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1. Introduction

This review covers the coordination chemistry of iron for 1995. The following
journals have been covered by a combination of searching in Chemical Abstracts
and independent searches in the following journals: Acta Chemica Scandinavica;
Acta Crystallographica Sect. C; Angewandte Chemie International Edition in
English; Bulletin of the Chemical Society of Japan; Bulletin des Sociétés Chimiques
Belges, Chemistry: A European Journal; Helvetica Chimica Acta; Inorganic
Chemistry; Inorganica Chimica Acta; Journal of the American Chemical Society;
Journal of the Chemical Society, Chemical Communications; Journal of the Chemical
Society, Dalton Transactions; Journal of the Chemical Society, Perkin Transactions
2; Journal of Coordination Chemistry; New Journal of Chemistry; Polyhedron.

Carbonyl compounds have been classified as organometallic compounds and are
not included. Most iron-heterometal complexes have been excluded. This review
does not aim to be fully comprehensive; omissions or errors are entirely the fault of
the authors.

2. Complexes with hydride ligands

The stabilities of classical and non-classical isomers of Fe(PH,);H, have been
studied using a non-local quasi-relativistic density functional method [1]. The non-
classical hydride (1), rather than the classical hydride (2), was found to be most
stable. The structure for the Fe hydride complex was in good agreement with the
previously determined structure.

THG PH,
H
H H H
AL N
HzP~—M M =Fe, Ru
HI ~ H HGP/ I \; H
PH, PH,
¢} (03]

3. Complexes with halide ligands

The interaction of iron(III) halides with 18-crown-6 and 15-crown-5 generates a
number of products. The structures of two of these, [FeCl;(H,0),J(15-crown-5) (3)
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and H(FeBr,)(15-crown-5) - (H,0), (4) have been determined by X-ray crystallog-
raphy [2]. Complex (3) features trigonal-pyramidal FeCl; moieties which are
hydrogen-bonded to a 15-crown-5 ligand and thus form a polymeric chain. In
complex (4) the crown ether acts simply as a dielectric medium to separate tetrahe-
dral FeBr,- ions which have no bonding interactions with the crown ether. Thermal
decomposition of the complexes by thermogravimetric analysis yields water, acetalde-
hyde, dioxane, Cl,, Br,, CO, CO, and hydrated Fe(II) halides and oxides, as
determined by IR and Mossbauer spectroscopy. The reduction of FeBr, and
FeBr; in both water and diglyme by NaBH, has been investigated [3]. In dry
diglyme, the reduction yields stable iron borohydride coordination compounds,
probably (digilyme),Fe(BH,), and (diglyme),Fe(BH,); for iron(II) and iron(III)
respectively. When the compounds are heated, iron(II) gives nanoscale Fe,B and
iron(II1) gives nanoscale FeB, which have been identified by Méssbauer spectro-
scopy. Treating the iron borohydride compounds with water causes precipitation of
Fe,B in both cases; Fe,B has been identified by Mossbauer spectroscopy and X-ray
powder diffraction. Reduction of FeBr, and FeBr; in water yields non-crystalline
nanoscale Fe(s).

4. Complexes with cyanide or isocyanides

The reaction of [Fe(CN)s(H,0))® ~ and 2-nitroso-1-naphthol (5) has been studied
[4]. In a first step, the aquo ligand is replaced by (5) to give [Fe(CN)s(5)] . In a
second step, catalysed by mercury(Il) ions, [{Fe(CN)s}—(u-CN)-{Fe(CN);(5)}]°~
(6) is formed, where (5) now acts as a didentate ligand. Complex (6) has been
characterized by analytical, IR and UV-VIS spectral data. These data indicate that
the ligand has predominately the quinone oximic structure. The preparation of
Fe[Fe(5),), is also reported.

OH ol
Il il N=0 Il il N—OH
)]

The coordination of nitriles [5] or amines [6] to [Fe(CN)s(H,0)]*~ (7) has also
been investigated. The equilibrium constants for the nitriles were determined
indirectly using the complex [Fe(CN)s(MeCN)*~ obtained from (7) in an
acetonitrile-water solution. Values of log K for the ligand substitution in (7) were
determined for PhCN (3.5), NCCH,NH; (3.3), NCCH,COO~ (2.5), and
NCNH, (2.3); there is little dependence on the nitrile basicity. For amines (e.g.
NH,SO; , NH,NH; , NH,CH,CF,, NH,CH,), substituting H,O in (7), the values
of log K were shown to obey the linear free-energy relation log K=0.05pK +3.75
over a range of 11 pK units, thus showing almost no dependence on pK. Proton
nuclear magnetic resonance spectroscopy has been used to determine the solution
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structure of [Fe(CN),(7)]?~ and [Fe(CN)4,(7)]” [7]. Ligand (7) is chelating to make
a five-membered ring and the conformation of the methyl group (CH;CH,N-) is
preferably anti with respect to the iron atom when looking down the CH,-N bond.

A spectrophotometric study of the reaction of cyanide ions and pentacyano-
ferrate(II) complexes, [Fe(CN);L]*~, in aqueous solution and water-mono-alcohol
mixtures suggest that, with excess CN 7, first-order kinetic behaviour is exhibited
between 1 bar and 1 kbar at 298.2 K [8]. There is little change in the value of the
rate constant (approximately one-half of one order of magnitude) for L being a
range of positively charged and neutral pyridine ligands. However, thiourea and
quinoxaline are much more labile, with rate constants ten and 300 times greater
respectively, than those for the pyridine ligands. Addition of 40% MeOH has only
a very small effect on the rate constant. For reactions in aqueous solution, the
volumes of activation are all positive, confirming the expected bond extension of
the leaving group in a dissociative mechanism.

5. Complexes with /N-donor ligands
5.1. Complexes with N-heterocyclic ligands

5.1.1. Complexes with pyridine and polypyridine ligands

Gas-phase ion-molecule reactions have been studied for a number of monopositive
metal ions, including Fe*, with heteroatomic ligands [9]. The ligands were py, bpy,
4,4-bipyridine, phen, tpy, and pyrene. The iron ions were produced by laser desorp-
tion in a quadrupole ion trap mass spectrometer and made to react with the ligands.
The products detected were of the form (FeL)*, (FeL,™, (FeL;)*, and
(FeLH,0)*. Only phen and bpy formed the trimers. Pyrene probably from sand-
wich-type complexes via n-bonding. The hydration phenomenon was only observed
for the monomer complexes and after a longer reaction time. The ligand with the
largest propensity for hydration was 4,4-bipyridine, explained by its large polariz-
ability and the fact that it can only attach to the metal with one atom.
1,10-Phenanthroline has the largest binding affinity, followed by tpy, bpy, 4,4-
bipyridine and pyridine.

The strongly coloured complexes [Fe(X),J** (X =(8-10)) have been prepared
[10]. The colour has been assigned to MLCT bands. Cyclic voltammetry and bulk
electrolysis experiments have been carried out, showing that each complex displays
a combination of the redox processes expected for the Fe(tpy);* core and for the
two 4’ groups. The process [Fe(9),]** —[Fe(10)*" +4H"* +4e” is found to be
chemically reversible under protic conditions.
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(8) : R=OMe
(9): R=0OH a0

Molecular mechanics calculations on the complexes (11--17) have been performed
[11]. The calculated structures of complexes (11) and (12) where compared with
the known structure of (11) and the preliminary structure of (12) respectively, both
determined by X-ray crystallography. The comparison shows that the calculated
and experimental structures were virtually superimposable. This implies that the
calculated structures for complexes (11-17) are good representations for the struc-
tures of the complexes. All eight complexes have almost the same metal-metal
separation and ligand orientation; only the bridging linkages differ [12]. The
electrochemical behaviour of (11), (12) and (15) has been studied. The com-
plexes display four apparent redox process: one (metal-based) at potentials higher
than 0V (vs SCE) and three (ligand-based) at potentials below 0 V. Each redox
process is, in fact, a pair of overlapping one-electron waves. The metal-based
redox processes correspond to the 6%/5% (Fe(Ill),/Fe(Ill),Fe(Il)) and 5*/4%
(Fe(IIl),Fe(I)/Fe(Il),) one-electron redox couples; similarly, there are ligand-
based 4t-2%, 2*-0 and 0-2~ waves, each of which consist of one-electron processes.
The potentials of each one-electron process have been resolved by analysis of
Osteryoung square wave voltammetry data.

(11) X = (CH,),

(13 - CHy S.ch
/ \ / \ / \ (14 x = CHE-0-CE,

3 (15X =(CHy),

3 (16)X = (CHy)

anx \/@\/

The complexes [Fe(tpa)(S-Ar)]* (Ar=CzH,-2,4,6-Me; (18), CsH,-4-Me (19),
C¢H; (20) and C¢H,-4-Cl (21)) have been proposed as models for the isopenicillin
N synthase enzyme substrate complex [13]. Reaction of (18-21) or the dinuclear
complex Fe,(O,CCHj;),(tpa),](BPh,), (22) with NO at —80 °C leads to the forma-
tion of NO adducts. The NO adducts exhibit charge transfer bands in the visible

region which cannot be detected for the adduct of (22). This observation indicates
that the thiol ligands are still bound in the NO adducts of (18-21). The EPR
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spectra of the adducts of (18-22) indicate that the ground state for all systems
is S=2. The EPR spectrum of (21) is consistent with the formation of
[Fe(tpa)(O,CCH,)(NO)]*. The EPR spectra of the adducts of (18-21) show greater
rhombicity than those of (22); this is attributed to the presence of the thiolate
ligand. Reaction of (18-21) with dioxygen at low temperature results in the forma-
tion of transient blue—green species; it is proposed that an auto-oxidation reaction
(Scheme 1, L=tpa) takes place. On warming to room temperature, the transient
intermediates are converted to p-oxo-diiron complexes.

(18)

The dinuclear oxalate-bridged complexes [Fe,(C,04)(X),[(ClO,), - yH,O (X =
(24), y=0; X=(25), y=0.5; X=(26), y=1) have been prepared [14]. Variable-
temperature magnetic susceptibility measurements of these complexes reveal that
there are weak antiferromagnetic interactions between the complexes. The magnetic
exchange is mediated by interactions between the metal d,z_ orbitals and the
oxalate o orbitals.

4

SR SR SR

o, | LFe'-SR
LFe.SR ——=—= LFe—0, — — - |Fe~0—0—Fe'lL

SR
2 LFe"-SR

4LFe"-SR = / \ 2 ,_Flew:o

2H,0 aH*

Scheme 1.



E. Nordlander et al. | Coordination Chemistry Reviews 172 (1998) 3-97 9
Q_\u Q—\u o
N Nj N HD N N
O~ O O

(24) 29 (26)

/N

A new pentadentate ligand (27) and complexes of (27) and iron(II) have been
synthesized [15]. The X-ray structure of the complex [Fe(NCMe)(27)(ClO,), (28)
has been determined. The iron atom is octahedrally coordinated by N atoms. The
four pyridine N atoms occupy the equatorial positions with the pyridine rings
perpendicular to plane. The short Fe—N bond lengths indicate a low-spin iron(II)
complex. Cyclic voltammetry of (28) shows a reversible oxidation at 990 mV vs
NHE. Reaction of (28) with a large excess of H,0, in acetone gives a purple species
assigned as [Fe(OOH)(27)** (29) by its EPR spectrum and its electrospray mass
spectrum. Complex (29) is able to oxidize alkanes with an activity comparable with
the best non-haem iron oxidation catalysts.

2n

Iron(II) complexes of the pentadentate ligand (30) and the potentially hexadentate
ligand (31) have been isolated [16]. Both ligands behave as pentadentate ligands in
their iron(I1) complexes of the general formulation [FeL(X)]"* (L=(30) or (31),
n=1 or 2) with the sixth coordination site (X) occupied by an auxiliary ligand,
e.g. H,0, Cl, SCN or CN. The crystal structure of [Fe(30) (H,O)[PF¢), - H,O shows
that the nitrogen atom of one of the 6-methyl-2-pyridylmethyl groups of the formally
hexadentate ligand is not coordinated to the iron atom. Instead a water molecule
occupies the sixth coordination position. The complexes show peroxidase activity.
The availability of a labile site on the relatively stable iron(II) complexes, along
with no apparent tendency to form oxo-bridged diiron(III) species, are likely to be
important factors in the mechanism of the oxidation reactions.
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N =z SN N A N
NN

NN e N
N\ Me N\ N
’ F I = x l Me
(30) @31

Several iron(II) complexes have been synthesized in order to model the
structures and reactions of a-keto acid-dependent non-haem iron enzymes [17].
The complexes are [Fe(Il)(6-Me-tpa)(X-bf)J(ClIO,) (X=H (33), m-NO,,
p-F, p-CH,, p-OCH;; bf=benzoylformate), [Fe(Il){(6-Me-tpa)(34)|(ClO,),
[Fe(II)(5-Me-tpa)(bf )](BPH,) and [Fe(II)(tpa)(bf)(MeOH)KCIO,) (35). The
crystal structures of two of the complexes, (33) and (35)-2MeOH were also deter-
mined. In complex (33) the bf ligand chelates to the iron through the oxygen atoms,
whereas only the carboxylate oxygen is bound to the iron in complex (35) and a
methanol molecule occupies the other position. Both complexes (33) and (35) react
with substrates 2,4-di-tert-butylphenol and triphenylphosphine in the presence of
oxygen to give 4,4', 6,6-tetra-tert-butyl-2,2"-biphenol and OPPh, respectively.
Kinetic studies on the complexes with substituted benzoylformate ligands indicated
a nucleophilic mechanism. The proposed mechanism involves an iron(III )-superox-
ide species, formed by dioxygen binding to the iron(II) centre, that attacks the
benzoylformate keto carbon. Subsequent oxidative decarboxylation affords the oxi-
dizing species [Fe(I1)(6-Me-tpa)(Obz)]* and [Fe(III),O(tpa),(Obz),]** for com-
plexes (33) and (35) respectively.

(e}

(33

5.1.2. Complexes with other N-heterocyclic ligands

The kinetics of outer-sphere electron transfer between [Fe(36),]** and substitu-
tionally labile Fe3* introduced as [FeL¢)** (L =dimethylacetamide (37) or acet-
amide (38)) in acetonitrile has been studied at 25 °C [18]. Perchlorate was used as
counterion for both complexes. Both reactions can be described by one mechanism,
suggesting that the acidic hydrogen atoms of (38) do not affect the mechanism.
Three rapid solvation pre-equilibria [FeLg]** =[FeL;]** + 3L (coordinated MeCN
is omitted) have to be invoked to accommodate the variations in the redox rate
constants. For driving-force reasons, only [FeLg]** and [FeL;]** are redox-active.
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For the solvate species, the overall reaction rates are controlled by both the reactivi-
ties of the reacting species and their availabilities. The redox constants of (38) are
larger than those of the corresponding (37) species. This may be attributed to (37)
being the stronger Lewis base. On the other hand, the availabilities of the reacting
species are higher in the case of (37). The stabilities of the [FeL¢]*" solvate species
are suggested not to be a function of the donor strength of L, but rather of its size,
tentatively expressed by the effective molecular hard-sphere diameter.

(36)

A detailed X-ray absorption study of the iron K and L, edges in
Fe(1I)(phen),(NCS), (39) has been performed [19]. Complex (39) is a pseudo-
octahedral spin transition complex and the XANES features at the two edges are
very sensitive to the spin state. Calculations of the X-ray absorption cross-sections
at both edges were made to evaluate the origins of these perturbations. The changes
in the XANES spectra at the iron K edge spectra of the two states were due to the
structural changes around the iron, whereas the changes in the iron L, ; edge spectra
originated from changes in the occupancy of the 3d levels split by the pseudo-
octahedral crystal field.

Ligand (40) forms a high-spin complex with iron(1II), [Fe(40),)(ClO,), (41) [20].
Titration of (41) with base stepwise deprotonates the imino-hydrogen of the benzimi-
dazole groups. This enhances the o donation from ligand to metal ion and the back
donation (t,,—n*) assisting a high-spin to low-spin transition in (41). The transition
is reversible: the high-spin state is formed when acid is added to the low-spin
complex.

o
N
2 | N S
O
(40)

The complexes [Fe{H,—(42)},(MeOH ),J(OAc), (43), [Fe{H,—(42)},]CO; (44),
[Fe{H-(42)},], (45) and {Fe(42)}, (46) (H,-(42)=2,2"-biimidazole) have been
prepared and the crystal structures of (43-45) have been determined [21]. In the
solid state structure of (43), the [Fe{H,~(42)},(MeOH),]** molecules are linked
via a hydrogen bonding network involving the acetate counterions. Similarly, the
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crystal structure of (44) reveals that [Fe{H,-(42)};]** molecules of (44) are linked
through the carbonate anions in a hydrogen bonding network. The [Fe{H—(42)},]
in (45) are also linked via hydrogen bonding, whereas (46) is proposed to be an
extended network of hexa-coordinate Fe(42); complexes that are interlinked via the
ligands. M&ssbauer spectroscopy indicates the presence of high-spin ferrous ions in
distorted octahedral fields of all four complexes. Variable-temperature magnetic
measurements indicate the virtual absence of any magnetic interactions in com-
pounds (43-45). Compound (46) undergoes a magnetic phase transition to a para-
magnetic state (a weak ferromagnetic ground state) at 25 K.

~ e
%@%ﬁ% B
ol B

N

43) 44

Thermal reaction of K[H,B(pz),] and pz*H affords K[HB(pz),(pz*)] which
on reaction with FeCl, gives the iron(II) pyrazolylborate complex,
[Fe(HB(pz),(pz*)),] (47), whereas [ Fe(HB(pz)(pz*),),] (48) can be synthesized by
reaction of K[H,B(pz*),], pyrazole and FeCl, [22]. Optical spectroscopy and mag-
netic susceptibility measurements of (47) and (48) reveal that thermal spin crossover
is exhibited in toluene solution. Comparison with the published behaviour of
[Fe(HB){pz*),),] and [Fe(HB(pz),),] shows that the high-spin state is favoured by
an increasing number of methyl substituents.

The crystal structures of low-spin [{B(Pz),},Fe] (49) and [{PhB(p2);},Fe] (50)
have been determined [23]. Comparison of the structures of the low-spin
[{HB(pz);}.Fe] (51) and [{HB(3,5-Me,—pz);},Fe] (52) indicate that the steric effects
of ligand substituents may influence the electron configurations of the
Fe—pyrazolyl-borate complexes. Although (49) and (50) are usually low-spin com-
plexes, (52) is a high-spin complex and complex (51) undergoes spin crossover
around room temperature. It is suggested that intraligand contact between the
phenyl and pyrazolyl groups in complex (50) (or the non-bonded and the bonded
pyrazolyl groups in complex (49)) prevents the iron from achieving an ideal octahe-
dral coordination sphere and, therefore, favours the low-spin state for this complex.
Furthermore, it is argued that interligand contacts between the methyl groups in
3-position in complex (52) hinder the complex from assuming a low-spin state.
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The complex [Fe(II)(53){HB(3,5-Me,pz),}] (54), a model for the active site(s)
in a-ketoglutarate-dependent dioxygenases, has been prepared [24]. Exposure of an
acetonitrile solution of (54) to air, followed by the addition of a small amount of
HCI, leads to the formation of benzoic acid. Similar reactions in the presence of
excess cyclohexene or cis- or trans-stilbene led to the formation of epoxides, as well
as ketones and alcohols. Oxidation of cyclohexene in the presence of the free radical
scavenger tributyltin hydride resulted in formation of the corresponding epoxide but
not the ketone or alcohol. Proposed reaction mechanisms that are consistent with
these results are shown in Scheme 2.

T

N—N_  NcMe NG 2
B{-N—-N—-Fe"—- % N—Fe"—0 —
W ~N o N/ N 0=Z0
< h Ph
N—N Ph
SN
(54 o

N

\ ro

N—Fé! >—-ph + epoxide
N/ o

Scheme 2.
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0 O

(53

Transition metal halide complexes with 1,2,4-triazole (55) as a ligand have been
studied [25]. The iron(II) complex [ FeCl,(55)] was studied by electronic absorbance
and values of D, and B were obtained. These values and the room-temperature
magnetic moment were consistent with pseudo-octahedral coordination of the iron
atom. The structure is suggested to be polymeric and a monodimensional chain
bridged by both Cl and (55). Two iron(II) complexes with iodine, thiocyanate, and
4-amino-1,2,4-triazole (56) have been found to possess reversible thermochromism
(colour change from white to pink) [26].

NH;
N

W

N-——N
(56)

The thermochromism originates from the spin state of the complex. The complexes
were Fe(56)1, (57) and Fe(56), s(INCS),-H,0 ((58) - H,0). Both (57) and (58)
have a dependence of p. on T with a spin transition T, 'A; complex (58) shows
a smooth dependence, whereas (57) has a sharp dependence with hysteresis. The
Mossbauer spectra at 295 K and 75 K of (57) and (58) show that the complexes
are in high-spin and low-spin states respectively at the two temperatures. Mossbauer
and IR data, together with comparison of known Fe-triazole complexes, suggests
an FeNg core for (57) with a polynuclear unlimited chain structure. Complex (58)
is also suggested to have FeNg cores, but to exist as a dimer with three 1,2-bridging
triazoles, two terminal triazoles and four NCS ligands.

5.2. Complexes with imines and oximes

The N, tetradentate Schiff base ligand H,(59)

H
J— N' \N._

H,-(59)
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which is synthesized by condensation of 2-aminobenzaldehyde and ethylenediamine,
has been reacted with iron(III) halides in acetone [27]. Two of the product com-
plexes, Fe(59)Cl and Fe(59)Br-H,0, exhibit spin crossover between the 2T and
A states. This has been demonstrated by magnetic susceptibility measurements,
variable temperature >’Fe Mossbauer spectroscopy and ESR at 77 K. Work carried
out on the related complex, Fe(salen)(ImH)X (X =ClO,, PF,, BF,), correlated the
adopted spin-state with the size of the dihedral angle between the phenyl rings of
the ligand. Structural investigation of complexes of copper and nickel with (59)
reveals a large dihedral angle between the phenyl rings of the ligand which may be
related to the observation of spin crossover in the Fe(IIl) complex.

e 0

R
® l\/ N

N
~NFH
>JF""\/
N

l N
a

\
Z—

1

—2Z

[Fe(60)*

By reacting FeCl, with a Cs-cycloveratrylene ligand with three spacers ending
with iminopyridine groups (60), a complex with an unusual spin state transformation
was obtained [28]. The complex [Fe(60)](PF,), (61) was structurally characterized
by X-ray crystallography. The iron is distorted octahedrally coordinated by six N
atoms. The magnetic moment of (61) has a very weak temperature dependence
(6-300 K), suggesting a coexistence of low- and high-spin forms. The high spin
fraction was estimated to 15-20% from magnetic measurements and the Mdssbauer
spectra at 78 and 300 K. The anion plays a role in this behaviour since
[Fe(60)](Cl0,), shows a clear low-spin behaviour. Magnetic measurements show
that introducing a methyl group at the 6-position of the pyridine ring gives a high-
spin complex which is explained by the increased Fe-N,, distance. In aqueous
solution, the complex [Fe(62)(Melm),]* undergoes aquation producing
[Fe(62)(Melm)(H,0)]* (63) [29]. One-electron oxidation of (63) affords a mixed-
valence (III/I1) bridged dinuclear complex. The formation constant for this reaction
was determined: Ky, = 1.0 x 10%. The nature of the bridging group is not clear, but
it is proposed to be a p-hydroxo group.
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The crystal structure of [Fe(64)](PFs), (65) has been determined [30]. The coordi-
nation geometry around the iron(II) ion is a trigonal antiprism, twisted by 6°. The
three pyridine N atoms make out one of the coordination triangles and the three
imino N atoms the other. The average Fe~N,yrigine bond length is 1.981 A and the
average Fe-Ni..., bond length is 1.950 A. The Fe-- N,mine distance is 3.427 A, i.e.
too long for any bonding interaction.

AT

%X/QN -

(65)

5.3. Complexes with macrocyclic ligands

Complexes of iron(Il) [31]} and iron(II1) [32] and the hexadentate ligand (66)
have been reported. The iron(Il) complex was made by the reaction of (66) and
Fe(ClO,), - 6H,0 and gave [Fe(66))(ClO,),. Effective magnetic moments at room
temperature suggest that the iron(Il) complex has a d® high-spin configuration.
Comparison of powder X-ray diffraction measurements implies that [Fe(66))** has
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the same C,-symmetric structure as [Zn(66)]**, for which the single-crystal X-ray
structure has been determined. In the structure, two of the six-membered pendant
arm chelate rings adopt a boat conformation and the third has a twist-boat confor-
mation. The MN, polyhedron is distorted trigonal prismatic. Air oxidation of
[Fe(66)])(Cl0O,), in the presence of NEt; gives microcrystals of [Fe(111)(67)], where
{(67) is the triply deprotonated (66). If the deep blue crystals are dissolved in MeCN
that is made acidic with HCIO, the solution turns pale green as the ligand is
protonated. This reaction is completely reversible. Magnetic susceptibility measure-
ments indicate a high-spin d° configuration of the iron(II1) in [Fe(I11)(67)], showing
that the three anilido groups are strong n-donors generating a weak ligand field.
The structure of [Fe(II1)(67)] is assumed to be identical with that of [Mn(IV)(67)]
having a C; symmetry with three six-membered anilido rings.

O“@"TDQ“LO“@TNJQ”

+3H"

HoN HN
(66) (67)

Iron complexes with ligands based on Mej—tacn have been synthesized and their
reactions with DNA have been investigated [33]. The complexes were
(Mes-tacn)FeCl, (68) and (ps—Me,—tacn)FeCl; (69)-(71), where ps—Me,—tacn is
the ligand with a psoralen (a DNA photo-cross-linking agent) moiety attached. By
attaching the intercalator psoralen with a hydrocarbon chain to the ligand, the metal
complex is brought closer to the DNA. The complexes induce cleavage of single-
stranded DNA in the presence of dioxygen. Irradiation further increases the efficiency
of the psoralen complexes. The cleavage has low sequence specificity and the reaction
is suggested to be a cationic iron species binding to the phosphate backbone of
DNA. The crystal structure of (68) has also been determined. The geometry about
the iron is a trigonally distorted octahedron with the N-Fe-N angles constrained
by the ligand and the Cl-Fe—Cl angles expanded.

As a model of the coordination of NO to non-haem ferrous enzymes, two model
compounds have been studied [34]. The nitrosyl coordination can reveal details
about intermediates in the chemistry with dioxygen of these enzymes. The complexes
[Fe(Mes-tacn) (NO)(Ns),] and {Fe(edta)(NO)] were studied using X-ray absorp-
tion, resonance Raman, absorption, magnetic circular dichroism (MCD) and EPR
spectroscopies. Spin-restricted and spin-unrestricted SCF-Xo—SW electronic struc-
ture calculations have also been made. The calculations and spectroscopic resuits
suggest a high spin Fe** antiferromagnetically coupled to NO~ with NO™ involved
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in a strong donor bonding interaction to the Fe** in both complexes. The Fe-NO
bond is bent in the complexes studied and the calculations and resonance Raman
results show that this derives from an in-plane bonding interaction of the NO~ =n*
orbital and the d,, orbital on the iron atom. The calculations were extended to
involve possible oxygen intermediates. The description of the intermediates is parallel
to the Fe3*-NO~ complexes with a superoxide antiferromegnetically coupled to a
high spin ferric centre.

5.4. Miscellaneous N-donor complexes

Reaction of FeSO, with Na,H,edta'-2H,0 vyields the complexes
[Fe(H,0),[Fe(edtaH)(H,0)],-4H,0 (72) and [Fe(edtaH,)(H,0)}-2H,0 (73)
[35]. Structural characterization reveals that the mono-anion in (72) is a pentagonal
bipyramid in which the edtaH ligand is hexadentate. The Fe(II)(edtaH,)(H,O) unit
in (73) also contains seven-coordinate pentagonal bipyramidal iron. The two proton-
ated equatorial glycine arms remain uncoordinated with C=0 bond lengths of
1.31 A compared with 1.24 A for the axial C=0 groups.

EPR spectroscopic observation of the titration of NO-Fe(I1)Blm (Blm =bleo-
mycin) with DNA indicates that the metal domain undergoes a change in environ-
ment as the (DNA base pair):(drug) ratio increases to 50:1 [36]. For NO-Fe(II)Blm,
v('®N-0O) occurs at 1589cm™!, which is similar to the value reported for
NO-haemoglobin and NO-myoglobin. When DNA is added (3bp per drug mole-
cule) the absorption is broadened. Injection of dioxygen into a solution of
ON-Fe(I1)BImDNA leads to a low-spin Fe(III)BImDNA complex, as determined
by ESR spectroscopy. The NO is largely oxidized to NO; . It is suggested that the
initial reaction of ON-Fe(II)Blm with O, generates Fe(III)Blm and peroxynitrite
OONO ™. If OONO™ is formed, it does not appear to cause detectable DNA damage.
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The iron(II) complexes of bleomycin and its model compound (75) were studied
focusing on geometric and electronic structure [37]. MCD spectra, X-ray absorption
spectroscopy (XAS) and EXAFS analysis on solid [Fe(I1)(75)]" revealed a five-
coordinated iron centre with a square pyramidal geometry with one short Fe-N
bond. In solution [Fe(II)(75)]* has a distorted octahedral geometry with a solvent
molecule on the sixth position; it maintains its short Fe-N bond. The complex
[Fe(II)(74)] has similar spectral features, suggesting a six-coordinate iron centre
with similar ligation, including the short Fe-N bond. Unusual moderately intense
low-energy iron(Il)—pyrimidine MLCT transitions were found in the low-temper-
ature optical absorption and MCD spectra of [Fe(11)(74)] and [Fe(I1)(75)]*. This
pyrimidine n-backbonding mediates the electron density on the Fe(Il) centre which
contributes in giving the complex an ability to bind n-acceptor exogenous ligands
converting the complex to a low-spin state.

n\/\a n\/\unz
& oy
%{ ~ = '\B//)\é/ T,

N\/NH

Coordinated nitrogens are in bold type
(75) R=NH,
(76) R=NHCH, (78)
(77) R=N(CH,),

Model studies of activation of the ferrous complexes of (75-78)
[Fe(I1)(75-78)]*) investigated what structural features of the iron site in the bleo-
mycin complex controlled oxygen binding [38]. The complexes [Fe(11)(75)]* and
[Fe(I1)(76)]* bind CO, NO and coordinate O, at the sixth site and give EPR
spectra similar to activated bleomycin, whereas [Fe(I1)(78)]* is unable to bind CO
and NO and does not give the characteristic EPR spectrum. Therefore, it was
suggested that the trans disposition of the pyrimidine and imadazole groups (the
latter missing in [Fe(I1)(78)]") in the basal plane of Fe(Il) is essential for O,
activation. The coordination of the primary NH, group is also essential, since
[Fe(I1)(77)]*, in which the amine is not coordinated, was unable to bind CO and
O,. As a mimic of the metal binding part of bleomycin, the complexes [Fe(75)]"*
(n=1,2) (79, 80) have been synthesized and lipid peroxidation with these complexes
in the presence of O, or H,0, has been studied [39]. The iron(II) complex (79)
reacts with oxygen to give [(75)Fe(II1)-O—-OH]" as an active intermediate, identified
by its EPR spectrum. Complex (80) gives the same intermediate in its reaction with
H,0,. The intermediate hydroperoxo complex then reacts through H atom abstrac-
tion with linoleic acid and arachidonic acid affording mainly the 13-OOH and the
15-O0H positional isomers respectively. It is suggested that a similar intermediate
exists in the peroxidation reactions of Fe-blm.
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A five-coordinate iron complex (81) with an N -ligand and an axial aqua ligand
have been synthesized and structurally characterized [40]. Complex (81) is made by
oxidation of (82) by Ag(I) salts or Ce(NH,),(NO;)s. Complex (82) has a reversible
oxidation wave at +0.46 V (vs SCE). The X-ray single crystal structure of (81)
shows that the N atoms are nearly planar with the Fe atom 0.362 A above the N,
plane. Compounds (81) and (82) were investigated by zero-field and high-field
Maossbauer spectroscopy; they give spectra with similar fine and hyperfine structures
and identical g, values (0.14(1) mm s ™! and 0.14(2) mm s~ respectively) indicating
that the oxidation of (82) is essentially ligand based. The C,-N distances in (81)
are also shorter than expected for an Fe(IV) complex and more consistent with a
semiquinone-like ligand and an Fe(1III) atom.

O, | 7
HaCO 7'|—§-\N °
3 = ——N—Fe™
VAN
HyCO . H re) NC, ::: . CN
0 NC CN

(82) 83)

The iron(I1) complex [Fe(CH;OH ),(83),](83) - 2CH;CN (84) has been prepared
[41]. The crystal structure of (84) shows that the iron atom has a slightly elongated
octahedral N,O, coordination sphere with two molecules of (83) occupying the axial
positions and four methanol molecules in the equatorial positions. There are two
forms of (83) in the crystal structure: one monoanionic, coordinated to the iron
atom, and one neutral. They are stacked in columns (---BAAB---) linked by the
coordination to iron.

6. Complexes with tetrapyrrole macrocycles

6.1. Complexes with phthalocyanines

Absorption and MCD spectra have been reported for Na[(CN),Fe(1IT)(pc)] [42].
Analysis of the low temperature variable field MCD spectra allowed the assignment
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of the ground spin state to E, for the complex, which represents the first open shell
metallophthalocyanine with an orbitally degenerate ground state to be submitted to
comprehensive spectra analysis.

Metal complexes of hexadecachlorophthalocyanine H,(85) have gained interest
as substances in photoreceptors and optical recording substrates. The formation of
such an iron(II) complex, [Fe(I1)(85)(CN),J*", from [Fe(85)(DMSO0),]*” in
dimetnyl sulfoxide has been studied {43]. The complex is highly soluble in dmf and
dmso and has an €, band of 92 000 and 110 000 dm?® mol ™ cm™* centred at 680 nm
and 685 nm respectively. Only the formation of the dicyano complex could be
followed spectroscopically, and a rate constant k=4.2x 1073 dm> mol “*s~! was
determined. The equilibrium constant for the formation of [Fe(II)(85)(CN),]*~
was determined to be K=1.6 x 10* dm3 mol ~1.

The mixed-ligand dimetallic N-bridged species [(TPP)Fe-N-Fe(pc)] and the oxi-
dation product formed by its reaction with I, have been studied [44]. The oxidized
Fe-Fe compound (86) was characterized by X-ray crystallography and was found
to be a monopositively charged Fe—Fe p-nitrido dimer with 1. as counterion. The
Fe-N-Fe bridge is nearly linear (179°) and octahedral coordination of the iron
atoms is achieved by an H,0O and a THF molecule on the Fe(pc) and the Fe(TPP)
respectively.

6.2. Complexes with porphyrins

6.2.1. Axially ligated porphyrin complexes

A new crystal form of [Fe(TPP)(H,0),]ClO, (87) has been reported [45]. The
crystal structure contains two independent molecules of (87). The Fe—-N bond lengths
are almost identical, whereas the Fe-O bond lengths differ slightly in the two unique
molecules. The coordination geometry of this new form is very similar to an earlier
report on the structure of (87) in a different crystal form, but it shows some
interesting differences compared with the previously published structure of a tetra-
hydrofuran solvated form. The solvated form has a more expanded porphinato core
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and shorter Fe—O bonds; both differences were suggested to originate from the more
extensive hydrogen bonding in the solvated form.

@7

The crystal structure of [Fe(III)(TPP)(OCOCF;)] has been reported [46]. The
iron(II1) atom is displaced 0.48 A out of the mean plane of the porphyrin. This,
together with the Fe-N bond lengths (2.054 A as a mean), is indicative of iron{1II)
in a high-spin state (S=3). Comparisons of structures of several [Fe(II1)( TPP)(X)]
(X=0CH,, CO,CH,, OCOCF,, SO,C,, OSO;H, SO,CF;, OCIO;) crystal struc-
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tures were made; these show a trend of increasing Fe—O bond lengths together with
decreasing Fe—-N bond lengths and out-of-plane displacement. The complexes with
longest Fe—-O bonds also showed most S=3 character.

Relaxation times for low-spin Fe(III)(TPP)(N-Melm), have been measured by
spin—echo (10-25 K) and saturation recovery (10-28 K) experiments [47]. At low
temperature, iron electron spin relaxation rates are slow with respect to electron—
electron spin—spin splitting, but as the temperature is increased this relation is inverted.
The measured relaxation times for the Fe(III)} have been used to analyse the
temperature-dependent changes in the spin—echo decays and the saturation recovery
data using an interacting nitroxyl spin label and thus to determine that the interspin
distance for these complexes is in the range 10.5-15 A. There is good agreement
between the results obtained by the two methods for this distance.

An iron(IIl) porphyrin bis-phosphonite complex can be synthesized using an
intermediate with a weakly coordinating perchlorate ligand [48]. The complex
[Fe(TPP){P(OMe),Ph},]ClO, (88) was made in this way, as well as its analogues,
where the phenyl rings of the porphyrin were fully meta- or para-substituted. The
proton NMR spectrum of (88) has an unusual pyrrole proton signal at é 3.1 (25 °C)
which has an anti-Curie behaviour in the temperature dependence of the isotropic
shift indicative of a (d,,,d,.)*(d,,)" ground state, usual for low-spin iron(IIl) atoms.
The EPR spectrum is in agreement with a (d,,)' ground state for the complex. The
proposed explanation is the stabilizing effect of the low-basicity phosphonites on
the low-spin iron(III) state.

The ligand Ph[N,0,] ™ has successfully been coordinated to iron porphyrins [49].
It is the anion of cupferron and is related to the NO-releasing anion R,N[N,O0,]",
which has been used in investigations of the role of nitric oxide as a bioregulatory
agent. One of the iron porphyrin products [(TPP)Fe(n2-ON(Ph)-NO)]-
0.1CH,Cl, was characterized by X-ray crystallography. The ligand showed binding
to a formally six-coordinate Fe(III) centre in a didentate o-O fashion.

A new molecular mechanics (MM ) force field model has been used to investigate
the planar and ruffled conformations of [Fe(TMP)(L),]*, where L is a pyridine or
imidazole derivative [50]. The example [Fe(TMP)(1,2-Me,Im),]ClO, showed a
strongly ruffled structure and the MM calculations indicated that this was due to
the anisotropic distribution of steric bulk and the relative perpendicular orientation
of the axial ligands. Furthermore, the meso-mesityl groups of the porphyrins investi-
gated showed a slightly staggered minimum energy orientation, which was other
evidence for important bonded interactions between ligands and the peripheral
substituents in six-coordinate species. For four-coordinate [Fe(meso-tetraaryl-
porphyrin)]* species, the primary determinant for the core conformation was the
interaction between peripheral aryl groups and the porphyrin core. The 3'Fe chemical
shifts have been determined for the 3"Fe-enriched model haem complexes with TPP,
TMP and OEP in which at least one of the axial ligand is PMe; [51]. The shifts
have been determined by recording the 3'P NMR spectrum using double resonance
at the appropriate >’Fe frequency. The variation of & with substituent type, axial
ligand electronic characteristics, steric crowding, solvent and temperature have been
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investigated. Increasing the electron-donating nature of the substituents, for example,
is found to increase the chemical shift. Structures have been determined for the
complexes (p-OMe) ( TPP)Fe(PMe,), and (OEP)Fe(PMe,),. In both complexes the
porphyrinate core is planar and the axial phosphines have methyl groups staggered.

Proton and deuterium NMR spectroscopy have been used to study the
reactivity of the m-cation radical complexes {(TPP )Fe(III)CI][SbClg] and
[(TPP " )Fe(III)(ClO,),] with pyridine [52]. The addition of pyridine to either
of the two iron complexes at —70°C gives a stable complex, (89), that
could be isolated on a synthetic scale as the (p-oxo) bridged complex
{[B-py-TPP)Fe(111)],0}(Cl0,),, and unstable (90) and (91). The 'H NMR spectra
of the high spin complex (89)-Cl, and the low spin complex [(90)—(py),]Cl, were
presented and analysed.
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The compound [Fe(III)(TPP)(n!-O-NC(CN),)] (92) has been prepared and
characterized by single-crystal X-ray crystallography (TTPH,=5,10,15,20-
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tetratolylporphyrin) [53]. The ambidentate nature of the pseudohalide
nitrosodicyanometanide ligand was shown by the preparation of
[Ir(I)(n*-N(O)C(CN),)(CO)(PPhs),], where the ligand binds through the nitrogen
instead of the oxygen. Both compounds were characterized by a range of spectro-
scopic methods.

92)

The magnetic properties of two iron(1Il) complexes of tailed porphyrins on the
addition of pyridine have been investigated [54]. Adding pyridine to a solution of
high-spin [Fe(II1)(93)Cl] gave no EPR signal at 77 K of the low-spin complex with
pyridine coordinated. When pyridine was added to a solution of [Fe(III)(93)Cl]
the EPR signal at 77 K of the high-spin complex disappeared and two new signals
appeared. The two new signals originated from two species with a different spin-
state in equilibrium. One of the signals (g,=3.08, g,=2.20, g,=1.27) is proposed
to be the six-coordinate low-spin complex with the tailing imidazole and a pyridine
molecule coordinated. The other signal (g, =4.26, g,=2.00) could be the intermedi-
ate where the pyridine is coordinated but the imidazole is still uncoordinated. This
would give rise to an intermediate spin-state.

"SR

H,(93) H,(94)

The green reaction product of a coupled oxidation of iron(II)(OEP) in pyridine
using dioxygen as oxidant and ascorbic acid as reductant has been structurally
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characterized as (95)PF, [55]. The structure of the product, verdohaem, has two
independent in-plane Fe-N distances of 1.977(6) and 1.966(5) A. This is indicative
of a low-spin iron(II) complex. In the crystal, the two pyridines lie parallel to each
other. Electrochemical measurements made on (95) showed a one-electron reduction
at —1.07 V in dmf—pyridine (vs Ag/Ag™*) and a quasi-reversible one-electron oxida-
tion at 0.28 V in CH,Cl,~pyridine but the oxidation product is chemically unstable.

3)

To improve and confirm the correlations between information from
resonance Raman spectroscopy and structural features in [-pyrrole-substituted
metalloporphyrins, three new octaethylporphyrin complexes have been
synthesized [56]. The crystal structures of [Fe(OEP)(NCS)]-C;Hgs (96),
[Fe(OEP)(N-Melm),][Ag(N-Melm),][PF¢l, (97) and [Fe(OEP)(DMSO),](PFs)
(98) are reported; the core structures of these compounds represent a high-spin
pentacoordinate, a low-spin hexacoordinate and a high-spin hexacoordinate porphy-
rin complex respectively. The resonance Raman spectroscopic properties of these
three complexes and Fe(OEP) and Fe(OEC) have been correlated to the core size
of the porphyrin (chlorin), i.e. the measure of the centre of the porphyrin to the
pyrrole nitrogen atoms. It was found that the core-sensitive resonance Raman modes
exhibit an inverse linear dependence on the porphyrin core size.



E. Nordiander et al. | Coordination Chemistry Reviews 172 ( 1998) 3-97 27

(98)

The electronic structure of the iron complex of meso-hydroxyporphyrin (99) was
observed spectroscopically in a pyridine solution [57]. In pyridine, the hydroxyl
group of (99) was deprotonated, resulting in the resonance structures (100) and
(101). Different complexes, where L were substituted pyridine ligands, showed that
the basicity of the axial substituents modulates the population of (100) and (101).
The formation of n-radical character was essential in haem breakdown, since only
(101) showed high reactivity towards O, to form verdohaem (102), a pathway with
possible interesting extrapolations to biological systems.

Physical and kinetic data for six new Fe(porphyrin)(NO) complexes, prepared
by reductive nitrosylation of the corresponding chloride with nitric oxide in the
presence of excess methanol and 2,6-lutidine, have been presented [58]. The com-
plexes were five-coordinate with nitric oxide in a bent geometry. The differences in
rates of nitric oxide dissociation for the different compounds, when treated with
coordinating ligands, were large. These results were proposed to have implications
for mechanistic studies of, for example, the haem in soluble guanylyl cyclase.

Using AgSbF, as oxidant, the chemical one-electron oxidation of
(OEP)Fe(I1)(NO) (103) and complexes (104) and (105) have been studied in order
to model a proposed [Fe(NO)]" reaction intermediated in the catalytic cycle of
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(101) (102)

dissimilatory nitrate reductase [59]. In the case of (103) the corresponding ferric
complex is formed. Oxidation of (104) and (105) led to ligand-based n-cation radical
complexes, which have been characterized by UV-VIS, EPR, NMR and IR spectro-
scopy. The presence of NO in the n-cation radical complexes is confirmed by the
detection of v(**N-0O) bands in their IR spectra. Addition of 1 equiv. of N-methylim-
idazole leads to the formation of Fe(II){(NO")(N-Melm) complexes in all three
cases. When another equivalent of N-Melm was added, the OEP complex shows
relative stability, whereas the others release NO.

The first nitrosamine complex of a metalloporphyrin has been reported [60]. The
X-ray crystal structure of [(TPP)Fe(Et,NNO),]ClO, (106) was determined. The
porphyrin core was expanded, indicative of a high-spin ferric complex; the nitrosa-
mine ligands are bound in a 5-O fashion.

To model the active site of cytochrome P-450 a number of Fe(Il) porphyrins
(Fe(TPP), Fe(TPivPP), and (107-109)) have been synthesized having a thiolate
group as the fifth axial ligand {61]. The association and dissociation constants for
both CO and O, coordination have been determined using laser flash photolysis.
The influence of the basicity of proximal ligands on the rate parameters have been
studied for nitrogenous, thiolate and ethanolate ligands with a wide range of pK,
values. Increase of the pK, value of the ligand decreases the association rates for
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(105)

(106)
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0O, and CO, whereas the dissociation rate increases for CO and decreases for O,.

This gives a large decrease in the affinity ratio M= Kc,/Ko, going from nitrogen to
thiolate coordination.

(107) (108)

(109)

Resonance Raman studies of photo-reduced and chemically reduced iron-
protoporphyrin-IX dimethyl ester chloride [Fe(111)(110)(Cl)] have been reported
[62]. The studies were made in the presence of 1,2-dimethylimidazole (1,2-Me,Im)
or 2-methylimidazole in DMSO at temperatures down to 50 K. With room temper-
ature laser irradiation in the Soret region complex with the imidazole axial ligand
[Fe(III)(110)(1,2-Me,Im)] only partial photoreduction is achieved owing to the
fast diffusion of molecules which reduces the power density of the irradiation. When
the temperature is lowered to 250 K the thermal motion is restricted and photoreduc-
tion becomes almost complete. Dissociated (1,2-Me,Im)* can diffuse away and
another molecule occupy the position to give [Fe(I1I1)(110)(1,2-Me,Im)]. In the
temperature region between 200 and 150 K the DMSO matrix is solid which partly
softens on laser irradiation, stabilizing the intermediate-spin reduced Fe(11)(110)
species. At 50 K the DMSO matrix is a rigid solid, making dissociation impossible
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and no photoreduction is observed. Chemical reduction at temperatures around
200 K gives the same product as the photoinduced reduction.

CHg
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Steady state and transient absorption spectroscopies have been employed to
study ligand photolysis and recombination associated with complexes
LL'Fe(Il)protoporphyrin IX (L=L'=DMSO (111); L=L'=ImH; L=DMSOQO,
L'=N-Melm (112) in DMSO [63]. The steady state optical absorption spectra
indicate a low-spin six-coordinate haem iron. Photoexcitation of (111) leads to a
transient species which contains five-coordinate high-spin haem iron. The transient
difference spectrum has abs,;, =423 nm and abs,,,, =435 nm. The transient species
decays with k; =2.13 +0.04 x 10° s~*. Photolysis of (112), however, gives a transient
difference spectrum with abs,;, =423 nm and abs,,,, =439 nm. Decay of this species
follows biphasic kinetics.

Chelation of monochelated protohaem, protohaem monomethyl ester
mono|3-(1-imidazoyl )propyl Jamide (113), has been studied by measuring the rate
of return following flash photolysis of CO—(113) samples in the presence of N-
Melm [64]. This allows measurement of both rate constants, K§ and K_{B}*{B}
(Scheme 3), relative to the CO association rate by following the recombination for
a period of minutes after photolysis. Results indicate that bound internal imidazole
is displaced by N-Melm at concentrations greater than 0.012 M. A base elimination
mechanism is consistent with all the results obtained.

As a model system for cytochrome P-450, the iron(III)-porphyrin-catalysed epoxi-
dation of terminal alkenes has been studied, focusing on the N-alkylhaemin forma-
tion [65]. The alkenes studied were allyltrimethylsilane, 4,4-dimethyl-1-pentene,
norbornadiene, norbornene, styrene, and vinylcychlohexane. Apart from the well-
documented primary N-alkylhaemin (114) a second N-alkyl species is detected. Both
species have a characteristic band at 435 nm, but one of the products is unstable
and decomposes to give the original iron porphyrin with a band at 410 nm. Both
the species are also catalysts for the epoxidation of alkenes using pentafiuoroiodo-
benzene as the oxygen donor. The proposal is that the unstable species is a secondary
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N-alkylhaemin (115) and that this species inhibits the catalytic activity of cyto-
chrome P-450.
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A peptide-sandwiched mesohaem has been synthesized using a 13 residue peptide
and iron(HI) mesoporphyrin IX (116) [66]. The peptide was chosen so that helix
formation would be induced by coordination of a histidine residue to the haem
metal. Circular dichroism experiments showed that the complex is 52% o-helical in
aqueous solution, but addition of 2,2,2-trifluoroethanol increases this to a maximum
of 97%. Two diastereomeric monopeptide adducts have also been isolated and have
been found to aggregate owing to the fact that one face of the haem is exposed to
the solvent.

Ac—A—K—E—A—A—-H-A—E~A—~A—E—A—A—NH,

HN _ACHz)y

Ac—A~K—E—A—A—-H—-A—E—A—A—E—A-A—NH;

(116)

6.2.2. Complexes with oxygen, peroxides and superoxides

In the catalytic epoxidation of norbornylene and a-methylstyrene by peracids in
methylene chloride in the presence of [ TMP)Fe(III) (RCO,), the selectivity between
the different reactants was almost constant while varying the peracids [67]. This is
because the n-cation radical [O=Fe(IV)TMP]* " (117) was the predominant oxi-
dant. If [(118)Fe(III)( X)] was used instead, the predominant oxidant changes over
to the peracid—Fe(II1) complex (119), which has been confirmed spectroscopically,
and a dependency on the peracid was seen. In toluene the peracid dependency was
seen for both catalyst types. Whether (117) or (119) participate as the active oxidant
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was proposed to be controlled either by the electronic structure of the catalyst
(push-pull effect) or by alternation of the solvent.

o

N O’O—iLA'
\Félll/

N Sy

(::Fe'(b = Fe(TMP) or Fe(118)

(118} 119)

The reaction, in hydroxylic solvents, of iodosylbenzenes, peracids, hydroperoxides
and hydrogen peroxide with iron(III) porphyrin chlorides ([(TPP)FeCl],
[(TPFPP)FeCl], [ TMP)FeCl], and (120-126)FeCl]) carrying electronegative sub-
stituents leads to a high-valent oxene. Previously, the mechanism was proposed to
change from heterolysis with peracids to homolysis with hydroperoxides, but the
suggestion from structure-teactivity studies is that there is a continual change in
the transition state structure instead of a change in mechanism [68].

(120) R,=R,=R,=R,=R=Cl

(121) R;=CN, R,=R,=R,=R=H
(122) R,=Br, R,;=R,=R,=R.=H

(123) R,=0OCH,, R =R,=R,=R;=H
(124) R;=N(CH,),, R =R,=R,=R;=H
(125) R =R =Cl, R,=R;=R,=H

(126) R ,=R,=CF,, R,=R,=Rs=H
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When styrene and other olefins were added to [(TMP™ )Fe(IV)(O)(CIO)]",
generated by ozonolysis of [[TMP)Fe(ClO,)] at —80 °C in CDCl;, a new complex
was formed [69]. The complex was stable at temperatures up to —30 °C and was
then converted into the Fe(III)porphyrin and mainly styrene oxide. The new com-
plex was interpreted as a trapped intermediate in the reaction of oxoiron(IV)
porphyrin cation radical complexes and olefins and identified as an ET complex
through EPR measurements.

Three iron porphyrin complexes of the type [ Fe(III}( X)(OH)(OOH)] (X=TMP
(127), TPP (128), OEP (129)) have been prepared by low temperature reaction of
the iron porphyrin chloride with KOH and hydrogen peroxide [70]. The formation
of [Fe(III)(X)(OH)(OOH)] was shown by optical absorption and X-band EPR
spectroscopy. Reaction of (127) with imidazole in a large excess gave a new complex
(130). Based on the low separation of g;—g, in the EPR spectrum of (130),
compared with other six-coordinate iron(III) hydroxide complexes, it was suggested
to be [Fe(III)(TMP)(ImH){(OOH)]. Complexes (128) and (129) gave no similar
products.

A kinetic study of the reaction of hydrogen peroxide with protohaemin has been
undertaken in aqueous solution (pH 5-10) with potassium ferrocyanide as a sub-
strate and in the presence and absence of imidazole bases [71]. 1 equiv. of protons
showed the reaction to be inhibited in the absence of bases and hydroxide coordina-
tion to the ferric haemin was suggested to be essential for peroxidase activity.
Monoligation of imidazole bases showed enhancement in the reaction rate, whereas
inhibition strongly correlated with biscoordination, which prevents access of H,0,
to the iron.

Nuclear magnetic resonance studies on the complex [Fe(III)(131)] provide evi-
dence for the slow interconversion between the aquo and hydroxy forms of the
complex [72]. It has been reported previously that proton transfer to some p-oxo
ligands can be slow, but these recent results suggest that the phenomenon may not
be restricted to p-oxo dimers.

(131)

The new polycationic, water-soluble Fe(III) complex, ([(132)Fe(IILI)(X),] (133),
where X=H,0 and/or OH™) has been synthesized and characterized by mass,
UV-VIS, 'H NMR and 3C NMR spectroscopy [73]. The ligand H,(132) was
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synthesized by a selective bromomethylation reaction of TMPH, with formaldehyde
and HBr-acetic acid.

(133)

Reaction between 'BuOOH and (133) (X =H,0 and/or OH 7) in buffered aqueous
solution has been studied in the range pH 0.9-12.1 [74]. The reaction is found to
be first-order with respect to both ‘BuOOH and (133) concentrations and no general
acid or general base catalysis is observed at any pH. The products from the reaction
are discussed in terms of four mechanisms: (i) heterolysis of 'BuOOH with a
contribution from radical chain reactions; (ii) a radical chain mechanism initiated
by [(132)Fe(IV)(X)(O)]; (iii) Fenton chemistry involving (132)Fe(II) and
(132)Fe(III) states; (iv) rate-limiting homolysis of the O-O bond in ‘BuOOH. The
monoligation of acetate has been studied by spectrophotometric titration and a
pH-independent binding constant Kz=42 M ~* has been determined for this process.
There is no evidence for p-oxo dimer formation for the complex. The two haloge-
nated porphyrin complexes [Fe(111)(134)Cl] (135) and [Fe(III)(134)(py).] (136)
have been prepared and characterized by X-ray crystallography and show saddle
distortions [75]. The facts that the Fe(Il) analogue of (135) was rapidly oxidized
by '‘BuOOH, but reacted slowly with dioxygen and that (135) was readily reduced
by 'BuOOH strongly support the proposal that Fe(III)(134)Cl/O,-catalysed alkane
oxygenations occur via a radical chain mechanism.

Two polymorphs of [Fe(OEP)],O have been structurally investigated by X-ray
crystallography. The two forms, one triclinic (137) and one monoclinic, have strong
structural similarities and parameters typical for five-coordinate high-spin iron(III)
[76]. Mossbauer spectra also show parameters consistent with a high-spin iron(1II)
complex. The largest difference in structure between the two forms is the orientation
of the peripheral ethyl groups. The triclinic form has ten ethyl groups pointing
outwards and six inward, whereas the monoclinic form has eight pointing in each
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direction. This also gives a difference in the interplanar angle (7.3° and 2.7° respec-
tively). A common feature for the two forms is the unusually small dihedral angle
in the intramolecular porphyrin ring orientation, 17.0(10)° in the triclinic form and
16.8(6)° in the monoclinic form. The role of the orientation of the peripheral ethyl
groups was investigated using MM calculations of structural features. Calculations
reproduced the small dihedral angle, but when a calculation was performed putting
all ethyl groups pointing outwards, the dihedral angle increased to 31.6°. It thus
appears that the intramolecular inter-ring ethyl group interactions are important in
defining the orientations of the rings.

The crystal structure of the complex p-oxo-bis{Fe(III)(5,15-dinitro-OEP)] (138),
an active catalyst for the oxidation of alkanes, a p-oxo-bis[iron(III yporphyrin], has
been determined [77]. Complex (138) was made by partial nitration of
[Fe(III)(OEP)C!]. The porphyrin planes are not perfectly parallel (169(2)°) and
the Fe—-O-Fe angle is 167.9(3)°. The Fe atoms are displaced towards the bridging
oxygen atom, 0.46 A and 0.49 A. The porphyrin rings are eclipsed with respect to
each other, but the nitro-groups are in a staggered position.

Oligomerization of monomeric [(2-OH-TPP)Fe(1II)Cl] has been shown to give
a cyclic trimeric complex [(2-O-TPP)Fe(1Il)]; with a head-to-tail structure with
bridges from the 2-O in one macrocycle to the iron in an adjacent [78]. The 'H
NMR spectrum for the compound was studied and the large distinguishable contri-
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butions of the 3-H pyrrole contact shift were accounted for by the donation from
the external Fe(IIl) ion. The trimer was cleaved in HX to give monomers
[(2-OH-TPP)Fe(1I1)X ], whereas addition of oxygen base (MeO~, OH ™ in MeOH)
gave [(2-O-TPP)Fe(Il1)X]™ (X=CH;07, OH"), for which tautomerism was
observed for the (3-H) hydrogen.

Three different TPivPPH, derivatives bearing a proximal imidazole (139-141)
have been synthesized and the O, binding properties of their iron(I1) complexes
have been studied [79]. The iron complexes were five-coordinate with the imidazole
coordinating at the fifth position and reversibly formed a stable dioxygen adduct in
toluene at 25 °C under O, pressure.



E. Nordlander et al. | Coordination Chemistry Reviews 172 (1998) 3-97 39

H (o) O

N-(CHG™ > N=(CH G~ N-(CHg)

(ros e (o
-

(139) (140) (141)

6.2.3. Other porphyrin complexes

To investigate the influence of peptide-like superstructure on iron porphyrin redox
potentials, first- and second-generation dendrimers have been synthesized containing
the iron porphyrin core unit [80]. The redox behaviour of the two compounds
was studied in methylene chloride and aqueous solution and it was found that the
redox potential in water for the Fe(IIl)/Fe(II) couple shifted 420 mV to more
positive potential when going from the relatively open, first-generation, to the densely
packed, second-generation dendrimer. The effect, which is also apparent when
comparing cytochrome C and more open model compounds thereof, was attributed
to the more hydrophobic microenvironment created in the solvent-shielded second
generation.

Several iron porphyrins (Fe(TPP), Fe(TMP), Fe(OEP), Fe(4-OCH;-TPP), and
Fe(TPFPP)) have been shown to be useful as active catalysts for the cyclopropana-
tion of alkenes by ethyl diazoacetate [81]. In contrast to many other catalysts for
the system, a considerable diastereoselectivity was seen.

The oxidation of the dimeric octaethyloxophlorin (OEPO) complex (142) occurred
more readily than oxidation of both the p-oxo dimer [(OEP)Fe(1II)-O-
Fe(II1)(OEP)] and the monomeric [CIFe(II1)(OEPOMe)] complex [82]. This effect
was at least to some extent attributed to the direct overlap of the tetrapyrrole plane
in (142). Spectroscopic studies of the oxidized form (142)* indicate that a ligand-
based oxidation has occurred and that the unpaired electron is delocalized over both
macrocycles. The oxidation product was reacted with potential axial ligands—an
example is its reaction with bromide to form (142) and [Fe(III)(OEPO)Br].
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As a model of the dinuclear Fe/Cu site of haem—copper oxidases, a hydroxo-
bridged iron/copper complex has been synthesized [83]. By reacting
[Cu(Mesdien) (OH,)}(ClO,), with Li(OC¢H,-4-Me-2,6-t-Bu,) the copper compound
[Cu(Me.dien)(OH)],(ClO,), was made. This compound was reacted with
[Fe(OEP)(OCIO;)] to give [(OEP)Fe-OH)-Cu(Mesdien)(OClO)(C10,) (143).
The X-ray structure of (143) has been determined. The copper atom has a distorted
square pyramidal coordination. The iron atom has a five-coordinate haem stereo-
chemistry, indicative of high-spin iron(III), with the iron atom displaced towards
the bridge by 0.44 A. The Fe(III)-OH-Cu(II) bridge in (143) is bent (157.0(2)°)
as usual for hydroxo bridges. The GNXAS MS method was used to analyse EXAFS
data of (143), but the method showed to be less reliable when bridging angles
deviated from linearity. Treatment of (143) with more Li(OC4H,-4-Me-2,6-t-Bu,)
probably gives [(OEP)Fe-O--Cu(Me;dien)(OClO,)], as indicated by diastereotropic
methylene signals in the '"H NMR spectrum, but no pure sample could be isolated.

The reaction of [{(tpa)Cu},0,]*" (144) and [Fe(II1)(145)Cl] or
[Fe(II1)(TPP)Cl] has been investigated [84]. When equal amounts of (144) and
[Fe(145)Cl] are used (Cu:Fe=2:1) the product is [(145)Fe(III)-O-Cu(II)(tpa)]*
(146). A stoichiometric Cu:Fe ratio of 1:1 leads to the formation of [Fe(145)-OH]
or [(TPP)Fe—-O-Fe(TPP)] as products. This is explained by noting that complete
reduction of [Fe(145)Cl] or [Fe(TPP)Cl] when the Cu:Fe ratio is l:1 leaves
copper(Il) products insensitive to O,. In order to be able to prepare (146),
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[(tpa)Cu(1)], its O,-adduct and/or their decomposition products must be present.
In another experiment, highly reactive [Fe(11)(145)]- C;H; (147) was synthesized
by the reaction of [{(tpa)Cu(I)}(MeCN)]* and [Fe(145)Cl] in toluene. Here,
reaction of (144) and (147) in a 1:2 ratio (Cu:Fe=1:1) gives (146) as the product.
[Fe(II)(TPP)]- C,Hg can be obtained in a similar way starting from [Fe(TPP)Cl].

[Fe(145)C1]

Some porphyrinatoiron(IIl)-Mo( V) complexes with different axial ligands ((148)
L =NMelm; (149) L =ImH; (150) L =4-(dimethylamino)pyridine) have been thor-
oughly studied with 'H NMR [85]. One of the axial ligands has a hindered rotation
due to the oxomolybdenum substituent. This is shown by the split of the eight
pyrrole proton resonances. The exchange rate of the axial ligands L in (148) and
(150) were determined by line broadening measurements showing a decrease in
exchange rate for the ligand on the same side of the plane as the oxomolybdenum

group.
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(148) L=N-Melm
(149) L=ImH
(150) L=4-(dimethylamino)pyridine

6.3. Complexes with chlorins

The iron chlorin complex ([Fe(III)(151)]*) has been synthesized to model
compound I and II of chlorin-containing catalases [86]. The complex is protected
for aromatization by the gem substitution at both pyrroline B-carbon atoms.
Cyclic voltammetry shows a reversible ligand-based one-clectron oxidation. The
compound I analogue, [Fe(IV)=0(151)]*, has been prepared by treatment of
[Fe(II1)(151)]" with m-CPBA at —80 °C and has been characterized by UV-VIS,
resonance Raman, Mossbauer, and 'H NMR spectroscopy. An analogue of
compound II, [Fe(IV)=0(151)], can be generated from [Fe(IV)= O(151)]* by
reduction of the chlorin radical in butyronitrile. The compound II analogue has also
been characterized by UV-VIS, Massbauer and resonance Raman spectroscopy.

6.4. Miscellaneous tetrapyrrole complexes

The cationic ferrous complex protoverdohaem (152) has been investigated electro-
chemically and shown to have a reduction potential estimated to —903 mV (vs
Ag/Ag*). The reduction gives a C-neutral radical (153) [87]. The radical has an
isotropic EPR signal (g=1.985) at —30°C, whereas the frozen solution EPR
spectrum (—110 °C) shows anisotropic g signals (g=2.002, g=1.937). Further
reduction of the radical (—950 mV) gives an iron biliverdin complex (154). A
reaction mechanism for the decomposition of protoverdohaem to biliverdin was
suggested.
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(152) (153) (154)

Reaction of the p-oxo dimer [O{Fe(II1)(155)},] or [([OH),Fe(II1)OPTAP]™ with
HX (X=F, Cl, Br, I, HSO,) leads to the five-coordinate iron(IIl) complexes
[XFe(155)], in which X acts as an axial ligand [88]. These new complexes have
been characterized by UV-VIS, IR, 'H NMR and *’Fe Madssbauer spectroscopy
and also by magnetic susceptibility measurements. The magnetic data and the results
from the NMR and Mdssbauer experiments are consistent with an intermediate
spin-state (S=3) in these complexes.

7. Complexes with O-donor ligands

7.1. Complexes with carboxylic acids and derivatives

Complexation of transition metals with pyridone carboxylic acids used as antimi-
crobial drugs is of interest since such complexes lower the effect of the drugs. A
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complex of iron(IIl), nitrilotriacetate (156) and the antimicrobial ciprofloxacin
(157) has been studied [89]. The X-ray structure reveals that the complex
[Fe(156)(157)]- SH,O (158) has an octahedrally coordinated ferric ion forming a
six-membered ring with (156) through the keto and the carboxylic acid oxygen.

(157)

The crystal structure of [Fe(159)] (160) has been reported as the first hexadentate
3-hydroxypyridinone ligand complex, which is interesting as a potential drug for
treatment of diseases related to iron-overload [90]. Previous binding experiments
have shown that didentate analogues of (159) bind stronger to Fe(Ill). The apparent
unfavourable conformational changes of (159) have been investigated through MM
studies, which have indicated that the conformation with N1 directed towards the
iron is the most stable, both in vacuo and in aqueous media.



E. Nordlander et al. | Coordination Chemistry Reviews 172 (1998) 3-97 45

e
Lo
A &7

H,-(159) (160)

Several linear trinuclear iron complexes with the general formula
[Fe;(O,CR)4L,] have been synthesized and structurally characterized. Two of the
complexes, [Fe;(OAc)s(161),]- 2MeOH (165) and [Fe;(OAc)s(162),] (166) contain
iron atoms linked by two didentate and one monodentate bridging carboxylate
ligands [91]. The terminal iron atoms in (165) and (166) also have a didentate
nitrogen ligand coordinated ((161) and (162) respectively). The two complexes
[Fe;(0O,CPh)4(163),] (167) and [Fe;(0,CPh)4(164),] (168) have similar coordination
spheres but also a coordination from the second oxygen atoms of the monodentately
bridging carboxylates to the terminal iron atoms. Magnetic measurements on
(165-168) reveal that there is ferromagnetic exchange coupling with resultant high-
spin S=6 ground states in (165) and (166), whereas (167) and (168) show antiferro-
magnetic coupling with $=2 ground states.

Four carboxylate-bridged diiron(II) complexes having the dicarboxylate (169) as a
ligand have been reported [92]. The complexes are [Fe,(p-OBz)(169)(ImH ),(OBz)—
(MeOH)] (170), [Fe,(u-F)(169)(N-Melm),(MeOH ),;)(BF,) (171), [Fe,(p-O5SCF,)-
(169)(N-Melm),(MeOH }(H,O)(CF3S0;) (172), and [Fe,(u-Cl1)(169)(N-Melm),—
(MeOH),)(BF,) (173). The crystal structure of (170) shows that it consists of
four- and six-coordinate iron(II) atoms bridged by the two carboxylate groups of
(169) and a benzoate ion. An imidazole is coordinated for one of the iron atoms
and the other iron atom is coordinated to an imidazole nitrogen, a monodentate
benzoate ion and a hydroxyl oxygen atom of a methanol. This gives the complex
the same ligand composition (four carboxylates, two imidazoles, and a solvent
molecule) as the active site of the reduced soluble methane monoxygense hydroxylase.
With fluoride, triflate, or chloride ions present, complexes (171)—(173) were formed.
All three complexes have an unsymmetrical arrangement of the ligands, with one
five- and one six-coordinated iron atom bridged by the two carboxylate groups of
(169) and F~, CF;S0; and Cl™~ respectively.
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Stability constants have been determined and the bonding modes and effects
caused by the side-chain NH; moiety in aminohydroxamic acids evaluated for
complexes formed in aqueous solution between iron(II1) with a-alaninehydroxamic
acid (174), p-alaninehydroxamic acid (175), aspartic acid—p-hydroxamic acid (176)
and glutamic acid—y-hydroxamic acid (177) [93]. The metal(III)-acetohydroxamic
acid (178) systems were studied as models. Coordination of hydroxamate oxygen
atoms occurs in the case of (174), (175), and (178), whereas (176) and (177) are
coordinated via their hydroxamate and carboxylate oxygen atoms. The OH™ ion
was found to be an effective ligand in these systems, causing the formation of both
binary and ternary hydroxo complexes. The presence of NH; in the hydroxamic
acids favours the hydrolysis to an extent which depends on the distance between the
hydroxamate moiety and NHy , and can be explained by the electron-withdrawing
effect of NH; and electrostatic repulsion between it and the coordinating M** ion.

Iron(III) complexes of the dihydroxamic acid ligands (179-181) have been pre-
pared as models for rhodotorulic acid, a dihydroxamate siderophore secreted by
some yeast [94). For the 1:1 complexes, where n=2 or 4, a dimeric product,
[Fe,L,(H,0),** (182) (L=(179) or (180)), is obtained. For the n=8 ligand the
complex is monomeric, [Fe(181)(H,0),]*. Equilibrium constants for hydrolysis of
coordinated water for both the monomeric and the dimeric complexes have been
determined spectrophotometrically. For the dimeric complexes, in which deprotona-
tion of all four coordinated water molecules occurs, the value of log K, is unexpect-
edly large, (—5.77 and —5.07 for n=2 and 4 respectively), larger in fact than the
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value measured for log K, (—6.37 and —5.54 for n=2 and 4 respectively). This
observation is inconsistent with the formation of simple ternary hydroxo complexes
and implies that intermolecular p-oxo species may be formed.

The complex Fe(183), is afforded when H-(183) and NaOH are added to
Fe(NO,); - 9H,0 in ethanol [95]. The presence of the Fe(I11)O4 chromophore has
been verified by elemental analysis, UV-VIS spectroscopy and a magnetic moment
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of 5.58 ug. It is proposed that Fe(183); is monomeric with an octahedrally coordi-
nated iron. Cyclic voltammetry studies on Fe(183), determine that E; = + 80 mV
and that E; = —960 mV (vs Ag/AgCl). Thus this is characterized as an irreversible
electrode process, and since the cathodic peak area is larger than the anodic peak
area, it has been suggested that the reduction product evolves into a species which

is no longer electroactive.
o o
/lj\)'l\o/\/o\'(g

o]
(183)

The crystal structures and physical properties of three charge transfer salts of
(184), (184),A[Fe(C,0,);]JCcH,CN (A=H,0, K, NH,) have been reported [96].
The structures consist of layers of approximately hexagonal geometry with alternat-
ing A and Fe(C,0,)3~ and successive layers of (184). When A=K or NH,, the
salts are semiconductors (¢~ 10"*Scm™!, E,=0.14 ¢V). The magnetic susceptibil-
ities and EPR spectra of these salts are dominated by contributions from Fe(III).
When A =H,0, the salt is a superconductor (7,=7.0(3) K). The EPR spectrum of
this salt has two resonances: one coming from the conducting electrons on the
organic cations and one coming from the 3d electrons of Fe(III).
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7.2. Complexes with other O-donor ligands

The iron—catecholate complexes [Fe(bpy)(3,6-dbsq)(3,6-dbcat)] (185),
[Fe(tmeda)(3,6-dbsq)(3,6-dbcat)] (186) and [Fe(tmeda)(3,5-dbsq)(3,5-dbcat)] have
been synthesized and their molecular structures have been determined by X-ray
crystallography [97]. Unlike analogous cobalt complexes, these Fe(Il) species do
not exhibit redox isomerism. Magnetic measurements on (185) show that the mag-
netic moment drops to 0.81 g at 5 K. This observation is consistent with the
formation of an [Fe(II)(3,6-dbsq),] species that is either high-spin with a strongly
antiferromagnetic metal-ligand coupling or diamagnetic low-spin, but Mdssbauer
measurements do not show evidence for the existence of ferrous species. It is more
likely that the low magnetic moment is due to intermolecular exchange through the
stacked bpy ligands. All complexes exhibit solvatochromism.

)
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(185) (186)

The polymer-supported ligands (187), (188) and (189) have been used to extract
Fe(III) ions selectively from aqueous solutions at low pH [98]. The complexes
formed are proposed to correspond to structures (190), (191) and (192). The order
of the rate of removal of Fe(III) from a pH 2.1 solution is (188)>(187)> (189).

Second-sphere coordination of ferrioxamine B [Fe(HL)]* (193) by dicyclo-
hexano-18-crown-6 (194) occurs through host-guest complex formation with the
protonated amine side chain (CH,);NHj3 [99]. The influence of steric factors on the
association constants K, for both nitrate and perchlorate salts of ferrioxamine B
with cis—syn—cis and cis—anti—cis isomers of (193) in CHCIl; has been investigated.
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The absolute values of K, for (193)X association with (194) are strongly dependent
on the identity of the anion (X). The selectivity ratio expressed for the syn crown
ether is 3:1 and is independent of anion variations. Discrimination between the syn
and anti isomers of (193) in CHCI, is greater than expected based on comparison
with the parent NH; ion. This is likely due to the significant steric requirements of
the bulky metal complex molecule (193) giving a selectivity for the less hindered
syn isomer.

For the process Fe** + H(195)—Fe(195)>* + H™ the reaction volume AVg, has
been determined to be + 7.8 +0.1 cm® mol ~* by spectrophotometry in aqueous acid
media under pressures up to 250 MPa [100]. From this value and the reported
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activation volume for formation of Fe(195)%7, the activation volume for dissociation
of Fe(195)** has been calculated to be —16.5+0.9 cm® mol ~*. This negative value
for the dissociation reaction confirms associative activation for reaction of Fe3* ions.

o]
OH
o] [o]
S0

H-(195) (196)

The trinuclear complex K[Fe;(OMe),(196);] - 4MeOH (197) has been synthesized
and its crystal structure has been determined [101]. Variable-temperature magnetic
susceptibility measurements indicate that the high-spin iron(1II) ions are antiferro-
magnetically coupled. The exchange integrals may be estimated by assuming a C,,
point-group symmetry for the complex.

A complex with a [12]metallacrown-6 structure has been reported [102]. The
complex is [NaFeg(OCH,),(196)6]Cl- 12MeOH - CHCl; (198). The crystal structure
shows that (198) has a flat structure with an [Fes(OH),,]®* ring-like core that hosts
a sodium ion, and a peripheral hydrophobic shell. The distance of two opposing
iron atoms in the ring is 6.39(2) A. Each iron atom has a distorted octahedral
coordination having a didentate (196) ligand and four methoxo bridges forming
two Fe,O, rhombi with adjacent iron atoms. Adjacent Fe,O, planes are twisted
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197)

with respect to each other. The complex is EPR silent at low temperatures, suggesting
an S=0 ground state.

Q
O
I\ BT )
N ]

Q T <0
Sy g
(198)

The crystal structure of [Fe(DMSO)g](NO5); (199) has been determined [103].
The iron(II1) atom has approximately octahedral coordination and is on a site of
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3 symmetry. The Fe-O bond length is 2.020 A, which is comparable with Fe-O
distances in [Fe(DMSO),Cls_. P *(,=1,2) and, as expected, shorter than in
[Fe(DMSO)(**.
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The iron(11) complex [Fe(CH;CN),(OPPh,),](15), (200) has been synthesized by
several methods starting from Fel,, Fe,(SO,);, FeSO,, and Fe (powder) [104]. The
single-crystal X-ray structure showed that (200) has an octahedral coordination
around the iron atom with the two N atoms cis coordinated and a pseudo-twofold
rotation axis bisecting the N-Fe-N angle. Magnetic susceptibility measurements
indicate that (200) is a high-spin complex with a quartet ground state and a weak
antiferromagnetic coupling. Complex (200) catalyses the oxidation of PPh; into
OPPh; in the presence of O,.
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The crystal structure of [Fe(NCS),(OPPh;),] (201) has been determined [105].
There are two crystallographically unique molecules of (201) in the structure. The
iron atom is similarly coordinated in the two molecules; three NCS™ and three
OPPh; ligands at facial sites, but with opposite chirality. This is possibly due to
crystal packing. Deviation from the octahedral symmetry includes twisting of O,
and N; faces by 55° in the same direction in both types of molecule.

8. Complexes with S-donor ligands

The high-spin ferrous complexes [Fel,(202)] and {FeBr,(202)] may be described
as either octahedral or square-planar coordinate complexes [106]. Mdssbauer meas-
urements and molecular orbital calculations indicate that the octahedral description
is correct. Furthermore, the MO calculations indicate that the large iron—sulfur
bond distances in [Fel,(202)] and [ FeBr,(202)] are due to the size of the macrocycle.

S S
L
__/

(202)

9. Complexes with P-donor ligands

The reaction of [FeH,(dmpe),] with sodium azide affords initially the mono-azide
complex FeH(N;)(dmpe), and then in a subsequent step the bis-azide complex
[Fe(N3),(dmpe),] (203) [107]. The crystal structure of (203) shows that the azide
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groups are trans coordinated and linear. The Nj ligands are tilted by approximately
132° with respect to the Fe-P, plane and positioned anti with respect to each other
in the crystal. Complex (203) reacts further with terminal alkynes by replacing the
Nj; ligands to form his acetylide iron complexes.

(203)

Two iron(II') complexes with the tripod P-donor ligand (204) have been synthe-
sized [108]. The first, [Fe(204),](BF,4), ' 2H,O (205), has been structurally charac-
terized by X-ray crystallography and has an unusual [Fe(P)s]** core. The iron atom
has a slightly distorted coordination geometry with the two ligands facially coordi-
nated. The Fe-P bonds are between 2.277 and 2.351 A. Reaction of (205) with
FeCl, gave a red-violet complex isolated as a BPh, salt and identified with elemental
analysis as [(204)Fe(p-Cl);Fe(204)]BPh, - H,O.

CHq
HC— ] |, —CHs
H;,C/ /P\ \cH3
HyC CH,
(204)

10. Complexes with mixed-donor ligands
10.1. Complexes with mixed N, O-donor sets

The reaction of [Fe(salen)Cl] with an excess of L (L=ImH, N-Melm, 2- or
4-MelmH) in acetone resulted in the isolation of hetero-bisadducts, [Fe(salen) (L)Cl]
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(L=ImH, N-Melm or 2-MelmH) and a homo-bisadduct, [Fe(salen)L,]Cl
(L=4-MeImH) [109]. The structures of [Fe(salen)(¥-Melm)Cl] and
[Fe(salen)(4-MelmH ),]Cl were determined by single-crystal X-ray crystallography.
A significant difference between the two structures is that the dihedral angle between
the two phenyl rings of the salen ligand is 17.5° for [Fe(salen)(V-Melm)Cl] and
4.4° for[Fe(salen)(4-MelmH),]Cl. The complexes were characterized by variable-
temperature magnetic susceptibility and Mossbauer spectroscopy. The hetero-bisad-
ducts exhibit an admixed electronic ground state, whereas the homo-bisadduct is
high spin.

The complex [Fe(III)(205),]Cl- H,O has been prepared [110]. Infrared spectro-
scopy shows that (205) acts as a tridentate ONO ligand where the nitrogen atom
of the azomethine is ligating. Magnetic susceptibility measurements show that the
iron(IMl) atom is in a high-spin configuration and octahedrally coordinated. The
electronic spectra confirms the octahedral geometry showing a spin allowed

*T,;—°E, transition.
N oH
4
)
N
H

(205)

1,3,5-Tris(5-substituted salicylamino) cyclohexanes (H;—(206), H;-(207) and
H,-(208)) have been synthesized by Schiff-base condensation between
cis-1,3,5-triaminocyclohexane and a substituted salicylaldehyde, followed by reduc-
tion with KBH, [111]. Reaction with iron(III) salts gave neutral six-coordinate
Fe-N,0; complexes. The distribution coefficients between octan-1-ol and water
indicate that the complexes show ligand-to-metal charge-transfer (LMCT) bands in
the 450-500 nm range. The structures of all three complexes have been confirmed
by single-crystal X-ray crystallography.

An attempt to synthesize Fe(209)NO; by a published procedure gave instead
Fe(210)0O,NO (211) as determined by X-ray crystallography [112]. In this instance,
the crystals were prepared by recrystallization from dichloromethane and diethyl
ether with one drop of 8 M HNO, added. The structural analysis reveals a complex
with a distorted octahedral iron(III) centre.

Iron(1II) salts have been reacted with a boiling mixture of 2,6-diaminopyridine
and acetylacetone to give dimeric iron complexes [113]. Magnetic measurements
suggested some antiferromagnetic exchange via the diaminopyridines, so the struc-
ture was suggested to be (212) (X =Cl, Br, NO;, or NCS) with square-pyramidal
coordinated iron atoms bridged by the 2,6-diaminopyridine residues.

A series of iron(I1I) complexes of the type [FeLCL,]- H,O (L =H(213) to H(219))
and [Fe(220)Cl,]- H,O have been prepared and fully characterized by spectral and
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electrochemical techniques [114]. Their interactions with a variety of mono- and
di-dentate heterocyclic bases, as well as phenols, have been investigated using
electronic and EPR spectroscopy. The redox behaviour of the iron(Ill) complexes
and their 1:1 adducts with 3,5-dbcat anions generated in situ has been investigated.
There is a linear correlation between Fe(III)-Fe(II) redox potential and the charge-
transfer band energy of the complexes. All the complexes catalyse the oxidation
cleavage of 3,5-dbcatH, by molecular oxygen to yield cis,cis-muconic anhydride.
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The catalytic activity has been correlated with the Fe(III)-Fe(II) as well as
(3,5-dbsq°)—(3,5-dbcatH,) redox potentials of the 3,5-dbcat adducts.
Complexes of iron(III) and 2,6-pyridinedicarboxylic acid (221) have been studied
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[115). The reaction of [(221)Fe(II)(OH,);] with bromine water gives
[(221)(H,0)Fe(III) (n-OH)Fe(II1) (OH,)(221)] which on further reaction with HX
gives [(221)(X)Fe(111)(OH,),} (X=Br, Cl (222)). Reaction of (222) with acacH
or phen affords [(221)(H,O)Fe(Ill)(acac)] (223) and [(221)(Cl)Fe(IIlI)(phen)]
(224) respectively. The terdentate ligand tpy gives instead
[Fe(I1)(tpy), ][ Fe(II1)(221),], (225). The crystal structures of (222-225) have been
determined.

b
?’%\m" jox O &
~) i /GO
{ Ci ] e
e O‘;J‘J\Ff. 0 C\\(’ﬂ\f—:(':i S RS
fo) S o] )‘A N /4
oy Yo e
SR N NN
l = Oy \\‘/v‘\’\/ UO og ‘/\‘“Z‘T\ﬁ’/vo
i \
° N A T\, 'Iﬁ
& y < )/
o o Y 3
222) 223) 224)

The complex [(221)Fe(OH,);] (226) has been prepared by the reaction of
H,—221 with Mohr’s salt (ammonium Fe(II) sulfate hexahydrate) [116]. Reaction
of (226) with NaOH or NPr,OH leads to the formation of X,[Fe(221),] (227)
(X=Na* or NPr;). Complex (227) is very solvatochromic; this effect is attributed
to interaction of the lone pairs of the dipic oxygen atoms with solvent. Slow air
oxidation of (227) leads to the corresponding ferric complex [Fe(221),]” (228). The
crystal structures of (226), (227) and (228) have been determined. The Fe—O bond
lengths in (228) are considerably shorter (by 0.1-0.15 A) than the corresponding
bond distances in (227).

Reaction of (226) with Mohr’s salt at pH 5.65 affords a purplish-blue compound
of overall formula [(221),4(H-221)¢Fe,3(OH,),,]- 13H,0 [117]. This compound
decomposes slowly to form the heptacoordinated mononuclear complex
[(H-221),Fe(OH,;)] (229). Acidification of Na,[(221),Fe]-2H, 0 yields
[(221),(H-221),Fes(OH,)¢], which decomposes to form the heptacoordinated
dinuclear complex [(H-221),Fe,(OH,)] (230). The crystal structures of (229) and
(230) have been determined. Complex (230) consists of dimers of heptacoordinated
iron atoms which are linked via two carboxylate oxygen atoms of two dipic ligands.
The dimers are, in turn, linked into a network structure via hydrogen bonding.
Analysis of the thermal variation of the magnetic susceptibility of (230) indicates
weak antiferromagnetic interactions (/= —3.4cm™!, H= —-2J-51-S2).

The crystal structure of Na[Fe(221),]-2H,O has also been reported [118]. The
complex consists of a pseudo-octahedrally coordinated Fe atom with an N,O, coordi-
nation sphere. The two nitrogen donor atoms are trans to each other with an N--Fe-N
angle of 168.3°. In the crystal the Na™ ions bridge the [Fe(221),]” units, each Na*
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(229) (230)

ion being coordinated by four carboxylate oxygen atoms (one of them is used in Fe
chelation) and two water molecules. The complexes [(221),(H-221),Fe,(OH,),]"
2H,0 (231), [(221),Fe,(OH,)s] (232), (NH,),[(221),(H,-221),Fe;(OH,)q] - 4H,0
(233) and [(221),,(H-221)¢Fe3(OH,),,] - 13H,0 (234) have been prepared by react-
ing Na,[Fe(221),]- 2H,0 or Mohr’s salt with (H,-221) [119]. The crystal structures
of (231-234) have been determined. A scheme for interconversions between species
(231-234) (Scheme 4) has been proposed.

Four complexes, Fe(1I1)(235),, [Fe(I1)(235)Cl1(MeOH),], (238),
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Scheme 4.

Fe(I1){H,-(236)}, and ([Fe(II1)(237),Cl]-2(Et,N-HCl)-0.5CH,CN, where
H-(235), H5-(236) and H-(237) are analogues of pyrroloquinolinequinone or meth-
oxatin (PQQ), have been synthesized and spectroscopically characterized [120]. The
structure of (238) has been determined by X-ray crystallography and revealed as a
dimeric configuration linked through the carboxylate function of (235). The differ-
ences in spectroscopic properties of the complexes exemplify the variety of structural
types and nuclearities obtained for iron complexes of PQQ analogues, synthesized
under different stoichiometric conditions and pH.

An iron(IIT) complex of the new terdentate ligand (239) has been investigated
thermodynamically and kinetically [121]. The complex formed, [Fe(239),]" (240),
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OCH,

H-(235) H;-(236) H-(237)

(238)

is very stable (log #,,=45.840.2 dm® mol “2). There are several parallel pathways
for the formation of (240) in 0.10 mol dm ™3 NaClQ,, starting from Fe** or
FeOH?* and H,(239)" or H,(239)?*. The rate constants for these reactions have
been determined. A mechanism has been proposed and it is suggested that the
coordination of the phenolato oxygen of the pyridoxyl moiety to the iron(III) is
the rate-determining step in the formation of (240).
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The coordination of the bifunctional multidentate ligand H,~(241) to iron(III)
appears to proceed via a kinetic linkage isomerism in aqueous solution [122]. Initially
the ligand binds through two parallel pathways with the didentate
quinolinoato(N-Q) moiety to form Fe{H,(241-N,0)}*. This intermediate trans-
forms to Fe{H,—(241-O,N,0)} *, where the terdentate dihydroxyazo moiety coordi-
nates with a rate constant of k.o, =(1.340.1) x 10~ s ™1, The stability constant for
the final complex is log(8;,)=18.32+0.11 dm® mol ~*.

COOH SOH
2
N=N Sy
OH OH
H,-(241)

The formation of a complex between iron(Il) and (242) in aqueous solution has
been studied to determine the reaction mechanism [123]. The first step involves
coordination of one of the carboxylate oxygen atoms to Fe(II). The next step is the
rate-determining coordination of the phenolate oxygen, which is followed by the
rapid binding of the last oxygen and the nitrogen atom. The resulting complex,
[Fe(242)(H,0),]", has a formation constant of log f8;, = 14.42+0.20 mol dm 3.

HOOC /_\
HOOC N NH S NH
Fe.
Os_ O OH RN
NH ‘ N
N \ o‘f/
CHg 0
(242) (243)

Complex (243) has been characterized by microanalysis and IR, UV-VIS and
ESR spectroscopies [124]. It undergoes a reversible one-electron reduction
(Eyp=—0.19+0.01 V) to an Fe(II) complex which reacts rapidly with dioxygen.
Under aerobic conditions, the electrochemical response of (243) indicates the pro-
duction of an Fe(III)-(p-peroxo) dimer. Further kinetic analysis by stopped-flow
spectrophotometry demonstrates that the complex accelerates dismutation of the
superoxide radical in aqueous solution. ESR studies on DMSO solutions of potas-
sium superoxide demonstrate that the radical is rapidly removed by (243). A new
low spin form of the iron(III) complex, characterized by a lower g anisotropy, is
formed during the course of the reaction.

The interactions between iron(IIl) and two ligands with either two or three
acid—base centres have been studied [125]. With ligand (244) iron(1II) forms either
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[Fe(244),]NMe, (246), [Fe{H(244)},]ClO, or [Fe(244),][Fe{ H(244)} ,], depending
on the conditions. Complex (246) has been structurally characterized and shows
that the iron atom is pseudo-octahedrally coordinated by four oxygen atoms and
two nitrogen atoms. Iron(III) forms similar complexes with ligand (245),
[Fe(245),]NMe, (247) was identified with ESI-MS. Cyclic voltammetry measure-
ments of (246) and (247) show a single quasi-reversible one-electron step for both
complexes with a AE of 0.300 V. This difference might be explained by some
participation of the phenolic function of (247) in the complexation process. Under
different conditions [Fe(245),][Fe{H(245)},] was formed.

N
X
H CHy ©
R

(244) R=H
(245) R=OH

Reaction of Fe(NO;);-9H,O with ligand (248) results in the formation of
[Fe(248),](NO;); - 3H,O (249) and [Fe{H_,—(248)}(248)[(NO;),- 2H,O (250)
[126]. The related complex [Fe{H _;—(251),}]- 12H,0O (252) has also been prepared.
The crystal structures of (248), (249) and (252) have been determined. In complexes
(249) and (250) the iron atom is coordinated by three amines of one ligand and
three alkoxo moieties of the second ligand. They differ only in the degree of
coordination of one of the non-coordination amino moieties. In ligand (251), coordi-
nation via the three amine groups is sterically unfavourable and electron-withdrawing
groups on the amine nitrogen atoms deactivate the amine moieties. Therefore, the
ligand coordinates to iron through alkoxo (alcohol) groups (the ligand is partially
deprotonated).

The metal binding properties of (253) have been investigated [127]. The ligand
forms a complex of the form [Fe(253)]** (254) with iron(III) and the single crystal
X-ray structure of (254)C13- 15H,0 has been determined. The iron is approximately
octahedrally coordinated by the six alkoxo groups. The intraligand O-M-O angles
are all <90° and the interligand O-M-O angles are >90°. Twelve water molecules
are coordinated to (254) in a hydrophilic pocket formed by the six coordinated
oxygen atoms and the six N-H protons. In solution, NMR spectroscopy shows that
the complex has a D;4 symmetry.

Studies of the promotion of hydrolysis of 4-nitrophenyl phosphate (NPP) by an
iron(II1) complex have been performed [128]. A 1:1 mixture of Fe** and (255) was
used and the active complex at a low ratio R,=[Fe(1Il)],{INPP], was suggested to
be (256). A marked change in the slope of the initial rate of NPP hydrolysis as a
function of R, at R,=2 suggests a third iron to be coordinated to the complex (257)
activating the hydrolysis by providing a coordinated hydroxide positioned to attack
the phosphorus (Scheme 5). At pH > 6 the rate of hydrolysis lowers, probably due
to the formation of dihydroxo and dimeric complexes of Fe(255).
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The synthesis of a new water-soluble iron chelator for both Fe(IIl) and Fe(II)
has been reported [129]. The tripodal ligand (258) has been prepared from
8-hydroxyquinoline and tris(2-aminoethyl Jamine and characterized by mass spectral
data and 'H NMR and ¥ C NMR spectroscopy. The UV-VIS spectra of
Fe(II1)—(258) and Fe(I11)-(258) was measured. Cyclic voltammetry measurements
on the ferric complex showed a quasi-reversible reduction at +0.087 V (vs NHE).
The stability constants f,;, were determined for the two complexes and showed that
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both were stable but that the iron(III) complex was more stabilized than the iron(II)
complex (log( 1) = 30.9 and 19.3 respectively). The Fe(III') complex is not photore-
ducible and does not induce radical damage in the presence of hydrogen peroxide,
which suggests that it may have interesting biological properties.

The crystal structure of an iron(IIl) complex with two N,N,O-donor ligands has
been reported [130]. The complex [Fe(259),][PF¢] (260) has a distorted octahedral
structure around the iron atom with sections of the aromatic ligands forming an
interleaved stack in the solid state. The magnetic susceptibility (83-299 K} of (260)
and its EPR spectrum in a frozen glass at 77 K is consistent with a high-spin state.
Cyclic voltammetry measurements of (260) showed one reversible Fe(1I)/Fe(III)
couple at —0.67 V (vs Fc¢/Fc™) and a reversible ligand-based reduction at —2.12 V.

In a study of the influence of geometric factors on the preference of redox
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state for a metal, two iron(IIl) complexes with cryptand ligands have been
reported [131]. The compounds, [Fe(1II)(261)][CIO,};-0.5MeCN (263) and
[Fe(I11)(262)][ClO,]5 (264) could be obtained both from iron(Il) and iron(III)
salts. Magnetic and spectroscopic measurements show that both complexes have a
distorted octahedral geometry, enough to give a spin-quartet ground state in (263)
and a more complex low-spin magnetic behaviour in (264). Compound (263) has
also been characterized by X-ray crystallography, which confirms the distortion of
octahedral coordination geometry towards a trigonal prism with the twist angle

p=40.3°.
| i
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The ligand H5—(265) forms a very stable complex with iron(III) at pH 7-10 [132].
The crystal structure of the complex Fe(265) - C¢Hg - 2H,0 has been determined and
reveals a ferric ion in a slightly disordered octahedral environment with the three
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tertiary amines and the three hydroxypyridine oxygen atoms forming six-membered
chelate rings to give an N;O; donor set. The twist angle (O-Fe-N) is 54°, close to
the octahedral angle (60°). The octahedral arrangement, together with the low pK
values for Hy—(265), is thought to give the high stability of Fe(265).

HyC,

OH N
7\ (N\/N>
g W U
HaC o N—cH,

H,-(265) [Fe(265)}

The new iron(III)-specific ligand H;—(266), containing three hydroxamic acid
groups as pendant arms on a macrocyclic triamine backbone, has been synthesized.
Its chelating properties with iron(III) have been studied by potentiometric and
spectroscopic techniques [133]. The mechanism of electron transfer, the kinetics of
dissociation and the stability constants of the reduced species, which are thought to
be important in the biological activity of this siderophore analogue, have been studied
by voltammetric methods (E;,= —530 mV for [Fe(H-(266))]", E; = —630mV).
This ligand complex has proved to be biologically active, and its properties were
compared with ferrichrome and ferrioxamine B.
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The design and synthesis of chelating agents which are effective in coordination
and removal of Fe®* is of considerable interest in treating cases of iron overload
[134]. Stoichiometric 1:1 complexes of Fe** with (267) have been prepared.
Potentiometric measurements were made of pH and of ligand-ligand competition.
Stability constants were found to be lower than for the analogous complexes with
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(268), which may be attributed to the fact that the metal is more strongly coordinated
by the two phenolate groups of (268) than by the single phenolate group of (267).

HOOC"\/——\/—COOH HOOC—\/—-—\/—COOH

N N N N
HOOC —/
HO, OH HO,

(267) (268)

A diiron complex with a bridging ligand that mimics the unsymmetrical histidine
coordination in the active site of semimet haemrythrin has been reported [135]. The
ligand (269) gives, together with Fe(NO,); and Na,(270), the complex
[Fe(I1)Fe(1I1)(269)(H,0)(270)}(BPh,), - 2H,0O (271). X-ray structure determina-
tion and Mossbauer spectra (30-300 K range) of (271) show that the valences of
the Fe atoms are localized in the solid state. The iron atoms in (271) are bridged
by the phenolate O-atom of (269) and the two carboxylate groups of (270). The
coordination of the iron(IIl) atom is completed by two pyridine N atoms and an
amine from (269) giving an N;O; coordination, whereas the iron(II) atom has an
N,O, coordination sphere with one pyridine N atom, one amine N atom and one
water molecule. The Fe—-O-Fe unit is highly unsymmetric, with the Fe(III)-O
distance being 0.16 A shorter than the Fe(II)-O distance; the Fe...Fe distance is
3409 A. A variable-temperature 'H NMR experiment shows that the localization
of valences is kept in solution. Preliminary studies also show that the terminal aqua
ligand can be replaced easily.

Kkp MIQI

(269) 70)

Dinuclear iron(ILIII) complexes [ Fe,(272)(0,CMe)][0,CMe] X, with a nonaden-
tate ligand H(272) (X=PFg (273) or BF;) have been prepared [136]. Their
Mossbauer spectra consist of two quadrupole doublets due to high-spin iron(II)
and low-spin iron(IIT1) and magnetic susceptibilities corroborate this formulation of
the electronic structure. Cyclic voltammograms showed a quasi-reversible redox
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couple with E; = —0.07 V and an irreversible redox couple with £,=0.58 V (vs SCE)
for (273), corresponding to a comproportionation constant of 1.0 x 10!2. No visible
or near-IR bands due to intervalence electron transitions between iron(II) and
iron(1II) were observed.

Me
S N OH N | X
[K/N ( j N A
N
Lo
x X
| N NI F
H-(272)

The complexes [Fe,(273)(0,CR)(H,0),] (R=C,H,OH (274), CH,CH=CH,
(275), C(H,NH, (276), CH,CH,Br (277), CH=CHMe (278)) have been synthesized
and the crystal structures of (274) and (275) have been determined [137]. EXAFS,
XANES, and IR measurements indicate that the structures of (276)—(278) are very
similar to those of (274) and (275). Variable-temperature magnetic susceptibility
measurements have been performed on complexes (274)-(278). In all cases,
the magnetic behaviour is consistent with antiferromagnetic coupling between
Fe(IIl) ions. The coupling constants derived for (274)—(278) are very similar
(/=—14-16 cm™ ') and a small but significant decrease in the J value with shorter
Fe—(p-O) distance may be noted.

Reaction of ligand (279) with Fe(ClO,), - 6H,0 under inert atmosphere leads to
a red—purple product that is postulated to be a dinuclear mixed-valent Fe(II)/Fe(111)
species [138]. Exposure of this product to air affords the dinuclear Fe(I111) complex
[Fe»(279) (u-OAc),J(Cl0,) - H,O (280) whose crystal structure has been determined.
Complex (280) displays an intense phenolate—iron LMCT band at 586 nm. Magnetic
measurements indicate that the iron atoms are antiferromagnetically coupled with
J= —6cm . Mossbauer spectra of (280) are consistent with a high-spin octahedral
diferric complex. The complex undergoes two quasi-reversible one-electron redox
processes at —0.78 V [Fe(1I),/Fe(11), Fe(1Il)} and —0.225 V vs Ag/AgCl [Fe(1I),
Fe(III)/Fe(III),].

Two new dinucleating ligands, the symmetric (281) and the unsymmetric (282),
and their p-alkoxo diiron(II) complexes, [ Fe,(281)(CsHs;COO)(H,0)](BF,4), (283),
[Fe,(281)(CF3CO,)(H,0),)(BF,), (284), and [Fe,(282)(CF;CO,))(BF,), nH,O
(285) have been synthesized [139]. Complex (283) has been structurally charac-
terized; the complex consists of one five- and one six-coordinate iron atom that are
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OH HO.

(279) (280)

7

doubly bridged by the benzoate oxygen atoms and the alkoxide oxygen of (281).
The five-coordinate iron has a distorted trigonal bipyramidal structure. The six-
coordinate iron has an additional water molecule to make the iron atom distorted
octahedrally coordinated. The Mossbauer spectrum of (283) also shows two distinct
iron centres, whereas the spectrum of (284) indicates two six-coordinate centres.
The electronic spectrum of (283) in CH,Cl, reveals a dissociation of the coordinated
water molecule to give two five-coordinate iron atoms, whereas the spectrum in
DMSO corresponds to two six-coordinate iron atoms due to coordination of DMSO.
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Complex (283) and (284) are reversibly oxygenated at temperatures below —35 °C,
whereas complex (285) is irreversibly oxygenated to form an oxy-(283) species. The
resonance Raman spectra of oxy-(283-285) are interpreted as p-peroxo
(Fe—O—-0O-Fe) species.

/
\

A
4

O A
T

(281) R=Me
(282) R=H (283)

\ /

In order to provide synthetic analogues for the coordination environment
of the active site of purple acid phosphatases, the diiron complex,
[Fe(II)Fe(111)(284)(0Ac),]ClO, - CH,OH (285) has been synthesized by reaction
of Fe(ClO,), 6H,0, H,(284) and sodium acetate trihydrate in methanol [140]. The
product has been characterized by IR, *’Fe Mossbauer and electron-absorption
spectroscopy, microanalysis, magnetic susceptibility, molar conductivity and electro-
chemistry. The redox potentials of (285) are very similar to those of uteroferrin. On
the other hand, the potentials differ from those observed for diiron complexes of
ligands with four pyridine arms or two pyridine arms and two phenolate arms. This
suggests that the ratio of tyrosines to histidines might be 2:3 in the dinuclear iron
centre of uteroferrin, as in (285).

H,-(284) H(286)
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A diferric model for a uteroferrin-arsenato complex has been reported
[141]. The X-ray crystal structure shows that the complex
[Fe,(286)(0,AsMe,)(C1)(H,0)|(CIO,) - 5SMeOH - H,O (287) has a (u-alkoxo)(p-
dimethylarsinato)diiron(1I1) core. The coordination sphere around each of the iron
atoms consists of three nitrogen atoms and one alkoxo oxygen from the heptadentate
ligand (286) and one oxygen from the dimethylarsinato bridge. The sixth position
is occupied by a Cl atom for one of the iron atoms and a water molecule for the
other. Data from EXAFS and Méssbauer experiments are in agreement with the
crystal structure showing two non-equivalent iron centres. Electrochemical measure-
ments showed two quasi-reversible one-electron reductions at +210mV and
—40mV (vs Ag/AgCl/3 M NaCl) assigned as the Fe(III)~Fe(III)/Fe(1Il)-Fe(1l)
transition and the Fe(III)-Fe(II)/Fe(11)-Fe(II) transition respectively.

10.2. Complexes with mixed N,S-donor sets

Three iron(II) complexes with thiolate bridges have been reported [142]. The
complexes [Fe{Fe(288),},)(Cl0,),- CH;OH and [Fe{Fe(289),},]Cl, -2CH,OH
(291) both have a linear triiron core with octahedrally coordinated terminal iron
atoms and a tetrahedrally coordinated central atom. The central atom is only
coordinated through thiolate bridges to the two other iron atoms. The last complex,
[Fex(290),(NO,),], is a diiron complex with two thiolate bridges. The octahedral
coordination of the iron atoms is completed by the two nitrogen atoms on the ligand
and a didentate nitrate ion on each iron atom. Magnetic susceptibility measurements
shows antiferromagnetic coupling through the thiolate bridges for all the complexes,
strong for the two trinuclear complexes and weaker for the dinuclear.
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Reaction of Fe(Il) and Fe(IIl) halides with the nitrogen-sulfur ligands (291)
and H,-(292) generates the new complexes FeCl,(291),, FeCl,(H-(293)) and
Fe(H—(292)),. These have been characterized by IR and *’Fe Méssbauer spectro-
scopy [143]. X-ray crystal structure determination shows that FeCl,(H-(293)) con-
sists of discrete [H-(293)]" and FeCl; ions. Méssbauer experiments on
FeCl,(291), and Fe(H—(292)), indicate iron(II) atoms with S-donor ligands in a
tetrahedral symmetry in both complexes.

NH(/ TH\Z/

NgSH W) \(K
U Hs/k )\SH u U

(291) H,-(292) (293) H-(294) H-(295)

The low-spin ferric complexes [Fe(294),]Cl and [Fe(295),]Cl (296) have been
synthesized as models for the active site of nitrite hydratase [ 144]. Magnetic measure-
ments and EPR spectroscopy are consistent with S=3 ground states for both
compounds. The crystal structure of (296) has been determined; it shows that the
Fe-S and Fe-N,,, distances are relatively short.

o f
M;@?%

(296)

A new tripodal ligand, tris(2-mercaptobenzyl )amine (297), has been synthesized
and its complex with Fe(II) has been made and structurally characterized [145].



E. Nordlander et al. | Coordination Chemistry Reviews 172 (1998 3-97 75

The single crystal structure of [Ph,P][Fe(11)(297),)] (298) shows that the iron atoms
have a distorted tetrahedral geometry, with the iron atom 0.37 A out of the plane
of the three S donor atoms. The overall structure has an idealized C; symmetry and
is therefore chiral. Cyclic voltammetry of (298) shows a quasi-reversible
Fe**/Fe?* couple at —0.13 V (DMF; vs SCE). Oxidation of (298) in air with N-
methylimidazole present gives [Fe(II1)(297)(N-Melm] (299), which has also been
characterized by X-ray crystallography. The imidazole adds opposite to the amine
nitrogen and gives a trigonal bipyramidal coordination geometry where the iron
atom has moved into the plane of the S atoms; the ligand maintains its chirality.
Room-temperature magnetic measurements of (299) show a high-spin iron(III)
atom, with an S=3 ground state.

\>'\/Q o\f‘

JK

HS

d}J

297) (299)

10.3. Complexes with other mixed-donor ligands

Reaction of [{Fe(NO),Cl},;] (300) and 2-(diphenylphosphino)pyridine yields
[Fe(NO),CI(PPh,Py)] (301) in which PPh,Py acts as a monodentate ligand, donat-
ing to iron through phosphorus [146]. Complex (301) is unstable, rapidly converting
to [Fe(NO)CI(OPPh,Py)] (302). This process involves the substitution of one NO
ligand by the pyridine nitrogen atom and also oxygenation of the ligand to form
the didentate OPPh,Py. Reaction of (300) with OPPh,Py gives (302) directly.
Oxidation of either (301) or (302) by O, (1 atm) affords the nitrate complex
[Fe(NO,),CI(OPPH,Py)] (303). Two iron nitrate complexes with
2-(diphenylphosphineoxide)pyridine ligands have been reported [147]. The com-
plexes were [FeCl,)[Fe(NOs),(OPPh,py);] (304) and (303); the latter was also
structurally characterized. Both complexes (304) and (303) catalyse the auto-oxida-
tion of cyclohexene, probably by decomposing cyclohexenyl hydroperoxide to give
2-cyclohexene-1-one and 2-cyclohexene-1-ol, but neither of the complexes oxidizes
cyclohexene under anaerobic conditions. The geometry of (303) is a distorted pentag-
onal bipyramid around the iron atom. The oxygen atom of the phosphine oxide
and the chlorine atom occupy axial positions with an O-Fe—Cl angle of 176.0(2)".
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The pyridine nitrogen atom and two symmetrically didentate nitrate ligands are in
the equatorial positions.

(303)

The coordination of two tetradentate phosphines, P(CH,CH,PPh,); (305) and
N(CH,CH,PPh,), (306), to iron(II1) have been studied in a (60:40) acetonitrile-tolu-
ene mixture [148]. Spectrophotometric determination of the formation constants
gave log f,,=6.00 and log §,; =5.37 for ligands (305) and (306) respectively. The
kinetics of the complex formation were also studied using the stopped-flow technique
and were found to be first-order both in Fe(Il) and incoming ligand. Second-order
rate constants for the formations of [FeL(MeCN),]; (L=(305) or (306)) from
[Fe(MeCN)gJ** were determined to be 10.1 x 10* dm®* mol ~1s~! for ligand (305)
and 8.6 x 10* dm?® mol ~! s~ for ligand (306). It is assumed that the rate-determining
step is the coordination of the central ligand atom.

The crystal structure of [FeH(N,)(306)](BPh,) (307) has been determined [149].
Reaction of (307) with HBr yields hydrazine. It is suggested that this reaction
proceeds via the initial formation of an Fe(Il) diazene complex.
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11. Iron-oxo clusters
11.1. Di- and tri-nuclear iron—oxo and hydroxo clusters

Single-crystal EPR  spectra of Na,{[Fe(edta)],O0}-3H,0 (308) and
{[Fe(phen),0]O}(NO,),  TH,0O (309) in the $=2 and S=3 states have been mea-
sured {150]. The crystal structure of (308) has been determined by X-ray diffraction.
The reported zero-field-splitting parameters are D,, E,, D;, E;=0.248(1), 0.060(1),
0.604(1), —0.016(1)cm™" for (308) and 0.256(1), 0.037(1), 0.686(1) and
—0.008(1)cm™" for (309); |Dexchangels |Eexchangel =1.25, 0.03 cm™" for (308) and
1.41, 0.02 cm™! for (309). In both cases, the z axis is parallel to the Fe-Fe vector.
Predicted values for |D1||[E1} are 3.00, 0.62cm™! for (308) and 2.33, 0.31cm™?
for (309).

Several iron complexes of 2,2":6',2":6",2"-quaterpyridine (310) in di- and tri-valent
oxidation states have been prepared, and the structures of [Fe(310)(OH,),}{Cl0O,],
(311), [{Fe(310)(ClO,)},(1-O)]-8.5H,0 (312) and [{Fe(310)(Cl)},(p-O)][CIO,], -
2H,0 (313) have been determined by X-ray crystal analyses [151]. In each complex,
the quaterpyridine ligand is planar. In (311) the Fe(Il) is seven-coordinate with the
perchlorate ion acting as a didentate ligand; the resultant Fe—~O-Fe angle is 155.2°
In (313) the Fe—O-Fe unit is linear and the Fe—O distance of 1.779 A is considerably
shorter than the Fe—~O(OH,) distance of 2.141 Ain (311). The results of molecular
orbital calculations revealed that the unoccupied molecular orbitals of (312) and
(313) mainly comprise the n* orbital of (310). In (312), bending of the Fe-O-Fe
unit gives rise to a decrease in the antibonding interaction between Fe(d,.) and
O(p,) orbitals. Complex (313) is less stable in the spin-paired (§=0) than in open-
shell (S§=1) state by 49.3 kcal mol ~!. This coincides with paramagnetic susceptibility
measurements, which show that (313) is paramagnetic with p=1.75u per iron
atom.

Two complexes containing Fe(u-O),Fe cores with a formal Fe(IlII)Fe(IV)
oxidation state and ligands derived from tpa have been reported. The
first, [(314)Fe(p-0),Fe(314))(ClO,); (316), was obtained by treating
[(314),Fe,(n-0)(OH)(H,0)(C10,); with H,0, [152]. The magnetic moment and
the EPR spectrum (anisotropic g values at 4.45, 3.90, and 2.01) of (316) shows an
S=3 ground state and the EXAFS indicates the presence of an Fe(u-O),Fe core.
The formula was confirmed by electrospray mass spectrometry and elemental analy-
sis. Mossbauer spectroscopy indicates two equivalent iron centres. These observa-
tions suggest a valence-delocalized low-spin Fe(IIl) (S=4-low-spin Fe(IV) (S=1)
pair. The other complex, [(315)Fe(u-O),Fe(315)]** (317), was similarly obtained
by treating [(315),Fe,(n-O)(OH)(H,0)]** with H,0, and was characterized by
electrospray mass spectrometry [153]. The X-band EPR spectrum of (317) shows
an almost isotropic S=3 signal at g=2.00. Low temperature Mdssbauer spectra
suggested that onme site is a high-spin Fe(III) ion (S=3) and the other a high-spin
Fe(IV) (S=2) antiferromagnetically coupled. This system differs only little from
(316), but, when (316) is valence delocalized, (317) is better described as a localized
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system; this difference is suggested to come from steric effects of the 6-methyl group
preventing the short metal-ligand bond required for a low-spin configuration.

N Y S YN Y S
N N~ N N #
N/I N/I
x
(314) (315)

The mnature of an alkylperoxoiron(IIl) intermediate formed from
[Fe,O(tpa),(H,0),(CF;80,), (318) has been studied by EPR, resonance Raman,
and electrospray ionization mass spectroscopy [154]. Reaction of (318) with benzyl
alcohol and an excess of '‘BuOOH gives the intermediate (319) with an EPR spectrum
consistent with a low-spin Fe(III) atom (S=31, g=2.19, 2.14 and 1.98). Resonance
Raman spectra show that (319) is sensitive to the use of [Dg]'BuOOH but not to
the use of H,'%0, suggesting that (319) is an alkylperoxoiron(III) species rather
than an oxoiron(III) species. Electrospray ionization mass spectra of (319) suggest
that the intermediate can be formulated as [Fe(tpa)(OO'Bu)(HOCH,Ph)]**.
Intermediate (319) decomposes in a pseudo first-order process and the rate constant
increases as the benzyl alcohol concentration is increased, but it can be regenerated
by addition of ‘BuOOH. The rate of decomposition decreases if CgDsCD,0OH is
used; this indicates that the decomposition is accompanied by the breaking of the
benzylic C-H bond.

The first complex with a bis(p-oxo)diiron(III) core, { Fe,(0),(320),)(C10,), (321),
has been prepared by reaction of [Fe,(O)(OH )(320),](ClO,); with Et;N [155]. The
crystal structure of (321) shows that the complex has an Fe,(p-O), core with
asymmetric oxo bridges. The Fe—-O bonds are the longest and the Fe—O-Fe angle
the smallest observed (92.5(2)°) for p-oxo—diiron(III) complexes. This may reflect
the repulsion between the oxo bridges. Mossbauer spectra of (321) are similar to
those observed for antiferromagnetically coupled diiron sites in iron—oxo proteins.
The temperature dependence of the magnetic susceptibility in (321) gives
J= +54(8)cm™'. This value is lower than in other p-oxo diiron(II) complexes,
reflecting the long Fe—O bonds.

Dinuclear iron complexes containing the tetradentate N, ligand (322) have been
prepared [156]. The diiron(II) complex [(322)Fe(0,CMe),Fe(322)][CIO,], (323)
has been characterized by X-ray crystallography. The complex contains two iron(II)
jons bridged by two acetate groups; the Fe—Fe distance is 4.382(2) A. Each acetate
bridges the iron atoms in an 0,0’ mode using the syn lone pair of one carboxylate
oxygen atom and the anti lone pair of the other. The ligand shows a cis-a
conformation about the iron(Il) centres. Complex (323) is readily oxidized in
solution by air. A diiron(IlI) complex containing a p-oxo—p-acetato core,
[(322)FeO(0O,CMe)Fe(322)][ClO,];, was recovered from oxidized solutions of (323).
Another diiron(III) complex, prepared in the absence of other possible bridging
groups, is [(322)FeO(OH)Fe(322)][ClO,}; (324). The spectroscopic data for (324)
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(320) (321)

are consistent with the unusual formulation of a doubly bridged p-oxo—p-
hydroxodiiron(III) core. In solution, (324) is sensitive towards carbon dioxide,
reacting to give {(322)FeO(CO;)Fe(322)][Cl0 ], 2H,0 (325). The structure of
(325) has been solved by X-ray crystallography and shows a dibridged p-oxo—y-
carbonato-0,0’ core. Again, (322) is in a cis-a conformation. Complex (324) was
used to prepare other complexes containing the [(322)Fe(u-O)Fe(322)]** core:
[(322)FeO(0,CMe)Fe(322)][C10 s, [(322)FeO(O,CH)Fe(322)1[Cl10],, and
[(322)FeO (SO, )Fe(322)][C10,],, by addition of acetic acid, formic acid and sodium
hydrogen sulfate respectively, and [(322)(Cl)FeOFe(Cl1)(322)][C1O,], by addition

of chloride ions.
_ LT
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A polybenzimidazole ligand (326) with one tridentate and one didentate pendant
arm and a methoxybenzyl spacer has been reported and its 1:1 complex with iron(III)
has been synthesized [157]]. The diiron complex (327) has a p-diphenyl-phosphato-
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0,0’ bridge and an unusual oxo-hydroxo bridge. The OHO3~ group is stabilized
by hydrogen bonds to the N-H of the uncoordinated benzimidazole groups. This
type of group is suggested as a possible intermediate in a stepwise deprotonation of
coordinated water molecules. The FeO(oxo/hydroxo) bond length is 1.918(9) A and
is intermediate between the Fe—O distance in a p-(aquo---hydroxo) species and a
p-oxo species. The cyclic voltammetry shows two quasi-reversible waves and the
magnetic measurements show a very weak antiferromagnetic coupling.

2

(327

The complexes [Fe{H-(328)},CL]}X (X=Cl", FeCl;) have been synthesized
[158]. The crystal structure of the latter complex has been determined. The phenoxyl
radical (u-oxo)bis(p-carboxylato)diiron(II1) complex [Fe,0(328),(329)(NO,),]
(330) was prepared from [Fe,0(329)(MeOH )s(H,0)J(NO3),. Complex (330) is a
model for the active site of the R2 protein of E. Coli ribonuclease reductase which
contains a tyrosyl radical, and the magnetic behaviour of the model complex is
found to be similar to that of the protein. The iron atoms are antiferromagnetically
coupled; a theoretical fit of the magnetic susceptibility data indicates a J value of
—117cm™!, which is in good agreement with the coupling constant for the R2
protein of E. Coli ribonuclease reductase determined by pulsed saturation-recovery
EPR.

Oxidation of the p-oxo dimers Fe(III),L,0, L=(330-336), gives mixed valence
Fe(III)Fe(IV) dimers (e.g. (337)) [159]. These have been investigated over the
temperature range 42-300 K by magnetic susceptibility measurements, EPR and
>TFe Mossbauer spectroscopy. The Mossbauer spectra indicate that, in the complexes
[Fe,L,0O][I5]X (X =iodine or iodine chloroform solvates) and [Fe,L,(OH),](BF,),
the “extra” electron appears to be delocalized between the two metal sites.

The electronic structures of the two p-oxo diiron complexes
[Fe,O(0,CCH;),(Mestacn),] and (FeHedta),O have been studied using both theo-
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Me Me
337)

retical (SCF-Xo—-SW calculations) and spectroscopic techniques (electronic absorp-
tion, MCD and RR spectroscopy) [160]. Strong ¢ bonding of the oxo p, orbital
can explain the strength of the Fe—oxo bond in both complexes together with the
enhancement by participation of the unoccupied Fe 4s and 4p in the bond.

Three dinuclear iron complexes with Mestacn and tetrachlorocatechol (Cl,cat) as
ligands have been reported [161]. The complexes [Mestacn(Clcat)Fe(III)-O-
Fe(II1)(Cl,cat)Mestacn] (338), [Mejtacn(Cl cat)Fe(IIT)-N-Fe(IV)(Cl,cat)Mestacn]
(339), and [Mejtacn(Cl,cat)Fe(IV)=N=Fe(IV)(Cl,cat)Me;tacn] Br (340) were all
structurally characterized by X-ray crystallography. The iron centres in all three
complexes have octahedral geometries with facially coordinated Me,tacn, a didentate
tetrachlorocatechol, and the bridging atom. In (338) and (340), the bridging unit is
linear and symmetrical, whereas in (339) the Fe=N bond is short (1.50(1) A) and
the Fe=N bond is long (1.98(1) A). The Fe(O,N )jigang bonds are all longer in (338)
than in (340), reflecting that the Mejtacn(Cl,cat)Fe(III) unit has a high-spin con-
figuration with half-filled e; orbitals, whereas the Mestacn(Cl,cat)Fe(IV) unit has
a low-spin configuration with empty e, orbitals. Magnetic measurements confirmed
that (338) has two high-spin Fe(II1) atoms that are antiferromagnetically coupled,
that there is a strong antiferromagnetic coupling between a high-spin Fe(III) and a
low-spin Fe(IV) atom in (339), and that (340) is diamagnetic with two low-spin
Fe(IV) that are very strongly antiferromagnetically coupled.

Iron powder dissolves in pivalic acid on  heating to give
[Fe;0(0,CCMe,)s(Me;CCO,H),] (341), a mixed-valence trinuclear iron pivalate
complex-pivalic acid adduct [162]. On the (*’Fe) Mossbauer time scale, a valence-
trapped state is exhibited below ca. 100 K, and a valence detrapped state exists
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above ca. 230 K up to room temperature. Infrared studies show evidence of valence
trapping at room temperature.

A triiron(IIl) complex with an Fe—(p-oxo)-Fe—(p-oxo)-Fe core has been
synthesized and structurally characterized [163]. In the complex [Fe;O,-
(phen)s(OAC),](ClO,); (342) all the iron atoms have an N,O, coordination with a
pseudo-octahedral symmetry. The bent triiron chain has a cis arrangement at the
central iron atom; distances and angles are comparable with those in
(u-oxo)diiron (III) complexes. Magnetic susceptibility measurements and the X-band
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EPR spectrum of (342) at 90 K are consistent with a strongly antiferromagnetically
coupled Fe(IIl); unit with an S=3 ground state.

11.2. Polynuclear iron—oxo clusters

The reaction of Fe(NO,); - 9H,0O with NalO, in aqueous acid solution gives
brown [Fe,,0,,H;s] and a subsequent reaction with concentrated alkali forms
M,[Fe J;0,,H,5_,] (M=Li, Na, K, Rb or Cs) [164]. The crystal structure of
K¢Na,[FeJ,0,,H,]- 14H,0 has been determined; the structure contains an
Anderson-type anion composed of seven edge-linked octahedra. In the crystal
studied, a central FeOyg group is surrounded by six disordered FeOg and 104 groups.

The multinuclear complex, [OFeg(343)¢]> " (344) has been synthesized and has
an Fe,O,, core, as shown by the crystal structure of its potassium salt
K,(344)-14.5H,0 [165]. The core is a network made of five FeOg4 octahedra and
one square pyramidal pentacoordinated iron atom and dominated by edge-sharing
octahedra. It has a central ps-oxo ligand and 11 p,-bridging alcohol groups from
(343) ligands. All the (343) ligands are bound to more than one iron atom (2, 3 or
4) and they seem to stop further aggregation by shielding the periphery. Another
polyiron complex has been prepared with sorbitol (345) as ligand. The complex was
suggested to be Nag[Feq0,,(345)] (346). EXAFS and magnetic susceptibility meas-
urements show that (344) and (346) have analogous local structures and similar
magnetic properties.

The synthesis and X-ray crystal structure of a heptadecanuclear iron complex,
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OH OH
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[Fe,70,5(OH)¢(347),,(phen)s(OMe);] - 1.5H,0 - 1.5MeCN - 0.4MeCO,Et has been
reported [166]. The complex has an iron—oxo core surrounded by a layer of phen
and (347) ligands. There are three kinds of iron atom in the complex, 11 octahedrally
coordinated, two with trigonal-bipyramidal geometry, and four approximately tetra-
hedrally coordinated. The array of iron atoms is held together by p,-hydroxy,
pa-ox0, and ps-0xo bridges. The p;-O atoms are all trigonal planar, and the p,-O
atoms have trigonal-pyramidal coordination. The irregular structure of the iron core
is probably caused by the packing of the strongly bound phenanthroline ligands.
Preliminary magnetic studies indicate strong antiferromagnetic coupling in the
complex.

Three complexes of iron(III) and the ligand N(CH,COOH),(CH,CH,OH)
(H,—(348)) have been reported [167]. The first is a diiron complex,
[Fe(348)(H,0)],, where the iron atoms are bridged by the alkoxide function
of the ligand. The two others are polyiron(III) oxyhydroxide -clusters,
[Fe1o(113-0)6(13-OH )g(1,-OH )5(348),o( H,0)15]©  and  [Fey7(43-0)4(1s-OH Je(p2-
OH),(348)5(H,0),,]**, which crystallize in the same unit cell. They both contain
iron hydroxide mineral portions. Magnetic susceptibility measurements, EPR and
Mossbauer spectroscopy show that at least one of the clusters has a ground state
spin of no less than S=3.

12. Iron—sulfur clusters
12.1. Di- and tri-nuclear iron—sulfur clusters

Synthetic routes to an FesS, cluster that is not supported by a protein matrix
by use of (1:3)-site-differentiated Fe,S, clusters have been reported [168].
The first route (Scheme 6) uses [Fe,S,(349)(SEt)]>~ (350) and starts with
the reaction of (Buy,N),(350) with (Et;NH)(CF,S0,) to give (Bu,N),(351).
Addition of (Et,N),(357) at the unique iron site in (351) gives
(Et,N);[Fe,S4(349)(357)][(Et,N);(352)]. The unique iron atom can now be
removed by adding an excess of (Et;N),(357) to give the iron—sulfur cluster
[Fe;S4(349)]*~ (353) (isolated as (Et,N)(353)) and [Fe(357),]* . The Massbauer
spectrum of (353) is in good agreement with those of protein-bound [Fe,S,]° clusters.
An equivalent route using (Et,N)(citrate) in the reaction with (Bu,N),(351) also
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exists. Another route to get (353) starts with [(OC);MoFe;S,(SEt);]>~ (354) that
has a spin-isolated [Fe,S,] fragment and long Mo-Fe/S bonds (Scheme 7). Reaction
of (354) with H;(349) gives (Et,N);(355) which, together with 5 equiv. of NaPF
at —60 °C with CO passed through for 10 min, gave [NaFe;S,(349)~ (356) in
equilibrium with (353). Further reaction of (Et,N),(353) with 1equiv. each of
(Et,N),(357) and TI(CF,S0,) gave (Et,N),[TIFe;5,(349)].

12.2. Iron—sulfur cubanes

The substitution of a chloro-ligand in [Fe,S,Cl,]*~ (358) for 4-RC¢H,S™ (R=
Cl, F, H, Me, MeO or NH,) has been studied [169]. The associative pathway of
the reaction involves binding of the thiolate to an iron atom (Fe,) followed by a
slower dissociation of a chloro-ligand (Scheme 8). The origin of the leaving group
(the chloro-ligand on Fe, or the chloro-ligand on a remote iron site (Fe,)) changes
with the electron-releasing capability of the thiolate. The binding constants (K5) of
4-RC,H,S™ to (358) decrease as expected from electron-releasing capabilities
along the series, R=Cl>F>H>Me>MeO>NH,, but the corresponding
dissociation constants (kK5) decrease, R=Cl>F>H>Me and then increase,
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R =Me<MeO <NH,. The more electron-releasing nucleophiles (R =Me, MeO or
NH,) are not able to labilize the chloro-ligand on Fe, so much, but the increased
electron density in the cluster instead labilizes chloro-groups on Fe, sites. For
intermediate nucleophiles (R =Me, H or F) it is probable that both pathways are
working.

The compound (Et,N );[Fe,S,(SCH,Ph),] has been studied by EPR spectroscopy
[170]. The measurements were made at very low temperatures (around 4 K) to avoid
broadening of the signals due to spin-lattice relaxation. Spin—-spin interactions
between the paramagnetic [Fe,S,]* cubanes broadened the signals, but it was still
possible to study two doublets. These doublets were identified as being the fundamen-
tal and excited Kramers doublets associated with the effective spin S=3. A strong
non-axial zero field splitting tensor (A=) is associated with the two effective g-
tensors of the doublets. The real g values are around g,,=1.9.

The uncharged iron—sulfur cubane clusters [Fe,S,X(P'Bus);] (X=Cl (359), Br,
or I) have been prepared by reaction the appropriate (Bu,N),[Fe,S,X,) clusters
with 4 equiv. of the phosphine [171]. The EPR spectra of the clusters are consistent
with S=1 ground states for all three clusters. In the three clusters, the
[Fe,S.** /[Fe St redox couple occurs at 600-1200 mV more positive potentials
than those observed for the same redox couple in other synthetic Fe/S cubanes.
Reaction of [Fe,S,Cl1(P'Bu,);] with PhS™ leads to the formation of
[Fe,S4(SPh),(P'Bu,),] (360) in good yield. The crystal structures of (359) and (360)
have been determined.

12.3. Heterometallic iron—sulfur clusters

Various single cubanes have been made to model the reactivity of nitro-
genase. The clusters possess an [MFe;S,)”" core as catalyst for reduction of
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different substrates (M=Mo, n=3; M=V, n=2). The Fe/Mo/S cluster
{Net,),[(Clcat)(MeCN)MoFe,S,Cl,] (361) was used as catalyst for the reduction
of acetylene to ethanol in the presence of protons and reducing equivalents (cobalto-
cene) [172]. At low substrate level, K, and V,,, could be determined (17.9 mM
and 1.1x10"*Mmin~! respectively). Several [(L)(L")(L")VFe;S,CL]"" clusters
(362-364) have also been investigated as catalysts for the reduction of hydrazine to
ammonia [173]. In all clusters (361-364) the reaction was found to take place at
the heteroatom. The rate of the reaction was found to decrease when the labile
solvent molecules at the heteroatom were exchanged for non-labile ligands for both
Mo and V clusters. An Fe/V/S cluster, [(HBpz;)VFe;S,Cl5)?~, with no labile ligands,
was synthesized and structurally characterized. The cluster showed no catalytic or
stoichiometric reduction of hydrazine. The iron atoms were found to reduce acety-
lene, but at a markedly lower rate than the molybdenum atom, whereas the iron
atoms had no or very little effect on the reduction of hydrazine in the Fe/V/S clusters.

o, ——l . o _—I _

NN VN
DAV G W
Fe-—-SS o ;'-'e-—ES L
Cl/ & Gl
Ci
Ci

(362) L =L' = L" = DMF
(363) L = PEt;, L' = L" = DMF
(361) (364) L, L' = bpy, L" = DMF

Starting from (Et,N),[MoFe;S,Cl;(Cl,—cat)(CH;CN)], a number of MoFe,S,
cubanes with an Mo-polycarboxylate moiety have been synthesized by reaction of
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various organic polycarboxylic acids or their salts [174]. The clusters were
(Et,N)[{ MoFe;S,Cly},(u-C,0,)]  (365), (Et,N);[(MoFe;S,Cl)(C,0,)] (366),
(Et,N)s[{ MoFe;S,Cl(C,04)} (p-S)(i-CN)]  (367),  (EtyN),[(MoFe;S,Cly)(L)]
(x=3, L=(C,0,)(CN) (368) and H-citrate; x=2, L =H,citrate, R-citramalic acid,
p-malic acid, and (CH;N(CH,COO ™), (369)). Compound (366) was given by the
reaction of (365) with (Et,N),(C,0,). Further reaction of (366) with (Et,N)CN
gave (368), whereas reaction of (366) with 0.5 equiv. (Et,N)CN and (Et,N)SH
gave (367). The single-crystal X-ray structures of the cubanes (365-369) were
determined.

(369)

The double cubane clusters [MoFe;S,Cl;(SCH(R)CO,)]3~ (R=H (370), Me
(371), CH,CO,H (372)) and the single cubane [MoFe;S,Cl;{0,CCH,),S}}*~ have
been synthesized [175]. The crystal structures of (371) and (372) have been deter-
mined. The fact that clusters (370-372) are EPR silent indicate that the double
cubane structure is maintained in solution and that there is electronic coupling
between the linked molecules. Cluster (371) is capable of acting as a catalyst for the
reduction of hydrazine to ammonia in the presence of cobaltocene.

(371) (372)
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On deprotonation, the tridentate thiol (373) coordinates to the
molybdenum—iron—sulfur clusters [NEt,JIMoFe;S,(SEt)(dmpe)] or
[NEt,],{ MoFe,S (SEt) (Cl cat)(solv)] with the elimination of ethanethiol, to give
[NEt,J[MoFe;S,(373)(SEt)(dmpe)] (374) and [NEt,],[MoFe;S,(373)(Clcat)(solv)]
(solv=DMSO (375) or MeCN (376)) respectively [176]. Cluster (374) reacted with
1 equiv. of trimethylacetyl chloride to give [NEt,][MoFe,S,L(Cl)(dmpe)] (377).
Clusters (374-377) have been characterized by tH NMR, IR and Méssbauer spectro-
scopies and by elemental analysis. Reaction of (375) with imidazole, tetraethyl-
ammonium imidazolate, or the tetraethylammonium salt of histidine methyl ester
generated clusters, isolated as black solids, in which the molybdenum NO,S,
coordination environment is similar to that observed for the cluster [NEt,],
[MoFe;S,(SEt);(Clscat)(solv)].

%

(373)

Two clusters with an Mo,FeS, core have been synthesized and structurally charac-
terized by X-ray crystallography [177]. The two clusters obtained from
[Mo3S,(H,0)5]**  were [MosFeS,(H,0);0J(CH,CsH,S03),- TH,O (378) and
[MosFeS (NH,)o(H,0)]Cl, (379) The core structure is approximate Cs, for both
(378) and (379). Mossbauer spectroscopy indicated an oxidation state of +2.39
and +2.54 for the iron atom in (378) and (379) respectively, indicating a reductive
addition of iron to form the clusters. Cyclic voltammetry measurements on (378)
show three consecutive one-electron reduction steps.

12.4. Other iron—sulfur clusters

The crystal structure of [Feg(p13-S )s(PEt;)¢][PF ], (380) has been determined [178].
The electronic structures of (380) and [Feg(is-S)s(PEt;)¢][PF¢] (381) have been
investigated experimentally by measuring the temperature variation of the magnetic
susceptibility between 300 and 4.2 K, the field dependence of the magnetization at
three different temperatures in the range 2-10 K and the polycrystalline powder
Méssbauer spectra at variable temperature. Complex (381) possesses a S=3 spin
state well isolated from the excited states, whereas (380) shows a marked temperature
dependence of the magnetic susceptibility.
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Two new clusters with direct coupling between two tetranuclear core subunits
have been synthesized and structurally characterized [179]. The clusters are
[FegSs(PCys;)e] (382) and [FegS;,(CN'Bu),, (383). The Mossbauer spectrum of (382)
shows that there are three types of iron atom in a 1:1:2 ratio, as expected from the
structure that consists of two Fe,S, cubane cores linked via two Fe—S bonds. The
intercubane Fe,S, rhombus is completely planar, whereas the intracubane rhombi
are not. The reaction of [Fe, S (SEt),(CN'Bu)g], a [2:2] site-differentiated cubane,
with H,S gave compound (383). The single-crystal structure consists of two Fe,Ss
components connected to each other through two bridging p.,-S atoms. The Fe,Ss
component consists of two octahedral and two tetrahedral iron centres with one of
the ;-S> atoms between a tetrahedral and an octahedral iron atom replaced with
a #;-S3” unit. The extra S-atom induces an almost planar configuration for the
Fe,S, rhombus containing the two bridging tetrahedral Fe centres, minimizing the
repulsive interactions of opposing S atoms in the Fe,Ss components.
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(382) (383)

12.5. Iron—selenium clusters

A multinuclear selenato-bridged iron cluster has been reported [180]. The cluster
[Fe,,(SePh),,] (384) was made by reaction of FeCl,, PPh; and PhSeSiMe, in
dichloroethane. Single-crystal structure determinations revealed that, depending on
the conditions of crystallization of (384), it crystallizes as either (384)-4C,H,Cl,
or (384)-5C,H,Cl,. The bonding parameters in (384) are almost the same in the
two kinds of crystal. Cluster (384) is cyclic with a diameter of 12 A. Each Fe atom
has a distorted tetrahedral coordination by four p,-SePh ligands. The edge-sharing
Se, tetrahedra connect to form a ring, giving the cluster a 4 symmetry. A space-
filling model of (384) shows that the Fe atoms are surrounded and almost completely
buried in an organic layer of phenyl groups. The Mdossbauer spectrum of (384)
shows that the cluster consists entirely of iron(11) atoms and has a magnetic moment
of per=1.51py/Fe at 293 K.
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