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INTRODUCTION 

Since the field of iron coordination chemistry is so vast, with a dominance of the +2 and +3 

oxidation states, this review has been divided up into subject areas based on the categories of 

compound type which am found in Nature, which is reflected by the fact that much of the current 

interest in the preparation of iron coordination compounds lies in the area of biomimetic chemistry. 

In such systems it is the interplay of oxidation and spin states which can result in iron centres 

specifically capable of catalysing certain reactions, or recognising certain substrates. These themes 

are also important in the synthetic complexes reported here, and have led to the production of an 

exciting variety of compounds often designed wlth the lessons from Nature in mind. In general, the 

review does not cover organometallic compounds nor catalytic systems, although a few 

organometallic compounds which may be of interest to coordination chemists have been included, 

and some of the catalytic reactions of models for enzyme systems covered. The sheer size of the 

subject area probably precludes a fully comprehensive coverage, but I hope I have at least 

highlighted the themes of current importance. 

The sources for the literature discussed are the following journals for 1991: Acta Chem. 

Scand., Angew. Chem., Itu. Ed. Engl., Aust. J. Chem., Bull. Acad. Sci. USSR (English wanslation of 

Iz. Akad. Nauk. SSSR, Ser. Khim.), Bull. Chem. Sot. Jpn., Bull. Sot. Chim. Belg., Bull. Sot. 

Chim. France, Can. J. Chem., Chem. Ber., Chem. L.ett., Chimia, Eur. J. Solid State Inorg. Chem., 

Gazz. Chim. Ital., Helv. Chim. Acta, Inorg. Chem., Inorg. Chim. Acta, J. Am. Chem. Sot, J. Chem. 

Sot., Chem. Commun., J. Chem. Sot.. Dalton Trans., J. Coord. Chem. A, J. Swuct. Chem. (English 

translation of Zh. Swukt. Khim.), Polyhedron, Recueil Trav. Chim. Pays-Bas, Revue Roumaine 

Chim., Russian J. Inorg. Chem. (English wanslation of Zh. Neorg. Khim.), Transition Metal Chem., 

Z. Anorg. Allg. Chem., Z. Naturjorsch, Teil B. Additionally, Chemical Abstracts was searched on- 

line for 1991. 

I would like to thank Sarah Heath and Richard Henderson for their help in preparing the 

diagrams and the final form of the text I would also like to thank the SERC for the provision of the 

Chemical Database Service at Daresbury, which provided the crystallographic coordinates for a large 

number of the figures. 
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Iron complexes are generally stabilised by relatively strong-field donors, and this is 

reflected by the dominance of nitrogen-donor complexes. In additiou, the nature of the ligands can 

have a subtle effect on the spin-state of the inn@) and there are many instances of “spin crossover“ 

behaviour. With the increasing availability of variable temperature magnetic studies and the 

rekindled interest in magnetic properdes per se it has become difficult to make more than an 

arbitrary distinction between compounds displaying “unusual magnetic properbes” and simple 

coordination compounds. Those compounds which have been subjected to detailed magnetic 

investigations~giventheirownsection,buttherraderwillalsofindothaexamplesof~~spin- 

state systems elsewhere, particularly in amongst the substituted aromatic nitrogen donots. 

2.1.1 Complexes with oxygen donor ligands 

The racemic ligand (It)-l,l’-bmaphthyl-2,2’-diyi hy~genphosphate reacts with iron@) 

ions, as well as cobalt@I) and cam), in methanol to give mottonuclear products [ 11. On the 

basii of the X-ray diffraction study on the copper@) complex and a comparison of the properdes of 

the complexes, it is concluded that the bonding in the iron and copper@) complexes is similar. 

The structure consists of an octahedrally coordinated metal system with four equatorial methanol 

molecules and two axial water molecule the hydrogenphosphate ligand is not directly bound to the 

metal ion. 

Iron(I1) alkoxides [Fe(O(CH&CH2OH]+ were found to undergo a gas phase 

dehydrogenation, dependent on n, with oxidation of the terminal OH group [2]. 

2.12 Complexes with mixed nitrogen and oxygen donor ligands 

The volumes of activation for the dissociation by hydroxide ions of the cations of several 

iron diimine complexes, including those with phen and bpy, in aqueous solution have been 

measured using spectrophotometry at atmospheric and elevated pressures [3]. The positive values 

.of AV* of between +lO and +16 cm3mol-1 are rationalised as arising from significant loss of 

electmstricted water from the hydroxide ion as it reacts associatively with the iron(U) ion. 

The complexes of several 3d transition metals (Mn(II) to Zn(II)) with the unsymmetrical 

Schiffs base l&and, 2-(2,5,8-triaxa-l-octenyl)phenol, as the monoperchlorate salt have been studied 

using XPS [4]. In particular, the binding energy of the nitrogen atoms was investigat& and it was 

found that the asymmetric N 1s electron spectra could be deconvoluted to give two components, the 

oneofhi~~geenqgy~~gtatheaminenimrgens,tbclowutothe~~~~~ 

The complexes fotmed with iron( nickel(II), copper@) and xinc(lI) and the SchifTs base 

ligand formed from 2,4-dihydroxybenialdehyde and thiosemicarbaxone were studied 

spectroscopically and their bactericidal and superoxide dismutation activities were assessed [5]. 

Overall, none of the complexes was signifleantly more effective than the ligand on its own. In a 

similar study, the activities of the related iron(n) and copper0 complexes formed with the Schiffs 



base from 2,4~y~xy~ehyde aud semicarbarone were found to be greatest for iron and 

least for the free ligand [6]. The iron compound might have a dinuclear structure arising from 

phenolate bridging of two five-coordinate (NO3 from the ligand plus one coordinated water) iron 

cemres. 

The formation constants of ternary complexes of iron@) with cdtaI$ as primary ligand and 

indole-3-butyric acid as secondary ligand have been determined, and show that the iron complex 

is not as stable as the complexes with other divalent metals 171. 

In the reaction of neat hydraxine hydrate with l,l’-diacetylferrocene, the dihydraxone 

[H~NN(Me)CC#I.@eC$I&(Me)NNH~ results in almost quantitative yields after 72 h at room 

temperature [8]. Increasing the reaction time or treating the dihydraxone with fresh hydra&e 

causes the iron to be stripped fkom the metallocene and ~s~y~ne)bis~y~~~~xylat~ 

N:O)iron(II) (1) crystallises. ‘Ihe dihydrazone can be cyclised in the presence of Ba2+ or M$+ 

ions to give the cyclic diazine [-N(Me)CC$I@eC~C(Me)N-] with the liberation of hydraxine. 

(1) 

Four high spin ferrous polydentate Schiffs base complexes were prepamd and chamcterised 

by IR, X-ray absorption and Mossbauer spectroscopies and variable temperature magnetic 

susceptibility measurements [9]. The Schiff s base ligauds were prepared by the condensation of 5- 

nitrosalicylaldehyde with 2-(amlnoethyl)pyridine (base = S-N@-salaep) or tetmamines. The 

structure of the complex formed with S-NOZ-salaep (2) was determined by X-ray crystallography 

and reveals that the iron is coordinated by two tridentate ligands. Structure (2) models many of 

the features thought to be present at the iron site of the “ferroquinone complex” of photosystem II. 

The EXAFS and XANRS spectra reported could only be fitted to the suggested structures for the 

other complexes with difficulty. The Mossbauer spectra am consistent with the distortion observed 

about the iron centre in the complexes. The variable temperature magnetic data suggest that them is 

appreciable zero-field splitting of the ground states in these complexes. One of the complexes 

exhibits what has been assigned as a thermally induced %‘2g 2 lAlg spin conversion, with the spin 

conversion apparently taking place in two steps which are separated by a 30 K broad spin 

equilibrium domain where high and low spin molecules coexist in a 1: 1 mixture. 
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The electrocatalytic reduction of the nitrite ion by edta complexes of iron and 

ruthenium(l3) has been investigated [lo]. In the case of iron@) it is the ~el+dta)(NOW species 

which acts as an effective electrocatalyst for the reduction of N@- or HOMO to give NzO, Nz, 

NH30H+, or W+. Product selectivity can be introduced by pH contml. The mechanisms 

proposed find parallels with those of ninite reduction by water-soluble porphine complexes of iron, 

and the system thus models the enzyme-based system for nitrite reduction. 

(2) 

The iton compound formed with 1-(3-sulfophenyl)-3-methyl-4-(5-chloro-2-hydmxy-3- 

sulfophenylazo)pyraxol-5one was character&d by X-ray powder diffraction, TGA and 

spectroscopic measurements, and assigned a squam pyramidal structure with N202donation from 

the ligand and one coordinated water [l I]. In addition, it was concluded that the ligand is in the 

lactam-hydrawne tautomeric form. 

In a solution state study on the complexation of fit row transition metals by the ligands 

nis(2-pyridyl)carbinol and bis(2-pyridyl)phenylcarbinol, the results obtained on the iron system 

were somewhat complex [12]. Three different complexes formed between iron(n) and tris(Z 

pyridyl)carbinol were identified, which were suggested to correspond to symmetric binding of six 

pyridine moieties from hvo ligands with N,N’,N”-binding, and two complexes where the oxygen 

atom of the carbinol group binds in either a protonated or deprotonated form to give N,N’,O- 

binding. The bis(2-pyridyl)phenylcarbinol ligand, with only two pyridine moieties, is expected to 

bind in an N,N’,O-fashion. 

2.1.3 Complexes with nitrogen donor ligands 

Iron monomers in an Nc- or Nd-environment continue to be of interest by providing 

models for testing theories of structure and bonding as well as some exan@es of spin crossover 

systems, underlining the influence the electronic structure of the ligand can have on the stabiisation 

of the electronic structure at the metal centrc. The N.+complexes can also berelevant as models for 

imninhaemenviomme nts, and generally are capable of coordinating one or mom extra ligands to 

give five or six coonSnate bon centres. Examples of such complexes am also considered hem. 



2.1.3.1 Comp1ccw.s with N,9coordination 

The complexation of iton( as well otherdivalent metals, by the hexadentarz ligand (3) has 

been investigated using potentiometric titrations [ 133. The results were compared with those for 

other similar N6 donors and it was concluded that this ligand forms stmng complexes, probably as a 

result of adopting what is described as a “hem&age” shuctute around the metal ion. 

The isomeric forms of the tris SchilTs base complex formed between iron(n) ions and the 

Schiff s base (4) derived from 2-acetyl pyridine and methylamine have been investigated in kinetic 

and spectroscopic. particularly 1H NMR, studies and the structure of the mer isomer has been 

confinned by X-ray crystallography [ 141. The solution studies indicate that the truns isomer is also 

important. The kinetics of base hydrolysis and the solvation of the complex have also been studied. 

A rather unusual route to N,5-metal complexes involves the reaction of the powdered meti 

and solutions of elemental sulfur in N-methywle [ 151. The method was successlid for metal 

M = Mg, Mn, Fe, and Ni, to give [M(N-MeIm)6]S8 complexes. The st~cturz of the nickel(H) 

complex was determined. The cation is analogous to other hexakis(imidazole) complexes. 

Studies on macrobicyclic boron-containing d-metal oximates have included characterisation 

by FAB mass spectometry [ 161. In these complexes. which were qorted previously, the metal is 
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encapsulated in the ligand cavity to give a clatbrociklate. The kagmentation pattems of the iron(R) 

compkxes indicate that the introduction of substituents on to the outside of the clathmte framework 

has a destabilising effect on the complex. A new iron(H) example (5) of a macrocyclic 

fluorobora~taining clathrate has been structurally charac&sed using X-ray crystallography 

[17]. In common with the other structures reported, the iron(H) is contained in an Ne coordination 

spherepmvidedbytheinnercavityoftheligand. 

A template condensation of a number of aliphatic, aromatic, and alicyclic dioximes 

containing tin(IV) tetrachloride on iron(H) was used to synthesise anionic clathrate chelate 

complexes of general formula ~eD-j(SnCl~~~ with D 2, = dioxime dianion [ 181. The seven new 

complexes wem chamcmrised by ekmental analysis, fR, electronic absorption, UI, W( lH), 11% 

NMR and 57Fe, 1 Wn Mtissbauer spectroscopies. On the basis of these measurements, the 

complexes are thought to have the general structum shown in (6). 

Cl 

Cl 
(6) 

The N@X%Xocyclic ligand hexacyclen (the nitrogen analogue of 18-crown-6) forms a 

complex with iron@) ions. The complex appears to undergo a thermally controlkd inmunokcular 

reverse electron transfer to an iron(III) state as revealed by the analysis of Mossbauer and EPR 

spectra, and magnetochemical measuremmts [19]. The data were inuqreted in terms of an 

equilibrium between iron@) intermediate (S = 1) spin and iron high (S = s/2> spin. 

The effect on complexing properties of methyl substituents adjacent to the donor nitrogen 

atoms in a family of tridentate (N3) heterocyclic ligands was explored [20]. The FeNg-cornplexes 

which form with these ligands are high spin (S = 2) and their parsmagnetically shifted tH NMR 

specnawereusedtochamcterk e the complexes in solution. The magnitude of 10 Do was found to 

decrease as steric bulk increases. Cyclic voltammetric studies revealed reversible one-electron 

Fe(lII)-Fe(H) couples at high potentials (1.06 - 1.22 V vs. SCR). 

The complex anion [FeR(pxF3)2]- dissolved in dichloromethane was found to be highly 

effective in inducing the aerial oxidation of methyl linoleate, in a manner somewhat like that of 

lipoxygenase [21-J. 

A series of eight dinuclear iron(H)-vanadium(IV) complexes of the two general types, 

tFeL3VO(acac)] and [peL3VO(diam)]PF61 with HL = PhN=NC(R)=NOH R = Ph, Me, diam = 

bpy, o-phen, 3.5dimethyl-1-(Zpyridyl)pyraxole has been prepared bith the compound 
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~~~=N~=NO)3V~y)l characterised by X-ray ~~o~phy [22]. These contain low 

spin iron(n) in an N~-environme nt from the trischelates, and the three pendant oximato oxygen 

atoms bind to the vanadium atom which is further bonded to an 0x0 oxygen and the bpy nitrogen 

donors. The complexes behave as one-electron paramagnets due to the V@+ centre and the RPR 

spectraamaxialwithg~cgL. 

The m excitation of ruthenium@) and iton complexes formed with the aromatic N- 

heterocyclic acceptor ligands pyridine, pyrazine, 2,2’-bipyridine and 1, IO-phenanthroline, has been 

studied using quantum mechanical calculations [23], The results are compared with structural 

(mostly on ruthenium((XI) complexes) data and it is suggested that there is delocalisation of the 

charge-transfarred electron over the whole ligand in the excited state. Spectmelectmchemi~ studies 

on [Fe(phen)3]2+ and l’Fe(bpy)$+ show that the reductions of these complexes to +l and 0 

oxidation states occur via ligand based processes, with the additional electrons probably locaGed on 

separate ligands 1241. 

The lipophilic complex [FenL#+ for L = 4,4’-di-t-butyl-2,2’-bipyridine, was prepared as a 

carrier for the transport of electrons form an aqueous oxidisiug to an aqueous reducing phase actoss 

a C!H$Zl2 bulk liquid membrane [2S]. 

An iron(R) complex was used to organise a synthetic peptide into three helical bundles [26]. 

A bipyridyl function was attached to the terminus of the chain of the 15 residue synthetic peptide, 

and three of these were allowed to react with iron from Fe(NH&(SO4)26H~O. The resulting 

“complex” apparently contains the peptides coiled into hehces, as supported by the CD data, which 

are consistent with an 85% a-helical character. The fact that the metal organisies these bundles is 

further supported by the CD spectra of the peptide without the metal present, which only has 35% 

a-helical character. The stoichiometry of the complex was confirmed using spectrophotometric 

2 .I .32 Complexes with N4-comiination and Nq-coordination with axial ligan& 

Iron complexes of l,lO-phenanthroline ligands substituted at the 2.9-positions or 

monosubstituted at the 2-position by phenyl moieties with ortho substituents were prepared and 

charactetised and found to be bis-PeL#+ complexes [27]. 

The divalent position men-rn~iat~ condensation of o-phenyienedi~ne with 

4,9-dimethyl-J,8di~d~~diazadodeca-4,X-diene-51 l-dione gave 14-membered tetra-am-macroc y&c six 

coordinate complexes of general formula ~(mac)Clr2] and ~M(~)SO4.H~] (M= Fe, Co, Cu; 

mat = macrocyclic ligand) [28]. The metal ion is thought to be coordinated by four axomethme 

nitrogen atoms, which are bridged by acetylacetone moieties. The spectroscopic and magnetic data 

are interpreted in nums of high spin iron@) centres. 

Ligands containing dioximate groupings provide a planar imine N4-environment for iron@) 

and stabilise it as a low spin ion. The iron can accommodate ligands in axial sites, as an PeN&a 

compound, and the substitution of weakly bound ligands such as thf, dmf, dmso, tht, and a number 

of nitriles by carbon monoxide in iron d~u~(dio~mato)~~ complexes has been studied 

using MLCT spectroscopy 1291. The kinetics of the reactions with CO were determined by flash 



photolysis and the order of lability of the axial ligands found to be thf > dmf > dmso > nitriles 2 tht 

>> py. The potential application of these systims in CO scrubbing and detection is discussed. The 

CO hinding by the anion substituted derivatives of this system, lFeN&Xj-, VGss also investigated 

[30], and it was found that the affinity for CO to give a IFeNfi(CO)I_ compl&X was much gmater 

than in the case of the neutral compounds, in the order CN >> NCS > Cl > Br, a fact which was 

attributed to the truns labilising effect of the anions. In another study, the effect of the weak donor 

and anionic ligands on the axial ligand reactions of tranr-hen,&] were investigated, and it was 

found that in reactions with 1-MeIm two dissociative pathways corresponding to CO and L loss 

contribute for the weak donor llgands, but only the CO loss pathway is important for the anions or 

sterically hindered donors [31]. The relative binding constants of L to peN&] are CN- > MeIm 

> py > 2-MeIm >> Cl- > Br- > MeCN and the relative rates of CO dissociation rruns to L are CN-, 

MeIm < py < MeCN. 2-MeIm < Cl-, Br. 

The iton cenned oxygen carrier system based on a lacunar cyclidene complex can he 

modified to enhance dioxygen carrying properties by the incorporation of extra stexic bulk on the 

saturated rings of the parent molecule (7). The approach was tested on a number of derivative 

iron and nickel@) cyclidene complexes, and it was found that dioxygen affinities could be 

enhanced dramatically by placing a bulky group to the rear of the cavity within which the % binds, 

whereas they decreased if the group was placed near the entry. The interpretations were based on 

the results of a crystal structure determination on a nickel@) complex, and molecular modelliig 

studies [32]. 

The complex [Fen(cyclam)(CF3S@) (cyclam = 1,4,8.1 l-tetraaxacyclotetradecane) acts as 

an effective catalyst for sIkene epoxidation [33]. This system and ones formed with related ligands. 

all give high turnovers and high yields, based on Hz@, for epoxidations performed in acetonittile or 

methanol, and represent unusual examples of non-porphyrin catalysts for this reaction. F’resumably 

this is the result of a favourable N4-equatorial coordination, akin to that found in porphyrin systems. 

2.1.4 c0mp1ext?s conraining cyanide ligands 

The photoinduced redox reactions of [Fe(bpy)(CN)& in aqueous solutions were 

investigated and it was found that hydrated electrons formed in the light induced reaction react with 
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the gmnd state compound to form IFe(bpy)(CN)&- which was characterised by its absorption 

spectrum and reactivity [34]. The partial molar volumes for a series of K#e&nine)(CN)4] salts 

have been determined using density measurements, adding useful data for such iron(R) complexes 

to the literature [35]. In another study it was found that, rather surprisingly, the activation volumes 

for the dissociation of the pentacyanide complexes, [Fe(CN)sL]3-. for L = pyraxine. 4- 

phenylpyridine, 4-( l-butylpentyl)pyridine and N-(n-pentyl)pyraxinium, were found to show no 

cormhuion to ligand volume, a fact which the authors admit needs further investigation [36j. 

The solvent effects on the redox reactions between the ionic species sulfite and 

hexacyanoferrate(II1) and peroxodisulfate and hexacyanoferrate(II) were studied and it was 

concluded that solvent parameters are impormnt in d etmmhdng the kinetics of the mactions [37J 

The dinuclear complex anion [(CN)~eRHNC&NHFeR(CN)@- was isolated from an 

oxygenated solution of p-phenylendiamine and Na$Fe(NH3)(C!N)~] [38]. The spectral features 

are consistent with a quinonediimine structure for the bridging ligand. Dinuclear 

[(CN)sF~(pyCN)Rt@(NHNH3)51- complexes can be prepared in two forms, dependent on the isomer 

of the bridging cyanopyridines used (4 or 3-) [39]. Chemical and electrochemical oxidation yields 

the mixed valence compounds, which appear to be valence trapped Fen/Rum species on the basis of 

theirspecnoscopicandelectmchemicalpmperties. 

The iron(R) &cyanide complexes [Fe(CN)&!NRh] and [Fe(bpy)(CN)2(CNR)zl.2H20, 

with R = Me, Et, were prepared by esterification of [Fe(CN)2(CNH)2].4Et20 and 

[Fe(bpy)(CN)2(CNH)11.2H20. The esterhication used Mitsunobo conditions, with the presence of 

triphenylphosphine and diethyl axocarboxylate to give a redox condensation under mild conditions. 

The products were characterised from their IR spectml ch aractektlcs [39a]. 

2.15 Complexes with unusual magnetic properties 

The complexes [FeR(4,4’-dpb)2X2] (4,4’-dpb = 4,4’-diphenyl-2.2’bipyridine; X = SCN, 

SeCN) have been synthesised and their magnetic properties investigated [40]. The variable 

temperature (6 to 460 K) susceptibility, and Mossbatter and IT-IR spectroscopic data indicate that 

the complexes have S = 1 ground states, and belong to the class of “spin crossover” compounds. 

These ground states am probably the consequence of a severe distortion from octahedral geometry 

allowing for a near degeneracy of the dz2 and dxY orbitals atound the metal. 

The X-ray crystal structures of the spin crossover complex ~elI(bpy)AIWS)~ in the high 

spin (298 K) and low spin (175.110 K) forms were &term&d and it was found that on average the 

Fe-N bond lengths are 0.17 A shorter in the low spin state [41]. The pressure dependence of the 

absorpdon spectra was also followed, and showed that high to low spin conversion could be inchtced 

by the application of pmssute. 

The crystal structure of the spin crossover compound [FeII(4,4’-bi-1,2,4- 

triaxole)2(SeCN)~.H20 has been determined at room temperature and found to be isomorphous 

with the analogous thiocyanate compound [42]. The iron centre is in a distorted octahedral Ne- 

environment created by the four triaxole ligands which are coordinated to further iton centres in a 

2D array. There are two N-bonded SeCN ligands. The EPR and NMR spectroscopic properties of 
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the two complexes were measu@ and in particular, the NMR spectml data indicate that the spin 

transition occurs in domains rather than in a statistically random way. 

The tris chelate complexes of a number of substituted 2.2’~bipyridyl and 1, l’koquinoline 

ligands have been synthesised. In particular, the isolated solid complexes formed with dimethyl- 

2,2’-bipyridyl-3,3’-dicarboxylate and l,l’-biisoquinoline have M6ssbauer spectroscopic and 

magnetic properties consistent with spin-equilibrium behaviour [43]. The two related ligands 2J- 

bipyridine-6carbaldehyde phenylhydrarone and 2,2’-bipyridine-6-carbaldehyde 2-pyridylhydrarone 

form Fe& complexes of different spin states (low and high respectively) [44]. The tridentate 

ligands 2,6-di(thiaxol-2-yl) pyridine, 2,6-di(4-thiaxol-2-yl) pyridine and 2,6di(2-imidaxolii-2-yl) 

pyridine form Ng-complexes, for which only the 2,6-di(4-thiaxol-2-yl) pyridme complex is high 

spin, undergoing a thermally induced spin transition 1451. 

The two complexes [Fe(l-methyl-lH-tetrazole)e](C!F3S03)2 [46] and [Fe(l-propyl- 

tetraxole)&BFqh [47] were reported as the second and third examples of LIESST (light induced 

spin-state trapping) systems in which irradiation of a high spin state results in a transition to a low 

spin state. 

The tetragonal pyramidal niuosyl complexes [M(NO)(L)], for M=Co(II) or Fe(K), and L is 

the Schiffs base produced by condensation of 2-hydroxy-1-naphthaldehyde with 1,2- 

diaminoethane, o-phenylenediamine or 4-methyl-o-phenylenediamine have been prepared by 

reaction of the metal salt with the Schiffs base under an atmosphere of NO [48]. The iron 

complexes have temperature independent magnetic moments corresponding to the presence of three 

unpaired electrons (S = 3/z) and showed no sign of spin pairing to give an S= t/2 state as 

temperature was lowered to 87 K. Both types of behaviour have been observed in previously 

reported iron@)/Schiff s base/&rosy1 complexes. 

0 

2 

(8) 

The synthesis and spectroscopic properties of a series of polynuclear metal coordination 

compounds of general formula FD(z(mtpHh] with M = Mn, Fe, Co, Ni, Cu, cd; X = Cl, Br. mtpH 

= 5-methyl[l,2,4]triaxolo[l,5-o]pyrimidin-7-ol (8) have been reported [49]. The IR spectra and 

X-ray powder diffraction patterns suggest two structural types within the series. Iron(H), in 

common with all the other metals except manganese and cobalt, forms a complex in which there is a 

pseudooctahedral geometry about the metal from four bridging anions, which are part of a linear 

chain structure, and two N-coordinated mtpH ligands. This is deduced on the basis of the ligand 

field spectra and magnetic properties. The iron(H) complex shows a strong ferromagnetic 

interaction between the metal ions with 6 = 22.7 K. 



102 

The magnetic properties of the two dimensional antiferromagnetically coupled iron(n) 

system pe(4-imidazoleacetate)~.2CH~OH (9) have been investigated [50]. The compound was 

synthesised from ferrous acetate and the sodium salt of the ligand, and its structure confirmed by X- 

ray crystallography. The six coordinate iron atom is in a rhombically distorted environment. The 

magnetic moment of 5.2 BM at room temperature indicates that the iron ion is in a high spin state. 

The temperature dependence of the susceptibility down to 15 K can be explained in terms of 

antiferromagnetically coupled iron centres with a spin-orbit coupling contribution. At 15 K them is 

a magnetic phase change, and the susceptibility reaches a maximum. This weak fermmagnetism was 

confiied by studying the ac susceptibility and M~ssbauer spectra The origin of this effect can be 

understood from the crystal structure, in which the relevant orientations of the adjacent ferrous 

coordination polyhedra result in the presence of two spin sublattices. In this way a canting of the 

spins results which gives rise to the three dimensional faromagne tic ordering below 15 K. 

(9) 

The crystal structum and magnetic pmperties of [FeI]@yz)z(NCS)z]a have been reported 

[51]. The crystal structure reveals that iron centres are six-coordinate with four pyrazine ligands 

which bridge to other iron centres to give an infinite 2D square array, and two axial N-bonded 

thiocyanate ligands. This goes some way to explaining the well-known magnetic behaviour, by 

incorporation of an interlayer interaction parameter which improves the fit of the low temperature 

behaviour. 

2.1.6 Complexes with other donor sets 

The preparation of complex cation [Fe(Nfis)2(H20)2C!12]2+ and three other analogous 

hydrazinium metal chlorides (with M = Co, Ni, or Cu) proceeds easily in aqueous solutions 

containing the metal chloride and hydrazine hydrochloride [52]. The X-ray structum of the iron(Il) 

complex shows that the iron centre is in an octahedral en vironment, with all sets of ligands trans to 

each other. 
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The complex [Fe(L)& where HL = antimony bis(thiolactate), has been synthesised and 

charac&sed by microanalysis, magnetic mmsmements and nflectancc spectroscopy [53]. 

The use of dimethyl telhuide as a ligand for divalent metals has been investigated 1541. 

Solutions of MezTe and M(SO3C1)2 in acetonitrile produce compounds of the formula 

[M(TeMe2)2(SO$Zlh] for M = Cr. Mn, Fe, Co, Ni, or Cu. On the basis of a comparison of the 

diffuse refktance spectra and magnetic susceptibility data, it is suggested that each metal atom is in 

an octahedral environment with a high spin electron configuration and ligation by two telluride 

molecules and two didentate chlomsulfate groups. The magnetic moment for the iron complex is 

5.43 BM. 

The cis(H)(I-I~ complex [(PP$Fe(H)(Hz)]BPh4 where PP3 = P(CH$IQPPh2)3. has been 

synthesised using a vsriety of routes, including a one pot reaction containing an aqueous solution of 

an iron@) salt, PP3 and excess formic acid [%I. 

The Mossbauer spectral parameters of a series of six-coordinate low-spin iron@) 

complexes containing didentate phosphine ligands have been reviewed and discussed [56]. Partial 

quadrupole splittings are used to classify the complexes as cis or frans and a correlation between 

these splittings and cone angle is also suggested. In another study. the Mossbauer spectra of a 

range of low spin iron(H) complexes, lI%X(Y)(diphosphine)+, n = 0.1. X and/or Y = Cl, Br, 

MeNC, H, N2, Hz CO, were measured [57]. These authors concluded that whereas partial isomer 

shifts were of limited value in classifying the compounds, the partial quadrupole splittings were 

more informative. 

The reaction of NaSH with [Fen(dmpe)2C12] at low temperature yielded the six-coordinate 

compound frun.r-[Fen(dmpeh(SHh], as conlinned by X-ray crystallography [58]. 

Adducts of 2’-deoxyadenosine (dado) with the chlorides of a number of transition metal 

dihalides, including Fe@, were formed from mixtures of the ligand and metal halide under reflux 

conditions [59]. Compounds containmg two equivalents and one equivalent of the ligand per metal 

were obtained. The 21 compounds were assigned as tetrahedrally or octahedrally coordinated 

monomers (no example isolated for iron(I whereas, those which were 1:l in ligand and metal 

were assigned as polymeric species bridged via the dado ligands on the basis of their spectroscopic 

and magnetic properties. The IR spectrum of [Fe(dado)Cl& for example. exhibits absorptions 

characteristic of terminal Fe-Cl stmtchmg modes. The mom tempemture magnetic moment of 5.19 

BM suggests that them is no magnetic interaction between the high spin iron centres, which is also 

in accord with the polymeric structure arising form bridging by the dado ligands, rather than by 

chloride bridges. 

The reaction of FeC13 with SnCl2 in thf yields the salt [Fez(lQ-Cl)3(thf)e][SnClS(thf)]. 

which contains two six-coordinate iron centres 3.0862(2) A apart linlted by three chloride 

bridges, as revealed in a single crystal X-ray diffraction study [60]. The compound undergoes 

partial decomposition under rethix to give @%&+l)&~Cl)&hfkj] and [SnCkt(thfw. 

A route to the synthesis of polynuclear iron(U) compounds from iron chloride and 

oxygen donor ligands has been reported [dill. In order to obtain a reactive solution of iron 

chloride in thf, FeCl3 and metallic iron were mixed in the solvent. This resulted in the isolation of 

crystals of the tetranuclear iron compound Fe&ls(thfJa (10). The arwtu#e shows iron atoms in 
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two ditfemnt environments. One has the imn centre in a trigonal b&ram&l coordination geometq 

with thme chloride ligands in the equatorial plane and a thf ligand and ~3-Cl occupying the axial 

sites. The other has the iron centte in an octahedral environment, with two thf ligands cis to each 

other and four further chloride ligands. The room temperatme magnetic moment of the compound 

can be interpmted as arising tiom non-intemcting high spin iron@) ions with k@e = 5.40 BM. 

(10) 

This same synthetic route was employed in the synthesis of [FeCI2(OPMe3)], and 

[FeQ(OPMe3)~, this time with the addition of PMe3 to the FeCl#e&f solution [62]. The X-ray 

crystal strucutms reveal that the polymer consists of infinite chains of FeClz(OPMe3) units with 

four bridging chlorine atoms and one phosphine per iron atom resulting in a trigonal bipyramidal 

coot&ration geometry about the metal centre. The monomer has the expected tetrahedral geometry. 

The magnetic moments per iron of 4.90 and 5.51 BM, respectively, are in the range expected for 

uncoupled high spin iron( 

The syntheses and properties of a number of fmt tow transition metal pterin and pteridine 

complexes formed in non-aqueous media have been described [63]. The X-ray crystal structums of 

three copper@) complexes were determined. An iron complex with 2-(ethylthio)-4-oxopteridin~ 

H&, can be isolated in 83% yield as a deep purple solid on reaction of the deprotonated ligand with 

iron(n) chloride in methanol as peL(MeOH)2].MeOH. 

Thorium bromide clusters with interstitial transition metal atoms have been prepared, 

including the iron compound FeTh&5. This has an octahedral core of thorium atoms surrounding 

the iron atom and overall a structural type closely related to N&Fts as revealed by X-ray diffmcdon 

WI. 

2.1.7 Com&xes with low coordi~on numbers 

The use of sterically demanding dinucleating ligands to produce low coordination number 

metal centres has been explored by Power and coworkers. The synthetic strategy involves reacting 
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transition metal bis(uimethylsilyl)amides, M{N(SiMe)3)2, with the source of a bridging ligand In 

this way, the dinuclear iron complex, (Fe(N(SiMe3)2)(p-PMes2))p could be formed. This 

complex has phosphido bridges and terminal amido groups, with the iron centres being three 

coordinate. However, the corresponding reaction with HAsMes3 produced Mes2AsAsMes2 in 

contrast to the case for manganese@) which gives the arm&lo-bridged analogue of the iron 

phosphido compound [6S]. The structures were confirmed by X-ray crystallography. A similar 

strategy was used to produce the aryloxide-bridged dimers {Fe{ 0(2,4,6-t-Bn3QH2)) (-0(2,4,6-t- 

Bu3C6H2))); and (Fe(N(SiMe3)3)(P-0(2,4,6-t-Bu3C6H2))2 as well as the adduct 

[Fe(OCPh3)#f’)iJ starting from Fe(N(SiMeh)z [66]. ‘Ihe manganese@) analogues were also 

prepsred and all structums were contkued by X-ray crystallography. The results suggest that the 

overall reaction proceeds via the formation of the intermediate (Fe(N(SiMe3h) {p-0(2,4,6-t- 

Bu3QI-I2)} )2 and that in the case of the previously discussed reaction [65]. the phosphido bridged 

complex represents a stable intermediate state from which it did not seem possible to proceed under 

normal conditions. The first examples of homoleptic transition metal boryloxides were produced 

by reacting M(N(SiMe3)2)2, (M = Mn or Fe), with sterically crowded boronous acids [67]. For 

iron@), the compound formed was [Fe(OBMes+&kOBMes2)]2 which has two three-coordinate 

iron centres with one terminal boryloxide ligand linked by the oxygen atoms of two bridging 

ligands, as revealed in the single crystal X-my structure. Finally, the structums of the am&-bridged 

dimers (Fe(NRZ)@-NR3)}3, where R = SiMe3, QH5. and the Lewis base adduct, 

l’Fe(N(SiMe3h)&hf)l have been reported [68]. The monomerklirner equilibrium was investigated 

using variable temperature tH NMR spectroscopy and it was concluded that dimcrisation of the 

monomeric species occurs at tempemuues below WT. 

2.2 tRON(III) COMPOUNDS 

The chemistry of imn(III) is dominated by complexes containing oxygen donor ligands, and 

also by hydrolytic processes. The oxo-bridged species resulting from the latter are considered in 

section 2.3. Since a major area of interest in the chemistry of iron(m) mononuclear complexes is 

the production of siderophores (iron chelators) for cliical use, these have been separated out as a 

subsection organ&d in a similar way to the subsequent review of other mononuclear complexes. 

22.1 Siderophore model complexes 

The recognition that naturally occurring chelating agents caRed sidemphores are used by 

bacteria to sequester iron(II1) from the environment in the form of highly stable iron(III) 

mononuclear complexes, has led to the design and synthesis of a vast array of similar chelating 

agents, often with a view to their possible use in iron overload therapy. The most commonly 

occurring siderophores contain hydroxamate and catecholate moieties, arranged along an organic 

backbone to give Og-mordination of the in14 cenhe on cumplexation. In general, it has not yet been 

possible to produce a synthetic siderophtie which matches all the properties of the naturally 

occming ones. Success here would allow for the production of cheaper drugs for the treatment of 

iron overload, most of which, such as desferrioxamine, are cunently isolated from bacteria 
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22.1 .l Siderophore complexes with oxygen donors 

The iron binding properties of three tetradentate and one hexadentate 3-hydroxy-2- 

methylpyrid-4-one chelators (ll)-(14) intended for clinical use have been studied using visible 

spectmphotometry by Job plot estimations, and compared with the iron binding by desfenioxamine 

(DFO) [69]. At low PH. the chelators all form a mixture of complexes of ligatuhiron stoichiomenies 

of l:l, 1:2 and 2:3. At pH 7.4, complexes with a 3:2 ratio form. This is in contrast to 

desfenioxamine, which forms 1:l chelates at both low and neutral PH. OvemlJ, these chelators display 

a higher binding capacity for iron than desferrioxamine, but the complex stabilities have not been 

investigated 

0 

OH OH 

(11) (12) (13) 

CH+03 
NH3+\ FONF $ONH, 

iCHd~H& iCH2)q 1”)wCH3 

OH 0 OH 0 OH 0 

(14) 

The incorporation of three 2.2’~dihydroxybiphenyl subunits in a macrobicycle produced six 

convergent phenolate groups as coordination sites for iron(JJJ) in the ligand (15) [70]. The chelate 

can be synthesised in a stepwise fashion or using the template synthesis route originaJJy developed by 
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Raymond and coworkers [71] using 22’dihydroxybiphenyl. N(C!H$H3NH3)3 (an). FeC13, Et3N, 

dmf, and 4-dimethylaminopyridine, which produces the iron(III) complex, which can then be 

demetallated. Competition experiments indicated that the chelator produces ia more stable iron(m) 

complex than either desferrioxamine or edtaH.+ A similar template route wasused by Raymond and 

coworkers to produce the iron(III) complex (16) of the tricatechoyl amide-based ligand, 

“bicappedTRENCAM” The suucture of this complex was confirmed by X-ray crystallography [72]. 

Related ligands can be synthesised by substituting tmn with N(CH2NH3)3 and varying the 

substituents on the catechoyl amide. The protonation constants were found to be quite low and the 

electrochemical studies performed on aqueous solutions of the iron(III) complexes show reversible 

reduction potentials of -0.89 to -0.97 V vs. NHE. Although the ligands are highly selective for 

iron@), with ratios of formation constants of iron(III) to iron complexes ranging ftom 28.1 to 

29.5, they display a slight stabilisation of the iron complex relative to related tripodal compounds 

such as the siderophore enterobactin. 

. 
(15a) R=H (15b) R= Me 

Solution state studies on the thermodynamic stability and iron transport properties of the 

hydrolysis products of enterobactin have been reported [73]. One aim of the study was to shed light 

on the mechanism for iron release t?om sidemphoms. The stability constant of the iron complex 

of entembactin itself has log Kf = 49, which raises the question of how iron can be released from this 

complex. One suggestion is that the ligand portion of the complex undergoes hydrolysis to give a 

less stable iron complex from which iron can then be removed. Rnterobactin can be viewed as a cyclic 

uilactone formed from the amide monomer N-(2,3dihydroxybenxoyl)serine (DHBS) (17). and the 

study involved the determination of the equilibrium constants for metal complexation of the monomer, 

dimer and trimer ligands using electronic and CD spectroscopy, spectrophotometric and 

potentiometric titrations and calorimeuy. ‘Ihe entetobactin and DHBS wete isolated ftom a culture 

supematant of E. coli. A comparison of the results for the linear trimer, corresponding to the Srst 

hydrolysis product from the cyclic lactone. and for enterobactin led to the suggestion that the 
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exceptionally high stability of iron(III)/enterobactin complexes against tris-catecholate analogues (or 

models) is one third enthalpic and two thirds entropic in orlgin. It was also found that aimer and 

dimer hydrolysis pmducts are active as tmnsport agents for iron, as indicated by radioactively labelled 

iron tracer studies in whole E. coli cells. 

HO 

(17) 

The solution thermodynamics of enterobactin and its iron complex have been studied using 

UV spectrophotometry and results have been compared with the data for the synthetic analogue, 

MECAM (N,N’,N’%is(2,3dihydmxybenzoyl)-1,3,5-tris(aminomethyl)ben~ne) f74]. The similarity 

between the values obtained for the o-hydmxyl protonation constants of enterobactin and MECAM 

suggests that MECAM is a good synthetic model for this siderophore. However, MECAM is not 
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susceptible to hydrolysis, unlilte enterobactin, as discussed above. Complexes with other trivalent 

metals were also studied and it was found that the order of protonation (from highest pKa to lowest) 

was Al > Fe > SC > Ga >> In. Additionally, metal uptake studies on E. coli indicate that there is some 

mechanism in operation which distinguishes between iron/enterobactin complexes and those with 

other metal ions. The elucidaton of this discrimination should be of relevance to toxicological 

research. 

Single crystal polarised absorption and magnetic cimular dichroism (MCD) s-y have 

been used in probiig the electronic smxzture of the i.ron@I) uis(catecholate) complex [Fe(cat)@ to 

shed light on the bonding in sidemphore complexes [75]. In addition, [Fe(l’RENCAl@- and the 

in&III) tris-chelate complex [Fe(eta)#- formed with 2,3~y~x~~ylte~ph~e (I&eta), 

were studied using MCD in order to gauge the effect of a pert&x&on on the electmnic structure of 

[Fe(cat)#- and as a comparison for the bonding in the three complexes. Although previous 

theoretical models predicted that the ground state of the [Fe(cat)#- complex should be low spin, with 

S = l/2, the analysis of the charge transfer and ligand field spectra supports the evidence from EPR, 

magnetic and M&sbauer spectroscopic data which all suggest that the iron is high spin, S = 5/z. The 

Cl” bands in such compfxes arise from ligand-x to metal d transitions and indicate that a significant 

contribution to the Fe-O interaction is made by x-bonding, which may in turn explain the high 

stabilities of these complexes relative to similar FeOg-complexes such as [Fe(ox)#-. It was also 

found that the spectroscopic characteristics of the enterobactin complex were essentially the same as 

those for the model TRENCAM complex, and therefore the spectroscopic methods employed are of 

directrelevauceto ~~g~~l~~ systems 

A series of dihydroxamate ligands formed in the condensation of 2,6pyridine dicarboxylic 

acid with protected N-aminopropyl-N-acetylhydmxylamine, which am analogues of the siderophore 

rhodotorulic acid, has been prepared for complexing iron(III) as contrast agents in Magnetic 

Resonance Imaging 1761. 3-Nittobenxohydroxamic acid forms a tris-chelate with imn@I) ions which 

is suitable for use in the s~~h~~~c duration of iron [77]. The ~~lexati~ of ironfJII) 

(and other metal) ions by the aminohydroxamic acid ((aminoiminomethyl)amino)-~- 

hydroxypentamide has been studied by spectrophotometry and potentiometry [78,79]. The iron 

centre has an FeOe-coordination sphere. The open chain analogues (18) of tris(hydroxamic acid) 

cryptands have also been synthesised and the stability constants of these ligands and the cryptand with 

both iron(II1) and g~~urn~ determined 1791. It was found that the stability constants for the 

cryptates were higher than for the uis(hydroxamate) chelates. 

The molecular structures of [Fe(mpa)3] and [Fe(mbb)j], where Hmpa = N-(4- 

methylphenyl)acetohydroxamic acid and Hmbb = N-methyl-4methylbenzohydtoxamic acid, as well 

as their gallium(IIQ analogues have been determined by X-ray crystallography [80]. A consideration 

of the structural differences between the complexes led to the conclusion that the gallium complexes 

are more stable than the iron complexes, which, when the large differences in free energy of formation 

for the aqueous ions are taken into consideration, is in agreement with the observations that the 

formation constants for the iron compounds are larger, and that iron can displace gallium from its 

complexes. 
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The complex-formation equilibria and relative stability constants of the iron@) and copper0 

complexes present in aqueous solutions of metal and L-leucinehydroxamic acid (2-amino-4- 

methylpentanehydroxamic acid) were determined using spectrophotometric and potentiometric 

titrations [82]. In the case of the iron(III) complexes, it was concluded that the coordination shell was 

06 with both oxygen atoms of the hydroxamate group chelating the metal, with the expected tris 

complex only forming at very high ligand concentrations. A number of protonated intermediate 1: 1 

and 1:2 metakligand species were postulated 

The effect of pressure on the complexation of iron(III) by hydroxamic acids was investigated 

[83]. Activation and reaction volumes for the formation and aquation of (acetohydmxamato)iin(III) 

complexes and the activation volumes for the formation of the complex of iron(III) with 

desferrioxamine were obtained from high pressure stopped-flow and W-VIS spectral measurements. 

The activation volumes exhibit opposite signs for the complexation of [Fe(H20)613+ and 

Pe(Hz0)5(OH)]2+ with acetohydroxamic acid (negative) and desferrioxamine (positive), indicating 

associative and dksockdve modes of activation respectively. 

The protonation and iron(m) binding constants of the ligand 1,2-dimethyl-3-hydroxy-4- 

pyridinone have been reported [84]. The ligand is an effective iron chelator in moderately dilute 

solution (-10-3 M), but probably as a result of the 1:3 stoichiometry of the metahligand complex, 

there is extensive dissociation in very dilute solution (-10-6 M). The results were compared with 

those from other relevant iron(II1) tris-&elate complexes (such as [Fe(cat)#-) as well as the 

multidentate ligand systems including the MECAM and DFO iron complexes and the transport 

protein transferrin. The comparison underlined the importance of taking dilution into consideration 

when assessing the effectiveness of siderophores in capturing iron(III). Thus, it was found that whilst 

the ligand was more effective than transferrin at binding iron(III) ions at 10-3 M, at high dilution the 

speciation diagrams and pM values for the ligand, indicate that it would not be able to remove iron 

from transferrin under these conditions. The failure of many researchers to investigate dilution as a 

parameter in similar studies might result in misleading information with regard to the effectiveness of 

synthetic siderophores. 

22.12 Siderophore complexes with mixed oxygen/nitrogen donors 

A number of N/O (usually as NgOs-ligands) donating hexadentate ligands have been 

developed for use in the treatment of iron overload, as well as for possible use as paramagnetic 

contrast reagents for magnetic resonance imaging. Six such ligands (9) can be regarded as 

hydroxyaromatic derivatives of edtaI-I+ The stability constants of the complexes formed between 

three of these ligands, for which the synthesis was recently reported [85], and gallium(IlI), indium(III) 

and iron(m) were measured and compared with the constants found for the three parent ligands [86]. 

It was found that the effect of methylation of the benzene ring was to increase stability, whereas 

quaternisation of the pyridine nitrogen decreased metal chelate stability by about two orders of 

magnitude. The stability constants of the same three metals with the hexadantate macrocycle 1,4,7- 

triazacyclononane-NJV’V-triacetic acid were measured 1871. The stability constants of the 

gallium(III) and iron(III) complexes were higher than that of the indium(IIl) complex, indicating a 
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prefmtial interaction of the ligand with small metai ions. The species distributiott cmves show that 

the iron(III) and indium(III) complexes dissociate to form their hydroxides above pH 7.5. The 

gallium(IlI) ligand system is soluble at all pH values as a result of the formation of the tetrahydroxo 

gallate ion at pH 10.4 and above. In the case of the related ligand system, N,N’,N”-tris(3,!Wmethyl-2- 

hy~xy~nzyl)-1,4,7-~a~cyclo~~e, very stable chelates are formed by the coordination of 

iton@ll), gaily or ~~~~ by the three basic nhrogen donors of the macrocycle and the very 

basic phenolate oxygen atoms [Ml. The log of the stability constant for the iron(IIi) complex 

detetmined by competition with edtaIQ in an ethanol/water mixture (3:l) was found to be 51.3. This 

cornpates with a value of 26.3 for the itono/edta system in the same medium and a value of 28.3 for 

the ~~1,4,7-~yc~-~~~-~tic system in water. 

The stability constants of trivalent metal ions, including hon(IIT), with a series of tetra- 

axamacrocyclic tetra-acetates (2&t)-(2Oc) have been determined [89]. Although there are obvious 

structural similarities for these three ligands, there was no obvious trend in the pattern of stability 
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constants determined. It was found that all of the trivalent metal ion complexes studied form 

precipitates at neutral and higher pH, but are soluble in acidic solution. 

COOH 

(2W Gob 1 

The ligands methyl Q-2-( l-alkyl/aryl-4.5dihydro- lH-tetrazol-5-ylidenc)-2-cyanoacetates 

and the corresponding l-(l-alkyl/aryl-1H-tetrazol-5-yl)-2-alkanones (21) are efficient chelating 

agents for both iron(m) and ahuninium(III) [90]. The metal complexes were prepared by extracting 

the trivalent metal from the aqueous phase into an ethereal phase containing the ligand. On the basis 

of the EPR and M6ssbauer spectra of the iron(III) complexes and the 13C NMR spectra of the 

aluminium species, it was concluded that the only the statistically most probable (A)/(A)-mer-isomers 

were formed with the metal ion in a rhombically distorted Nj@envimnment. 

22.13 Siderophore complexes with mixed oxygenk&u donors 

A less commonly occurring functional group found in siderophores is thiohydroxamic acid. 

Hexadentate thiohydroxamate ligands derived from 2-mexcaptopyridine&carboxylic acid l-oxide and 

n&u-nines provide an OjSj-coordination en vironment for the iron(III) centre, qs revealed in the X-ray 

structure of N~~-tris((l,2-didehy~l-hydroxy-2-thioxopyrid-6-yl)carbbnyl)-2,~,~-~~ 

triethylaminato)iron(III).V2CHCl3 (22) [91]. The coordination geometry about the iron cents is 

in~atehetweenoctahedral and tligonal prismatic. 
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2.2.2 Other iron(III) complexes 

2 2.2 .I Complexes with oxygen donor liganab 

The complex which forms between imn(III) chloride and gallic acid is known as bon gallic 

ink. Crystals of the complex could be obtained from gels and the structure was found to consist of an 

infinite iron(W) gallate 1: 1 framework (23) with each iron atom in an octahedral 06-coordination 

geometry provided by two didentate deprotonated phenolate groups from two ligands, and two 

monodentate carboxylates from another two ligands [92]. 

(23) 

The complex formation between iron(III) and oxalic acid (ethanedioic acid) was studied by 

potentiometry in dmso solution [93]. This solvent was chosen partly to avoid complications 

introduced into the system when water is used as solvent through the formation of hydrolytic iron 

species. The ligand behaves as a weak diprotic acid in dmso. The speciation of the iron is relativley 

simple, with the major species being l:l, 1:2 and 1:3 metakligand complexes. There was no 

conclusive evidence for the presence of protonated ligand species nor for any oxalato-bridged metal 

complexes. The electrochemistry of the system was also explored in order to explain why dmso 

solutions of the tris-chelate are stable over several weeks, showing no signs of photodecomposition to 

iron(U) oxalate, unlike the aqueous system. It was found that the value for the Fes+/Fe*+ couple in 

water was +O.SV as against +0.3OV in dmso, which, coupled with the fact that the oxidation of 

oxalate occurs more easily in water, suggests a less thermodynamically favourable redox process in 

dmso. 

The irradiation of a [Fe(aca+] and 2-nitmso-1-naphthol mixture in ethanol led to complete 

ligand exchange, as determined from the changes in the visible absorption spectrum [94]. 

The equilibria and kinetics of the reactions of iron(III) with heptane-2,4,6-trione, I- 

phenylhexane-1,3,5-trione and lJ-diphenylpentane-139~trione were investigated in water/methanol 

solutions using spectrophotometric and potentiometric titrations [95]. It was found that hydrolytic 
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iron(m) species, such as Pe(L)OHzl. needed to be taken into account and that Fi(H20)sOH12+ is 

an important reacting species. 

A study to investigate the dynamics of the water protons in concentrated iron(m) aqueous 

solutions, as well as gallium(IlI), aluminium(III) and dysprosium(III) solutions, using incoherent 

quasiclastic neutron scattering (IQENS) presents a new method of probing the aqueous speciation of 

metal ions [96]. The lifetime of protons in the primary coordination sphere of aquated iron(lII) was 

found to be 212 5 x 10-g s, which is in agreement with the results from 170 NIvlR spectroscopy. 

The value for dissociated protons was 21 c 5 x 10-g s, which is shorter than that determined 

previously from lH NMR spectroscopic and electric field relaxation experiments. The best fits to the 

measured data are obtained for a model where exchange is slow and a degree of hydrolysis is 

assumed. 

The iron(III) chlorite system in aqueous solution was investigated [97]. From the results of 

rapid-scan spectrophotometric and one-wavelength stopped-flow experiments the formation of a 

PeCW2+ complex was substantiated. 

Spectrophotometric and stopped-flow kinetic studies on the iron(III)/squaric acid (3,4- 

dihydroxy-3-cyclobutene-1,2dione = H2sq) system in aqueous media can be interpreted in terms of 

the formation of two iron(U) complexes, [Fe(OHz)s(sq)]+ and [(OH&F~(OH)2(sq)]2+ 1981. The 

mode of coordination of the squarate anion is open to conjecture, particularly in the dinuclear system, 

for which monodentate, brldging didentate, chelating didentate and bridging tetradentate coordination 

modes are all possibilities. A consideration of bite angles led to the formulation with a dihydroxo 

bridge and didentate chelating squarates being favoured by the authors. The squaric acid ligand has 

obvious analogies with ascorbic acid which is also known to form several iron@) complexes, and has 

a tendency to reduce the iron to the iron@) state. This latter fact is pmposed as an explanation for the 

observation that the previously reported blue [Fe(OH2)5(sq)]+ compound fades over time and this is 

inhibited by iron ion. 

The formation of a deep blue complex is also observed in acidic solutions of iron0 with L- 

dopa (L-3-(3,4dihydroxyphenyl)alanine = H&H) which bleaches over time. The reactions in 

anaerobic acid solutions of L-dopa and iron(III) ions were investigated using stopped-flow 

spectrophotometric, spectroscopic and chronoamperomenic methods WI. The data can be interpreted 

in the following way. The two complexes which form, pLH]+ and PeHLH12+, both decompose via 

an intramolecular election transfer to yield iron and dopasemiquinone, which in turn is oxidised by 

iron(m) to dopaquinone. The quinone then cyclises by an innamolecular Michael addition to give the 

UV-transparent leucodopachrome. explaining the bleaching observed and also why the presence of 

iron ions can inhibit this process. 

The presence of triethanloamine was found to inhibit the iron(III) catalysed decomposition of 

hydrogen peroxide, with the effect increasiug for increasing triethanolamine concentration, probably 

because of the saturation of the coonhnation sphere of the iron [ loO]. The reaction appears to involve 

the formation and bmakdown of a pemxo intermediate 6om kinetics measurements. 

The effects of the presence of an aminosugar on the reduction of iron(III) to iron ion by 

D-galacturonic acid when copper@), uranium(lV), lead(II), nickel(II) or cadmium(n) ions are present 
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in solution have been investigated by potentiometry [loll. The results are suggested as important in 

modelling the mobilisation and bioavailability of iron in biological systems, and in particular as the 

root-soil interface. The removal of various mono-, di- and oligosacchatides 6& aqueous solution by 

adsorptive binding to freshly precipitated iron(III) hydroxide was found to be highly selective in 

respect of the stereochemistry and chain length of the sugar, presumably as a direct result of the 

iron/sugar complex which forms [102]. 

Three ligands which all possess the 1,4-dihydroxyanthraquinone function (qzH2) (24) were 

used to complex iron(III) to give [(H20)4FeIR(qzH)] and [ ((H20)4FeIR)2(qz)] compounds, as 

determined from spectrophotometric data [103]. Stopped-flow kinetics studies indicated that the 

reaction is biphasic with successive formation of the two complexes. Hydmlysed iron species are 

important reactants. The work was partly aimed at investigating whether iron(IIl) is a carrier for 

molecules such as these, which can have anticancer potency, in serum 

OH 

(24) 

Iron in the ammonium salt of [FemW17H&TaO&$- is probably distributed over many 

octahedral sites by analogy with the isomorphous and isostructuml cobalt0 compound. A single 

crystal X-ray structure determination suggests that it replaces tungsten0 centks in the conventional 

X2WtzO70 formulation [ 1041. The single crystal X-ray structure of the heteropolyanion compound 

Ba~H[&FeO4Wt&$5H~O, solved from a twinned crystal, displays the a-Keggin stmcture, with 

the central iron(m) ion in a distorted tetrahedral envhonment [lOS]. Reaction of lacunar heteropoly 

undecatungstates with various first row transition metals and lanthanides gave compounds of the 

general formula [TiWttM(H20)039]n- [lOa]. In the case of aluminium and gallium heteropoly- 

undecatungstates, complexes of the general formula lXWtlM(Hfl)0191* form, where M = Al, Ga 
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and X is FeO, Cr(IQ. Co@), or 0, [lO71. Their spectroscopic properdes and X-ray ditfraction 

patterns suggest that their structures derive from the Keggin structure. Iron(III)-containing Dawson 

polytungstates, [@P2Wl$&l(Fe3+Br)]Y-, which provide inorganic porphyrin models are discussed 

in section 2.4.2.1 [108,109]. 

The inoferrate, K2Na4[(Fel1103)2], forms as single crystals from well ground mixtures of 

KFeO2 and NqO heated for 29 days at 5OOC followed by a further five days at 4OOC, and has a 

structure isotypic with the gallium(II1) analogue with the iron atom in a distorted tetrahedral 

environment of oxygen atoms, as revealed in a single crystal structme determination [ 1 lo]. 

The compound FeAsO4 was synthesised in a new hydrated form and its crystal structure 

determined. The structure contains a tetrameric unit of iron octahedra consisting of a pair of PeOe- 

and a pair of Fe05(H20)-units that share edges. These tetramers are interconnected by As04 

teuahedra to create a network structure with channels containing the water molecules bound to the iron 

centres as well as the lattice water molecules. Magnetic susceptibility measurements indicate that them 

is antifertomagnetic ordering below 49 K, and this is in agreement with the M6ssbauer spectroscopic 

data [ 1111. The crystal structure of Fe(SeO& synthesised under hydrothermal conditions has been 

reported [112]. It is isostructural with the same monoclinic modification of Fez(SO& with two 

different iron(m) and three different selenium(V1) atomic positions; FeOe-octahedra share comers 

with Se04-tetrahedm thereby building a framework structure. 

The reaction of iron(II1) chloride with ClOTeF5 yields Fe(OTeFg)j. The adduct 

Fe(OTeF5)3.3S&ClF can be crystallised from SO$lF solutions [ 1131. The single crystal X-ray 

structure reveals that the iron centre is in a distorted Fe@-environment provided by three SO;?ClF 

oxygen atoms and three [OTeFs]- ligands. The solvate free complex appears to be trigonal planar 

from Mijssbauer spectroscopic data. 

2.2.2.2 Complexes with mixed oxygenlnitrogen donor ligandv 

Mixed N,O-ligation often mimics the coordination of iron@) centres found at the active sites 

of metalloproteins. Often the iron atom is linked to another iron centre, as discussed in section 2.3, 

but there is a growing number of cases where a monomeric iron site has been identified. One example 

is the enzyme protccatechuate 3,4dioxygenase which has an iron centre in a trigonal bipyramidal 

geometry with an axial and equatorial tyrosinate (i.e. phenolate), an axial and equatorial his&line 

(i.e imidazole) and the remaining equatorial site occupied by a solvent molecule. The complex 

bromobis[2-(2-hydroxyphenyl)benzothiazolato]iron(III) (25) is suggested as a model for this site 

[114]. The X-ray crystal structure reveals that the two didentate hydroxyphenylbenzothiazolato 

ligands bind with their phenolate and thiazole moieties trans to each other. The trigonal bipyramidally 

coordinated iron centre thus has two equatorial phenolate ligands and two axial thiazole ligands. The 

third equatorial site is occupied by a bromide ligand. The complex was formed by an unexpected two 

electron oxidative rearrangement of the bromo iron complex of the Schiffs base N20&ligand 

2,2’-bis(salicylideneaminopheny1) disulfide which was fist formed. This conversion must have 

involved the reductive cleavage of the S-S bond in the ligand and the oxidative formation of two 

thiazole rings, presumably catalysed by the iron centre. Although the axial and equatorial positions of 
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all of the ligands are not exactly analogous to the situation in the native system the crystallographic 

details help in undemnmding the active site structme. EXAFS data on the native system, which reveal 

that there is an Fe/N/O shell of three scattemrs at 1.90 A, can be understood as arlsing from the 

tyrosinate ligands and cootdinated solvent interactions, whilst the Fe-N interactions in the model 

compound, as is usual in high spin iton(IIl) complexes, ate somewhat longer at cu. 22 A. 

(25) 

Que and coworkers have also synthesised and character&d by X-ray crystallography a 

functional model for the catechol coordinated active site of this enzyme, ~e~A>(DBC)](BPh.t), 

where TPA = t&(2-pyridylmethyl)amine and DBC = 3.5di-f-butylcatecholate [ 1151. The 

coordination at the iron centre is not directly as would be found in the native enzyme; this would be as 

described for the preceding complex with a catechol coordinated in place of the solvent molecule. The 

complex is found to react with dioxygen within minutes to affotd the expected intradiol cleavage of the 

catechol in 98% yield giving 3,5-di-t-butyl-l-oxacyclohepta-3,5-diene-2,7dione (60%) and 3,5di-r- 

butyl-5-(carboxymethyl)-2-fursnone (38%). Kinetic studies revealed that the complex is the fastest 

reacting of all the [Fe(L)@BC)] complexes studied. The high specificity and fast kinetics are 

suggested to be the result of the high Lewis acidity of the iron(II1) centre in this complex. Also, 

compared with other complexes, the iron-catecholate interaction is significantly stronger as indicated 

by the short Fe-0 bonds, the lower energy catecholate LMCT bands in the electronic spectrum, and 

the isotropic shifts of the DBC protons in the tH NMR spectrum. This indicates an increased 

semiquinone character. Since one proposal for the mode of action of this enzyme is via a 

semiquinone intermediate in the cleavage reaction, this might explain the enhanced reactivity of the 

model compound. The complex consists of a six-coordinate iron centre with four nitrogen donor 

ligands from the TPA ligand, and two oxygen donors from the didentate catechol-based l&and. 

Iron(III) complexes of this same ligand were used by Que and coworkers to model the lron- 

mediated C-X bond formation in j3-lactam antibiotic biosynthesis [llq. The [FeIII(TPA)X2] 

complexes (TPA = tris-(2-pyridylmethyl)amine; X = Cl, Br, N3) were used to catalyse the alkane 

functionalisation reactions of cyclohexane to give C&tX in the presence of Cbutyl4methylphenol. 
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Although the native systems are known to involve iron(B) metal centres, the results of this work 

suggest that an important featum in the doti is the formation of a high valent imn-oxo intermediate 

with am X ligaud. Evideuce for the formation of a high valent (TPA)Fe-oxo intumedW in 

acetonitrile solutions was also found by these workers [ 1171. This results from the reaction of 

[ (Fe*II(TPA))zO14+ with hydrogen peroxide to give an iron-oxo species best formulated as 

[CJPA)+Fe”=O]3+, on the basis of EPR and Mossbauer spectroscopies. As such, it represents an 

unusual example of an oxo-ferry1 species in a non-haem environment. 

Further studies of the formation of iron-peroxide species have been under&en using iron 

ions coordinated by Schiffs base ligands such as Hzacen (Hzacen = ethylenebis(acetylacetoneimine)) 

[118]. and by tripodal ligands such as N(BxIm)s [118, 1191. A side-on bound iron(III) peroxide 

species is postulated, which would explain why the Hzacen derivatives do not give any evidence for the 

formation of peroxide-bound hon. The tripod ligand complexes react with t-butylhydroperoxide to 

give purple species with spectral features reminiscent of those of purple lipoxygenase [ 1191. A 

similar study was performed on dinuclear iron compounds [ 1201. 

The unsymmetric polydentate ligands 1-(2-hydroxy-pheny1)-2-az.a-3,5-bis(benzimidazo1-2- 

yl)pentane and 1-(2-hydroxy-5-~~phenyl)-2-aut-3,5-bis(~nz~~ol-2-yl~en~ne (26) were 

prepared by the condensation reaction of the primary amine function of 1,3-bis(benximidar.ol-2- 

yl)propylamine with salicylaldehyde or 5bromosalicylaklehyde to give the Schiff s base. The imine 

was reduced in situ to afford the desired ligands. These were then reacted with iron(III) ions, (and 

similarly with copper ions), to yield iron(III) complexes with a ligandzmetal stoichiometry of 2 1 

plus two uninegative anions per iron atom [121]. The ligands are capable of providing a mixed 

phenola&imidar.ole coordination en vironment for the metals, although the exact mode of coordination 

is hard to predict in the absence of a crystal structure. 

(26) 

X=H 
X = Br 

The complexes formed with iron(III), chromium(II1) and copper(H) ions and 

bis(trifluoroacetylacetone)ethylenediimine were studied potentiometrically. spectroscopically and by 

X-ray powder diffraction [122]. It was concluded on the basis of the IR spectral data that for the 

imn(III) compound, one of the two carbonyl groups is not coordinated. 
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The l&and o-phenylenediamine-~~~~-~~dc acid @hdtaI-Lt) is analogous to edtaI$, 

but has a more rigid -NC@- linkage which is pmvided by the phenylenedia$ne moiety. The crystal 

structum of the potassium salt of Fi(OHz)(phdta)l- has been determined [ 1231 and reveals that the 

iron atom is seven coordinate, with six sites taken by the four carboxylates and two amine nittogen 

donors of the ligand, and the seventh site occupied by a coordinated water molecule. This is directly 

analogous to the situation found in the majority of iron/edta monomers. The water exchange rates at 

the iron(III) centm in the complex were studied as a function of temperature and pressure by the 

170 NMR spectral line-broadening method. The activation parameters for water exchange were 

determined (at 25’0 as A = (1.2 f 0.2) x 107 s-1, AIT = 26 f 3 k.l mol-l, AS = 22 f 9 W mol-1 and 

AV = 4.6 f 0.2 cm3 mol-1. The positive activation volum indicates that the water exchange proceeds 

via a dissociative interchange mechanism, in contrast to the situation for the hexaaquainm(III) ion for 

which the process is associative. The water exchange in this complex is much faster than for the 

hexaaquairon(III) ion, perhaps as the result of the electron donating properties of the phdta& ligand 

increasing the electron density on the metal centre and leading to a weakening of the metal-water bond 

through bound-ligand effect. This effect is probably also responsible for the lengthening of iron- 

water bonds compared with those in the hexaaquairon(III) ion which is commonly observed in such 

complexes. 

Another ligand related to eda is 1,3-pmpanediaminetetraacetic acid and this was used in a 

Raman and NMR spectroscopic and pH titration study of the complexation of iron(III) ions in 

aqueous solutions [124]. The increased space between the amine nitrogen atoms is suggested as 

allowing for a large enough chelate ring to be formed so that the complex is six, rather than seven, 

coordinate as has been previously demonstrated in crystal structure determinations. The results of the 

study indicate that in solution the six-membered chelate ring of the trimethylenediamine backbone 

prefers a twist-boat conformation and also there is a considerable decrease in the stability of the 

iion(RI) complex compared with the iron(IlI)/edta system 

The ligand pytidine-2,6dicarboxylic acid (also known as dipicolinic acid = Hzdipic) forms a 

2:l complex with iron(II1) of formula (H502)[Fe(dipic)z] with the ligands adopting a mer 

configuration about the six-coordinate iron atom, as revealed by an X-ray crystal structure 

determination [125]. The (H5@)+ counter-ion was also confii by Raman spectroscopy. The 

variable temperature magnetic susceptibilty data indicate that the high spin complex has a weak 

ferromagnetic interaction, with PeR increasing from 5.91 B.M./Fe at room temperature to about 

7.5 B.M./Fe at 30 K. The plot of reciprocal susceptibility vs. temperature shows that the compound 

follows a Curie-Weiss behaviour with 0 = 20 K. 

Three complexes which form with iron(III) and diethylenetriaminepentaacetic acid (H5dtpa) 

were character&d by single crystal X-ray diffraction [ 1261. A previous report on the structure of 

lFe(I-Idtpa)l- revealed the iron ion to be seven-coordinate with three ligand nitrogen donors and four 

ligand oxygen atoms in the coordination sphere. ‘Ibe three solid state struutures were obtained on 

compounds isolated from aqueous solutions with varying pH values. At low pH the compound 

[FeGIzdtpa)l2.2H20 forms. This contains two six-coordinate iron centres with two nitrogen donors 

and three carboxylate donors originating from one ligand. The third carbxylate is provided by the 
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pendant aaninocarboxylate arm from the ligand on the other iron centre and one further protonated 

carboxylate does not participate in the bonding at all as shown in stmcture (27). At intermediate pH, 

(achieved by the addition of NaHC03 or ethylenediamine). the compound [Fe(dtpa)]s can be 

isolated. The structure of this complex (Zs) is seven-coordinate, with the ligand providing N304- 

ligation, and the fifth (deprotonated) carboxylate arm free. Thus, as for the iron/e&a system, the 

speciation of the iron is strongly pH dependent. Some of the spectroscopic properdes, (such as EFR), 

of the low pH complex sre also chamcteristic of the iron environment in lipoxygenase. The reaction 

of an hon(II)/dtpa complex with dioxygen was also studied and compared with the samt reaction for 

the imn(II)/edta system, for which an imn(II.I) peroxide adduct was postulated. Only the formation of 

a simple iron(IlI) complex was observed for the dtpa case [ 1273. 

(27) 
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The effect of substiNcnts on acen-type ligands on the ease of oxidation of the axial ligands 

(Lax) in ~e~(Racen)&&]- was investigated for R = CH3,4-X-C&4, for X = H, Cl, Br, CH3, 

CH30, and Lax = N3- [128]. The electronic properdes of the equatorial Sehiffs base ligand are 

modulated by R and affect the efficieq of the oxidation of the aside, as followed by photomduction 

using UV light. 

The solution state chemistry of iron (as well as nickel(n) and coppeQ@) complexes with 

the Schiffs bases N,N’-ethylenebis(salicylideneimine) (salen) and the related N-(2- 

aminoethyl)sahcylideneimine as well as their organic fragments, salicylaldehyde and ethylenediamine, 

has heen studied using potentiometric titration methods [ 129]. The equilibria involved in the synthesis 

of Schiffs bases are shown to he much further towards the side of the products when metals are 

present (template syntheses). The iron/salen complex can be demetallated with ligands such as 

catecholate via the formation of [Fe(salen)(cat)j-. The anion [Fe(salen)(C204)]- is a six-coordinate 

complex, as revealed by X-ray crystallography, with a high spin iron configuration [44]. The related 

nitrilotriacetate complex is also high spin. 

The catalytic decomposition of Hz02 in the presence of the Schiff’s base complex NJ?‘- 

bis(~icylide~)-u-phenylen~ia~ne~n(~ (lymph)]+) sorbed on to Dowex-5OW resin was 

studied 11301. The reaction is fit order with respect to [Hzoz] and is suggested to proceed via the 

formation of an [Fen(salph)(OH)(HO~]- radical intermediate. 

Iron(III) complexes with sulfathiaxole, sulfamethoxazole, sulfadiazine, sulfapyridine and 

sulfadiimidine with metakligand stoichiometries of 1:2 have been prepamd from iron chkuide and 

character&d by elemental analysis and electronic absorption, IR, Mossbauer and RRR spectrosoopies, 

as well as conductivity, TGA and X-ray powder diftia&on measumme nts[131). Onthebesisoftheir 

IR spectra it appears that they all have very similar coordination geometries, with the terminal amino 

group of the sulfa-molecules not involved in the coordination. The FPR and M&batter spectra 

indicate that the iron cenne is high spin. The thermogravimetric analyses indicate that the complexes 

contain coordinated water and the ~~~~~ ~~~n~ show that &at they am non-electro&es. 

An octahedral NzOzCI(HzO)-coordination sphere for the iron with one nitrogen donor from the 

thiaxole group and one oxygen atom from the sulfa-group of each ligand is postulated. The 

antibacte&d activity of all of the complexes was found to be higher than that of the free ligands. 

The complexation of iron(IIi) by simple peptides has been followed potentiometrically, and 

some evidence for po&u&ar species was found [ 1321. 

23.23 Complexes with nitrogen donor iigands 

The hexadentate polyamine macmcycle 6J3dimethyl-1,4,8,1 l-~clotetmdeeane-&13- 

d&mine (diammac) reacts with iron(H) ions in aqueous solution to form the low spin iron@) 

complex fFe(diammac)]3+. The strucnue of this cation (29) as a mixed perchlorate/chloride salt was 

determined by X-ray crystallography [133]. The ligand provides an Ng-oetahedraI coordination 

environment for the hon. The complex is stable indefinitely in aerated aqueous solution and provides 

a rare example of a stable non-aromatic amine iton complex, the only other common example 



124 

being the [Fc(tacn)@+ complex. The 2Tzg ground state was confinmd ficm an analysis of the 

electronic spectrum and also the EPR spectrum measured at 77 K is consistent with a low spin 

iron state, although the spectrum could not be observed at room tempemtum, presumably because 

of short spin-lattice mlaxation times. The magnetic moment determined by the Evans method, gave a 

moment of 2.20 B.M. consistent with the expected orbital contribution to the S = t/2 spin state. 

Interestingly, the iron@) analogue could not be isolated. The reversible Fern/Fen couple occurs at a 

potential of -0.35 V vs. Ag/AgCl and is probably the reason why the iron(III) state is favoured. A 

furtherpsper~~sin~detailontheEm(spectraof~complexastheaiperchlolatesalt[1341. 

The angular overlap model was used to interpret the rhombic g tensors measured and the orientation 

ofthesetensQsnl~~OthtyinwhichtheligandfieMdGviatesfromoctahedralsyamnetry. 

(29) 

The structnre of [Fe@xBh]+ as the nitrate salt has been detetmined and is a low spin iron 

Nd-complex with average Fe-N bond lengths of 1.954(5) A, considerably shorter than in high spin 

iron(EI)/pxB complexes [135X 

2.2.2.4 Compkres with q&de Iigancis 

The charge transfer transitions of jFe(CN)5(3-p~~c~xylate)]~ and tFe(CN)& were 

studied in different electrolyes, and it was concluded that the electrolyte can affect the transition 

energies either indirectly, by changing the polarity of the medium, or directly through ion-pair 

formation [136]. The kinetics of replacement of 4,4’-bpy and 4-cyanopyridine by cyanide in 

[Fe(CN)5L]s complexes were studied in binary aqueous mixtures containing t-butanol, methanol, 

glycerol, ethylene glycol and sucrose [ 1371. Linear plots of the logarithms of the limiting rate 

constants versus the mole fraction of water, which am of different slope for diRerent combinations, 

were obtain& and interpreted as arising from rnul~~e~ solvent effects. Kinetic, thennodyuamic 
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and spectral data have been measured for the formation [Fe(CIU)5L]2- complexes from 

lFe(CN)5(H20)3~ with L = cytosine, cytidine and cytidine-S-monophosphate 11381. With excess 

ligand present pseudo first order kinetics ate followed with a dissociative mechanism The oxidation 

of benzenediols by [Feo4(bpy)]- has been followed in kinetics studies and it was found that the 

volumes of activation wem substrate dependent and that the oxidations proceed more rapidly with 

increased pressure. An outer-sphere electron transfer mechanism is operative 11391. The interaction 

of [Rum(edtaH)Cl]- with lFem(CN)& results in the formation of [(edtaH)RumNCFe~CN)#-, 

which could be isolated as a tripotassium salt [MO]. Such bridged hetero-nuclear systems are 

regarded as superior to the mononuclear compounds as catalysts in the oxidation of organic 

compounds. The osmium(VIII)-catalysed oxidation of glycols by lFe(CN)& was found to follow 

zero order kinetics with respect to fe&yamde, and first order dependence in [osO4] [141]. 

2 2 2 5 Complexes with other ligatuis 

The amidinato complex [PhC(NSiMe3)2]$eCl was prepared from FeOCl and the amidine 

PhC(NSiMe3)[N(SiMe$$ in acetonitrile/thf. The crystal structure, IR and M&batter spectra were 

measured [ 1421. The iron atom has a distorted trigonal bipyramidal geometry with one chloride and 

two nitrogen donors from different ligands occupying the equatorisl sites and the apical sites occupied 

by the remaining nitrogen atoms. The Mtissbauer spectral parameters are in accordance with the 

distorted bipyramkW description of the structure, rather than a squam-based pymmidal one. 

The previously reported and strucmrally chamcterlsed lFe@y)$$].py complex has been 

studied using Mossbatter spectroscopy [143]. The complex can be regarded as a charge transfer 

complex of lFe@y)3C13] and pyrldine and the interpretation of the Mbssbaucr data led to the 

conclusion that crystak of the complex system can be deficient in pyridine. Ckystals undergo a phase 

transition from orthorhombic to monoclinic at 200 K. 

Catalytic studies of the Diels-Alder reaction using the ligand, L, 2,2-bis[2-[4(s)-phenyl-1,3- 

oxaxolinyl]]propane as a chiral controller to complex iron(III) halides (FeX3) have been performed 

[WI. The active complex, [Fe(L)C!12Il was treated with the didentate dienophile 3-acrylolyl-1,3- 

oxawlidin-2one and cyclopentadiene and gave the endo adduct with 90% or better enantioselectivity. 

In the light of this, the chelation of the dienophile is expected to be on one axial and one equatorial site 

of the iron complex. 

The seven coordinate iron(II1) complex, dichloro(6,13-bis(2-hydroxyethyl)dH.l3H- 

nipyrldo(c~~g,~1[1,2,4,7,9,10,13]heptaarqentadecme)iron(IlI), whose stmcnne waswnflrmedbyx- 

ray crystallography, can only be prepared by aerial oxidation of the iron@) complexes. This and 

related planar macrocyclic ligands can be produced by template condensations at iron cennes. The 

structure of the iron(RI) complex (30) reveals that the iron is coon&akd equatorially by five nitrogen 

atoms from the macrocycle, and axially by two chloride ions. The iron@) complexes wem isolated as 

various derivatives from the reaction mixtures and were assigned as seven coordinate [Fen(L)Xz] 

species on the basis of previous experience. They were found to be high spin from magnetic 

susceptibility studies. The iron(III) complexes are also high spin, with temperature independent 

magnetic moments of 5.95 B.M. over the range 93 to 294 K 11451. 
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(30) 

The reaction of iron powder with P~M@BQ initially yiekls a white iron(B) complex which is 

oxidised by traces of oxygen to the purple compound ~FeB~~PMe2Ph)2] which has a trigonal 

bipymmidal coordination geometry with the phosphines occupying the axial positions [ 1461. 

A stopped-flow kinetic study on the anaerobic oxidation of cysteine @I&) by iron(III) was 

performed over the pH range 2.5 to 12 [147]. Three reactive complex species were identified as 

peL]+, [Fe(OH)LJ, and [Fe(OH)L@-. The first two species are formed via an initial reaction of 

pe(OH)12+ with H&, the final product depending on pH. [Fe(OI-I)L& is formed at high pH from 

IFe(O and L2-. 

The charge transfer complex [(‘ITF)2FeC13], and its bromo analogue as well as the 

corresponding rutheni~~~) compounds and an odium example, can be prepared from 

solutions of ~~~~ulvene (‘ITF) and the metal halide. Magnetic su~ptibi~~ ~~~n~ and 

electronic, vibrational, XPS and EPR spectroscopic evidence all support the hypothesis that the iron 

compounds consist of stacked ‘ll@+ radicals with the FeX3& entities bound to the sulfur donor 

atomsof the Tl@+ stacks 11481. 

Iron trichloride forms 1: 1 and I:3 compounds with 1,2,4-triasole-3-thione and its I- and 5- 

phenyl, and S-methyl substituted derivatives [149]. The compounds were characterised by 

Misssbauer, IR and UV spectroscopies. 

The compound IFeWO.&l] was pmpared by heating a mixture of WQ, Fe*3 and Fe@, the 

latter acting as a chemical transport reagent, and shown to be isomorphous with the analogous 

molybdenum compound by X-ray powder diffraction IlSOJ. Solution of the powder data shows that 

the iron atom is coordinated in a square pyramidal fashion by four basal oxygens and an apical 

chkxide ligand. 
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The compounds Cs[MluF&I20)~l. for M = Al, Cr. Fe, and Mn. have been prepared and 

character&d by X-ray powder diffraction, showing that they are isomorphous, and a single crystal 

structure on the ahuninium compound. This reveals the metal to have octahedral coordination with the 

two aqua ligands rrans to each other and forming strong hydrogen-bonds between the anions [ 1511. 

The variation in bond length for first row transition metal di- and trihalides has been discussed 

in the light of the structural information. Unlike the C@IYCQQ case, where the Cr(IIQ-F distance is 

much shorter than that for Cr(II),as expected, for iron(III) and iron(R) the distances ate the same 

within experimental error [ 1521. It is concluded that this is a consequence of the spherical high-spin 

& configuration of the iron(III) cenne. 

2.23 Complexes with untmal magnetic properties 

West and coworkers have been studying semicarbazone complexes, which can lead to spin 

equilibrium and spin crossover compounds. Metal complexes of 2-acetylpyridine N-oxide 

thiosemicarbazone (L) and the N-methyl (L’) and 3-azabicyclononyl &‘? derivatives wem prepared 

and character&d [ 1531. The thiosemicarbazone can act as a neutral didentate ligand to give ON- 

coordination or as a deprotonated tridentate ligand to give ONkoordination. The latter is the case 

for the iron(III) complexes reported. The RPR spectra indicate that whereas the Fe& complex is high 

spin, the Fe/L’ and Fe/L” complexes are low spin. The iron(III) complexes of the 4N-ethyl and 4N- 

diethyl derivatives were also pnpared and characterised by the same workers [ 1541. The RPR spectra 

indicate that the complexes contain low spin cations. The chemical and antifungal properties of the 

4N-diethyl and 4Ndipropyl derivatives are described in a further paper in this series [ 1551. The 

antifungal action of the iron(III) complexes was found to be negligible. 

The complexes [Fem(L)$Jl, where L = pyridoxal 4-phenyl-, pyridoxal4-ethyl- or pyridoxal 

4-methyl-thiosemicarbazone, exhibit a discontinuous spin transition between high and low spin 

configurations. with the magnetic moments showing a thermal hysteresis of width AT = 9 K with the 

transition occurring at 299 K for increasing tempemtum, and 290 K for decreasing temperature [ 1561. 

Variable temperature single crystal structure determinations have been performed between 120 

and 3 11 K on BPh4- and PF6- salts of the spin-crossover compound [Fe(acpa)z]+, where Hacpa = 

N-(l-acetyl-2-propylidene)(2-pyridylmethyl)amine [157]. The M&batter spectra can be resolved 

into quadrupole doublets from the high and low spin systems, and the variable temperature 

susceptibility behaviour is indicative of a gradual transition between the 6Als and 27’~ states. The 

structures are sensitive to spin state, with generally shorter iron-ligand bond lengths for the low spin 

forms with the greatest difference in the Fe-N lengths. Overall the system can be classified as a spin- 

equilibrium, rather than spin-transition, spin-crossover system 

Two other examples of spin-equilibrium spin-crossover complexes are ve(bzpa)2]ClO4 and 

[Fe(acen)(NCSH3Me2-3,4)21BPhq, where Hpzba = (l-benzoylpropen-2-yl)(2-pyridyhnethyl)amine 

and HZacen = ethylenebis(acetyl-acetoneiminate), which were character&l by X-ray structure 

determinations at room and low (140 or 120 K) temperature [ 1581. In both, the iron atom has a 

N4Ozcoordination sphere, with the oxygen donor atoms cis and with the iron-ligand bond lengths 
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shorter by an average of 0.069 A in the bxpa and 0.104 A in the acen complexes in the low spin 

structures. The Mtisbauer spectra are “timcav- for the two spins states in both cases, and the 

RlQpZtiC mmmts show a continuous variation with mmpaumm. 

‘Ihe spin-crossover iron(m) complex ~eL]Bphq.acetone, where L is the hexadentate Schiffs 

base ligand derived from uiethylene tetmamitu and salicyaldehyde, has been snucmmlly characterized 

by X-ray crystallography at 290 K [ 1591. The M&ssbauer spectra indicate that at this temperatum the 

compound is in spin equilibrium. A second crystal form of the compound which is twinned, is 

apparently high spin over the range 78 to 320 K. 

An imidaxolate bridged trinuclear Cu-Fe-Cu system is proposed on the basis of magnetic data 

for the reaction of copper complex of the ligand 4-(6-methyl-8-oxo-2,5-diaxanonane-1,5,7- 

trienylimidaxole) with Schiffs base compounds (acen OT salen) of iton [RiOI. It was concluded 

that iron(II1) is low spin for the acen compound, with ferromagnetic coupling between the 

hetemtm$als, and high spin for salen, with antifenomagnetic coupling. 

22.4 Complexes with anionic (not 0x0) bridges 

The crystal structures of the iron@I) compounds FeSCl7, FeSeCl7, FeSeBq, FeTeQ7 and 

FeTeCl7 reveal that they all exhibit the iron centre in a distorted tetmhedml coordination environment. 

The four donors are the four halides, one of which bridges to the chalcogen, which in turn is in an 

octahedral envhonment of thtee bridging and thtee terminal halides [ 1611. 

The polyselenide iron(III) compound [Ph3PNPPh3]~e2Se2(Seg)~.2dmf (31) (as well as the 

cobalt(III) compound [PPNJ[Co@.4)&klmf) was prepared by reaction of sodium polyselenide 

solutions with FeCp(CO)21[ 1621. The crystal structures of both compounds were detetmined and 

contain alternating layers of cations and anions. The iron centres are bridged by two selenium donors, 

and further coordinated by chelating Sej-ligands to give chair conformation FeSeg-rings and an 

apptoximately tetrahedral geometry at the irons. 



129 

A complex formulated as ~~(3,4~ihy~oxyphenyl-~~pionate)~l2].~Cl.~20 was 

synthesised ftom alcoholic solutions containing iron chlcrlde, the &and (d$ydrocaffeic acid) and 

KOH [163]. Copper (II), cobalt(n) and nlckel(II) complexes were also pre@md. On the basis of 

magnetic and spectroscopic studies on all of the complexes, it is suggested that the metal ions are 

tetrahedrally coorWaW It is possible that the m consist ~~~~~dg~~~ with one 

~n&~~~~~~~~~~. 

The reaction of Fez(SO4)3 with XSCN iu methanol yielded K2[Fe2(NCS)8(CH30H)2]. 

whereas the same reaction iu water gave Fi2(NCS)e(H20)4] and Fc(NCS)3 as determined from 

analytical, IR and UV-VIS spectroscopies, conductivity and solvation measurements as well as 

magnetic data Results am indicative of annfermmagnetic coupling for the two dinuclear compounds 

via N-bridging ~~ f 164]. 

The structure of catena-[~2O~(l-MeIm)2Mg(-cN)(CN)r( I-MeIm)FeIn].Hfl consists of 

((CN)sFeIl*(1-MeIm))2- units linked in extended chains through bridging cyanides, cis to the 

imidaxole, to six-coordinate magnesium@) counter-ions [ 1651. The M1sssbauer spectra have very 

large quadrupole splitting parameters (262 mm.& at 291 IQ supporting the suggestion that there are 

strong -bonding interactions between the imidazole and the low spin iron(IlI), in which the lmidaxole 

acts as a director to align the electron hole in the dx hon orbitals along the FeN(l-MeIm) axis. 

Three fluoride bridged iron(III) structures have been sported. An X-ray crystal structure 

determination on the compound (McqN)[FeFq] reveals that the lattice contains diiluoro-bridged 

fFezFs(H20)#- (32) anions [ 1661. There are strong hydrogen bouding interactions between the 

protons of the coixdinated waters and coordinated fluorides. 

b F(4) 

(32) 

Incontras~thecrystal stmctumoftheiron/fluotocomplexf~inthemactionbetweenimn 

chloride aud [(CH3)4WF contains face-sharing bloctahedral iFegF&- units (33) [167]. Lastly, the 

crystal structure of SrjFe$lg comains (Fe2Ft&- units as well as moaomerlc &F&- units 11681. 
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The structure of the dimeric units is similar to that of [F~t#Ifl)& with the coordinated waters 

replaced by fluoride ligands. 

(33) 

2.3 IRON DMERS AND CLUSTERS LINKED BY OXY-BRIDGES 

In recent years the recognition that the structural motif of iron centres linked by oxy bridges is 

a commonly occurring feature in natural systems has led to the blossoming of a rich coordination 

chemistry incorporating this feature. Whilst some compounds have been synthesised with the aim of 

modelling specific biological systems, others have been prepared in order to explore the hydrolysis 

reactions of iron, predominantly in the +3 state, and yet others to create cluster systems with unusual 

magnetic ptoperties. 

2.3.1 Din&ear singly ppoxo-bridged iron compounds 

Some of the first structurally character&d oxo-bridged diiron compounds were those formed 

with Schiffs base ligands, such as [(Fem(salen))20]. A facile one-step synthesis and the crystal 

structure of the dimer formed with the sterically more rigid salphenHp ligand. 

[ (Fe~tt(salphen))~O].dmso, as well as some of the properties of the compound have been reported 

[ 1691. The structure consists of two five coordinate square-based pyramidal iron sites with the 

salphen ligand providing the N and 0 donors of the base and an oxide bridge joining the two irons at 

the apices. The Be-O-Fe angle = 146.7’ which compares with 144.6’ for [ (FeBI(salen))20] and 

142.5’ for [ (FeIR(salen))20].CH2Cl2. The room temperature magnetic moment of 2.05 BM/Fe 

suggests strong antiferromagnetic coupling of the iron centres. No ESR spectrum could be observed 

The Mijssbauer parameters rue in the range observed for the salen compounds, with 6 = 0.33 mm.& 

and 4 = 0.77 mm.s-1 

The oxo-bridged compound [(FeIBL)20], where L is the Schiffs base ligand from two 

equivalents of salicylaldehyde and one of isothiosemicarbazone, can be oxidised by molecular iodine 

to give a snucture which was assigned as consisting of equal quantities of heterovslent (Ffl and Ffl) 

and homovalent @ferric) oxo-bridged clusters on the basis of X-ray diffraction and charge balance 

[170]. 
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The reaction of S-methylisothiosemicarbazide hydroiodide, acacH and sodium carbonate 

with iron(III) nitrate in ethanol gives a monomeric compound formulated as @eLII, which can be 

hydrolysed in ammoniacal methanol solution to give the compound [(FeLhO], where L = pentane- 

2,4-dione bis(S-methylisothiosemicarbaxonato)(3-) [ 17 11. The structure of this dinuclear 

compound was determined by X-ray crystallography. Each of the two iron centres has a square 

pyramidal geometry, with the basal plane consisting of N202-coordination from the tetradentate 

ligand, and the oxo-bridge forming the apex. On the basis of the stoichiometry, structum, electronic 

and NMR spectra, and magnetic measurements, which reveal that the compound is diamagnetic, a 

formal oxidation state of +4 was assigned to the iron cenlres in the complex. 

NMR spectroscopic spin relaxation studies on iron(III)/edta systems at high pH have been 

performed [ 1721. The reduction in relaxation efficiency was interpreted in terms of the dual effects 

of the formation of the oxobridged dimer at these pH values leaving only an outer sphere 

contribution to the relaxation rate, and also the decrease in p,+ because of the antiferromagnetic 

coupling in the dimer. 

The reaction of the [Fel*(Nq)(MeCN)2] system, described in section 2.1.3.2 [29], with 

dioxygen yields an oxo-bridged diiron(III) system formulated as [ (FeIn(N4)(MeCN))20] [ 1731. 

The compound is assigned as a low spin iron(III) system, partly on the basis of the spectroscopic 

properties of the mononuclear iron(III) complexes, which can be isolated by anion cleavage of the 

0x0 bridge, e.g. [FeIlI(N4)(Cl)2]-. The rates of reduction of the ox&ridged compound were 

studied by following the formation of the iron monomer specttophotometrically using a variety 

of reducing agents, such as hydroquinones, catechols. substituted phenols, anilines and phosphines 

[174]. The results are consistent with coordination of the reductant rruns to the 0x0 bridge by 

replacement of the labile MeCN ligand. 

The oxo-bridged phthalocyaninato complex [ [ FeIlI(pc)(MeIm) ) 201 crystallises in 

conjunction with bis-imidazole iron phthalocyaninato adduct and acetone solvate molecules 

[ 1751. The Fe-O-Fe angle is 175.1’ and each iron centm is in a low spin state. 

2.3.2 Dinuclear systems which model protein sites and reactions 

2.3.2.1 Structural models 

The modelling of the diiin sites known to exist in a variety of proteins has become more 

refined in its approach to producing realistic models. The korlc has also spawned a wealth of 

coupled iron systems which themselves are models for testing out theories of electronic structure, 

bonding and magnetic properties. The effect of changing the bridging dicarboxylate unit of the 

[Fe~O(OOCR)3]3+ core has been investigated [ 1761. The dicarboxylic acid 3-phenyldipropionic 

acid (H#PDP) was used in the synthesis of [F~~O(MPDP)(HB@Z)~)~~ (w and two complexes 

with terminal didentate ligands, B, [Fe20(MPDP)B$Z12] where B = 4,4’-Me3bpy (35) or bis(l- 

methylimidazol-2-yl)phenylmethoxymethane (36). The X-ray structures of these complexes 

revealed that the coordination of the iron atoms was similar to that found for the acetate analogue for 

the HB@z)3- l&and. For the didentate B ligands, dinuclear iron cores also resulted, in contrast to 
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(34) 

the situation found for monocarboxylate ligands where only tetranuclear compounds could be 

isolated. Most importantly, these dinuclear compounds possess two free coordination sites (one on 

each iron) cis to the 0x0 bridge, the position where exogenous ligands and dioxygen bind in the 

invertebrate aspiratory pmtein haeme@& and additkmally, the imidaz0le ligation from the bis( l- 

methylimidazol-2-yl)phenylmethoxymethane ligand provide a mote accurate model of the histidyl 

coordinaton found in the native protein. It was found that the didentate ligauds could be exchanged 

with HB(pz)3- ligands: 

[FeS@IPDP)B~lA + 2KHB@z)3 -_) lRQ@lPDP)(HB@z)3)~] + 2KCl+2B 
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(36) 
A dinuclear compound was also prepared with the didentate ligand tris(l-methylimidazol-2- 

yl)methoxymethane as well as a monomeric compound with this ligand. On the basis of the shii 

in the ligand field bands in the electronic spectra, the order of ligand field strengths of the ligands 

was assigned as N3(pz) (698 nm) > N@n)Cl(682 mu) > N~(pyridine)C1(665 nm). Magnetic and 

Messbauer spectral data are also given, and these are useful additions to the library of data on such 

systems. 

An example of a dinucleating phenolic oxygen donor is provided by the compound formed 

between catechol and FeC13 in methanol, [FeC!l2(cat)]$ [177]. The X-ray crystal structure (37) 

reveals that two five coordinate iton centms a~ linked by bridging catecholate ligands. which ate 

also chelating, with the rest of the coordination sphere being made up by two temGnal chlorides. The 

co-ordination of iron(m) ions by catechol is of interest in mode&g the intermediates of catechol 

oxidation by intra and extxadiol dioxygenase enzymes. Electrochemical reduction of the compound 

is hreversible at the iron at -1.86 V vs. Fc/Fc+ and there are two irreversible oxidations at 4.56 aud 

+0.33 V corresponding to oxidations of the catecholate ligands. 

Cl41 

(37) 
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(38) 

(40) 
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The X-ray crystal structure of dichloro[26diacetylpyridlne bis(salicyloylhydraxonato)]- 

bis(ethanol)dliron(, which was one of a series of mono and dinuclear iron&) complexes formed 

with 2,6diacetylpyrldine bis(acylhydraxone) ligands contains two nonequivalent iron atoms in 

which the tetmdeprotonated hydraxone ligand displays a bridging heptadentate behaviour [ 1781. 

One iron centm is exclusively O-cootdlnated by the salicylhydraxone part of the ligand and two 

coordinated ethanol molecules in an 6+j-fashion. The cateeholate moieties bridge to the seven- 

coordinate iron, which is further coonilnated by the nitrogen donors of the ligand and two chloride 

ions. 

A further example of a dinuclear complex with non-equivalent iron(III) coordination was 

confhmed by X-ray crystallography for the complex [Fe2(L)(OMe)(Cl2)(], where L = NJV’ 

bis(salicylidene)-1,3diaminopropan-2-ol [179]. The iron centres are bridged by the alkoxide 

function of the ligand and by a methoxide from the methanol solvent. One is further coordinated to 

the didentate chelate of the imine nitrogen and phenoxide oxygen of one arm of the ligand plus a 

chloride ion, giving five coordination, whilst the other iron centre has an additional methanol 

coordinated to give six-coordination. They are weakly antiferromagnetically coupled (J = 

-10.6 cm-t). A similar complex formulated as [FeZ(L)(OH)(C12)]. where L = N,N’- 

bis(salicylideneimine)-l,Sdiaminopentan-3-01, was also isolated. Cyclovoltammetry on these 

complexes suggests that mixed valence forms relevant to models for asymmetrically coordianted 

diiron proteins should be accessible, although the diferrous form was not stable. 

A bridging alkoxide moiety i&n the ligand L = N~~~-retrakis(2_banzimidazolylmethy)- 

2-hydroxy-1,3diaminopropane holds together two iron(II1) centres in another example of 

an asymmetrically coordinated diiron compound [ 1801. The cationic complex 

cFe$W OzP(Ph)z 1 (L)(MeW12+ was formed in the reaction of iron perchlorate, the ligand 

and diphenylphosphate in methanol. The coordination spheres of the iron centres differ in that 

where one has a coot&rated methanol, the other has the phosphate ligand. It is the first example of 

a diiron compound with a terminally coordinated phosphate group and could be relevant to the 

inactive diferric form of Purple Acid Phosphatase 

The active sites of dinuclear iron-ox0 centres in proteins often involve iron in the +2 

oxidation state. The dinuclear iron(I1) compounds [Fez(H2Hbab)2(N_MeIm)2] and 

CFez(H2Hbab)2(dmf)2(N_MeIm)l, where IQHbab = 1,2-bis(2-hydroxybenxamido)benxene (38) 

were synthesised and their structures determined by X-ray crystallography [181]. The complex 

[Fe#IzHbab)2(N_MeIm)2] consists of two equivalent FeNOq-trigonal bipyramidal coordination 

spheres composed of two amide oxygen atoms, a terminal and a bridging phenolate oxygen and a 

single nitrogen from N-MeIm (39). [Fez(HzHbab)2(dmf)2(N-MeIm)] (40), however, possesses 

inequivalent iron sites: one FeNO4-sphere with the same coordination as before, and one FeOg-site, 

where the N-MeIm has been displaced by two dmf molecules. The spectroscopic properties 

(electronic absorption, epr, Mossbauer) of these compounds compare with those of fully reduced 

methane monoxygenase (MMO) and the B2 subunit of ribonucleotide reductase (BBB2). They 

also exhibit a weak ferromagnetic coupling. Cyclic and square voltammetric studies of 

[Fez(H2Hbab)2(dmf)z(N_MeIm)l in dmf gave two quasi-reversible one-electron oxidation steps at 

-500 and -250 SCE corresponding to [Fe 2+, Fez+] + [Fe2+, Fe3+] and Ipez+, Fe3+] + [Fe3+, 
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Fe3+] core oxidation state transformations. Overall the compounds provide reasonably good 

models for the pqerties of the sites in MM0 and RRBZ, although the known coordination of the 

iron centms in RRB2 is not reproduced accurately. The use of a ligand-derived phenolate to mimic 

a bridging hydroxide is probably a useful fast approach to stabilising dinuclear iron(R) sites. 

Another possible model for RRB2 is the dinuclear compound [ (Ffl(bpma))2(p2-O)(p~- 

OAc)#+, where bpma = bis(2-pyridyhnethyl)amine, which has been structurally characterised 

[ 1821. Both iron atoms in this complex are octahedrally coordinated by three oxygen atoms from 

the bridging groups with the bpma ligands coordinating facially. The pendant pyridyl groups of the 
ligands sm cis to the p2-0x0 bridge. 

2.3.2 2 Car&tic and oxygenarion studies 

A dinucleating alkoxide function from the l&and ZVJVJV’JV’-tetrakis(2-mlyhnethyl) 

2-hydroxy-1,3diaminopropane (HPTR) plus a bridging hydroxide group hold together the two 

iron(IIQ centres in (F~#FTB)((.L-OH)(NO$~](NO~)~ [183]. This structure was confitmed by an 

X-ray diffraction study, although problems were encountered with crystal decomposition and the 

data could only be refuted to an R value of 17%. EXAFS studies were used to help confvm the 

structure and Mine the iron envitonments. The complex reacts irreversibly with Hz02 to form a 1: 1 

adduct which has a new feature at 600 nm in the electronic spectrum. From resonance Raman 

studies, this is assigned as a peroxide-to-iron charge transfer band. Studies using Hz1802 and %O 

solutions suggest that the peroxide oxygen atoms am not protonated, since no changes wete detected 

in the spectra. On the basis of the spectroscopic, structural and magnetic data presented, it was 

concluded that the peroxide binds by replacing the bridging hydroxide to give a (p-q l,q l- 

peroxo)diiron(III)centre. As such, this is a better model for the dioxygen interactions in MM0 and 

RRB2 than in haemerydmn. 

A five-coordinate difermus complex, which binds dioxygen reversibly, has been mported in 

a review of dicopper and diimn R-pemxo complexes [ 1841. A differic p-0x0 compound which can 

add dioxygen to alkanes, and thus models MMO, is also reported. 

(41) 
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The asymmetric triply carboxylate bridged diiron(II) complex [Fe2(00CH)4(bis(l- 

methylimidazol-2-yl)phenylmethoxymthane)2 (41) displays a stmcmre of tulevance to modelhng 

the sites in diinm 0x0 proteins [ 1851. The X-ray suuctum determmadon teveaIs that the two fetrous 

centres am unsymmetrically coordinated. They am bridged by one monodentate and two didentate 

formate ligands. and each has one didentate imidaxolate l&and. One of the iron atoms has an 

additional monodentate formate ligatx& making it six-. There is a weak interaction of the 

five coordinate iron atom with the free oxygen donor of the monodentate formate bridge. The 

magnetic data suggest that there is very little interaction between the iron centres. The RPR 

spectrum has an unusually shaped integer spin signal at g - -16 cm-l, which is the same value as 

that observed for MM0 and RRBZ. Furthermore, the complex reacts with dioxygen to give the 

dinuclear oxo-bridged iron(III) compound [FeZO(OOCH)4(bis( 1-mathylimidazol-2-yl)- 

phenyl~tboxymethane~.H~O, which was structurally character&d by X-ray crystallography and 

possesses two octahedral iron(III) centres comdinated by the didentate ligand, one monodentate 

formate ion, a bridging oxide and two bridging formate ligands. Roof that the oxide bridge derives 

from dioxygen and not adventitious water was provided using resonance Raman studies on the 

symmetric Fe-O-Fe stretching vibration after treatment of the difermus complex with 1%. There 

was some evidence for tbe formation of mixed valence species in the EPR spectra of rapidly frozen 

reaction solutions. 

Solutions of iron(m) in the presence of nta have long been known to catalyse a variety of 

biological-type reactions. A dark green complex which can be isolated from solutions containing 

[Fe*113(~3-O)(C12-OOCCH3)6(H20)3]+ and nta has been formulated as [FexIl&2-O)(u2- 

OOCCH3)2(nta@- and is proposed as a possible catalyst in such reactions [ 1861. 

The biomimetic oxidation reactions of a variety of hydrocarbons with iton( Fe%0 and 

FeRI& complexes using H202/02 were studied [ 1871. It was found that all three types of iton 

compound were capable of acting as oxygen transfer reagents. 

Two iron(m) complexes can be formed with the ligand 2,2’-dihydroxy-3.3’~diacetyl-5,5’- 

dichlomdiphenylmethane, one of which is expected to be mononuclear and the other dinuclear on 

the basis microanalytical and Mossbauer spectroscopic data [ 1881. The formation of complexes 

with copper(R), nickel(n), cobalt(R), and vanadium(V) are also described. The iron compounds can 

be used as catalysts for the oxidation of 3~5-di-f-butyl-12~y~xybenzene. 

The di- and trinuclesr complexes [Fe20C16]2-, [Fe20(phen)4(HzO)#+, and 

[ (Fe(alanine)@20)) SO]“, were shown to be efficient in the transfer of oxidising equivalents fmm 

Z-butyl hydropemxide to cyclohexane [ 1891. The presence of excess imidazole increased the yield 

and the ketone:alcohol ratio. 

2.3.3 Trinuclear clusters containing the {hf3(p3-0)) core 

The [FeuFem&-O)]6+ core is a member of the vast family of l&oxide bridged metal 

“triangles”, which ptovide vehicles for testing theories of electronic exchange as well as form the 

building blocks of higher nuclearity clusters. Incoherent neutron scattering was used to probe the 

dynamics of the molecular motions in the mixed valence compotmd [FeIIFeI$(lt3- 
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O)(OOCD3)6(py)3].py [NO]. This compound is known to undeqo a number of phase changes, 

perhaps as a result of ordering of the solvent pyridine molecules. There was found to be a 

correspondence between the elastic scattering pmbabillty and the specific heat data, with a first order 

transition from the specific heat data coinciding with a discontinuous change in the neutron 

scattering p&ability, and a second order transition corresponding to a gradual change in scattering 

profile. The same compound and the CHC13 solvate analogue were investigated using variable 

pressure 5%e M&sbauer spectroscopy [191]. It was found that at pressures greater than 80 kbar 

these compounds become valence trapped, showing two doublets in the M&ssbauer spectra with an 

area ratio of 21 which can be assigned to iron(IlI) and iron@). The spectra at intermediate 

pressures can be inteqreted in terms of the valence detrapped and valence trapped states, whilst 

those at pressures less than 20 kbar arise from the fully delocalised forms. 

The effect of interstitial solvent stearate-bridged analogues of these Fe30 triangles was 

gauged from X-ray diffraction patterns and Mossbatter spectroscopy [ 1921. The ditYraction data 

indicate the trimers adopt layer strucmms with interlayer spacing depending on solvate, and the 

Mossbauer data show a mixed-valence state trapping for the non-solvated case, but not for the 

solvatcd examples. 

The compound [Fe*~Fe~~~(~3-O)(~~-OOCH3)~(OOCH3)~(tacn)].2CHC13 (42) can be 

prepared from ferrous acetate and tacn in the presence of oxygen [ 1931. The X-ray crystal structure 

reveals that two of the acetate ligands are didentate chelating rather than bridging. In addition, the 

structural parameters suggest that one of the carboxylato-coordinated iron ions is in the +2 

oxidation state with the distances to the iron in the coordination sphere significantly longer than 

those for its counterpart. Valence localisation in this compound is supported by the Mossbauer 

spectra, which can be understood in terms of iron(I1) and iron@) sites. The cluster is 

antiferromagnetically coupled and the magnetic data can be fit using J values of -16.5 cm-1 for the 

Fe(II)-Fe(III) interactions, and 41.8 cm-1 for the Fe@)-Fe(III) interactions, with a gtound state of 

s = 1. The all iron(II1) member of this family in the form of [Fer113(3-0)(2- 

oOBz)6(cH3OH)~(HzO)].~~C~ has been crystallographically character&d 11941. 

dcl 
(42) 
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The oxidation of the hack ‘urn~~~~i~s~~~~~~~n 

investigated, and it was conch.tded that the active species is (Fc~~QA~-O)(~>OCH~)~)+ and the 

reaction stoichiometry requires one mole of iron(III) per hydmxyammom ‘urn, rather than the two 

previously postulated 11953. The hydroxylation of aroma& compounds by an iron(O), acetic acid, 

dioxygen system, which probably involves species similar to the (Fe3O(ooCMe)6}+ moiety, is 

suggested to proceed via the formation of ferry1 species [ 196J. 

Homo- and hetcrometallic trinuclear [M~3(p3-O)(OoCR)6(H30)3](N03) compounds, 

where R = C7Ht5 and M3= Fe3, Cr3, Fe$r, F&Q, have been prepared and spectroscopic and 

magnetic studies are in accord with this formulation [ 1973. Mixed-valence states of 57Fe atoms 

were produced by electron-capture decay in 37Co labelled [CoFe2~3-0)(0~2II)sfH20)3] and 

[CoF~(~3-O)(O~H2Br)6~H20)3], which were studied by Mossbauer emission spectroscopy 

[ 1981. The two compounds show temperature dependent trapped-to-averaged and trapped valence 

states, respectively. 

23.4 Magnetic studies and systems with u8w.wal magnetic properties 

A series of thirty-six dimtclear iron(III) centms found in Fe2 and Fe3 compounds bridged 

by a ligand oxygen atom and at least one other bridging ligand, such ss carboxylate and phosphate, 

has been considered [ 1991, and a correlation between the antiferromagnetic exchange coupling 

constant J and a parameter, P, which is defined in Angstroms as half the shortest supcrexchange 

pathway between the two iron centres established. The ~~etos~c~l correlation can also be 

applied to tetranuclear compounds and metalloproteins, although it does not apply to 

(p-oxo)diiron(IIl) centres unsupported by other bridging ligands. This correlation is of interest in 

view of the fact that other attempts to correlate J with structural parameters such as Fe-O-Fe angle 

and Fe---Fe distance have not proved wholly successful in the past.. 

The ligand 4,6-bis[N,N-bis(2’-pyridylmethyl)aminomethyl]-2-me~yiresorcinol was 

synthesised to provide a bridging ligand capable of furnishing the correct topological amtugement to 

favour an overall fenomagnetic interaction of two iron(III) cenues [200]. It is suggested that in the 

complex @?e&)(H30)4]4+ each iron atom is coordinated by two pyridyl functions, the connecting 

amino nitrogen, two waters and one of the resominolate oxygen donors. In this way the central 

bridging favours a f~ tic exchange between the irons with J = i&62(3) cm-t. 

The ligand L = N-salicylidene-Zhydroxy-5chloro(ar ~rno)~n~~ne, forms dinuclear 

iron(III) complexes, [Fezf&)@I-I3COO~], which also display fermma gnetic coupling of the iron 

centres with J = +1.6 cm-l [ZOl]. The structure of the complex was confirmed by X-ray 

crystallography and shows that each iron is six-coordinate with an NO5donor set provided by two 

bridging acetates, two ~nuclea~ng phenolatcs from each ligand, and the N and 0 from the 

salicylidene. This quadruply bridged diiron centre is somewhat unusual, and might account for the 

positive interaction between the irons cenues 

The Schiffs base ligand, salpnH3. was used in the synthesis of trinuclear bridged M(H) 

complexes [2921. The compounds of general formula [M3(salpn)~(Q$X!H3)$klmf, with M = 

Coo and Fe(R), as well as the iron0 complex fcxmed with the 2,2dimethyl-salpn analogue, wcrc 
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the pmducts formed in the attempted synthesis ofM%alpn complexes. The iron(n) and c&alt(lI) 

complexes of the salpn ligand are isostructural, and consist of three metals joined in a line by 

bridging carboxylates and dinucleating (via the phenolic oxygen) salpn ligands as shown in 

strwture (43). A similar siructme has been previously obsewed for the a hetemmeta& ZnCu2- 

system [203]. The magnetic susceptibilities at room temperance canbeunderstwdintetmsofnon- 

coupled high spin M(D) systems. 

(44) 

The tetranuclear iron(III) complex, [ Fe2(1,3-bis((bis( 1 -methylimidazol-2-yl)phenyl- 

mtthoxy)methyl)bmzene~2-0)(~2-HCOZh(H)~)2 (44). can perhaps best be described as a 
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dimer of dimers (as indicated by the formulation) and has been character&d by X-ray 

crystallography [204]. The ligand can be regarded as two his-imidaxolate ligands bridged by am- 

xylyl spacer, and the coordination geomeuy of each iton atom is essentially octahedral, with two 

imidaxolc ligands, a bridging oxo-group, two bridging formates, and one monodentate formate 

ligand making up the coordination sphere. In this way, the structure consists of two pairs of 

(C12-O)@~-HCQ&-bridged diiron cenues linhed by the m-xylyl groups of the imidazolate ligands. 

The Ir;em4(c1.3-@)]*+ core can be regarded as a “butterfly” made up of two FeIn,&-0) 

triangles sharing common metals at the hinge. Ihis appmach is helpful when visualising the build 

up of higher nuclear&y oxo-bridged clusters and also when trying to rationalise their magnetic 

properties. The compound [Femsoz(ooCCH3)7(bpy)2](C104).t/sCH2C12.H20 contains this 

butterfly corn,, as revealed by a single crystal X-ray diffmcdon study [20!5& The variable temperatute 

magnetic susceptibility of the complex was measuted to 5 K ‘lhe effective moment per molecule 

decreases from 4.20 BM to 0.82 BM, indicative of an S = 0 ground state. An antiferromagnetic 

interaction is expected in coupled iron(III) systems. The theoretical analysis of the data used two 

pairwise interactions to explain the observations: a wing-body and a body-body exchange as 

represented in (45). The wing-wing interaction was considered to be negligible in view of the 

greater separation of the iron centres. The analysis revealed that a wing-body exchange of 

I,,,h = 45 cm-l fitted the data, whereas the body-body interaction, Iht,, was indeterminate. The 

origin of this effect lies in what has often been termed “spin-frustration”, that is. the situation where 

the relative magnitudes of the antiferromagnetic exchange interactions result in a net alignment of 

someofthespinvectorsinasystem,inthiscaseonthetwobodydioxobridgecoreinms. 

The same type of spin frustration phenomenon was observed by the same workers in a 

hexanuclear iron(II1) complex [206, 2071. The compound lFe6(W-O)~(CL~-OH)2(W- 

00CH~)to(l,l-bis(N-methylimidazo1-2-yl)-l-hydroxy-ethaneh].xCH2Cl~ (46) forms from the 

reaction of the imidaxolate ligand with IFe3(~3-0)(~2-OOCH3)gL31+. L = H20, py. It can be 

visual&d as two Fe3&-0) triangles joined by two btidging hydroxide and four bridging 

carboxylate groups at their bases. The magnetic susceptibility data reveal an increase in effective 

moment with decreasing temperature. The magnetisation data were fitted using full-matrix 

diagonalisation and can be umksmod intmnsofasystemwithanS=5groundstate,rathetthan 

thearpectedS=Ostate,thisarisingfromaspinftustrationwithinthecore. 

An alternative means of introducing unusual magnetic interactions ia bridged polynuclear 

metal systems is to synthesise heterometallic complexes. This approach was used with the 

dinucleating l&and BPMP, 2,~bis[(bis(2-pyridyImethyl)amino)mdhyl]~~~yl~e~i, to produce 
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the complex ~~~P~~~(B~~, whose crystal strucmre has been deter&&, but not 

yet reported [208]. The complex in acetonittile solutions was studied using epr and Wssbauer 

spectroscopy, both of which show that the compkx is ferromagnetically coupled with a ground state 

ofS=3. 

(46) 

The heteropolynuclear clusters [~~u(Mesalen))2Fe(acac)].(NO3)2 and 

[~Cu(Mesalen))~Fe(acac)].(PF6)~ have been prepared, and the four metal, { 3CuFe)-cluster 

~~~1~ characteris& by X-ray ~s~o~hy [209]. Trin~lear { 2CupFem) - and mononucler 

~Cu~(Me~en)~-hits are arranged in helicoidal polymeric chains. Magnetic studies suggest that 

the different units interact weakly. Also, the Mossbauer spectroscopic data indicate that the three 

metal cluster also contains (2CuFe]-units. 

In the trinuclear hetemmetallic compound [ { (Me$acn)Feln ]#mg)3Nin](PF6). l/$H3OH, 

Me$bm = 1,4,7-trimethyl-1,4,7-niazacyclononane, dmgH = dimethylglyoxime, the two iron centres 

are joined to the central nickel atom by dimethylglyoximate bridges [2101. The crystal structure 

shows that the nickel atom has &CoOrdimtiOn from the dmg- nitmgen atoms and each iron cenne 

has N303-coordination, with the nitrogen donors from the cyclic amine ligand, and the oxygens 

from the dmg- ligands as shown in (47). The trimetal unit is almost linear with an Fe-Ni-Fe angle 

of 179.4‘. The magnetic su~epdbility data were interpreted in terms of ~~~rnagnedc 

interactions between the iron and nickel centres and also the iron centres, the latter being much 

weaker. The overal &round spin state of the compound is S = 4. The cyclic voltammogmms teveal 

two quasi-reversible one electron oxidations, corresponding to successive oxidations of the nickel 

centre up to nickel (IV), and two reversible one electron teductions, corresponding to the stepwise 

reduction of each iron cenne down to iron( 

The X-ray structum of r~3FemcC14-O)(~2-oc3N7)6(OC3H7)4(acac)3] has been reported 

[211]. The compound is formed in the reaction of iron(III) acetylacetonate with zlrconium(IV) n- 

propanolate in a-propanol. The four metal atoms describe a tetrahedron, with the w-oxide at the 

centre. The iron centm is five coordinate, with the rest of its coordination sphere made up of three 
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didentate propanolate ligands and one terminal propanolate unit. The xhconium atoms are seven 

coordinate, each with a didentate acac- ligand, three didentate propanolates and one terminal 

propanolate ln addition to the w-oxide. 

Fourteen heterometallic alkoxide clusters containing iron(III), such as 

[AlFeNbZq(OCHMe2)12], have been character&d by elemental analyses, IR and reflectance 

spectroscopy and their magnetic behaviour [212]. 

An investigation into the compounds forming between iron(III) and polyalcohols in alkaline 

aqueous media indicated that mononuclear, oligonuclear and polynuclear iron(m) species are 

important [213]. It was found that the polyalcohols modified the hydrolysis of the iron 

markedly. At high ligand concentrations, mononuclear species form, as indicated from magnetic 

susceptibility and electronic spectroscqic measurements. The formation of polynuclear complexes 

at high pH was followed using laser light scattering and kinetic measurements. In the case of 

sorbitol complexes, the polymerisation was found to be reversible. 

2.4 IRON PORPHYRIN AND OTHER NpMACROCYCLES 

The majority of in&porphyrin complexes are synthesised in o&r to provide models for the 

biological haem centres found in proteins such as haemoglobin, myoglobin, the cytochromes, 

various catalases, peroxidases and reductases. The fact that these biomolecules are all closely &ted 

structurally, and yet fulfil a variety of functions and stabilise iron in a vatiety of oxidation and spin 

states, can be. rationalised in terms of the steric environment, or pocket, provided by the folds of the 

polypeptide backbone of the protein, and the influence on the electronic state of the iron by axial 

ligands, which can be endo- or exogenous in origin. The reproduction of these features is an 

important aim in the synthesis of models. A second goal is to reproduce the binding or catalytic 

activity of the biomolecule. In many cases this involves the synthesis of functionalised porphyrins 

capable of placing the required stic demaruis on the metal. 
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2.4.1 Catalaseamiper~ernodcls 

Models for catalase with the required proximal oxygen binding to the iron(III) centre 

provided by the functionalised “basket-handle” porphyrins have been prepared [214]. The 

manganese(III) complexes were also synthesised. In general, their ability to catalyse the dismutation 

of hydrogen peroxide or the oxygenation of an alkene proved to be similar to catalysts having a 

proximal nitrogen ligand, provided by an imidaxole l&and. However, the iron complex with the 

proximal oxygen was only capable of effecting the dismutation reaction leading to the suggestion 

that the proximal tyrosinate in caUlase inhibits oxygen transfer mactions in the native enzyme. The 

manganese complexes were always more efficient than the iron complexes in catalysing the 

reactions. 

The synthesis, ligand big properties and oxidation mactions of deum modified 

with an undecapeptide residue have been mported [2151. The steric effect pmduced by the folding 

of the peptide chain affects the binding of axial ligands, such that there is a markedly reduced 

affinity for the binding of a second imidaxole ligand. The complex exhibits both catalase and 

petoxidase activity. 

The crystal structure of [FelIt(TPP)(2,6dichlorophenoxide)] has been determined and 

provides a model for the phenolate binding from tyrosinate residues in catalases and also mutant 

haemoglobins [216]. The iron atom is five coordinate, with the phenoxide ligand coominated in a 

bent fashion with the angle at the oxygen, Be-O-C = 132.6(2)‘. 

2.4.2 c)lrochrome moaklr 

2.42 .l Cytochrome P450 models 

The nature of the axial ligands of the water soluble iron porphyrinates ~(TlvIpyP)]s+ 

and Ft(TPPS)]~ were examined as a function of pH by 1H NMR spectroscow [217]. TheNMR 

spectroscopic shifts provide some evidence for the existence of [Fe(TMpyP)(HgO)2]5+, 

[Fe(TMpyP)(H20)(OH)14+, [(Fe(TMpyP))2018+ and lFe~pyPWHh13+ in the JW.vP2- 
system, and [Fe(TPPS)(H20)2]3-, [Fe(TPPS)(H2O)(OH)]4- and [ (Fe(TMpyP)}20]8+ in the 

TPPS system Crystals of the high pH oxo-bridged [ (FeQ’MpyP))gO]g+ complex as the 

perchlorate salt were obtained, and the X-ray crystal structure shows the iron atoms to be 

pymmidallycoominaDzd 

The first report of iron(III) porphyrins with u-bonded tetra- and triazolato ligands includes 

the chamcmrisation of two linkage isomers, lFe(OEP)(N&Me)] and [Fe(OEP)(NqCPh)] by X-ray 

crystallography 12181. In these, the R group on the hetemcycle is either next to the u-bound 

nitrogen atom, in the S-position (isomer I, found for R = Me) , or mnovcd 6vm it in the 4 position 

(isomer II, found for R = Ph). Magnetic studies indicate that the iron is high spin. Eight different 

complexes are mported. These are of relevance to the phenylimidaxole-inhibited complexes of 

cytochtomeP45ocam. 

The fust example of an iron(m) porphyrin complex with two axial chloride ligands is 

provided by peIR(j%PPh3+-TPP)Cl2], the structure of which was determined by X-ray 
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crystallography 12191. The compound is high spin, which is relatively unusual for six-coon&ate 

iron(Bl)porph complexes. Another skoordinate high-spin iron porphyrin is the complex 

mpyP)ol]k which has two axially coot&aU water nm&culcs,~as revealed by X-ray 

CrystaWuaphy WI. 
The effect of pyridine binding on the spectroscopic and electtochemical properdes of u- 

bonded aryl iron(m) porphyrins was found to test& in low spin complexes forming [221]. The 

spin-state was also influenced by the degree of flucrination of the atyl moiety. 

The catalysis of oxidation, hy~xy~~ and epoxidation mactions of hydrocarbons by 

peroxide species using iton potphyrins has &en investigated using a number of systems [222- 

2331. These re.&ons are of televance to the catalytic action of cytochtome P450, which is thought 

to involve an iron(lV)-oxo (ferryl) radical species. A porphyrin with twelve phenyl groups was 

synthesised and was found to he capable of stabilising such a ferry1 radical at 8’C on reaction with 

3-chlorobenxoic acid [230]. A study of acyl-carbon fission processes catalysed by cytochrome 

P450-type systems might also involve an (Fe **I-OOH) intermediate [231]. The complex 

~e~(TPP)C!l] catalyses the conversion of nittobenxene to aniline 12341. 

The pbotoredox behaviour of various meso-tetraatylporphyrin complexes of iron was 

examined [235]. The study showed that the iron was teduced to iron(B) on irradiation, and also 

that the reduction of CC& was catalysak lhe nlevance of this to bang the mechanism of 

reduction of haloalkanes by cytochrome P4M is discussed. 

Ekctrcchemical oxidation of te~s(2,~~u~phenyl~~nato)h~o~n~, [(F8- 

TPP)Ferr&j, when X = Cl or F, was found to result in the generation of iron porphyrin radicals 

stable enough for spectral characterisation at room temperature [236]. tH, 2H and *9F 

spectroscopic NMR chsracterisation suggests that the species thus produced is the first iron 

porphyrin x-cation-radical complex without an axial oxo-ligand. Electrochemical oxidation of 

[ ((F&TPP)Fem) fl] yields cationic iton porphyrin radical compounds, 

‘Ibe gas-phase synthesis of metallopotphyrin ions has been studied as a possible route to the 

production of the reactive intermediates of catalytic cycles such as hydrocarbon activation by 

cytochrome P450 12371. Fe(P)+ ions, for example, were produced by excimer laser ablation of an 

iron disk in the presence of the purphine vapour. 

The ferric and ferry1 ~~i~l~h~~ x-cationic radical complexes wem studied 

using resonance Raman specttoscopy in an attempt to resolve the question of the electronic structure 

of the Few=0 stretching mode. It was concluded that the presence of an axial ligand affected the 

bonding situation [238]. The resonance Raman spectra of the carbene complexes ~e(TPP)CCl2], 

~ef,TPP)%!Cl21, fFe(TPP)CBrZ] and DWTMP)CClz] have been studied and the presence of a 

spin sensitive band, ~2, at 1569 cm-1 aud an oxidation state sensitive band, ~q, at 1370 cm-1 led to 

the conclusion that the metal cenue is low spin iron(IV) 12391. 

The complex [Fe(TM(4)pyP)]s+ was studied as a catalyst for the oxidation of organic 

substrates by iodosylbenmne in organic solvents [240]. W-VIS and EPR specmtscopies were 

usedtoidentifytkin~,whichwenassignedasaniron(m)lhombic~~aniron(IV) 

ferry1 species and an iron N-oxide species. The oxo-iron(W) ~-cation radiad was not detec&. 
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The reactions of diphenylhydroperoxyacetate with water soluble six-coordinate 

manganese0 porphyrins were studied and compared with results for the iron species [242]. 

The reactivity of the imn(lII) species is much higher at low pII, 

An inorganic-porphyrin analogue based on the Dawson complex, 

[ocL-qZW170&la+Br)]y- for M”+ = I&3+, Fe3+, C&, Ni*+ and Cu*+, provides a system where 

the pocket about the metal ion is not as hindered as in the usual porphyrin models for cytochtome 

P450, and is also highly oxidation resistant [109]. The catalytic power of these complexes for 

alkene epoxidation and for aliphatlc and aroma& hydmxylations was invest&ted, and it was found 

that the rn~g~~~ compound was the best catalya, with Gaels) and copper@) showing 

virtually no activity [108]. Naturally, the iron centre is hardly in a model environment, being 

coominatedbyoxideligands. 

2.4.2.2 Cytochrome b models 

The interaction of imidaxole ligands with the. sterically hindered porphyrin derivative 

@erchlorato)(te~~s(2,6-dichlo~phenyl)por~), [Fe(T2,6Cl2PP)(OClO$], was 

investigated 12433. Such compounds model the bonding situation in cytochrome b, where the 

binding of axial ligands appears to modulate the spin state of the iron centre, with all three 

possible values having been obsen& It was found that the eight chlom groups did not hmder the 

binding of the axial ligands. The structure of the bis(l-v~y~mid~le)~(~) derivative, 

~e~,~l2PP)(l-V~~)2]ClO4, was determined by X-ray diffraction. The six-coot&ate low 

spin complex has an unusual EPR spectrum at 7 K in the solid state, with both a rhombic and large 

g value being present, arising from the two different imidaxole orientations observed in the crystal 

structuxe. The fmmn solution spectrum shows only the rhombic signal. 

The porphyrin complexes [Fe(TMP)(4-~ezpy)z](Clo4).2C6H5Cl, [Fe(OEP)(4- 

NMe2py)2](ClOq).CHzCl2 and [Fe(TMP)(l-MeIm)zJ(ClO4), have been crystallographically 

character&xl [2&t]. In the @$TMP)(4NMe~py)~]+ complex the axial pyridine ligands have their 

aromatic rings bound perpendicularIy, giving the confl8uration which is thought to be responsible 

for the occurrence of the large g value observed in certain native eytochrome b systexns. This ah 

leads to a ruffling of the porphyrin corn.. The EPR spectrum of the complex displays a feature at g 

= 3.48, consistent with this theory. The other two complexes have their axial ligands in a parallel 

orientation and act as controls, showing no high g feature and an almost planar porphyrin m. TIE 

preparation and X-ray crystal structure of bis(3-cyanopyridine)(octaethylporphinato)iron(III) 

pet-chlorate has been reported by the same group [245], and shows the axial pyridine ligands to he 

ccordinated almost perpendicular to each other. The EFR spectrum has g values at 4.28 and 1.97, 

consistent with this configuration. The compound is either an example of a stabilised S = 3/2 

complex, or else a complex in thermal spin equilibrium, as indicated by its magnetic pmpertie~ with 

the EPR spectml parameters suggesting that it is more likely to be a spin equilibrium system, 
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The paramagnetic [Fe~~)(2-MeI~)~+ complex has been studied using NOESY 

experiments [246]. The spectra can be understoud in terms of a model with rotating axial ligands 

but no ligand exchange, as might be expected in view of the “cavity” sm of the iton-porphyrin 

complex. 

The sterically hindered ligand 2methylbensimidaxole was found to bind high spin 111cs0- 

~~l~~arn iron chloride compounds to give bis ligand complexes if the meso aryl 

groups carry alkyl groups at the 2,6positions [ 115j. The spin states of the compounds show some 

evidena:forS=l/z,S=3f2~g~the~spectra. 

The rate of rotation of the 2MeIm ligand in lFe(TMP)(2-Mel&r)(L)]+ has been studied by 

2H NMR w and found to incmase for less sterically hindered L, probably as a result of 

~~~on~~L~~~h~[~~. 

2.423 Cytochrome c a& c’m&& 

The synthesis and characterlsation by NMR spectroscopy of the first porphyrhr-cyclam 

dinucleating ligand and its ~n~)/~p~~ complex have been reported f2481. The complex 

at~rnp~ to model the simation in cytochmme c oxidase where a haem iron and a copper centre 

interact to CataIyse the mduction of dioxygen to water. 

Stereoselective electron transfer reactions between ferrocytochrome c and cobah 

complexes have been studied. The results have been interpreted in terms of the degree of 

astir of the ligands of the cobah@@ centm into a havoc crevice of the protein 12491. 

The stability of iron and iron(H) haem undecapeptides encapsulated in aqueous 

detergent micelles has been investigated [250]. Such haem peptides am the result of the enzymatic 

degradation of cymcbmme c. 

Five- and six-coordinate ferric octaethylpotphyrin complexes, lFe(OEP)X], X= ClO4, 

SO3CF33-, SbFe- and ~e(OEF)(3,!Kl~y)$+, which were previously report& to display admixed 

inte~ate-spin behaviourV have been studled using NMR, EPR and MCD spectroseopies to 

assess their suitability as models for cytochrome c’ 12511. In particular, the MCD spectra allow the 

intermediate, high and low spin states to be distinguished and reveal &om comparisons with data on 

the protein that it pmbably has an innnmediate, 5/z, 3/2 ground spin state. 

The synthesis of and oxygenation studies on haemoprotein models, have been reviewed 

[252]. 

The synthesis and characterisation of double-sided porphyrinatoiron(II) complexes have 

been described [253]. These have pockets of different sixes on each side of the porphyrin ring. 

Fixate complexes can be pmduced, as well as five-coommate ~~~rn~ imidaxoIe 

complexes, which am capable of binding dioxygen reversibly. The oxygen aflinity for the iton(II) 

complexes increases as the steric bulk on the rear side of the porphyrin is decrreased The changes 

in oxygen affinity were ascribed to the strength of the rc&ctron donation ftom the imidaxole to the 

imn centle. 
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Tile kinetics of the binding of 02 and CO to double-sided iron(B) porphyrin ccmplexes 

indicate that the affinity is affected by steric repulsions between the axial it&la&e ligand and the 

ester groups inside the pocket as well as the polarity within the oxygen- or carbon-monoxide- 

binding cavity [254]. Further spectroscopic studies also suggest that the rc-backdonation &n the 

drc orbital of the iron atom to the IF* orbital of the bound gaseous ligand is controlled by the 

strength of the iron-imidamle bond, which, in turn, is influenced by the strucmm oftherearpocket 

of the porphyrin ligand [255]. 

Complementary M&sbauerand specbmphotomtn; ligand titration studies were perfumed 

to monitor the interaction with protoporphyrin IX iron@) with a series of aliphatic amino ligands 

[ZSaJ. Both methods indicated that low spin octahedral complexes were formed, All except 

e~~ol~e displayed cooperative binding, but with appmx&Wly 1ooo-fold less affinity for the 

iron(B) than the previously ~~ and imidazolc ligands~ 

Solid-state 170 NMR spectmscopy was used to study the picket-fence potphyrin model for 

oxyhaemoglobin and oxymyoglobin, [Feu(TPivPP)( l-Me&n)(%)] and the results compared to 

those obtained on the pmteins themselves [2573. The model compares well with the native systems, 

and the results are consistent with a predominan tly spin-paired configuration in all thme systems. 

Resonance Raman studies using 1602 and 1802 and scrambled dioxygen adducts of 

Fe(TPP), Fe(TPp-da), Fe(TlKP), Fe(OEP) and Fe(TPFpP) allowed the two isomers with side-on 

and end-on dioxygen binding to be identifii [258], Fur&more, two oxofenyl species were found 

to form as a result of homolytic cleavage of the dioxygen bond using laser itradiation. Both the 

~~~-~~~~~~ 

The carbon monoxi& adduct of a capped porphyrin ~e(C2~p)(~)(l-~~y~~)J 

has been synthesised and stmcturally chamcmrised by X-ray crystallography 12591. This is&e first 

such structure where the CO is bound inside the cap. The Fe-C-O system is only slightly displaced 

from linearity. The results add to the information mgaming oz/co e in such systems. 

Spectrophotometry was used to determine binding constants for the coo&nation of cyanide 

ions by haemin in ethanol [260]. Two ligands were found to coordinate with no evidence for an 

inmmiediatc mono-ligated species. 

2.4.4 luodals r&vant to n&i&? and nimrre re&tuses 

The ~e~~h~n)~O)] species with porphyrinI = TPPH2, TPCH2 and OEPH2 have 

been studied using electrochemistry and electronic and vibrational spectroscopies 12611. It was 

found that the complexes were reduced in three one-electron steps and the products of the first two 

waves, as detected by Optically Transparent Thin-Layer Electrochemistry, were assigued as 

[Fe@orphyrin)(NO)]- and lFe@orphyrin)(NO)J~ species. The complexes were assigned as low 

spin ferrous species and the bonding situation in the complexes is discussed. 

Five- and six-coordinate nitrosyl complexes of a series of tetrakis(4-substituted 

phenyl)porphyrins have been prepamd in order to gauge the &-effect of substituents on the axial 

nitrosyl ligand from EPR and IR spectroscopic analysis 12621. It was concluded that as the 

el~~n-~~~~g power of the porphyrin peripheral substituent is enhanced, the iron-to-NO 
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A model for N-bound nitrite reductase is provided by tbe complex llFe(TPivPP)(NO.& 

which was chamcmrised by X-ray crystallography [263]. The iron is in assigued a ferrous low spin 

state, as indicated by the Mt5ssbnucr spectnun, although the value of the quadmpole splitting is 

rather large, at 2.28 mm s-l, which is comparable to that for oxyhaem compounds, and unique for 

low spin ferrous iron. It is unlikely, however, that an [Fe(m)-NO@- formulation is a better 

description of the electronic structure. The bis(nitm)iron(lII) complex has also been investigated 

[264]. Its reactions with pyridine and imidaxole produce mixed ligand complexes, 

[FeQPivPP)(NO&L)], with the N-bonded nitrite l&and sitting in the pocket famed by the pickets 

of the porphyrin and the ligand wonGamd to the open face, as revealed by X-ray crystallography. 

W-VIS, IR. NMR, RPR, and M&sbaurr spectroscopic data are repor& and are consistent with 

the structural data and the presence of low-spin imn(III) in a rhombic environment. 

The photochemistry of a new nitrate iron porphyrin complex, [Fe(lPP)(N~)], as well as of 

[Mn(TPP)(NO3)] and ~n(TPP)(NC%z)l, has been studied [265]. The iron nitrite complex was not 

stable. Irradiation produces substrate oxidation, including CH hydroxylation suggesting 

O=Fe~(TPP+) as the active oxidant, similar to the situation in cytochtome P450. 

2.4.5 Other iron porphyrin complexes 

The demetallation of a series of (5,10,15.2&etraphenylporphyrinato)iron(III) complexes 

with bulky substituents on the 2-positions of the phenyl rings was studied using NMR 

spectroscopy and spectrophotometry in order to gain insights into the mechanism of 

metalloporphyrin complexation in Nature [266]. The reaction occur& simultaneously with the 

reduction of the iron. 

The pyrolytic reactions of axidoironQ (and axidochromium(III)) tetraphenylporphytin 

have heen studied in the solid state [267]. The reaction of the ferric system resulted in the liberation 

of nitrogen gas and the formation of the iron porphyrin. 

The spectroscopy and electrochemistry of the sulfate bridged iron(III) complexes 

[Fe(TPP)]2S04 and [Fe(OEP)]#O4 have been studied. [268]. It was found that the dimers 

dissociate in non-coo&nating solvents to yield easily reducibk mononuclesr species. 

Monomeric aqua and hydroxo complexes of [Fe”(OEP)]+ in aqueous sodium dodecyl 

sulfate (sds) detergent micellar solutions have been studied using NMR and optical spectroscopies 

[269]. The micelles model the hydrophobic protein pocket interactions with the haem moiety in 

native haemopm&s 

Low temperatum MCD and EPR spe~uoscopic studies have been performed on the low spin 

Fe0 porphyrin complexes, lFe(OEP)(tht@. [Fe(OEP)(ImH)d+ and [FecrpP)m+ [270]. 

These provide well-defined iron(II1) porphyrin models for axial ligand interactions in 

haemoproteins. It was found that the EPR and MCD spectra of @z(ORP)(thtM+ am similar to the 

spectra of the haem group in bacterioferritin, providing extra support for the suggestion of the 

unusual bis(methionine) coordination of the haem in thii protein. 
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Two dimensional COSY experiments on a number of paramagnetic imn complexes of 

porphyrins and chlorins have been reported [271]. In spite of the fact that cross peak resonances 

for such compounds are diminished because of rekation and antiphase cancellation effects, it was 

possible to interptet the spectra for high spin fertous complexes ~~-~~yl~ in terms of 

a spin density distribution which is as asymmetric within a pyrrole as it is between non-equivalent 

pyrroles. 

Metalloporphytin complexes can act as lattke clathrates, trapping solvent and other small 

molecules within their crystal structures. The stmctures of over 100 of these so-called porphyrin 

sponges have been considered and data on 34 new matei%& presented [272]. A further example of 

such a sponge is provided by the five-coot&ate compound @reo(TPP)(SPh)] [2733. The crystal 

structure analysis shows that there are channels in which the solvent molecules reside. The 

tesolutiou of twinning problems and d&order is also discussed 

2.4.6 Other NQ-macrocyclic conyllexes 

The proton NMR spectra of high spin iron(m) isobacteriochlorins were studied as models 

for the high spin sirohaem active site in the resting state of E. coli sulfite reductase and spinach 

nitrite reductase [274]. It was possible to use the data to assign the complexes as five- or 

six-coordinate, a feature which should assist in the interpretation of data from the native 

systems. 

The complex [Fe@c)(N@)@y)] has been isolated as a stable crystalline material (in 

addition to two similar coablt(III) complexes) and it mokcular and ekctronk structure investigated, 

indicating it to be a six-coordinate low-spin iron(m) species [275]. The corresponding five- 

coot&ate species lFe(pc)(NO)] was also studied and the dioxygen activation and oxygen transfer 

reactions, which were found to be catalytic and selective, of the systems investigated. 

The reaction of [Fe(pc)Cl] in water containing pyridine was followed using 

spectmphotometry and conductometry [276]. Amongst the compounds suggested as forming, is a 

hydroxo species which easily dimerises to an oxo-bridged dinuclear complex, which in turn 

bong to give ~e~~)~~l and ~~~~~Y)I. 
A range of substituted (1,2-naphthalocyaninato) iron compounds with bis-axially 

coordinated isoqmde ligands has been synthesised [277]. 

The rarely studied meso-octamethyl porphyrinogen tetraanion was found to bind iron(IlI) 

ions to give a square planar environment around the metal centre, as revealed in a single crystal 

X-my diffmcdon study [278]. 

The reactivity of the cormle/lron(III) complex (2,3,7,8,12,13,17,18-octamethykorrolato)- 

iron@) towards axial ligauds such as pyridine, chloride and isocyanide was studied using 1H 

NMR and optical spectroscopies [279]. The unsubstituted complex has an S = l/2 gtound spin- 

state, whereas the pyridine adduct appears to have a mixed-spin ground state. This adds useful 

astir to the rather small body of i~~ti~ on the metal complexes of these t~p~~c 

ligands. 
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25 IRON SULFUR COMPOUNDS AND CWflERS AND THEIR 

Sl?L.ENIUM ANALOGUES 

25.1 iUonon.uclear iron su&u compounds. 

The continued interest in modellhrg mononuclear Fe/s sites found in biological systems has 

led to the characterisation of. mcmasingly relevant coordination compounds. The site of the electron 

transfer pmtein, rubredoxin, has been modelled in its reduced (ho@)) state by reacting [Fe(II)(S-r- 

Bu)4]% with the protected polypeptide Z-cys(SH)-pro-leu-cys(SH)-gly-NH-C&t-4-X to yield 

~e(II)(Z-cys(SH)-proleu-cys(SH)-gly-NH-CeH4-4-X)J~, where X = MeO, H, F. and CN [280]. 

This effort forms part of a continuing study by these workers on imno@eptide complexes, aimed. 

in part, at elucidating the tile played by the peptide chain in contmllmg mdox potential. These new 

complexes gave positively shifted mdox potentials compamd with other pmviously mported peptide 

complexes. The most positively shifted potential was observed for the complex with X = CN in 

dme, the complex with the most strongly elecaon-withdrawingparu-substitusnt, and the strongest 

NH---S hydrogen bonds as detected by contact-shifted N-H---S-Fe resonances in the 2H NMR 

spec-. 
The simpler thiolate models for rubredoxin all fail to reproduce the positive redox potentials 

observed for the native systems, but do have the advantage of being easily accessible to structural 

characterisation by X-ray crystallography and providing single crystals for spectroscopic studies, 

such as the low-temperature single crystal magnetic circular dichroism (MCD) and polarised 

absorption studies performed on (E&N)2~e(S-2-(Ph)-c6H4)1 [281]. The analysis of the spectra 

for this iron complex reveals that the iron is high spin and in an axial environment. It was 

possible to assign the SE + ST2 and SE + 37 transitions to give Ds = -350 cm-t, C = 2800 cm-l 

and B = 620 cm-t. A comparison with previously studied iron thiolate complexes reveals that 

these exhibit much larger reductions than the 70% reduction for the iron case from the free ion 

values for electron repulsion. It was concluded that the inverted bonding description invoked for the 

iron(III) complexes was not valid hem. A calculation of the ground state zero-field splitting based 

on spin-orbit coupling to the ST2 and 3T ligand field excited states led to a calculated value of D of 

-8.7 cm-l which is in excellent agreement with the experimental value of D of -8.7 f 0.7 cm-l 

derived from the temperature dependence of the MCD spectra reported here. The splitting of the 

iron 3d orbitals is suggested to depend on the interactions with the S-Fe0 bonding orbital as 

dictated by the UC! orientation of the thiolate. This effect would account for the differences in the 

spectra of the model complex and ferrous rubredoxin, although it should also be recognised that 

MCD bands have proved hard to observe in native ferrous ruhredoxin. 

In a series of iron complexes with dithiolatederived llgands, Selhnann and coworkers have 

been trying to elucidate the possible features of importance in oxidoreductases. Many of these 

contain exclusively iron and them is some evidence to suggest that the metal can exist in monomeric 

sites. Other examples are known with metals other than iron, such as nickel. One important and 

much disputed feature of these systems is whether the dithiolate ligand is actually a dithiolene 

ligand, which in turn brings the oxidation state of the metal into question as indicated in scheme 
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(48) 

(48). This has been explored iu detail via single crystal structure determinations for three iron 

complexes with the 1.2~benxenedithiolate ligand 12821. two of which are concluded to consist of 

dithiolate complexes rather than dithiolenes, with the iron ln the +4 oxidation state; these complexes 

are [Fe(C!&I&)2(PMe~)21 and Fe(C!&I.&h(PMe~)l. The third complex is a related i.ron(III) 

dithiolate produced by reacting FeClz.4HzO with the ligand and excess phosphine in the presence 

of oxygen to give Fe(CeH&)2(PMe&]-, which had its structure determined as the 

tetramethylammonium salt. All three structures consist of strictly monomeric iron sites which are 

either five or six-uxxdinate, depending on the number of phosphine ligands in the complexes. The 

assignment of these compounds as dithiolate species was made on the basis of the bond lengths of 

the ligand, (which do not indicate any C-S double bond character), and the M6ssbauer spectra, 

(which have values for isomer shift and quadrupole splitting in accord with the assignments of 

iron and imn(III)). In a later paper [283], these workers investigated the interactions of these 

complexes, in addition to an iron analogue, with H+. Hz and H- in order to gauge their 

effectiveness as models for the active site in iron hydrogenases. Dihydrogen evolution was 

observed when FeCl2, the dithiolate ligand and a protic acid were combined in methanol via the 

formation of the iron(I1) species [Fe(C6H4S2)2]2- which yields the iron(II1) species 

[ (Fe(C&I&)2]2]2- on addition of the acid. This reaction was followed using 1H NMR 

spectroscopy and could be rational&l in terms of a reaction scheme involving two protonation 

steps of the iron@) species. The fact that the iron(R) centm, in an environment of thlolate donors, is 

able to reduce protons so easily is accounted for by the increased electron density on the metal 

giving rise to a very negative l%(II)/ko couple (-0.99 V vs. NHE). Although the mactlon is an 

amactive model for hydrogenase activity ln native systems, it is not catalytic, and the question as to 

the likely degree of aggregation of iron centms in such systems (if any) is still open. 

R a 
(49) R = t-butyl; Lz= ‘t’aS$ 2-; R = H, Lz = WJ~’ > 
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A n&ted ligand system Lz = (49). derived from the coupling of two dithiolate moieties by a 

thioether bridge, provides a pentadentate chclate and has heen used to produce iron(R) complexes 

capable of cootdinating o-x ligauds such as CO, NO, NO+, and P(OPh)3 W/4], but not a-ligands, 

unlike the iron@) complexes mported for the parent ligand, L3-, where R i II. The synthesis of 

[Fe(CO)L] yielded two sm, onewiththesulfurdonoratcansofthethiolateslinkedbythe 

thioetherci.rtoeachother,andtheotherwiththemtrans. Thesewereeasilyseparatedowingtotheir 

different solubilities in organic solvents such as toluene, thf and CH$Jl3. The cis isomer of the NO 

adduct was subject to further investigation [285]. This 19-electron compound readily undergoes 

substitution of the nitrosyl by CO at ambient temperatures. The ease of substitution is probably a 

consequence of the 19th electron being delocalised over the whole molecule, and occupying an 

orbital which is antibonding with respect to the Fe-N and Fe-S bonds, as indicated by RPR 

spectroscopic studies. In contrast, the iion analogue is substitutionally inert. It is suggested 

that the iron(R) compound provides a good model for reversible NO binding of sulfur-coordinated 

metal cenues in nitmgenases. 

The dithioether linked analogue of this ligand (SO) provides a hexadentate crown thioether 

system. The reaction of the ligand with divalent metals (bon, cobalt, nickel, and copper) has been 

reported [286] and the suucture of a nickel complex determined. It is likely that the iron species 

is oc&edrally coordinated by the ligand in an analogous fashion to the nickel(R) complex. 

The coon&ration of iron(III) in the enzyme nitrile hydratase, which catalyses the hydration 

of niuiles to amides, from Brevibucreriurn sp., has been investigated using resonance Raman and 

EXAFS spectroscopies [287]. The results can be inmrpremd in terms of a six-coordinate low spin 

iron(III) site with mixed sulfur and nitrogen or oxygen ligands, which provides an interesting 

synthetic challenge to chemists seeking to model this site. 

25.2 Iron su&r clusters 

25.2.1 Dinuclear iron su@r compounds 

Plant type fenedoxins possess lPe3S3(S-cys)412 cores with redox potentials in the range 

from -0.23 to -0.42 V vs. NHR. The model compound ~~[FezSz(SCaH2Me3-2,4,6)4] has 

been synthesised and its structum determined using X-ray crystallography [288]. The steric bulk of 

the thiolate ligands causes the compound to adopt a restrictedly eclipsed configuration rather than 

the more stable staggered form. 
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As Power and Show point out in their article desctibing the preparation of the dimeric 

neutral metal thiolates, [M(S-2,4,6-t-Bu&H&]2 (M = Mn, Co, or Fe), most transition metal 

thiolate complexes tend to be ionic, a feature which helps to prevent the formation of intractable 

polymeric species [289]. Although other open-shell transition metal thiolates are known, these 

complexes are the first well-characterised examples of low coordination number (three) neutral 

thiolate complexes. The single crystal X-ray structures are mpcuted for all three compounds. 

25.22 Three iron and site-diflerentiatedfow iron su&r clusters 

Most of the other work reported on iron/sulfur clusters addresses questions relating to the 

reactivity of the iron/sulfur cores. An area of particular interest is the reactions of IFcqS4] cores 

where one of the iron cenues is labile. This is relevant to the situation recognised in an increasing 

number of non-redox [Fe&] enzymes, such as aconitase, some dehydratases, and an 

amidotransferase. Holm and coworkers have extended their work on subsite di&rentiated cuhane- 

type clusters and describe the ligand substitution reactions of the differentiated clusters of type (51). 

The reactions of the clusters with L = Cl and L = OQH4-p-Br with a variety of biological and 

abiological ligands were monitored by NMR spectroscopic methods [290]. A set of 30 clusters of 

the general type (51) resulted from the substitution of L by these ligands. The most relevant 

clusters produced in terms of modelling biological sites, were those with L = OzMe, OMe, SR, or 

OPh, which mimic amino acid side-chains, and a dicubane oxo-bridged species which could be 

detected by NMR spectmscopy, and which can be hydrolysed to give two cubane clusters with L = 

OH. This corresponds to the deprotonated form of the solvated aquo species, thought to be 

important in aconitase. 

Lisdefinedinthetext 
(51) 

The X-ray structure of the protected macmcyclic polyether trithiol which has been used to 

capture three of the four iron sites in {Fe&q}-cores, thereby leaving one site diffetentiated and able 

to undergo substitution reactions with various ligands, has also been reported [291]. ‘Ihe paper also 

describes some of the reactions of the differentiated cluster as monitored by NMR spectroscopy and 

comparisons are made with the other subsite differentiated clusters described above. It is concluded 

that both ligand systems affom a suitable simulation of the coordination in native { FcqS4(Scys)g)- 

clusters such as are known to exist from protein crystallography on aconitase, and, further, that 

neither of the tridentate ligands imposes a highly specific environment on the (Fe4S4)-core as 

evidenced by the similar mactivities of both systems. 
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The cluster type (51) was used as a basis for modelling the known bonding situation (from 

protein crystallography) in the site-specific cluster in the aknilatory sulfite reductase from E. coli, 

EC SiR [292]. This contains a covalently bridged, magnet&ally coupled simhakn assembly, with the 

cubane iron and shohaem probably bridged by a cysteinyl sulfur atom (although this cannot be seen 

in the protein structure) as indicated in scheme (52). As a first step, attempts were made to produce 

an FeqS4-Fe complex in order to demonstrate the feasibiity of the method for producing bridged 

assemblies. It proved possible to substitute L as an alkylthiolate with pyridine tbiols, coordinated via 

their sulfur atoms. These new clusters could then be reacted with the iron(R) complexes Fe&en)] 

and [Fe(tfacen)(MeCN)] to give bridged assemblies as evidenced by changes in the isotropically 

shifted tH NlvIR spectra of the cluster, bridge and Fe(R) complex portions of the assemblies. As 

part of the investigation, the binding afEnities for the iron@) complexes for pyridine and the crystal 

structures of [Fe(tfacen)(pyh] and [Fe(tfacenpy)] were determined. Finally, evidence is also 

presented for binding of cFe(II)(ORP)] to the pyridine thiol substituted cluster, which is a step 

closer to modelling the interaction of sirohaem moieties with Fe4S4 clusters such as found in native 

systems. In systems such as aconitase, the site differentiated iron is often also labile and can be 

removed as iron(R) from the cluster to give a “voided” cubane with an (Fe$4)-core. The 

difficulties in achieving this in model systems, such as the site differentiated clusters of Holm ef cl. 

cited above, might stem from the problems of charge separation from anionic cluster species. In an 

attempt to circumvent this problem, Pohl and coworkers have explored ways of preparing neutral 

clusters [293]. The preparation of a mixed ligand neutral four iron sulfur cluster was achieved by 

first preparing l’Fe(SRhL2].PhMe from [FeI2L2] and KSR (R = 2,4,6-i-PqC6H2 and L = 

SC(NMe2)2). This was then reacted with elemental sulfur to afford the cluster IFeqS4(SR)2L2] 

where pairs of irons are coordinated by the two different S-donors (L and SR). The crystal 

structures of both of these compounds were determined. The thiolate ligands of these compounds 

can be oxidised with [(Me2N)$SSC(Me2N)@+ to afford cationic species such as [Fe(SR)LJ+ 

and [FeL4]2+ from the monomer and possibly also the cationic cluster species Fe4S4(SR)L3]+ and 

[Fe4S4L4]2+ from the cluster. 

c--------- Siroheme Fe (11, III) 

Substrate binding site 

(52) 
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A similar appmach was used by these workers in the synthesis of the mixed ligand clusters 

[FeIL31Cl%4S4QLl and W&&L’& where L is as before and L’ = (QH#JIi)$ZS fkm Fe&& 

Fe(CO)s and elemental sulk [2!84]. The structures were confirmed by singk crystal X-ray 

dlffractiou. The synthesis of ~e&&L3- offers an alternative means to that of Helm et al. of 

producing four-iron sulfur clusters with one differentiated site. Such clusters ate mcognised as 

being the precursors to voided cubane clusters, although as yet, no definitive proof has been found 

for the f(nmation of such species in the model work. 

Experiments performed in vim on the ma&v&y of the reduced [Fe&]* cluster in 7 Fe 

ferredoxin III Finn L&w&w&?$o cafiicanus show that divaknt metal ions such as zinc(E), cobalt(E) 

and iron interact rapidly to give [MFc$&]~+ cluster [295]. In addition, thallium(I) will react 

with both the reduced and oxidised forms to give lTlFqS4]+ and me&]%, respecdvely [2%]. 

The recognition that voided cubanes cau inaxpomteothermetalcentmshasbeenusedasa 

starting point for the synthesis of mixed metal cubane clusters which might model the biological 

reactions. The approach used by CiurIi and Holm still relied on the ‘self-assembly’ route of 

synthesis in order to prepare rhenium/iron/sulfur clusters [297]. In this way, the previously nqorted 

iron bridged [Re2Fe7S8(SEt)&- cluster was prepared i?om [ReS,$, FeCl2 and NaSEt in I&OH. 

When this is treated with dmpe in acetonitrilc the single cubane cluster lReFe3S4(SEt)&mpe)]-can 

be isolated in high yield as the ~~ae~y~urn salt. The struchux? of this (53) was determked 

by X-ray dBaction and reveals that the rhenium atom is coordinated not only by a thiolate ligand, 

but also by the dmpe &late to give oc&&alc0onihlation,ratherthanthe W&edral cooniination 

observed for the iron centms. Thii reaction involves the nxluction by thiolate of the axe state from 

[ReFe$k#+ to [ReFe$@+. The cluster undergoes two electmchemically reversible processes in 

acexonitrile solution corresponding to the series [ReFJe-jS&+~+~4+ . The magnetic pmperties of the 

new cluster were investigated and an S = 2 ground state was established, with a mean oxidatkn state 

of Fez-s+ suggested on the basis of the M6ssbauer spectroscopy. 
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In addition, ~c3coS4(SQH2Pd3-2,4,6)4]~ can be prepared by mtcthg either the four or 

linear thFee iron cluster with Co@, and was shown to have formal oxidationlstates of Fe2+, 2Fe3+ 

and @+ and S = l/2 from BPR and Messbauer specrmscopies, magnetic susceptibility and 

cyclovoltammetry [298]. Presumably the reaction starting from the four iron cluster prooeeds via 

thethlVeironfoml. 

25.2 3 Four iron m&r “cubane” clusters 

The now ‘classic’ [Fe4S4(SR)4]* system is still subject to investigation by groups wishing 

to elucidate the factors important in influencing the properties of the synthetic models in order to 

reproduce those observed in native systems. A detailed study on the structure of the fenedoxin 

model Fi4S4(SPh)4]% as the tetrabutyl ammonium salt has been performed ~[299]. The results of 

the X-ray structure detetmination of the cluster at 233 K are compared with previously reported 

results from the mom te&erature struchae. The compound is known to undergo a phase transition 

at 243 K. It is conch&d that the origin of the phase transition is a result of tbe increase indisorder 

of the butyl groups in the counterion, although small changes in the geomztry of the imn-sulfur core 

couldbedetecWd. 

A new tetradentate thiolate ligand has been developed to encapsulate (Fe4S4) CUES as 1: 1 

compounds by reaction with [Fe.&C412 [3001. 

The redox behaviour of FeqSq-systems is of importance in assessing their suitability as 

model compounds. One factor often ignored is the solvent effect in these measurements. In the 

native systems, the redox processes happen in an aqueous environment, and this aspect has been 

investigated for the [FeqS4(SC#4-t-Bu-p)4]2-/3- couple in hydrophobic and hydrophilic 

environments [301]. The EQ value of the cluster in a CH2Cl$-I20 two phase system as a near 

monomolecular layer on the electmde (produced by the addition of Triton X-100 to give a micellar 

solution) exhibits a pronounced anodic shift compared with that in CH$& and falls in the range of 

that in 4Fe and 8Fe ferredoxins. This is in agieement with the suggestion that it is the tertiary 

structure of the protein which provides a hydrophobic pocket and shifts the redox potential of the 

Fe/s clusters to such positive potentials, rather than the direct influence of the ligands themselves. 

The effect of b&city of solvent in stabilising the high oxidation state 4Fe cores found in the 

HiPIP proteins was investigated on model [Fe4S4(SR)4]- systems 13021. It was concluded from an 

examination of the electrochemical behaviour of the species with R = Ph, r-Bu that the stability of the 

cluster species is determined by the basicity rather than the polarity of the solvent and that this effect 

is reduced as R becomes more bulky. It thus seems that a hydrophobic envimnment and protection 

from solvent attack (water) are essential for the stabilisation of the Fe/S = in HiPIP proteins. 

A potential pSR diagram has been constructed for the interconversion of [Fe(SR)412-, 

[FezS2(SR)4]2’ and [FesS4(SR)4]% and it appears that the favoured species dQends on the thiolate 

concentration [303]. 

The catalytic oxidation of benzoin to benzil by p-benzoquinone in the presence of { Fe4Sq) 

complexes with thiolate and peptide ligands was studied [304]. The reaction in the presence of 

(PW4h[Fe4s4(2,4,~triisopropylbenzenethio] obeys first order kinetics. The rate constant was 
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found to depend on tbe bulkiness of the thiolate or peptide l&and. It was concluded that the methine 

hydrogen of benzoin is released as a proton in the rate determining step, as indicated by the 

observation of an isotope effect (kIJkD 2.5: 1) on the oxidation rate of a-Cdeutetiated benxoin. The 

catalytic hydrolysis of aryl esters by the iron sulfur cluster [Fe4S4(SCeHj)4]2- has been 

investigated [305]. It was found that the cluster catalysed the hydrolysis of the esters and proposed 

that the role of the iton sulfur cluster in the enzyme aconitase is to provide a nucleophilic centre. 

Perhaps the most exciting development in the ama of Fe4.54 chemistry was the report of a 

totally synthetic 2[4Fe-4S] clostridal ferredoxin [306]. This was achieved by synthesising a 55 

amino acid sequence peptide corresponding to that of CIoshidiwn pasteurianum Fd using methods 

based on the Merrifield synthesis. The sequence homology was proved by elution of the synthetic 

and native apoproteins to identical positions on high resolution PAGE gels. A modification of the 

known method for reconstituting Fe/s clusters in apoproteins was used, with FeCl3 and Na2S in 

excess and incubated with the synthetic protein for 3 hours. Comparisons of the EPR, visible and 

CD spectra for the synthetic and native proteins all show good agreement. The reduction potential 

for both is -400 mV vs. NHE at pH 8. Although other peptide systems which ligate Fe&l clusters 

have been reported, these all suffer from having rather short peptide chains. This new example 

should give insights into the influence of the peptide chain folding on properties and also provides a 

complementary method to site dimcted mutagenesis. 

252.4 Mired metal, otherfour iron and higher nuclearity clusters 

The mixed metal cubane cluster formed in the reactions of the highly unstable 

[Mo&(I-I~O)#+ species which have been previously teported to yield [MMo3S4(I-I2O)& for a 

variety of divalent metals, M, such as iron has been reported. From electronic spectroscopic 

investigations, it appears that M can be substituted by other di- and trivalent metals [307]. 

Another mixed metal cluster which has been reported was prepared by the reaction of 

[Fe&16]2- with [NiI& to produce [Fe3Ni&18]4- (54) which was characterised by X-ray 

diffraction [308]. 

(54) 
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The three cluster anions [MoFe6S6(CO)t6]2-, [MoF~~S~(CO)~~(PE~~)]~-, and 

[M~Fe&(CO)t@- were synthesised with the structures of the first two+etermined in single 

crystal diffraction studies [309]. in [M~~6(CO)t6]~ the h&-Fe distance ~s~buti~ is 

mp0rted to approximate that found in the FeMo-c0factcr of nitmgenase, but @ether this will need 

re-examining in the light of the protein crystal structure is 0pen t0 questi0n. 

The synthesis and properties of a range of cluster salts of the form [C]+[A]- containing 

metal sulfide and selenide cubane type unes and including the iron compounds with C = 

Fe4(Cp)4(S)4,. Fe4(r15-CsH4Me)4(S)4,t and A = Fe4(N0)4(S)4, (both characterised 

c~st~lo~phi~~ly), as well as the [CJ+[tcnq]- salts (the salt with the Fe/C& cluster was 

crystallogmphicaliy chamcmrkd) have been mportui 13101. 

A rather diffemnt four iton sulfur cluster, o@e&6(SEt)q] (55), has been synthesised 

and structurally characterised [311]. This cluster can be prepared by mixing Fe(SE@- and 

elemental sulfur in acetone, and its f0rmation can be regatded as either the oxidative coupling of 

fFe(SEt)4]3- and tFe3S4(SE@-, OT two lFe&(SEt)4]~ anions by the suifur. ‘Ibe compound 

contains a nearly linear arrangement of iron atoms held together as part of an Fe4S6 chain which 

may be representative of soluble fractions of the (Fe*%.& chains present in KFeSz. The 

Miissbauer data are consistent with the presence of two different iron(III) sites. The cluster 

undergoes a variety of mactions to produce other known species. 

The electronic properties of the so-called monocapped prismane and basket iron-sulfur 

clusters have been studied using magnetic susceptibility, magnetisation and Miissbauer 

spectroscopic measurements [3X23. Ground states of S = 112 were assigned to the clusters 

[Fe7S6(PEt3)4~13] (a monocapped prismane) and [Fe6Se(PEt3)61- (a basket) and S = 1 to 

[Fe6S6(P%)4Ck]; fFeg%(pFt3)4Pr21; D6S6(PEt3)4I21; [FeaS6(PFt3)4(Sph)zl; and 

(FegS&PEt3)4Cl~] (all baskets). The magnetic measurements all indicate antiferromagnetic spin 

coupling giving rise t0 the assigned ground states. 

25.3 Iron selenium iznaiogues 

The related Felse compounds and clusters often provide insights into the reactions and 

properties Of the corresponding Fe/S systems, for example, via the isotope effect of the selenium in 
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vibrational and lH NMR spectmscopic studies. The structure of the ~e(SePh)& anion has been 

detemnnedanditdisplaystheexpec&temkdmlcooFlfination[313]. 

Holm and coworkers report the syntheses and characksation of a series of seven FJSe/SR 

clusters [314], namely the compounds (Et.tN)g[FegSez(SEt).u], (EutN)2[Fe2Se2(SPh)41, 

(EuN)3[Fe3Se4(SEt)41g (EuWsiFe3Se4(S~)419 @t4N)2[Fe4WsWl. tJWMR&dSEthl 
and @urY)4[Fe6WSEt)41. ‘Ibe struchnes of four of these were determkd by single crystal X-ray 

diftktio~ and the properties of the clusters compared with their sulfur analogues. 

In a similar fashion, the double cubane complexes [M2Fe6Seg(SEt)9]3-, 

[M2Fe7Seg(SEt)Sego$-@I = MO, W) and [W2Fe7Seg(SEt)I#- have been prepamd, and the 

structure of [M2Fe&eg(SEt)9]3-, as the &N+ salt, has been determined [315]. Reaction of 

[M@e+eg(SEt)&- with acetyl chloride or arylthlol yields new clusters with substitution of the 

ternlbtal thiolates. The Structure Of [M~Fe7Sea(SRt)6(SC6H&l)&- as the EutN+ salt Was 

detemuned. The clusters are structurally similar to the sulfur analogues and contain trlgonally 

distorted MoFe$kt subclusters linlted thmugh the molybenum atoms. 

The high nuclearlty [NagFe&e&- (56) cluster is formed on reaction of FeC13 with 

Na[PhNC(O)Me] and Li2Se in ethanol [316l. If the Na+ ions are ignored and regarded simply 

being encapsuhued within the cluster cavity. then the lFe&!k&l~ corn can be viewed as a bicyclic 

cluster of ellipsoidal shape. It is a mixed valence 18 Fe(RI) / 2 Fe@) system and has dimensions 

within the nanometre size range, making it important in furthering the understanding of the 

properties of nanometm sired particles. 

(56) 

2.6 IRON IN HIGHER OR MIXED OXIDATION STATES 

2.6.1 Compounds of ill-detemined oxidation state 

Tetraoxolene radicals can be stabilised with transition metal ions, including imn(II) and 

iron(III), yielding magnetically interacting compounds [317]. Initially compounds with divalent 
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metal ions of the general formula [M2(CTH)2(DHBQ)]Y2, M = Mn, Fe, Ni; CTH = dl- 

5,7,7,12,14.14-hexamethyl-1.4,S.l I-tetraaxacyclotetradecane; H2DHBQ * 2,5dihydroxy-1,4- 

benzoquinone; Y = ClO4, PFe) wem formed and assigned dinuclear stmctmes with the DHB@- 

ligand bridging between the two metals on the basis of their spectral and magnetic proper& (weak 

antiferromagnetic coupling). The iron(H) compound can be oxidised to the iron(III) derivative, 

which demonstrates EPR and Mtrssbauer spectroscopic data consistent with the presence of a 

radical species, assigned to a DHBQS radical bridge between the metals, and for which the 

magneticdstacanbeinterpretedin~sdanS=9/2gnowdstate. 

The iron complexes [CpFe(CO)#-CHz-CH=CHz)], and [CpFe(PPh$(CO)(S-CH2- 

CH=CHz)] were obtained from the reaction of lithium or sodium Zpropane-1-thiolate with 

C!pFe(CO)zI and C!pFe(PPhg)(CO)I tespectively [318]. They were chamcterised by IR and NMR 

spectroscopy. The iron/cyclopentadienyl derivatives, bis[( l-cinnamoylhydrazonoethyl)- 

cyclopentadienyl] iron [319] and ferrocenecarbonyl hydrazone [320] were used as ligands for 

connecting together lanthanoid centres. 

The recognition that the reduction of cyclopropenes by metal hydrides has parallels with the 

reduction by Klebsiella pneumoniae prompted the investigation of the reactions of isomeric 

acetylenes and allenes with VeH(Hd(WPCH$HzPMei)23+ in which compounds representing 

intermediates in the insertion of alkenes into metal-hydrogen bonds could be isolated and 

crystallographically chara&aised [321]. 

The nitrosyl dimer [Fe(NO)$!l]2 reacts with didentate diphosphiie ligands to give dinuclear 

complexes such as [(Fe(N0)2Cl] Z(p-dppe)] which was structurally character&d by 

X-ray crystallography [322]. When excess phosphine is present, the {Fe(NO)$l) moiety 

undergoes halogen displacement to give (Fe(NOh(P,P’)) complexes and also NO substitution to 

give (Fe(NO)Cl(O,P,P,)) where the phosphine has been monooxygenated by the NO. 

Heterodinuclear cyanide bridged complexes of the type [ (Fe(Cp)(dppe) ] -CN- 

(Mn(CO)&)(L’))]+ have been prepatcd where L is a didentate ligand such as dppe, dppm, and L 

is a monodentate phosphite or phosphane [323]. The oxidation of the compounds was studied 

‘electrochemically and the mte of electron transfer across the cyanide bridge was found to depend on 

the stereochemistry (cis or rruns) of the carbonyl fragments. 

Irradiation of [FeH2(dmpeh] in methane in liquid Xe at -100 “C led to the formation of a 

mixture of cis and trans isomers of cFeH(dmpe)Me] which decompose with the elimination of CHq 

above O’C following solvent exchange with toluene [324] 

The cleavage of proteins by iron chelates offers a means of mapping sites by the proximity 

of particular residues [325]. The chelate l-[4-@omoacetamido)-benzyl]-edta-Fe was attached to 

the cys-212 residue of human carbonic anhydrase I, for which there is a high resolution crystal 

structure, in order to gauge the steric requirements in a suucturally character&d system. It was 

found that the protein was cleaved at one site to produce two discrete fragments in the presence of 

hydrogen peroxide. Controls run without the &elate pmved the specificity of the method, and it was 

concluded that the cleavage pmceeds via nucleophilic attack of iron-coordinated pemxo groups at 

carboxyl carbons of leucine residues. 
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2.6.2 Comparative studies on iron and iron(III) 

The electronic structures of iron@) and iron@) dlmethylglyoximate Ate-complexes, 

[Fe(dmg)L#/+, for L = py, Im, have been studled [326]. A correlation between the M&sbauer 

spectmscopic data and the electronic configuration was found and it was concluded that the unpaited 

electron in the k&II) case is in the dxy orbital with the z axis of the EFG tensor perpendicular to 

the &-dioxime plane, whilst for iron(B) this axis is parallel to the plane. 

The structure of [FeuFeu$(SO4)4].2H20 has been determined [327]. It contains both 

FeuOe and Fe”IOe octahedra which share comers with two types of crystallographically different 

SO4% tetrahedra to give a three dimensional !ianx~ork. 

The structure of Fe4(PO&(OH)3 contains iron(III) ions filling rows of face-sharing 

octahedm with a vacancy after every two iron atoms, to give Fe& double octahedra connected by 

OH groups. The inter cluster antif ermmagnetic inters&on is probably dominant in determining the 

magnetic properties. Neutron diffraction confiied the presence of the OH groups as well as 

showing that the nuclear and magnetic cells are equal [328]. The compound Fe3&07h has been 

prepared and found to contain [Fe30121 Ie- clusters connected by bent P2O7 groups 

(LP-O-P = 135’) [329]. Anhydrous iron phosphate and oxyphosphate compounds have been 

reviewed [330]. Several pyrophosphate complexes of divalent metals have been prepared, including 

Fe2P207, using chemical transport reactions, with cblorlne and NH&l as transport reagents, and, in 

the csse of the iron compound, the trivalent metal orthophosphate [331]. 

2.6.3 Comple.~ stabilising other oxihion states 

The iron(I) mediated dehydrogenation of 13dimethoxypropane in the gas phase using 

complexes of CH30(CH&OCH3 (n = 2 to 9) has been studied using mass spectrometry [332]. 

The ligand 2.9~bis(o-methoxyphenyl)-l,l@phenanthroline, L, forms the iron(B) complex [Fe(L)$+ 

which can be reduced to stable iron(O) and bone(I) oxidation states electmchemically [333]. 

Heterodinuclesr complexes [MII(phen)3][FeIv(DED)3] containing six-coordinate iron(N) 

(or manganese(W) and divalcnt metals M, (DEDH2 = l,ldicarbocthoxy-2,2-ethylene dithiol) have 

been prepared [3341. Also, the precursor anion lFelv(DED)#- has been isolated The magnetic 

moment for this is co. 3.0 BM, suggesting that the iron atom has a low spin configuration. 

The compound Sr2FeO.t has a K2Nii4 structute with the iron in a distorted octahedral 

environment [335], and Cs$eO4 is isostructural with @K2SO4 [336]. 

The oxidation of amino acids by iron(V1) and iron(V) was studied by stopped-flow and 

pulse radiolysis techniques at pH 12.4 [3373. Both were found to react preferentially with amino 

acids with protonated-amino groups. 
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