The Journal of the Argentine Chemical Society - Vol. 92 - N° 1/3, 89-100 (2004)

89

THE COORDINATION CHEMISTRY OF NITRIC OXIDE WITH

PENTACYANOFERRATES

Olabe, J. A.

Departamento de Quimicalnorganica, Analiticay QuimicaFisica, INQUIMAE,

Pabellon 2, Ciudad Universitaria, C1428EHA BuenosAires, Argentina
fax: (011) 4576-3341; e-mail: olabe@qi.fcen.uba.ar

Received February 20", 2004. In final form March 25, 2004

Dedicated to Prof. Pedro J. Aymonino on the occasion of his 75" birthday

Abstract

Recent advances in the coordination chemistry studies of the redox-interconverted
ligands NO*, NO and NO-(HNO), particularly related to the pentacyanoferrate(ll) and (I11)
fragments, are summarized with mention of structural, spectroscopic (IRand EPR) and DFT
calculations. The chemistry of bound NO* is presented with an emphasis on the mechanisms
of the nucleophilic addition reactions of OH-, amines and thiolates on the nitroprussideion
(NP). The reactions of nitric oxide, NO, are addressed through the mechanistic analysis of
the formation and dissociation reactions of the [Fe'(CN),NO]* complex, and through its
redox reaction with the [ Fe""(CN)_H,O]* ion, leading to NP. Other biologically significant
issues related to the reactivity of bound NO are analysed, namely the disproportionation
reactions, the role of dinitrosyls and the identity of nitroxyl, HNO, as a theoretically
characterized reduced species, which seemingly appears as an intermediate in redox

reactions of small nitrogenated molecules.

Resumen

Se describen avances recientes en la quimica de coordinacién de los ligandos redox-
interconvertibles NO*, NO y NO(HNO), particularmente relacionados con los fragmentos
pentacianoferrato(l1) y (111), con mencion de informacion estructural, espectroscopica (IR
y EPR) y célculos DFT. Se presenta la quimica del NO* coordinado con énfasis en los
mecanismos de las reacciones de adicion nucleofilica del OH-, aminas y tiolatos en €l ion
nitroprusiato (NP). Las reacciones del 6xido nitrico, NO, se ilustran a través del andlisis
mecanistico de las reacciones de formacion y disociacion del complejo [Fe'(CN) NOJ*, y
mediante su reaccion redox con el ion [Fe'"(CN),H,0]*, que genera NP. Otros temas
bi ol 6gicamente relevantes relacionados con la reactividad del NO coordinado comprenden
las reacciones de desproporcionacién, el rol delosdinitrosilos, y laidentidad del nitroxilo,
HNO, como especie reducida caracterizada tedricamente, la que aparentemente opera

como intermediaria en reacciones redox de moléculas nitrogenadas peguefias.

Introduction and General Background

Early concernswith the chemistry of nitric oxide (akanitrogen monoxide, NO) and other
reactive nitrogen oxide specieswerelargely focused on their known toxicity ascongtituentsof air
pollution.[ 1] Itisnow well established that NO playsfundamenta rolesin biochemica processes,
including blood pressure control, neurotransmission and immuneresponse, aswell asintissue
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damage and carcinogenesis.[ 2] NO hasaubiquitousplacein the chemistry of small nitrogen-
containing moleculespresent in redox cyclesin Nature, in the bacteria processesthat produce
therevergableinterconverson of ammoniato nitriteand nitratein soils[3] Wedetal below some
of therelevant speciesimportant for thistypeof chemistry, showing the central place of NO.

Oxid. St. 3- 2- 1- 0 1+ 2+ 3+ 4+ 5+
N species | NH,| N,H, | NH,OH | N, N,O, NO NO,NO* | NO, NO,
NO/HNO

Theseredox reactionsarefrequently metal-catalyzed, asin the case of copper- or iron-
based heme-enzymesacting asoxygenases(e.g., NH, —NH,OH) or asreductasesin denitrification
reactions(NO, —NO; NO—N,O; N,O—N,). The mechanismsof these processesarefar
fromdisclosed, and are currently under close scrutiny.[3,4]

Thereisan extensveresearch activity into the chemistry, biology and pharmacol ogy of
NO,[5] and thishasled to renewed interest in itsfundamental coordination chemistry with the
trangtion metals[6] Inthisarticlewe put an emphasison selected structural and reactivity aspects
inthe seriesof [Fe(CN)_L]™ complexes (L may beaversatileligand),[ 7] aresearch areain
which Aymonino and collaborators have made significant contributions. Theconclusionsmay be
of generdized valuefor other metal fragmentsaswaell, containing agua, amines, polypyridines,
porphyrinsand other coligandstypica inclassica coordination chemistry or inmodel biomimetic
chemidry.[8]

Nitroprusside, [Fe(CN),NOJ* (NP), first prepared in themiddle of 19" century, hasa
specid placeamongiron-nitrosyl complexes, mainly after the discovery, in 1929, of itseffective
hypotensive properties. NPisroutinely used in clinical studiesasan NO-donor drug, although
the mechanistic detailson the related chemistry are still obscure.[9] Itiswell knownthat NO
bindsto the heme-based guanyl ate cyclase enzymein order to promote smooth musclerel axation
and vasodilation, dthough the signaling mechanismisstill under dispute.[ 10] Thechemistry of
NP has been early reviewed,[ 11] and reflectsthe properties of the nitrosonium (NO*) bound
gpecies, namdy thereactivity toward nucleophiles(OH-, amines, thiolates, etc.) and itsreducibility,
which may proceed either through one-electron or multiel ectronic processes.[12] Ontheother
hand, NPisextremely inert toward thermal dissociation (reflecting the strong Fe-N bond), but it
reedily releasesNO upon visible-near UV photoexcitation, through aredox intramol ecular process
that presumably leadsinitialy to an F€'"-NO excited-state species.[11]

Upon ligand interchange with NO from NP, the [Fe'""'(CN)._H,O]** ions may be
produced, and thisenlargesthe possibilities of studying interesting chemistry related to the
coordination and reactivity of most of thesmall nitrogen-containing speciesdetailed above.[ 13]

Binding and Redox States of the Nitrosyl Ligand in Cyano-Complexes

A generd feature of nitrosyl-complexesisthe del ocalized nature of the metal-nitrosyl
fragment, { MNO} . Transition metal NO-compounds span variable geometries, coordination
numbersand el ectronic propertiesdueto the differencesin e ectronic configurations of the metal
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Figure 1. Optimized structures of [Fe(CN)_NO]#, [F&(CN),NO]* and [Fe(CN),HNQO]* ions.

centersand covaent MNO interactions|[6] Inthe Enemark-Fe tham formalism,[ 14] thecomplexes
aredescribed as{ MNO} ", regardless of the orbital s. Thisdescription omitsthe assignment of
oxidation numberstoM or NO, athoughthisisfrequently ignored by using limiting Stuationsas
representative of thed ectronic structure. NPisan { FeNO} © species, and the Fe'NO* description
isgenerally accepted, onthe basis of spectroscopic and magnetic evidence.[6,11] For octahedra
or tetragonal pyramidal geometries, linear or bent arrangements of the{ MNO} moietiesare
predicted for n < or > than 6, respectively. The one-electron reduction product of
NP[Fe(CN).NOJ*, an { FeNO} ’ species, has been known for along time but has not been
structuraly characterized.[ 11] Figure 1 showsthe DFT-computed optimized geometriesfor the
linear NP and thereduced 1e and 2e bent species.[15]

Thesegeometrica featuresarenicely complemented by the IR measurements, giventhe
sengitivity of thelR responseto the population of the LUMO, the antibonding { FeNO} orbital
(Vo decreases from ca. 1930 to 1650 and 1300-1400 cm* upon successive reduction of
NP).[15]

Direct characterization of bound HNO inreduced NP hasremained el usive, however.
Somekineticevidenceexigsonitsintermediacy during theoxidation of hydroxylaminetoNO* [ 18]
aswell asinthecompletereduction of NPto ammonia.[19] Thechemistry of theHNOligandis
animportant current target in modern investigationsrel ated to nitrosyl-chemistry.[20]

Thissection highlightstheidentification of thelinkageisomersof NO achieved duringthe
last decade, namely the side-bound, n‘? coordination mode, and thelinear, O-bound i sonitrosyl
(n*mode), known asthe M S2 and M S1 metastabl e states, respectively.[21]

Thesespecieshave beenfirgt obtained by low-temperatureirradiation of NPinthe1970°s,
and Aymonino’scontributionsto their vibrational characterization can be considered crucid, as
was also the case for avariety of other nitrosyl-complexes, in the context of a plethora of
experimenta andtheoreticd sudies[22,23] Thelinkageisomersarelikdy intermediatesin chemicd
and photochemical reactions associated with bound NO, and their potential identificationin
these Situations constitute an open issuefor mechani stic studies, which arebeing extended to the
properties of other small molecules, suchasN,, N,O, NO, and soforth (see below).[23]
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The Coordination Chemistry of NO with the [Fe''"'(CN).H,O]** lons

Theformation and dissociation reactions of complexes containingtheNO ligand have
been very littleexplored.[4,6,8] Emerging work dealsmainly with the coordination ability of NO
intoiron-porphyrinsand related heme-proteins,[ 24] aswdl ason other iron-complexescontaining
polycarboxylate coligands.[8a] In spite of the abundant kinetic and mechanistic work dealing
withthesubstitution chemistry of pentacyano(L )ferrates(I1 and 111, with L = NH, and amines, py
and other N-heterocyclicligands, etc.),[ 7] reaction (1) was studied only recently:[25]

Table 1. Selected Bond Distances and Angles (A and deg), and Infrared Stretching
Frequencies (cm™) for NP and the 1e and 2e Reduction Products, [Fe(CN),NO]* and
[Fe(CN),HNO]J*, Derived from DFT Calculations (cf. Figure 1)

[Fe'(CN)(NO*)]> [Fe'(CN)(NO)]*  [Fe'(CN)(HNO)J*

r(FeN6) 1.62 1.74 1.78
r(N6-O) 1.16 1.20 1.25
r(C-N),, 1.17 1.18 1.18
r(Fe-C),, 1.90 1.91 1.91

Fe-N-O 177.2 146.6 137.5
v(Fe-N) 725 657 808
v(N-O) 1932 1650 1338-1394
v(C-N) 2155-2166 2000-2084 1955-2018

2 See Reference 15 for the specific Fe-C, and CN, values, standard deviations and
comparisons with experimental data.

[FE'(CN)H,O]* + NO ¢——— [Fe(CN).NO]* + H,O K, K, Q)

A dissociative mechanism has been proposed for theforward formation reactionin (1),
asgenerally found for the pentacyano(L )ferrates(11).[7] Thevalueof k was250 M s* (T =
25.0C,1=0.1 M), very similar to the values obtained for other neutral ligands, in abinding
processthat israte-controlled by the dissociation of water. The mechanismissupported by the
positivevauesof theactivation parameters, including thevolumeof activation, withtheconcluson
that NO behavesasother Lewis-baseligandsin the coordination process, without any specific
influenceof theunpaired e ectron. A dissociative mechanism dso operatesfor thereversereaction
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in(1), withk,=1.58x10°s(T=25.0C,1=0.1M, pH 10.2). Asshownin Table 2, thisisa
comparatively low value, suggesting amoderateto strong o-m interaction of NO withthe Fe(11)
centre. According to an established correl ation between the energies of the d-d absorption bands
and the dissociation rate constants,[ 26] we are now ableto placeboth NO* and NO ligandswith
adecreasing strengthinthe ordering of the* spectrochemica” series.

Table 2. Dissociation Rate Constants and Activation Parameters for Different
[FE'(CN),L]™ Complexes.?

Ligand k, (s AH [ (kJ mol?) AS? (J K*mol) AV (cm® mol)

NO* not detected - - -
CcOov <108

CN-¢ ca4d x 107

NO 1.58x 10° 106.4+0.8 20+2 7.1+0.2
DMSO 7.5%x10° 110.0 46.0
Pz 4.2x10* 110.5 58.6 130
Py 11x103 103.8 46.0
NH, 1.75x 102 102 68 164

aT=250°; | = 0.1 M. cf. Reference 25. * Estimated number, measured using pz as a
scavenger. ¢ Extrapolated from data reported at higher temperatures.

Thelow valueof k, casts some doubt on the properties of [Fe(CN) _NOJ* astheactual
NO-releasing precursor during the activation of guanylate cyclase, giventherapid biological
responseto NP-stimulation. Other aternativesarebeing actively investigated (seebelow).[9]

In contrast to theabove picture, NO reactsin aredox-activeway intherel ated reaction
(2), which represents aquantitative NO — NO* conversion, along with iron reduction.[27]
Notethat the forward path in (2) representsthe back, recovery reaction associated with the
photochemistry of NP,

[FE"(CN)H,0]* + NO «— [FCN).NO]* + HO k. k, (2

Thevaueof k =0.25M*s*(T =25.0C, | =0.1 M), whichismuch greater than values
usually found for the substitution of other L ligandsinto [Fe"'(CN) H,O]* (ca. 10-107s%),[ 7]
together with the activation parameters, support amechanism asdescribed in Scheme 1. We
proposed arate-limiting reduction of themetal center, followed by nitrite coordination (nitriteis
previoudy generated by fast NO*-hydrolysis) and further conversion to bound NO*. Evidence
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ontheintermediacy of [Fe'(CN).H,O]* hasbeen provided through competition experiments
with pyrazineand NCS as scavengers. Reaction (2) isan exampl e of the so-called “reductive
nitrosylation” reactions.[4] Thesmall valueof k and the undetectabledissociationinthereverse
process can be traced to the low-spin character of the reactant and to the very strong Fe-N
bondinNP. A different mechanistic picturewas proposed for theferri-hemes, withavery fast,
reversible coordination of NO into the high-spin iron(l11), rate-controlled by the water
dissociation,[24] and with aproduct having an e ectronic Sructurethat isstill amatter of discussion,
related to the choice of a{ Fe'NO*}° or a{ Fe""NO} ® description for theheme-nitrosyl product.[4]

1.NO 2. HNO,/NO5/NO~

[FeHI(CN)SHZO]Z‘ ﬁ» [FCH(CN)5HZO]3_ ﬁ’

HNO,/NO;/NO* H,0

3.H*

[Fell(CN);NO, |+ ﬁ» [Fe(CN);NOJ*

H,0
Schemel

The Mechanism of the NO*-NO,” Conversion for NP and other NO*-
Complexes

Among thewidely studied addition reactions of nucleophilesto NO*-complexes,[12]
those comprising OH- asareactant arein principlevery smplemechanistically, becauseonly an
acid-base processisinvolved, asshownineq (3) for NP

[FE(CN).NO]* + 20H ¢«——— [Fe(CN),NO]* + HO (3)

It had been proposed early on that reaction (3) proceeds through the attack of afirst
OH- ontheN-atom of NO* in NP, with formation of bound NO,H asanintermedi ate-adduct.[28]
Thisadduct may go back to NP or, alternatively, react rapidly with another OH- to form the
nitro-complex. A recent DFT calculation on the reaction path in (3) providesthe optimized
geometriesand bonding parametersfor thereactant and for thenitrous-acidintermediateand the
trangition statefor thereaction (Figure 2).[29]

In thiswork, acomprehensive mechanistic study has been pursued for aseriesof other
{X;MNO} complexes. Table 3 displaysthe measured addition rate constants (representative of
thefirst OH-addition stepin eq (3)), and the activation parameters, together with other relevant
information, for aselected group of ruthenium-complexes. It can be seen that theratesincrease
with the redox-potentials of the{ RUNO*}%{ RUNCO} ’ coupl e, showing greater valuesfor the
positively charged complexes (anice LFER relationisobtained by plotting Ink_, against the
redox potentias).
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Table 3. OH-Addition Rate Constants, Activation Parameters and Corresponding v, and
E Values for Different {RuX.NO}" . 2

NO+NO

Compaund Koy (M'S) P k,(s)°¢ AH*  AS"  E i o(V) v (em™)
(kJ/mal) (JKmoal)

ds

[Ru(bipy)(terpy)NOJ**  (317+0.02)x10°  131x10°  89+1 159+5 05 1946

ds

[Ru(bipy) (NONOJ*  (5.06+0.02)x10* 275x10*  83+7 120+20 018 1992

frans

[RUNH) NO(pz)]*  (L77+004)x10? 955x10?  76+2 54+6 01 192

trans{Ru(4-

Mepy)(NH,) ,NOJ** (954+006)x10° 514x10° 75+1 2644 025 1934

[Ru(CN).NOJ? 95x 10" 6.4x10° 57 54 035 1926

* Reference 29. ° Derived from the rate-law. ¢ Obtained through k, = k, /K, with K being
the equilibrium ion-pair formation constant between OH- and the relevant nitrosyl complex,
estimated according to an electrostatic model.

Activation entha pies can betraced to the energy cost of thelinear-to-bent conversonin
theMNO — MNO,H process, whilst the activation entropiesreveal theinfluenceof thecharges
onthereactants.

Reaction (3) isreversible, and the equilibrium can be perturbed by the ensuing aquation
of [Fe(CN)_,NO,]* leading to [Fe(CN)_H,O]* and free nitrite.[ 28] We found that the rateof
nitrite-aquation reactionsdiffer for the set of complexesin Table 3. The [Fe(CN)_NO,]* ion
releasesnitritereadily on atime scae of minutes, but other complexesaremuch moreinert. No
systematic kinetic studiesareavail ablefor thesereactions. Theformation of bound nitritetarting
from reduced substrates such ashydroxylamineanditsfurther delivery fromthemetal inorder to
regeneraetheactivestearekey featuresin theaction of the hydroxylaminereductaseenzyme[30]
Anemergingimportanceisgiventotheroleof nitritesin biochemistry, particularly highlighted by
therecent discovery that deoxyhemoglobinisableto processnitritesreductively leadingto NO,
with the consequent vasodilatory action.[31]

The Addition Reactions of Other N- and S-Binding Nucleophiles

These reactions have been aso early addressed in the literature.[12] The general
mechanistic picture comprisesaninitial equilibrium between the nitrosyl-complexesand the
nucleophiles, with the ensuing decomposition of theadducts, leading to thereduction of NO* and
the oxidation of the nucleophile. The reactionswith some N-binding nucleophiles proceed
according tothefollowing stoichiometries:[12,19]
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[Fe(CN).NOJ* + NH,OH + OH —— [Fe(CN),H,O]* + N,O + HO (4)
[Fe(CN).NOJ> + NH, + OH —— [F&(CN)H,0]* + N, + H,0 ®)
[Fe(CN).NOJ]* + N, + HO—— [Fe(CN),H,O]* + N, + N,O (6)
[Fe(CN).NO]* + NH, + OH —— [Fe(CN)_H,O]* + N.O + NH,  (7)

Reaction (7) representsanovel pathinwhich N,O but not N, isformed asaproduct of

hydrazine oxidation.[ 19] Scheme 2 showsthe mechanism, involving the cleavage of the N-N
bond in hydrazineafter adduct-formation.

2H,04, 274 [Fe(CN);NO1* N H
+ NOZ'/ o

{Fe(CN)sto } 3- Fe(CN).N OH
) T it
-N.,O +H,0 N.

H H

{Fe(CN)5N=N=O} 3-

\

Scheme 2

0 *fy
3- ﬂl—k

— {Fe(CN)s‘ -E' -H,0

Thereaction also providesacatalytic routefor the processing of nitritesleadingto N, O.
Thecatalystisthe[Fe'(CN),H,OJ* ion, which trapsnitriteasNO* at pH valueslower than 10.

Scheme 2 shows then?- and n*-linkage isomers of N,O, and Figure 3 describesthe
DFT studieswith the calculated geometriesfor thereactantsand intermediates.

Thefirst formation of them?-isomer isakinetically controlled process, followed by
isomerization to the more stablen'-speciesand further release of N,O. A comprehensivekinetic
and mechanistic study using methylhydrazine, 1,2- and 1,3-dimethylhydrazine allowed the
elucidation of different stoichiometriesand mechanigtic pathsaccording tothestructurd differences
onthenucleophiles[19]

Thedetection of linkageisomershasbeendso achieved for theN,O- and N,-intermediates
inreactions (4,5).[32] In addition to the well-known end-on isomer, n*-N,,, which has been
characterized in other metal centers,[23] the novel n*-N, coordination mode has been also
theoreticaly predicted, dthoughitshigh energy precludesits participationinreaction (5) asatrue
intermediate. Thetheoretical caculation for reaction (6) predictsthat acyclic adduct-intermediate
isaccessibleprior to theevolution of themixturesof N, and N,O.[32]

Asaminesare usualy protonated at pH valuesaround 7 (with aconsequent decreasein
nucleophilicity), the mechani stic studieson the addition of thiolsand thiolatesto bound nitrosyl
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Figure 2. Reaction profile for [Fe(CN),NO]* reacting with OH-, rendering the
[Fe(CN),NO,H] *-bound intermediate species. The structures correspond to singular
points in the potential hypersurfaces, calculated at a b3lyp-6-31G** level (see more

details in Reference 29, including calculation of the TS). Relative energies (y-coordinate)
are not drawn to scale. Arrows indicate changes in the molecule that lead to the next step.

Figure 3. Schematic representation of the calculated stable intermediates formed in
initial steps of the reaction of [Fe(CN)_NO]* with hydrazine, rendering the N,O-bound
species. The structures correspond to singular points in the potential hypersurfaces,
calculated at a b3lyp-6-31G** level. Relative energies (y-coordinate) are not drawn to
scale. Arrows indicate changes in the molecule that lead to the next step. All the adducts
and intermediates bear the charge 3-, except the first one containing neutral hydrazine as
the added species on [Fe(CN) NO]* (this first adduct shows a tautomeric structure, with
migration of the vicinal H atom on hydrazine to NO)

areconsdered to bemorebiologically significant, asa so suggested by theroleof nitrosothiolsas
NO-carriers.[4,6,12] The initial adduct-formations evolve as already described for other
nucleophiles, asexemplifiedin reaction (8) for thethiolates, SR
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[FS(CN).NOJ]> + SR «— [Fe(CN) (NO)SR]* G)

In eq (8) the nucleophiles bind through the S-atom to the N-atom of NO*.[33] Kinetic
and equilibrium congtants have been measured for thesereactionsat different pH val ues, showing
that thethiolates are stronger nucleophilesthanthethiols[34] Thetypicd intensered colorsof the
adductsfadefor most of the studied thiolates, and thisistraced to internal redox decomposition
of the nitrosothi ol ate adduct; this process|eadsto [Fe(CN) NO]* and thethiyl radical, eq (9a),
whichrapidly dimerizestothedisulfide, eq (9b).[35]

[F&(CN) (NO)SR]* «——> [FE(CN).NO]* + RSe (93)
RSe + RSe — RS-SR (9b)

Detailed studieshave shown that different routes appear when thereactionsare studied
inexcessthiolate, involving complex radical-mediated paths.[36] Thiolate-additions must be
studied in anaerobic media, because O, rapidly converts[Fe(CN).NOJ* back to NP. Inthis
way, the oxidation of cysteineto cystine by O, wasreported to be catalytically driven when
traces of NP are present.[35] The reactions of O, with NO-bound radicals have not been
addressed mechanigtically intheliterature, in spiteof their crucia bioinorganicrelevance.[4]

The Disproportionation Reactions of NO-Complexes

It iswell known that gaseous NO slowly disproportionates to N,O and NO, under
ambient conditions, therate being faster at high pressures, asfoundin commercid cylinders[4,6]
Catalysisof thisprocessby transition metal complexes hasbeen found in aqueous sol utions, with
formation of N, O and nitrite, either O- or N-bound to the metal .[4] Activeresearch onthese
disproportionation reactionsiscurrently in progressemploying different complexes, including
metal-porphyrins.[4] Theavailable mechanigtic proposascompriseeither ill defined hyponitrites
or dinitrosy! intermediates as precursors of disproportionation.[4] Ongoing work with the
[F&(CN),NOJ* ioninan excessof NO leadsto NPin ca. 50%yield, with other yet unidentified
products, suggesting that disproportionation could be operative.[37] Availableevidencerevea
that dinitrosyl-speciescould betrueintermediates, probably of the{ Fe(CN),(NO),} type, given
the characteristic EPR spectra, also found for other structurally related and biorelevant
{FeL (NO),} species(L =thiolates, imidazole, etc).[9] Thedinitrosylshave been proposed as
reactantsin transnitrosilation reactions (NO-transfer from adonor to an acceptor, eventually a
metalloprotein such asguanylate cyclase).[ 38] Thesepreliminary resultsstill pose more questions
than answerson the detailed mechanisminvolving the hypotensiverole of NP,

Conclusions

The pentacyanoferrates are useful fragmentsfor the coordination of NO*, aswell asof
their redox interconverted forms, NO and, potentially, NO" (HNO). The abundant work with
NO*-compounds contrastswith the emerging results associated with the NO and HNO ligands,
for whichreliable structural and spectroscopi ¢ characterizationsare scarce. Each of theseforms
showsaspecificreactivity toward different reagents (H,0, O,, nucleophiles, light, etc), allowing
inmany casesfor useful comparisonswith similar reactionsafforded by heme- and non-heme
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iron enzymes. The nitrosyl-bound species may behave as stable reactants or products, or
dternatively asreactiveintermediatesin the processes associated with the redox interconversions
of small nitrogen-containing moleculesinnatural redox cycles. The[Fe'"(CN).L]** complexes
constituteindeed ava uable benchmark for asystematic study of nitrosyl-chemistry, reinforced
by thewidevariety of L ligandsavailablefor coordination (cf. theN-binding ligandslisted above,
together with ImH, SH', SR, SO,*, CO, etc.). Theredox chemistry of most of theseligandsis
certainly of great bioinorganic relevance.
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