νNO) in solution with the characteristic of NO+. The

X-ray crystallographic study shows two parallel “chair-shape” structures,

consisting of three iron and three selenium atoms, and are connected by Fe–Se

(Fig. 19). The Fe–Se bonds have an average distance of 2.341 Å, and each iron

center is bonded to three selenium atoms and a nitrogen atom from nitrosyl ligand

with pseudo-tetrahedral center geometry. The average Fe–Fe distance of 2.730 Å

suggests that there is a fairly strong interaction between the two iron centers.

The Fe–N bond distances range from 1.661 to 1.665 Å with an average of

1.663 Å. The N–O bond lengths range from 1.172 to 1.186 Å with an average

of 1.180 Å. The Fe–N–O bond angles range from 174.5� to 178.9� with an average

of 176.5�, which is close to linear. These nitrosyl moieties exhibit sp hybridized

NO+ character, which indicates a considerable amount of charge transfer between

the NO and the metal took place.

The electrochemistry of this complex was studied by cyclic voltammetry and

showed two cathodic current peaks at Epc ¼ �0.42 and �1.36 V and three anodic

peaks at Epa ¼ �0.04,�0.38 and�1.30 V. The peak at Epc ¼ �0.42 V is unusually

strong. Detailed electrochemical studies indicate that it consists of a minimum of

three processes as shown in Fig. 20. One is the quasi-reversible reduction at E1/2
� ¼

�0.41 V and the other two are from an irreversible electrochemical process that

occurred at Epc ¼ �0.42 V, in which the compound went through a typical electron

transfer and chemical reaction (ECE) mechanism of which its product is easier to

reduce than the original one, resulting in an overlap of the reduction potentials and

subsequently, a very strong peak (Table 6). The peak at Epa ¼ �0.04 V is the product

from such a chemical reaction. The electronic absorption spectra of the complex

show bands in the range of 259–562 nm (Fig. 21), which are assigned to the
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transitions between orbitals delocalized over the Fe–S cluster, the ligand to metal

charge transfer (LMCT), π*NO-dFe, and the metal to ligand charge transfer (MLCT),

dFe-π*NO.

Fig. 19 The X-ray crystal structure of complex 26 with thermal ellipsoids drawn at 50%

probability. Reprinted with permission from R. Wang, W. Xu, J. Zhang, and L. Li. Inorg. 2010.

Chem. 49, pp 4814–4819. Copyright 2010 American Chemical Society

Fig. 20 Cyclic voltammograms of a 1 mM solution of compound 26 in 0.1 M (NBu4)(PF6)/

CH3CN at scan rate of 100 mV/S. Reprinted with permission from R. Wang, W. Xu, J. Zhang, and

L. Li. Inorg. 2010. Chem. 49, pp 4814–4819. Copyright 2010 American Chemical Society
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[(n-Bu)4N]2[Fe6S6(NO)6]: A hexanuclear iron–sulfur nitrosyl cluster,

[(n-Bu)4N]2[Fe6S6(NO)6], 27, was synthesized using similar solvent-thermal

reactions described in 26, at 120�C using sulfur (32 mg, 1 mmol) and the product

was obtained in high yield of 92% based on [(n-Bu)4N][Fe(CO)3NO] [102].

Complex 27 is also soluble in most polar organic solvents including acetonitrile,

dichloromethane, and THF. However, it is insoluble in methanol, ethyl ether, and

hexanes. The IR spectrum of complexes 27 is similar to 26 and displays one strong

characteristic NO stretching frequency at 1698 cm�1 (νNO) in solution with the

characteristic of NO+.

The X-ray crystal structure of complex 27 was determined and it was found to be

consistent with the reported one [99]. The average Fe–Fe distance is 2.644 Å, which

is shorter than that of 26 (2.730 Å), which is understandable as the radius of selenium

atom is larger than that of sulfur. The Fe–N bond distances for compound 27 range

from 1.659 to 1.672 Å with an average of 1.667 Å, which is similar to 26. Accord-

ingly, the N–O bond lengths in compound 27 range from 1.168 to 1.197 Å with an

average of 1.182 Å, which is also similar to compound 26. The average Fe–N–O bond

angle of 174.4� is similar to the average value of 176.5� found in complex 26, 176.9�

in [Fe8S6(NO)8]
2�, 177.6� in [Fe4S4(NO)4], 177.5� in [Fe4S4(NO)4]

�, and the

Fe–N–O bond angles of 177.6� arising from the apical Fe(NO) in [Fe4S3(NO)7]
2�.

Table 6 List of redox potentials and IR frequencies for complexes 26–28

Compounds

Redox potentials vs. Fc+/Fc (V) IR frequencies

Epa E�
1/2 (νNO) (cm

�1)

[(n-Bu)4N]2[Fe6Se6(NO)6], 26 �0.04 �0.41 �1.33 1694

[(n-Bu)4N]2[Fe6S6(NO)6], 27 0.07 �0.33 �1.32 1698

(Me4N)[Fe4S3(NO)7], 28 �1.09 �1.71 �2.21 1799, 1744, 1710

Fig. 21 The UV–vis spectra of complexes 26 (solid line), 27 (dashed line) and 28 (dotted line).
Reprinted with permission from R. Wang, W. Xu, J. Zhang, and L. Li. Inorg. 2010. Chem. 49, pp

4814–4819. Copyright 2010 American Chemical Society
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The redox behavior of compound 27 was also studied by CV and showed two

cathodic current peaks at Epc ¼ �0.30 and �1.29 V and three anodic peaks at

Epa ¼ 0.08, �0.23, and �1.19 V at scan rate of 100 mV/s (Table 6). It is similar to

compound 26 in that the first reduction peak is much stronger than the second one.

Various scan rates from 0.1 to 1.0 V/s were recorded. When faster scan rates were

applied, the first reduction peak was separated to two reductions, and the faster the

scan rate, the clearer the separation between the two reduction peaks. In addition,

the peaks correspond to the ECE process did not disappear even at the scan rate of

1 V/s, which indicates that the chemical step is quite fast.

The electronic absorption spectra of complexes 27 show bands in the range of

259–562 nm (Fig. 21), which are assigned to the transitions between orbitals

delocalized over the Fe–S cluster, the ligand to metal charge transfer (LMCT),

π*NO-dFe, and the metal to ligand charge transfer (MLCT), dFe-π*NO.
(Me4N)[Fe4S3(NO)7]: A tetranuclear cluster, (Me4N)[Fe4S3(NO)7], 28, was also

prepared through a solvent-thermal reaction by mixing FeCl2·4H2O, thiourea,

(CH3)4NCl, NaNO2 in methanol in a vial under nitrogen atmosphere. The vessel

was sealed and heated at 85�C for 48 h [102]. The autoclave was then allowed to cool

to room temperature. The solution was filtered and washed using methanol and the

solid mixture was dissolved in the acetonitrile and filtered to remove the undissolved

white solid. Subsequently, diethyl ether was slowly added to the solution, and the

mixed solution was placed in a glove box at �35�C overnight to crystallize. The

black crystals were collected by filtration, washed with methanol, and dried under

vacuum for several hours. Yield: 88%, based on FeCl2·4H2O. Complex 28 is more or

less soluble in all organic solvents and is fairly stable in the solid state and in solution

under air. IR spectrum of complex 28 shows three stretching frequencies at 1799,

1744, and 1710 cm�1. The UV–vis spectrum for 28 was also recorded and is shown

in Fig. 21.

X-ray crystal structure of complex 28 was determined. The average Fe–Fe

distance is 2.705 Å, which is similar to [Fe6S6(NO)6]
2� (2.644 Å), [Fe6Se6(NO)6]

2�

(2.730 Å), but is clearly shorter than the relevant value of 2.764 Å for dianion

[Fe4S3(NO)7]
2�. This difference was explained by the HOMO of [Fe4S3(NO)7]

2�,
which contains an unpaired electron, and has anti-bonding character involving all

pairs of iron atoms of the Fe4S3 core. This leads to the increase of Fe–Fe bond

lengths. When comparing [Fe4S3(NO)7]
2� and [Fe4S3(NO)7]

� (28), the Fe–N

interactions are evidently strengthened in the dianion (average value: 1.646 Å

vs. 1.671 Å in the monoanion) owing to more back-donation from dFe to π*NO.
On the other hand, the average N–O bond lengths are 1.176 Å for [Fe4S3(NO)7]

2�

and 1.166 Å for 28 – an opposite trend. These observations are consistent with the

results of IR spectra, which display that the absorptions of nitrosyl groups (νNO)
appear at higher frequencies for complex 28.

The Fe–N–O bond angles is 178.3�, which is clearly larger than the average

Fe–N–O bond angles of 167.9� and 166.6� arising from the three sets of Fe(NO)2 of

[Fe4S3(NO)7]
2� and complex 27, respectively. When comparing complex 28 with

other Roussin’s Black Salt, no differences could be attributed to effects of the

counter ion besides the packing effects. These results show that the Fe–N–O bond
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angles of iron–sulfur (selenium) clusters are irrelevant to their dimension and

charge, but relevant to the number of nitrosyls attached to the iron atoms and the

localized symmetry of the iron atoms. This also means that the variance of NO+

(linear, sp hybridized) and NO� (bent, sp2 hybridized) may be brought out because

of the greater deviations of the Fe–N–O bond angles from 180� in the iron dinitrosyl
units for complex 28 and [Fe4S3(NO)7]

2�.
Compound 28 has three quasi-reversible reductions with half-wave potentials of

�1.09, �1.71, and �2.21 V (Table 6). The electronic absorption spectra of

complexes 28 show bands in the range of 259–562 nm (Fig. 21), which are assigned

to the transitions between orbitals delocalized over the Fe–S cluster, the ligand to

metal charge transfer (LMCT), π*NO-dFe, and the metal to ligand charge transfer

(MLCT), dFe-π*NO.

3.3 Multinuclear Metal Nitrosyl Complexes

In addition to the iron–sulfur or iron–selenium nitrosyl clusters, a few multinuclear

metal nitrosyl clusters have been synthesized. Here a well-documented structure is

examined and its physical and chemical characteristics are explained in thorough

detail.

Fe4(NO)8(Im-H)4: One example of a tetra-nuclear DNIC was synthesized when

one equivalent of Fe(NO)2(CO)2 was reacted with two equivalents of imidazole,

Im, in methylene chloride at room temperature in a glove box under nitrogen

atmosphere [103]. After stirring for 24 h, a dark reddish brown precipitate was

obtained and collected by filtration with 50% yield. Single crystals suitable for

X-ray diffraction were isolated by recrystallization of 29 from acetone at –38�C
under nitrogen atmosphere.

The structure shows four iron centers that are linked together through four

deprotonated imidazole bridging ligands forming a neutral 16-membered rhombic

macrocycle with alternating imidazolates and irons as shown in Fig. 22. Each iron

center possesses a pseudo-tetrahedral geometry and is coordinated with four nitrogen

atoms, two from the nitrosyl ligands and two from the imidazolate ligands (Im-H).

The molecule has dimensions of 8.18 � 8.70 Å (Fe1� � �Fe1 � Fe2� � �Fe2). A solvent

molecule, acetone, is crystallized inside the cavity. Upon detailed examination of the

crystal structure, it is found that the two C–N bond lengths are approximately equal to

the mean value of 1.336 Å, while the crystal structure of imidazole free ligand shows

two different C–N bond lengths of 1.349 Å and 1.326 Å. This is due to the

deprotonation of the bridging ligand, which created a six-electron aromatic ring

with expected delocalization. The deprotonation also created a negative charge on

the imidazolate ligand, which has to be balanced by one positive charge on each iron

center, since the whole molecule is neutral. This is reflected by both the nitrosyl IR

stretching frequencies of the complex, the relatively longer Fe–NO bond distances,

and shorter N–O bond distances.
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The average Fe–N (Im-H) bond distances is 2.005 Å, which is shorter than the

values reported for Fe(NO)2(1-MeIm)2 (average value of 2.046 Å). The average

N–O bond length is 1.166 Å, which is also shorter than the N–O distance of 1.189 Å

in Fe(NO)2(1-MeIm)2. This is because the positive iron atom in complex 29 donates

less electron density to the π* orbitals of the nitrosyl ligands than the neutral iron of
Fe(NO)2(1-MeIm)2. This is also reflected in the average Fe–N (NO) bonds length

(1.694 Å), which is longer than those in Fe(NO)2(1-MeIm)2 due to the less

extensive π back-bonding.

The νNO values for Fe(NO)2(CO)(Im), 30, (1731 cm
�1 and 1687 cm�1) appear at

lower frequencies than those of Fe(CO)2(NO)2, consistent with electron-donating

property of the imidazole ligand. Since both carbonyls have been replaced by a

donator ligand on each metal, one would expect the nitrosyl stretching frequencies

of complex 29 to shift to even lower wavenumbers. However, the nitrosyl stretching

frequencies νNO occur at 1796 cm�1 and 1726 cm�1 for 29, which is even higher

than that of 30, suggesting that the oxidation of the Fe(NO)2 units took place to

Fig. 22 X-ray crystal structure of complex 29 with anisotropic thermal displacement ellipsoids

drawn at 50%. An acetone molecule is crystallized inside of the cavity
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balance deprotonation of the bridging ligands. The observed νNO in 29 makes it

{Fe(NO)2}
9, according to the Enemark-Feltham notation.

EPR studies of complex 29 in the solid-state at room temperature showed a very

broad peak at g ¼ 2.023 with a peak-to-peak width of 250 G, indicating that the

metal centers are weakly coupled to each other. In THF solution, a signal at

g ¼ 2.031 with ΔHpp ¼ 13.2 G was observed at room temperature and it becomes

a well-resolved 9-line spectrum at 170 K as shown in Fig. 23. The computer

simulation of the low temperature spectrum indicates that the hyperfine structure

is a result of the coupling of two equivalent 14N nuclei from the nitrosyls and one
14N from the imidazolate, with hyperfine coupling constants of 2.54 G and 4.50 G,

respectively. From this observation, one concludes that the tetrameric molecule has

fragmented and most likely solvated to give the seventeen electron species Fe

(NO)2(Im-H)(THF) or its protonated analog [Fe(NO)2(Im-H)(THF)]+ as shown in

Scheme 5. The presence of the solvated species, [Fe(NO)2(Im-H)(THF)], was

further investigated using FT-IR spectroscopy and the results showed that the

more polar the solvent, the more solvated products were observed. The characteristic

g-value close to 2.03 and the small hyperfine coupling constants (2–3 G) indicate

that the unpaired electrons are localized on the Fe center.

Nitric oxide release from complex 29 was also studied by photolytic and thermo

methods. It showed four steps of weight losses at different temperature ranges

determined by TGA attributed to stepwise loss of imidazole and NO and a slow

decomposition under photolytic conditions. Other tetranuclear compounds that are

very similar to 29 have also been isolated [104, 105].

4 Mononitrosyl and Trinitrosyl Complexes

4.1 Mononitrosyl Complexes:

Majority of the mononitrosyl complexes are existed as pentacoordinated. Earlier

work pioneered by Mingos [106–108] laid out the foundations for these complexes

and a few representative work will be discussed in more detail in the following.

Fig. 23 Comparison of the

experimental and simulated

EPR spectra of the

17-electron solvated species

derived from complex 29
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Nowadays, many mononitrosyl complexes are often synthesized with a purpose of

comparing their structures and properties with the products of nitric oxide transfers

in order to confirm a successful reaction. For instance, using sterically hindered

β-Diketiminate ligand, a new complex [Fe(NO)(Ar-nacnac)], Ar-nacnac ¼ anion

of [(2,6-diisopropylphenyl)NC(Me)]2CH, was isolated and studied by Lippard

recently [109]. Some mononitrosyl complexes are stabilized by highly coordinated

metal centers [110], while others contain metal centers besides iron, such as

(OEP)Ru(NO)(p-C6H4F) (where OEP ¼ octaethylporphyrinato dianion) [111],

[Mn(PaPy3)(NO)]ClO4 [112], and [NBu4][cis-RuCl4(4-pyha)NO] (4-pyha¼4-

pyridinehydroxamic acid) [113] giving a wide variety of mononitrosyl complexes.

Some of these structures have demonstrated the ability to release nitric oxide under

visible light, making them possibly useful candidates for nitric oxide transfer

reactions [114–117]. Other structures make use of porphyrins as a bulky ligand in

order to stabilize the nitric oxide group, and an axially bound NO on cobalt

porphyrins with the formula (T(p/m-X)PP)Co(NO) (p/m-X ¼ p-OCH3, p-CH3,

m-CH3, p-H, m-OCH3, p-OCF3, p-CF3, p-CN) [118, 119], and with a ruthenium
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metal [120, 121]. Photoliability studies on mixed-type structures with both S and N

ligands were also examined [122, 123]. X-ray absorption spectroscopic study of

nitric oxide binding to iron in active sites was also reported [124]. Here, several

different compounds are summarized along with some relevant spectroscopic data.

[Ir(NO)(PPh3)2L1L2] and [IrH(NO)(PPh3)3][ClO4]: The structures of the

complexes with formula [Ir(NO)(PPh3)2L1L2], (L1 ¼ I, L2 ¼ Me and L1 ¼ L2 ¼ Cl)

have been determined [106, 107] and showed that they form a square–pyramidal

geometries with the nitrogen atom of the nitrosyl group occupying the apical position

and the other ligands lying in the basal plane. The nitrosyl ligand is coordinated

with iridium in a nonlinear fashion, with an iridium–nitrogen–oxygen bond angle

between 120 and 123�, which is described formally as an NO� to a transition metal.

To the contrary, the structure [IrH(NO)(PPh3)3][ClO4] is described as distorted

trigonal bipyramidal with the hydrido and nitrosyl ligands occupying the axial

positions and the triphenylphosphine ligands the equatorial positions [108]. The

nitrosyl ligand is linear (Ir–N–O bond angle of 175�) and best described as an NO+.

A general bonding model for linear and bent transition metal nitrosyl complexes

was also reported and it was concluded that nitric oxide, unlike carbon monoxide

and dinitrogen, forms linear and bent complexes primarily because it has a

low-lying π* orbital [125]. Further investigations on molecular orbital model of

pentacoordinate nitrosyls indicate that the σ- or π-donating capability of the basal

ligands in a square pyramid affects the degree of bending of the nitrosyl

ligand [126].

Mingo also pioneered the use of 15N NMR to differentiate linear and bent

nitrosyls in transition metal complexes, including nitro and nitrito ligands in 4-,

5-, and 6-coordinate transition metal complexes [127, 128]. Nitrogen-15 solid-state

NMR of [RuCl(NO)2(PPh3)2](BF4) using high-resolution cross-polarization magic-

angle spinning (CP/MAS) also showed a large chemical shift anisotropy for the

bent as compared with the linear nitrosyl ligand [129].

[TcCl(NO)(DPPE)2]: Several other noteworthy structures include a novel

technetium complex with phosphine ligands [130]. To synthesize this particular

compound, a sample of (NH4)[TcO4] was evaporated to dryness and added to a

fivefold excess amount hydroxylamine hydrochloride in dry methanol. The reaction

mixture was heated to the reflux temperature and allowed to react for approximately

45 min. This reaction yielded a red solution. Six equivalents of diphenylphosphi-

noethane (DPPE) were added to the refluxed solution. This mixture was then heated

and refluxed for an additional 45 min. One equivalent of ammonium hexafluoro-

phosphate was then added to the reaction mixture. The solvent was evaporated from

the reaction mixture yielding a red oily liquid. This product was dissolved in

methylene chloride and then layered with methanol and diethyl ether. After being

allowed to sit at room temperature for approximately 24 h, the solution yielded

red-brown crystals. Yield: 373 mg (93%). Analytical results IR (KBr): m (Tc¼N),

1098 cm�1, m (N¼O), 1723 cm�1.

[Ni(NO)(nP3)]X: Several different compounds of nickel have been synthesized

that also make use of phosphine ligands. The basic formula of these compounds is

[Ni(NO)(nP3)]
+ where nP3 is tris(2-diphenylphosphinoethyl)amine and X is the

coordinating anion. Four structures are given that utilize four different anions [22].

The Preparation, Structural Characteristics, and Physical Chemical. . . 89



X¼ BF4: A solution was made up of np3 ligand dissolved in acetone. A mixture

containing [NiBF4]�6H2O dissolved in ethanol was added to the previous solution.

The resulting mixture was concentrated by evaporation. Crystals were obtained

from this solution. The formula of these crystals was [NiHx (nP3)]BF4 where

(x ¼ 0.06–0.26). In order to form the final product, the purified crystals were

dissolved in dichloromethane. Nitrogen oxide was bubbled through the solution

for approximately 20 min until the color changed to a deep violet purple (this

solution is further reacted with later mentioned reagents to form new products). The

solution was diluted with ethanol and then concentrated again. This yielded dark

black–violet crystals with the formula [Ni(NO)(nP3)]BF4.

X¼ BPh: Another member of this family of compounds makes use of a different

coordinated ligand. This product was formed by dissolving NaBPh4 in ethanol to

the earlier mentioned violet solution. The solution was concentrated and

recrystallized from a THF-ethanol mixture.

X ¼ I: This alternate product was prepared using the same procedure as the

tetrafluoroborate derivative. The starting reagents used were NiI dissolved in

dichloromethane. This mixture was added to the solution containing nP3 ligand in

acetone and reacted in the same manner.

X ¼ NO3: In order to synthesize this compound, a suspension of Ni(NO3) was

dissolved in THF. The solution was stirred and NO was bubbled through it. The

solution turned black–violet and was concentrated to yield the solid product.

[(N-N)Ru(NO)Cl3]: A family of complexes has been made that makes use of

diimine ligands [131]. The members of this family, fac-[(N-N)Ru(NO)Cl3], (N-N¼
R0N¼CR-CR¼NR0), differ in size, shape, and formula of the R groups present on

the diimine ligands. The synthetic procedures for the family Ru(II) nitrosyl

complexes [(N-N)Ru(NO)Cl3] were obtained through the single step reactions

between Ru(NO)Cl3�5H2O dissolved in an appropriate solvent. To this mixture,

1 molar equivalent of the appropriate ligand molecule was added. The products of

these reactions were collected and purified. Interestingly, a novel unexpected

by-product, which was classified by the rearrangement of one of the NO ligands,

was also isolated (very low yield of 5%) from the reaction mixture.

Monoanionic [(NO)Mn(S,S-C6H3-R)2]
� and dianionic [(NO)Mn(S,S-C6H3-

R)2]
2�: An interesting family of new structures based on sulfur ligand is discussed

here. These structures make use of manganese as the coordinated metal center

instead of the usual iron atom. Several compounds within this family were obtained

by changing the substituents on the ring of the benzenedithiolate ligand. Two

different complexes were formed here with the ligands bound to manganese in a

bidentate and a monodentate manner [132]. These structures were synthesized by

dissolving the proper precursor molecule in THF solvent. An NO(g) mixture (10%

NO + 90% N2) was then bubbled through the solution. This reaction leads to the

formation of the final product, which was isolated and characterized. IR and

UV–vis spectra implied the formation of the anionic {Mn(NO)}5 complex [(NO)

Mn(S,S-C6H3-R)2]
� (R¼H or Me). The simple H containing complex was isolated

in solid form and characterized by single-crystal X-ray analysis. Several structures

have been synthesized that are very similar to these, but make use of different metal

centers [133, 134].
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[Ru(L)(PPh3)2(NO)](ClO4) (L ¼ pyridine 2,6-dicarboxylic acid): Another

example of a mixed ligand molecule is discussed here. This molecule makes use

of a ruthenium atom as its metal center [135]. A precursor complex [Ru(L1)

(PPh3)2(Cl)] was reacted with NO that was generated in situ by an acidified

NaNO2 solution. The brownish-red color of the initial solution changed to yellow

after approximately 1 h of stirring. The resultant yellow compound was isolated as a

perchlorate salt. The precursor complex possesses a band near 400 nm in UV–Vis

spectrum. This band was not present in the final product spectrum, where a peak

near 320 nm was observed. The IR spectrum of the final product provided νNO at

~1890 cm–1 and the presence of perchlorate ion was confirmed by peaks near 1090

and 623 cm�1.

(OEP)Os(NO)(OiPr): One of the interesting structures using porphyrin as a

ligand makes use of osmium as the metal center [136]. To form this product (OEP)

Os(NO)-(OEt) was dissolved in 2-propanol. To this solution, HBF4�Et2O was added

in the absence of light. The resulting dark red solution was brought to the reflux

temperature and allowed to react for 2 h. The solvent was then removed using a

vacuum; the resulting residue was redissolved in a solvent mixture made up of

CH2Cl2 and pyridine. This mixture was stirred at room temperature for 5 min to

completely dissolve the residue. The volatile solvents were removed from the

solution again using a vacuum. The red residue was dissolved again in a minimum

amount of CH2Cl2 and purified by being quickly chromatographed on a short silica

gel column by using an eluent solution of CH2Cl2/THF (5:1). The bright red band

was collected and evaporated to dryness, and the alkoxide compound (OEP)Os

(NO)(OiPr) was obtained as a red solid (65% yield).

[Fe(NO)(cyclam-ac)](ClO4)Cl�H2O: A molecule similar to that of the afore-

mentioned porphyrin structure is an octahedral pentadentate molecule described

here [93]. This compound has a mixed chelated structure, having both nitrogen and

oxygen coordinating atoms that are part of the same ligand molecule. In order

to synthesize this molecule the precursor molecule was dissolved in degassed

acetonitrile solvent at ambient temperature with stirring. To this solution (tris

(4-bromophenyl)ammoniumyl) hexachloroantimonate was carefully added in a

1:1 molar ratio. The mixture was allowed to stir for 5 min. This yielded a light

yellow solution and upon sitting undisturbed, colorless tris(4-bromophenyl)amine

precipitated. This solid was filtered off. Following this, a threefold excess of tetra-

n-butyl ammonium perchlorate was dissolved in degassed CH3CN and added to the

previous yellow solution. A slow flow of Ar gas was passed through the solution in

order to slowly evaporate off the solvent. After ~12 h a yellow solid had

precipitated and was collected by filtration. The solid was recrystallized in water

and yellow crystals were obtained with a 72% yield.
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4.2 Trinitrosyl Complexes

Trinitrosyl metal complexes are rarely isolated due to their relative instability.

However, a few structures have been reported which make use of large bulky

ligands that stabilize the three nitrosyl groups.

[(IMes)Fe(NO)3][BF4]: One form of trinitrosyl iron complex (TNIC) was

synthesized by the Darensbourg group [137]. This new compound was only made

possible with the use of a bulky carbene ligand that stabilizes the three NO groups

on the iron center. This was synthesized by reacting an appropriate amount of Fe

(NO)2(CO)2, with 1 molar equivalent of the carbene ligand (abbreviated here as

IMes) to form the precursor DNIC molecule (IMes)Fe(CO)(NO)2. This precursor

molecule was then reacted with NOBF4 and left to stir overnight. Purification using

hexane yielded the final product [(IMes)Fe(NO)3][BF4]. Green crystals of X-ray

quality were obtained that are air and moisture stable, as well as being thermally

stable in THF with a very slow decomposition rate. This molecule was qualitatively

tested using IR spectroscopy and a nitric oxide trapping agent. The results showed

that this new structure was able to transfer nitric oxide under these conditions.

5 Organometallic Metal Nitrosyl Complexes

Organometallic metal nitrosyl complexes represent a large portion of the subject

and the methods of preparing these complexes have been published in several

helpful texts [7, 28, 138, 139]; therefore, it is minimally discussed here. Instead

we picked a few recent examples that deal with controlling the reactivity of nitric

oxide at transition-metal centers, because of their fundamental significance and

possible biological relevance.

Legzdins’ group recently reported an intramolecular insertion of bound NO into

an adjacent metal�ligand bond in the presence of an oxygen-atom transfer reagent

[140]. Treatment of the dialkyl compounds Cp*M(NO)(CH2CMe3)2 (where Cp* ¼
η5-C5Me5, M¼Mo or W) with cumene hydroperoxide induced the insertion of NO

into one of their metal�carbon bonds and resulted in the formation of the

η2-nitrosoalkane oxo complexes Cp*M(O)(η2-ONCH2CMe3)(CH2CMe3). Further

treatment of Cp*M(O)(η2-ONCH2CMe3)(CH2CMe3) with excess O2 yielded the

dioxo alkyl complexes Cp*M(O)2(CH2CMe3).

Recently, Bergman et al. reported several examples of double additions of C–N

bond-forming reactions of metal nitrosyls, some of which are shown in Fig. 24 [141,

142]. For instance, the dinitrosyl complex [RuCl2(NO)2(THF)], in the presence of an

additional neutral chelating ligand, binds alkenes to the nitrosyl nitrogen atoms at

room temperature [142]. This was achieved by the reaction of [{(cymene)RuCl2}2]

with 10 equiv of norbornadiene in the presence of NO in THF, which yielded a

six-coordinate ruthenium dinitro-soalkane adduct [(THF)2RuCl2{(μ-NO)2(C7H8)}]

in high yield.
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Using a combination of experimental techniques (XRD, EPR, UV–vis, NIR, and

X-ray absorption spectroscopies) and computational studies (DFT, time-dependent

DFT, complete active space self-consistent field (CASSCF), and multireference

configuration interaction (MRCI) calculations), the ground-state electronic structure

of a four-coordinate Co nitrosyl complex: Tp*Co(NO) (Tp* ¼ hydro-tris

(3,5-dimethylpyrazolyl)borate) was well described. A detailed understanding of the

interaction between the metal center and the nitrosyl ligand was obtained from

correlating between experiment and theory [143].

6 Conclusion

In summary, the preparation of some novel metal nitrosyl complexes, which have

been synthesized over the last decade, has been summarized and several selected

examples have been discussed in detail. From those examples, one can see that

dinitrosyl complexes are typically prepared by using Fe(NO)2(CO)2 as the starting

material, which is then reacted with appropriate ligands. Final products are formed

as a result of simple substitution reactions. These processes can easily be followed

through the use of FT-IR spectroscopy, as the remaining carbonyl group(s) can help

to differentiate between single or double substituted complexes. Depending on the

donating/accepting properties of the ligands, the IR stretching frequencies of the

nitrosyl group will shift into different directions, as well as the electrochemical

reduction potentials. As shown in the X-ray crystallographic studies, all of these

complexes possess tetrahedral geometry at their metal centers with the exception of

a very few. NMR is also useful in studying the geometry changes of the ligands and

in some cases, a restricted rotation of the ligand has been observed. The 17-electron

paramagnetic form of these complexes is EPR active and shows exclusively well-

resolved spectra with g-factors close to 2.03. This high g-value is related to the high
electron density on the metal center, and the hyperfine couplings are attributed

to the nitrogens of the nitrosyl ligands (though the coordinated ligands also

contribute). These complexes are closely related to the biological non-heme iron

nitrosyl complexes, the so-called g ¼ 2.03 species.

Nitrosyl complexes containing two or more metal centers have also been

summarized. The complexes containing Fe2S2 cores are closely related to the
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RRE structures and are often used as biomimics of NO bound to the cysteine

residues of proteins. Formation of DINCs at Rieske centers of certain proteins has

been achieved. These complexes are typically synthesized through the reaction of

Fe(NO)2(CO)2 with the appropriate thiol or thiolating ligands. A few mixed metal

complexes have also been prepared. Characterizations of these complexes are

usually done through a combination of X-ray crystallographic methods and FT-IR

spectroscopy. The structures in their solid state are almost exclusively trans-
isomers, while in solution, cis- and trans-isomers coexist. DFT calculations show

that the two isomers can interchange and the activation energy barrier is only

~3 kcal/mol. The electrochemical studies show ligand-based redox behavior with

SR group influence of the reduction potentials. These complexes are diamagnetic

and EPR silent. The reduced form of the complexes are EPR active and show a

single line at g ¼ 1.99 without any hyperfine coupling. The electron distribution

calculated by DFT methods shows that the unpaired electron is delocalized between

the iron and sulfur atoms with ~60% and 25%, respectively, and very small amount

(~2%) on the nitrosyl groups. In contrast, the unpaired electron in DNICs is mostly

on the iron atom and there are significantly larger spin densities on the nitrogens of

the nitrosyl ligands. These results explain the lack of hyperfine coupling in the

reduced RREs and the g-value difference between the RREs (g ¼ 1.99) and the

DNICs (g ¼ 2.03).

The method of using simple one-step solvent-thermal reactions to prepare

iron–sulfur and iron–selenium nitrosyl clusters is also discussed in detail. The

results show that the solvent-thermal reaction is a more effective and simple

procedure for the synthesis of polynuclear iron nitrosyl compounds than traditional

methods, in which other iron–sulfur nitrosyl clusters are used as starting materials.

The structural analysis done by single-crystal X-ray diffraction shows that each iron

center is bonded to three selenium (sulfur) atoms and a nitrogen atom from the

nitrosyl ligand with pseudo-tetrahedral geometry. The UV–vis spectra are also

presented along with the electrochemical study, in which an ECE mechanism is

identified. The formation and structural characteristics of multinuclear metal

nitrosyl complexes containing four iron and four imidazole or four substituted

imidazoles have also been presented.

Mononitrosyl complexes are usually prepared through the treatment of a precursor

molecule with source of NO. Many mononitrosyl complexes are often synthesized

with the intention of comparing their structures and properties with the products of

nitric oxide transfer reactions. Trinitrosyl metal complexes are harder to prepare due

to their relative instability and the example presented shows that it is made possible

only with the use of a bulky ligand that stabilizes the three NO groups on the iron

center. The subject of organometallic metal nitrosyl complexes is minimally

discussed here with a few recent examples related to the reactivity of nitric oxide at

transition-metal centers.

Many of the aforementioned structures show promising properties including the

ability to bind to proteins, transfer nitric oxide, and reversibly convert into

Roussin’s Red or Black Esters. Despite this intensive study, further work is needed

in order to completely understand the chemical properties of these compounds.
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Quantitative studies of the NO transfer and delivery have yet to be accomplished on

many of these complexes. The full potential of these complexes can be unlocked

once these properties are quantified and fully understood.
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Abstract Here, we present an overview of mechanisms relevant to the formation

and several key reactions of nitric oxide (nitrogen monoxide) complexes with

biologically relevant metal centers. The focus will be largely on iron and copper

complexes. We will discuss the applications of both thermal and photochemical

methodologies for investigating such reactions quantitatively.
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Abbreviations

AN Acetonitrile

aq Aqueous

Cbl Cobalamin

cGMP Cyclic guanylyl monophosphate

CysSH Cysteine

CytII Ferrous cytochrome c
DAC Bis(9-Anthracylmethyl)cyclam

DFT Density functional theory

dmp 2,9-Dimethyl-1,10-phenanthroline

DNIC Dinitrosyl iron complexes

dpp 2,9-Diphenyl-1,10-phenanthroline

EDTA4– Ethylenediamintetraacetate

EPR Electron paramagnetic resonance

F8Por Tetrakis(2,6-difluorophenyl)-porphyrinato

GSH Glutathione

GSNO S-Nitrosoglutathione
GTP Guanylyl triphosphate

Hb Hemoglobin

Mb Myoglobin

metMb Metmyoglobin

MLCT Metal-to-ligand charge transfer

MNIC Mononitrosyl iron complexes

NiR Nitrite reductase

NOS Nitric oxide synthase

Por Porphyrinato

PPIX Protoporphyrin IX

RBS Roussin’s black salt

RRE Roussin’s red esters

RRS Roussin’s red salt

sGC Soluble guanylyl cyclase

THF Tetrahydrofuran

TMPS Tetra(sulfonato-mesityl)porphyrinato

TPP Tetraphenylporphyrinato

TPPS Tetra(4-sulfonatophenyl)porphyrin

tren Bis-(2-aminoethyl)amine

UV Ultraviolet
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1 Introduction

From the early studies leading to the discovery that nitric oxide (nitrogen monox-

ide) plays important regulatory roles in mammalian physiology, it has been clear

that this bioactivity is closely connected to the interactions of NO with metal

centers [1–3]. A key target is the ferroheme enzyme soluble guanylyl cyclase

(sGC), which catalyzes the transformation of guanylyl triphosphate (GTP) to give

the secondary messenger cyclic guanylyl monophosphate (cGMP), and the

interactions of NO with this and with other metalloproteins and model compounds

have been widely studied [4]. A critical feature of sGC activation is that it is

triggered by very low concentrations of NO (as low as 1 nM) in aerobic media

[5], and this sensitivity requires a remarkable selectivity of this enzyme for NO

[6]. Furthermore, while NO may be generated by acid-catalyzed nitrite dispropor-

tionation, the principal biosynthetic pathways endogenous to mammals involve

constitutive and inducible forms of the enzyme nitric oxide synthase (NOS),

which are also heme proteins [7]. So, heme centers are involved both in the

endogenous formation of NO and as one of the primary targets.

Thus, to understand the physiological mechanisms of NO, we need to define its

direct interactions with metal centers. This includes visualizing the products formed

and elucidating the dynamics and thermodynamics of these reactions. Furthermore,

one needs to understand the effect of NO coordination both on the properties of

the resulting metal complexes and on the reactivity of coordinated NO itself.

Such effects may involve structural and reactivity changes at protein sites remote

from the metal center, in analogy to the cooperative effects seen when dioxygen

binds to hemoglobin. Similarly, one needs to consider the interactions of other NOx

derivatives with metals, given extensive biomedical interest in the therapeutic,

signaling, and/or deleterious effects of nitroxyl (HNO), nitrite ion (NO2
�), nitrogen

dioxide, and peroxynitrite (OONO–) and more complex species such as S-
nitrosothiols (RSNO) and N-nitrosoamines (RR’NNO).

The goal of this article is to outline fundamental chemical processes that may be

relevant to the mammalian chemical biology of NO and other key species. The

focus will be on the dynamics, thermodynamics, and mechanisms of the formation

and subsequent reactions of various metal-NO complexes. This will not be a

comprehensive review of the huge body of work reported over the past several

decades, but a selective overview of these topics.

2 Metal-Nitrosyl Bonding

NO coordinates to numerous transition metals, but we will largely focus on metal

centers having biological relevance, principally iron (both heme and non-heme

systems) and copper. NO typically coordinates to a metal center via the nitrogen

atom, and in such M–NO complexes the character of this ligand can range from a
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nitrosonium cation (NO+) to a nitroxyl anion (NO–) or somewhere in between

[8]. The nitrosonium cation would be the case when considerable charge transfer

from the NO to an oxidizing metal center (such as an Fe(III) heme) has occurred,

leaving NO+, which is isoelectronic to CO. Correspondingly, the M–NO+ bond

angle is roughly linear (~180�, Fig. 1a). A coordinated nitroxyl might be seen for

the interaction of NO with a reducing metal, where charge transfer has occurred in

the opposite direction. In that case, a more acute M–NO bond angle of ~120�

(Fig. 1b) would be anticipated. Numerous metal-NO complexes fall between these

extremes, as do the corresponding bond angles (see below).

There are limited examples of other types of coordination involving side-on

bonding or O-coordination (Fig. 1c, d). These have largely been seen for metastable

complexes generated in low-temperature solids by photochemical excitation of

stable nitrosyl complex, and both types rearrange to the more stable

N-coordinated form upon warming as illustrated in Scheme 1 [9, 10]. A side-on

bonding mode with the NO bond perpendicular to the metal-ligand axis has also

been demonstrated in the crystal structure of a copper nitrite reductase (NiR)

prepared by infusing crystals of the wild-type protein with NO [11, 12]. Computa-

tional studies using density functional theory (DFT) showed the end-on Cu–NO

structure to be ~40 kJ more stable than the side-on isomer for model complexes,

although the difference was smaller for the protein [13, 14].

Qualitative theoretical discussions of metal-NO complexes LxM(NO), published

sometime ago used Walsh orbital energy diagrams to predict the M–NO bond

angles [15, 16]. The metal-nitrosyl unit was further described in terms of the

M

N
O O

N

MM

N

O

O N

M

b c da

Fig. 1 Linear, bent, side-on bonding, and isonitrosyl forms of metal-NO complexes

Fe

N

Fe

Fe

O
NO

O
N

h

fast

fast

slow

caged pair

Scheme 1 Likely pathway for forming the isonitrosyl complex FeII(Por)(ON) by visible range

photolysis of low-temperature solids (25 K KBr) containing FeII(Por)(NO) (circles represent a

porphyrinato ligand, Por2�)
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formulation {MNO}n, where n is the sum of the metal d-electrons and the nitrosyl

π* electrons [16]. Other ligands influence the structure and the nature of the M–NO

bonding. For example, when there is a strong axial perturbation, as is the case with

the metalloglobins, the M–N–O angle is predicted to be linear for n � 6 but bent for

n > 6. This treatment is generally considered a good place to start discussing metal

nitrosyls.

The ability to form a stable nitrosyl complex and the resulting structure of that

species depend strongly on the oxidation state of the metal center. However,

assigning an oxidation state to the metal of a M–NO complex is subject to

considerable ambiguity, since NO is by no means an innocent ligand. It might

minimize confusion to begin by treating NO as a neutral ligand and then examining

the system carefully to see if it is likely that charge transfer has occurred to or from

the nitrosyl ligand from or to the metal center. For example, let us compare the NO

adducts MnII(TPP)(NO), FeII(TPP)(NO), and CoII(TPP)(NO) (TPP2– ¼ the

tetraphenylporphyrinato dianion), which can be prepared in each case by the

reaction of the MII(TPP) complex with free NO. These nitrosyl adducts display

the respective M–N–O bond angles 176.2�, 149.2�, and 124.8� (180 K) [17]. The

first is consistent with the bond angle predicted above for the {MnNO}6 formula-

tion as well as with assigning the charge distribution as MnI(TPP)(NO+), since NO+

is isoelectronic with CO and the latter ligand generally coordinates linearly. The

structure of the cobalt product would be consistent with that predicted for the

{CoNO}8 formulation or with assigning the charge distribution as a Co(III) nitroxyl

complex CoIII(TPP)(NO–). Notably, the M–N–O angle seen for the FeII(TPP)

(NO) adduct is intermediate between these extremes, and this is generally consid-

ered a ferrous complex FeII(TPP)(NO). Oxidation gives the {FeNO}6 system

FeIII(TPP)(NO), which is isoelectronic to MnII(TPP)(NO) and is predicted (and

found) to be nearly linear.

The metal-NNO bond lengths for the above MII(TPP)(NO) complexes follow the

order 1.644, 1.717, and 1.837 Å for M ¼ Mn, Fe, or Co, respectively [17]. In

addition, structural studies also show that the Fe–NNO bond is tilted a few degrees

from perpendicular to the porphyrin plane in FeII(TPP)(NO), and this is common for

ferrous heme nitrosyls [18].

Non-heme iron nitrosyl complexes include the sodium salt of the nitroprusside

ion Fe(CN)5(NO)
2–, which has long been used as a vasodilator in hypertensive

emergencies [19]. Chemical mechanisms potentially relevant to its bioactivity are

discussed later in this review. Figure 2 illustrates some other non-heme nitrosyl

complexes. Roussin’s red salt (RRS) and Roussin’s black salt (RBS) anions are

iron/sulfur/nitrosyl clusters that have been known since the mid-nineteenth century

[20, 21]. These salts and certain Roussin’s red esters (RREs) have been studied

as potential sources of therapeutic NO either thermally [22] or photochemically

activated [23–29]. In addition, both mononitrosyl iron complexes (MNICs) and

dinitrosyl iron complexes (DNICs) are drawing increasing attention with regard to

their potential roles in mammalian physiology [30–34]. The structures drawn in

Fig. 2 are qualitative representations of structures that have been determined using

X-ray crystallography [35–38].
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Although quite a few iron complexes of NO have been isolated and

characterized structurally, the list of such copper compounds is considerably

shorter. In addition to the copper-NO structure described above for a NiR protein

[12], the X-ray structures of a small number of model compounds have been

described [13, 39, 40]. In contrast to the side-on bonded structure in the protein,

the {CuNO}11 complexes formed from the reaction of Cu(I) species and free NO

have linear structures. Surprisingly, the structurally characterized {CuNO}10 spe-

cies, which is formed from the reaction of [NO][PF6] with copper in nitromethane

solution, has a strongly bent structure (Cu–N–O angle of 121�) [41]. While this

suggests a CuIII(NO–) formulation, the NO stretching frequencies (νNO ¼ 1,933 cm�1)

are much higher than expected for a nitroxyl anion, leading to the suggestion that this

complex should be formulated as CuII(NO). Notably, the complex is not very stable,

and NO readily dissociates from the Cu coordination site.

Table 1 summarizes some structural and IR spectral data for examples of heme

and non-heme iron nitrosyls and of copper nitrosyls [17, 18, 36–46].

3 How Does the Coordinated Nitrosyl Affect the Metal

Center?

Electron paramagnetic resonance (EPR) spectroscopy provides insight into the

electronic structure of metal nitrosyls. For example, the high-spin manganese(III)

tetraphenylporphyrinato complex, MnIII(TPP)(CN) (3d4, S ¼ 2), reacts with the free

radical NO to give Mn(TPP)(CN)(NO) for which the EPR spectrum indicates

an S ¼ 1/2 spin state [47]. Similarly, the NO adduct of the chromium(II)

Fig. 2 Several representative non-heme iron complexes. DNIC dinitrosyl iron complex, RBS
Roussin’s black salt anion, RRS Roussin’s red salt anion, RSE Roussin’s red salt ester
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porphyrin CrII(TPP) (3d4, S ¼ 2) exhibits an EPR spectrum consistent with an

S ¼ 1/2 spin state, while the reaction of NO with MnII(TPP) or FeIII(Por) (S ¼ 5/2)

gives adducts with S ¼ 0 [47, 48]. Thus, NO coordination usually gives strong field,

low-spin complexes with such metal centers.

Similarly, the high-spin-state 3d6 ferrous analogs FeII(Por) (S ¼ 2) coordinate

NO to give low-spin (S ¼ 1/2) FeII(Por)(NO) complexes. The EPR spectra of these

complexes show super hyperfine splitting due to the nitrogen atom of the axial NO,

indicating the unpaired electron density to be largely in the dz2 orbital of the iron

[47]. The spectra display three unique g values consistent with the non-axial

symmetry and the bent form of the Fe–N¼O moiety, in accordance with the

X-ray structure (Table 1). Nitrosyl adducts of ferroheme proteins with a histidine

residue in the trans (proximal) axial site display N hyperfine splitting of both NO

and the histidine imidazole [49].

Table 1 M–NO and N–O bond lengths, M–N–O angles and IR NO stretching frequencies (νNO)
for selected iron and copper nitrosyl complexes

Metal complexa {MNO}n b
M–NO
(Å)c

N–O
(Å)c

Fe–N–O
angle (˚)c

νNO
(cm−1) References

Heme models and proteins

FeII(TPP)(NO) {FeNO}7 1.717 1.122 149.2 1,670 [42]

FeII(TpivPP)(NO) {FeNO}7 1.716 1.197 143.8 1,665 [43]

FeII(TPP)(NO)(MeIm) {FeNO}7 1.743 1.121 142.1 1,625 [44]

hh-Mb(NO) {FeNO}7 1.87 1.20 144 [18]

2.13 1.17 120

sw-Mb(NO) {FeNO}7 1.87 1.15 112 [46]

T-state-h-Hb(NO)

α-heme {FeNO}7 1.74 1.13 150 [47]

β-heme 1.75 1.15

[FeIII(OEP)(NO)]+ {FeNO}6 1.644 1.112 176.9 1,868 [17]

[FeIII(TPP)(H2O)
(NO)]+

{FeNO}6 1.652 1.150 174.4 1,937 [17]

[FeIII(OEP)(NO)
(MeIm)]+

{FeNO}6 1.647 1.135 177.3 1,921 [17]

Non-heme iron complexes

Na2[Fe(CN)5(NO)] {FeNO}6 1.63 1.13 178.3 1,945 [35]

Fe2[(μ-SC2H5)2(NO)4] {Fe(NO)2}
9 1.675

(ave.)
1.171

(ave.)
168.5

(ave.)
1,774 s,

1,749 s,
1,819 w

[36]

[N(PPh3)2][Fe(NO)2I2] {Fe(NO)2}
9 1.68 1.145

(ave.)
166

(ave.)
1,775
1,719

[37]

Copper complexes
Cu(TpRR’)(NO) {CuNO}11 1.759 1.108 163.4 1,712 [42]

Cu(L3’)(NO) {CuNO}11 1.786 1.035 176.4 1,742 [43]

[Cu(NM)5(NO)][PF6]2 {CuNO}10 1.955 1.109 121.0 1,933 [41]
aTpRR’ tris(3-R,5-R’-pyrazolyl)hydroborate, L3’ HC(3-tBu-5-iPrpz)3, 4-Me-pip 4-methyl-piperidine,

MeIm 1-methyl imidazole, NM nitromethane. See Sect. 6 for other abbreviations
bFeltham/Enemark parameter n for the notation {MNO}n, where n is the total number of d-electrons

from the metal and π* electrons from NO [16]
cAs determined by X-ray crystallography
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The optical spectra of metalloporphyrins are dominated by characteristic π–π*
porphyrin ligand bands in the near UV and visible regions [50]. The spectral

shifts induced by NO coordination can be diagnostic, especially in solution studies

[47, 51].

For a six-coordinate L5M(NO) complex, the model described above for

{MNO}n complexes also predicts that going from n ¼ 6 to n ¼ 7 will weaken

the proximal M–L bond trans to the NO owing to the axial σ-antibonding nature of
the iron dz2 orbital where much of the added electron density localizes [16]. This

effect is demonstrated by structural studies of the porphyrin complex MII(TPP)(L)

(NO) (L ¼ 4-methylpiperidine) [52]. For M ¼ MnII (n ¼ 6), not only is the

Mn–NO angle nearly linear (176�); the Mn–Npip bond length is relatively short

(2.20 Å). For M ¼ FeII (n ¼ 7), the Fe–NO angle is bent to 142�, and the bond to

the methylpiperidine is considerably weakened (Fe–Npip ¼ 2.46 Å). For M ¼ CoII

(n ¼ 8), the Co–NO angle is even sharper, and a stable complex with methylpi-

peridine could not be isolated. As we will see below, such a perturbation, which is

illustrated in Fig. 3, can have a profound impact on the activity of metalloproteins.

It was on the basis of this trans labilizing effect for the n ¼ 7 case that Traylor

and Sharma proposed a mechanism for sGC activation by NO [53]. Soluble

guanylyl cyclase is a heme enzyme with a FeII(PPIX) (“hemin,” PPIX ¼ protopor-

phyrin IX) as the metal center with an open axial coordination site (the distal site).

The trans, or proximal site, is occupied by a histidine nitrogen. Coordination of NO

to the heme center gives the {FeNO}7 complex, and the associated trans-influence
on the metal-ligand bonding weakens the proximal histidine-iron bond. The result is

a change in the protein conformation that activates the enzyme by several orders of

magnitude. This model follows an earlier discussion of the electronic origins of the

NO induced trans-effect in FeII nitrosyl complexes introduced by Mingos in 1973

[16]. It also follows the application of this concept by Perutz and coworkers [54] to

explain different quaternary structural changes induced by the addition of inositol

hexaphosphate to the O2, CO, and NO adducts of hemoglobin.

Fe

N
O

L

Mn

N

O

L

Co

N O

+ L

Fig. 3 Illustrated is the effect of electronic configuration on the bonding between NO and a

divalent metal tetraphenylporphyrinato complex and the effect of NO coordination on the proxi-

mal ligand. Mn(II) gives a {MnNO}6 species with a linear Mn–NO bond angle and a stable

6-coordinate complex. Fe(II) gives a {FeNO}7 species with a bent Fe–NO bond angle and a

weaker and more labile proximal ligand. Co(II) gives a {CoNO}8 species that has a more acute

M–NO bond angle and is five-coordinate. In all cases, coordination of NO switches the high spin

MII(TPP) complexes from high spin to low spin
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An impressive test of the Traylor/Sharma model for sGC activation by NO was

offered by Burstyn and coworkers [55], who investigated the activities of non-native

sGC prepared by substituting MnII(PPIX) and CoII(PPIX) for the hemin of the

native enzyme. Addition of NO failed to activate sGC(Mn) above basal activity,

presumably because the proximal histidine was not labilized in this {MnNO]6

complex. In contrast, NO addition to sGC(Co) giving a {CoNO}8 complex resulted

in even greater activity than with sGC that had been reconstituted with hemin. The

overall trend sGC(Co)(NO) > sGC(Fe)(NO) >> sGC(Mn)(NO) substantiates the

Traylor/Sharma hypothesis [53] that the trans-effect of NO on proximal ligand

lability is responsible for the activation of wt-sGC by NO. (It should be noted,

however, that subsequent studies of sGC activation have proposed additional

subtleties, including possible involvement of a second NO [56].)

The effect of NO coordination on the ligands trans to the M–NO bond has also

been addressed computationally for several {MNO}6 and {MNO}7 systems

[57–62]. For the latter complexes the interaction between the axial dz2 orbital of

the metal and the half-filled π* orbital of the bent nitrosyl ligand leads to weakening
of the bond to the ligand trans to the nitrosyl as suggested by the Traylor/Sharma

hypothesis. Correspondingly, a strongly bonding proximal ligand can weaken the

M–NO bond in heme nitrosyl complexes, and this property may play an important

role in labilizing NO from the ferroheme center in certain complexes (see below).

4 The Formation and Decay of Metal Nitrosyls

4.1 Some General Considerations

In this section we will be concerned with the reaction of a metal center with NO to

form a metal-nitrosyl complex ((1), L and X are other ligands) as well as the

reverse, the dissociation, or displacement of a coordinated NO (2). Although

M–NO species can be formed by various pathways including the reduction of

nitrite ion, the direct reaction is especially relevant to potential roles of the free

NO generated by nitric oxide synthase in tissue or various biological fluids. Thus, it

is necessary to have a sound understanding of the rate laws and dynamics of such

reactions and of the mechanisms by which they proceed. The reverse reaction is

equally of interest, given that this step may be a key determinant in the formation of

NO from NOS among various biological roles. In general, the mechanisms for the

forward and back reactions will occur along analogous reaction coordinate(s) as

dictated by the “principle of microscopic reversibility.” Much of our focus here will

be on reactions involving either heme iron or non-heme iron.

MLnXþ NO ▸
kon

MLnðNOÞ þ X; (1)
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MLnðNOÞ þ Y ▸
koff

MLnYþ NO: (2)

Since NO is a free radical, a key question is whether its ligand substitutions on

metal centers occur by mechanisms analogous to those of other small ligands such

as CO that are not free radicals. Various studies have shown a substitution reactivity

pattern for NO similar to that seen for other Lewis bases; however, there clearly are

differences. Since the odd electron of NO resides in the π* orbital, it very likely

does not become involved in the overall bonding until the metal-NO bond is largely

formed, so in this regard, a key question might be whether the transition state lies

early or late along the reaction coordinate.

One example where the reactivity difference between NO and CO is quite

apparent concerns the back reaction of the geminate pairs {LnM, AB} formed by

flash photolysis1 of a LnM-AB complex (Scheme 2, AB ¼ NO, CO, or similar

small molecule). An analogous encounter pair would also be expected to form by

the diffusion of LnM and AB together. For cases where LnM is incorporated into a

protein, such as the heme centers in myoglobin (Mb) or hemoglobin, ultrafast laser

flash photolysis has been used to probe the dynamics of such geminate pairs.

Typically the kinetics display significant differences between NO and CO, the

recombination of the metal center with NO being much faster. In this context,

Fig. 4 illustrates the different ΔG{ barriers for geminate recombination of ferrous

Mb with NO, O2, and CO [63]. The barrier for the recombination with NO is so

small that very little NO escapes from the protein pocket upon flash photolysis of

the Mb(NO) adduct owing to efficient recombination. In contrast, the barrier is

much larger for the recombination with CO, so the quantum yields for photo-

induced release of CO from Mb(CO) are much greater. These differences have

been attributed in part to the required spin-state changes undertaken by the Mb upon

coordination of these ligands [64, 65]. Interpreting these kinetics data required

proposing a distribution of geminate pair configurations and protein conformations,

each characterized by its own recombination rate [66, 67]. A similar behavior has

been noted for other heme proteins [68].

Scheme 2 Formation of a geminate pair of a diatomic molecule AB and the metal complex LnM

prepared either by flash photolysis of the AB complex or by diffusion of AB to LnM

1The flash photolysis kinetics studies generally employ a pump-probe approach. Typically, the

pump pulse is delivered from a laser. The time frame of the experiment will depend in part upon

the length of the laser pulse, which in some systems can be as short as a few fs. The probe can be a

continuous or pulsed source at wavelengths ranging from the ultraviolet into the infrared

depending upon the detection system, the time constant of which is typically matched to that of

the pump system.
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Another example where ligand free radical character apparently plays a role is

the slow reaction of NO with the d5 ruthenium(III) complex ion Ru(NH3)6
3+ (3).

Taube and coworkers [69] studied the aqueous solution kinetics of this process and

found the second-order rate constant to be much larger (kNO ¼ 0.2 M�1 s�1 at

298 K) than the replacement of NH3 by typical Lewis bases such as water. As a

result these workers concluded that the reaction proceeds by an associative path-

way, whereby the paramagnetic Ru(III) center engages the NO radical to give a

seven-coordinate intermediate [Ru(NH3)6(NO)]
3+, which then loses NH3. This

mechanism gains further support from subsequent studies of the temperature [70]

and hydrostatic pressure effects [71] on the kinetics that determined the activation

enthalpy ΔH{ to be small (36 kJ mol�1), the activation entropy ΔS{ to be large and
negative (–138 J K�1 mol�1), and the activation volume ΔV{ also to be large and

negative (�13.6 cm�3 mol�1).

Ru NH3ð Þ63þ þ NOþ Hþ ▸Ru NH3ð Þ5 NOð Þ3þ þ NH4
þ: (3)

Interestingly, Armor and Pell [70] found entirely different products when the

reaction of Ru(NH3)6
3+ with NO was carried out in alkaline solution. Above pH 8.3,

the sole ruthenium product was the Ru(II) dinitrogen complex Ru(NH3)5(N2)
2+.

Under these conditions the dominant reaction is not ligand substitution but instead

appears to be NO attack on a coordinated amide ligand (�NH2
–) coupled with

reduction of the ruthenium [72]. Although this is an unusual mechanism, we will

see below that a similar pathway can be invoked to describe the reactivity of certain

copper(II) complexes used as NO sensors.

Fig. 4 Illustration of the different barriers defining the kinetics of the geminate recombination of

Mb with CO, O2, or NO (adapted from [63])
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4.2 Rates of NO Reactions with Hemes and Heme Models

Given their importance to the chemical biology of NO, it is not surprising that the

formation and decay of nitrosyl complexes of heme proteins and of ferrous and

ferric porphyrins heme models (Scheme 3) have been subject to considerable

scrutiny. The very strong UV/visible absorptions of the metalloporphyrins and the

sensitivity of these bands to the nature of the axial ligands make these systems ideal

for using optical spectroscopy to follow the reaction dynamics with experimental

time constants ranging from hours to less than a picosecond. The biological

relevance of the “on” and “off” reactions (4) is emphasized by noting that the

activation of sGC involves such an “on” reaction where the acceptor site of sGC is a

FeII(PPIX) moiety. Nitric oxide effects such as cytochrome oxidase inhibition also

involve coordination at heme iron, so delineating the “on” reaction dynamics is

crucial to understanding NO biochemistry. Similarly, processes such as sGC deac-

tivation and NO generation by NOS must involve Fe–NO bond labilization, so the

“off” reaction dynamics are equally important.

M Porð Þ þ NOÐkon
koff

M Porð Þ NOð Þ: (4)

Early flash photolysis studies of nitrosyl heme protein and heme model

complexes [73–77] actually preceded recognition of NO’s importance as a

bioregulator. For example, flash lamp photolysis techniques were used to determine

quantum yields (Φdis)
2 for CO, O2, and NO release from the respective myoglobin

complexes as ~1.0,<10�2 and<10�3, while photo-induced NO loss from the ferric

Scheme 3 Illustration of some M(Por) complexes are discussed here. TPP has R1 ¼ Ph and

R2 ¼ H. TPPS is the same except that the phenyl groups are sulfonated to provide water solubility,

and OEP has R1 ¼ H and R2 ¼ Et. Porphinato, which is often used in computational modeling,

has R1 ¼ H and R2 ¼ H

2The quantum yieldΦ is a quantitative measure of the photoreaction efficiency and can be defined

as the number of moles of the photoproduct formed (either transiently or permanently) per Einstein

of light absorbed by the system.
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metmyoglobin analog metMb(NO) gave a Φdis of ~1.0 [75]. Subsequent studies

using faster ns laser flash photolysis techniques [76] reported a Φdis of 0.1 for NO

loss from the ferrous model heme complex FeII(PPIX)(1-MeIm)(NO), much larger

than for Mb(NO) but still significantly less than unity. The larger Φdis for

FeII(PPIX)(1-MeIm)(NO) relative to Mb(NO) was interpreted in terms of a mecha-

nism in which NO photolabilization first gives a {heme:NO} “encounter pair”

surrounded by a solvent cage or embedded in a protein pocket as illustrated

above in Scheme 2. Separation of this geminate pair was presumed to be much

more facile for the solvated heme model than from the protein pocket. The result is

that the NO undergoes recombination with the metal in the latter case more readily

than it does diffusion away to give net ligand labilization. This scheme has been

confirmed by a number of ultrafast flash photolysis studies that observed the

geminate pair directly and have probed the influence of protein structure

(as modified by site-directed mutagenesis) on the efficiency and dynamics of the

ligand escape relative to recapture [63, 66, 68, 78, 79].

MbðABÞ ▸
hv

Mbþ AB: (5)

The much higher net photolability of nitrosyl metalloporphyrins in the absence

of the protein was further demonstrated by ns laser flash photolysis (355 nm) studies

of the ferrous complexes FeII(TPP)(NO) in benzene solution [80] and FeII(TPPS)

(NO) (TPPS ¼ tetra(4-sulfonatophenyl)porphyrin) in aqueous solution [81]. In

these cases, Φdis values for NO photolabilization were 0.5 and 0.16, respectively.

However, for such measurements, the measured value Φdis may be dependent upon

the time interval of observation. If the back reaction to re-form the original complex

is facile (6), products initially formed by the photochemical step may have low

steady-state concentrations; thus, the apparent Φdis values measured under

low-intensity continuous photolysis would be small. However, the products

would be directly observable using flash photolysis techniques with the appropriate

time resolution.

NO photodissociation from nitrosyl metalloporphyrins is commonly reversible,

so pulsed laser techniques are well suited for investigating the kinetics of the

nitrosylation reaction. In such studies, flash photoexcitation using a pulsed laser

is used to labilize NO from the M(Por)(NO) precursor, and subsequent relaxation of

the non-steady-state system back to equilibrium (4) is monitored spectroscopically,

usually in the presence of excess NO (Fig. 5) [82]. Under these conditions, the

transient spectra would decay exponentially to give the observed rate constant kobs
for the return of the system to equilibrium. For the simple model photoreaction

indicated by (4), a plot of kobs vs. NO concentration should be linear according to

(7), where the slope kon equals the rate constant for the second-order thermal back
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reaction and the intercept koff is the overall rate constant for spontaneous (thermal)

NO release from the complex.

kobs ¼ kon NO½ � þ koff (7)

The equilibrium constant KNO for the formation of M(Por)(NO) from M(Por)

and NO under those conditions can be calculated from the ratio kon/koff. For
example, kon and koff values have been determined using the flash photolysis

kinetics technique for the nitrosyl complexes of metMb, ferri cytochrome c and

catalase, and the KNO’s so measured agreed well with values measured by static

spectroscopic methods. However, when KNO is very large, this is not a reliable

method for measuring koff, since the intercept in that case is often of the same

magnitude as the experimental error. This is a common problem with ferrous heme

protein and model nitrosyls, since they typically display very high KNO values

and very small koff values. To address this, koff can be sometimes determined

by following the thermal disappearance of the M(Por)(NO) by trapping any

NO released by using another compound with a very high affinity for NO,

therefore serving as a NO sink. One trapping agent that has proved useful in this

regard is the Ru(III) complex Ru(EDTA) [83]. However, this method is only

accurate if the spontaneous NO release rate is not perturbed by the presence of

the trapping agent.

Time-resolved spectroscopy has been used to define the kinetics of numerous

nitrosyl metalloproteins and models under ambient conditions. Table 2 provides

some examples of rate constants measured for various ferrous and ferric heme

Fig. 5 Transient difference spectrum 50 ns after 355 nm flash photolysis of FeII(TMPS)(NO).

Inset: Relaxation to equilibrium at 426 nm (Adapted with permission from [82]. Copyright 2001

American Chemical Society)
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Table 2 Representative kon and koff (298 K) values for Fe(II) and Fe(III) heme models and

proteins in near neutral aqueous solutions unless noted (Adapted from Table 1 of [84], Copyright:

American Chemical Society)

kon (M
�1 s�1) koff (s

�1) Reference

FeIII models/proteinsa

FeIII(TPPS)b 4.5 � 105 500 [82]

FeIII(TMPS)c 9.6 � 105 51 [82]

FeIII (TMPS)(OH)d 7.4 � 103 1.5 [85]

metMbe 1.9 � 105 13.6 [81]

metMbf 4.8 � 104 43 [83]

CytIII g 7.2 � 102 4.4 � 10�2 [81]

Cat h 3.0 � 107

1.3 � 107
1.7 � 102

1.6

[82]

[79]

eNOS i 8.2 � 105 70 [86]

nNOS j 2.1 � 107 40 [87]

NPn k 1.5–5.5 � 106 0.006–12.7 [88]

P450 CYP125 l 17.1 � 106 11.2 [89]

P450cam CYP101m 0.32 � 106 (34.5 � 106) 0.35 (1.93) [90]

FeII models/proteins

FeII(TPPS)b 1.5 � 109 6.4 � 10�4 [82]

Hb4
T n 2.6 � 107 3.0 � 10�3 [63]

Hb4
R n 2.6 � 107 1.5 � 10�4 [63]

sGC o 1.4 � 108 6-8 � 10�4 [91]

sGC p – 5.0 � 10�2 [91]

Mb q 1.7 � 107 1.2 � 10�4 [63]

CytII r 8.3 2.9 � 10�5 [81]

eNOS s 1.1 � 106 70 [86]

nNOS t 1.1 � 107 ~0 [87]

P450 BM3 u 4.7 � 106 13.8 [92]

P. aeruginosa cd1 NiR
v 3.9 � 108 ~27.5, 3.8 [93]

aeNOS endothelial nitric oxide synthase, nNOS neuronal nitric oxide synthase, NPn nitrophorin
b298 K, pH 3
c282 K, pH 3
d283 K, pH 11
e298 K, sperm whale skeletal metMb
f298 K, horse heart metMb
g293 K
h293 K
i283 K, 1 mM arginine
jpH 7.8, 293 K, heme domain
kRange of 298 K rate constants for NPn1, NPn2, NPn3, and NPn4, pH 5.0 and pH 8.0; the koff
displays two phases
l10�C
m25�C, pH 7.4; values in parentheses are rate constants for camphor-bound protein
n293 K; two phases are observed for NO binding
opH 7.4, 293 K, 3 mM Mg2+, 0.5 mM GTP
pPhosphate buffer pH 7.0, 293 K
qH2O, pH 6.5
r283 K, 1 mM arginine
spH 7.8, 293 K, heme domain
tpH 7.0, 283 K
u30�C, pH 7.0
v20�C, pH 7

Mechanisms of Nitric Oxide Reactions Mediated by Biologically Relevant Metal Centers 113



proteins and models [63, 81–93] and illustrates the range of kon and koff values
found for ferriheme and ferroheme proteins. As noted above, the small values of koff
for the latter lead to very large KNO’s, although ferrous cytochrome c (CytII) is an
exception. The latter also displays a very small kon, presumably owing to the

six-coordinate nature of CytII for which the axial sites are occupied by an imidazole

nitrogen and a methionine sulfur of the protein, so that forming a nitrosyl complex

requires both ligand displacement and protein conformational changes. There are

other ferrous heme proteins such as neuroglobin and the nonsymbiotic hemoglobin

from Arabidopsis thaliana (AHb1) that exist in equilibrium between a

six-coordinate form with histidines occupying both axial sites and a five-coordinate

form [94, 95]. Understandably, the six-coordinate form is considerably less reactive

with NO than is the five-coordinate analog. The ferric forms of catalase and nNOS

are both more reactive than the model complex FeIII(TPPS). Thus, it appears that in

these cases, the protein structure accelerates nitrosyl formation; in contrast, the koff
values for metMb, CytIII, and cat are all smaller than for FeIII(TPPS), consistent

with retardation of NO dissociation by those proteins.

The usually small koff values for the ferroheme proteins are relevant to the

question of how soluble guanylyl cyclase, once activated by forming an NO

complex, is turned off. Stopped-flow kinetics techniques were used by Koesling

and coworkers to study loss of NO from sGC-NO [91], and these workers reported a

first-order rate constant of ~7 � 10�4 s�1 in 293 K, pH 7.4 buffered solution. This

is a koff value typical of ferroheme globins (Table 2). When excess substrate

guanylyl triphosphate (GTP, 5 mM) and the cofactor Mg2+ (3 mM) were present,

the rate was significantly faster (koff ~ 5 � 10�2 s�1), and a subsequent study

suggested that the in vivo rate of sGC deactivation may be several orders of

magnitude higher [96].

Although ferrous nitrosyl porphyrinato complexes and ferrous nitrosyl heme

proteins are commonly assumed to be unreactive toward NO dissociation, it is clear

from the koff values listed in Table 2 that there is a wide range of NO dissociation

rates. Several of the proteins listed are as much as five orders of magnitude more

reactive than Mb(NO), for example, a notable feature being that the more labile

species have thiolates as proximal ligands. In this context, computational studies on

the simple system FeII(P)(L)(NO) (where P2– is the dianion of porphine)

have shown that the Fe–NO bond length is predicted to be longer (and weaker)

when the proximal ligand L is a thiol or thiolate than when L is H2O or an imidazole

[59, 61]. While it is not surprising that the proximal ligand may have a major effect

on the lability of a ferroheme coordinated NO, this topic remains to be explored

systematically.
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4.3 Mechanistic Studies of NO “On” and “Off” Reactions
with Hemes and Heme Models

While it is clear from the experiments cited above that formation of nitrosyl heme

complexes are generally much faster if the distal and proximal coordination sites

are not both occupied by a strongly bonding ligand, this observation does not define

whether the mechanism of NO attachment is associative or dissociative. To address

this issue, Laverman and coworkers [82, 83] used laser flash photolysis kinetics to

probe temperature and hydrostatic pressure effects on the rates of NO reactions with

the water-soluble complexes FeIII(Por) (Por ¼ TPPS or TMPS) and for metMb. In

each case, the iron(III) centers are six-coordinate, but unlike the ruthenium(III)

example discussed above, the axial H2O ligands are quite labile. These kinetics data

were then used to calculate the enthalpies, entropies, and volumes of activation

(ΔH{, ΔS{ and ΔV{) for the “on” and “off” reactions. The large and positive

activation entropies and volumes for both kon and koff are strong indications of

substitutions dominated by ligand dissociation ((8) and (9)).

FeIII Porð Þ H2Oð Þ2 Ðk1
k�1

FeIII Porð Þ H2Oð Þ þ H2O; (8)

FeIII Porð Þ H2Oð Þ þ NO Ðk2
k�2

FeIII Porð Þ H2Oð Þ NOð Þ: (9)

This mechanism implies that H2O exchange with FeIII(Por)(H2O)2 should be

much faster than the reaction with NO, and this was indeed previously been

reported by Hunt et al. for FeIII(TPPS)(H2O)2 (kex ¼ 1.4 � 107 s�1 in 298 K

water) [97]. Furthermore, these workers reported ΔH{
ex (57 kJ mol�1) and ΔS{ex

(+84 J K�1 mol�1) values similar to the respective kon activation parameters for the

NO reaction with FeIII(TPPS)(H2O)2 (69 kJ mol�1 and 95 J K�1 mol�1).

A subsequent study by van Eldik et al. using NMR techniques [98] reported

ΔH{
ex ¼ 67 kJ mol�1, ΔS{ex ¼ +99 J mol�1 K�1, and ΔV{

ex ¼ +7.9 cm3 mol�1

for FeIII(TPPS)(H2O)2 in even better agreement with the kon activation parameters

for the reaction of NO with this heme model (ΔV{
on ¼ 9 � 1 cm3 mol�1)

[82]. Thus, the solvent exchange kinetics for FeIII(TPPS)(H2O)2 confirm that the

kon activation parameters are largely defined by ligand dissociation, the limiting

step being (8). Notably, the kon activation parameters for metMb are similar

(ΔH{
on ¼ 63 kJ mol�1) with large and positive values of ΔS{on (+55 J mol�1 K�1)

and ΔV{
on (+20 � 6 cm3 mol�1), so the protein apparently does not change the

mechanism [83].

Coordination of NO to the high-spin iron of FeIII(Por) is accompanied by

considerable charge transfer to give a linearly bonded, diamagnetic complex that

can be formally represented as FeII(Por)(NO+). Thus, the activation parameters for

koff should also reflect the intrinsic entropy and volume changes associated with

the spin change and solvent reorganization as the charge relocalizes on the metal.
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This argument is consistent with the large and positive ΔV{
off values for Fe

III(Por)

(H2O)(NO) (ΔV{
off ¼ +18 and +17 cm�3 mol-1 for Por ¼ TPPS and TMPS,

respectively) [82]. The principle of microscopic reversibility tells us that the

lowest-energy pathway of the “off” reaction should involve the same reactive

intermediates as the “on” reaction ((8) and (9)).

Laverman also investigated the flash photolysis kinetics of the water-soluble

ferrous complexes FeII(TPPS) and FeII(TMPS) in the presence of excess NO [82].

As is common for ferrous heme globins and models, the “on” rates are ~3 orders of

magnitude faster than for the ferric analogs (Table 2). Correspondingly, the activa-

tion parameters for kon are consistent with processes largely defined by diffusion,

even though the rate constants are about an order of magnitude less than diffusion

limits in water. Since the ferroheme center may be five-coordinate in such cases,

formation of the metal-NO bond would not be rate-limited by ligand labilization,

but instead would reflect the formation of an encounter complex such as illustrated

in Scheme 2.

The “off” reactions for ferrous models such as FeII(TPPS)(NO) are too slow to

measure by the flash photolysis technique. When trapping methods were used in an

attempt to evaluate loss of NO from FeII(TPPS)(NO), koff values were found to be

quite small but were sensitive to the nature of the trapping agents used, since Lewis

bases that could coordinate at the proximal site appeared to accelerate NO loss

[82]. More reliable estimates for the uncatalyzed “off” reaction were obtained by

using Ru(EDTA)- as a NO scavenger, and the koff values listed for FeII(TPPS)

(NO) in Table 2 was obtained in this manner.

4.4 Non-Heme Iron Complexes

Given the growing interest in the biological chemistry of the nitrosyl complexes of

non-heme iron, especially the DNICs [31–34, 99–103], there is a need to have a

better understanding of the rates and mechanisms of the reactions leading to the

formation and decay of such species. It has been shown that dinitrosyl iron species

(DNICs) are rapidly formed in cells from the chelatable iron pool (CIP) by the

reaction with NO donors [32]. Notably, such reactions have not been studied as

extensively or quantitatively as those of the metalloporphyrin complexes, although

some information is available through a combination of techniques.

For example, when a neutral aqueous solution of Roussin’s red salt anion

Fe2(μ-S)2(NO)42– (RRS2–, Na+ salt) was subjected to flash photolysis, the

spectral changes and kinetics behavior indicate one NO is labilized to give the

Fe2(μ-S)2(NO)32– anion (10) [104]. The back reaction is quite fast with a second-

order rate constant of kon ¼ 9.1 � 108 M�1 s�1. In aerated solution, this interme-

diate is competitively trapped by the more plentiful O2 (kox ¼ 5.6 � 107 M�1 s�1)

to give (eventually) the stable Roussin’s black salt anion Fe4S3(NO)7
– (RBS–). In

a separate study by Samina et al. [105], the rates of spontaneous NO release from

several dinuclear DNICs including RRS (11) were investigated by following
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changes in the optical spectrum of hemoglobin, which traps the NO as it is

released to give Hb(NO). For RRS2–, the first-order rate constant koff measured

in this way was 0.061 � 10–3 s–1. Accordingly, we can estimate the equilibrium

constant for NO dissociation from RRS2– (11) from the ratio koff/kon as

K11 ¼ ~10�13 M.

Fe2S2ðNOÞ42� Ð Fe2S2ðNOÞ32� þ NO: (11)

Analogous flash photolysis studies were carried out on the anionic Roussin’s

red ester Fe2(μ-SCH2CH2SO3)2(NO)4
2– in aqueous solution. These gave a kon

value of 1.1 � 109 M�1 s�1 for the reaction equivalent to that described by

(10) [26]. Although kon has not been measured for this compound, it has been

determined for several similar esters, and koff values of (1–9) � 10�3 s�1 were

found [105]. Thus, the equilibrium constant for NO dissociation from such RSEs

would appear to be about 10�12 M.

Flash photolysis studies of Roussin’s black salt anion Fe4S3(NO)7
– displayed

similar reversible NO photodissociation in aqueous solutions [106]. In this case,

two back reaction pathways with kon values of 1.3 � 107 and 7.0 � 105 M�1 s�1

were observed. A time-resolved optical and infrared spectroscopic study revealed

two separate intermediates, both of which react with NO to re-form the parent

complex. The identities of the intermediates are interpreted in terms of photolytic

loss of chemically distinct nitrosyls found on the Fe4S3(NO)7
� anion. The “off”

reaction rates have not been reported, but must be slow.

Despite reports that dinitrosyl-iron complexes are the most abundant nitric

oxide-derived cellular adducts [34], quantitative investigations of DNIC formation

are quite limited. Vanin and coworkers [107] studied the reaction between Fe2+,

nitrosothiol (RSNO), and thiol (RSH ¼ cysteine or glutathione) and demonstrated

that first a mononitrosyl iron complex Fe(NO)(RS)n is formed followed by forma-

tion of the DNIC [Fe(NO)2(RS)2]
n ((12) and (13)). MNIC formation apparently

occurs by a direct reaction between S-nitrosothiols and Fe2+ ions with rate constants
of 3.0 and 30 M�1 s�1 for S-nitrosoglutathione and S-nitrosocysteine, respectively
(100 mM Hepes buffer, pH 7.4). Since deoxyhemoglobin does not inhibit

subsequent formation of DNIC, the reaction apparently does not require the release

of free NO from the RSNO.
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FeII RS�ð Þx
� � 2�xð Þþ þ RSNO ! Fe NOð Þ RS�ð Þx

� � 2�xð Þþ þ RS; (12)

Fe NOð Þ RSð Þx
� � 2�xð Þþ þ RSNO ! Fe NOð Þ2 RSð Þ2

� �þ þ ðx� 1Þ RS�: (13)

The reaction of NO with the simple aqueous complex Fe(H2O)6
2+ may be an

important first step in the formation of DNICs from iron in the chelatable iron pool,

and the kinetics of this reaction has been studied by Wanat et al. using stopped-flow

and flash photolysis kinetics techniques [108]. The kon and koff values determined

were, respectively, 1.42 � 106 M�1 s�1 and 3.2 � 103 s�1 (25�C). On the basis of

the activation parameters, it was argued that this reaction follows an interchange

dissociative mechanism, similar to that for the water exchange reaction with

Fe(H2O)6
2+. Given that the DNICs are very stable toward NO dissociation, the

relatively small equilibrium constant for (14) (K12 ¼ kon/koff ~ 4 � 102 M�1) is

noteworthy.

Fe H2Oð Þ62þ þ NO Ðkon
koff

Fe H2Oð Þ5 NOð Þ2þ: (14)

Schneppensieper et al. [109] have determined the rates and activation parameters

for NO reactions with different ferrous aminocarboxylato complexes in aqueous

solution. The kon values ranged from 105 to 108 M�1 s�1 (2.4 � 108 M�1 s�1 for

FeII(EDTA)), while koff values were in the range 4 to 91 s�1 (91 s�1 for

FeII(EDTA)). The reaction of NO with FeII(EDTA) gave a ΔV{
on of +4.1 cm�3

mol�1, and a dissociative interchange mechanism was proposed.

4.5 Other Metal Centers of Biological Interest

The mammalian chemical biology of NO includes interactions with Cu centers.

However, although a limited number of copper(I) and copper(II) nitrosyl complexes

have been prepared, there have been few kinetics studies probing the formation and

dissociation of such species. The ligand substitution reactions of both Cu(II) and

Cu(I) are generally very fast owing to the high lability of their coordination spheres.

So, in this context, one might expect the NO “on” reactions to be similarly fast.

However, given that Cu–NO complexes tend to be unstable, the “off” reactions are

also likely to be relatively fast. One study of Cu–NO ligand substitution reactions

involved the flash photolysis of a model system consisting of a heme model

complex and a second copper complex in solution (at varying ratios) under an

inert atmosphere as a model for heme–copper oxidases [110]. The two components

were the six-coordinate ferrous species, FeII(F8Por)(NO)(THF) [F8Por ¼ tetrakis

(2,6-difluorophenyl)porphyrinate2�), while the other was a CuIL unit (L ¼ the

tridentate ligand bis-(2-pyridylmethyl)(benzyl)amine or the tetradentate ligand

tris(2-pyridylmethyl)-amine). Flash photolysis led to NO labilization from
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FeII(F8Por)(NO)(THF) followed by competitive NO trapping by the FeII and CuI

centers. Subsequently, a slower, first-order process was observed, indicating that

the NO trapped by the cuprous center was being released then recaptured by the FeII

(Scheme 4).

Given that trapping of NO by the ferrous complex would be expected to occur

with near diffusion-limited second-order rate constants (~109 M�1 s�1), the com-

petitive trapping by CuI suggests that the rate constants for the NO reaction of these

CuI centers are comparable. If the subsequent slower process is rate-limited by

dissociation of NO from the CuI–NO center, the apparent rate constant (64 s�1 at

298 K) implies that the first-order NO dissociation rate constant is ~102 s�1. These

values give kon/koff ¼ ~107 M�1 as an estimate overall equilibrium constant for

CuI–NO bonding, which is substantial, but less than that typical for ferrous heme

proteins and models.

Another metal-NO interaction of potential biological interest is the cobalt of

vitamin B12. The reduced (CoII) form of aquacobalamin binds nitric oxide to yield

the adduct Cbl(II)(NO) with an equilibrium constant of ~108 M�1 (25�C)
[111]. Flash photolysis led to the transient disruption of this equilibrium followed

by relaxation back to the equilibrium state. Varying the NO concentration allowed

Wolak et al. [112] to determine the kon for reforming the Co–NO bond as

7.4 � 108 M�1 s�1, a value that is comparable to the second-order rate constants

reported for reactions of free radicals with reduced cobalamin. The koff value was
determined by using Fe(EDTA) trapping of NO, and the resulting kon/koff ratio is, as
it should be, in good agreement with the K14 value reported previously. Notably,

while the cobalamin-NO interaction has drawn some interest, it is not clear what

physiological role this might play.

Scheme 4 Illustration showing the flash photolysis of a mixture of a CuI complex (R ¼ phenyl or

2-pyridyl) with a NO or CO (XO) complex of FeII(F8Por) (B ¼ THF when XO ¼ NO) in THF

solution. Photolysis-induced XO labilization is followed by trapping by the CuI, followed by

slower transfer of XO back to the FeII center (Reprinted with permission from [110]. Copyright

2009 American Chemical Society)
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Cbl IIð Þ H2Oð Þ þ NO Ðkon
koff

Cbl IIð Þ NOð Þ: (15)

A recent publication by Bakac et al. [113] has reported the results of flash

photolysis and NO scavenger kinetics studies to determine the NO kon and koff
values, respectively, for several other cobalt(II) macrocycle complexes and their

rhodium(II) analogs as well as for the Cr(II) nitrosyl complex Cr(H2O)5(NO)
2+.

These rate constants as well as literature values were then used to calculate the KNO

values for nitrosyl complex formation in solution, which were compared to KO2

values for formation of the analogous dioxygen complexes. The plot of log KNO

vs. log KO2 in 298 K aqueous solution proved to be linear with a unitary slope,

indicating a direct correlation between the intrinsic bonding affinities of NO and O2

for these metal centers. However, such a correlation would not carry over to the

heme proteins given the huge differences in the affinities of O2 and NO for soluble

guanylyl cyclase and for myoglobin that can be attributed to the different

interactions of the coordinated diatomic ligands with the protein amino acid

residues [6].

In this section we have focused on the reactions of NO with Cu and Fe systems

primarily by the reaction of these metal complexes with NO itself. However, there

are other pathways to nitrosyl complexes. For example, nitrite reduction concomi-

tant with (formal) oxidation of the metal can lead to a metal-nitrosyl complex

illustrated in (16) [114–117].

LxM
nþ þ NO2

� þ 2 Hþ Ð LxM NOð Þ nþ1ð Þþ þ H2O: (16)

5 Reductive Nitrosylation and Other Reactions

of Coordinated NO

Ligand-metal bonding generally involves electronic redistribution owing to the

balance between ligand-to-metal σ- and π- donation and metal-to-ligand-

backbonding. NO is especially versatile in this regard, as we have described

above in Sect. 2. If there is charge transfer to the metal center resulting (formally)

in a coordinated nitrosonium cation (NO+), that species might have enhanced

susceptibility to reactions with nucleophiles. On the other hand, if such charge

transfer is in the opposite direction, the resulting coordinated nitroxyl anion NO–

may be susceptible to electrophilic attack. However, it is worth remembering that

the nitrosyl typically undergoes reverse dissociation as a neutral NO, so assigning

the oxidation states in this manner is rather arbitrary.
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5.1 Reactions of Iron(III) Nitrosyls with Nucleophiles

Nucleophilic reactions with coordinated NO can be illustrated by the long-known

reversible reaction of hydroxide with the nitrosyl ligand of the nitroprusside ion

(NP) (17). The reaction rate is first order each in [OH–] and in [Fe(CN)5(NO)
2�]

[118], so the likely reactive intermediate is the hydroxide adduct Fe(CN)5(N(O)OH)
3–.

The reaction is reversed in acidic solution. NP reacts with other nucleophiles such as

mercaptans (RSH) and mercaptides (RS–) to form deeply colored metal

nitroso–thiolato intermediates [118]. These are unstable and decay via formation of

disulfides and reduced NP, which subsequently decomposes by cyanide loss. Such

reactions have physiological significance given that sodium nitroprusside has long

been used as an intravenously administered vasodilator for hypertensive emergencies

[119, 120].

Fe CNð Þ5 NOð Þ2� þ 2 OH� Ð Fe CNð Þ5 NO2ð Þ4� þ H2O: (17)

Facile nucleophilic attack at a coordinated nitrosyl is the likely mechanism for

the NO reduction of metal centers. Ferric porphyrins have long been known

to undergo such “reductive nitrosylation” in the presence of excess NO

[47, 72, 121]. For example, when aqueous metHb is exposed to excess NO, the

product is the ferrohemoglobin NO adduct, Hb(NO) (Scheme 5) [122]. Other

ferriheme proteins such as cytochrome c (CytIII) and metMb are reduced by excess

NO in aqueous solutions at pH values >7, but metHb is susceptible even at lower

pH. The kinetics behavior for CytIII and metMb with regard to the NO concentra-

tion and the pH is consistent with the proposed base catalyzed mechanism shown in

Scheme 5. However, it is important to recognize that the driving force of the

reductive nitrosylation of the heme proteins and models at near neutral pH is the

very great stability of the ferrous nitrosyl complexes formed under excess NO. In

the absence of excess NO, the reverse reaction, namely, nitrite reduction by the

ferrous complexes, is thermodynamically favored [117, 123].

FeIII(P) + NO

FeIII(P)(NO) FeII(P)(NO2H)

NO2
- +H+

FeII(P)

NO

FeII(P)(NO)
k2[NO]

kd

KOH[OH-]

KNO

Scheme 5 Mechanism

proposed by Hoshino

et al. [122] for the reductive

nitrosylation of selected

ferriheme proteins

(P ¼ porphyrin ligand)
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The nitrosyl complex of metMb has also been reported to react with the biological

antioxidant glutathione GSH (in the presence of excess NO) to give Mb(NO) and

S-nitrosoglutathione (GSNO) [124]. The GSH reaction with metMb(NO) is surpris-

ingly facile, given that the smaller and more basic hydroxide ion is only an order of

magnitude more reactive [122]. Nonetheless, this result points to the potential role of

ferriheme nitrosyls acting as nitrosating agents toward biologically relevant

nucleophiles [125, 126].

More recent studies by Fernandez et al. demonstrated that the reductive

nitrosylations of FeIII(TPPS) [127] and of metHb and metMb [128] are promoted

by general base catalysis and by other nucleophiles, including nitrite ion (Scheme 6).

In the case of the latter, the catalytic role of nitrite in promoting reductive

nitrosylation of these ferric heme models and proteins was first discovered in an

attempt to pin down experimental anomalies that were eventually attributed to the

ubiquitous NO2
– impurities in aqueous NO solutions.

The observation of nitrite catalysis of ferriheme nitrosyl reactions has generated

considerable interest in the potential formation of N2O3 as an intermediate that

might assume key biological roles [129, 130]. Receiving particular attention is the

possibility that this reaction might explain the vasodilatory and other protective

effects of nitrite ion in mammalian physiology [131, 132].

5.2 Reduction of Copper(II) Complexes by NO

The Cu(II) complex Cu(dmp)2(H2O)
2+ (dmp ¼ 2,9-dimethyl-1,10-phenanthroline)

is a stronger oxidant than most Cu(II) complexes (reduction potential ¼ 0.58 V

vs. NHE) [133]. Since the Cu(phen)2(H2O)
2+ analog (phen ¼ 1,10-phenanthroline)

is a much weaker oxidant (0.18 V), this property can be attributed to the steric

Scheme 6 Proposed mechanism for the nitrite catalysis of the reductive nitrosylation of

FeIII(TPPS), metHb, and metMb [127]
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repulsion between the methyl groups of the respective dmp ligands that favors the

tetrahedral coordination of Cu(I) over the tetragonal pyramidal structure of Cu(II).

In methanol, Cu(dmp)2(H2O)
2+ reacts with NO to give Cu(dmp)2

+ and methyl

nitrite (18); in water, the second product is NO2
– [134]. In CH2Cl2, the reaction

does not occur unless methanol is added. At a fixed pH, the kinetics in aqueous

solution proved to be first order in [NO] and in [Cu(dmp)2(H2O)
2+]. Addition of a

small concentration of NaNO2 (5 � 10�5 M) had no effect, although at higher

concentrations, various anions, including the conjugate bases of the buffers,

inhibited the reaction. This inhibition was attributed to competition for the labile

fifth coordination site of the Cu(II).

Cu dmpð Þ2 H2Oð Þ2þ þ NOþ ROH ! Cu dmpð Þ2þ þ RONOþ Hþ þ H2O: (18)

One prospective mechanism discussed for this reaction would be simple outer

sphere electron transfer from NO to Cu(II) followed by hydrolysis of the resulting

NO+. Alternatively, a mechanism that is more consistent with the inhibition noted

above and closer to those discussed above for NO reductions of the ferriheme

proteins and models would be an inner sphere pathway such as illustrated in

Scheme 7. The latter alternative gains credence from studies showing that NO

reduction of the more sterically crowded, but stronger, oxidant Cu(dpp)2
2+

(dpp ¼ 2,9-diphenyl-1,10-phenanthroline) is slower under comparable conditions

than the reduction of Cu(dmp)2(H2O)
2+ [135].

A somewhat different mechanism has prove necessary to interpret the

reaction of NO with the Cu(II) complex Cu(DAC)2+ (DAC ¼ 1,8-bis

(9-anthracylmethyl)(1,4,8,11-tetraaza-cyclotetradecane or bis(9-anthracylmethyl)-

cyclam) [136, 137]. Although free DAC is fluorescent, analogous solutions of

[Cu(DAC)]2+ are not, owing to intramolecular quenching by the Cu(II) center.

Introduction of NO to a methanolic solution of Cu(DAC)2+ led to the disappearance

of the characteristic weak d–d absorption band at 566 nm and to the appearance of

Scheme 7 Proposed

mechanism for NO reduction

of Cu(dmp)2(H2O)
2+ in

buffer solution
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anthracene-type fluorescence. Cu(I) was detected electrochemically; however, in

marked contrast to (18), the reduction of Cu(II) was accompanied by the

N-nitrosation and release of the DAC ligand (19) as evidenced by ESI-mass spectral

and 1H-NMR analysis. It is this N-nitrosated DAC that is responsible for the strong

luminescence.

N

N
N

N

Cu
2+

H
H

N

N
N

N

H
NO

Cu+ + H+

Not emissive Emissive

NO

(19)

The rate of the reaction depicted in (19) is relatively slow in neutral aqueous

media but is accelerated by base. Kinetic studies show it to be first order in the

concentrations of Cu(DAC)2+, NO, and OH– [137]. Based on these observations,

two mechanisms have been discussed. The first is analogous to Scheme 7 with the

NO initially reacting at the Cu(II) site to form a CuII–NO (or CuI–NO+) complex.

This would be followed by deprotonation of one of the amines and NO+ migration

to the resulting coordinated amide. Given that the DAC type ligand is well suited

for square planar coordination to Cu(II) but is not well suited for tetrahedral

coordination to Cu(I), the nitrosated ligand is then released. The other proposed

mechanism involves NO attack at a coordinated amine that has been deprotonated.

This step would lead directly to amine nitrosation and concomitant reduction of

Cu(II) to Cu(I) (Scheme 8). This latter pathway is analogous to electron transfer

between metal centers involving a bridging ligand, and DFT calculations suggest

that this is the more favorable pathway [137].

Since reductions of metal centers by NO are generally thought to occur via

nucleophilic attack at an activated Mn+-NO (M(n-1)+(NO+)) species to give the

nitroso-nucleophile product and the reduced metal center [72], there was little

precedent for Scheme 8. An exception was the reaction of NO with Ru(NH3)6
3+

in alkaline media, which is reported to give the Ru(II) dinitrogen complex

Ru(NH3)5(N2)
2+ [70]. Given that the latter reaction leads to the formation of an

N–N bond, it is likely that it is proceeding by NO attack on a coordinated amide

ligand [72] with concomitant reduction of the metal center. Such a mechanism for

the nitrosation of coordinated ligands may have broader implications. For example,

it was reported by Montfort et al. [138] that reaction of excess NO with bedbug

nitrophorin leads to nitrosylation and reduction of the heme iron as well as to
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nitrosation of the proximal cysteinate ligand (cys-60). Similarly, van Eldik et al.

[139] described the reaction of a nitrosyl ferriheme thiolate complex with NO to

form FeII(Por)(NO) and RS–NO (20). While these reactions could occur via

homolytic Fe–SR cleavage followed by trapping of RS• by NO, an alternative

could be NO attack at the coordinated thiolate ligand in analogy to the NO

reduction of Cu(DAC)2+. Furthermore, it is notable that the NO reaction with

a coordinated thiolate is the microscopic reverse of the decomposition of

S-nitrosothiols catalyzed by copper(I) [140], a reaction that is likely to proceed

via the initial coordination of Cu(I) at the RSNO sulfur followed by homolytic

dissociation of the RS–NO bond [141].

Fe Porð Þ NOð Þ SRð Þ þ NO ! Fe Porð Þ NOð Þ þ RSNO: (20)

For some time, there has been an interest in possible utilization of the NO

reduction of coordinated metal complexes of luminescent ligands as turn-on sensors

for NO detection [142, 143]. In this context, it is of interest that in weakly

coordinating solvents, the cuprous complex Cu(dmp)2
+ is strongly luminescent

from its metal-to-ligand charge transfer (MLCT) state(s), while the Cu(II) analog is

not [144]. However, since the MLCT emission from Cu(dmp)2
+ is strongly quenched

by nucleophiles, including H2O and CH3OH, the reaction depicted by (18) would not

be an effective NO sensor, so another approach was needed. This was a stimulus for

exploring the reactions of Cu(DAC)2+, since free ligand DAC is luminescent from its

anthracene chromophores, but its emission is nearly completely quenched in Cu

(DAC)2+. The reaction of NO with Cu(DAC)2+ did lead to strongly enhanced

luminescence, the emissive luminophore being the nitrosated DAC; however, the

reaction was considered to be too slow at physiological pH to be of practical

application. Lim et al., however, saw greater potential in analogous systems and

were able to build sensitive NO sensors using Cu(II) complexes such as CuL2
2+,

where L is a bidentate ligand such as dansyl ethylenediamine or dansyl aminomethyl-

pyridine [145], or CuII(Cl)(FL), where FL is a tridentate metal chelating ligand

N

N
N

N

R

CuII

2+

H
H

+ NO

+ Cu+

R

KOH N
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CuII

+

H
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+ OH-
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N

N
N

N
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CuI

+

H

R

NO N
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N

R

H

R

NO

+ H2O

Scheme 8 Prospective inner

sphere electron transfer

mechanism for the NO

reduction of Cu(DAC)2+
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modified with a pendant fluorescein [146]. In each case NO reduction of the Cu

(II) center leads to strongly enhanced (“turned on”) emission from the ligands. In the

case of FL the luminophore product is theN-nitrosated FL–NO (21), which is actually

more fluorescent (ΦF ¼ 0.58) than FL itself (ΦF ¼ 0.08) owing to suppression of

electron transfer fluorescence quenching involving the free amine functionality

[147]. CuII(Cl)(FL) has been utilized as a NO sensor in cell cultures and tissue.

Notably, a quantitative study of the NO reduction of CuII(Cl)(FL) found the rate to

be first order in [CuII(Cl)(FL)], [OH–], and [NO] as seen for Cu(DAC)2+ [137], and an

inner sphere mechanism in analogy to Scheme 8 was proposed [147].

Mondal and coworkers have also prepared similar sensors with copper(II)

coordinated by tridentate ligands with pendent dansyl groups that become much

more fluorescent when the Cu(II) is reduced by NO in methanol [148]. In this case,

however, the ligand was not nitrosated, so a mechanism along the lines of Scheme 7 is

likely, although there was no direct evidence for the formation of a CuIINO intermedi-

ate. Previous studies by this research group with other ligands did observe ligand

nitrosation occurring concomitant with NO reductions of Cu(II) complexes [149].

In another interesting study [150], these researchers prepared the cupric complexes

Cu(2-aminomethylpyridine)2
2+ andCu(tren)(AN)2+ (tren ¼ bis-(2-aminoethyl)amine,

AN ¼ acetonitrile). When an acetonitrile solution of the former complex was purged

with NO, immediate changes in the absorption spectra (shifts in the LF band from

582 to 660 nm) were apparent, and the solution became EPR silent. A similar pattern

was seen with Cu(tren)(AN)2+. This was followed by a slow reaction to form the final

products, which were Cu(I) plus species apparently formed by the diazotization of the

ligand primary amines. The FTIR spectrum of the transient species showed a strong

new band at 1,642 cm�1 that was attributed to the νNO of a transient CuIIL2(NO)
2+

complex. However, this νNO occurred nearly 300 cm�1 lower frequency than that of the

structurally characterized CuII(NO) complex reported by Hayton and coworkers [41],

so the difference is puzzling.

The redox chemistry between NO and Cu2+ has also been invoked as being

important to the biological function of the multi-copper blood protein ceruloplas-

min, which has been termed a “nitric oxide oxidase” [151]. It was proposed that

ceruloplasmin is an NO oxidase that helps to maintain the homeostasis between

nitrite and NO in mammalian blood by converting NO to NO2
–.
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5.3 Protonation of Metal Nitrosyls

An important form of electrophilic attack on metal nitrosyls is protonation. An early

example of which is the reversible reaction of HCl with the osmium compound

Os(CO)Cl(PPh3)2(NO) to give the first structurally characterized N-coordinated

HNO complex Os(CO)Cl2(PPh3)2(HNO) (Scheme 9) [152, 153]. Subsequent stud-

ies by Marhenke et al. [154] demonstrated that photolysis of the latter compound

led competitive reversible dissociation of CO and of HNO (Scheme 9).

A more biologically relevant example of M–NO protonation is the electrochem-

ical reduction/protonation of Mb(NO) demonstrated by Farmer and coworkers

[155]. Surfactant Mb(NO) films deposited on the graphite electrodes were shown

to undergo reduction to Mb(NO–)surface (E1/2 ¼ �0.63 V vs. NHE) accompanied by

protonation to give Mb(HNO)surface. At more negative potentials, the latter

was reported to undergo catalytic reaction with excess NO in solution to

give N2O. When Mb(HNO) was subsequently prepared in solution by reducing

Mb(NO) with Cr2+, the nitroxyl proton was observable by 1H NMR as a singlet at

14.8 ppm [155].

Olabe and coworkers [156] have shown that the nitroprusside ion Fe(CN)5(NO)
2–

can be sequentially reduced by two electrons in aqueous solution. The product

of the second reduction Fe(CN)5(NO)
4– undergoes protonation (pKa 7.7) to give

an N-coordinated HNO complex (22) that is remarkably stable. The stability of

Fe(CN)5(NO)
4– clearly points to the NO functionality as being the site of the

second reduction, and this complex can be considered to be a low-spin d6

Fe(II) complex of the nitroxyl anion, that is, a FeII(NO–) species. If instead

the second electron was localized on the metal, the resulting low-spin d7

complex should be very labile toward ligand substitution. The proton NMR

spectrum shows a proton resonance at 20.02 ppm that splits into a doublet when
15NO-labeled nitroprusside was used.

Fe CNð Þ5 NOð Þ4� þ Hþ Ð Fe CNð Þ5 HNOð Þ3�: (22)

Scheme 9 Competitive CO and HNO photodissociation from Os(CO)Cl2(PPh3)2(HNO) [154]
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The osmium, reduced myoglobin, and reduced nitroprusside cases described

above each involve protonation of a {MNO}8 complex. A different example has

recently been reported where a {MNO}7 complex displays a tendency to decom-

pose slowly in aqueous solution presumably via protonation of the nitrosyl followed

by dissociation of HNO. In this case, the complex was the water-soluble heme

model FeII(TPPS)(NO) that had been prepared in slightly acidic (pH 5.8) aqueous

buffer [149]. Although, such ferrous porphyrinato nitrosyls are often considered to

be quite unreactive, this solution slowly underwent spontaneous decay to give the

ferric species FeIII(TPPS) (23). The possible formation of HNO was first suggested

by the observation of N2O as a reaction product [157] (free HNO readily dimerizes

to nitrous oxide) [158, 159] and was later demonstrated by direct observation using

an HNO-specific electrochemical technique [61]. The proposal that this occurs via

protonation (effectively an oxidative addition of H+) followed by dissociation of

HNO was based on the pH-dependence of the reaction.

FeII TPPSð Þ NOð Þ þ Hþ Ð FeIII TPPSð Þ HNOð Þ ! FeIII TPPSð Þ þ HNO: (23)

The chemistry of HNO and the formation and reactions of HNO metal

complexes have been extensively reviewed [158–161].

5.4 Reactions with Dioxygen

Reactions with O2 represent some of the most important processes involving NO

under physiological conditions. Nitric oxide autoxidation that is not mediated by

metal centers has been shown to display third-order kinetics (24) whether in the gas

phase, in aprotic solvents or in aqueous media [162]. The fact that this reaction rate

is second order in [NO] is particularly significant in the biological context. Under

the very low concentrations (nanomolar) where NO is an important signaling agent,

such as in blood pressure control, the reaction with oxygen is very slow. In contrast,

at the higher concentrations that are typical of induced NO production during

immune response to pathogens, the autoxidation process may play important

physiological roles, such as the generation of cytotoxic nitrogen oxides like N2O3.

� d NO½ �=dt ¼ kaut NO½ �2 O2½ �: (24)

Notably, there are differences in the products observed in aqueous vs. non-aqueous

media and this may also have biological relevance. NO autoxidation in aqueous

solution leads to the formation of nitrous acid according to the stoichiometry

shown in (25) [163]. In contrast, the autoxidation product in aprotic media is nitrogen

dioxide, which is a much stronger oxidant toward cellular components

[164, 165]. Aprotic autoxidation may have particular relevance biologically owing

to the higher solubility of both NO and O2 in hydrophobic media. As a consequence
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of reactant partitioning between cellular hydrophobic and hydrophilic regions and the

third-order kinetics, a disproportionate fraction of autoxidation may occur in hydro-

phobic regions to give NO2 as a key intermediate at these locations [166].

4NOþ O2 þ 2H2O ! 4Hþ þ 4NO2
�: (25)

The reactivity of NO with O2 is dramatically affected by coordination of one or

the other of these reactants to a metal center. For example, dioxygenation of NO by

oxymyoglobin (e.g. (26)) or by oxyhemoglobin is quite fast and occurs by a rate law

that is first order in NO concentration (e.g., –d[NO]/dt ¼ k2[NO][Mb(O2)], k2 ¼
>107 M�1 s�1 at pH 7) [167, 168]. Furthermore, the NOx product is nitrate (NO3

–),

not nitrite or nitrogen dioxide, and the other product is metMb. Such reactions are

generally considered to be important sinks that scavenge NO in the cardiovascular

system [169].

NOþMb O2ð Þ ! metMbþ NO3
�: (26)

Mechanistically, given that the O2 bound to the iron of myoglobin or hemoglo-

bin is considered to have superoxide character, the rapid reaction with the free

radical NO is not surprising. Since the product of solution phase reaction of free O2
–

with NO is the peroxynitrite ion OONO–, one might expect that the first species

formed in the NO reaction with oxymyoglobin would be the corresponding

peroxynitrite complex (Scheme 10). This reaction has been the subject of several

fast-flow spectroscopic studies, and while earlier studies claimed to have observed

this intermediate, later ones concluded that the first species observable is the nitrate

complex FeIII(NO3
–) [170]. In this context, Kurtikyan et al. [171] used

low-temperature matrix spectroscopy to probe the reaction of the heme model

FeII(TPP)(O2) (TPP2– ¼ tetraphenylporphyrinato dianion) with NO. Even at

100 K, the purported peroxynitrite intermediate FeIII(TPP)(OONO–) was not

observable, so it was concluded that once this species is formed, it must decay

very rapidly to the more stable nitrate complex FeIII(TPP)(NO3
–). Notably, differ-

ent computational approaches also disagree on the potential stability of that inter-

mediate [172, 173].
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Superficially, the reaction of O2 with nitrosyl myoglobin Mb(NO) (27) appears

similar to that of NO with Mb(O2). This reaction has been studied in detail by

Skibsted and coworkers [174], owing in part to its importance to the stability of

cured meat. The same products, metMb and NO3
–, are formed; however, the

oxygenation of Mb(NO) is very much slower and follows a different rate law.

Indeed several kinetics studies [174, 175] indicated the operation of two slow

(pseudo) first-order processes under an oxygen atmosphere with different activation

parameters, one of the two being modestly dependent on the O2 concentration.

However, under one atm of O2 at 30
�C, the two rate constants were nearly the same,

~6 � 10�4 s�1. Notably, these values are close to the rate of spontaneous NO

dissociation from Mb(NO), and one of these was indeed attributed to NO dissocia-

tion followed by O2 trapping of the resulting Mb to give Mb(O2), which then reacts

rapidly with NO according to (27) [174]. The efficiency of this step would be

enhanced by containment of NO in the hydrophobic pockets of the protein. For the

second kinetically detected process, it was suggested that O2 plays a role in

labilizing the NO, although it is still dominated by dissociation. The reaction is

also markedly accelerated by light [176], consistent with the thermal autoxidation

of Mb(NO) being dominated by NO dissociation.

O2 þMb NOð Þ ! metMbþ NO3
�: (27)

6 Summary

This chapter has provided a brief review of NO reactions with metal centers and our

principal focus has been on studies where quantitative photochemical and thermal

kinetics techniques have been used to probe reactions that may play key roles in the

biological activity of NO. As a consequence, we have concentrated principally on

reactivity involving iron and copper metal centers, but even with this approach, it

was necessary to leave out numerous topics relevant to chemists and chemical

biologists owing to the volume of information regarding the chemistry, biochemis-

try, and pathobiology of NO. For example, NO is a reversible inhibitor of the

critical redox protein cytochrome c oxidase, which contains both hemes and a

redox-active copper site [177]. Furthermore, other closely related species such as

HNO and nitrite are drawing considerable attention as being key components of the

larger picture. Nonetheless, we can reemphasize certain important general patterns.

The first is that NO is a stable free radical that reacts readily with other free radicals

and redox-active metal centers, especially if the latter are substitution labile. For

example, mammalian blood pressure regulation by NO centers on the rapid reaction

with the ferroheme site of sGC, and this process must be fast with a large formation

constant if the low NO concentrations generated are to be effective. Key biological

roles not only involve formation and decay of nitrosyl complexes but also how NO

coordination affects the reactivities of the metal and other ligands and how the
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metal mediates the chemistry of the coordinated NO. Understanding the dynamics,

thermodynamics, and mechanisms of the relevant fundamental processes provides

insight into how the chemical biology of NO and other relevant nitrogen oxides

function.
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Synthetic Models of Copper–Nitrosyl Species

Proposed as Intermediates in Biological

Denitrification

Debra J. Salmon and William B. Tolman

Abstract Copper-containing nitrite reductase enzymes catalyze the reduction of

nitrite to nitric oxide during denitrification, a key component of the global nitrogen

cycle. Insights into the properties of proposed copper–nitrosyl intermediates have

been obtained through studies of model complexes. Such complexes comprising

both copper and nickel exhibit variable geometries and electronic structures that are

influenced by the supporting ligands.
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Cy Cyclohexyl

dmp 2,9-Dimethyl-1,10-phenanthroline

ENDOR Electron-nuclear double resonance

EPR Electron paramagnetic resonance

equiv Equivalent(s)

ESI-MS Electrospray ionization mass spectrometry

Et Ethyl

h Hour(s)

His Histidine

Im Imidazole

iPr Isopropyl

IR Infrared spectroscopy

MCD Magnetic circular dichroism

Me Methyl

Mes Mesityl 2,4,6-trimethylphenyl (not methanesulfonyl)

min Minute(s)

mol Mole(s)

NMR Nuclear magnetic resonance

Ph Phenyl

py Pyridine

pz Pyrazolyl

rt Room temperature

s Second(s)

tBu tert-Butyl
THF Tetrahydrofuran

TMEDA N,N,N’,N’-tetramethyl-1,2-ethylenediamine

Tol 4-Methylphenyl

Tp Tris(pyrazolyl)hydroborate

UV–vis Ultraviolet–visible

XAS X-ray absorption spectroscopy

1 Introduction

Biological denitrification plays a major role in the global nitrogen cycle and

involves the reduction of nitrate to dinitrogen, through several nitrogen oxide

intermediates (Scheme 1). The various steps in this process are catalyzed by

metalloenzymes that have been extensively studied [1–23]. These enzymes include

the molybdopterin-containing nitrate reductase [4] and the heme–nonheme iron-

containing nitric oxide reductase [5], which bears key similarities to the large heme-

copper oxidase family, members of which also react in physiologically relevant
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ways with nitrogen oxides [6]. The final step in denitrification is catalyzed by

a multicopper enzyme nitrous oxide reductase [7]. The reduction of nitrite to nitric

oxide is performed by heme (cd1-NiR) or copper (Cu-NiR) enzymes [8], of which

the latter forms the basis of discussion in this chapter.

Extensive structural, spectroscopic, and mechanistic studies of Cu-NiR’s

have been performed; a recent review summarizes the characterization of key

intermediates in the enzyme and in model complexes [9]. Nitrite reduction is

proposed to occur at the (His)3Cu center in the enzyme, which is located near a

type 1 electron transfer copper site (Fig. 1). Two routes for reduction of nitrite to NO

by Cu-NiR have been proposed. Route A (Scheme 2) involves binding of nitrite to the

oxidized Cu(II) center, followed by electron transfer from the type 1 copper center

to achieve a Cu(I)–NO2
� species suggested to adopt a nitrito (O-bound) form

[10, 11]. In route B, reduction occurs prior to nitrite binding, and the Cu(I)–NO2
�

species is proposed to be nitro (N-bound) [8]. Either Cu(I)–NO2
� species is then

protonated, to yield a nitrous acid intermediate, which would then lose H2O to yield

a copper nitrosyl at the [CuNO]10 oxidation level, described according to the

Enemark–Feltham formalism for metal–nitrosyls ([MNO]n, where n is the sum of

metal d and nitrosyl π* electrons) [12–14]. Additional studies have proposed a

random-sequential mechanism in which both routes A and B run in parallel [15]. In

any case, the [CuNO]10 species is proposed to be highly susceptible to NO (product)

Scheme 1 Chemical steps involved in denitrification

Fig. 1 The copper sites in nitrite reductase (PDB 1NIA), with the Cu atoms labeled. Key:

blue ¼ N, yellow ¼ S, red ¼ O, gray ¼ C. Drawing adapted from [17]

Scheme 2 Proposed mechanisms for catalysis by Cu-NiR, adapted from [18]
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loss, which would yield the resting Cu(II) enzyme active site. A one-electron reduced

[CuNO]11 species has also been considered, but while it is not currently implicated as

a player in the major catalytic pathway for reduction of nitrite to NO, it has been

suggested to be involved in the reduction of NO under anaerobic conditions [16].

While the proposed [CuNO]n (n ¼ 10 or 11) species have not been directly

observed as catalytic intermediates, such copper nitrosyls have been identified as

products of reactions of Cu-NiR with NO. For example, treatment of crystals of the

reduced enzyme from the bacteriumAlcaligenes faecaliswith exogenousNO yielded a

novel species that was characterized by X-ray crystallography [19]. The 1.4 Å resolu-

tion data were interpreted to indicate the presence of a side-on bound nitrosyl (Fig. 2), a

provocative conclusion because such coordination is unprecedented for a metallo-

enzyme active site. Notable geometric parameters include N and O atoms nearly

equidistant from the Cu atom (1.97–2.01 Å and 1.95–2.12 Å), an average Cu–N–O

bond angle of 71�, and a long N–O distance of 1.45–1.67 Å. X-ray crystal structures

were reported in separate work that also feature a side-on bound nitrosyl, albeit with

slightly different structural parameters (cf. Cu–N/O ¼ 2.2 Å, N–O ¼ 1.4 Å)

[11]. Wild-type NiR and two mutants with little or no enzymatic activity, one

incapable of electron transfer from the type 1 Cu to the catalytic type 2 Cu site

(H145A) and the other without the hydrogen-bonding Asp98 residue (D98N), both

showed side-on bound NOwhen crystals were soaked in NO solutions [20]. The NO

was more disordered in the D98N mutant, however, which was partially modeled as

end-on bound NO. In all of these cases, the copper–nitrosyl was assigned as

[CuNO]11, derived from the binding of NO to a Cu(I) center, either present initially

or derived from reduction of a Cu(II) site by excess NO.

The novelty of the side-on coordination in the aforementioned species inspired

studies by experiment and theory aimed at evaluating the relative stabilities of the

side-on versus end-on geometries and the oxidation state assignments Cu(II)–NO�

versus Cu(I)–NO•. With regard to the latter issue, an assignment as Cu(II)–NO�

Fig. 2 Representation of the

active site of the proposed

side-on copper–nitrosyl in

NiR. Reproduced with

permission from [19]
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based on EPR spectroscopy data [20] was disputed in favor of the alternate

Cu(I)–NO• formulation on the basis of analysis of EPR, MCD, and ENDOR

spectroscopy data in conjunction with theory [21, 22]. This conclusion was

corroborated in separate computational studies, which together with others

[23–25] indicated that the end-on geometry was energetically favored relative to

the side-on structure in most models comprising either simple ligands or ones

incorporating surrounding amino acid residues found in the protein. On the other

hand, other DFT studies showed that the side-on geometry modeled using the X-ray

structure coordinates was a local energy minimum due to steric interactions of the

end-on structure with an Ile-257 residue in the protein environment, despite the

finding that the end-on geometry is a global minimum, 6–8 kcal/mol lower in

energy than the side-on structure [26].

These types of issues centered on electronic and geometric structural preferences

and reactivity of proposed metalloenzyme intermediates may be addressed through

studies of synthetic complexes, which may be more readily studied in detail under

abiological conditions (e.g., low temperature in organic solvent) and which can be

modified through variation of supporting ligand properties [27]. In particular, studies

of copper–nitrosyl complexes have provided important insights into bonding, oxida-

tion states and reactivity that are helpful for understanding the putative [CuNO]n

(n ¼ 10 or 11) species proposed for Cu-NiR, as well as for other enzymes [3] or

catalytic systems [28]. We summarize these advances herein and include discussion

of additional work on nickel congeners that provides complementary understanding.

2 [CuNO]11 Complexes

Although not a monocopper species of specific relevance to Cu-NiR intermediates,

it is important to note the first structurally characterized copper–nitrosyl complex to

be reported (1, Fig. 3). This complex was prepared by reaction of a dicopper(I)

precursor with NO+ and was proposed to contain a Cu(II)–(NO�)–Cu(II) core on

the basis of structural and spectroscopic evidence [29]. The geometry of 1 is similar

to phenoxo and hydroxo-bridged dicopper(II) analogs [30] and features a Cu–Cu

distance of 3.141(0) Å. The N–O bond length (1.176 Å), Cu–N–O bond angle

(129.5�), and IR (ν(NO) ¼ 1,536 cm�1) are characteristic of a bridging NO�

ligand.

The first well-defined mononuclear copper nitrosyl complexes to be isolated

(2, Fig. 3) are supported by tris(pyrazolyl)hydroborate (TpR,R
0
) ligands with vari-

able substituents R and R0 that confer differing steric and electronic properties to the
complexes [31–35]. These complexes were prepared by addition of NO (1 atm) to

solutions of TpCu(I) precursors, resulting in a color change from pale yellow to

deep red. The reactions were reversible, as evinced by bleaching under vacuum.

The X-ray structure of 2a (R ¼ tBu, R0 ¼ H; Fig. 4) shows end-on coordination of

the nitrosyl with a Cu–N–O angle of 163.4(6)�, intermediate between linear and

fully bent (120�) geometries [32]. The subsequently determined structure of 2f

(R ¼ tBu, R0 ¼ iPr) features an Cu–N–O angle closer to linearity (171.9(5)�) [35].

Synthetic Models of Copper–Nitrosyl Species Proposed as Intermediates. . . 141



The red color of the complexes is due to an electronic absorption with a λmax in the

range 436–506 nm (Table 1). These absorption energies vary as a function of the

electron donor ability of the supporting ligand substituents, as do the corresponding

nitrosyl stretching frequencies and ν(CO) values for carbonyl analogs [36, 37]. Thus,
the more electron withdrawing the substituents (e.g., R0 ¼ CF3), the greater the

Lewis acidity of the copper ion and the higher the ν(CO) and ν(NO) values. The
same effect is also seen in a comparison of 2f (R ¼ tBu, R0 ¼ iPr; ν(NO) ¼ 1,698

cm�1) to an analogous complex supported by the less electron-donating, neutral tris

(pyrazolyl)methane ligand (ν(NO) ¼ 1,742 cm�1) [35]. The accompanying trend in

the electronic absorption feature (more Lewis acidic center has shorter wavelength

λmax) is consistent with its assignment as a transition with Cu d ! NO π* MLCT

character. This assignment, which was confirmed in more detailed later work [35],

supports a Cu(I)–NO• formulation for these complexes. Further corroboration of this

conclusion comes from theoretical calculations [38], the absence of d–d transitions

typical for Cu(II) ions in the electronic absorption and MCD spectra, and the finding

that the EPR spectra features a signal only observable at T < 40 K with g ~ 1.84,

both well below what is typical for Cu(II) compounds, with a large AN value of

~30 � 10�4 cm�1 indicative of significant spin density on the nitrosyl N atom

Fig. 3 Examples of well-defined copper–nitrosyl complexes

Fig. 4 Representation of the X-ray crystal structure of 2a (R ¼ tBu, R
0 ¼ H). Reprinted with

permission from [31]. Copyright 1992 American Chemical Society
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[32, 35]. It is noteworthy that the EPR spectra for these complexes are similar to that

assigned to [CuNO]11 species in Cu-NiR [21]. The g value for the complexes in

which the CuNO is almost linear is lower than that measured for the protein adduct

(g ~ 1.9–2.0) [21], however, which has been cited to support the contention that the

latter is highly bent or side-on [35]. Interestingly, the complex 2c with R ¼ Mes,

R0 ¼ H is EPR silent and exhibits a paramagnetically shifted NMR spectrum,

suggesting sufficient perturbation of the electron relaxation correlation time by

the tris(aryl) “enclosure” surrounding the [CuNO]11 unit in this complex [34].

In the presence of exogenous NO, the [CuNO]11 complexes 2a–e undergo

a disproportionation reaction to yield N2O and the copper(II)–nitrite species

TpR,R
0
Cu(NO2) [33, 34]. The rate of this reaction varies as a function of the steric

bulk of the ligand substituents, such that it is slow for R ¼ tBu and fast for

R ¼ CH3. Kinetics studies for the reactions of the Cu(I) complexes of the ligands

with R ¼ Mes, R0 ¼ H or R ¼ R0 ¼ Ph with excess NO supported the rate law

shown in Eq. (1). A mechanism was proposed involving reversible formation of the

[CuNO]11 adduct followed by rate-determining addition of a second NO molecule,

which is hindered by sterically bulky R groups (Scheme 3). The nature of the

resulting species is unclear, as a dinitrosyl or an N–N coupled moiety is possible.

Subsequent conversion to the final products must be fast in order to be consistent

with the experimental rate law (1).

Equation 1. Experimental rate equation for the disproportionation of 2b,c (R ¼
R

0 ¼ Ph or R ¼ Mes, R
0 ¼ H), where [Cu]tot is the sum of the concentrations of the

initial Cu(I) species and 2, and the rate constants are defined as in Scheme 3.

rate ¼ k2Keq½Cu�tot½NO�2
1þ Keq½NO� : (1)

Table 1 Spectroscopic data for TpR,R
0
CuNO and TpR,R

0
CuCO complexes

Ligand

Nitrosyl

complex ν(CO) (cm�1) ν(14NO) (cm�1) ν(15NO) (cm�1) λmax (nm) Reference

TptBu,iPr 2f 2,057 1,698 1,627 506 [35]

TpCH3,CH3 2d 2,060 a a 494 [33, 36]

TptBu,H 2a 2,069 1,712 1,679 494 [31, 32]

TpMes,H 2c 2,079 1,712 1,682 472 [34]

TpPh,Ph 2b 2,086 1,720 1,687 474 [32, 37]

TpCF3,CH3 2e 2,109 1,753 1,722 436 [34]
aLow stability of this complex prevented acquisition of IR data

Scheme 3 Proposed

mechanism for

disproportionation of

TpR,R
0
CuNO complexes (2)
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Another example of a [CuNO]11 complex is supported by 3,3
0
-iminobis(N,N

0
-

dimethylpropylamine) (3, Scheme 4; ν(NO) ¼ 1,736 cm�1) [39]. It was suggested

to be a Cu(I)–NO• species on the basis of DFT calculations and EPR spectroscopy.

This complex reacted with O2 to yield a novel peroxynitrite complex that upon

heating regenerated O2 (0.5 equiv) and a copper(II)–nitrite product.

3 [CuNO]10 Complexes

There have been many attempts to access the [CuNO]10 core proposed to be an

intermediate during catalysis by Cu-NiR. In early work, adduct formation between

simple Cu(II) salts and NO was postulated, but characterization data was sparse and

structural information from these studies is lacking [40–42]. The intermediacy of

[CuNO]10 in various other transformations has been suggested in several reports,

and in some cases these proposals have been supported by direct spectroscopic data.

In this section we summarize these reports as well as the more recent description of

the first X-ray structure of a [CuNO]10 complex.

In a number of instances, treatment of copper(II) complexes with NO results in

reduction to yield copper(I) species, and mechanisms involving initial Cu(II)–NO

adduct formation have been proposed. For example, the complex 4 (dmp ¼ 2,9-

dimethyl-1,10-phenanthroline) in water or methanol solution reacts with NO to

yield 5 and RONO (R ¼ H or Me; Scheme 5) [43, 44]. The results of kinetics

experiments were interpreted to support the mechanism shown in Scheme 5, and the

observation of reversible color changes upon exposure of 4 on a solid support to NO

was cited in support of the feasibility of the 5-coordinate [CuNO]10 intermediate 6.

In a related example, Cu(II) complexes 7 of tripodal tris(2-R-aminoethyl)amines

(R ¼ H, Et, iPr) react with NO in CH3CN to yield [Cu(I)(CH3CN)4]
+ and nitrosated

ligands (Scheme 6) [45, 46]. Transient intermediates were observed by UV–vis

spectroscopy, which were found to be EPR silent and, in one case (R ¼ H), to

exhibit an intense peak in the IR spectrum at 1,650 cm�1 assigned to ν(NO). These
results were interpreted to suggest the intermediacy of a copper–nitrosyl complex.

Similar data and conclusions were drawn for the reactions of 8 with NO [47].

Scheme 4 Synthesis of a

copper-nitrosyl complex and

its O2 reactivity
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A thermally stable Cu(II)–NO adduct was isolated upon treatment of 9 with NO

(Scheme 6) [48]. This adduct (10) was identified by ESI-MS and elemental analysis

and was shown to be diamagnetic (EPR silent, sharp peaks in 1H NMR spectrum)

with ν(NO) ¼ 1,662 cm�1 (Δ15N ¼ 31 cm�1). Interestingly, treatment of 10 with

H2O2 yielded a Cu(I)–nitrate product, which was proposed to evolve from a Cu

(I)–peroxynitrite intermediate [49]. Also, complex 10 reacted with added H2O to

yield a unique N-donor ligand supported Cu(I)–nitrite complex, a conversion that is

reverse of that catalyzed by NiR [48].

Only one X-ray crystal structure of a [CuNO]10 complex (11) has been reported

to date (Fig. 5) [50]. This purple complex was prepared by addition of 2 equiv

of [NO][PF6] to copper metal powder at�25 �C in CH3NO2. It binds NO reversibly

to yield [Cu(CH3NO2)5](PF6)2 (12), as monitored by following the ν(NO)
(1,933 cm�1, Δ15N ¼ 40 cm�1) for 11 and the EPR spectrum of 12 during cycling

between vacuum and NO (1 atm). The nitrosyl ligand adopts a bent geometry

[(Cu–N–O) ¼ 121.0(3)�] at an equatorial site. A weak Cu–NO interaction is

indicated by a Cu–N bond length [1.955(4) Å] that is longer than in [CuNO]11

Scheme 5 Reactivity of a Cu(II) complex with NO

Scheme 6 Copper(II) complexes that react with NO, and the product in one case (10)
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complexes 2a and 2f (1.76–1.79 Å). It was argued that the [CuNO]10 moiety is best

formulated as a Cu(II)–NO• species, but additional evaluation of this hypothesis is

needed. Importantly, as noted [50], complex 11 “may provide a model of how nitric

oxide coordinates to Cu(II) during the Cu-NIR catalytic cycle.”

4 [NiNO]10 Complexes

It can be useful to compare the small molecule activation chemistry of nickel

complexes to copper congeners, as in many cases complementary structures and

related reactivity may be observed (cf. dioxygen activation [51, 52]). A number of

complexes comprising the [NiNO]10 core have been characterized, which while

featuring the same overall electron count as the [CuNO]10 moiety may be considered

to adopt different metal oxidation states (Ni(I)–NO•/Ni(II)–NO� vs. Cu(II)–NO•/Cu

(III)–NO�).
Because they are supported by the same TpR,R

0
ligand set, it is particularly useful to

draw comparisons among the complexes TpR,R
0
M(NO) (M ¼ Cu, Ni, Co; Table 2)

[38, 53, 54]. While there is general agreement that the Cu(I)–NO• formulation is

appropriate for 2a, in which the [CuNO]11 moiety is distorted from linearity, quite

disparate views on the bonding for the linear Ni complex 13 have been proposed,

including Ni(0)–NO+ [53], Ni(II)–NO� [38], and Ni(IV)–NO3� [54]. The Ni(0)–NO+

hypothesis merely reflects a formalized view with no basis in experimental data or

theory. The Ni(IV)–NO3� viewwas suggested on the basis of the short Ni–N distance,

which was noted to be similar to that in the hypothetical nitride TpCH3,CH3NiN, and an

interpretation of DFT calculations that relied, essentially, on not attributing electrons

involved in Ni–NO π bonding to the d electron count [54]. This view is disputed in a

more recent study [38] that drew specific comparisons to the Co analog 14 (Table 2),

which was shown by extensive experimental data (cf. EPR and XAS) and multiconfi-

gurational calculations to be best described as high-spin Co(II) (SCo ¼ 3/2) antiferro-

magnetically coupled to a triplet NO� (SNO ¼ 1). Calculations for 13 led to a similar

Fig. 5 Complexes 11 and 12 and a representation of the X-ray crystal structure of 11, reprinted

with permission from [50]. Copyright 2010 American Chemical Society
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conclusion, whereby the ground state is dominated by Ni(II) configurations. The

authors of this work further argued that the higher ν(NO) value for 13 than for 14 is

not consistent with a lower N–O bond order implied by the Ni(IV)–NO3� formula-

tion, and rationalized the divergent ν(NO) values for the two complexes on the basis

of differing contributions of M(0)–NO• configurations to their respective ground state

wave functions.

Nickel–nitrosyls supported by facially coordinating tridentate ligands geometri-

cally akin to TpR,R
0
(Fig. 6) feature linear [NiNO]10 cores like in 13 [54–59].

Presumably, similar bonding conclusions as drawn for the TpR,R
0
case apply, although

these issues have not yet been explored fully for these systems. Comparison of ν(NO)
among the linear 4-coordinate [NiNO]10 complexes supported by the full range of

tridentate ligands has been made [57], revealing trends in electron-donating abilities

of the ligands (Table 3). For example, the strong electron donor characteristics of the

heterocyclic carbenes in 17–19 induce lower ν(NO) values than for complexes of

TpR,R
0
ligands or S/Se analogs 15–16.

Linear nitrosyls have also been isolated in non-C3-symmetric complexes (Fig. 7).

A Ni analog 23 of the [CuNO]10 complex 11 was prepared similarly, but exhibited a

Ni–N–O angle of 174.1(8)� (ν(NO) ¼ 1,877 cm�1) in distinct contrast to the bent

geometry observed for the Cu complex (121.0(3)�) [60]. The weakly bound nitro-

methane ligands in 23 can be readily displaced, by arenes such as mesitylene, to yield

24. Several three-coordinate [NiNO]10 complexes have been reported [60–62],

including 25 and those supported by β-diketiminate ligands that were synthesized

from d9 Ni(I) precursors [63]. Complexes such as 26 contain linear nitrosyls, as

analyzed from their X-ray crystal structures (Ni–N–O ¼ 171–174�).
Bent geometries for [NiNO]10 complexes have also been observed. For exam-

ple, bidentate Se and S donor ligand variants of the tridentate ligands in 27–28

result in non-C3-symmetric structures with nonlinear nitrosyls (Fig. 8) [55, 64].

A rationale for the observed nitrosyl geometries was invoked wherein the Ni–N σ*

orbital is stabilized by mixing of the nitrosyl π* orbital through bending [64]. The
first anionic mononuclear [NiNO]10 complex 29, supported by thiolate ligands,

features ν(NO) ¼ 1,655 cm�1 in the solid state or Nujol mull (1,756 cm�1 in

CH3CN) and a bent Ni–N–O bond angle of 156.6�. The low nitrosyl stretching

frequency presumably derives from the anionic nature of the complex and the

strong electron-donating characteristics of the supporting thiolate ligands. In

another example, reaction of the 3-coordinate complex 25 with bipy or 2,9-

dimethyl-1,10-phenanthroline yields the 5-coordinate species 30. The nitrosyl in

30 is best described as NO� (Ni–N–O ¼ 129.5(2)� and ν(NO) ¼ 1,567 cm�1), in

Table 2 Selected properties for TpR,R
0
M(NO) complexes (M ¼ Cu, Ni, Co)

Complex ν(NO) (cm�1) M–N–O (deg) M–N (Å) N–O (Å) Reference

TptBu,HCu(NO) (2a) 1,712 163.4(6) 1.759(6) 1.108(7) [32]

TpCH3,CH3Ni(NO) (13) 1,786 178.5(6) 1.619(6) 1.170(7) [54]

TpCH3,CH3Co(NO) (14) 1,732 175.5(6) 1.628(5)a 1.167(6) [38]
aData for one of two molecules in the asymmetric unit
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contrast with the linear nitrosyl in three-coordinate 25 (Ni–N–O ¼ 176.2(3)� and
ν(NO) ¼ 1,869 cm�1). Complex 30 decomposed upon standing via a

characterized [N2O2]
2� intermediate 31 to form N2O, a reaction similar to the

disproportionation of the [CuNO]11 species 2a–e.

Finally, a particularly apropos case relevant to proposals for the nitrosyl inter-

mediate invoked in Cu-NiR catalysis centers on the Cp*Ni system (Fig. 9)

[65]. X-ray structures of the ground state complex Cp*Ni(NO) (32) and its meta-

stable form 33 resulting from irradiation were solved, revealing conversion of the

linear nitrosyl to a side-on bound form upon photolysis. This latter [NiNO]10

structure provides key precedent for the putative [CuNO]10 variant proposed for

Cu-NiR.
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Fig. 6 Ligands used to support 4-coordinate, approximately C3-symmetric [NiNO]10 complexes.

For 18 and 19, X ¼ counterion of the cationic complex
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Table 3 Comparison of ν(NO) values for 4-coordinate [NiNO]10 complexes supported by

tridentate ligands

Ligand ν(NO) (cm�1) Reference

TpCH3,CH3 (as in 13) 1,786 [54]

15 1,763, 1,752 [54]

16a 1,741 [55]

16b 1,752 [55]

17a 1,724 [56]

17b 1,703 [56]

17c 1,701 [56]

17d 1,697 [56]

17e 1,693 [57]

18a 1,742 [57]

18b 1,746 [57]

19a 1,711 [57]

19b 1,714 [57]

20a 1,760 [58]

20b 1,770 [58]

20c 1,775 [58]

20d 1,755 [58]

21a 1,760 [58]

21b 1,778 [58]

22 1,737 [59]

The counterion (X) in the cationic complexes formed from 20 and 21 altered ν(NO)
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ArAr
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Fig. 7 Examples of complexes with linear nickel–nitrosyls
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5 Summary, Conclusions, and Outlook

Studies of copper– and nickel–nitrosyl complexes have provided new understanding

of bonding, geometries, and electronic structures of the [MNO]n units that has

informed and complemented spectroscopic and theoretical studies of elusive

intermediates in the reactions of Cu-NiR. While more success has been attained to

date in modeling [CuNO]11 species, one electron more reduced than the purported

active intermediate, recent advances in characterizing [CuNO]10 compounds have led

to more direct information on how nitric oxide binds to the metal center during

enzymatic catalysis. The appearance of a side-on nitrosyl in the native enzyme has

not yet been duplicated in copper complexes; this remains as a synthetic objective in

future work. Nickel–nitrosyl congeners of the electron count [NiNO]10 have enabled

useful comparisons to their copper analogs, and the identification of a side-on bound

variant provides key precedent for this geometry in Cu-NiR. The varied coordination

modes of nitrosyl ligands as a function of supporting ligand geometries and properties

are fascinating from a structural perspective and provide a framework for future

reactivity studies. Such studies will add to the wealth of information on Cu-NiR

models aimed at better understanding nitrosyl bonding and the nature of

intermediates involved in the Cu-NiR catalytic cycle.
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Abstract This review summarizes our current understanding of the geometric and

electronic structures of ferrous and ferric heme–nitrosyls, which are of key importance

for the biological functions and transformations of NO. In-depth correlations aremade

between these properties and the reactivities of these species. Here, a focus is put on

the discoveries that have been made in the last 10 years, but previous findings are also

included as necessary. Besides this, ferrous heme–nitroxyl complexes are also consid-

ered, which have become of increasing interest recently due to their roles as

intermediates in NO and multiheme nitrite reductases, and because of the potential

role of HNO as a signaling molecule in mammals. In recent years, computational

methods have received more attention as a means of investigating enzyme reaction

mechanisms, and some important findings from these theoretical studies are also

highlighted in this chapter.
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Abbreviations

2-MI 2-Methylimidazole

3,5-Me-BAFP 3,5-Methyl-bis(aryloxy)-fence porphyrin

4-MePip 4-Methylpiperidine

5C Five-coordinate

6C Six-coordinate

CcNIR Multiheme cytochrome c nitrite reductase
CcO Cytochrome c oxidase
Cys Cysteine, cysteinate

Cyt c Cytochrome c
Deut2� Deuteroporphyrin IX dimethylester dianion

ENDOR Electron-nuclear double resonance spectroscopy

eNOS Endothelial nitric oxide synthase

EPR Electron paramagnetic resonance spectroscopy

Hb Hemoglobin

His Histidine

HNOX Heme-nitric oxide or oxygen binding (domain)

HOMO Highest occupied molecular orbital

HRP Horseradish peroxidase

hs High-spin

iNOS Inducible nitric oxide synthase

Iz Indazole

ls Low-spin

LUMO Lowest unoccupied molecular orbital

Mb Myoglobin

MCD Magnetic circular dichroism spectroscopy

MI 1-Methylimidazole (also called N-methylimidazole)

MO Molecular orbital
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NIR Nitrite reductase

nNOS Neuronal nitric oxide synthase

NO Nitric oxide

NOD Nitric oxide dioxygenation

NOR Nitric oxide reductases

NorBC Bacterial respiratory NO reductase

NOS Nitric oxide synthase

Np Nitrophorins

NRVS Nuclear resonance vibrational spectroscopy

OEP2� Octaethylporphyrin dianion

OETPP2� Octaethyltetraphenylporphyin dianion

oxoOEC2� Oxooctaethylchlorin

P2� Porphine dianion

P450nor Fungal cytochrome P450 NO reductase

p-C6H4F
� 4-Fluorophenyl anion

PCET Proton-coupled electron transfer

PES Potential energy surface

Prz Pyrazine

Py Pyridine

Pz Pyrazole

rNp Rhodnius prolixus nitrophorins
sGC Soluble guanylate cyclase

SOMO Singly occupied molecular orbital

To-F2PP
2� Tetra(ortho-difluoro-phenyl)-porphyrin dianion

Tp-CF3PP
2� Tetra(para-trifluoromethylphenyl)-porphyrin dianion

Tp-FPP2� Tetra(para-fluorophenyl)-porphyrin dianion

TpivPP2� Picket fence porphyrin

Tp-NO2PP
2� Tetra(para-nitrophenyl)-porphyrin dianion

Tp-OCH3PP
2� Tetra(para-methoxyphenyl)-porphyrin dianion

TPP*2� Phenyl-substituted tetraphenylporphyrin dianion

TPP2� Tetraphenylporphyrin dianion

TPPBr4
2� 2,3,12,13-Tetrabromotetraphenylporphyrin dianion

1 Introduction

Heme proteins play a central role in biology as catalysts for the transformations of

organic molecules (biosynthesis and degradation of organic compounds), electron

transfer, molecular transport, gas and redox sensing, and the detoxification of reactive

oxygen and nitrogen species [1]. One important biomolecule that is produced, sensed,

and detoxified by heme proteins is the diatomic gas nitric oxide (NO) [2, 3]. This

molecule is produced in mammals by the nitric oxide synthase (NOS) enzyme family

for the purpose of signal transduction [in the cardiovascular system (endothelial
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NOS – eNOS) and the brain (neuronal NOS – nNOS)] and for immune defense

(inducible NOS – iNOS) [3–7]. The NOS isozymes are relatives of Cyt P450s and

contain a heme b in the active site with axial cysteinate (Cys) coordination [8], and an
additional, redox active, tetrahydropterin (H4B, in the reduced form) cofactor in close

proximity to the active site heme. These enzymes oxidize L-arginine in a two-step

process using O2 to yield NO and citrulline as final products. Once NO is produced by

eNOS or nNOS, it is detected by the universal mammalian NO sensor protein soluble

guanylate cyclase (sGC) [3, 9], the heme-based sensing domain of which was later

identified to be part of the larger group of heme-nitric oxide or oxygen binding

(HNOX) domains that are also found in bacteria [10]. Nitric oxide can further be

produced in vivo by reduction of nitrite [11]. This process is catalyzed by heme cd1
nitrite reductases (NIR) in denitrifying bacteria [12], and by deoxy-hemoglobin (Hb)

and -myoglobin (Mb) in mammals [13]. The active site heme d of cd1 NIRs is unusual
with two adjacent pyrrol rings being functionalized by carbonyl groups, a modification

that is thought to reduce the affinity of the heme for NO in order to promote NO release

after nitrite reduction. In mammals, deoxy-Hb and -Mb are thought to bind nitrite and

reduce it to NO as part of hypoxic signaling [14]. Recently, evidence has been provided

that cytochrome c oxidases (CcOs) are also capable of reducing nitrite to NO under

hypoxic conditions [15]. It has been proposed that NO produced this way then plays a

role in the dilation of arteries to increase blood flow, and the induction of hypoxic

nuclear genes (hypoxic signaling) for the physiological adaption to hypoxia [16],

including the expression of CcO isozymes with altered activities [17].

Since NO is toxic, it is important that efficient detoxification pathways are in

place wherever this gas is produced in living systems. In mammals, the main

degradation pathway of NO seems to be the reaction with oxy-Hb and -Mb, although

other pathways may also exist [18, 19]. This pathway is also used by certain bacteria

as a means of defense again nitrosative stress. This reaction, NO dioxygenation

(NOD), leads to the generation of nitrate as the final product, presumably via

formation of a heme-bound peroxynitrite intermediate [20, 21]. In denitrifying

bacteria and fungi, mostly anaerobes, the degradation ofNO is achieved by reduction

to N2O, catalyzed by NO reductases (NOR) [3]. The most common bacterial NORs

are heterodimers and contain a catalytic domain (NorB) and a Cyt c electron transfer
subunit, and are therefore termed NorBC or cNOR [22]. The active site of these

proteins contains a heme b3 with axial histidine (His) coordination and a non-heme

iron center (termed FeB) in close proximity [23]. On the other hand, the fungal NOR

belongs to the Cyt P450 family and correspondingly, uses a single heme bwith axial
Cys coordination for the reduction of NO [24]. Another potential pathway for NO

degradation would be disproportionation, 3NO ! NO2 + N2O, which is catalyzed

by a number of transition metals, for example copper and manganese [25, 26].

In particular, copper NIR has been proposed to catalyze this reaction [27]. However,

the apparent disadvantages of this process are the dependence of the reaction rate

on the NO concentration in the third power, and the fact that NO2 is generated as one

of the products, which is a strongly oxidizing and nitrosating species. Accordingly,

this pathway does not seem to be used for NO degradation in vivo.
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Another interesting class of heme proteins are nitrophorins (Np), which serve as

NO transporters in the saliva of certain blood-sucking insects [28]. The Nps from

Rhodnius prolixus (the kissing bug) show a lipocalin-like fold with the heme being

positioned in a barrel, formed from β-sheets. The heme shows axial His coordina-

tion and is located in close proximity to the open end of this barrel. In contrast, the

Np from Cimex lectularius (the bedbug) has a β-sandwich structure where the heme

is located in the periphery of the protein. Both types of Nps are active for NO

transport in the ferric oxidation state. Most recently, a new protein has been

discovered that is very similar in structure to the R. prolixusNps. The exact function
of this protein is not known, but it is thought to be utilized for NO binding. It was

therefore named nitrobindin [29].

Recently, the one-electron reduced form of NO, HNO, has also gained increased

attention not only as an intermediate in NOR catalysis, but also as a potential

signaling molecule in biology with distinctively different physiological effects

from NO [30]. This is currently a controversial topic in the literature.

Corresponding heme complexes with bound nitroxyl anions (NO�) have been

published in the literature, and their reactivities have been explored [31].

In order to better understand the biological functions and transformations of nitric

oxide, detailed studies into the geometric and electronic structures of corresponding

heme-NO complexes in proteins and model complexes have been undertaken, and

the reactions that lead to the generation of NO and that are responsible for its

degradation have been investigated in detail. Great progress has been made in the

last decade in furthering our understanding of those issues that relate to the role of

NO in biological systems. The goal of this review is to provide a concise overview of

the geometries, electronic structures, and reactivities of heme–nitrosyl complexes

and, in particular, to summarize the most recent developments in the field that have

been reported within the last 5 years. For earlier studies, the reader is referred to a

number of comprehensive reviews. The geometric structures of manganese, iron,

cobalt, and ruthenium porphyrin complexes with NOwere reviewed in detail in 2002

by one of us [32]. The reactions ofNOx species withmetalloporphyrins have been the

focus of a number of reviews, for example [2, 3, 33–41]. The most recent reviews on

the spectroscopic and electronic structures of heme–nitrosyls were published by one

of us in 2010 [42], and by Ghosh et al. in 2011 [43].

Recent highlights in the field with respect to the structural characterization of

heme–nitrosyls include new high-resolution crystal structures of five- and six-

coordinate (5C and 6C) ferrous heme–nitrosyl model complexes and investigations

into the structural dynamics of NO in the solid state in these systems [44–46], and the

first crystal structure of a heme-hyponitrite dimer [47]. New spectroscopic

accomplishments include the characterization of isomers of deoxy-Mb NO adducts

via ENDOR [48], investigations into NO binding in sGC via multifrequency electron

paramagnetic resonance (EPR) methods [49], the first detailed analysis of single-

crystal nuclear resonance vibrational spectroscopy (NRVS) data for a 6C

heme–nitrosyl model complex [50], and the characterization of a cobalt-porphyrin

peroxynitrite adduct [21]. Important recent computational results providemore insight
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into the mechanistic alternatives for different NO and nitrite reductases [51–53], and a

detailed understanding of the electronic structure of ferric heme–nitrosyls [54].

2 Geometric Structures of Heme–Nitrosyls

The earliest structure determinations of nitrosyl derivatives of iron porphyrinates

were carried out in the laboratories of one of us (Scheidt), and date back to the early

to mid-1970s. Although these structures delineated some of the systematic features of

the geometric structures, more recent studies have also revealed important general

structural features. These more recent attributes will be emphasized in this review.

The earlier work has been reviewed most recently in Accounts of Chemical Research
[55] and Chemical Reviews [32].

2.1 Ferrous Heme–Nitrosyls

The members of this group are all odd molecules with a single unpaired electron

formally derived from the NO ligand, e.g., S ¼ 1/2. Although some closely related

macrocyclic complexes of iron(II) and NO have an intermediate-spin state, no such

species are known for porphyrinic derivatives; however, low-lying excited states of

higher multiplicity have been suggested. The structures are typically those expected for

low-spin iron(II) species [56]. In all cases, the iron is displaced toward the axial NO,

with larger displacements expected, and found, for the five-coordinate derivatives. The

iron displacements are in the range of 0.2–0.3 Å for the five-coordinate species and less

than 0.1 Å for the analogues six-coordinate species. In-plane Fe–Np distances are

typical for low-spin iron at around 2.0 Å (often just slightly less). One of the striking

features of this group of nitrosyl derivatives is the axial ligand-based equatorial

asymmetry.

2.1.1 Five-Coordinate Nitrosyls

The first iron porphyrinate derivative to be structurally characterized was that of

[Fe(TPP)(NO)] [57]. This structure demonstrated a recurrent problem in structural

NO chemistry, rotational disorder in the MNO group when the group does not have

a linear geometry. This molecule has crystallographically demanded 4/m symmetry

leading to disorder in this particular species that is rather extreme, with a total of

eight positions of the NO group, a real “hydra” of disorder as shown in Fig. 1.

Fifteen years would pass before new five-coordinate derivatives were obtained for

structural analyses, the most important of these was the structure determination of

two crystalline forms of [Fe(OEP)(NO)] which unequivocally showed a distinct

pattern for five-coordinate nitrosyls. In some respects this time gap between

structure determinations was fortuitous since the two structures of [Fe(OEP)

(NO)] were determined at low temperature and with area detector diffractometers,
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which provided more accurate structures than those that would have been obtained

earlier. It is thus possible that those features would not have been detected.

These two structures were completely ordered with a single orientation of the NO

group. An unexpected feature of the first structure was the off-axis tilt of the Fe–NO

vector from the heme normal. A second crystalline form showed exactly the same

phenomenon. The two crystalline forms were true polymorphs with no solvent

contained in either crystal. We thus concluded that this molecular feature was

integral to the five-coordinate nitrosyls [58]. A second, apparently general, feature

was even more unexpected. There was an asymmetry in the equatorial bond

distances correlated with the direction of the off-axis tilt. This is shown in Fig. 2.

The diagram at the bottom right of the figure shows the general pattern, whereas the

diagram at the upper left gives actual values of the equatorial distances in one crystal;

although the distance differences are small they are statistically significant. As can

be seen, the Fe–Np bond distances in the direction of the tilt are shorter than the

equatorial distances opposite the tilt. This general pattern of equatorial asymmetry

was further observed in several additional structures [59], indeed all five-coordinate

nitrosyl complexes with sufficiently ordered nitrosyl groups display the off-axis tilt

and the equatorial asymmetry. The deuteroporphyrin derivative [60], one of the very

few porphyrin X-ray structures based on the biologically important protoporphyrin

IX derivatives, shows this behavior as well. This molecule is illustrated in Fig. 3.

Table 1 lists structural parameters for a number of five-coordinate species,

including the averaged values of the equatorial Fe–Np distances when sufficient

ordering of theNOgroupmakes this sensible. The equatorial distance differences are

seen to be of the order of 0.02–0.03 Å which, given the generality of the pattern, is

very striking. One entry in the table requires special emphasis, the second set of

entries for [Fe(TPP)(NO)]. Crystals of [Fe(TPP)(NO)] were found to undergo a

gradual phase change over a range of temperatures centered around 250 K [44].

The phase change is quite reversible with no apparent loss of crystallinity as samples

Fig. 1 The molecular structure observed for [Fe(TPP)(NO)], which has crystallographically

demanded symmetry far higher than the molecule possesses
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are warmed or cooled past the transition point. The required symmetry for the

molecule changes from 4/m to inversion symmetry below the transition temperature,

and the Fe–NO tilt is observed as can be seen in Fig. 4 that shows the structure at

33 K.

From the determination of the first structure, it was already clear that the

Fe–N–O group will not be linear, nor fully bent, but that of a “half-bent” system.

The original structure determination provided an estimate for this angle; subsequent

structures suggest a value of about 143� as the most likely estimate. Some

comparisons of the structures of five- versus six-coordinate species are given in

the next section.

Fig. 2 Diagrams illustrating the off-axis NO tilt and its effect on the length of the equatorial

Fe–Np distances

Fig. 3 Diagram illustrating the structure and the interplanar interaction of [Fe(Deut)(NO)]

162 N. Lehnert et al.



T
a
b
le

1
S
tr
u
ct
u
ra
l
an
d
v
ib
ra
ti
o
n
al

d
at
a
fo
r
se
v
er
al

5
C
fe
rr
o
u
s
h
em

e–
n
it
ro
sy
ls

C
o
m
p
le
x

T
(K

)
F
e–
N
O
a

N
–
O
a

F
e–
N
–
O
b

T
il
tb

S
h
o
rt
F
e–
N
p
a
,c

L
o
n
g
F
e–
N
p
a
,d

R
ef
er
en
ce
s

[F
e(
T
P
P
)(
N
O
)]

R
T

1
.7
1
7
(7
)

1
.1
2
(1
)

1
4
9
.2
(6
)

N
A
e

N
A

N
A

[5
7
]

[F
e(
O
E
P
)(
N
O
)]
(A

)
1
3
0

1
.7
2
2
(2
)

1
.1
6
7
(3
)

1
4
4
.4
(2
)

6
.5

1
.9
9
1
(3
)

2
.0
1
6
(1
)

[5
8
,
5
9
]

[F
e(
O
E
P
)(
N
O
)]
(B
)

1
3
0

1
.7
3
1
(1
)

1
.1
6
8
(1
)

1
4
2
.7
(1
)

8
.2

1
.9
9
9
(1
)

2
.0
2
0
(4
)

[5
8
,
5
9
]

[F
e(
O
E
P
)(
N
O
)]
(B
)

2
1
3

1
.7
2
7
(1
)

N
R
f

1
4
3
.3
(1
)

7
.8

1
.9
9
7
(1
)

2
.0
1
7
(5
)

[5
9
]

[F
e(
O
E
P
)(
N
O
)]
(B
)

2
9
3

1
.7
2
4
(1
)

N
R
f

1
4
4
.6
(2
)

7
.0

1
.9
9
9
(3
)

2
.0
1
6
(4
)

[5
9
]

[F
e(
T
P
P
B
r 4
)(
N
O
)]
(A

)
1
3
0

1
.7
3
4
(8
)

1
.1
1
9
(1
1
)

1
4
7
.9
(8
)

5
.6

2
.0
3
1
(8
)

2
.0
4
1
(9
)

[5
9
]

[F
e(
T
P
P
B
r 4
)(
N
O
)]
(A

)
1
3
0

1
.7
2
6
(9
)

1
.1
4
4
(1
2
)

1
4
6
.9
(9
)

7
.1

2
.0
0
4
(7
)

2
.0
2
7
(7
)

[5
9
]

[F
e(
T
P
P
B
r 4
)(
N
O
)]
(B
)

2
9
3

1
.6
9
1
(1
1
)

1
.1
4
5
(1
6
)

1
4
5
(1
)

N
A

N
A

N
A

[5
9
]

[F
e(
o
x
o
O
E
C
)(
N
O
)]

1
3
0

1
.7
3
2
(1
)

1
.1
7
0
(2
)

1
4
3
.1
(1
)

7
.1

1
.9
9
7
(1
)

2
.0
1
1
(4
)

[5
9
]

[F
e(
D
eu
t)
(N

O
)]

1
0
0

1
.7
2
3
(3
)

1
.1
8
7
(4
)

1
4
3
.1
(3
)

6
.2

1
.9
9
0
(4
)

2
.0
2
0
(2
0
)

[6
0
]

[F
e(
T
p
iv
P
P
)(
N
O
)]

2
9
4

1
.7
2
(2
)

1
.1
9
7
(9
)

1
4
3
(3
)

–
e

–
–

[6
1
]

[F
e(
T
p
iv
P
P
)(
N
O
)]

1
5
8

1
.6
5
(5
)

1
.1
7
(5
)

1
3
7
(4
)

–
–

–
[6
2
]

[F
e(
T
o
-F

2
P
P
)(
N
O
)]

1
0
0

1
.7
3
8
(5
)

N
R
f

1
4
0
.4

N
A

–
–

[6
3
]

[F
e(
T
P
P
)(
N
O
)]

3
3

1
.7
3
9
(6
)

1
.1
6
3
(5
)

1
4
4
.4
(5
)

6
.3

–
–

[4
4
]

[F
e(
T
P
P
)(
N
O
)]

9
0

1
.7
4
0
(5
)

1
.1
5
3
(4
)

1
4
5
.6
(4
)

5
.8

–
–

[4
4
]

[F
e(
T
P
P
)(
N
O
)]

1
8
0

1
.7
3
7
(5
)

1
.1
3
1
(4
)

1
4
7
.3
(4
)

4
.7

–
–

[4
4
]

[F
e(
T
P
P
)(
N
O
)]

2
9
3

1
.7
2
0
(6
)

1
.1
0
7
(1
1
)

1
4
9
.5
(7
)

N
A

–
–

[4
4
]

[F
e(
3
,5
-M

e-
B
A
F
P
)(
N
O
)]
(A

)
9
5

1
.7
1
3
(4
)

1
.1
4
9
(5
)

1
4
6
.3
(4
)

N
R
f

1
.9
6
9
(3
)

1
.9
9
7
(5
)

[6
4
]

[F
e(
3
,5
-M

e-
B
A
F
P
)(
N
O
)]
(B
)

9
5

1
.7
1
4
(4
)

1
.1
4
2
(5
)

1
4
6
.6
(4
)

N
R
f

1
.9
7
5
(3
)

1
.9
9
9
(1
0
)

[6
4
]

a
V
al
u
es

in
Å
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2.1.2 Six-Coordinate Nitrosyls

A summary of selected structural properties of the six-coordinate iron(II)-nitrosyl

derivatives is given in Table 2. Also given in the table is the value of the N–O

stretching frequency (when available). It is important to note that this value is

quoted for the same temperature as that used for the structure determination.

The first six-coordinate derivative to be structurally characterized was [Fe(TPP)

(MI)(NO)] [65], which is a low-spin complex. The diatomicNOgroup is coordinated

end-on with a “half-bent” FeNO group that was disordered over at least two distinct

positions. The Fe–N–O angle found was 142.1(1)�, a value that is slightly smaller

than that found for the five-coordinate species [Fe(TPP)(NO)]. Subsequent

determinations of this angle suggested that the value found was somewhat larger

than the true value (as shown when it can be determined in a non-disordered

structure). The equatorial Fe–Np bond distances were those expected for low-spin

iron(II) derivatives and will be commented on further only in special circumstances.

The most striking feature of the structure, however, was the axial Fe–N(Im) distance

trans to the NO. The value found, 2.180 Å, was about 0.2 Å longer than that expected

for the axial distance in low-spin iron(II) complexes. This bond distance elongation

reflects the strong trans effect seen for six-coordinate nitrosyl derivatives.
The trans directing effect of the coordinated NO group was further explored by

the structure determination of [Fe(TPP)(4-MePip)(NO)] [66]. The increased steric

hindrance of the saturated six-membered ring of 4-methylpiperidine with an N–H

substituent at the coordinating nitrogen atom was expected to lead to an even longer

trans Fe–N bond distance. This was indeed observed along with an even more

surprising result. The two crystalline modifications of [Fe(TPP)(4-MePip)(NO)]

that were obtained had trans bond distances in the crystalline forms which were

distinctly different at 2.328(10) and 2.463(7) Å. The ν(N–O) values were also quite
different at 1,640 and 1,653 cm�1. The variation in the N–O stretching frequency

shows sensitivity to small variations in the electron density at the iron. Indeed, a

plot of ν(N–O) versus the trans Fe–NO distance shows a linear relationship

between the two variables [66]. Although such dramatic shifts in trans distance

Fig. 4 Thermal ellipsoid plot showing the crystal structure of [Fe(TPP)(NO)] at 33 K after the

crystal system has undergone the tetragonal to triclinic phase change. The molecule retains a

crystallographically demanded inversion center
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Å
c
V
al
u
e
in

d
eg
re
es

d
D
is
ta
n
ce

tr
a
ns

to
N
O

e
V
al
u
e
in

cm
�1

f K
B
r

g
N
u
jo
l

h
In

so
lu
ti
o
n

i D
u
p
li
ca
te

m
ea
su
re
m
en
t
o
f
d
if
fe
re
n
t
cr
y
st
al

j P
er
p
en
d
ic
u
la
r
fo
rm

k
P
ar
al
le
l
fo
rm

166 N. Lehnert et al.



have not been seen subsequently, it is to be noted that in temperature-dependent

structure determinations, both the N–O stretching frequency and the trans bond

distance show the same behavior of increased distance and increased frequency. It

should be recognized that such correlations require a constant equatorial porphyrin

ligand; each porphyrin ligand system displays a unique relationship between the

two variables (see Table 2).

Among the entries in Table 2, a large number are duplicates of some sort. The first

duplicates are those related to the original [Fe(TPP)(MI)(NO)] structure, which has

been subsequently restudied at both 293 and 100 K [46, 67]. All of the

redeterminations have made good use of new data collection instrumentation and

probably enhanced computing capabilities as well. The 100 K results still show a

disordered FeNO group with two distinct orientations that are closely similar in all

examples. The enhancement of data/parameter ratios available for all, but especially

that of the 293 K data set, led to the unexpected finding that there are three distinct

FeNO orientations in the crystal at room temperature as shown in Fig. 5. In the earlier

293 K analysis, the two closest orientations were merged into an average orientation

with a much larger apparent thermal motion for the terminal oxygen atom of the NO

(this shows how much can be hidden in the larger thermal motion parameters

obtained at higher temperatures).

As has already been noted, two or more FeNO orientations of the group are a

common feature of their solid-state structures. This phenomenon suggests that the

barrier to rotation around the Fe–NO bond is of low energy. This has been

thoroughly studied with a series of temperature-dependent structure determinations,

with some studies involving two distinct crystalline samples. Four different samples

have been studied at varying temperatures [45, 46]. In all cases, there is less or no

FeNO group disorder at the lower temperatures. The two crystalline polymorphs of

[Fe(Tp-FPP)(MI)(NO)] both display completely ordered FeNO groups at 100 K,

and increasing amounts of disorder as the temperature is raised. Details of the study

Fig. 5 Thermal ellipsoid plot

showing the structure of

[Fe(TPP)(MI)(NO)] at 293 K

with the most extensive

diffraction data available.

Note the three locations of the

NO oxygen atom
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of the triclinic form of [Fe(Tp-FPP)(MI)(NO)] are especially informative. Two

different crystals, when measured at the same temperature, effectively show the

same amount of disorder, which increases to a 74:26 split as the temperature

increases to 350 K. Although the temperature at which disorder begins to appear

varies substantially with the particular complex, for tri-[Fe(Tp-FPP)(MI)(NO)] the

disorder onset begins at about 200 K. Importantly, the experiments have also clearly

demonstrated that the effect of order/disorder was completely reversible as

experiments were performed with both increasing and decreasing temperatures.

An analysis of changes in the observed crystal packing, including calculations of

the potential energy for six different [Fe(Porph)(MI)(NO)] complexes, as the

temperature is increased, shows that the packing distances close to the NO increase

sufficiently to allow for local minima and alternative orientations of the FeNO

group. Further details of this analysis are available in the original publication [46].

An examination of Table 2 shows that with one exception, all six-coordinate

porphyrin derivatives are those with meso-substituted tetraarylporphyrin ligands.

Most have 1-methylimidazole as the axial ligand trans to NO. The relatively large

number of equivalent six-coordinate complexes with an axial 1-methylimidazole

permits the construction of a diagram illustrating the expected features of the six-

coordinate derivatives, andwhich are compared to the corresponding features for five-

coordinate species in Fig. 6. The asymmetry in the coordination group, first clearly

shown for five-coordinate complexes, is also seen in the six-coordinate species. As

schematically depicted in the diagram, the Fe–NO vector is tilted off the heme normal,

althoughwith somewhat less of a tilt than that observed for the five-coordinate species.

The trans Fe–N(Im) bond is also tilted off axis, in the same general direction as the

Fe–NO tilt. The trans bond distance is always large, the value given in the figure is the
average with the value in parentheses being the standard deviation calculated on the

assumption that all values are drawn from the same population. This assumption is

Fig. 6 Diagram illustrating and comparing the “best” structural values for 5C [Fe(por)(NO)] and

6C [Fe(por)(MI)(NO)] derivatives
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much more likely for the other values entered in the figure; the observed range for the

Fe–N(Im) distance is 2.128–2.203 Å. The asymmetry in the equatorial Fe–Np bond

distances, first noted for five-coordinate species, is also observed in the six-coordinate

cases, with values indicated in the diagram. Finally we note that the axial Fe–NO

distances are clearly longer in the six-coordinate species, but the Fe–N–O angle is

definitely smaller. All of the structural changes between the two coordination numbers

are consistentwith a differing distribution of the unpaired electron over the FeNOunit.

Calculations for the model complex [Fe(Porph)(MI)(NO)] show that there is an

orientational preference for the relative orientation of the imidazole and the FeNO

planes [46]. The preference is for both to be coplanar rather than to have a relative

perpendicular orientation. Interestingly, these results also show that the equatorial

asymmetry follows the rotation of the FeNO group in the calculations.

Except for a pair of unusual derivatives, the anions [Fe(TpivPP)(NO2)(NO)]
�

[68], the issue of preferred relative orientations of the axial ligands has not been

explored experimentally. In the [Fe(TpivPP)(NO2)(NO)]
� species, which has two

crystallographically distinct forms where the FeNO and NO2
� planes are either

coplanar or perpendicular, experimental spectroscopic data show differences for the

electronic structure. This includes distinctly different Mössbauer spectra for the two

forms as well as differing IR spectra of both the NO and NO2
� groups. The 52 cm�1

difference in the N–O stretches clearly demonstrates significant differences in the

electron distribution [68].

2.2 Ferric Heme–Nitrosyls

The ferric nitrosyl derivatives are all formally formed from the paramagnetic d5

iron center and a paramagnetic NO ligand. Although precise details of coupling

may be controversial, all known species are coupled to yield diamagnetic

complexes and hence are low-spin. As in the iron(II) systems, the basic structural

features are comparable to those of corresponding low-spin complexes [56].

Although NO forms a number of iron(III) derivatives, their formation generally

requires starting from an iron(III) porphyrinate with an easily displaced anion or an

effectively open coordination site. The first derivatives isolated and crystallographically

characterized used the easily displaced perchlorate anion in five-coordinate [Fe(Porph)

(OClO3)] to prepare the new iron(III) derivatives. Two derivatives were prepared [71],

both are cationic species. The first was five-coordinate [Fe(OEP)(NO)]+, which forms a

π–π dimer in the solid state with a mean plane separation of about 3.3 Å (see discussion

below). The second derivative, [Fe(TPP)(H2O)(NO)]
+, has a water molecule coordi-

nated trans to the NO with an Fe–O distance of 2.001(5) Å, clearly there is not an NO

trans effect. This is of course consistent with an unpopulated dz2 orbital. This complex

also points out a significant chemical feature of this class, there is a strong driving force

to add a ligand trans to NO; the water concentration in the synthesis of [Fe(TPP)(H2O)

(NO)]+ was quite small. These two structures and the other known iron(III) derivatives

are summarized in Table 3.
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A subsequent preparation and structural determination of crystalline [Fe(OEP)

(NO)]ClO4 from a different solvent led to some notable results [72]. As can be seen

in Table 3, the structural parameters of interest for the two forms are almost identical.

Moreover, both the original and the new crystalline forms are found as π–π dimers

with inversion symmetry between pairs of porphyrin rings and with very similar

interplanar separations. This intermolecular interaction is illustrated for the unsolvated

form of [Fe(OEP)(NO)]+ in Fig. 7. Given the close similarity of the molecular

structures of the two crystalline forms, it was unexpected that the NO stretching

frequencies should be found to differ by about 30 cm�1. Differences in electronic

structure, as monitored by Mössbauer spectroscopy, are nil, as shown by the data

summarized for the two in Fig. 8. The figure also illustrates the position of the

perchlorate anion with respect to the porphyrin complex. The spectroscopic issues,

particularly the relationship between ν(N–O) and ν(Fe–NO), were further studied

[73]. An interesting conclusion presented there was that the topmost molecular

orbitals are very different than those of the analogous CO complexes. The

π-backbonding model, attractive though it is, might not apply in the same way as

that for the CO species.

Fig. 7 Thermal ellipsoid

plots illustrating the

intermolecular interactions in

[Fe(OEP)(NO)]+. Both top

and side views are given

(reprinted with permission

from [72]. Copyright 2000

American Chemical Society)
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All other {FeNO}6 species are six-coordinate. Despite the fairly large number of

complexes given in Table 3, which would suggest that the preparation and isolation

of iron(III) nitrosyls would be relatively straightforward, their preparation can be

challenging. A particular difficulty is reductive nitrosylation in which NO acts both

as a ligand and as a reducing agent to form the very stable {FeNO}7 species [33].

These difficulties have been circumvented by careful attention to detail or by the

use of specialized solid-state syntheses [74]. Thus, complexes with a number of

ligands trans to NO have been prepared including neutral nitrogen donors, water,

and anionic ligands including thiolate, carboxylate, and nitrite.

The geometry of the FeNO group is expected to be linear; however, the only

known complexes that have Fe–N–O angles of exactly 180� are found in systems

with both crystallographic disorder and required crystallographic symmetry (only

one such species is included in Table 3). It can be seen from Table 3 that the

Fe–N–O angles do vary over a substantial range – from near linearity (~177�) to
those that are substantially nonlinear (~160�; see Sect. 3.2.2). The deviation from

linearity does depend on the nature of the trans ligand. These geometrical features

are correlated with the value of ν(N–O) as discussed in Sect. 4.2.2. Table 3 shows

that the complexes with a neutral nitrogen donor have N–O stretching frequencies

over a relatively narrow range and the Fe–N–O bond angle is near linear. The first

significant outlier was the complex [Fe(OEP)(p-C6H4F)(NO)] [75] with an organo-

metallic trans ligand. This complex has a significantly different ν(N–O), that at

Fig. 8 ORTEP diagrams illustrating the relative position of the perchlorate anion, and physical

properties of the two crystalline forms of [Fe(OEP)(NO)]+
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1,791 cm�1 is at a substantially lower frequency than other derivatives. Equally

notable is the substantially bent Fe–N–O bond (value of angle ¼ 157.4(2)�) and the
Fe–NO bond distance, which is substantially longer than other derivatives. This

behavior was subsequently found to be largely mirrored by a thiolate complex that

required a solid-state synthetic procedure [74]. A final unusual feature is the

simultaneous tilt of both axial ligands. The tilts are toward each other to form a

sort of “bowed” species with an C–Fe–N bond angle of 168.8(1)�. This is illustrated
in the ORTEP diagram (Fig. 9). This frequency lowering, Fe–N–O bending, and

Fe–NO lengthening are correlated with the character of the σ-donor trans to the

NO, with larger effects with the strongest σ-donors. We believe that this σ-bonding
effect is also manifested in the FeNO bend found in [Fe(TpivPP)(NO2)(NO)] [76].

The issue is addressed in Sect. 4.2.2.

A final issue: there had been a suggestion that the porphyrin core conformation

could play a role in the geometry of the FeNO group. An investigation into this

possible effect was able to isolate derivatives with substantially nonplanar core

conformations, but the effects of the core conformation, if any, are quite small [77].

The FeNO geometries of these derivatives, either with a sterically demanding axial

ligand or a sterically congested porphyrin core, are quite similar to those of the

other derivatives with a neutral nitrogen donor trans to NO [78].

2.3 Related Nitrosyls (Mn and Co)

The metalloporphyrinate derivatives on either side of iron in the periodic table also

formMNO complexes but only in a single oxidation state. The total number of known

structures is relatively limited and only a fewwill be cited here. The cobalt derivatives

Fig. 9 ORTEP diagram of [Fe(OEP)(p-C6H4F)(NO)] illustrating the off-axis tilt of both axial

ligands toward each other (reprinted with permission from [75]. Copyright 2001 American

Chemical Society)
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are {CoNO}8 species and all are five-coordinate in the solid state. The strongly

developed five-coordinate nature is apparently the result of a strong trans directing
effect consistent with addition of another electron to the MNO unit relative to iron.

The first derivative characterized was the [Co(TPP)(NO)] complex, which exhibited

the same disorder as the iron analogue [82]. Subsequently, crystalline [Co(OEP)(NO)]

was obtained and ordered structures were found. There is a smaller off-axis tilt than in

the iron derivatives, but the equatorial asymmetry is still observed. The Co–N–Obond

angle is fully bentwith a value of 122.70(8)�. The Co–NO bond length is 1.8444(9) Å,

fully 0.1 Å longer than in the iron derivatives [83, 84]. These values appear typical for

cobalt derivatives.More recently, [Co(TPP)(NO)] has been reinvestigated. It, just like

the iron species, undergoes a phase change with ordering of the axial ligand at lower

temperatures [85]. The phase transition is much sharper in the cobalt system than in

the iron systems and the study trapped an intermediate structure (CoNO rotamers)

during the phase change transition [85].

The manganese derivatives are {MnNO}6 species and are expected to be closely

similar in structure to the ferric derivatives with linear Mn–N–O groups. A single

five-coordinate species [86] and a limited number of six-coordinate species have

been structurally characterized [86, 87]. All have Mn–NO distances of about

1.645 Å and are otherwise not especially notable. Thus, both the cobalt and

manganese species underline the unique properties of the ferrous NO derivatives.

3 Spectroscopic Properties of Heme–Nitrosyls

In the following, a comprehensive summary of the spectroscopic and thermodynamic

properties of ferrous and ferric heme–nitrosyls is provided, and recent results are

highlighted. In the case of ferrous heme–nitrosyls, both five- and six-coordinate

(5C and 6C) species exist under physiological conditions, and their properties are

compared side by side. In the case of ferric heme–nitrosyls, 6C species are usually

formed, but interesting differences are observed between corresponding imidazole-

and thiolate-coordinated systems, and their spectroscopic properties are compared.

These results form the basis for understanding the electronic structures and the nature

of the bonding in these metal–NO systems.

3.1 Ferrous Heme–Nitrosyls

Ferrous heme–nitrosyls generally contain low-spin ferrous hemes (S ¼ 0) with a

bound NO ligand (S ¼ 1/2) as shown in Scheme 1, left, so the total spin of these

complexes in the ground state is S ¼ 1/2. Since these compounds are therefore

paramagnetic, they are amenable to paramagnetic spectroscopic methods. In particu-

lar, (pulsed) EPR methods have been used to characterize these species. In addition,

vibrational spectroscopy has been a key technique for exploring the properties of these

compounds.
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3.1.1 Electron Paramagnetic Resonance

For recent reviews of the EPR-spectroscopic properties of heme–nitrosyls, see [3, 42,

88, 89]. Five-coordinate (5C) ferrous heme–nitrosyls in model systems and proteins

show characteristic, rhombic EPR spectra with g values of about 2.1, 2.04–2.06, and
2.01 for gmax, gmid, and gmin, respectively (see [89] and references therein). The

principal axis of gmin is closely aligned with the Fe–NO bond [90, 91]. This g-value
shows a very characteristic, three-line 14N hyperfine splitting with coupling constants

of NOA ¼ 45–50 MHz that result from coupling of the unpaired electron in the

complex with the nuclear spin of the nitrogen atom of NO (the 14N nucleus has a

nuclear spin I ¼ 1). Importantly, the 14N hyperfine tensor is actually quite isotropic,

but for gmax and gmid the hyperfine splittings are washed out and in almost all cases not

well resolved in the spectra. One exception is the model complex [Fe(To-F2PP)(NO)]
(To-F2PP

2� ¼ tetra(ortho-difluorophenyl)porphyrin dianion) as shown in Fig. 10, left
[64]. In this rare case, the 14N hyperfine couplings of all three g values are in fact well
resolved in the frozen solution EPR data. As evident from these data and the literature,

the 14N hyperfine coupling constants for all three g values are quite similar and

typically fall in the range of NOA ¼ 40–50 MHz (see [89] and references therein).

In six-coordinate (6C) complexes with axial N-donor ligands bound trans to NO
(especially imidazole derivatives in model complexes and His in proteins) a number

of characteristic changes are observed in the EPR spectra. First, the g-values
decrease to about 2.08, 2.00, and 1.97 for gmax, gmid, and gmin, respectively

(see [89] and references therein), which, together with MCD results, provides
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Scheme 1 Electronic structure of ferrous heme–nitrosyls. The Fe–NO σ-interaction is indicated.

In addition, a π-backbond is formed between dyz and the empty π* orbital of NO (in the coordinate

system applied here where the z axis is aligned with the heme normal, and x and y point toward
the meso carbons in the heme plane) (reprinted with permission from [42]. Copyright 2010

American Chemical Society)
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evidence for a shift in spin density from iron toward NO in the 6C compared to the

5C complexes [91, 92]. The g value that shows the well-resolved hyperfine

splittings is gmid in the 6C case. The spectral signal for this g value is split into

nine lines, due to strong hyperfine couplings to the nuclear spin of the nitrogen atom

of NO (with NOA ¼ 60–65 MHz) and weaker hyperfine couplings to the nitrogen

atom of the imidazole ring (with IMA � 20 MHz) bound trans to NO as shown in

Fig. 10, right [93]. The hyperfine couplings for the other g-values, gmax and gmin, are

again not well resolved in the frozen solution spectra, but have been determined

from single crystal EPR to be around 30–45 and 25–35 MHz, respectively [94].

Hence, the 14N hyperfine tensor of NO becomes more anisotropic in the 6C

compared to the 5C case. The fact that one g value (gmin in 5C and gmid in 6C

complexes) shows very small g strain and correspondingly, very sharp hyperfine

lines has been taken as evidence that the principal axis of this g value is oriented

along the Fe–NO bond [42]. Hence, even if several different rotational isomers

(where the NO ligand rotates around the Fe–NO bond; see Sect. 2.1.2) are present in

a frozen solution sample, the g strain would be small for this g value. In contrast, the
remaining two g values with principal axes within the porphyrin plane would be

more strongly affected by this disorder, washing out their hyperfine lines [42].

Computational evidence supports this idea, showing that the calculated principal

axis of gmid is indeed closest to the Fe–NO vector in the 6C case, although their

directions are not collinear: in the DFT calculations, both gmin and gmid are located
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Fig. 10 Left: EPR spectrum of the 5Cmodel complex [Fe(To-F2PP)(NO)] (black) and simulation of

the data (red). 14N hyperfine coupling constants for gmax, gmid, and gmin are: 39, 46, and 47 MHz,

respectively [64]. Right: EPR spectrum of the 6C model system [Fe(To-F2PP-BzIM)(NO)] in frozen

DMSO at 77 K (black). Red: fit of the spectrum using the parameters: gmax ¼ 2.077, gmid ¼ 2.009,

gmin ¼ 1.978; 14N hyperfine: NOA ¼ 37, 62, 39 MHz, for gmax, gmid, gmin, respectively.
IMA ¼ 19

MHz for gmid (reprinted with permission from [93]. Copyright 2009 American Chemical Society)
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in the Fe–NO plane, but the Fe–NO vector and the principal axis of gmid deviate by

about 30� [69, 91, 92, 95]. Recently, overall similar g tensor orientations were

calculated for the 6C nitrosyl adducts of Mb and of Pseudomonas aeruginosa cd1
nitrite reductase, using QM/MM approaches in both cases that include the complete

protein [48, 96]. However, in these calculations the observed deviation between the

Fe–NO vector and the principal axis of gmid was quite large (~50�), and it was

pointed out that a better interpretation of the computational result is that the

principal axis of gmin is actually aligned with the N–O bond in the 6C case. In

this point of view, gmid is then close to orthogonal to the N–O vector and located

within the Fe–N–O plane [48]. Although the computational predictions are rela-

tively consistent in this sense, it is not clear why this orientation would lead to the

particularly small g strain for gmid. Considering the significant approximations that

go into the calculation of g tensors for transition metal complexes [97] and in

particular, the fact that the DFT-calculated excitation energies, which are implicitly

involved in g-tensor calculations, are prone to significant errors, it is possible that

this result is not accurate, and that experimentally, the principal axis of gmid is in

fact more closely aligned with the Fe–NO bond. These potential problems in the

DFT calculations are further documented by the fact that the calculated g shifts

(Δg) show substantial deviations from experiment, in particular for gmax: for

example, in the most recent QM/MM calculations for Mb(II)–NO, the error in

Δgmax is around 100% [48]. The single-crystal EPR data for Hb(II)–NO adducts

particularly support the idea that gmid should be more closely aligned with the

Fe–NO bond: here, the principal axes of gmid were found within 8–10� of the heme

normal; i.e., close to the Fe–NO vector [94]. The corresponding data for Mb

144o

His64

His93

1.87 Å

3.35 Å

3.05 Å

Fig. 11 Crystal structure of the Fe(II)–NO complex in horse heart Mb as obtained by the reaction

of met-Mb with nitrite/dithionite. The image was generated using PyMOL from PDB code 2FRJ

[100]
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(II)–NO single crystals show a larger deviation of the gmid principal axis from the

heme normal by 20–30� (depending on temperature) [98]. More work is necessary

to ultimately determine the exact g tensor orientation in 6C ferrous heme–nitrosyls.

An interesting peculiarity of 6C heme–nitrosyls is the observation of a second,

axial minority component in the frozen solution EPR spectra of both

proteins and model complexes [89]. This species is also present in the model system

[Fe(To-F2PP-BzIM)(NO)] shown in Fig. 10, right, labeled as “g?” [93]. In

pioneering studies on protoporphyrin IX model complexes and selected protein

NO adducts (including Mb(II)–NO), Morse and Chan proposed that this additional

species corresponds to another conformer of the complex where the positioning of

iron relative to the heme plane and the other ligands is different [99]. Another

possible explanation is that both species differ in the relative orientation of the NO

and the trans N-donor (imidazole) ligand, i.e., the dihedral angle between these

ligands could differ, especially since a similar effect is not observed in the 5C case

(see also [89]). Recently, ENDOR studies coupled with high-level DFT

calculations on Mb–NO were used to further investigate this point [48]. The

ENDOR results show hyperfine couplings between the Fe–N–O unit and the εN

proton of His64 in the major, rhombic EPR species, in agreement with the crystal

structure of Mb(II)–NO which also indicates the presence of this hydrogen bond

(see Fig. 11) [100]. On the other hand, this hydrogen bond is weaker, and might

even be absent, in the minor, axial EPR species. Based on these findings, it is

proposed that (a) the major, rhombic EPR species corresponds closely to the

Mb–NO crystal structure 2FRJ (Fig. 11), whereas (b) the second, axial conformer

is also a six-coordinate complex with an overall similar electronic structure, but

with a different N3(heme)–Fe–NO dihedral angle and/or diminished hydrogen

bonding to His64 [48]. Recently, similar differences have also been observed in

the EPR spectra of the Fe–NO complexes of low- and high-activity sGC, which can

be deconvoluted into a rhombic and an axial component as shown in Fig. 12 [49].

Fig. 12 X-band EPR spectra of the β1 heme domain of sGC with bound NO (black trace),
indicative of formation of a 5C ferrous heme–nitrosyl. The red trace corresponds to a simulation of

the spectrum using a two-component model. The insert shows the two components required to fit

these data (and Q- and S-band data simultaneously) individually (reprinted with permission from

[49]. Copyright 2012 American Chemical Society)
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Hydrogen bonds between ferrous heme-bound NO and active site His and

tyrosine (Tyr) residues might be quite common in heme proteins, and have also

been detected (via ENDOR) for P. aeruginosa cd1 nitrite reductase [96]. However,
computational and vibrational spectroscopic studies indicate that the hydrogen

bonds are rather weak and only have a small effect on the properties of the

Fe–NO bond. This aspect is further discussed in Sect. 3.1.3.

3.1.2 Vibrational Spectroscopy

For recent reviews on the vibrational properties of heme–nitrosyls see [2, 3, 42, 101].

The vibrational spectra of 5C ferrous heme–nitrosyls show very characteristic

vibrational features associated with the Fe–N–O unit (see [3, 42] for current

reviews). The N–O stretching mode, ν(N–O), is observed at 1,670–1,700 cm�1

(most conveniently by IR spectroscopy). The Fe–NO stretch, ν(Fe–NO), appears at
520–540 cm�1 and is most conveniently observed by NRVS, but is also detected

quite straightforwardly with resonance Raman spectroscopy using Soret excitation

[102]. The in-plane Fe–N–O bend is most elusive, but has been safely assigned by

NRVS to a feature around 370–390 cm�1 [103, 104]. These assignments were

initially based on isotope labeling in conjunctionwith normal coordinate simulations

of the obtained data. More recently, oriented single-crystal NRVS data for the

model complex [57Fe(OEP)(NO)] have been reported that further confirm these

assignments [105]. Excitingly, these NRVS measurements allow for the determina-

tion of the direction of iron motion within the molecular framework. For example, if

the single crystal is oriented in a way that the heme is orthogonal to the plane of

polarization of the incident electromagnetic radiation, then only those vibrations

where the iron moves orthogonal to the heme plane (i.e., where iron moves in

the direction of polarization of the incident light) contribute to the spectral inten-

sity [106]. As shown in Fig. 13, the intense feature observed at 517 cm�1 for

Fig. 13 Left: Directional contributions to the VDOS of [57Fe(OEP)(NO)] for x, y, and z directions.
For x, the beam is parallel to the porphyrin plane and to the Fe–N–O plane, for y the beam is

parallel to the porphyrin plane and perpendicular to the Fe–N–O plane (see right), and for z, the
beam is perpendicular to the porphyrin plane. Right: comparison of the in-plane polarized data.

Adapted from [105]
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[Fe(OEP)(NO)] is fully out-of-plane polarized (the z direction in the applied coordi-
nate system), which means that the iron center moves exclusively in the orthogonal

direction to the heme. This is in agreement with previous assignments of this feature

to the Fe–NO stretch [104]. The feature at 394 cm�1 shows equal intensities in z and x
direction, where the x axis is located within the Fe–N–O plane (see Fig. 13, right).

This band therefore clearly corresponds to the Fe–N–O in-plane bending mode, in

agreement with previous work [69, 103]. Note that the NRVS signal for the bending

mode is much weaker in the TPP2� derivatives [104]. The in-plane polarized spectra

show further differences for the x and y directions as shown in Fig. 13, right [105].

This apparent symmetry lowering is due to the fact that the porphyrin in-plane

vibrations of Eu symmetry are now localized relative to the Fe–N–O plane, where

the components in x direction (in-plane with respect to the Fe–N–O unit) couple with

the Fe–N–O in-plane bend, whereas the components in y direction (out-of-planewith
respect to the Fe–N–Ounit) couple with the Fe–NO torsion. This effect was analyzed

for a corresponding 6C complex in detail in [50] (see below).

In the case of six-coordinate complexes with axial N-donor coordination, interest-

ing spectral changes are observed. The N–O stretching frequency shifts down to

1,610–1,640 cm�1 as easily observed by IR spectroscopy. On the other hand, the

assignment of the Fe–NO stretch and Fe–N–O bend has resulted in a long-standing

debate in the literature. From resonance Raman spectroscopy, only one low-energy

isotope-sensitive band is identified from the spectra, usually around 550–570 cm�1.

Chottard and Mansuy initially reported this feature at 549 cm�1 for the NO adduct of

deoxy-Hb and assigned it to the Fe–NO stretch [107]. This assignment was subse-

quently supported by other groups [108, 109]. Doubts about this assignment were

later voiced by Benko and Yu, who performed detailed isotope-labeling studies on

Hb(II)–NO and Mb(II)–NO, and based on these results, assigned the 550 cm�1

Raman feature to the Fe–N–O in-plane bend [110], but this assignment was not

generally accepted in the literature [111, 112]. More recently, resonance Raman and

in particular NRVS investigations finally identified a second vibration associated

with the Fe–N–O unit around 440 cm�1 in both the 6C model complex [Fe(TPP)(MI)

(NO)] (TPP2� ¼ tetraphenylporphyrin dianion; MI ¼ 1-methylimidazole) and

related derivatives, and Mb(II)–NO [69, 113, 114]. A careful examination of earlier

resonance Raman data on Mb(II)–NO and corresponding mutants from [111] shows

that this feature is in fact present in these data as a very weak band. These results cast

further doubt on the initial assignment of the 550–570 cm�1 Raman feature to the

Fe–NO stretch [115]. This issue was finally resolved recently using again single-

crystal NRVS experiments on the model complex [57Fe(TPP)(MI)(NO)] [50].

NRVS data on powder samples of [57Fe(TPP)(MI)(NO)] and the corresponding
15N18O-labeled complex identified two isotope-sensitive features at 437 and 563 cm�1

that shift to 429 and 551 cm�1 in the 15N18O-labeled complex [115]. Very similar

vibrational features are observed in the NRVS spectra of Mb(II)–NO; in this case at

443 and 547 cm�1 [113]. Major insight into the assignments of these features comes

from oriented single-crystal NRVS data on the model complex [57Fe(TPP)(MI)(NO)],

as shown in Fig. 14, and detailed normal coordinate analysis (NCA) simulations of

these data [50]. Importantly, the NRVS data in Fig. 14 show that the band at about
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Fig. 14 Top: NRVS VDOS spectra of [57Fe(TPP)(MI)(NO)]. Black: powder spectrum; blue and
red: normalized single crystal in-plane (blue) and out-of-plane (red) polarized spectra; green:
predicted powder spectrum calculated by adding the in-plane and out-of-plane polarized

contributions (total NRVS ¼ 1/3 ip + 2/3 oop intensity). Bottom: experimental powder data

(black) and total NRVS VDOS intensity from a simulation using the QCC–NCA approach

(orange) (reprinted with permission from [50]. Copyright 2010 American Chemical Society)
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440 cm�1 is almost exclusively out-of-plane (z) polarized,which, by itself, is already a
very strong indication that this feature corresponds to the Fe–NO stretch where iron

moves orthogonal to the plane of the heme [115]. The band at about 560 cm�1, on the

other hand, showsmoremixed polarizations, but the exact nature of the corresponding

normal mode can now be understood based on the single-crystal NRVS and NCA

results. These NCA simulations provide the best eigenvectors (normal coordinate

descriptions) available to this date for the Fe–NO stretch and the Fe–N–O bend in

6C ferrous heme–nitrosyls, which provides quantitative insight into the nature of these

features [50]. The data simulations unambiguously assign the ~440 cm�1 feature to the

Fe–NO stretch, ν(Fe–NO), which is the only way that the dominant z-polarization of
this band can be reproduced. On the other hand, the Fe–N–O bending internal coordi-

nate is actually distributed over a number of porphyrin-based vibrations in the

520–580 cm�1 region (see Fig. 14) due to strong mode mixing, and the main feature

assigned to δip(Fe–N–O) is observed at 563 cm�1 in [57Fe(TPP)(MI)(NO)]. These

modes also show strong admixtures of the Fe–NO stretching internal coordinate as

evidenced by their out-of-plane polarized intensity. The assignment of the ~560 cm�1

feature to δip(Fe–N–O) is based on the finding (a) that the contribution of the Fe–N–O
bending internal coordinate ismore pronounced than the contribution from the Fe–NO

stretch, and (b) that the atomic motions of the Fe–N–O unit in this normal mode are

largely dominated by the displacement of the N-atom, and hence the atomic motions

and kinetic energies of this mode resemble more closely a Fe–N–O bending mode.

Importantly, based on the similar vibrational energies and spectral (Raman, NRVS)

properties, a similar situation is likely encountered in other 6C ferrous heme–nitrosyls

in model systems and in proteins [113, 114]. These assignments therefore represent

general vibrational features of 6C ferrous heme–nitrosyls. In this way, NRVS data

have resolved a long-standing controversy in the literature about the assignment of

ν(Fe–NO) in six-coordinate ferrous heme–nitrosyls in proteins and model complexes.

Full normal coordinate simulation of the NRVS data delivered force constants

for the Fe–NO and N–O bonds in [Fe(TPP)(MI)(NO)] of 2.57 and 11.55 mdyn/Å,

respectively [50]. Importantly, these are distinctively smaller than force constants

for corresponding 5C complexes; for example, for the analogous complexes

[Fe(TPP)(NO)] and [Fe(OEP)(NO)], the Fe–NO and N–O force constants are

2.98 and 12.53 mdyn/Å [69] and 2.94 and 12.14 mdyn/Å [103], respectively. The

implications of this result for the electronic structures of these complexes are

discussed below.

3.1.3 General and Biological Implications

The new vibrational assignments for 6C ferrous heme–nitrosyls are highly significant

with respect to the ongoing efforts to establish Fe–NO versus N–O vibrational

correlation diagrams for corresponding heme complexes that could then be used to

obtain insight into the properties of the protein’s active site and the hydrogen bonding

present based solely on vibrational data. This approach has been very successful for

corresponding ferrous heme–CO complexes, where such relationships have been
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established and are commonly used in the literature when exploring the properties of

new heme proteins [116, 117]. From the original Raman investigations described

above, the 550–570 cm�1 Raman band of 6C ferrous heme–nitrosyls was believed to

be the Fe–NO stretch, and correspondingly correlations of this feature with the N–O

stretch were attempted [101, 118]. In particular, an inverse correlation of the

550–570 cm�1 Raman band with ν(N–O) was proposed (analogous to correlations

observed for heme–CO complexes) [118], and this approach has in fact found some

application in the literature (see, for example, the recent publications [119, 120]). As

shown in Fig. 15, however, if a large number of 6C ferrous heme–nitrosyls is

considered, no clear correlation is evident from the data [42]. Moreover, if only

Mb(II)–NO adducts in wt Mb and corresponding Mb mutants are considered, a direct

correlation is observed as shown in Fig. 16, opposite to the initially proposed inverse

correlation [118]. These findings can be understood based on the new assignment of

the 550–570 cm�1 feature to δip(Fe–N–O). Based on the detailed properties of this

mode as described above, the lack of correlation of δip(Fe–N–O)with ν(N–O) is in fact
due to the complex and strongly mixed nature of this vibration. Because of this, the

energy of this feature is influenced by many factors, including the mixing with

porphyrin-based vibrations, heme distortions, hydrogen bonding, etc. Caution
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therefore needs to be exercised when conclusions are drawn about heme–nitrosyl

properties that are based on such vibrational correlations.

As evident from the crystal structure of Mb(II)–NO shown in Fig. 11 and

confirmed by recent ENDOR studies, the ferrous heme-bound NO ligand in proteins

can form hydrogen bonds with distal amino acid side chains such as His and Tyr

[48, 96]. One interesting question, especially when comparing the NO, CO, and O2

adducts of ferrous Mb and Hb, is the relative strength of the hydrogen bond

between the distal His and the bound diatomic. In particular, the strength of the

Fe(II)–NO���H–N(His64) interaction and its effect on the properties of the coordi-

nated NO are not clear. Vibrational spectroscopy is a great method to gain further

insight into this topic, since metal–NO stretching frequencies are very sensitive to

changes in the metal–NO interaction. The comparison in Fig. 16, which is based on

extensive resonance Raman studies on Mb and corresponding mutants [111, 112],

shows that the Mb mutants that lack the distal His (H64X) have somewhat higher

δip(Fe–N–O) and ν(N–O) frequencies than wt Mb, and that the complex [Fe(TPP)

(MI)(NO)] actually falls right into the same region of the correlation plot as the

His64 mutants. The complex [Fe(TPP)(MI)(NO)] therefore serves as a general

model for ferrous heme–nitrosyls in the absence of hydrogen bonding [3]. Corre-

spondingly, the Fe–NO stretching frequency in the model complex can be used to

estimate the energy of this mode in the His64 mutants where ν(Fe–NO) could not be
determined. Importantly, the Fe–NO stretching frequencies in wt Mb(II)–NO and

[Fe(TPP)(MI)(NO)] are very similar, located at 443 and ~439 cm�1 (437 cm�1 with
57Fe) [50, 113], respectively, which provides strong evidence that the effect of the

hydrogen bond on the properties of the Fe–NO bond is rather small. This notion is

further supported by DFT calculations, which estimate the Fe(II)–NO���H–N
(His64) H-bond to equal 3–4 kcal/mol [121]. Experimental estimates for the free

binding energy of the His-proton to NO are about �1 kcal/mol [122]. Based on the

finding that the changes in the Fe–NO bond that are caused by the presence of

the hydrogen bond are rather small, the lower N–O stretching frequency in wt
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Mb(II)–NO compared to the His64 mutants is likely due to a polarization of the

π/π* orbitals of NO in the presence of the hydrogen bond, which would cause a

slight weakening of the N–O bond. In this sense, the lower N–O stretch

(<1,620 cm�1) in wt Mb(II)–NO might be a hallmark for the presence of a

hydrogen bond in proteins that contain 6C ferrous heme–nitrosyls with axial His

coordination.

Recently, DFT calculations have been reported that provide further insight into

the effect of hydrogen bonding on the Fe–N–O unit in 6C ferrous heme–nitrosyls

[121, 123]. Here, three main types of H-bond geometries were investigated using

constrained geometry optimizations. First, the hydrogen bond could be formed with

either the oxygen or the nitrogen atom ofNO, or it could be directed at theN–O bond.

The latter possibility is actually closest to the crystal structure of Mb(II)–NO as

shown in Fig. 11. This structure was also found to have the lowest energy when

imidazole is used as the H-bond donor, albeit only by ~0.1 kcal/mol [121]. The

optimized structures indicate that H-bonding to either the oxygen atom or the N–O

bond causes a slight strengthening of the Fe–NO bond (decrease in Fe–NO distance)

accompanied by a slight weakening of the N–O bond (increase in N–O distance).

Hence, this should lead to an inverse correlation of the ν(Fe–NO) and ν(N–O)
vibrational frequencies. In contrast, H-bonding to the nitrogen atom leads to both a

slight weakening of the Fe–NO and N–O bonds and hence, should be accompanied

by a direct correlation of the ν(Fe–NO) and ν(N–O) vibrational frequencies,

although the effect on the Fe–NO stretch is predicted to be very small [123]. Since

the Fe–NO stretching frequency is not known for the Mb mutants, a further correla-

tion with experiment cannot be attempted. In comparison to wt Mb(II)–NO, the

model system [Fe(TPP)(MI)(NO)] shows a higher N–O and slightly lower Fe–NO

frequency. This inverse correlation would be in agreement with hydrogen bonding to

either the oxygen atom or the N–O bond in wt Mb(II)–NO, in agreement with the

crystal structure in Fig. 11.

A stronger effect on the Fe–N–O bond is observed if divalent cations are placed

in direct proximity of the heme–nitrosyl of Mb via genetic engineering. Lu and

coworkers installed a second metal binding site in the active site of sperm whale Mb

by mutating the distal residues Leu29 and Phe43 to His and Val68 to glutamic acid

(Glu), creating a (His)3(Glu) binding site (the FeB site in analogy to NorBC) for a

second metal ion in direct proximity to the heme [124]. In this way, a synthetic

model system for respiratory NorBC, called FeBMb, is obtained that is housed in a

protein. The ferrous heme–nitrosyl obtained for FeBMb when the additional metal

binding site is empty displays the N–O stretch at 1,601 cm�1, and a similar

frequency is observed with Cu(I) bound in the FeB site (labeled Cu(I)–FeBMb).

However, when the divalent metal ions Fe(II) or Zn(II) are present in the FeB site,

the N–O stretch drops to 1,549 and 1,550/1,577 cm�1, respectively [119]. This

indicates a strong polarization of the Fe–NO bond and results in a complex that has

distinct Fe(III)–NO(�) character due to increased Fe–NO π-backbonding. The
strong coupling of the resulting (heme)Fe–NO���M(II) unit is further evident from

the fact that in the case of M(II) ═ Fe(II), the EPR spectrum below 30 K shows

effective g values of ~6, indicative of ferromagnetic coupling between the
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heme–nitrosyl (S ¼ 1/2, see above) and the high-spin Fe(II) (S ¼ 2), leading to a

total spin of Stot ¼ 5/2 [119]. Unfortunately, the Fe–NO stretches for these proteins

are not known, so it is not clear whether the Fe–NO and N–O stretches show a direct

or indirect correlation in these cases. An increase in π-backbonding as proposed in

[119] should lead to an inverse correlation of these vibrational frequencies and

could be diagnosed in this way. From resonance Raman, the Fe–N–O bending mode

δip(Fe–N–O) for the protein with the empty FeB site is observed at 560 cm
�1, which

shifts to 577 cm�1 in the Fe(II)–FeBMb form. However, one caveat with these data

is the apparent isotope shift of ~25 cm�1 of these features upon 15NO substitution,

identified from the corresponding difference spectra [119], which is physically

impossible (the maximum possible shift would be about 15 cm�1). It is not clear

why such a large isotope shift is observed in these cases.

A similar shift of the N–O stretch below 1,600 cm�1 is observed in ferrous

heme–nitrosyls with thiolate ligation in trans position to NO. For example, the N–O

stretch in the ferrous cytochrome P450cam NO complex is located at 1,591 cm�1,

which is surprisingly low in energy compared to 6C ferrous heme–nitrosyls with

axial imidazole coordination, where this mode occurs at ~1,630 cm�1 in the

absence of hydrogen bonding (see above) [125]. DFT calculations using the

simplified model system [Fe(P)(SR)(NO)]� (P2� ¼ porphine dianion; R ¼ Me, Ph)

with BP86/TZVP reproduce the experimental trend: [95] here, ν(N–O) is predicted
at 1,599 (R ¼ Me) and 1,617 cm�1 (R ¼ Ph), respectively, which is clearly lower

in energy compared to the calculated value for ν(N–O) in [Fe(P)(MI)(NO)]

(MI ¼ 1-methylimidazole), obtained at 1,662 cm�1 with BP86/TZVP. The

calculations also indicate that the proximal thiolate ligand induces a weakening

of the Fe–NO bond in comparison to the imidazole-coordinated case. Here, the

calculated Fe–NO force constant (BP86/TZVP) of 3.26mdyn/Å in [Fe(P)(MI)(NO)]

drops all the way to 2.38 mdyn/Å in [Fe(P)(SMe)(NO)]�. Although the magnitude

of the effect is likely overestimated in the calculations, this indicates that the

thiolate ligand exerts a stronger trans effect on the Fe–NO bond than imidazole

or other N-donor ligands (see below) [95]. In addition, further computational

analysis showed that the thiolate-coordinated 6C ferrous heme–nitrosyls have a

distinct contribution of the Fe(III)–NO(�) resonance form in their ground states

(about 20%), due to the presence of the thiolate ligand that stabilizes Fe(III)

[126]. This was determined via a Löwdin–Amos–Hall paired orbital (LAH-PO)

analysis of the DFT-calculated wavefunction for [Fe(P)(SMe)(NO)]� [127, 128].

3.2 Ferric Heme–Nitrosyls

Ferric heme–nitrosyls generally show distinctively smaller NO binding constants

(Keq) compared to the analogous ferrous complexes, according to the reaction:

½FeII=IIIðporphyrinÞðLÞ�n þ NO ! ½FeII=IIIðporphyrinÞðLÞðNOÞ�n (1)
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where L is the proximal ligand bound in trans position to NO (e.g., imidazole or

thiolate), and the total charge n depends on the oxidation state of iron (+II or +III) and
the charge of L, either neutral or anionic (keeping inmind that the porphyrin ligand is

a dianion). For ferric hemes, Keq is typically in the range of 103–105 M�1, whereas

for analogous ferrous complexes Keq is usually about 1011–1012 M�1 [3, 129]. This

translates to ΔG� values for NO binding of �15 to �16 kcal/mol for ferrous

compared to�4 to�7 kcal/mol for ferric complexes. Hence, ferrous heme–nitrosyls

are more stable by four to five orders of magnitude in Keq or 8–11 kcal/mol in ΔG�.
The underlying reasons for this important difference are further discussed below

[54]. Since ferric heme–nitrosyls are diamagnetic, EPR and MCD do not provide

further insight into the properties of these species. Hence, vibrational spectroscopy

has been of key importance to elucidate the properties of these complexes (for recent

reviews, see [3, 42, 122]).

3.2.1 Vibrational Spectroscopy

Ferric heme–nitrosyls with axial N-donor ligands (especially imidazole) bound trans
to NO typically show N–O and Fe–NO stretching frequencies around

1,900–1,930 cm�1 and 580–600 cm�1, respectively [3]. For example, the NO adduct

of met Mb, Mb(III)–NO, shows the corresponding vibrations at 1,927 and 596 cm�1

[110, 111, 130, 131]. Similarly, the NO complex of ferric R. prolixus nitrophorin 1

(rNP1, see below) exhibits ν(N–O) and ν(Fe–NO) at 1,917 and 591 cm
�1, respectively

[132, 133]. Model complexes further corroborate these results; for example ν(N–O)
and ν(Fe–NO) for [Fe(TPP)(MI)(NO)](BF4) were identified at 1,896 and 580 cm�1

(578 cm�1 measured with 57Fe), respectively [54]. Since the Fe–N–O units in these

complexes are essentially linear, these complexes also exhibit two Fe–N–O linear

bending modes, δlb(Fe–N–O), that are close to degenerate. These are found at similar

energy as the Fe–NO stretches in these compounds. In the examplesmentioned above,

the bending modes are found at 572 (Mb), 578 (rNP1), and 587 cm�1 in the above-

mentioned model complex. While the N–O stretch is readily identified from IR

spectroscopy, the low-energy stretching and bending modes of the Fe–N–O unit are

usually determined by resonance Raman spectroscopy (see references above) and

more recently, fromNRVSmeasurements [54, 134]. Full NCA for themodel complex

[Fe(TPP)(MI)(NO)](BF4) determined force constants for the N–O and Fe–NO bonds

of 15.18 and 3.92 mdyn/Å, respectively [54]. This is in good agreement with a more

simplified NCA treatment applied to the vibrational data of rNP4(III)–NO, where

N–O and Fe–NO force constants of 15.11 and 4.09 were obtained [133]. A detailed

investigation of the vibrational properties of a series of closely related ferric

heme–nitrosyls inMb and correspondingmutants clearly shows an inverse correlation

of the ν(N–O) and ν(Fe–NO) vibrational frequencies as shown in Fig. 17 [122]. This is
in agreement with the widely accepted idea that the Fe–N–O unit in these complexes

has an Fe(II)–NO+ electronic structure in the ground state that is dominated by Fe(II)

to NO+ π backbonding. This aspect is further discussed in Sect. 4.2. Importantly, a

variation in the strength of this π backbond would then give rise to the observed
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inverse correlation, in agreement with the experimental findings (see Fig. 17) and

analogous to isoelectronic ferrous heme–CO complexes [116].

Interestingly, the large Fe–NO force constant in ferric heme–nitrosyls indicates

that the Fe–NO bond is thermodynamically very strong in the ground state of these

complexes, which is in contrast to the observed, relatively small binding constants

of NO to ferric hemes (see above). This apparent contradiction is further discussed

in Sect. 4.2.1.

3.2.2 The Effect of Axial Thiolate Ligation

The presence of an axial thiolate ligand leads to interesting variations in the

geometric and electronic properties of ferric heme–nitrosyls. The first indication

for this comes from the observation of a distinct bending of the Fe–N–O unit in

these complexes with Fe–N–O angles of ~160�. This was found both in the ferric

NO adduct of the enzyme P450nor as shown in Fig. 18 and in the model complex

[Fe(OEP)(SR-H2)(NO)] (SR-H2 ¼ S-2,6-(CF3CONH)2C6H3), the latter being the

only structurally characterized ferric heme–nitrosyl model system with thiolate

coordination [74]. In addition, vibrational data show that both the N–O and the

Fe–NO stretch are shifted to distinctively lower energy in ferric heme–nitrosyls

with axial thiolate coordination compared to analogous complexes with axially

bound N-donor ligands [3, 73]. For example, the ferric NO adducts of P450nor and

chloroperoxidase (CPO) exhibit these vibrations at 1,851 and 530 cm�1 and 1,868

and 538 cm�1, respectively [135, 136]. The model complex [Fe(OEP)(SR-H2)

(NO)] has similar vibrational properties and exhibits ν(N–O) and ν(Fe–NO) at

Fig. 17 Correlation of

ν(Fe–NO) and ν(N–O) in
ferric wild-type (wt)

myoglobin (Mb) and

corresponding mutants.

Asterisks indicate minor

components when two

ν(N–O) bands are detected.
The slight slope of the curves

relates to small variations in π
backbonding between Fe(II)

and NO+ in the different

mutants (reprinted with

permission from [122].

Copyright 2010 American

Chemical Society)
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Fig. 18 Structure of the ferric NO complex in the Cytochrome P450nor active site. The image was

generated using PyMOL from PDB code 1CL6
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Fig. 19 Correlation of Fe–NO and N–O stretching vibrations in ferric heme–nitrosyls with axial

thiolate coordination for various proteins and the two available model complexes
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1,850 and 549 cm�1, respectively [42, 74]. Importantly, a plot of the Fe–NO versus

the N–O vibrational frequencies for the known thiolate-coordinated ferric

heme–nitrosyls reveals a direct correlation of these vibrational energies as shown

in Fig. 19 [3, 73]. This is surprising as in the generally accepted electronic

structure description of ferric heme–nitrosyls, the Fe–N–O unit is described as having

Fe(II)–NO+ character with dominant π backbonding (see above and Sect. 4.2). Hence,
changes in the Fe–NO bond should lead to an inverse correlation of the Fe–NO and

N–O vibrational frequencies, as observed for ferric heme–nitrosyls with axial imidaz-

ole coordination (see Fig. 17). The direct correlation, evident from Fig. 19, implies

changes in the Fe–NO σ bond along this series of complexes, the origin of which was

later identified to stem from a σ-trans effect of the strongly donating thiolate ligand

[137]. This is further discussed in Sect. 4.2.

Interestingly, a similar bending of the Fe–N–O unit is also observed when other

strongly donating, anionic ligands are bound in trans position to NO in corresponding

Fe(III) and Ru(III) porphyrin complexes. Work by the Scheidt, Kadish, and Richter-

Addo groups has identified strongly bentM–N–O (M ¼ Fe, Ru, Os) units withM–N–O

angles of 150–160� in complexes with axially coordinated organometallic ligands like

phenyl derivatives [138, 139], in particular para-fluorophenyl [75, 140, 141]. These
ligands can be envisioned to be even stronger σ donors than thiolates, and correspond-

ingly should lead to an even stronger trans interaction with NO. In agreement with this

idea, these compounds show lowN–Ostretching frequencies of only 1,750–1,800 cm�1.

Most recently, the first crystal structures of corresponding alkyl-coordinated Ru

(III)–nitrosyl complexes of type [Ru(TPP*)(R)(NO)] (TPP*2� ¼ phenyl-substituted

tetraphenylporphyrin dianion; R ¼ methyl or ethyl) have been published [142].

Figure 20 shows the crystal structure of the complex [Ru(T(p-OMe)PP)(Et)(NO)]

as an example. In this case, the Ru–N–O angle is 153� and the N–O stretch is

observed at a record-setting low value of only 1,724 cm�1.

Fig. 20 Molecular structure of [Ru(T(p-OMe)PP)(Et)(NO)]. Hydrogen atoms have been omitted

for clarity. Only one of the two disordered components is shown (reprinted with permission from

[142]. Copyright 2012 American Chemical Society)
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3.2.3 Biological Implications

Investigations on ferrous heme–CO complexes in proteins with proximal His

coordination had previously shown that the position of a protein on the ν(C–O)/
ν(Fe–CO) inverse correlation line provides information about the properties of the

protein’s distal pocket [116]. Proteins like wt Mb that lie on the low ν(C–O), high
ν(Fe–CO) side usually exhibit polar pockets, often with hydrogen bond donors (the
distal His in Mb). On the other hand, if a protein shows high ν(C–O), low ν(Fe–CO)
frequencies, the distal pocket is rather nonpolar, like in Mb mutants where the distal

His has been replaced by nonpolar amino acids. Investigations into the vibrational

properties, usually via resonance Raman spectroscopy, of the ferrous CO adduct of

a newly discovered heme protein therefore provides straightforward insight into the

properties of the protein’s active side pocket, and correspondingly, this methodol-

ogy is frequently applied in the literature. On the other hand, as discussed above in

detail, the same approach is unsuccessful for ferrous heme–nitrosyls, because the

Fe–N–O bending mode, which is observed by Raman spectroscopy, does not show

a meaningful correlation with ν(N–O), and the Fe–NO stretch is not easily detected

by resonance Raman. But what about ferric heme–nitrosyls? These complexes are

isoelectronic with ferrous heme–CO complexes, and in particular, show very

similar properties; i.e., they have linear Fe–N–O units and an electronic structure,

best described as Fe(II)–NO+ (see Sect. 4), where the metal–ligand bond is also

dominated by π-backbonding as in the Fe(II)–CO case. In this regard, NO+ is

actually a stronger π-backbonding ligand than CO [54]. This indicates that ferric

heme–nitrosyls might actually also be useful probes to investigate the properties of

distal pockets in heme proteins. This idea was recently put to the test by Spiro and

coworkers [122].

Surprisingly, as shown in Fig. 17, when the ν(N–O) and ν(Fe–NO) vibrational
frequencies of wt Mb and of a collection of distal pocket mutants are plotted, two

parallel, inverse correlation lines are obtained. The first correlation line (at lower

N–O stretching frequencies) corresponds to His64mutants that lack the distal His, so

presumably this is a casewhere the boundNO is only influenced by the polarity of the

active site pocket. The second correlation line (at higher N–O stretching frequencies)

contains Mb variants that have either the distal His or a glutamine (Gln) in its place

(H64Q). Spiro and coworkers investigated the underlying reason for this finding

using DFT calculations and found that in ferric heme–nitrosyls, it is actually the lone

pair of the distal His that weakly interactswith the positively charged (formally) NO+

ligand [122]. Since amino acid side chains like imidazole (His) and amides (Gln) are

weak nucleophiles, the calculations predict a predominant interaction of the lone

pairs of these groups with the O-atom of NO+. This is opposite to the proposed

mechanism for nucleophilic addition of bases to these complexes where the base

attacks theN-atom of the boundNO+ ligand [33]. The imidazole lone pair interaction

with the Fe(II)–NO+ unit stabilizes the positive charge on the NO+ ligand, and in this

way, increases theN–O bond strength and shifts ν(N–O) to higher energy as shown in
Fig. 17, while the Fe–NO bond is hardly affected [122]. Therefore, this interaction
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does not correspond to a direct donation of significant electron density into the π*
orbitals of the bound NO+ ligand, but rather to a polarization of the Fe(II)–NO+ unit

in the presence of the lone pair. This is a weak electrostatic effect (similar to the

effect of hydrogen bonding on ferrous heme–nitrosyls and -carbonyls; see above)

and not an effect of covalency. From the corresponding NO binding constants, it can

be estimated that this interaction is worth about�1 kcal/mol in terms of free energy

[122].

Importantly, as evident from Fig. 17, the ν(N–O)/ν(Fe–NO) correlation can be

used as a new reporter of heme pocket polarity and the accessibility of lone pair

donors in the pocket. Comparison to existing vibrational data for nitrophorins,

respiratory NO reductase (NorBC), and horseradish peroxidase (HRP) therefore

provides some new insight with respect to the properties of these proteins [122].

The ferric NO adduct of R. prolixus nitrophorin 4 (rNP4) shows pH-dependent

vibrational properties where the pH 7.5 and 5.5 forms fall on the two distinct

correlations lines shown in Fig. 17. At low pH, the protein is in the closed form

where the protein packs closely around the distal pocket [3]. Hence, there is no

residue to interact with the bound NO+ ligand, and correspondingly, ν(N–O) and
ν(Fe–NO) at 1,904 and 590 cm�1 [143] put this form on the correlation line at lower

ν(N–O) where the Mb mutants are located that lack the distal His. The high pH form

of the nitrophorins facilitates NO release, and excitingly, the vibrational properties

of rNP4 at pH 7.5with ν(N–O) and ν(Fe–NO) at 1,921 and 593 cm�1 [143] now place

this form on the high-polarity line in Fig. 17. Since there are no suitable amino acid

side chains available in the distal pocket to interact with NO, this indicates that the

bound NO+ is now exposed to water molecules (DFT predicts that the interaction

with a lone pair from water could lead to a similar shift in ν(N–O) as the interaction
with imidazole [122]). This directly confirms the idea that a conformational change

of rNPs is crucial in the process of NO release [3].

The ferric heme–nitrosyl adduct of NorBC shows ν(N–O) and ν(Fe–NO) at

1,904 and 594 cm�1 [144], which is right on the correlation line for the nonpolar

distal pocket that lacks nucleophilic amino acid side chains. In contrast, the only

functional model for NorBC reported so far by Collman and coworkers exhibits

ν(N–O) and ν(Fe–NO) at 1,924 and 610 cm�1, respectively [145], which is outside

the range of vibrational energies observed for wt Mb and corresponding mutants

(see Fig. 17), and other proteins. This is partly due to the application of a synthetic

heme (picket fence porphyrin) in the dinuclear model complex, but could also

indicate that the bound NO+ in the model system is in a somewhat compressed

environment, which would be in contrast to the protein [122]. This aspect warrants

further investigation.

Interestingly, HRP(III)–NO shows an unusually high Fe–NO stretch at 604 cm�1,

whereas the N–O stretch is found at a relatively low value of 1,904 cm�1 [110, 131].

This could be related to lone pair donation from distal Arg and His residues to the

bound NO+ ligand as described above. In addition, the proximal His ligand in HRP

has increased imidazolate character [146], and Spiro and coworkers speculate that

this could also be a reason for the observed vibrational energies in HRP(III)–NO, in

particular since the ferrous heme–CO complex of HRP also shows somewhat

unusual ν(C–O)/ν(Fe–CO) values [122]. The increase in ν(Fe–NO) and decrease in

192 N. Lehnert et al.



ν(N–O) in the ferric heme–nitrosyl complex of HRP compared to other proteins

could indeed indicate an increase in Fe(II)–NO+ π-backbonding in HRP [54].

However, the presence of anionic axial ligands like thiolate, alkyl, and phenyl in

ferric heme–nitrosyls usually leads to a simultaneous weakening of both the Fe–NO

and N–O bonds, and correspondingly, a drop in both the Fe–NO and N–O stretching

frequencies as described above [137]. It is therefore not clear how the increase in

anionic imidazolate character of the proximal His by itself could be responsible for

the observed vibrational properties of the ferric heme-NO adduct of HRP. This is an

ideal problem for further investigations with large-scale DFT (e.g., QM–MM)

calculations.

4 Electronic Structures of Heme–Nitrosyls

In pioneering work in the 1970s, Enemark and Feltham developed their famous

classification system for transition metal NO complexes, {MNO}n, where the super-

script n refers to the sum of the valence electrons contributed by the d orbitals of the
metal plus the electrons occupying the π* orbitals of NO [147]. This allows for a

straightforward classification of transition metal NO complexes and also defines the

basic properties of these systems. NO is the smallest “non-innocent” ligand [148], i.e.,

this diatomic molecule is redox active and can coordinate to metal centers as NO+,

NO(radical), and NO�. The electronic structures of the resulting transition metal NO

complexes exhibit extensive covalency and are often times complicated and difficult

to understand. The modern spectroscopic and theoretical methods that are now in our

hands in the twenty-first century provide the tools to go past the Enemark–Feltham

classification to achieve more precise descriptions of the electronic structures of

transition metal NO complexes. As formulated by one of us (Lehnert) recently [42],

it is time to take on the challenge and strive to fully elucidate the electronic structures

and electron distributions in transition metal NO complexes. Here we will discuss the

progress in our understanding of the electronic structures of ferrous and ferric

heme–nitrosyls, {FeNO}7 and {FeNO}6. Ferrous nitroxyl complexes, {FeNO}8, are

discussed in more detail in Sect. 5.

4.1 Ferrous Heme–Nitrosyls

The exact details of the electronic structures of ferrous heme–nitrosyls have been a

matter of much debate in the recent literature. One of the main problems here is that

DFT methods are not particularly good in describing the properties of these

systems; so in order to obtain reliable electronic structure descriptions, extended

comparisons between the calculations and experimental data need to be made.

In addition, the exact spin distribution in these complexes is very sensitive to the

applied functional, which further complicates matters. This aspect is discussed in

detail in the following section for six-coordinate ferrous heme–nitrosyls.
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4.1.1 Six-Coordinate Ferrous Heme–Nitrosyls

In order to elucidate the electronic structures of six-coordinate ferrous heme–nitrosyls,

many different density functional/basis set combinations have been applied over the

years. These studies generally agree that NO should be considered a σ donor and

π acceptor ligand (see Scheme 1), but other key properties differ significantly. This is

due to the fact that reported DFT results show distinct variations with respect to the

exact composition of the singly occupied molecular orbital (SOMO) of the complex

(labeled dz2=dxz π�h) and the spin density distribution. The SOMO could in principle

vary all the way from a pure σ bonding orbital between π�h of NO (h ¼ horizontal, the

singly occupied π* orbital of NO that is located within the Fe–N–O plane) and dz2 of
iron (see Scheme 1) to a π antibonding orbital between π�h and dxz (in the applied

coordinate system were the z direction corresponds to the heme normal, and the

Fe–N–O unit lies within the xz plane), because the orbitals have the same symmetry

within the Cs point group. These two extremes are shown in Scheme 2. However, as

pointed out by Mingos and others for analogous {MNO}7 and {MNO}8 systems, this

scenario should lead to the formation of aM–NO σ bond betweendz2 and π�h due to the
stabilization of the resulting, bonding MO [149, 150].

In order to obtain further insight into the dependencyof the electronic description of

6C ferrous heme–nitrosyls on the applied DFT method, we performed a number of

single point calculations on the model [Fe(P)(MI)(NO)]. For this purpose, the BP86/

TZVP-optimized structure of this specieswas used,which shows very good agreement

with the crystal structure of [Fe(TPP)(MI)(NO)] [69]. The results of these calculations

are summarized in Table 4. As evident from the table, the spin density distribution, i.e.,

the exact localization of the unpaired electron of NO in the complex, shows a clear

functional dependence (see also [151, 152]). With gradient-corrected functionals, the

unpaired electron density is mostly metal centered (>50% on iron), whereas with

hybrid functionals an NO-centered distribution of the spin density is observed (>50%

on NO), i.e., the unpaired electron is in fact mostly localized on NO [42, 152].

CASSCF and CASPT2 calculations have been applied to further elucidate this issue,

NO (π*h) NO (π*h)

Fe(dz2)

N (σ)

Fe (dxz)

N (σ)

π*h_dz2 π*h_dxz

Scheme 2 Variation of the

SOMO of 6C ferrous

heme–nitrosyls. Left: σ
bonding orbital between the

π�h orbital of NO and dz2 of
iron, as observed for 5C

ferrous-heme nitrosyls. Right:
π antibonding orbital between

π�h and dxz
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and in initial studies metal-centered spin densities have been observed in these

calculations that are similar to the results with the gradient-corrected functionals

[152, 153]. These results have been taken as evidence that the metal-based spin

densities should better reflect the properties of the real complexes. However, in

contrast to these findings, more recent CASSCF investigations on the model system

[Fe(NO)]2+ indicate that none of the DFTmethods are able to reproduce the CASSCF

spin densities well [154]. In addition, one has to keep in mind that results from

CASSCF and CASPT2 calculations are greatly dependent on the applied active MO

space as shown recently [154] and are also quite sensitive to basis sets. Consequently,

the agreement between spin densities from CASSCF and CASPT2 calculations with

those fromgradient-corrected functionals by itself as reported in [153] is bynomeans a

proof that this is really the most realistic description of the actual complexes. The best

way to determine this is by extended quality checks of the calculated results against

experimental findings. Here, the functional that gives the overall best agreement with

experimental properties should then deliver the best description of the Fe–NO bond,

and hence the electronic structure that is closest to the real system.

The first property that is often used to evaluate the quality of DFT methods are

complex formation (free) energies; in our case this would be the binding energy of

NO to a five-coordinate ferrous heme according to the equation:

high-spin ½FeðporphyrinÞðLÞ� þ NO ! low-spin ½FeðporphyrinÞðLÞðNOÞ� (2)

Table 4 Calculated propertiesa of the model system [Fe(P)(MI)(NO)] (using the BP86/TZVP

optimized structure [69]) obtained with different functionals as indicated

Functional

∑ (Spin

density) dz2=dxz π�h d orbital spin density

Fe ∑(NO) %Fe %NO dz2 dxz dyz

Hybrid B3LYP 26 75 27 58 0.41 �0.14 �0.04

B3LYP-D 25 75 27 58 0.41 �0.14 �0.04

B3LYP* 36 65 28 54 0.43 �0.10 �0.01

O3LYP 51 51 33 54 0.46 �0.04 0.04

TPSSH* 19 80 29 57 0.44 �0.19 �0.09

O3LYP-D 51 51 24 44 0.46 �0.04 0.04

O3LYP* 41 61 33 54 0.45 �0.09 0.01

O3LYP-D* 41 61 24 44 0.45 �0.09 0.01

TPSSH 35 66 32 55 0.45 �0.12 �0.03

PBE0* 41 61 29 56 0.45 �0.10 0.01

Gradient corrected OLYP 69 33 43 44 0.49 0.05 0.07

TPSS 49 51 41 47 0.47 �0.04 0.01

BLYP 56 43 41 46 0.46 0.01 0.03

PBE 60 40 42 44 0.48 0.02 0.04

All calculations were performed with Ahlrich’s triple-zeta basis set TZVP. For functionals in bold,
the contour plot of the corresponding SOMO is included in Fig. 21
aSpin densities and MO contributions were obtained from a Loewdin population analysis
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This approach is somewhat problematic since NO binding energies according to

(2) do not only depend on the properties of the actual NO product complex, but also

on the spin state energetics (due to the spin state change in the reaction from high

spin to low spin), which are not always well handled by DFT. Therefore, NO

binding energies are a summation of many different contributions to the total

energy, and hence are a more indirect measure of the quality of the description of

the Fe–NO bond. Recently it has been shown that dispersion corrections are

critically important for the calculation of accurate ligand binding energies, and

that the dispersion correction accounts for roughly�10 kcal/mol for ligand binding

to a heme center [155, 156]. Taking this into consideration, and applying a

reasonably large and consistent basis set [54], hybrid functionals are able to

reproduce the (free) binding energies of NO to ferrous heme centers well [155].

In contrast, gradient-corrected functionals tend to greatly overestimate the binding

energy of NO to ferrous hemes, which is a first indication that gradient-corrected

functionals overestimate the covalency, and hence, strength of the Fe–NO bond in

heme–nitrosyls. This becomes very evident when calculated Fe–NO force constants

and vibrational frequencies are considered (see below) [42]. Similar effects are also

observed for other transition-metal nitrosyls [157, 158]. Based on all of these

considerations, hybrid functionals give a better and more balanced description of

the Fe–NO bond. The following discussion will therefore mostly focus on hybrid

functionals.

Interestingly, Table 4 shows that although hybrid functionals give generally NO-

centered spin densities as mentioned above, the variation between the different

methods is still quite large and NO-based spin densities range all the way from 51%

for O3LYP to 80% with TPSSH*. Intuitively, one would expect that this

corresponds to a change in the amount of electron donation from the singly

occupied π* orbital of NO into the dz2 orbital of iron. In contrast to this expectation,
Table 4 shows that the Fe–NO σ bond is practically invariant in these cases, i.e.,

the charge contributions to the resulting SOMO, dz2=dxz π�h , are independent of

the functional, and the spin density of dz2 is about 45% with very little variation.

A further examination of Table 4 shows that the variation in overall spin densities

actually correlates with the spin density values of the dxz and dyz orbitals of iron, i.e.,
the different functionals predict different degrees of spin polarization in the Fe–NO
π backbond, and this is the underlying reason for the large variation in the
calculated spin densities. Note that this effect is much larger for the hybrid

functionals compared to the gradient corrected functionals, which explains the

overall larger variation of the spin densities in the former case. Corresponding to

this result, the nature of the SOMO is, surprisingly, invariant between the different

computational methods used, as shown in Fig. 21. In all cases, the SOMO

corresponds to a σ interaction between dz2=dxz of iron and π�h of NO.
In summary, our results show that the large variation in spin density observed

with different hybrid functionals is clearly linked to the nature of the applied

functional, whereas the variation of the SOMO noted in the literature [96] must

then relate to other factors, for example the structure of the heme, the properties of
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the proximal ligands, and the environment (solvent fields, etc.) used in the

calculations. As shown here, the different functionals do not induce a variation in

the nature of the SOMO by themselves, when the same structure is used for the

calculations. At this point it is unclear what causes the variation in the SOMO noted

in the literature, and whether or not this could be a computational artifact. Due to

this uncertainty, it is important to correlate the DFT results with experiment as

closely as possible to determine the exact nature of the Fe–NO bond in the real

complexes.

4.1.2 Experimental Insight into the Nature of the SOMO

Key insight into the properties of the SOMO in ferrous heme–nitrosyls, i.e.,

whether it is more σ bonding or π antibonding in nature, can be obtained from the

Fig. 21 The SOMO in 6C ferrous heme–nitrosyls, calculated for the model [Fe(P)(MI)(NO)]

(P2� ¼ porphine dianion, MI ¼ 1-methylimidazole) and different functionals as indicated
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general properties of these complexes, and by making correlations with the

corresponding, one-electron reduced {FeNO}8 species (see Sect. 5). As known

for a long time, nitric oxide in ferrous heme–nitrosyls exhibits a very strong

thermodynamic trans interaction with axially bound ligands that weakens both

the Fe–NO bond and in particular, the Fe-{axial ligand} bond as described in

Sects. 2.1 and 3.1 [65, 159]. The latter effect is evident from a distinct elongation

of the Fe-{axial ligand} bond and a distinct drop in the corresponding stretching

frequency. For example, for imidazole bound in trans position to NO, Fe-imidazole

bond lengths of 2.18–2.20 Å and Fe-imidazole stretching frequencies of only

approximately 150 cm�1 are observed [50, 67]. In addition, the binding constant

of 1-methylimidazole in trans position to NO in corresponding model complexes is

very small, generally observed below 50 M�1 [69]. In comparison, other strongly π
accepting ligands like CO do not mediate much of a trans effect compared to NO

[156, 160]. Besides the vibrational-spectroscopic insight described in Sect. 3.1, this

provides further direct evidence that the strong thermodynamic trans effect of NO
relates to the presence of a distinct Fe–NO σ bond. Since the Fe–NO σ bond is

mediated by the SOMO of these complexes, this demonstrates that the SOMO

should in fact be predominantly Fe–NO σ bonding in nature. Further support for this
idea comes from recent investigations on the corresponding one-electron reduced

{FeNO}8 complexes [64]. As shown in Fig. 22, a very strong correlation is

observed between the N–O stretching frequencies in related {FeNO}7 and

{FeNO}8 complexes. This implies that the nature of the SOMO, which becomes

doubly occupied in the {FeNO}8 complexes, does not change in the one-electron

reduction process; i.e., whatever the composition of this MO is in the {FeNO}7

complexes is preserved in the {FeNO}8 case. Importantly, the experimental data

show that the double-occupation of the SOMO in the {FeNO}8 case leads to (a) a

further increase in the thermodynamic trans effect of NO (NO� in the reduced

complex) [64] and (b) similar Fe–NO stretching frequencies compared to the

{FeNO}7 complexes [161]. This demonstrates that the SOMO is in fact dominantly
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Fe–NO σ bonding in nature. If this orbital would be mostly π antibonding, its

double occupation should not greatly affect the trans effect of NO, but this should
induce a distinct weakening of the Fe–NO bond, accompanied by a significant drop

in the Fe–NO stretching frequency in the reduced complex. This is not the case.

DFT calculations further support this interpretation [64].

The question whether the SOMO is of σ-bonding or π-antibonding nature in low-
spin {MNO}7 complexes will critically depend on the energy of thedz2 orbital; in the
first case (Scheme 2, left), dz2 is relatively low in energy and available for binding to

the singly occupiedπ�h orbital ofNO,whereas in the latter case (Scheme 2, right),dz2 is
high in energy, and the nature of the SOMO then changes to a π-antibonding orbital
between π�h and dxz. The latter possibility, i.e., that the unpaired electron of NO is

located in a strongly Fe–NO antibonding SOMO, has recently been proposed, based

on DFT calculations, for the NO adduct of cd1 NIR (calculated using the PBE

functional) [96]. Between the two borderline cases shown in Scheme 2 a continuum

of electronic structures exists, which result from variable mixing between the

bonding π�h dz2 and the antibonding π�h dxz orbitals. The degree of this mixing will

critically depend on the ability of the chosen computational method to accurately

predict the energy of thedz2 orbital, which then affects the balance betweenπ�h dz2 and
π�h dxz contributions in a delicate way. Hence, the SOMO in low-spin {MNO}7

complexes (M ¼ Fe, Ru) should generally correspond to a superposition of π�h dz2
and π�h dxz , and based on the strong experimental evidence described above, the

contribution from π�h dz2 should dominate in ferrous heme–nitrosyls. Variation in

the composition of the SOMO should be directly reflected by the properties of the

complexes: in the case of a dominantly σ-bonding SOMO, the metal–NO bond

should be relatively strong, and a distinct thermodynamic σ-trans effect should be

observed in agreement with experiment as discussed above, whereas in cases where

the SOMO is mostly π-antibonding in nature, the metal–NO bond should be weaker,

and the thermodynamic trans effect should be less pronounced and equal to that

of CO.

In this respect, comparison with analogous [Ru(porphyrin)(N-donor)(NO)]

complexes of {RuNO}7 type with bound axial N-donor ligands is insightful.

In general, the electronic structures of Fe(II)- and Ru(II)-porphyrin NO complexes

are thought to be analogous. Interestingly, however, DFT calculations on the

complex [Ru(OMP)(Py)(NO)] (OMP2� ¼ octamethylporphyrin dianion) by Kaim

and coworkers indicate that the SOMO of this complex is in fact dominantly

π-antibonding in nature [162]. In agreement with this, {RuNO}7 porphyrin

complexes are unstable and generally difficult to isolate [32]. In the light of the

above discussion, this can be explained with simple ligand field arguments: because

Ru(II) is a second-row transition metal ion, the ligand field splitting observed for

this species is generally much larger compared to Fe(II). This puts the dz2 orbital at
much higher energy in the Ru(II) complexes, leading to the SOMO being mostly

π-antibonding in nature, which would greatly labilize the Ru–NO bond compared to

the Fe–NO bond in the iron case. This further supports the idea that the SOMO in

the {FeNO}7 heme complexes is dominantly σ-bonding in nature.
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4.1.3 Experimental Evaluation of the Spin Density Distribution

EPR g values and hyperfine coupling constants available fromEPR (especially for the
14/15N-atom of NO) and Mossbauer (for the 57Fe atom) spectroscopy should provide

direct insight into the spin density distribution in the complexes, in particular since the

gradient-corrected and hybrid functionals show such different tendencies in this

respect (see above and Table 4). However, in practice this is not the case, and it is

surprising that calculated g tensors and hyperfine coupling constants are relatively

similar for both types of functionals. In general, gradient-corrected functionals per-

form better in reproducing experimental 14N hyperfine coupling constants as noted

first by Oldfield and coworkers who performed BPW91 and B3LYP calculations on

the complex [Fe(OEP)(NO)] [163], and similar observationswere latermade by others

[48, 91]. However, the results obtained with hybrid functionals still agree reasonably

well with experiment [91, 163], and more importantly, calculated g tensors and

hyperfine coupling constants show quite large deviations from experiment with any

functional used (due to intrinsic errors in the method used for these calculations;

see Sect. 3.1) and are also strongly dependent on the basis set and the geometry.

For example, using QM/MM calculations on the NO adduct of ferrous Mb yielded

errors in the calculated g shifts for gmax of up to 100% (using the gradient-corrected

functional PBE) [48]. Based on these rather large deviations, it seems that drawing

conclusions about which functional gives amore accurate description of the electronic

structure of ferrous heme–nitrosyls solely based on calculated hyperfine coupling

constants is problematic.

On the other hand, the comparison of experimental and calculated Fe–NO force

constants and stretching frequencies, which directly reflect the strength of the Fe–NO

bond, is very straightforward and insightful in this regard [42]. Experimentally, six-

coordinate ferrous heme–nitrosyls show Fe–NO stretching frequencies at about

440 cm�1 as discussed in Sect. 3.1 [50, 113]. Gradient-corrected functionals greatly

overestimate the covalency and strength of the Fe–NO bond and predict ν(Fe–NO)
around 600 cm�1, which is in stark contrast to the experimental results. In comparison,

B3LYP calculations yield the Fe–NO stretch at about 420 cm�1, indicating that this

method certainly underestimates the strength of the Fe–NO bond, but the agreement

with experiment is much better in this case. The largest deviations in the B3LYP

calculations are observed for the N–O stretching frequency, which is predicted around

1,800 cm�1 (compared to ~1,630 cm�1 experimentally). This deviation is in agree-

ment with the idea that B3LYP underestimates the strength of the Fe–NO bond, in

particular the π-backbond. So the fact that gradient-corrected functionals deliver better
N–O stretching frequencies is actually mostly due to a fortunate error cancellation,

where the overestimate of the π-backbond greatly lowers the N–O stretch, but the

overestimate of the donation of the unpaired electron of NO toward iron (evident from

themetal-based spin densities observedwith gradient-corrected functionals) increases

the N–O stretch (due to depopulation of theπ�h orbital of NO). These effects cancel in a
fortunate way, such that the calculated N–O stretching frequencies with gradient-

corrected functionals are quite close to experiment. In summary, whereas gradient-

200 N. Lehnert et al.



corrected functionals essentially fail to provide a reasonable estimate of the strength of

the Fe–NO bond, the results from the hybrid functional B3LYP are in qualitative

agreement with experiment and hence, give a more realistic (but certainly not perfect)

description of the properties of the Fe–NO bond. This is further supported by the

finding that gradient-corrected functionals greatly overestimate the binding energy of

NO to ferrous hemes,whereas hybrid functionals are able to reproduce theNObinding

energies well. Because of this, the NO-based spin-density distributions obtained from

theB3LYP calculations can be expected to bemore realistic, as the overestimate of the

covalency of the Fe–NO bond by the gradient-corrected functionals leads to a signifi-

cant quenching of the spin density of NO.

4.1.4 Electronic Structure Description of Ferrous-Heme Nitrosyls

Since hybrid functionals lead to a superior description of the properties of the Fe–NO

bond, the interpretation of the electronic structure of ferrous heme–nitrosyls should

take the spin-density distributions obtained from these calculations into consideration.

Since ferrous heme–nitrosyls have total spins of S ¼ 1/2, the details of the electronic

structures of these complexes have to be analyzed within the spin-unrestricted scheme

wheremajority (α) andminority (β) spinMOs have to be distinguished.As indicated in

Scheme 1 and described in Sect. 3.1, NO is a σ-donor and π-acceptor ligand in ferrous
heme–nitrosyls [50]. Here, the Fe–NO σ bond ismediated bymedium strong donation

from the singly occupied α-π�h orbital of NO into the unoccupied dz2 orbital of the

low-spin iron(II) center. Hence, the resulting SOMO has mostly π�h dz2 character.

Nevertheless, the admixture of someπ�h dxz character into the SOMOof six-coordinate

ferrous heme–nitrosyls complexes seems feasible as discussed above, and could be

responsible for some of the weakening of the Fe–NO bond compared to the analogous

five-coordinate species. This is reflected by the vibrational properties of these

complexes (see Sect. 3.1). In addition, π-backbonding is mediated by the occupied

dyz orbital of iron(II) and the π�v orbital of NO (v ¼ vertical; the π* orbital of NO

which is orthogonal to the Fe–NO plane) for both α and β spin in a quite similar way

(i.e., spin-polarization effects on the π-backbond between dyz and π�v are relatively

small except for TPSSH*; see Table 4). Finally, additional contributions to the

π-backbond arise from the interaction of the unoccupied β-π�h orbital of NO and

β-dxz of iron, which, however, is usually a weak interaction. This electronic structure
leads to a spin-density distribution where most of the unpaired electron density is

located on the NO ligand. Hence, six-coordinate ferrous heme–nitrosyls with axial

N-donor coordination represent the prototype of complexeswith a Fe(II)–NO(radical)

type electronic structure [69].

In five-coordinate ferrous heme–nitrosyls the strength of the Fe–NO σ bond

increases via increased donation from the α-π�h orbital of NO into the unoccupied

dz2 orbital of iron. This is caused by the absence of a trans ligand toNO,which lowers
thedz2 orbital of iron in energy and increases its interaction withα-π�h. In addition, the
resulting SOMO is now a pure π�h dz2 orbital. Experimentally, this is reflected by a

distinct increase in the Fe–NO andN–O stretching frequencies and force constants in
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the five-coordinate compared to the six-coordinate case (see Sect. 3.1). The fact that

both the Fe–NO and N–O bonds become stronger at the same time provides very

strong evidence that this change in bonding in five-coordinate complexes is due to a

change in σ-bonding (a change in π-backbondingwould cause an inverse correlation)
[69]. In the light of the above discussion, this direct correlation of the Fe–NO and

N–O bond strengths constitutes further direct experimental evidence that the SOMO

of heme–nitrosyls is in fact dominantly σ-bonding in nature. This increased donation
from the NO ligand to iron(II) has also been taken as evidence that five-coordinate

ferrous heme–nitrosyls have partial Fe(I)–NO+ character in the ground state [91].

Corresponding to this bonding model, an even stronger donating axial ligand, for

example an axial thiolate ligand, should lead to a further weakening of both the

Fe–NO and N–O bonds, and experimental and computational evidence support this

idea (see Sect. 3.1) [95]. Further analysis of the wavefunction of these complexes

shows that the axial thiolate ligand introduces a significant amount of Fe(III)–NO�

character into the ground state of these complexes (about 20%) due to the fact that the

anionic thiolate ligand stabilizes Fe(III) [126]. In contrast, the wavefunction of six-

coordinate ferrous heme–nitrosyls with axial N-donor coordination is dominated by

the Fe(II)–NO(radical) contribution (~90%) [126].

Recent CASSCF andCASPT2 calculations have been used to obtain further insight

into the multi-configurational nature of the ground state of ferrous heme–nitrosyls

[153]. These calculations predict that both five- and six-coordinate ferrous heme

nitrosyls have ground state wavefunctions that are composed of roughly equal

contributions of Fe(II)–NO(radical) and Fe(III)–NO(�) character, and that there is

essentially no significant change with coordination number. However, since spectro-

scopic properties cannot be predicted from these correlated wavefunctions, it is not

clear whether this balance accurately reflects the real complexes. Analysis of the spin

contamination in DFT wavefunctions paints a different picture as described above

where the Fe(II)–NO(radical) contribution to the ground state dominates. This point

requires further study.

4.1.5 Biological Implications

The most important biological implication of the electronic structure of ferrous

heme–nitrosyls is the trans effect of NO and its role in the activation of the mamma-

lian NO-sensor protein sGC. The existence of the trans effect of NO was already

proposed by Mingos in 1973 [149] (for analogous {CoNO}8 systems, but see also

[164]), and its significance for the activation of sGC was recognized more than

20 years ago [159], but it was not until a few years ago that the underlying nature of

this σ-trans effect was experimentally confirmed and quantified via extensive

correlations of spectroscopic and theoretical results as described above [50, 69].

The mechanism of activation of sGC was recently reviewed in much detail by one

of us [3], and because of this we will only briefly touch on this subject here. In short,

sGC contains a 5C ferrous heme center with axial His coordination as the high-affinity

sensor for NO. Upon coordination of NO, a corresponding 6C ferrous heme–nitrosyl
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complex is formed as intermediate [165]. Due to the strong σ-trans effect of NO, the
Fe–His bond is weakened and subsequently cleaved. This induces a conformational

change that activates the catalytic domain of sGC for the production of cGMP, which

then triggers smooth muscle relaxation in arteries, and cGMP is also involved in nerve

signal transduction in the brain.While the trans effect of NO is the main player in this

activation mechanism, it was recently proposed that the flattening of the heme upon

NO binding could also contribute to this activation mechanism [166].

In addition, ferrous heme–nitrosyls are potentially involved as intermediates in the

catalyticmechanism ofNO reduction toN2O by bacterial NO reductases (NorBC) [3],

and also as intermediates in multiheme cytochrome c nitrite reductases (CcNIR) [53].
In order to understand the potential involvement of ferrous heme–nitrosyls in the

mechanism of NorBC, a detailed understanding of the electronic structures of these

species is necessary. In fact, the finding that ferrous heme–nitrosyls, especially in the

6C case, are best described as Fe(II)–NO(radical) complexes that show a large degree

of radical character on NO supports a mechanism introduced by Girsch and de Vries,

who proposed a radical type coupling between a heme- and a non-heme iron bound

NO ligand [167]. Although this sounds feasible with respect to the heme–nitrosyl

electronic structure, more recent results that particularly focus on the properties of the

non-heme iron–nitrosyl complex indicate that this mechanism is unlikely [51, 168,

169]. Recent DFT studies favor mechanisms that are based on reductive coupling

approaches (see Sect. 6.2).

In contrast, other transition metal complexes have been shown to facilitate radical

type N–N bond formation as reviewed recently [170]. In particular, Onishi and

coworkers reported that the {RuNO}6 complex [Ru(Tp)Cl2(NO)], when treated

with free pyrazole in the presence of base, forms a dimer that contains a neutral cis-
ONNO ligand that results from the radical coupling of two coordinated NOmolecules

upon reduction of the complex [171]. The crystal structure of the product

[{RuII(Tp)}2(μ-Cl)(μ-pz)(μ-κ2-N2O2)] exhibits a long N–N distance of 1.861 Å,

which is significantly longer than an N–N single bond, indicative of a neutral (NO)2
ligand. Upon two-electron oxidation of the dimer, the N–N bond is broken, leading to

reformation of two individual {RuNO}6 complexes that remain in a dimer arrange-

ment. In this sense, the reaction is reversible. A more common scenario is a reductive

coupling where N–N bond formation goes along with a two-electron oxidation of the

coordinated metal center(s), leading to the formation of a hyponitrite (N2O2
2�)

bridged dimer, for example from [Co(NH3)6]
2+ plus NO or from [Ni(NO)(bipy)2]

+

[172–175]. Importantly, ferrous heme–nitrosyls cannot catalyze the analogous reac-

tion, and a corresponding hyponitrite-bridged dimer can only be obtained by reaction

of a ferric heme precursor with hyponitrite directly [47], further adding credibility to

the idea that the reduction of NO to N2O has to be catalyzed in a different way in the

enzyme NorBC. Interestingly, all these N2O2
(2�) complexes form N2O upon treat-

ment with acid, indicating that the N–N bond forming step is the real challenge in

NOR catalysis, whereas the following decomposition of the formed hyponitrite

intermediate to yield N2O is a straightforward process. Mechanistic alternatives for

NorBC are discussed in Sect. 6.2.
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4.2 Ferric Heme–Nitrosyls

The electronic structure of ferric heme–nitrosyls with axial N-donor coordination is

best described as a low-spin Fe(II) center with a bound NO+ ligand, in agreement

with the structural and spectroscopic properties of these complexes [12]. As

described above, these species are characterized by linear Fe–N–O units with very

short Fe–NO bond lengths and N–O stretching frequencies around 1,900 cm�1,

which strongly supports this electronic structure description [42]. In addition, the

coordinated NO+ ligand acts as an electrophile and reacts with hydroxide and other

bases, and hence also shows typical NO+-type reactivity [33, 176]. The Fe(II)–NO+

ground state of ferric heme–nitrosyls is isoelectronic with Fe(II)-porphyrin CO

complexes. Correspondingly, the Fe–NO interaction in this state is dominated by

two strong π backbonds between Fe(II) and NO+, which are in fact stronger than the

backbonds in the corresponding CO complexes. Figure 23 shows contour plots of the

resulting antibonding MOs (left and middle), which have about 70% π* and 30% d
contributions. This further illustrates the strength of this interaction [54]. In contrast,

the Fe–NO σ bond in these complexes is rather weak, as indicated by the

corresponding antibonding MO in Fig. 23, right, which only has 3% NO contribu-

tion. The overall strength of the Fe–NO bond is reflected by the Fe–NO stretching

frequencies in these complexes, which are typically observed in the 580–600 cm�1

range (see Sect. 3.2.1).

These properties of the Fe–NO+ ground state of ferric heme–nitrosyls are consistent,

but lead to one puzzling question: if the Fe–NObond is that strong in the ground state of

these complexes, then why is the binding constant of NO to ferric hemes so small,

making these complexes susceptible to NO loss? This apparent contradiction becomes

clearly evident when the properties of ferrous and ferric heme nitrosyls are compared

on the basis of either thermodynamic or spectroscopic criteria. As mentioned in

Sect. 3.2 (first paragraph), experimental complex formation constants (Keq) of ferrous

compared to ferric heme–nitrosyls differ in general by four to five orders ofmagnitude.

<124> <123>

py*_dyz px*_dxz 

67% py
*

27% dyz

68% px*
27% dxz

<102>

dz2_sNO + Im (s)

12% dz2

2.7% sNO

Fig. 23 Contour plots of key molecular orbitals of ferric heme–nitrosyls in the Fe(II)–NO+

ground state. Calculated for the optimized structure of [Fe(P)(MI)(NO)]+ using BP86/TZVP

(reprinted with permission from [54]. Copyright 2008 American Chemical Society)
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This translates to NO complex formation energies, ΔG� [according to (1)],

that are about �15 to �16 kcal/mol for ferrous (Keq ¼ 1011 � 1012 M�1) versus �4

to�7 kcal/mol (Keq ¼ 103 � 105M�1) for ferric heme–nitrosyls [177], and this trend

is reproduced by DFT total energy calculations [54]. Therefore, the Fe–NO bond

is thermodynamically much stronger in the ferrous compared to the ferric case.

In contrast, the Fe–NO stretching frequency and force constant is 580 cm�1

and 3.92 mdyn/Å for ferric [Fe(TPP)(MI)(NO)]+ compared to 437 cm�1 and

2.57 mdyn/Å for ferrous [Fe(TPP)(MI)(NO)]. This demonstrates that spectroscopi-

cally, the Fe–NO bond is stronger in the ferric compared to the ferrous case, which

contradicts the observed thermodynamic trend. Hence, NO is a weak ligand to ferric
heme (from thermodynamics), but at the same time, makes a strong Fe–NO bond (from
spectroscopy)! This puzzling observation can be explained when the complete poten-

tial energy surface (PES) for the binding of NO to ferric hemes is considered [54].

4.2.1 NO Binding to Ferric Heme: A Multidimensional Problem (See [54])

Figure 24 shows the PES derived for the Fe(II)–NO+ ground state (blue curve,

S ¼ 0) of ferric heme–nitrosyls plus energy surfaces of two additional key states:

the open shell singlet ls-Fe(III)–NO(radical) alternative ground state, where low-

spin (ls) Fe(III) is antiferromagnetically coupled to NO (red curve, S ¼ 0), and the
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Fig. 24 Calculated potential energy surfaces for six-coordinate ferric heme–nitrosyls using the

model system [Fe(P)(MI)(NO)]+ (P ¼ porphine2�; MI ¼ 1-methylimidazole). The following states

are considered: (a) closed shell Fe(II)–NO+ (blue); (b) low-spin (ls) Fe(III) antiferromagnetically

coupled (AFC) to NO (open shell S ¼ 0; red); and (c) high-spin (hs) Fe(III) antiferromagnetically

coupled (AFC) to NO (S ¼ 2; black) (reprinted with permission from [54]. Copyright 2008

American Chemical Society)

Structure and Bonding in Heme–Nitrosyl Complexes and Implications for Biology 205



corresponding high-spin (hs) state hs-Fe(III)–NO(radical) (black curve, S ¼ 2),

which corresponds to the product state upon dissociation of NO (since the 5C ferric

heme–imidazole complex is high-spin). As evident from Fig. 24, the PES for the

Fe(II)–NO+ ground state is very steep with an estimated dissociation energy of

>30 kcal/mol, which reflects the unfavorable dissociation of the complex into

Fe(II) and NO+. Importantly, this explains the spectroscopically observed strength

of the Fe–NO bond in ferric heme–nitrosyls: this is in fact a property of the

Fe(II)–NO+ ground state of these complexes.

Interestingly, the alternative ground state of ferric heme–nitrosyls, ls-Fe(III)–NO

(radical) (S ¼ 0), is observed surprisingly close in energy to the Fe(II)–NO+ ground

state (see Fig. 24). The optimized structure of the complex in this state shows again a

linear Fe–NO unit, but a distinctively weaker Fe–NO bond. The DFT-calculated

energy difference between the Fe(II)–NO+ ground and the ls-Fe(III)–NO(radical)

state is only ~1 kcal/mol. However, this is clearly an underestimate, as evident from

the vibrational properties of the complexes, which do not indicate the presence of a

low-lying excited state with a distinctively weaker Fe–NO bond close in energy to

the ground state. In addition, the ground state is likely stabilized by configuration

interaction (CI) via the corresponding, doubly excited electronic state within the

Fe–NO π backbond. Based on these considerations, the energy surface of the Fe

(II)–NO+ ground state crosses that of the ls-Fe(III)–NO(radical) state at an Fe–NO

distance of only about 1.70–1.76 Å, i.e., the ground state of the complex changes

around that Fe–NO distance. This is accompanied by the transfer of one electron

from Fe(II) back to NO+, forming a ls Fe(III) center with a bound NO radical. If the

dissociation of NO would be mediated by this ls-Fe(III)–NO(radical) state, then the

predicted dissociation energy would be quite similar to that of ferrous

heme–nitrosyls, so this result still cannot explain the distinctive thermodynamic

weakness of the Fe–NO bond in the ferric case.

Upon a further elongation of the Fe–NO bond, the ls-Fe(III)–NO(radical) energy

surface crosses that of the hs-Fe(III)–NO(radical) state (S ¼ 2) at a Fe–NO distance

of about 1.9 Å (see Fig. 24). This transition corresponds to a spin crossover of the

iron(III) center and is related to the fact that the 5C ferric heme product is actually

in the high-spin state. Importantly, the hs-Fe(III)–NO(radical) energy surface is
dissociative with respect to the Fe–NO bond. This causes a dramatic drop in the

thermodynamic stability of the ferric Fe–NO complex, from about �10 kcal/mol in

the ls-Fe(III)–NO(radical) state to only about �4 kcal/mol (calculated) in the hs-Fe

(III)–NO(radical) state. Therefore, the properties of the hs-Fe(III)–NO(radical)
energy surface determine the thermodynamic weakness of the Fe–NO bond in ferric
heme–nitrosyls and the large dissociation rate constant of NO. In other words, once
the system is in the hs-Fe(III)–NO(radical) electronic state, the dissociative nature

of the corresponding energy surface will actually drive the NO away from the metal

center, causing a distinct increase in the NO dissociation rate compared to ferrous

heme–nitrosyls. Hence, the experimentally derived Fe–NO force constant is not a
measure for the stability of the Fe–NO bond in this case. These quantities are

actually completely unrelated, because they depend on the properties of different
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electronic states [54]. In this way, NO can form a strong Fe–NO bond and at the

same time, be a weak ligand to a ferric heme.

4.2.2 Effect of Axial Thiolate and Other Anionic Ligand Coordination

As mentioned above, ferric heme–nitrosyls with axial imidazole or neutral N-donor

coordination generally show linear Fe–N–O units. It was therefore a surprise when

a bent Fe–N–O unit with an Fe–N–O angle of 161� was observed for the ferric NO

adduct of fungal Cyt. P450 NO reductase via X-ray crystallography (see Fig. 18)

[178]. This initial finding met some skepticism as to whether this result is real or

due to an artifact, and whether the bending was induced by steric or electronic

factors. The latter question was settled in 2006 when the first (and only) crystal

structure of a corresponding model complex, [Fe(OEP)(SR-H2)(NO)], was

published, which shows a similarly bent Fe–N–O unit as in the enzyme [74].

Directly analogous ferric {FeOEP} model complexes with axial imidazole coordi-

nation show linear Fe–N–O units in comparison [78]. DFT calculations further

support the idea that the bending of the Fe–N–O unit in the presence of an axial

thiolate ligand as well as the simultaneous weakening of the Fe–NO and N–O bonds

(reflected by the corresponding vibrational stretching frequencies) are due to an

electronic effect, i.e., a trans effect of the thiolate ligand [3, 137]. More recent work

has shown that similar effects are also observed when other anionic ligands are

bound trans to NO [81]. Hence, this is a general effect of proximal anionic ligand

coordination, where the magnitude of the bending of the Fe–N–O unit and the

decrease of the strength of the Fe–NO bond are directly correlated with the donor

strength of the axial anionic ligand. This is nicely illustrated in Fig. 25, where

trifluoroacetate (top, left) is the weakest donor with the most linear Fe–N–O unit

and the strongest (shortest) Fe–NO and N–O bonds, and thiophenolate (bottom,

right) is the strongest donor with the most bent Fe–N–O group and the weakest

Fe–NO and N–O bonds. The calculated structures of [Fe(P)(CF3COO)(NO)] and

[Fe(P)(SR-H2)(NO)] are very close to the experimentally determined structures of

corresponding TPP2� and OEP2� complexes, respectively, indicating that DFT is

able to predict these properties with high accuracy [81, 137]. Further analysis of the

computational results shows that the ground state of these complexes is best

described as Fe(II)–NO+, just as in the case of the ferric heme–nitrosyls with

axial imidazole or N-donor coordination [137]. Hence, the Fe–NO interaction is

dominated by π backbonding between Fe(II) and NO+. However, the change in the

Fe–NO bond as a function of the donor strength of an axially coordinated anionic

ligand cannot correspond to a change in this π backbonding interaction, as this

would lead to an inverse correlation of the Fe–NO and N–O bond strengths, and

hence vibrational stretching frequencies. Figures 19 and 25 demonstrate that this is

not the case, and that instead a direct correlation of the Fe–NO and N–O bond

strengths (lengths) and vibrational stretching frequencies is observed. This raises

the question which orbital interaction could be responsible for this curious

observation.
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[Fe(P)(CH3COO)(NO)]

1.158

1.656

1.905

170.6

[Fe(P)(SPh)(NO)][Fe(P)(NO2)(NO)]

1.162

1.685

2.343

164.4

1.158

1.676

2.067

165.4

[Fe(P)(CF3COO)(NO)]

1.155

1.637

1.936

175.8

Fig. 25 BP86/TZVP calculated structures of [Fe(P)(X)(NO)] complexes (X ¼ anionic ligand).

Fe–N–O angles and Fe–NO, N–O and Fe–X bond distances are indicated. Adapted from [81]

Fig. 26 Contour plot (left) and schematic drawing (right) of the key molecular orbital A2u þ pzðSÞ
dz2 σ� of [Fe(P)(SPh)(NO)] that illustrates the σ backbond into the σ* orbital of the Fe–N–O subunit,

mediated by the sulfur donor orbital pz (reprinted with permission from [137]. Copyright 2007

American Chemical Society)
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Detailed analysis and comparison of the obtained wavefunctions from the DFT

calculations show that this effect is actually correlated to backbonding into a σ*
orbital of the Fe–N–O unit as illustrated in Fig. 26. This σ* orbital is fully

antibonding with respect to the Fe–N–O unit and normally unoccupied. However,

this orbital becomes partially occupied by admixture into the occupied, low-lying σ
donor orbital of the anionic trans ligand to NO (see Fig. 26). The stronger the

σ-donor properties of the proximal ligand, i.e., the higher the corresponding donor

orbital is in energy, the more pronounced this admixture becomes. An increase in

occupation of this σ* orbital via this indirect mechanism then causes an increase in

the bending of the Fe–N–O unit and a concomitant weakening of the Fe–NO and

N–O bonds (the latter is due to the fully Fe–N–O antibonding nature of this orbital)

[137]. Analysis of the series of complexes shown in Fig. 25 further confirms this

correlation [81]. Note that this unusual σ backbond into the σ* orbital of the

Fe–N–O unit, mediated by the σ-donor orbital of the anionic trans ligand to NO,

is a new orbital interaction that has not been identified previously for any nitrosyl

complexes. The biological implications of these results are discussed in the next

paragraph.

4.2.3 Biological Implications

Although the electronic structure of ferric-heme nitrosyls with axial N-donor

coordination had generally been considered to be of Fe(II)–NO+ type as described

above, it was later proposed that in the nitrophorins (NO transport proteins) from

R. prolixus, the corresponding ferric NO adducts could have an Fe(III)–NO(radical)

type electronic structure [28]. However, recent investigations have shown that the

Fe(III)–NO(radical) state would lead to a distinctively weaker Fe–NO bond, and

lower Fe–NO and N–O stretching frequencies, whereas the spectroscopic properties

of the ferric NO adducts of rNps are very similar to other {FeNO}6 complexes in

heme proteins and model complexes [54]. Compared to experiment, it is therefore

apparent that all ferric heme–nitrosyl complexes characterized so far fall into the

regime of the Fe(II)–NO+ ground state. Calculations further show that the thermo-

dynamic weakness of the ferric Fe–NO bond is not a property of the ground state of

these complexes, but relates to the presence of the low-lying hs-Fe(III)–NO(radical)

state, which is dissociative with respect to the Fe–NO bond. Hence, ferric

heme–nitrosyls are intrinsically labile, since it can be expected that this hs state

will always be present at low energy in these systems. This result is highly

significant for the function of the NO transporter proteins mentioned above, but

also NO producing enzymes such as NOS and heme cd1 NIRs, since in all of these

cases the enzyme–product complex corresponds to a ferric heme–nitrosyl. Without

this lability of the ferric Fe–NO bond, these systems would not be able to efficiently

release NO from their active sites, hence rendering these NO transporting and

generating proteins inactive [3].

This is also true for complexeswith bound axial anionic ligands like carboxylates,

thiolates, and phenolates. However, in these cases an interesting σ-trans interaction

Structure and Bonding in Heme–Nitrosyl Complexes and Implications for Biology 209



is observed that leads to a further weakening of the Fe–NO bond and a bending of the

Fe–N–O unit. This explains the puzzling observations with respect to the geometric

structures of ferric NO adducts in Cyt. P450s. The biological significance of this

trans interaction lies in the observed further weakening of the Fe–NO bond. In NOS,

oxidation of L-Arg generates the NO-bound ferric heme as the enzyme–product

complex. In this sense, the presence of the axial thiolate helps to ensure a rapid

release of NO. These aspects are discussed in detail in [3].

Finally, the presence of the proximal cysteinate ligand is crucial for the mechanism

of fungal Cyt. P450 NOR [126]. This aspect is further discussed in Sect. 6.1.

5 Ferrous Heme–Nitroxyl Complexes

Ferrous heme–nitroxyl complexes, {FeNO}8, are the one-electron reduced forms of

ferrous heme–nitrosyls. These species have been proposed to be key intermediates

in NO and nitrite reductase chemistry as discussed further in Sect. 6. In addition, in

the light of the emerging biological role of HNO (the protonated form of the

nitroxyl anion) [30, 31], the interaction of ferrous hemes with HNO has become

of increasing interest. A number of corresponding {FeNO}8 model complexes have

been prepared, and in addition, the HNO adduct of ferrous Mb has been reported in

the literature. This section provides a brief summary of the properties of these

important species.

In model complexes, the unprotonated {FeNO}8 species can be generated in a

straightforward way from the corresponding ferrous heme–nitrosyls using electro-

chemical techniques. However, this requires very negative potentials as shown in

Table 5. The only exception is the complex [Fe(TFPPBr8)(NO)], which is

substituted by a large number of electron withdrawing groups.

In initial studies, Kadish and coworkers demonstrated the reversible one-electron

reduction of 5C ferrous heme–nitrosyls via UV–vis spectroelectrochemistry, utilizing

TPP2� and OEP2� ligands, to generate the corresponding Fe(II)–NO� complexes

[179, 181]. Ryan and coworkers reported additional vibrational characterization of

both [Fe(TPP)(NO)]� and [Fe(OEP)(NO)]� and related compounds [161, 182].

Finally, using the extremely electron withdrawing porphyrin H2TFPPBr8,

Table 5 Half wave potentials (in V versus Fc/Fc+) for the one-electron reduction of ferrous

porphyrin nitrosyl model complexes (Fc/Fc+ ¼ 624 mV versus SHE)

Complex Solvent {FeNO}7/{FeNO}8 References

[Fe(OEP)(NO)] CH2Cl2 �1.59 [179]

[Fe(3,5-Me-BAFP)(NO)] THF �1.78 [64]

[Fe(To-F2TPP)(NO)] 1,2-DCE �1.18 [64]

[Fe(To-(NO2)2-p-tBuPP)(NO)] 1,2-DCE �1.18 [64]

[Fe(TPP)(NO)] CH2Cl2 �1.42 [179]

THF �1.47 [179]

[Fe(Tper-F5TPP)(NO)] 1,2-DCE �1.13 [64]

[Fe(TFPPBr8)(NO)] CH2Cl2 �0.65 [180]
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Doctorovich and coworkers were able to isolate the corresponding 5C Fe(II)–NO�

species, obtained by electrochemical or chemical reduction of the Fe(II)–NO starting

material [180, 183]. As illustrated in Fig. 22, the one-electron reduction of the

{FeNO}7 complexes causes a distinct drop in the N–O stretching frequency from

1,670–1,700 cm�1 to about 1,440–1,500 cm�1 in the {FeNO}8 products, which can be

easily followed by spectroelectrochemicalmethods as illustrated in Fig. 27 for [Fe(To-
F2TPP)(NO)] [64]. As discussed in detail in Sect. 4.1.2, the one-electron reduction of

low-spin ferrous heme–nitrosyls essentially leads to a double occupation of the SOMO

of the {FeNO}7 startingmaterial as illustrated in Scheme 3. In the 5C case, the SOMO

corresponds to the very covalent interaction betweenπ�h anddz2 (see above), and hence
the resulting {FeNO}8 complex, formally of Fe(II)–NO� type, has an electronic

structure that can be considered intermediate between Fe(II)–NO� and Fe(I)–NO

[126]. Since the addition of one electron to the SOMO of the {FeNO}7 complexes
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Fig. 27 Infrared spectra for the spectroelectrochemical reduction of [Fe(To-F2PP)(NO)] (top,
natural abundance isotopes) and [Fe(To-F2PP)(

15N18O)] (bottom) [64]

Scheme 3
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causes a strengthening of the Fe–NO σ bond (as indicated by an increase of the trans
effect of NO [64]), but also a loss of π backbonding and an increase in Coulomb

repulsion between the doubly occupied π* orbital of the bound 1NO� ligand and the

occupied dxz orbital of iron (in the coordinate system applied in Scheme 1), one would

expect that the strength of the Fe–NO bond should only show small changes in

{FeNO}7 versus {FeNO}8 complexes. This was confirmed by Ryan and coworkers,

who identified the Fe–NO stretch of [Fe(TPP)(NO)]� at 525 cm�1 [161], close to the

value of 532 cm�1 in [Fe(TPP)(NO)] [69]. Unfortunately, all efforts to prepare the

correspondingHNOcomplexes by treatment of the {FeNO}8model systemswith acid

failed, as this leads to disproportionation of the putative HNO complexes, generating

the ferrous heme–nitrosyl starting materials plus H2 [64, 161, 180].

So far, ferrous heme-HNO complexes could only be prepared in heme proteins,

most famously by Farmer and coworkers in Mb via both reaction of deoxy-Mb with

HNO donors, or by one-electron reduction of the Mb(II)–NO complex [184, 185].

The reduction potential for theMb–NO adduct is about�650mVversus NHE [186],

which is at the borderline for biological systems [187]. Correspondingly, strong

reductants like Cr(II) compounds are needed in order to effect the formation of the

Mb(II)–HNO complex. Compared to the model complexes with TPP2� and OEP2�

ligands, the reduction potential of the Mb(II)–NO species can be estimated to be

several hundreds of millivolts more positive, in the range of the fluorinated

complex [Fe(To-F2TPP)(NO)]. The reason for this shift of the reduction potential

of Mb(II)–NO toward positive values is likely the coupling of the reduction of this

species to a proton transfer, leading directly to the generation of the HNO complex.

This also indicates that the Fe(II)–NO� species is very basic and easily picks up a

proton, as predicted by DFT calculations [126]. Once formed, the Mb(II)–HNO

Fig. 28 Computational models for the Mb(II)–HNO adduct, showing two possibilities for the

proposed, dual hydrogen bonding network of the coordinated HNO ligand (reprinted with permission

from [188]. Copyright 2011 American Chemical Society)
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complex is very stable in solution [184], indicating that HNO is strongly coordinated

to the ferrous heme center ofMb. Recent computational studies present evidence that

this unexpected stability could also be due to a dual hydrogen bond formation where

the coordinated HNO ligand acts both as a hydrogen bond donor and acceptor

(involving the distal His and a nearby water molecule) as shown in Fig. 28 [188].

Although a crystal structure of theMb(II)–HNO adduct is not available, extended

spectroscopic characterization of this species by 1H-NMR, X-ray absorption, and

resonance Raman spectroscopy has elucidated the geometric and electronic properties

of this complex in detail [189, 190]. These results show that theFe(II)–HNOcomplex is

clearly N-protonated. This species exhibits Fe–NO and N–O stretching frequencies of

651 and 1,385 cm�1, respectively. Computational results further demonstrate that this

N–O stretching frequency is also indicative of N-protonation of the bound nitroxyl

ligand [126].

HNO itself is a weak σ-donor to a ferrous heme and acts mostly as a π
backbonding ligand [42, 126, 191]. This has important implications with respect

to recent proposals that HNO is able to activate sGC in a similar way as NO, i.e., by

binding to the 5C ferrous heme in the sensor domain of this protein [192]. However,

while NO is a strong σ-donor and hence binding of NO leads to a great labilization

of the trans Fe–His bond (see above), recent computational work has shown that

this is not the case for HNO [42]. These studies demonstrate that HNO behaves

more similarly to CO and should therefore not be able to activate sGC to any

significant degree via binding to its heme site [156].

6 Heme–Nitrosyl Complexes as Intermediates in

Enzyme Catalysis: New Computational Insight

6.1 Fungal Nitric Oxide Reductase

In fungal cytochrome P450 NOR (P450nor), it has been shown that a ferric

heme–nitrosyl complex is the first intermediate of catalysis. Experimentally, this

species is then reduced by direct hydride transfer from NADH, leading to the

generation of Intermediate I [193], which finally reacts with a second molecule of

NO to generate N2O [3, 24]. Following computational studies further refined the

mechanistic picture as shown in Fig. 29 [126]. Direct hydride transfer to the bound

NO in the ferric heme–nitrosyl complex generates a ferrous nitroxyl intermediate,

which is N-protonated (species 3a in Fig. 29). The analogous O-protonated form is

26 kcal/mol higher in energy and hence, energetically unfeasible. Importantly, the

presence of the axial thiolate ligand increases the basicity of the bound HNO ligand:

while in the Mb case, the Fe(II)–HNO complex is stable as described in Sect. 5, the

computational results indicate that the proximal Cys ligand increases the basicity of

the bound HNO ligand and leads to a further protonation of this species, generating

a formally Fe(IV)–NHOH� complex. This species is identified as Intermediate I

(species 4 in Fig. 29; see also [194]), which is reactive toward a second NO
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molecule. This reaction can be envisioned as a two-step process where first the

incoming NO reduces the Fe(IV) center, followed by addition of the generated NO+

molecule to the N-atom of the bound NHOH–ligand, generating the N–N bond.

Further tautomerism generates the relatively stable hyponitrite complex 7b, which

finally decomposes to N2O and a water molecule. This mechanism is shown in

Fig. 29 [126].

Most recently, Riplinger and Neese have reported large-scale QM/MM

calculations on Cyt. P450nor [52]. In particular, they investigated the question

whether the HNO or the corresponding protonated NHOH complex is more reactive
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toward the second NO molecule in order to predict which one of these species

would more likely correspond to the reactive Intermediate I. Their results have

clarified further details of the mechanism of this enzyme. First, it is shown that the

doubly protonated species is more reactive toward NO and therefore likely

corresponds to Intermediate I as previously proposed. Importantly, the authors

further evaluated different electronic descriptions of this species and concluded

that Intermediate I is best described as Fe(III)–NHOH(radical) complex. This

changes the mechanistic scenario for the following reaction with the second NO

molecule, which should then be considered a radical recombination reaction that is

responsible for N–N bond formation. Finally, in the QM/MM calculations the

formed hyponitrite species does not remain bound to the ferric heme center, but

dissociates into the heme active site pocket prior to spontaneous decomposition into

N2O and H2O. This result from the QM/MM treatment is certainly surprising and

contrasts the previous findings shown in Fig. 29. In summary, the combination of

the experimental results for P450nor with the computational findings described in

this section provides a very detailed picture of the mechanism of this enzyme, with

only a few issues remaining to be resolved. Cyt. P450nor therefore constitutes the

paradigm of how NO can be bound and activated by a single heme center.

6.2 Bacterial Nitric Oxide Reductase

In contrast to the detailed mechanistic insight accomplished for Cyt. P450nor, the

mechanismof the respiratory bacterialNO reductase (NorBC) ismuch less understood

[3, 22, 169]. The active site of this enzyme contains a His-ligated heme b3 with a non-
heme iron center (called FeB) in close proximity [23]. Initially, a trans-type mecha-

nismwas proposed, where both the ferrous heme and the non-heme iron center would

bind onemolecule ofNO each, followed by radical coupling of the NO ligands to form

the N–N bond and generate a hyponitrite intermediate [167]. As discussed in

Sect. 4.1.5, although 6C ferrous heme–nitrosyls have the appropriate electronic

structure for this type of radical reactivity, they do not spontaneously dimerize or

couple with free NO, and hence, this reaction does not seem feasible for ferrous

heme–nitrosyls. This is likely related to the fact that these species are thermodynami-

cally very stable. In addition, ferrous non-heme iron–nitrosyls have an electronic

structure best described as hs Fe(III) with a bound triplet NO�, and hence, their

electronic structure does not support the idea of a radical-type N–N bond formation

[168]. Based on these considerations, and inspired by the mechanism of P450nor,

researchers started to focus their attention on so-called cis-type mechanisms where

one of the iron centers (either the heme or the non-heme iron) would bind one

molecule of NO, which could then become activated, for example by reduction,

before reaction with the second NO molecule occurs. Computational results by Yi,

Shen, and Richter-Addo and coworkers suggest that a ferrous heme–nitrosyl only

becomes reactive toward a second NO molecule if one additional electron and one

proton are available [195]. In their DFT results, this leads to the formation of a ferric
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hyponitrite species that closely resembles species 7b in Fig. 29, except that the

hyponitrite is only singly protonated. Transferring these findings back to NorBC

would implicate a mechanistic picture where one NO would be bound to the ferrous

heme center, followed by one-electron reduction (and potentially protonation) of the

bound NO by electron transfer from the FeB site, and subsequent reaction with the

secondNOmolecule. This scenario corresponds closely to the cis-heme b3mechanism

proposed previously for NorBC [22]. However, there is a key problem with this

mechanism: as discussed in Sect. 5, the one-electron reduction of a ferrous

heme–nitrosyl (even if coupled to a proton transfer) requires very negative potentials

that are outside of the available redox potentials for the cofactors in NorBC. In

particular, the FeB center seems to have a very positive redox potential [3, 196],

which contradicts the idea that the ferrous FeB center could reduce the heme b3 NO
adduct in the NorBC active site.

Recent DFT results by Blomberg and Siegbahn show a potential pathway how a

cis-heme b3 type mechanism could nevertheless be achieved by utilizing the FeB site

directly [51]. Here, the idea is that the first NOwould bind to the ferrous heme b3 site
in a way that it bridges to the ferrous FeB center, which coordinates to the O-atom of

the NOmolecule. The resulting structure is shown in Fig. 30. The polarization of the

bridging NO ligand by the FeB center is proposed to induce an electronic structure

that is of (heme)Fe(III)–NO� type, which makes this species reactive toward the

secondNOmolecule. Note that such a polarization of a heme-bound NOmolecule in

Fig. 30 Computational

model of the differous form of

the active site of NorBC with

one NO molecule bound,

which (in this proposed

mechanism) bridges between

the two metal centers. Spin

densities and bond lengths are

indicated (reprinted with

permission from [51].

Copyright 2012 American

Chemical Society)
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the presence of a divalent cation in close proximity has recently been reported (see

Sect. 3.1.3) [119]. In this case, a second metal binding site has been engineered into

the Mb active site to generate a model for NorBC. When NO is bound to the heme in

the presence of Fe(II) or Zn(II), a drop of the N–O stretching frequency to

~1,550 cm�1 is observed, indicating that the ferrous heme–nitrosyl complex adopts

some Fe(III)–NO� character in the ground state. However, it is not clear whether the

NO ligand bridges between the metal centers in this case, and whether the observed

polarization of the heme-bound NO leads to an activation of this ligand. In the

mechanism proposed by Blomberg and Siegbahn, the bridging NO complex in

Fig. 30 reacts directly with the second NO molecule (without any protons required)

to form a cis-hyponitrite intermediate that is coordinated with both O-atoms to the

resulting ferric FeB center [51]. This species decomposes by release of N2O, forming

the diferric oxo-bridged form of the active site.

An alternative to this scenario would be a cis-FeB mechanism, where the first NO

molecule binds to the FeB center instead of the heme [22]. This opens up a number

of mechanistic possibilities as discussed in [169], for example a reduction of the

ferrous FeB–NO complex by the heme b3. At least in terms of the reduction

potentials of ferrous heme versus non-heme iron–nitrosyls, this would be a much

more feasible possibility [168]. Further work is necessary to fully elucidate the

mechanism of NorBC.

6.3 Multiheme Cytochrome c Nitrite Reductase

Multiheme Cyt. c NIRs catalyze the six-electron reduction of nitrite to ammonia

without the release of any detectable intermediates [197, 198].Due to the large number

of hemes present in these enzymes, it is very challenging to obtain experimental insight

into their molecular mechanism [199]. It is thought that the first step of the reaction

after binding of nitrite corresponds to the reduction of nitrite to NO, as observed for

heme cd1 NIRs and deoxy-Mb/Hb [3], generating a ferric heme–nitrosyl, {FeNO}6,

intermediate. The further reduction of this species will then generate a ferrous

heme–nitrosyl, {FeNO}7, as the next intermediate. However, generation of this

species is problematic, as ferrous heme–nitrosyls are notoriously stable and

unreactive, which is an underlying theme of this review. For example, in P450nor

the generation of a ferrous heme–nitrosyl is specifically avoided by direct two-electron

reduction (via hydride transfer) of the corresponding {FeNO}6 intermediate (see

above and Fig. 29). However, it seems that electron transfer in multiheme CcNIR
occurs in one-electron steps [200], which makes the generation of a ferrous

heme–nitrosyl as an intermediate unavoidable. Since ferrous heme–nitrosyls cannot

be protonated, the next step of the reaction has to be another one-electron reduction to

afford a ferrous heme–nitroxyl, {FeNO}8, level intermediate, which is likely

protonated. As described in Sect. 5, the reduction of an {FeNO}7 complex to generate

an Fe(II)–HNO species is challenging and requires very negative potentials. Recent

DFTcalculations byBykov andNeese using an extendedmodel of the enzyme’s active

site provide further ideas of how this reduction step could bemediated byCcNIRs [53].
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The results from these calculations indicate that the unfavorable reduction energy of

the {FeNO}7 complex can be compensated by simultaneous proton transfer to amino

acid side chains in the enzyme’s active site. The energy gain from the protonation of

the amino acid side chains then offsets the energetic “punishment” for reducing the

{FeNO}7 species. This is an interesting concept that provides a general strategy for

enzymes to overcome unfavorable reduction reactions by proton-coupled electron-

transfer (PCET) that involves not only the heme complex but also amino acid side

chains of the active site. Further work is clearly necessary to better understand the

complex reaction mechanism of CcNIRs.

7 Conclusions

Due to the extraordinary significance of nitric oxide in biological systems as a

signaling molecule, immune defense (antimicrobial) agent and metabolite/interme-

diate in the global nitrogen cycle, the coordination chemistry of hemes with NO and

its derivatives remains a primary research target, despite the fact that this topic has

been studied for more than 30 years. Much progress has been made in our under-

standing of the geometric and electronic structures of ferrous and ferric

heme–nitrosyls as a function of the properties of the heme, the trans ligand to

NO, and the environment of the heme in a protein active site, and the recent

developments are summarized in this review. A very good understanding of the

properties of these systems has now been achieved, and this forms the basis for

elucidating the roles that these species play in biology. Current research efforts

focus on ferrous heme–nitroxyl complexes, the properties and reactivities of which

are less well understood compared to their ferrous and ferric heme counterparts. In

addition, in the light of the potential roles of HNO in biology, the interaction of this

molecule with metal sites is a topic of strong current interest. Finally, current

research efforts are focused on the elucidation of enzyme reaction mechanisms

that involve NO and its derivatives, which is heavily based on computational

methods. It can be expected that key breakthroughs in our mechanistic understand-

ing of NO and (multielectron) nitrite reductases, NO – nitrite interconversions in

mammals, and of multielectron oxidases that involve ammonia and hydroxylamine

will be achieved in the coming years.
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Medical Applications of Solid Nitrosyl

Complexes

Phoebe K. Allan and Russell E. Morris

Abstract Solid nitrosyl compounds are under investigation as ways of delivering

nitric oxide for medical applications. This contribution discusses the role of nitric

oxide in biology and the need for solids that can be used to store and deliver the gas

in biologically relevant amounts. The types of solid that make suitable gas storage

media are discussed, as is the relationship between nitric oxide storage and other

areas of gas storage research. The particular materials that show most promise for

nitric oxide delivery are discussed in detail, including their preliminary medical

applications on humans. Finally, a forward look is described as to how current nitric

oxide technology is informing other potential gas delivery applications in medicine.
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1 Nitric Oxide in Biology

Cells signal to each other in order to coordinate cellular actions. This intercellular

signaling takes place through the use of neurotransmitters. Chemicals traditionally

recognized as neurotransmitters are compounds produced by neurons and stored in

vesicles until stimulation of the neurons trigger their release (Fig. 1, top). They bind

to specific membrane receptors in a neighboring cell to produce a physiological

effect. “Gasotransmitters” are a group of small gaseous molecules that exhibit a

similar signaling function in the body but through a different mechanism. They

function without receptors because they are freely permeable to cell membranes

(Fig. 1, bottom) [1]. The term gasotransmitter was first used in a paper by Rui Wang

[2], in order to distinguish the receptor-independent signaling nature of these

molecules from that of traditional neurotransmitters. Wang suggested that for a

molecule to be considered a gasotransmitter, a number of criteria must be met

(Table 1) [1]. Most importantly, the molecule must be produced endogenously

(within the body) for a specific biological function. The term gasotransmitter

additionally serves to recognize the similarities between signaling methods

employed by each of the gasotransmitter molecules and to group the molecules

together.

To date, three gasotransmitter molecules have been proposed: nitric oxide,

carbon monoxide, and hydrogen sulfide. Ironically, considering this biological

role, the reputation of all of these gases is for being detrimental to health; inhalation

of high concentrations of any of the three can be lethal. Nitric oxide is best known

for being an atmospheric pollutant as part of NOx, a component of smog. Carbon

monoxide is a common household hazard produced by incomplete combustion of

fossil fuels, and is undetectable by the human senses making it known as the “silent

killer.” Hydrogen sulfide has a toxicity of similar potency to cyanide and is

responsible for the characteristic smell of rotten eggs.

However dangerous large doses of these gases are, it has been shown that small

amounts of all three gases are actually vital to human health. In fact, the body

produces a small but biologically significant amount of all three gases and they are

known to modulate cellular functions by influencing a range of intercellular signal-

ing processes. The significance of this discovery was reflected in the award of the

1998 Nobel Prize for physiology to the three American scientists, Murad,

Furchgott, and Ignarro for the discovery of the endogenous production of NO. In

addition to the three accepted gasotransmitter molecules, recent reports suggest that

the small gaseous sulfur dioxide molecule also plays a gasotransmitter role within

the body [3, 4], and other gases such as carbonyl sulfide [5] and nitrous oxide [6]

have been suggested for investigation.

Here, we consider the endogenous production and biological effects of nitric

oxide before outlining the work done toward using exogenous dosage of nitric
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oxide as a medical device. We summarize work done using chemical donors –

polymers, porous materials, particularly zeolites and metal–organic frameworks

(MOFs) – as delivery vessels for this gas. Finally, we briefly consider the role that

the other gasotransmitters could play and the in vivo interactions of the gases.

Fig. 1 Schematics of mechanism of neurotransmitter (1-1a, top) and gasotransmitter (1-1b,

bottom) action

Table 1 Criteria for

gasotransmitters
1. They are small, gaseous molecules

2. They are freely permeable to cell membranes

3. They are endogenously and enzymatically produced and

regulated

4. They have specific well-defined biological roles at specific

concentrations
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1.1 Endogenous Production of Nitric Oxide

Endogenous production of nitric oxide was suggested in 1987 when reports from

the groups of Louis Ignarro and Salvador Moncada suggested that nitric oxide was

responsible for the relaxation of endothelial cells1 in blood vessels [7, 8]. Direct

evidence that endogenous nitric oxide production was responsible for this effect

was given shortly thereafter by the use of isotopic labeling of nitrogen in arginine in

endothelium cell cultures [9].

It is now well established that the bulk of endogenous nitric oxide is formed by

the reaction of the amino acid L-arginine (which provides the nitrogen of the NO)

with oxygen gas to form citrulline and nitric oxide. The reaction is shown in Fig. 2.

This reaction is catalyzed by the family of enzymes called nitric oxide synthase

(NOS). There are several isoforms of NOS: the constitutive forms, eNOS and

nNOS, which are expressed within tissues in all physiological conditions, and an

inducible form, iNOS, which only exists when induced by the switching on of a

central gene. All forms involve a central metal ion such as zinc, copper, or iron

within a heme moiety.

The mechanism by which nitric oxide is formed is similar for all types of NOS

[10]. Electrons are required for the conversion and these are provided by the

chemical nicotinamide adenine dinucleotide phosphate (NADPH) which, while

not part of the NOS enzyme itself, is essential to the enzyme activity. NOS has

two distinct domains which take part in the conversion of L-arginine: reductase and

oxygenase. The reductase domain contains two cofactors,2 flavin mononucleotide

(FMN) and flavin adenine dinucleotide (FAD), which receive the electrons from the

NADPH and pass them, via calmodulin, to the oxygenase domain. The oxygenase

domain contains, in addition to the NADPH, two cofactors: heme, where the

substrate oxygen binds to the iron before reacting with the L-arginine, and BH4,

whose role is currently unknown. The electrons from the reductase domain activate

the oxygen attached to the heme moiety and facilitate attack of the arginine. While

most nitric oxide is produced by the method above, other sources of nitric oxide

within the body are also known, such as S-nitrosothiols.
The endogenous concentration of nitric oxide has been estimated to be in the

nanomolar concentration range [11], which is quite low for something to show

significant biological activity. However, as NO is reactive and its lifetime in the

body is thought to be a few seconds at the most, there would not be much free nitric

oxide in tissues to be detected [7].

1 In blood vessels, endothelial cells exist in the endothelium, which is the single-layer of cells

between the hole through the middle of blood vessels where blood flows (the lumen) and the

exterior wall of the blood vessel (smooth muscle layer). Relaxation of the muscle layer increases

the size of the lumen and allows more blood to flow through the vessel, which is called dilation of

the blood vessel (vasodilation).
2 Cofactors are “helper molecules” for enzymes – chemical compounds which are not part of the

enzyme itself but are required for the enzyme to catalyze biochemical processes.
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1.2 Toxicity and Biological Activity of Nitric Oxide

The direct toxicity of nitric oxide is modest, but is greatly enhanced by it reacting

with superoxide to form peroxynitrite (ONOO-) [12]. The generation of excess

ONOO� leads to oxidative injury and lung damage culminating, at high dosages, in

pulmonary edema. On contact with oxygen, NO spontaneously produces NO2

which is considerably more toxic than nitric oxide itself.

The biological effects of nitric oxide appear to be ubiquitously present in the

body. Research is only in its infancy, and in many areas there is not a clear

consensus of the role NO performs, with many contradictory accounts of effects

being reported. Part of the reason for this is that endogenous levels of the gases must

strike a very fine balance; for example, nitric oxide deficiency can cause unwanted

effects such as hypertension, thrombosis, and a reduced ability to fight infection and

heal wounds [13] while overproduction of NO has been linked to conditions such as

septic shock and inflammation [14].

NO produced in the endothelium prevents platelet aggregation in healthy blood

vessels through a cGC-derived mechanism, implicating NO in wound healing and

thrombosis [15]. When the endothelium of a blood vessel is damaged, the level of

NO produced is lowered and platelet aggregation is no longer prevented. This leads

to platelet aggregation clotting and healing of the vessel. NO is known to regulate

the growth of new blood vessels and may regulate the production of new skin cells

during wound healing [16]. This, coupled with the roles NO plays in fighting

infection and in clotting, means that the endogenous dosage of nitric oxide has

been suggested to improve wound healing, particularly in situations where the

body’s wound healing mechanisms are lowered (such as in diabetic ulcers). There

are growing reports that H2S, like nitric oxide, has therapeutic potential in the

angiogenesis/wound healing area; in vitro studies demonstrate that hydrogen sulfide

induces angiogenesis and stimulates gastric ulcer healing in rodent models [17–19].

In cases where platelet aggregation is not associated with a wound, there is a

danger of clots which can prevent blood flow to key organs. This danger is

increased when foreign matter, which does not produce NO, is inserted into the

blood vessels, as is the case when stents are used to alleviate stenosis. Stenosis, the

narrowing of the blood vessels by fatty lipid deposits, is a very dangerous condition

which can increase blood pressure and strain on the heart. A stent at the end of a

Fig. 2 Nitric oxide production via the conversion of L-arginine to citrulline
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catheter is inserted into the vessel and a balloon is inflated to increase the size of the

lumen and increase blood flow. This procedure can damage the endothelium,

lowering NO levels and increasing risk of clots on the surface of the stent, forming

a thrombosis. Using stent materials which produce NO to mimic endothelial action

could have a role in preventing thrombosis.

NO is a known antibacterial agent. Macrophages, which are scavenger cells and

part of the immune system, protect the body from infection by killing and digesting

microbes via the production of toxic chemicals to destroy the microbe cells. These

chemicals are quickly removed from the body by enzymes, preventing them from

damaging cells of the host tissue. NO is known to be one of the chemicals produced

by macrophages and is involved in cell death, both necrosis3 and apoptosis,4 in its

produced form and via conversion to peroxynitrite and nitrate [20]. NO-induced

necrosis has also been suggested as the mechanism by which nitric oxide attacks

tumor cells, although the role of nitric oxide in cancer is neither simple nor well

understood at present [21].

The role of nitric oxide in inflammation is complex, and is both tissue- and

concentration-dependent. Nitric oxide is generally labeled as pro-inflammatory,

and the overproduction of NO by the inducible form of NOS (iNOS) has been

implicated in pro-inflammatory conditions such as rheumatoid arthritis. Despite

being pro-inflammatory, NO produced by eNOS is essential to wound repair and the

growth of new blood vessels in the area affected by inflammation, meaning that

therapies involving the inhibition of all NO production would not necessarily

improve inflammatory conditions. Drugs which down-regulate iNOS-induced nitric

oxide production without stopping production of eNOS-NO may possibly improve

inflammatory conditions, and the subtle structural differences between the enzymes

may mean that this level of selectivity is possible [22].

1.3 Potential of Gasotransmitters as Therapeutics

NO is an exciting potential therapeutic and the required concentrations of the gas

for particular biological applications are starting to be realized. It is thought, for

example, that for antiplatelet action very low concentrations of nitric oxide, of the

order of nano- to pico-molar, are required [23]. For antibacterial action, much

higher concentrations (millimolar) are needed. The biological effects are highly

dependent on the concentration of the nitric oxide, meaning that potential therapies

3Necrosis is cell death caused by factors external to the cell or tissue, such as infection, toxins, or

trauma. It is generally “messy” leaving behind debris in the body, and is normally detrimental to

tissue.
4 Apoptosis is programmed cell death. It results in cell fragments which can be engulfed and

removed from the body before the contents of the cell can spill out onto surrounding cells and

cause damage.
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require a method that allows delivery of the exact amount of gas appropriate to the

therapy at the desired rate.

There are number of difficulties with the dosage of nitric oxide; NO is a gas at

room temperature and pressure. Secondly, it is lethal in high doses, meaning that the

use of gas cylinders would have to be very tightly controlled and dosing an

appropriately small amount would be awkward and difficult. Additionally, any

exposure to oxygen causes immediate conversion to the extremely toxic NO2.

Inhalation of NO has been used extensively in biological experiments and, in

fact, has met with some success in the treatment of infants with respiratory failure

[24]. Recently, a delivery system specifically for dosing inhaled carbon monoxide

(CO), NO’s biologically signaling counterpart, has been developed by Ikaria to

provide quantitative delivery of pharmaceutical-grade CO for inhalation in propor-

tion to the subject’s body weight [25].

The short lifetimes in vivo of NO mean that systemic delivery may not be able to

dose the gas to the correct areas. Particularly for applications such as wound

healing, direct delivery of the gas to a targeted area is desirable, and this would

further avoid unwanted side effects of the gas’s action in other parts of the body.

Outside of inhalation, chemical compounds which release the gas when exposed

to a specific stimulus are the most widely researched source of gasotransmitters. NO

donors are a growing area of research. Exogenous sources of NO have unwittingly

been used as therapies for centuries; there are reports of potassium nitrate, which is

broken down by NOS to produce NO, being used to treat the discomfort and pain

associated with angina as early as 800 AD [20]. Glyceryl trinitrate, which is thought

to be metabolized to form nitric oxide is the most common treatment for

angina [26].5 Diazeniumdiolate compounds (NONOates) release nitric oxide in a

first order, proton-mediated reaction, and the rate of gas release from compounds

can be chemically controlled [27]. The drug Viagra works by prolonging the effect

of NO in the penis, where the gas acts to relax the vessels, thereby enhancing blood

flow [28]. S-nitrosothiols, when used as NO donor drugs, break down to form NO.

Some uses such as wound healing applications require topical delivery of the

gas. Topical delivery of nitric oxide has received the most attention. Acidified

nitrite creams have improved the wound healing time in both normal and diabetic

mice, but there is some concern with regard to skin inflammation. Dressings with

NO-releasing materials improved the wound healing time in diabetic mice

[29]. Coatings for stents and catheters which release nitric oxide and better mimic

endothelial nitric oxide production have been shown to decrease thrombosis forma-

tion [30–33]. This technology also requires materials which can release nitric oxide

at a rate which mimics endogenous production.

5 Angina is a condition caused by constriction of the arteries supplying the heart, putting increased

strain on the heart to maintain the same level of blood flow. Its symptoms are chest pain and

choking.
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2 Delivery of Nitric Oxide from Nitrosyl Complexes and

Clusters

Some NO complexes of transition metals (metal nitrosyls) are photosensitive, that

is, they release NO upon exposure to light. If NO release is of appropriate quantity

and rate, these complexes could deliver NO in a site specific manner to malignant

locations for applications such as apoptosis in tumor cells. Two main concerns for

these complexes are a low quantum yield meaning that long exposures of UV light

are required to release nitric oxide, which is harmful to tissues and low stability in

aqueous media, limiting their implementation in real applications. Several groups

have been active in the design of nitrosyl complexes which release nitric oxide

exclusively on exposure to light [34, 35].

Choice of metal-oxidation state, spin configuration, and the spectator ligands in a

complex can promote the release of nitric oxide and tailor the wavelength at which this

nitric oxide is released as well as the stability of the complex in various media [35]. To

increase the sensitivity of such compounds to visible light dyes have been added to the

molecules or directly ligating a light-harvesting chromophore to the ruthenium center

[36–38]. Initial work on iron and manganese complexes of the type (PaPy3)M(NO)

(BF4)2where PaPy3 is the pentadentate ligandN,N-bis(2-pyridylmethyl)amine-N-ethyl-
2-pyridine-2-carboxamide showed release exclusively on exposure to visible light with

reasonable quantum yield, but both iron and manganese complexes are unstable in

aqueous buffers when NO converts to NO2. The ruthenium complex [(PaPy3)Ru(NO)]

(BF4)2 showed much better stability but showed a lower quantum yield [38].

Recently, the photoactive manganese nitrosyl complex Mn(PaPy3)(NO)](ClO4)

releases nitric oxide on exposure to visible light and is fairly stable to aqueous media

[39]. Sensitivity of these compounds to wavelength can be adjusted by ligand replace-

ment; in the case of [Mn(PaPy3)(NO)](ClO4) pyridine ring of the PaPy3– ligand frame

with a quinoline moiety results in sensitivity in the near infrared region [40].

Photolytic delivery of nitric oxide in biological applications was actually

implemented during the initial period when the role of nitric oxide in biology was

emerging. Commercially available photolytic donors of nitric oxide were used as

NO donors in biological experiments. For example, [Ru(NO)(Cl)5]
2� releases nitric

oxide when exposed to light causing vasodilation in aortic rings, but NO release

also occurs spontaneously from these compounds meaning that careful controls are

required in any biological experiments [38]. In another example, clusters of

[Fe4S4(NO)4] irradiated with visible laser light were able to release NO both in

solution and when contained in the endothelium. This nitric oxide was able to dilate

rat arteries dependent of the length of exposure and wavelength of light used [41].

NO transfer to several proteins including hemoglobin, cytochrome c oxidase from
[(PaPy3)Ru(NO)](BF4)2 within milliseconds of laser-pulse activation has been

reported, as well as the activation of soluble granulate cyclase [35]. These materials

require incorporation into release platforms to be used in real applications. NO

released from photoactive nitrosyls has antibacterial action from a number of delivery

platforms [34, 42–44]. Mn(PaPy3)(NO)](ClO4) can be incorporated into a sol�gel
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matrix with a polyurethane coating and still shows a linear release of nitric oxide,

which was further shown to have antibacterial actions against Pseudomonas
aeruginosa, Escherichia coli, Staphylococcus aureus, and methicillin-resistant

S. aureus [44, 45]. When incorporated into aluminosilicate MCM-41 the system has

been reported to release micromolar concentrations of NO rapidly from the entrapped

nitrosyl while the photoproducts are retained in the host structure [42]. Authors

observed clearing of both drug-sensitive and drug-resistant strains of A. baumannii,
showing antibacterial properties of the released nitric oxide.A layered delivery system

using polydimethylsiloxane (PDMS) and Pluronic (R) F127 gel impregnated with,

[Mn(PaPy3)(NO)]ClO4 has recently been proposed for use in bandages [44].

In addition to reduction and photolysis, a method of NO release from ruthenium

complexes using the body’s mitochondria cells has recently been proposed.

Mitochondria are able to facilitate the release of NO from nitrosyl ruthenium

complexes because they are sources of reducing agents such as NADH, and this

indicates that the role of nitric oxide in site specific cell death could occur in

mitochondria-mediated processes and could find use in the treatment of tumors

and skin cancers [46].

2.1 Gas Storage in Porous Materials

Gas storage is a topical issue; with the projected exhaustion of fossil fuels, the

urgency of our search for new energy sources has increased, and porous materials

have been highlighted as a possible storage medium. Gas storage in zeolites has

been studied extensively, especially in those materials with extra-framework ions

which can interact with guest species [47]. Some MOFs have large surface areas

and high porosity and this means that they have the potential to store significant

amounts of gas in their pores. Most work to date has concentrated on gas storage for

environmental applications, and this can be broadly split into adsorption of poten-

tial fuel gases, hydrogen and methane [48–52], and the capture of carbon dioxide

and other hazardous gases [53, 54].

There are several potential advantages of using MOFs for gas storage compared

to gas cylinders. Firstly, there can be an increased storage density when compared

with gas cylinders, zeolites, and activated carbons [50]. Secondly, in applications

where only a small amount of gas is required, it could be easier to handle the gas in

the form of solid pellets with adsorbed gas whose capacity can be tailored for

application. Lastly, it might be safer to handle a gas when it is adsorbed in a solid,

especially if higher pressures can be avoided. This is particularly applicable in the

case of biological gases, where very controlled delivery of the gas is required.

Storage of a gas in a MOF requires large enough pore windows to allow the gas

molecules to diffuse into thematerial and an ability to keep themolecule in thematerial

through the interaction of the gas and the framework’s internal surface. Storage implies

that the gas can be removedwhen required, meaning the ability to trigger the release of

the gas from the material is necessary. Gas adsorption capacity is generally reported as
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adsorption isotherms, which quantify the amount of gas that a material adsorbs as a

function of partial pressure of the gas. In general, few gas release experiments are

performed, meaning that in reality if the delivery of gas is incomplete, the deliverable

storage capacity may be less than the adsorption values reported.

2.2 Methods of Gas Storage

When gas molecules enter the material, they can bind to sites on its internal surface.

This is adsorption. Adsorption is loosely divided into physical adsorption, or

physisorption, and chemical adsorption, or chemisorption. Physisorption is gener-

ally weak, is due to induced or permanent dipoles and is generally observed at low

temperatures with reduced capacity at higher temperature. Chemisorption involves

the exchange of electrons (formation of chemical bonds) between adsorbate and

adsorbant and is a much stronger interaction. While physisorption tends to be

completely reversible on the decrease in partial pressure, species chemisorbed to

a surface are likely to need an extra driving force such as heat for their removal.

For an uncharged gas molecule, the main interaction with the framework surface is

via physisorption. Because of this, uptake is generally correlated with higher surface

area, though this is not necessarily the only factor. The strength of interactions between

the framework and gases can be reflected by isosteric heats of adsorption, Qst

[55]. When van der Waals interactions dominate, Qst values are generally small; for

hydrogen gas, for example, the Qst for interaction with frameworks is typically in the

range of 4–7 kJmol�1 [56]. For largermolecules such asmethane, theColumbic portion

of the interaction is larger, meaning that the gas is more “sticky.” The relatively weak

interaction between the framework and the gas molecules is often the limiting factor

with regard to gas adsorption capacity, but there are a number of ways in which this

interaction energy can be increased through functionalization of the framework surface.

Unlike in zeolites, where metal ions exchanged into the framework sit extra- to the

framework and are readily available for interaction with guest species, the metal ions

within MOFs are an integral part of the structure. This means that in many cases their

coordination sphere is made up entirely of strong ligand bonds and so they are unable

to interact with guest species without breakdown of the framework. However, in some

cases where one or more coordination site is taken up by solvent molecules from the

synthesis, their removal leaves the structure with metals which are not coordinatively

saturated. These metals with empty sites in their coordination spheres are named

coordinatively unsaturated sites (CUS), or open metal sites. They can be very reactive

with a high affinity for guest molecules and can become involved in chemisorption

processes. CUS have been shown to enhance gas storage in a number of systems

[48]. TheCu-frameworkHKUST-1 ([Cu3(btc)2(H2O)3]) shown at the bottom of Fig. 3

was the first example of functionalizable CUS. The aqua ligands from the Cu-site can

be removed upon heating, and replaced by other groups such as pyridine [57]. The

Mn-framework Mn3[(Mn4Cl)3(BTT)8]2 (BTT ¼ 1,3,5-benzenetristetrazolate) was

reported by Dinca et al. to contain open Mn2+ coordination sites. Interaction with D2
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gives aQst value of 10.1 kJmol�1 at zero coverage at 77K, with aMn–D2 bond length

(2.27 Å) much shorter than would be expected for physisorption [58]. Similarly, the

interaction of H2 with the open Ni-sites in Ni-CPO-27 was shown to give Qst ¼ 13

kJ mol�1 at low coverages, the highest framework-H2 interaction energy to date [59].

Interaction of a guest with the ligand can also increase the energy of adsorption.

The higher methane capacity of IRMOF-6 compared to the other IRMOFs was

ascribed to interaction with the cyclobutyl 1,4-benzenedicarboxylate ligand

[60]. PCN-14, which combines both copper open metal sites and additional adsorp-

tion sites interacting with the anthracene ligand, shows the highest interaction

energy and adsorption capacity for methane to date [61, 62]. Use of amine-based

ligands has been shown to greatly increase the interaction of CO2 with the frame-

work. Interaction with organic groups can be increased further by grafting pendant

functionalities onto the surface; this strategy to introduce alkylamine functionality

onto bridging ligands or onto open metal sites can result in the increased uptake of

carbon dioxide [54].

Gas storage by framework flexibility has been reported for several frameworks

[63–69]. These transformations can include stretching, “breathing” and rotation and

in some cases the selective induction of framework transitions can lead to selective

gas adsorption properties through size selectivity or thermodynamic effects.

2.3 Metal–Organic Frameworks

MOFs, also known as coordination polymers, are extended materials which consist

of metal ions or clusters which act as polyhedral “nodes,” connected by multi-

dentate ligand molecules acting as linkers. Frameworks are formed by coordinate

Fig. 3 M3(btc)2 framework topology
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bonds into infinite arrays, sometimes forming crystalline solids. The first MOF

crystal structure was reported in 1959 [70], although significant research into the

science and applications of MOFs started in the 1990s. To date, several thousand

MOFs have been synthesized, usually via hydrothermal and solvothermal methods

(Sect. 2.1) but increasingly using other techniques such as microwaves and

electrochemistry [23].

2.4 Synthesis and General Features

MOFs can exist as one-dimensional chains, two-dimensional sheets or three-

dimensional frameworks. 2D and 3D structures can exhibit pores or channels

running through them which are usually filled with solvent molecules from the

synthesis. Many frameworks have fairly low thermal stability, but those which

show higher stability can have guest molecules removed from pores by exposing

the material to a vacuum or to heat. This results in materials with large pore

volumes and high surface areas of thousands of square meters per gram. This

compares favorably with several hundred square meters per gram for the most

porous zeolites (the maximum surface area is zeolite Y, at 904 m2 g�1) and

activated carbons which have a theoretical maximum surface area of

2,630 m2 g�1 [63]. The highest reported MOF surface area (BET) to date is

6,240 m2 g�1, shown by MIL-200 [71].

The connectivities and topologies of MOF structures are dependent on coordi-

nation preferences of the synthetic conditions. Metals provide coordination sites for

linkers and the geometry of the metal caused by oxidation states and coordination

numbers determines the shape of the node and therefore the geometry of the

framework. Linkers have multiple functional groups in order to act as a bridge

between metal centers. The most common linker atoms are oxygen and nitrogen –

carboxylates, phenol, pyridine, and imidazole donors are by far the most common

donor groups reported, though the use of more “exotic” functional groups such as

sulfonates, nitrates, and phosphonates are becoming increasingly common as the

search for new frameworks continues. Rigid linkers, where the movement of the

lone pair is restricted, increase the predictability of reactions and act as rods

between metal nodes which can lead to robust frameworks with permanent poros-

ity. Linkers with flexible binding modes have the potential to act as hemi-labile

ligands and can lead to coordinative flexibility in the framework. Counter anions

from reagents and solvents can act as reactants; both can take an active part in the

framework, or act as template ions. Reaction conditions are also known to have a

determining effect on the structure.

The range of metals and organic linkers available and the ability to change

experimental conditions gives potential for a seemingly infinite number of frame-

work topologies. However, in practice, the chemistry of these systems favor the in

situ generation of particular polyatomic metal units, meaning that the same

so-called “secondary building units” (SBUs) are seen over and over again
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[72]. This is analogous to aluminosilicate zeolite chemistry, where a description of

the structure can be given in terms of nine SBUs based on tetrahedral AlO4 and

SiO4 primary building units [47]. Some common secondary building units – the

Zn4O-cluster, the copper paddlewheel dimer, and Cr3(OH)-trimer – are shown in

Fig. 4.

It is possible to tailor the structure and properties of a framework. Firstly,

knowledge of SBU formation can be applied in order to design frameworks with

the same topology but utilizing different ligands, resulting in different pore sizes

and surface areas. The best known example of this “isoreticular synthesis” is the

IRMOFs reported by Yaghi and co-workers which use the same Zn4O-cluster with

different linkers to form a series of frameworks based on the same cubic topology

but with different pore sizes and chemical functionality and thus varying gas

adsorption properties [60, 73]. In a similar manner, the same framework topology

can be created with different metals, as demonstrated by the M-CPO-27 framework

where metals (Ni, Co, Zn, Mn, Mg, Fe) are linked by 2,5,-dihydroxyterephthalic

acid into a 3-D honeycomb framework, and the [M3(btc)2] framework, based on

M2-paddle-wheel units linked by benzenetricarboxylic acid (btc) which can be

synthesized with M ¼ Cu (where it is commonly called HKUST-1) Fe, Cr, Mo

(Fig. 3) [57, 74–76].

In addition to the range of frameworks which can be synthesized directly, it is

also possible to modify the framework after the initial synthesis. This strategy of

post-synthetic modification is frequently used to introduce functionalities to the

pores and channels of the material required for specific purposes [77]. Post-

synthetic modification can take several forms; removal of guest solvent molecules

through the application of heat could be described as the most simple of post-

synthetic modification procedures. Others include carrying out organic reactions on

functional groups within the framework, grafting functional groups either onto the

linker group or onto open metal sites in the material, or adding metal ions, clusters,

or other species into the pores in order to enhance a particular characteristic of the

material.

This ability to tailor a MOF’s structure to specific needs and requirements makes

them exciting for a range of applications. Initially, the high porosity of the materials

focused attention onto gas adsorption (see Sect. 2.2), but MOFs have since been

suggested for potential applications in areas such as gas separation [78, 79],

catalysis [80–82], luminescence and sensing [83, 84], magnetism [85], and

medicine.

Fig. 4 Common secondary

building units for MOFs:

Zn4O-cluster used in MOF-5

and IRMOFs (left);
Cu-paddlewheel dimer seen

in HKUST-1 (middle);
Cr-trimer found in MIL-101

(right)
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2.5 MOFs for Biological Applications

In recent years a growing area of research has involved MOFs for biological

applications [23]. The use of MOFs for biomedical purposes is attractive for a

number of reasons. MOFs are generally quite biodegradable because of the rela-

tively labile nature of the coordination linkages holding the materials together, and

this feature can be modified by the careful choice of metal and linker. Additionally,

there is a wide range of MOFs available including those which use nontoxic

components. This range lends itself to the idea that a MOF could be tailored for a

specific therapeutic purpose.

Several ways in which MOFs could be used for biological applications have

been suggested and this literature reviewed by Horcajada et al. [23]. Firstly,

MOFs could be used as a container to store and deliver biologically active guests.

Alternatively, the MOFs themselves could be biologically active or could be used

as a diagnostic for applications such as imaging within the body.

2.6 Porous Materials for Storage and Delivery of Nitric
Oxide

The exogenous dosage of gasotransmitter molecules has been shown to have

beneficial medical effects. Unlike with gas storage and release for energy

applications, it is not the amount of the gas stored but the release amounts and

rate which are key [49].

Both zeolites and MOFs have been shown to store and release NO. There are two

ways of storing NO in a structure (Fig. 5). The first is through the formation of

diazeniumdiolate (or NONOates), which can deliver nitric oxide on exposure to

water, and the second is by coordination of nitric oxide to a metal. The interaction of

NOwith zeolite materials is well characterized due to their use as deNOx catalysts to

remove the NO and NO2 molecules from car exhaust fumes. Some of the NO is

bound weakly by physisorption and some binds to the metal site making a strong,

chemisorption interaction. The chemisorbed nitric oxide is not released from the

material even at low pressures, making the adsorption irreversible. Both single-

crystal experiments [86] and IR studies indicate that this chemisorption component

involves the interaction of nitric oxide with the metal sites in the zeolite [86–88].

The different structures of zeolites give some measure of control over the

kinetics of release. Work by Wheatley et al. [89, 90] probed the effect that zeolite

topology and extra-framework cations had on NO adsorption and release, and

concluded that the most effective framework topology was LTA. Different metal

cations within the same zeolite framework topology (LTA) gave rise to differing

adsorption capacities and rates of release, with cobalt showing the best

characteristics – adsorption of 1.7 mmol g�1 of nitric oxide at 1 atm. of NO and

at room temperature.
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On the reduction of pressure, the weakly held physisorbed nitric oxide was

removed leaving the irreversible chemisorbed content within the material. Upon

exposure to moisture, water replaces the NO on the extra cation site and the nitric

oxide is released. The zeolites show release of NO that is comparable in quantity to

the adsorption process, although the total amount which is adsorbed is not released.

The toxic nature of cobalt makes it unsuitable for some applications, so the much

less toxic zinc framework, despite showing less ideal adsorption and desorption

characteristics, has been used in several biological experiments.

NO-releasing zeolites show the expected biological activity. Wheatley et al.

demonstrated anti-thrombosis activity on human platelet-rich plasma where a

NO-loaded Co-exchanged zeolite-A sample completely inhibited platelet aggregation.

When aNOscavengerwas introduced to remove theNO from the system this inhibitory

effect was removed, confirming the central role for NO in the inhibitory process and

excluding the possibility that the effects of the NO�zeolite were merely cytotoxic.

A sample of theCo-exchanged zeolite that has not been loadedwithNO failed to inhibit

aggregation. Figure 6 shows large platelet aggregants (PA) on the surface of the

untreated zeolite which are no observed on the nitric oxide treated zeolite [89].

The well characterized low toxicity of zeolites makes them ideal for use in

dermatological applications, and the sensitive nature of the delivery method com-

pared favorably to other nitric oxide donors. Mowbray and co-workers have

completed studies on human skin that show no significant inflammation of the

skin on application of NO-releasing zeolites (Fig. 7), in contrast to chemically

produced NO (from acidified nitrite creams), which is a competitor to gas storage

materials for topical delivery [89].

Nitric oxide-loaded zeolite has also been shown to have antibacterial properties.

A study by Fox et al. demonstrates the antibacterial properties of a NO-loaded Zn2+-

exchanged zeolite material at a 50 wt.% composition in a polytetrafluoroethylene

polymer against clinically relevant strains of bacteria, namely Gram-negative

P. aeruginosa and Gram-positive methicillin-sensitive and methicillin-resistant

S. aureus and Clostridium difficile [91]. NO-loaded zeolite treatments significantly

reduced bacterial numbers compared to control NO-free zeolite control disks did

not significantly reduce bacterial numbers in any of the samples measured. Wei

Fig. 5 Methods of storing nitric oxide in a zeolite or MOF. (a) Formation of diazeniumdiolates;

(b) coordination to a metal ion
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et al. recently demonstrated nitric oxide delivery from saturated zeolites as part of a

multi-functional material which captured nitrosamine by alumina-modified zeolite

samples in the gastric juice mimic [92].

Work by Wheatley et al. [89, 90] probed the effect that zeolite topology and

extra-framework cations had on NO adsorption and release, and concluded that the

Fig. 6 Scanning electron micrographs of the surface of untreated Co-zeolite-A/PTFE disks (Z/

PTFE) (top) and of NO-loaded Co-zeolite-A/PTFE disks (bottom). The top figure shows large

platelet aggregants (PA) on the surface of the untreated zeolite/PTFE disk, while the bottom shows

only a few, isolated platelets (P) on the surface of the NO-treated zeolite-PTFE disk. The scale bar

is 10 μm. Reprinted with permission from J Am Chem Soc, 2006, 128 (2), pp 502–509. Copyright

2006 American Chemical Society

Fig. 7 Clinically visible cutaneous inflammation following topical acidified NO2, but not Ze–NO

application. Reprinted with permission from Mowbray et al., J Investig Dermatol (2008) 128, 352
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most effective framework topology was LTA. Different metal cations within the

same zeolite framework topology (LTA) gave rise to differing adsorption capacities

and rates of release, with cobalt showing the best characteristics – adsorption of

1.7 mmol g�1 of nitric oxide at 1 atm. of NO and at room temperature.

On the reduction of pressure, the weakly held physisorbed nitric oxide was

removed leaving the irreversible chemisorbed content within the material. Upon

exposure to moisture, water replaces the NO on the extra cation site and the nitric

oxide is released. The zeolites show release of NO that is comparable in quantity to

the adsorption process, although the total amount which is adsorbed is not released.

The toxic nature of cobalt makes it unsuitable for some applications, so the much

less toxic zinc framework, despite showing less ideal adsorption and desorption

characteristics, has been used in several biological experiments. The nitric oxide

released from these materials has been shown to have antithrombotic effects

[89]. The well characterized low toxicity of zeolites makes them ideal for use in

dermatological applications, and the sensitive nature of the delivery method com-

pared favorably to other nitric oxide donors; nitric oxide from a zeolite showed

increased blood flow to the skin (due to the vasodilatory effect) without the redness

from irritation found from acidified nitrate [93].

Several framework materials have been studied for nitric oxide adsorption and

release. The storage of nitric oxide in MOFs can take place via either mechanism

shown in Fig. 5. MOFs with open metal sites have shown much stronger adsorption

of nitric oxide than those without [94]. This can be proven both structurally using

X-ray diffraction or by infrared spectroscopy. Every MOF with open metal sites

appears to store nitric oxide to some degree due to interaction of the gas molecule

with the open metal site. The first studied MOF for NO adsorption, HKUST-1,

adsorbs around 3 mmol g�1 of nitric oxide at room temperature and pressure [95].

The behavior of the CPO-27 isostructural series of frameworks for nitric oxide

adsorption and release has been extensively studied [94]. McKinlay et al. report that

both Ni-CPO-27 and Co-CPO-27 store considerable amounts of nitric oxide, with

up to 8 mmol g�1 via coordination of the nitric oxide to the metal site resulting in

octahedral geometry.

Other materials, such as the Fe-MIL-88 [64], Fe-MIL-100 [96], and Fe-MIL-101

also show good uptake of NO [97], and are of particular interest because of the

redox chemistry that occurs on activation of the solids, with changes in activation

energy that strongly affect the interaction of the NO with the open metal sites in the

structure.

Storage of NO via the formation of diethylenetriamines, or NONOates was

reported by Rosseinsky et al. who used post-synthetic modification of the open

metal site of HKUST-1 [98]. However, on immersion in water, nitric oxide was

released, but the amines were also leeched from the metal sites. Cohen and

co-workers use a similar method for functionalizing MOFs with NONOates by

conversion of secondary amines from the functionalized ligands in MOFs rather

than the open metal sites, thus improving the stability of the grafted amine

species [99].
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For biological applications, the release of nitric oxide is very important. In

structures which chemisorb nitric oxide, reduction in gas pressure is not enough

to induce release of the nitric oxide molecule. Nitric oxide can be released on

heating the material, or photolytically, but the most common method of release is

exposure to water. If the framework-nitrosyl compound is susceptible to water,

water replaces the nitric oxide on the framework binding site and the nitric oxide is

released. The amount of nitric oxide released is dependent on how susceptible the

framework is to moisture. For example, HKUST-1, which chemisorbs 3 mmol g�1

of NO at room temperature, releases only a tiny fraction because the nitrosyl

complex is too stable [90].

Both Ni-CPO-27 and Co-CPO-27 show exceptional release capabilities and the

full adsorbed capacity is released on exposure to water [100]. Here, water replaced

nitric oxide on the metal site in the structure, forcing the nitric oxide out of the

structure to be released. The other members (Zn-CPO-27, Mn-CPO-27, and

Mg-CPO-27) of the series also store and release nitric oxide but without the same

exceptional release capacities [94]. The release capacities of these materials appear

to be in some way correlated with the ease of dehydration and the stability of the

open metal sites [23]. Between the two extremes of HKUST-1 and CPO-27 lie other

MOFs with open metal sites which release a portion of their adsorbed amounts of

nitric oxide.

Harding et al. recently reported the generation of nitric oxide via the

MOF-catalyzed reaction of S-nitrosocysteine. At the peak of nitric oxide produc-

tion, 200 picomolar concentrations were released whereas control experiments

without the MOF present did not yield appreciable NO generation [101].

The use of MOF-nitrosyl complex released nitric oxide has concentrated on

three areas: anti-thrombosis, antibacterial, and vasodilatory experiments. Each

application requires a different release profile for the nitric oxide; antibacterial

actions require a much larger dose of nitric oxide than the slow picomole dosage

required for antiplatelet action. HKUST-1, which releases only a tiny percentage of

the adsorbed nitric oxide, presumably because of the high stability of the copper-

nitrosyl complex, was shown to be active in completely inhibiting the aggregation

of platelets in human platelet-rich plasma (PRP). Aggregation was initiated using

an exogenous agent, and after a short induction period no aggregation could be seen

in the NO-loaded MOFs, whereas the MOF tested without NO loading showed no

antiplatelet activity.

An investigation of NO-loaded MOF Zn-CPO-27 against methicillin-resistant

S. aureus, P. aeruginosa, and C. difficile all showed significant bactericidal effects

indicating that NO delivered in this way is very much a potential method of

developing new technologies in this increasingly important field [46].

Vasodilatory actions of MOF-released nitric oxide were reported by McKinlay

et al. [100]. Here, placement of pellets a distance of 2 mm from the vessel in the

10 mL organ bath resulted in rapid 100% relaxation of the vessel. The pellet could

be seen to generate bubbles of gas for 10 min of submersion, although the relaxation

remained maximal for >1 h. This effect was not observed when the pellet without

nitric oxide loaded was placed in the same position.
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Nitric oxide delivery from open framework sites has been developed further in

an exciting strategy utilizing the tri-functionality of frameworks, where the fast

release of nitric oxide from metal center on exposure to moisture can be combined

with slower release of antibacterial drugs which fill up the space in the pores

unoccupied by metal-bound nitric oxide. The third functionality is realized through

using a bioactive metal such as zinc which is leached very slowly from the

framework in buffer solution.

2.7 Structural and Mechanistic Studies of Nitric Oxide
Adsorption and Release

The formation of stable nitrosyl complexes within active frameworks make these

compounds ideal for studying mechanisms of gas adsorption, particularly selective

adsorption. Ultraselectivity in frameworks can be tailored by the functional group

present. In the case of the MOF Cu-SIP-3 [102], the dehydration process which

activates the material toward gas adsorption takes place via a single-crystal to

single-crystal thermally activated transition which goes via an amorphous interme-

diate and results in an essentially nonporous MOF. This material does not adsorb

any of the common gases tried such as hydrogen or carbon dioxide but above a gate-

opening pressure, nitric oxide can interact strongly enough with the framework to

reverse the phase transition. Thus the material is effectively ultraselective toward

NO showing a 2.2 mmol g�1 uptake at 1 atm. of pressure. The nitric oxide uptake of

this material was characterized by single-crystal and pair-distribution function

analysis, which allowed probing of the ordered and disordered regions, respec-

tively, and determine the order of atomic movements during the dehydration period.

This, combined with in situ gas loading experiments using the two techniques was

able to postulate that the formation of copper-nitrosyl complexes above the gate-

opening pressure was responsible for the uptake and release of nitric oxide from the

material [103, 104]. In another example of selectivity, a zinc-TCNQMOF structure

prepared by Kitagawa and co-workers displays nitric oxide selectivity over O2

adsorption because of their ability to undergo electron transfer with the framework

ligand [105].

In addition, the strong interaction of NO with some frameworks makes it useful

as a selective probe molecule, especially for flexible frameworks where it can be

used to induce changes in some parts of the framework. A prime example of this is

in STAM-1, a copper-based MOF with two different channels: one pore lined only

by organic groups rendering it hydrophobic while the other is hydrophilic and lined

by potential open metal sites [106]. Which channel is accessible can actually be

controlled by changing the activation conditions and the adsorption between the

two channels can be switched. Here, the nitric oxide can interact relatively strongly

with both types of surface, so is an excellent probe for such switchable adsorption.

NO adsorption can be used to probe which pore is open as the strong interaction due
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to the formation of nitrosyl at the open metal sites that are available leads to a steep

increase in uptake at low pressure compared to that in the hydrophobic channel,

which has no open metal sites.

3 Looking Ahead: Other Gasotransmitter Molecules

In addition to nitric oxide, there is increasing interest in carbon monoxide and

hydrogen sulfide, two other accepted gaseous biological signaling molecules, and

their role in biology. Like nitric oxide, the endogenous production mechanism of

both gases has been discovered. In fact, the endogenous carbon monoxide produc-

tion was postulated by Saint-Martin and Nicloux in 1898 [107], though the first

experimental evidence was published in two papers by Sjostrand in 1949 and 1951

[108, 109]. It has also been known since the 1950s that breakdown of heme results in

the production of carbon monoxide in the body, and in 1968 these facts were linked

by the discovery of the enzyme heme oxygenase (HO), the main source of endoge-

nous carbon monoxide, accounting for over 80% of endogenous production

[110]. Carbon monoxide production is visible to anyone who has ever had a bruise.

This process is illustrated in Fig. 8. Injury to a tissue results in free heme being

released from hemoglobin forming a dark red patch (oxyhemoglobin). Free heme

does not occur in healthy tissue and is toxic, so it is broken down by the body. HO

catalyzes the oxidation of heme, producing first biliverdin (green) and then bilirubin

(yellow) and carbon monoxide. This carbon monoxide coordinates to heme to give a

bright red color. The blue color seen as the bruise develops is deoxygenated venous

blood as the degradation of each heme requires three equivalents of dioxygen.

Most endogenous CO is part of the bloodstream, meaning that in the absence of

significant ambient CO, blood Hb–CO levels are around 0.4–1% of the total Hb

content [111]. The stability of carbon monoxide means that elimination of CO from

the bodies of mammals occurs strictly through exhalation from the lungs with no

further metabolism.

Hydrogen sulfide is produced within the body by both enzymatic and nonenzy-

matic pathways [112]. There are four enzymatic pathways which are known to

produce hydrogen sulfide from cysteine derivatives. Of these, the bulk of endoge-

nous H2S is produced by the enzymes cystathionine-β-synthase (CBS) and

cystathionine-γ-lyase (CSE) [113]. L-Cysteine is hydrolyzed by CBS to produce

equimolar amounts of H2S and L-serine. CBS is responsible for the bulk of H2S

production in the brain and central nervous system, whereas CSE is expressed

largely in endothelial and smooth muscle cells in the cardiovascular system.

Several estimates of endogenous hydrogen sulfide levels have been made. Many

of these show relatively high levels of hydrogen sulfide (50–160 μM concentrations

in brain tissue [114]), but figures should be approached with caution as their

measurement involves an assay which is also sensitive to HS� and S2� [115,

116]. Recent estimates of H2S put levels much lower, for example in a mouse

brain the concentration is thought to be 15 nM [115, 117]. As for NO, these low
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levels are not necessarily a marker of biological inactivity, but are more of an

indication that biological activity takes place rapidly upon production of the H2S

[7]. More accurate methods of measuring endogenous H2S production is an area of

current research [118].

Fig. 8 Oxidation of heme to produce carbon monoxide as a by-product
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Once produced, hydrogen sulfide is quickly metabolized by a number of pathways

meaning that its lifetime in the body is fairly short with a half-life of the order

of minutes [18]. Metabolism takes place mainly in the kidneys through oxidation

by mitochondria yielding thiosulfate (S2O
2�
3 ), sulfite (SO2�

3 ), and sulfate (SO2�
4 ), by

methylation to dimethyl sulfide, or by reaction with metallo- or disulfide-containing

molecules [2, 119]. One of these metalloproteins – the interaction with hemoglobin –

is of particular interest, as this molecule is a common sink for both NO and

CO. Interaction of H2S with porphyrin forms the green sulfhemoglobin, and its

formation could significantly alter the binding capacity for other gases [2].

3.1 Carbon Monoxide and Organ Transplantation

Organ transplantation is used routinely as a treatment for end-stage organ disease.

A major challenge associated with the process of cold storage and warm reperfusion

is ischemia/reperfusion injury6 (I/R injury) which affects the short-term and long-

term outcomes of transplants. Lack of oxygen to the tissue leads to increased

expression of anaerobic mediators which, when combined with reoxygenated

blood can lead to an excess of oxygen and radical oxygenating species (ROS).7

This causes damage to the organ [120, 121] leading to chronic deterioration of the

graft, infection and ultimately graft rejection [120–122]. A shortage of suitable

donors leads to the use of more “marginal” organs [122] which are more susceptible

to I/R injury and chronic deterioration, and makes patients more likely to suffer

post-transplant complications.

The heme oxygenase system has been shown to have cytoprotective effects in

transplantation using a number of disease models, and several papers have

postulated that it is carbon monoxide generation which underlies this cytoprotective

effect [122–124]. Transplants of organs from patients who have died from carbon

monoxide poisoning have been successful and have shown reduced susceptibility to

I/R injury [125]. Exogenous dosage of carbon monoxide has been shown to have a

protective effect against I/R injury in many transplant models, including liver,

intestinal, kidney, heart, and lung grafts. Increased survival rates in CO-dosed

animals have been reported, indicating that carbon monoxide could be an exciting

potential therapeutic in this area [122, 124, 126–129]. More recently, hydrogen

sulfide has been suggested to have a similar role in I/R injury models [130, 131].

6 Ischemia is a state of tissue oxygen deprivation through loss of blood flow to an organ.

Reperfusion is the restoration of blood flow to an ischemic tissue.
7 Reactive oxygenating species are intermediates formed by the incomplete one-electron reduction

of molecular oxygen and include singlet oxygen, superoxides, peroxides, and hydroxyl radicals.

They have crucial roles in oxidative stress, signal transduction, regulation of gene expression, and

host defense.
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3.2 Hydrogen Sulfide and Suspended Animation

Hydrogen sulfide has been shown to have an effect on metabolism and help survival

in very low oxygen conditions. Administration of low levels (80 ppm) of hydrogen

sulfide to mice led to a suspended animation or “H2S hibernation” state where the

body maintains a baseline metabolism that protects the vital organs from damage

until energy supply levels and the heart rate returns to normal [132, 133]. These

results indicate that H2S may be able to protect against some of the effects of

hypoxia,8 but experiments using larger animals such as sheep [134, 135] and piglets

[136] have not seen the same effect, and whether H2S could induce a hibernation-

like state in humans is unknown.

3.3 Interactions of the Gasotransmitters

As more research appears in the literature it is becoming clearer that NO, CO, and

H2S all interact with each other and, to some extent, mediate the function of one

another at many different levels [112]. There are at least two common sites of action

for the three gases involving interaction with heme moieties; all three gases are

known to bind to iron in hemoglobin and both CO and NO are known to interact

with cGC, an enzyme involved in vasodilation. There are reports that the presence

of more than one gasotransmitter has different effects to each gasotransmitter alone,

depending on the location and conditions. Each gas appears to be able to regulate

the expression of the other two gases, and the best known of these currently is that

NO donors up-regulate HO-1, increasing the synthesis of carbon monoxide in blood

vessels. The activity of CBS, an H2S producing enzyme, can be directly inhibited

by both nitric oxide and carbon monoxide [18]. H2S can also induce an

up-regulation of anti-inflammatory and cytoprotective genes including heme

oxygenase. The interactions of the three gases are likely to be complex and highly

dependent on the tissue and the absolute and relative concentrations of the gases

involved.

There is less literature describing the interaction of carbon monoxide and

hydrogen sulfide releasing media that for nitric oxide, and this reflects the less

advanced stage at which biological research has reached to date. However, reports

of carbon monoxide-releasing molecules (CORMs) based on transition metal car-

bonyl complexes, as well as the binding of carbon monoxide to metal centers in

zeolites means that progress is being made in this area. The storage of hydrogen

sulfide via coordination to the metal center in Ni-CPO-27 and Zn-CPO-27 has been

reported crystallographically, and while there is not the exceptional release behav-

ior observed for nitric oxide, the hydrogen sulfide which is released showed the

8Hypoxia is a state when a tissue has an inadequate oxygen supply to allow normal cellular

processes to take place.
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expected vasodilatory actions [137]. Reports of hydrogen sulfide binding to other

MOFs have been reported [138, 139], meaning that these frameworks are a real

possibility of release method in this area.

4 General Implications and Future Directions

Since the discovery of the biological significance of NO in the body, the develop-

ment of NO biology has been remarkable. The development of drug molecules that

act as NO donors has perhaps been a little disappointing. However, the targeted

delivery of NO from solids has the advantage of potentially avoiding the pitfalls

associated with the systemic delivery of such a highly active molecule. However,

there are still many challenges. Controlling the rate of release is the key to the

development of real applications of solid nitrosyls – whether they are in the form of

metal-containing polymers, MOFs or zeolites. Matching the rate and profile of the

release to the required biological activity is by no means easy, and getting this right

will be pivotal in achieving the desired efficacy of any therapy. However,

controlling the release rate, either by changing the materials itself or by altering

its formulation, is at least possible, and so there seems great promise that this

approach may well in the medium term lead to successful products.
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