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1. Introduction

This review covers the coordination chemistry of iron for 1994. The following
journals have been covered by a combination of searching in Chemical Abstracts
and independent searches in the following journals: Acta Chem. Scand.; Acta
Crystallogr., Sect. C, Angew. Chem., Int. Ed. Eng.; Chem. Ber.; Gazz. Chim. Ital ;
Helv. Chim. Acta; Inorg. Chem.; Inorg. Chim. Acta; J. Am. Chem. Soc.; J. Chem.
Soc., Chem. Commum.; J. Chem. Soc., Dalton Trans.; J. Coord. Chem. J. Mol. Catal.;
Mendeleev Commmun.; New J. Chem.; 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 hydrogen or hydride ligands

Méssbauer spectroscopy has been used to investigate the relative importance of
o- and m-effects in dihydrogen coordination in two complexes, trans-[Fe(H,)-
H(dppe),]|BF, and trans-[Fe(H,)H(depe),]BF, (depe=Et,PCH,CH,PEL,) [1]. The
studies show that Hs is a very weak o-donor and a strong m-acid ligand in these
complexes; n-bonding is more important for H, than for a CO or a N, ligand in
corresponding complexes. The H-H bond lengthens compared to H, in the gas phase
but does not break. This is explained by the stability of the octahedral Fe(II)
geometry compared to the seven-coordinate Fe(IV) complex that would be the
result of the bond breaking.

Treatment of the hydrides [FeH(H,)L,]* (L =P(OEt); or PPh(OEt),) with the
appropriate heteroallenes CS,, RNCS and PhNCO leads to the preparation of
dithioformato [Fe(S,CH)L,]*, thioformamido [Fe(RN=CH=S)L,]* (R=Et,
p-MeCgH,) species as well as [Fe(PhN=C=0)L,]*. Substitution with CO and
isocyanides was achieved, giving {[Fe(RN=CH=S)(CQ)L;]}", [Fe(RN=CH=S)
(p-MeCH,NCHL,]Y, [Fe(PhN=C=0)(CO) {P(OEt);};]" and [Fe(p-MeC.H,
NC)L,1™ [2].

The dihydrogen complex rtrans-[FeH(H,)L]* (1; L =meso-tetraphos-1,
R,S-Ph,PCH,CH,P(Ph)CH,CH,P(Ph)CH,CH,PPh,) has been synthesised by reac-
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tion of HBF, with trans M(H ),L, which contains inequivalent trans-hydrides. The
H-H distance in the rapidly spinning dihydrogen ligand has been calculated from
T (min) data to be 0.88 A. No intramolecular H atom exchange was cbserved for

(1) [3].

3. Complexes with cyanide and other pseudo-halide ligands

Three complexes of the type Nas[Fe(CN)s(L)] (L =1.,4-thioxane (2), 1,4-dithiane
(3) and 1,3-dithiane (4)) have been prepared and spectroscopically characterized
[4]. IR measurements indicate that the ligands are coordinated to the
pentacyanoferrate(1I) ion through the S atoms. The o-donor and n-acceptor proper-
ties of the ligands were analysed from Mossbauer parameters, isomers shifts and
quadropole splitting. The ligands were found to be poor o-donors but good
s-acceptors. The kinetics of ligand exchange were studied using pyridine as an
entering ligand. A dissociative mechanism is proposed based on the existence of a
rate saturation, the rate constants for dissociation being 5.7 x 105!, 5.6 x 10% 52
and 3.4 x 10 57! for (2), (3) and (4), respectively.

4. Complexes with nitrogen donor ligands
4.1. Complexes with N-heterocyclic ligands

4.1.1. Complexes with pyridine and polypyridine ligands

Ligand-driven light-induced spin changes have been obtained by utilizing cis-trans
photoisomerizable ligands. For spin conversion to function, at least one of the two
compounds must have a thermally induced spin crossover. A cis-trans pair fulfill-
ing these demands, viz. [FeL,(NCS),] (L =trans-4-styrylpyridine (5) and cis-
4-styrylpyridine (6)), has been synthesized and the crystal structures of (5) and (8)
have been determined. Their core have the same geometry with the SCN- ligands in
trans position. Complex (8) has a thermally induced §=2« §=0 crossover centred
around 108 K while (6) remains in its high-spin state down to 4.2 K. The highest
temperature for the experiment to function is 90 K but at this temperature the
quantum yield is very low due to rigidity in the solvent [5].

The synthesis of the new hexadentate nitrogen ligand (7) and the synthesis and
crystal structure of complexes of (7) with Fe(II)/(iII) have been reported. Iron(E])
gives the mononuclear [M(7)}** (8). For the perchlorate salt, the structure around
the iron(I1) is pseudo-octahedral with pyridine aitrogen atoms cis and trans to the
amine nitrogen atoms. Iron(IIl) gives the tetranuclear {[Fe,(u-O)(u-OAc).),
(u-bpteta), }(ClO,), and its structure can be described as a dimer of dimers with
two N;3Fe(u-O)(u-OAc),FeN, cores spanned by the ligands. The tetranuclear com-
plex shows a strong antiferromagnetic exchange coupling (J=-120cm™). The
mononuclear complexes shows a gquasi-reversible oxidation corresponding to the
M(II)«>M(IH) process [6].
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The dehydrogenation of amines appears to be dependent on coordination geomc-
try. The two geometrical isomers, mer- and fac-tricyano[(9)]ferrate(Il) give the
iron(Il) complex with dehydrogenated ligand and iron(IIf) complex with intact
ligand, respectively, upon oxidation with (NH,),SO, or H,0, at neutral pH [7].
The reaction of iron(Il) perchlorate with (2-pyridyl)bis(2-pyridylamino)methane
(19) in the presence of air includes a metal-assisted deamination/oxidation during
the complexation to give [Fe(8),]ClO; (11). The crystal structure of (11) shows
that the ligand sphere around the iron centre is pseudo-octahedral. Measurements
of the magnetic moments suggest a low spin d° configuration for the iron complex.
The iron complex also exhibits a guasi-reversible or reversible oxidation assigned as
the Fe(liI}«>Fe(IV) redox process [8].

4.1.2. Complexes with other N-heterocyclic ligands

The synthesis and characterization of a dinuclear iron(III) complex
[CiFe(12)FeCl,)- 3H,0, has been studied by elemental analysis, EPR and 'H-NMR
spectroscopic, Méssbauer and magnetic susceptibility measurements {9]. Variable-
temperature magnetic susceptibility in the temperature range of 80 <7 <300 K was
least squares fitted, with /=-7.0 cm™, supporting weak exchange coupling between
iron atoms. Mdssbauer data support the presence of distinct coordination environ-
ments for the two iron atoms.

Reaction of triisopropyl-TACN (13) or triisobutyl-TACN (14) with
FeCl; - 6H,0 in protic media does not result in complex formation. instead, the
macrocycles are singly protonated and the iron is incorporated into the anion, either
as [FeCl] or [Fe,OCIgJ*. The fact that ligands (13) and (14) do not chelate iron
is attributed to steric effects.

The crystal structure of [13- H}[FeCl,] and [14-H][Fe,OCl;] have been deter-
mined [10]. Furthermore, the potentially hexadentate ligand 1,4,7-tris(pyrazol-
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3-ylmethyl }-TACN (15) has been synthesized. The protonated form 15- 6HCl reacted
with iron perchlorate to give [Fe(15)J[CIOJ; {111
A series of monomeric carboxylate ferrous complexes with the tripodal N; ligand
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[HB(3,5-iPr,pz);I" (16) has been synthesised and characterised in order to model
the iron site in non-heme iron proteins which bind or activate dioxygen [12]. The
X-ray structures of [Fe(OAc)(16)] (17), [Fe(OBz)(MeCN)(16)] (18) and
[Fe(OOC'Bu)(16)] (19) are reported. The five-coordinate complex [Fe(OBz)(16)]
(20) was found to bind a variety of c-donating ligands such as dimethyl sulfoxide
and pyridine. The reaction between these ferrous compounds and dioxygen has been
explored. Compound (20) was found to bind dioxygen to form an adduct that is
reasonably stable below -20°C. Results identified the adduct as a p-peroxo dinuclear
ferric complex. Above -20°C, irreversible oxidation occurred, resulting in the forma-
tion of the trimeric ferric complex [(16)Fe(OBz),(O)Fe(OH )(0OBz),Fe(16)].

(18)

Two iron(II) compounds, [Fes(21)s(H,0)4)(BF 4)¢ (22) and
[Fes(21)s( H,O)gl(tos)s (23) (tos =tosylate) have been synthesised by the reaction of
iron(II) salts and the triazole ligand (21). The crysta! structures of (22) and (23)
have been solved and consist of three iron(il) centres in a linear arrangement
with three bridging triazole ligands connecting the central iron atom with each of
the two other. The dihedral angle between triazole and phenyl rings of the
bridging ligands is 71.4° in (21) and 33.2° in (23). Heating (23) to 100°C gives
[Fes(21)¢(H,0):](t0s), (24). Magnetic measurements showed that the three iron(II)
centres in (22) are high-spin in the temperature range investigated while
(23)-4H,0 and (24} undergo a gradual spin-conversion centred at T,,,=245 and
330 K, respectively. This is attributed to the difference in the dihedral angle in the
bridging ligands [13].

The effect on the spin-crossover behaviour of [Fe(25),(NCS),]- H,0 [(25)=4,4-
bis(1,2,4-triazole)] when metal dilution is made in the mixed-crystal series
[Fe, M, (btr),(NCS),]-H,O0 (M=Ni or Co) has been studied. When Fe(II) is
diluted with Ni and x changes from 1.00 to 0.26, the transition temperature varies
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from 121 to 132 K in the cooling mode and from 145 to 132 K in the heating mode.
When cobalt is used for diluting changing x from 1.00 to 0.23, the transition
temperature decreases from 121 to 98 K in the cooling mode and from 145 to 98 K
in the heating mode. The hysteresis vanishes for xx{0.37. The enthalpy and entropy
change for spin conversion of iron(II) mononuclear complex decreases in both
cases. Differences are found for how the transition temperatures and the hysteresis
width changes with x as well as the existence of a residual high-spin fraction at low
temperatures in the [Fe,Co,_]J series [14,15].

Two solvates of [Fe(26),(NCS),}- nCH,CN with n=1 (27) and n=1/2 (28), have
been synthesised and their crystal structures have been determined. Complex (27)
shows a high-spin<slow-spin conversion in the temperature range from 110 to 280 K
while complex (28) is paramagnetic from 4.2 to 290 K. The crystal structure of (27)
has been determined at 135 and 290 K. The room temperature and low temperature
structures of (27) are very similar with iron atoms lying in a distorted octahedron
with NCS- ligands in cis-position. Differences in the Fe-L distances and trigonal
distortion in (27) could account for the different behaviours. In the low temperature
structure of (27) the Fe-N(26) and Fe-N(CS) distances decrease and the FelNg core
becomes more regular through modification of the trigonal distortion and large
changes in the N-Fe-N angles. The gradual temperature dependence is proposed to
reflect a Boltzmann distribution of a *4,«<>>T, spin equilibrium [16].

4.2. Complexes with imines and oximes

The compound [FeCl,(H-29),] (30) is formed by the reaction of FeCl, with N,N'-
diphenylformamidine (29). Reaction oi (30) with methyllithium produces an uniden-
tified, highly paramagnetic orange solid, possibly [FeCl;(29),}*. Extraction of the
orange solid into a thf/toluene mixture followed by addition of hexanes leads to the
formation of [ Fe,(29),] (31) whose crystal structure has been determined. Compound
31 is of the well-known lantern type but the arrangement of the bridging ligands is
distorted compared to previously known related structures whose symmetries closely
approximate or equal D,,. The formamidinato ligands form asymmetrical bridges
with one long and one short Fe-N distance; two of the bridges are pulled towards
one iron centre while the other two are pulled towards the other iron atom. The
Fe-Fe bond length is 2.462(2) A.

Reaction of (30) with butyllithium in thf leads to the formation of [Fe,(29);] (32)
whose crystal structure has been determined. Compound (32) contains a mixed-
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X= -(CH2)3-, R=Me (38), Et (36)
X=-CgHs-, R=Me (37), E1 (38)

4.3. Complexes with macrocyclic ligands

A series of iron(1I) complexes containing the tetraazamacrocyclic ligands (33)-(38)
have been prepared by the condensation of 1,2-diaminoethane, 1,3-diaminopropane
and ertho-phenylene diamine with methyl acetoacetate or ethyl acetoacetate in the
presence of FeCl, - 6H,0 at room temperature [19]. The structure and bonding of
the macrocyclic ligand complexes have been studied by elemental analysis, magnetic
susceptibility measurements, IR and 'H NMR spectroscopies, mass spectrometry,
and their EPR and electronic spectra. The stereochemistry around the metal ion is
octahedral with four of the coordination sites being occupied by the nitrogen atoms
of the macrocyclic ligand and the remaining octahedral positions being occupied by
two chlorine atoms.

Magnetic, UV-VIS spectroscopic and NMR measurements on a series of Werner
complexes containing iron{II) encapsulated by the hexaamine ligands (39)-(41) have
been performed over a range of temperatures. Encapsulation of the transition metal
ion by these sarcophagine ligands permits its electronic and spectroscopic properties
to be studied in a magnetically dilute and kinetically inert environment. The saturated
nature of the amine yields a cryptand of the innocent kind so that the ligand field
absorption of the metal containing cages is not obscured by intense charge transfer
bands. High-spin and low-spin isomers were found to coexist in solution and the
temperature dependence of the physical parameters is characteristic of a spin equilib-
rium between molecular states of 4, and *T, origin [20].

The bis-macrocyclic Fe(I1)/Fe(Il) complex (42) has been investigated by optical
and Mdssbauer spectroscopy as well as cyclic voltammetry. The Méssbauer spectrum
indicates that the tetraiminoethylene dimacrocycle is a very good m-acceptor.
Electrochemical oxidation results in the formation of the mixed-valence
Fe(II)/Fe(Ill) complex (43).

A large solvent dependence that is thought to come from axial ligand exchange
by coordinating solvent molecules indicates that the oxidation occurs at the metal
centre. The Méssbauer specirum of (43) shows that the two iron atoms are equiva-
lent. Cyclic voltammetry of (43) in dry acetonitrile shows two reversible oxidations
separated by 500 mV and it is suggested that (43) is a valence-averaged class Il
complex stabilized by delocalization. Electrochemical reduction of (43) formally
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(39): X=Y=H; (40): X=Y=NHp; (41): X=Y=NH3

4+/5+

SN % |

AN =\ AN
L—Fé—L —Fe—L
AN N
/N N N N\
H | I l l H

(42), (43) (1. = solvate)

occurs at the ligand but a large solvent dependence and a shift in the first reduction
potential upon exchange of Fe for Ni indicates mixing of orbitals [21,22].

The conformationally flexible macrocyclic iron(II) complex (44) has been synthe-
sized. The complex converts easily between C,;, and C,, conformations which moves
the boron-linked phenyl groups into or out of contact with bound substrates. The
n-m interactions between the phenyl groups and bound substrates are dominated by
Coulombic forces and span 8 kcal mol! in energy from attractive (charge transfer)
to repulsive. The n-w interactions add to or subtract from the stronger metal-ligand
bonding interactions giving net effects up to six «rders of magnitude on substrate-
binding equiiibria and dissociation rates [23].

An Fe(IiI)N,O; chromophore has been crystallographically characterized for the
first time. The Fe-N and Fe-O(CO) distances are 2.014(7) and 1.925(5) A, respec-
tively. The chromophore is a part of a one dimensional polymer that is formed from
a trans-[Fe(HI)(cyclam)][{Fc(CO,),}.H] ([Fe(CO,),)* =1,1'-ferrocenedicarboxy-
late) by strict self-assembly via Fe(III)-carboxylate covalent bonds and hydrogen
bis-carboxylate hydrogen bonds [24].

4.4. Miscellaneous N-donor complexes

Cationic complexes with a series of tridentate ligands L, [FeL,j[CIO,, (X=H
(45), OH (46), or Cl (47)), have been isolated and characterized. The ligands were
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synthesized via condensation of o-phenylenediamine with 4-substituted
pyridine-2,6-dicarboxylic acids. The [FeL,]>* species show thermally induced spin-
crossover behaviour (*4,—~°T,,). This solution behaviour is most pronounced for
X=H and is strongly diminished by electron-withdrawing substituents in the
4-position on the pyridine, leading eventually to pure high-spin states at room
temperature in methanol. This suggests, in accord with ligand-field parameters
evaluated from the analogous Ni(II) complexes, that - despite the strong electron-
withdrawing properties of the substitueats - the ligand-field splitting in the substi-
tuted [FeL,]?>* species must be lower than that in the unsubstituted species [25].

A spin crossover complex, [ Fe(48),]( BF,),, has been investigated. In the temper-
ature region between 160-185 K the complex shows a complete high spin-low spin
transition (°T,<>*4,). The complex also shows the light-induced excited spin state
trapping (LIESST) and reverse LIESST effect at low temperatures. The metastable
HS state can be trapped by rapid cooling of the sample. The HS—LS relaxation
monitored by Mossbauer spectroscopy shows strong deviation from first order
kinetics [26].
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(48)

The iron complexes of two designed ligands, (49) and (50), have been reported.
The complexes mimic the metal chelating potion of the anti-tumour drug bleomycin.
After reaction with O, they give low-spin hydroperoxo Fe(III) species with EPR
spectra that are similar to that of activated bleomycin. They also, like bleomycin,
induce DNA damage via an oxidative pathway and promote oxo-transfer to olefinic
substrates. The O, activation capacity of the two new complexes are identical. This
excludes the possibility that the secondary amine group in ligand (49) assists the
O, activation process by internal hydrogen bonding. It is suggested that this also is
true for bieomycin [27].

N R
\/\N/ (\ /CH3
NH N
-
Xy /I [ |
HaC— N\F __...—N N
B
\/\‘/\ /\N N r

e}
R=H (49) or Me (50) [Fe(ID(GSMHT+

The iron(IV) complex [(51)FeCN] (52) has been synthesized. The complex was
made by adding NaCN to a solution of [Fe(51)] giving [(51)FeCNT that was
subsequently oxidized by adding ferrocenium triflate. Both NMR and IR spectro-
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scopy indicate that the cyanide ligand is present in (52). The Mdssbauer spectrum
of (52) revealed a small and negative isomer shift which is indicative of an iron(IV)
complex. The complex has a low-spin configuration unlike [Fe(51)] which has a
high-spin configuration [28].

BuMe,Si, TN SiMesBu

zBuMezssQ—;Fe~N
N

N

5. Complexes with tetrapyrrole macrocycles
5.1. Complexes with phihalocyanines

The absorption and magnetic circular dichroism specira of iron(II) phthalocya-
nine complexes with varying axial ligands [L,Fe(11'Pc}* have been assigned. The
axial ligands L were imidazole, N-methylimidazole, pyridine, methylpyridine, piperi-
dine, ammonia, cyanide, and carbon monoxide. The complexes could be divided
into three classes on the basis of their spectral features due to the strength of their
o and = interactions, (i) strong ¢ donors-weak m acceptors [L=im, Meim, py,
Mepy, pip and NH,], (ii) weak & donors-strong m acceptors {L=CO], and (iii)
strong ¢ donors-weak ® donors [L=CN [29].

5.2. Complexes with perphyrins

5.2.1. Axially ligated porphyrin complexes

The complex [Fe(TPP)Cl1] (53) and its trivalent Mn and Co analogues have been
found to be mild as well as efficient stereo- and regio-sclective catalysts for the
synthesis of lactam from N-phenyl-spircoxaziridine [30]. Complex (53) has also
been found to catalyse hydrogenation of various o,§-unsaturated esters by NaBH,
in tetrahydrofuran-methanol solutions. High turnovers are found for reactions car-
ried out at 30°C under nitrogen. «,p-Disubstituted esters are hydrogenated rapidly
whereas f-substituted are hydrogenated very slowly. The highest turnover number
of 4580 per hour is obtained for ethyl-2-methylbut-2-enoate. Deuterium labelling
studies show that H™ of NaBH, and H* from methanol add to the - and a-carbons
of the double bond. UV-VIS, 'H NMR and EPR spectroscopies indicate that
hydrogenation proceeds via an iron(II) intermediate [25]. Furthermore, (83) cataly-
ses electrochemical reduction of CO, at the Fe(I)/Fe(0) redox wave in DMF.
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Carbon monoxide is the only product. In the presence of the weak Bransted acid
2-trifluoroethanol, the catalytic efficiency reaches the unprecedented value of 131
[31].

The complex [Fe(III){(TMP)Cl] and (83) as well as its p-oxo dimer have been
used for photocatalytic oxygenation of several alkenes with dioxygen. The product
composition depends on the nature of the substrate and its concentration. Alkenes
with strained double bonds such as norbornene, a-pinene, 1,5-cis,trans-cyclodeca-
diene and cyclooctene give preferentially epoxides whereas mainly allylic oxygenation
is observed for cyclohexene, cyclopentene and cycloheptene. It is proposed that the
photolytically generated porphyrin-Fe(I1V ) =0 complexes are the catalytically active
species. The enantio, regio-, and chemoselectivities of the photooxygenation are
explained in terms of abstraction of an allylic hydrogen atom, catalysed autoxidation
and direct oxygen-transfer reactions [32].

The nitrobenzene derivatives p-X-CgH,NO, (X=MeO, Me, H, Cl, F;C) are
efficiently reduced by a mixture of (53) and NaBH, in such solvents as diglyme,
diglyme-methanol and tetrahydrofuran-methanol. The six-electron reduction of nit-
robenzene to aniline is accomplished. Substrate conversion and yields of products
increase when the electron-withdrawing character of the substituents is augmented.
The catalytic reduction proceeds through nitrosobenzene and phenylhydrazine.
Electron paramagnetic resonance and UV-VIS spectroscopies indicate that
[Fe(11)TPP] is the putative active species. The presence of a protic solvent accelerates
the reduction of the nitrobenzene derivatives with electron-donating groups and
disfavours the reaction when the electron-withdrawing groups are present [33].

The oxidation and reduction potentials of iron(IIl) B-substituted porphyrins of
the formula [Fe(1I1){Br, TPP)Cl1] (x=1-8) have been measured as a function of the
number of Br substituents varying systematically between 0 and 8. It has been found
that each complex undergoes two reversible one-electron oxidations and three one-
electron reductions in benzonitrile. The half-wave potentials of the first reduction
steps vary linearly with the number of the bromine substituent and are shifted in a
positive direction by 51 mV per each Br atom. In contrast, the half-wave potentials
for oxidation are shifted in positive direction only for x=0-3 after which negative
shift are observed which means that Fe(BrgTPP)Cl is more easily oxidized than
Fe(TPP)CI. This effect is attributed to the increasing distortion of the macrocycle
caused by additional bulky substituents, which dominate the inductive effects of the
halogens and decrease stability of the HOMO level making the oxidation easier [34].

The perhalogenated porphyrin complex (54), which is water soluble, is an efficient
catalyst for the oxidation of hydrocarbons [35]. It gives particularly good results in
the oxidation of aromatic rings. The complex [Fe( TFPPBrg)Cl] carrying 20 fluorine
substituents at the four phenyl rings and 8 bromine substituents at the pyrrolic
positions, which is an effective catalyst of the oxidation reactions, has also appeared
exceptionally active catalyst for the hydroperoxide decomposition {36]. It is
suggested that the most common mechanism for the hydrocarbon oxidation is
radical-chain autoxidation in which radicals are generated by oxidation and
reduction of alkylhydroperoxides.
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A low-spin [Fe(IT1)(TPP)(4-CNPy),]CIO, complex has been synthesised and
characterized by X-ray, Mossbauer and EPR measurements [37]. All properties are
consistent with strong w-accepting properties of the axial ligands which have relative

perpendicular orientation. The porphyrin core is_strongly ruffled and leads to
extremely short Fe-N,,, bond distances of 1.952(7) A. The axial Fe-N bond distance
is 2.002(8) A. The ruffling is attributed to electronic rather than steric factors.
Mossbauer and EPR spectra are consistent with an iron(II) ion that has unusual
ground-state configuration (d,,, d,)%d,,)".

Crystal structures of the high spin azide complex [Fe(III}{TPP)N,] (55) and of
its six-coordinate low spin adducts [Fe(III)(TPP)N;L] (L = l-methylimidazole,
1,2-dimethylimidazole) have been determined. In all these complexes the azide ligand
is bonded in a bent fashion with Fe-N-N angle of 122°. In [Fe(TPP)Nj], the
porphyrin core is domed and the iron is dispiaced 0.510 A from the porphyrin core
and 0.457 A from the plane of the four pyrrole nitrogens. In the two six-coordinate
derivatives the porphyrin core is ruffled with the methane carbons alternating above
and below the mean plane of the core with an average displacement of 0.15 A in
the 1-MeIm and 0.36 A in 1 2-Me21m The iron atom is projected slightly toward
the azide in the former and is located in the core in the latter. However, in
1,2-Me,Im steric congestion is manifested by an increase in the Fe-Ny,, bond distance
of 0.083 A and tipping of the imidazole ligand by 15° from the symmetrical position
observed in 1-Melm derivative [38].

The distribution of unpaired electron density within the porphyrin = orbitals of
two unsymmetrically substituted derivatives of iron(IIl) tetraphenylpor-
phyrin, [(p-C1){p-NEt,)y(TPP)Fe(N-MeIlm),]C! ¢ i [(p-NEt,)(p-Ch);(TPP)-
Fe(N-Melm),]Cl has been investigated by measuring 'H COSY and NOESY spectra.
The pressnce ~f an electron-withdrawing substituent at one of the phenyl rings
involves spin delocalization to the n orbital with low electron deasity at the B-pyrrole
carbons closest to and most distant from the unique substituent. In contrast, when
a relatively electron-donating substituent is present at one of the phenyl rings the n
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(55)

orbital preferred for spin delocalization is that with large electron density at the
closest and most distant PB-pyrrole carbons. Hiickel molecular orbital calculations
support these assignments [39].

Proton NMR, *C NMR and EPR spectral properties of a series of low-spin
[(R-TPP)Fe(L),Cl] (R-TPP=meso-tetrakis-(2,4,6-R;-phenyl )porphyrinato, R=H
(56), Me (57), Et (58), Pr (59); L.=2-alkyl- and benzimidazoles) have been investi-
gated. The variable temperature 'H NMR spectra show that the rotation of
the axial ligands slows down on the NMR time scale at low temperatures to
give four pyrrole signals. Carbon-13 NMR spectra of !3C-enriched
Fe(TMP)(2-methylimidarole),Cl at the mesc positions give two meso signals of
equal intensity below -23°C. These results indicate that the two axial ligands are
perpendicularly aligned over the diagonal C,,,-Fe-C,.., axes. This unfavourable
orientation of the ligands is attributed to the deformed structure of the porphyrin
core in solution which is additionally confirmed by the relatively small slopes in
Curie plots of the pyrrole-H and the meso-13C signals. In the mixed ligand complexes
having one hindered and one unhindered ligand, the rotation of the former becomes
frozen. The activation free energies for rotation, determined by the dynamic NMR
spectroscopic technique, change in the range of 11.3-13.6 kcal mol™ depending on

he bulkiness of the axial ligands and o-alkyl substituents [40].

The complex [Fe(III){TPP)(OSO,CF3)] {69} in both monoclinic and triclinic
phases has been structurally characterized by single crystal X-ray diffraction for ihic
first time. Only one type of molecular site has been found in the monoclinic phase.
The compound exhibits typical characteristics of a spin-admniixed iron(III) porphyrin
compound with a considerable amount of S=>5/2 character in the ground state. The
complex in the triclinic phase is the first pentaccordinate Fe(III){P)X system which
exhibits spin-state isomerism in the solid state with two crystallographically and
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R =H (86), Me (§7), Et (58), Pr (59)

magnetically distinct sites in the same unit cell. Crystal data for the complexes in
the monoclinic phase at 293 K and triclinic phase at 293 and 188 K have been
determined [41].

(60)

The complexes [Fe(61)Cl], and [ Fe(62)Cl] have been used as catalysts for hydrox-
ylation of cyclohexane in 1,2-dichloroethane solutions using iodosylbenzene as
oxygen donor. The efficiencies of the catalysts were investigated not only in solution
but aiso with the porphyrin complexes supported on imidazole propy! gel (IPG) or
silica gel (S8G). The best resuits were obiained for the solution system (65% vield
of cyclohexanol). The IPG and SG systems afforded 25% and 15% yields, respec-
tively. When the imidazole/Fe(TTCPP)CI ratio in IPG is decreased, the yield
increases to 60% [42].

The complex [Fe(OEP)Y(H,0)]Cl0O,.2H,0 has been obtained by treatment of the
p-oxo iron(Ill) dimer [Fe(OEP)],O with aquecus HCIO,. The [Fe(OEP)H,0]"
cation was characterized by UV-VIS, IR, EPR and Mdssbauer spectroscopies,
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R

R
(61): R = 2,6-ClhaCgHs3; (62): R = CgFs

temperature dependent magnetic susceptibility measurements and a single-crystal
X-ray structure. The average Fe-NPO, distance is 1 982(4) A, the axial Fe-O distance
is 2.045(3) A, and the iron atom is displaced of 0,20 A from the 24 atom mean
plane. These data are consistent with an admixed intermediate-spin state for iron(I1)
(8§=3/2,5/2). The crystal structure of [Fe(OEP)(thf),]CIO, has also been deter-
mined [43].

Photochemical and photocatalytic behaviour of oxygenated solutions of
[Fe(III){63)Cl] (63 =protoporphyrin IX) and [Fe(III)(OEP)Cl] in the presence of
nitrogen ligands such as pyrazine (pyz) or pyridine has been investigated. Irradiation
of these systems at A=360 nm induces oxidation of benzene to phenol, benzohy-
droquinones and quinones. Basic conditions (pH =28-9), and a large excess of pyr-
azine with respect to the iron porphyrin, are required to effect photoreduction of
Fe(IIT) porphyrin and hydroxylation of benzene. In neutral or acidic solu-
tions a mixed-valence, polynuclear complex pyz-Fe(111)PP-pyz-Fe(I1I)P...-Fe(II)PP-
pyz-Fe(III)PP is generated in the presence of oxygen. The complex is stable in air
for several days and is catalytically inactive [44].

5.2.2. Complexes with oxygen, peroxides and hydroxides

Geometrical parameters, Fe-O stretching frequencies and charge and spin densities
for five-coordinate (porphyrinato)oxoiron{(IV) complexes have been calculated
using local density functional (LDF) theory. Two complexes, [(por)Fe=0] and
{(por)Fe=0]" were chosen as models for peroxidase compounds II and I, respec-
tnvely In the optimized structure of (por)FeO, the Fe-O distance is 1.622 A and the
iron atom is located 0.215 A above the N, plane. Realistic values of Fe-O stretching
frequencies of 934 and 964 cm™ are obtained for (por)FeC and [(por)FeOl*
respectively. In both species two unpaired spins localized on the ferryl moiety are
divided between Fe and O in the ratio 1.2:0.8. The third unpaired spin of
[(por)FeO]™ is distributed over the porphyrin ring as an a,, cation radical [45].
Oxidation of perchloratoiron(IIl) meso-tetrakis(pentafluorophenyl)porphyrin,
[Fe(II1)( TFPP)(ClO,], by meta-chloroperoxybenzoic acid in dichloromethane solu-
tion at -80°C produces an oxoiron(IV) porphyrin cation radical as evidenced by
low temperature UV-VIS, 'H NMR and EPR spectroscopic measurements. A large
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upfield shift for the pyrrole B-protons suggests that, unlike most meso-tetraaryl-
porphyrin cation radicals which have been characterized as a,, species,
the (TFPP*)Fe(IV)=Q0 has a,,  character. The behaviour of
[Fe(IID(TFPP)ICIO, complex is attributed to the low basicity of the perchlorate
ion which itself is a weak ligand [46].

The preparation of [ TMP)Fe(IV)=0] has been accomplished via ligand metathe-
sis of the stable Fe(IlI) porphyrin cation radical [(TMP* " )Fe(1II)}(CIO,), over
moist basic alumina. The cation radical has been obtained from the reaction of
chioroiron(I1l) porphyrin (TMP)Fe(III)Cl with wet basic alumina followed by
treatment with solid Fe(ClO,); in dichloromethane. The oxoiron{(IV) porphyrin has
also been generated by electrochemical oxidation of the corresponding
hydroxoiron(III) porphyrin. The complex [(TMP)Fe(IV)=0], which is stable at
room temperature in benzene, reacts readily with substituted styrenes affording
aldehydes and epoxides but the selectivity is different from that observed for
the corresponding cation radical [47]. The oxoiron(IV) complexes
[X-(TMP)Fe=01*(Cl"), (X=H, I, Br,, Br,) (64)-(67) have been generated by
oxidation of the corresponding Fe(III) porphyrins with meza-chloroperoxybenzoic
acid. Temperature-dependent EPR and ficld-dependent Mossbauer measurements
have revealed a strong ferromagnetic coupling between ferryl iron (§=1) and the
porphyrin radical (§=1/2). Although halogen substitution at the B-pyrrolic positions
causes distortion in the planarity of the porphyrin ring, it only leads to minor
variations in zero-field splitting of the ferryl iron and in the ferromagnetic coupling
between iron and porphyrin spin. This is consistent with the idea that the unpaired
electron is in the a,, orbital with increased spin density at the pyrrole nitrogens and
the meso carbons [48].

(64): R1, Rz, R3, Rg=H
(65): R1=1, Rz, R3, Rg=H
(66): Ri, Ry=Br, R3, Ry=H
(67): Ry, R2, R3, R4=Br
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The effect of six axial ligands, viz -F, HOCH,;, -Cl, -OAc, -OSO,CF; and
-OClO; on the reactivity of the oxo-iron(1V )tetramesitylporphyrin cation radical
[{(TMP™*")Fe(I1V)O]" has been examined by EPR and 'H NMR spectroscopies. The
complexes were obtained by ozonolysis of the corresponding iron(1II) porphyrins.
Whereas the influence is small on the EPR spectra, the chemical shifts of the
porphyrin protons depend considerably on the character of the axial ligand. A
qualitative relation has been found between the field strengths of the ligands and
the reactivity of the ferryl complexes [49].

2-
Et NO2 Et

Et Et
OzN NO>
Et Et
El No,

(68)

The p-oxo dimer [{Fe(68)}},0] (69) has been synthesized by reacting NO, with
[Fe(OEP)CI] in dichloromethane under nitrogen at room temperature. The complex
was characterized by "H NMR and IR spectroscopies. The introduction ¢f NO,
groups into the meso-positions of the octaethylporphyrin ligand increases the
Fe(III)/Fe(II) reduction potential of the complex and its stability under oxidation
conditions. The complex has been used as a catalyst for the liquid-phase oxidation
of alkanes such as isobutane and propane by molecular oxygen. Turnovers up to
1680 were obtained for oxidation of isobutane at 80°C after 5 hours and the
selectivity to isobutanol is 88%. Propane was oxidized with lower activity and
selectivity [50].

5.2.3. Strapped porphyrin complexes

The superstructured basket handle porphyrins (70) and (71) have been derived
from meso-tetraphenylporphyrin by linking two opposite phenyl rings in order to
sterically protect both faces of the porphyrin macrocycle [51]. Fixation of the linking
hydrocarbon arms to the phenyls is effected by either the amide (70) or ether
(71) groups.

The interactions between the two Fe(Ill) basket-handle norphyrins and catechol
(Hxcat) in dmso-water solution (80:20 v/v) in acidic and basic media have been
investigated. A combined spectrophotometric and potentiometric study showed that
in acidic media the I-Hcat complex of 1:1 stoichiometry is obtained with the stability
constant lgB=8.6 (25°C, 0.1 KNOQO,). The relatively low value of the stability constant
of this complex as compared with non-porphyrinic Fe(III) complexes with didentate
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(70) 7

catecholate ligands indicate monodentate binding of the hydrogenocatecholate anion
imposed by the rigidity of the porphyrin macrocycle. In basic medium deprotonation
of the hydrogenocatecholate complex is observed and the resulting catecholate
complex with monodentate cat® anion is sensitive to oxidation by traces of dioxygen.
The obtained results support the proposed substrate activation effected by the
enzyme catechoi 1,2-dioxygenase. There is no evidence for the formation of a 2-Hcat
complex.

Five-coordinate {[Fe(por)(L)] complexes, (por=(72), (73), (74y; L=
1,5-dicyclohexylimidazole or 1,2-dimethylimidazole) reversibly bind O, and CO. The
kinetics of the reactions have been investigated in tcluene by spectrophotometric
equilibrium titrations, stopped flow and laser flash photolysis. The absence of polar-
ity effects in durene capped complexes is reflected by poor differentiation in binding
of O, and CO. Only the derivative which is distorted due to a short linking chain
discriminates between the two ligands and the effect is associated with large deforma-
tion of the porphyrin core from planarity [52].

Water-soluble "one face” hindered Fe(II) and Fe(lIl) porphyrin complexes have
been obtained by sulfonation of basket handle porphyrin in concentrated sulfuric
acid. The structural assignment of the porphyrins is based on 'H NMR spectra of
the free base. Anaerobic insertion of iron has been accomplished by reacting the
free base porphyrin with iron(II) suifate in water. As proved by EPR spectroscopy,
the reaction affords pure monomeric aqua-iron{(111) compound. The Fe(Il) complex
(75) has been obtained by reduction of the Fe(lll) compound in water with an
aqueous sodium dithionite solution under argon. Reaction of (75) with imidazole
leads to the formation of a six-coordinate {Fe(II)(por)Im,] coinplex [53].

The [Fe(11)TPP] derivatives (76)-(79), with variabie degrees of distal steric hin-
drance provided by two lateral pivalamido pickets, have been investigated in the
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reaction of O, and CQO binding. Upon increasing the steric hindrance, CO affinities
decrease by 2-3 orders of magnitude while oxygen affinities become reduced only by
a factor of 1.4-3.4, indicating a strong steric impediment vis-a-vis CO. The X-ray
structure of two CO derivatives, and results derived from ligand rebinding kinetics
using laser flash photolysis, prove that the steric interactions with CO involve a
ruffling distortion of the porphyrin macrocycle and an expansion of the distal cavity
rather than a putative bending of the Fe-C-O unit. The investigated system mimics
the reactivity of oxygen-carrying hemoproteins [54].

Oxidation of the deformed iron(IIl) porphyrin complexes (80)-(82) with tris(p-
bromophenyl Jammonium hexachloroantimonate affords iron(11I) n-cation radicals
as evidenced by UV-VIS, IR, 'H NMR spectroscopies and magnetic susceptibility
measurements which show antiferromagnetic coupling between Fe(IIl) spin (S=
5/2) and porphyrin cation radical spin (§=1/2). A molecular mechanics simulation
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n=6 (76), 7 (77), 8 (78), 10 (79)

reveals deformation of the porphyrin core constrained by the covalently attached
short bridging groups. The adjacent trans isomers show ruffled distortion while the
adjacent cis isomers have saddle distortion [55].

80 (81) (82)

A series of iron(II) picnic-basket porphyrins (83)-(88) have been prepared [56].
In solution, the unhindered faces of the porphyrins are blocked by coordination of
bulky imidazole derivatives and dioxygen is bound reversibly at room temperature
within the cavity of the baskets. The oxygen affinities increase dramatically when
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the basket size decreases. This effect is explained in terms of either dipole-dipole or
H-tonding interactions between the terminally bound dioxygen and the amide
protons of the linker arms. Proton NMR spectroscopy does not supply any evidence
in favour of strong H-bonds within the pockets,

n =2 (83), 4 (84), 6 (85), 8 (86), 10 (87) 88)

Resonance Raman {(RR) spectra have been measured for CO adducts of the two
sterically constrained iron(1I) porphyrins (89) and (90). The C-O and Fe-C stretch-
ing frequencies indicate an increase in Fe—CO back bonding in (89) and decreased
back bonding in (9&) when compared with unconstrained porphyrins. These differ-
ences arise from the different polar environment of the bound CO molecule in the
two adducts; in (89), close vicinity of the amide groups of the linker arms favours
back bonding whereas in (90), CO interacts with the benzene n-cloud which restricts
back bonding. Crystal structures of the investigated complexes show similar FeCO
geometries with small amounts of bending and tilting up to ca. 10° each. It is
concluded that polar interactions rather than Fe-C-O angular distortions determine
the RR pattern in sterically constrained porphyrins [57].

The calix[4]arene-capped porphyrin (91) has been prepared in high yield by the
reaction of calixarene with aldehyde followed by condensation with pyrrole [58].
The metallation of the new host with anhydrous ferrous chloride under nitrogen
provides ferric porphyrin chloride, which is subsequently reduced to the correspond-
ing Fe(II) complex (92). Exposure of (92) to oxygen in the presence of a coordinat-
ing base such as 1-triphenylmethylimidazole affords a dioxygen adduct that is stable
for several hours at 20°C in chloroform. Compound (92) functions as an oxygen
carrier,

5.2.4. Other porphyrin complexes

Electrochemical reduction of three iron(I) porphyrins in the presence of carbon
monoxide has been investigated wusing cyclic voltammetry, thin-layer
spectroelectrochemistry, UV-VIS and Raman spectroscopies [59]. Experiments have
been carried out with the picket-fence porphyrin (93), and a basket-handie porphyrin
and [Fe(III)(TFPP)Cl] (TFPP=meso-tetrakis(pentafluorophenyl )porphyrinato)
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89) (90)

e

have been investigated for comparative purposes. In the absence of CG, the iron(I)
porphyrins are reduced electrochemically to iron(0) complexes. When CQ is present
as an axial ligand, the formation of the phiorin anion complex (94) is favoured,
which implies that in the carbonyl complexes the charge density is located on the
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porphyrin ring rather than on the metal centre. Consequently, protonation of the
meso carbons to produce iron(II) phlorin complex is observed. The presence of
electron-withdrawing substituents such as fluorine atoms on the meso phenyl rings
consideratly slows down the protonation of the meso carbons.

(93) (%4)

Ultraviolet-visible and resonance Raman (RR) spectroelectrochemical studies
have been employed to investigate the process of one- and two-electron reductions
of iron{IIl) meso-tetraphenyl- and meso-tetrakis{pentafluorophenyl )porphyrin in
solvents of different coordinating abilities such as dimethylsulfoxide and butyronitrile
[60]. Iron(I) complexes undergo photodecomposition which impedes spectral
studies. When using a rotating cell, a RR spectrum is obtained which is similar to
that of a low spin Fe(Il) complex. In the absence of strong coordinating ligands
the species derived from two-electron reduction of both porphyrins are better formu-
lated as [Fe(0)P]* complexes than [Fe(1)P]” radical anions.

The [Fe(III)(TMP)-N-oxide] complex (95) has been obtained by reacting
[Fe(II1)(TMP)OH] with meta-chloroperoxybenzoic acid [61]. Raman Resonance
spectra of this complex and its '*0 and N derivatives have been measured. The
results confirm a bridged structure of the Fe-O-N unity. The RR bands of the
macrocycle such as C-C and C-N stretching modes are split into doublets due to
lowering of symmetry and the 4 cm™ downshift of C,-phenyl stretching band sug-
gests considerable distortion of the macrocycle.

93)

The visible and UV linear dichroism of meso-tetraphenylsulfonic porphyrin (96)
D, symmetry), protohemin III (C,, symmetry) (97), and deuterohemin IIi (C,,
symmetry) (98) have been measured in stretched poly(vinyl alcohol) films in the
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250-700 nm region [62]. For the metal-free meso-tetrakis(phenylsuifonic) porphyrin
the absorption anisotropy is wavelength independent as for a circular absorber.
Deutero- and protohemin I containing iron{Ii1) centres exhibit wavelength-depen-
dent dichroism indicating allowed transition moments of the linear type. It is con-
cluded that the absorption of hemes should be considered as a simple combination
of linear oscillaiors.

COgH COzH
(96): R= -CgHs-p-SO3H (97): R=-CH=CHg; (98): R=H

A series of iron(IIl) porphyrins such as protoporphyrin IX dimethylester (99),
mesoporphyrin IX dimethylester (108), deuteroporphyrin IX dimethylester (181)
and octaethylporphyrin have been employed in the reaction of interconversion of
some nucleic acid bases and nitric oxide in water-containing organic solvents under
anaerobic conditions [63]. Cytosine and N-methylcytosine are converted to the
corresponding wracils (35 and 40% of conversion), and adenine to hypoxanthine
(12-15%). The nature of the porphyrin ligand does not appear to influence the
conversion of cytosine to uracil. It is proposed that the reaction proceeds by the
nucleic acid base atiack upon a tramsient [(por)Fe(IH)(NO})] adduct
[(por)Fe(IH )NO«»(por)Fe(I1)NO*] (por=(99)-(101), OEP). Water, as a nucleo-
phile, competes with the nucieic acid base for the iron-compiexed nitrosenium ion.

The diiron(1I1) porphyrins [ XFe(III)TTPO-(CH,),-OTTPFe(II) X ] (X =Cl, Br,
I), in which two tolylporphyrin units are linked via diether moieties (n=2 or 3)
tethered at ortho-, meta- or para-positions of the meso phenyl moieties (182), have
been synthesised [64]. Coordination of cyanide to these complexes has been investi-
gated using ‘H NMR, ?H NMR and IR spectroscopy. The high-spin monocyano
complexes generated in the first step are converted into low-spin p-cyano-bridged
diiron(IIl) species with an intra- or intermolecular siructure depending on the
porphyrin geometry.

The preparation and structural determination of imidazolate-squeezed iron por-
phyrin dimers and a trimer linked by a rigid backbone molecule are described.
1,8-Anthracene {An) and o-phenylene (Ph) were chosen as linker molecules for
Fe(III) tetraphenylporphyrin [65]. Two dimers, [(p-Im)Fe, {An(TPPL N (HIm),IC!
and [(u-Im),Fe,{Ph(TPP),}(HIm),ICl, and one trimer, [(p-Im),Fe;{An;
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(TPP);}(HIm),]Cl, have been obtained as crystals. The X-ray analysis of
[(1-Im)Fe, {An(TPF),}(HIm),]Cl reveals that the two Fe(IIl) ions are coordinated
by an imidazolate molecule inside the molecular cavity. The N,,-Fe bond distances
are Fe-Ny,=1.95-1.96 A and Fe-Ny,,=2.01-2.02 A. These Fe-N,, distances are
compatible with a low-spin iron(III) state. The EPR and temperature-dependent
magnetic susceptibility measurements show relatively large imidazolate-mediated
antiferromagnetic exchange coupling (-/=15.3-29.4 cm™) between the Fe(III) ions
of the dimers and the trimer.

A new paramagnetic (S=1/2) (p-MeOTPP)Fe(III)SnBu; [p-MecOTPP=
tetrakis( p-methoxyphenyl ) porphyrinato] complex has been obtained by reacting the
alkyliron(IIT) porphyrin with excess tributyltin hydride in toluene sofution at ambi-
eat temperature [66]. Formation of the porphyrin tributyltin complex proceeds by
a free-radical reaction initiated by homolysis of the alkyliron(III) C-Fe bond and
generation of alkyl radicals followed by hydrogen abstraction from Bu;SnH to vield
the corresponding alkane and a Bu;Sn radical. The latter subsequently adds to the
Fe(II) porphyrin. The new complex is also generated by addition of Li tributyltin
to the chloroiron(1II) solution.

The water-soluble cationic porphyrin (103) has been synthesized via methylation
of the corresponding meso-tetrakis(2,3,5,6-tetrafluoro-N, N-dimethyl-4-anilinyl ) por-
phyrin and characterized by UV-VIS, NMR spectroscopies and electrochemistry
[671.

Both faces of the porphyrin are protected by fluorine atoms which decrease both
the extent of aggregation and the tendency for adsorbing at the surfaces. The iron
porphyrin complex [Fe(303)] is monomeric in aqueous solution. Electrochemical
studies carried out in water show that the iron(II1)/(IT) couple is guasi-reversible
and pH-dependent with pKa for the iron(IIl) of 6.0 (u=0.1 M).

Two new metallnnorphyrins [Fe{( TDCPNgP)Cl] and [Fe(TFPN,P)C1] have been
obtained in one step by nitration of meso-tetrakis(2,6-dichlorophenyl)- and meso-
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tetrakis{ pentafiluorophenyl Yporphyrin with HNO; [68]. The former bears 4-6 nitro-
substituents at the pyrrole B-positions whereas the latter accommodates up to four
nitro groups. The complex [Fe(I11)(TDCPNgP)] is a very good catalyst for epoxida-
tion of cyclooctene with diluted H,O; in the absence of any co-catalyst. It is also a
suitable catalyst for oxidation of such alkanes as cyclohexane and heptane by O, at
90°C under moderate O, pressure.

Iron(III)-porphyrin-based compounds serving as models for studying molyb-
denum-iron interactions in sulfite oxidase have been prepared by react-
ing 5-(3,4-dihydroxyphenyl)-10,15,20-tri-p-tolylporphyrin and 5-(2,3-dihydroxy-
phenyl)-10,15,20-tri-p-tolylporphyrin with LMoQO?* (L =hydrotris(3,5-dimethyl-
I-pyrazolyl )borate) followed by insertion of Fe(III) into the porphyrin ligand [69].
Two dimetallic complexes are obtained: FeCl(3.4-MoTPP) (104) and
FeCl(2,3-MoTPP) (165) with Mo-Fe distances of 9.4 A and 7.3 A as determined
from computer modelling studies. Upon addition of excess N-methylimidazole both
complexes are transformed to the corresponding six-cocordinate low spin Fe(III)
complexes, each containing two imidazole axial ligands. The formation constanis
for these complexes are larger then those for related six-coordinate monometallic
Fe(IIl) compiexes of asymmetric porphyrin ligands. Cyclic voltammetry sneasure-
ments indicate that the two metal centres in both [Fe(N-Melm),(3.4-MoTPP)Cl]
and [Fe(N-Melm),(2,3-MoTPP)Cl] behave as independent one-cleciron couples.
Simulation of the EPR spectra of these dimetallic complexes shows that weak
anisotropic dipolar coupling dominates the interactions of the two metals in the
former while weak exchange interactions predominate in the latter compound.

Iron complexes of a general formula [ X.(TPP),Fe,(L)Cu,Ci, ] (L =bis(acetylpyra-
zine)-ethylenediimine, X =Cl, N;, imidazole, 1-methylimidazole, 2-methylimidazole,
4-methylimidazole and OMe) have been prepared [70]. Mdssbauer, EPR spectro-
scopic and magnetic susceptibility measurements show that the spin state of the
iron(IIT) centre depends on the nature of the axial ligand. For X=N,;, Ci, OCH;,
1-Melm and 2-Melm, temperature independent high spin states (S=5/2) are found.
Such axial groups as Im or 4-Meln lead to temperature-dependent 4, <27, spin
transitions. The magnetic properties of the investigated complexes imply weak anti-
ferromagnetic interactions between Fe(II) and Cu(II) at fow temperature.
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B'=N-Melm, R =4-MePh
(104)

The heterodinuclear complex [(FsTPP)Fe(III)-O-Cu(II){TPA)]* (106), where
FsTPP =tetrakis(2,6-difluorophenyl )porphyrinato  and  TPA =tris(2-pyridyl-
methyl)amine (107), has been isolated from a I:1 mixture of
(TPAYCu(I)(CH;CN)]™ and [(FsTPP)Fe(Il)(pip),] (pip=piperidine) in
O,-saturated dichloromethane solution at -80°C followed by warming to 0°C [71].
Méssbauer studies indicate high-spin Fe(III) and moderately strong antiferromag-
netic coupling between Fe(lll)(Sg.=5/2) and Cu(ll) (S=1/2) ions. The X-ray
measurements indicated linear p-oxo-bridging ligand with unusual short metal-
oxygen distances: Fe-O=1.740(5) A and Cu-O=1.856(5) A. The bridging oxygen
atom is derived from dioxygen. The complex is a model for cytochrome ¢ oxidase.

The reaction of [Fe(OEP)(py)(CN)} with an appropriate Cu(Il) precursor pro-
duces a seriess of complexes [(py)(OEP)Fe-CN-Cu(L/L)**/* where
L/L'=Mesdien/Me,CO (168) and bnpy,/OTf (109), and L=TIM (110), cyclops
(2111) and cyclam (122) [72]. These molecules have been prepared and structurally
characterised as a means of establishing the presence of a similar [Fe(III)-CN-
Cu(II)] bridge unit in cyanide-inhibited cytochrome ¢ oxidase and terminal quinol
oxidases. In addition, the compounds {[(py)(OEP)Fe(CN)j,Cu(cyclam)}?* (113),
which has been shown to contain the {Fe(III )-CN-Cu(H)-NC-Fe(111)} bridge and
[(OEP)Fe-NC-Cu(Mesdien)]* (114) have also been prepared. Bent bridges have
been found in compounds (109) (163°), (118) (147°) and (111) (159°) and the
smallest angle has been observed in the doubly bridged complex (113) (140°, tetra-
gonal octahedral). From infrared, magnetic and Mossbauer spectroscopic results, it
may be concluded that cyanide-inhibited oxidised enzymes possess a tight [ Fe(II)-
CN-Cu(1I)] bridge rather than a dinuclear site in which cyanide is bridged exclusively
to one subsite, or interacts weakly with another subsite, or is hydrogen bonded at
the uncoordinated end.

The reaction of [Fe(OEP}CN ){py)] with [Cu(Megtren)(OH,)(CIO,),] resuits in
the formation of [(py)(OEP)-Fe-CN-Cu(Megtren)[(ClO,),. The X-ray crystal
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structures of the copper precursor and the cyanide-bridged species
[(py)(OEP)-Fe-CN-Cu(Megtren)}(SbFg), - Me,CO have been reported [73]. The
dinuclear assembly displays a virtually linear bridge unit Fe(III}-C-N-Cu(il), the
structaral refinement favouring a Fe~-C-N-Cu over a Fe-N-C-Cu linkage. This obser-
vation was confirmed by the reaction of [Cu(Mestren)(CN)Y)(CIO,),] with
[Fe(OEP)(OCIO,)], from which the identical reaction product was obtained.

5.3. Complexes with chlorins

Preparation of oxoiron(IV) chlorin complexes [(115)Fe'Y=0(N-Melm)] and
[(115)Fe!Y = 0], (N-Mel = N-methylimidazole), has been achieved by autoxidation
of Fe'(TPC) with dioxygen at -100 to -80°C. Reaction proceeds via formation of
the p-per-oxo-bridged iron(III} dimer followed by homolytic cleavage of the O-O
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bond at -80°C. The six-coordinate imidazolate complex has been obtained by addi-~
tion of N-methylimidazole to the g-peroxo-bridged dimer at -80°C. Five- and six-
coordinate oxoiron{IV) tetraphenylchlorin complexes have been characterized by
UV-VIS, 'H NMR and RR spectroscopies. Unusual splittings of the proton reso-
nance into upficld and downfield region of the saturated pyrrole ring suggest defor-
mation of the pyrrole ring of the chlorin complex. Oxoferryl chlorin complexes show
Fe(IV)=0 frequencies close to the corresponding porphyrin complexes. The investi-
gated complex is the first model for a reaction intermediate in the catalytic cycle of
cytochrome d [74].
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Peroxo-iron(IIl) chlorin complexes have been prepared by reacting
chloro-iron(III )tetramesityl- (TMC) and octaethyichlorin (OEC) with superoxide
in acetonitrile under argon [75]. The UV-VIS, EPR and IR spectra show similarities
to those of the corresponding porphyrins, suggesting similar molecular and electronic
structures. However, the paramagnetic deuterium NMR signals of the saturated
pyrrole rings of the peroxo chlorin complexes exhibit an unusual large splitting into
downfield and wpfield regions, which is attributed to a large deformation of the
saturated pyrroline rings in these complexes.

(116) (817)

One-electron oxidation of nitrosyliron(II)oxoporphyrin complexes such as
oxochlorin (116) and dioxoisobacteriochlorin (117) with silver hexaflucroantimo-
nate in dichloromethane under argon affords the corresponding n-cation radicals
with the bent geomeiry of the Fe-NO bond as shown by UV-VIS and IR spectroscop-
ies [76].

The electronic structures and magnetic properties of some n-cation radical com-
plexes of iron(IIT) and oxciron(IV) chlorins have been examined [77]. The high
and low spin iron(IiI) chlorin n-cation radicals exhibit well-resolved hyperfine-
shifted NMR spectra, indicative of the a, radical state. Magnetic coupling between
the iron spin and w-radical spin are revealed from the hyperfine shifts of the pyrroline
ring protons. The oxoiron(IV) chiorin n-cation radicals for norbornene using two
chlorins, tetramesitylchlorin (TMC) and tetrakis(2,6-dichlorophenyl)chlorin
(TDCPC) are less reactive thaun the corresponding TMP porphyrin complex, this
can not be attributed to the oxidation potentials of the chlorin macrocycles.

5.4. Miscellaneous tetrapyrrole complexes

The iron(IiI) corrole complex (118), containing an axial NO ligand has been
synthesized and characterized by spectroelectrochemical methods [78]. The complex
undergoes three one-electron oxidations and two one-electron reductions in benzonit-
rile and dichloromethane. The first two oxidations are reversible and afford Fe(III)
cation radical and dication. Both maintain the NO ligand. Both reductions are also
reversible and proceed without loss of the axial ligand. The first reduction is metal-
centred and generates Fe(II) nitrosyl corroles.
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CaoHs CaoHs

Electrochemical reduction and cxidation of iron(1IT) p-oxo porphycene dimers
[{(Pc)Fe},0], where Pc=the dianion of octaethylporphycene (11%), etioporphycene
(120), tetrapropylporphycene (121) or tetra-zert-butylporphycene (122), have been
investigated and compared with the corresponding iron(III) pu-oxo-porphyrin dimers
[79]. Electrochemical behaviour of porphycenes varies from that of porphyrins
which are their structural isomers. The porphycene dimers undergo four reversible
one-electron reductions and four reversible one-electron oxidations. The spectral
data indicate that the site of the electroreduction during the first two one electron
transfers is the conjugated n ring rather than Fe(IIl) centre. Such a behaviour is
caused by the lower LUMO level of the p-porphycene dimers when compared with
the porphyrin complexes.

(119): Rj=Ro=Et; (120): Ry=Et, Ro=Me; (121): R1=n-Pr, Ry=H;
(122): R1=But, Rp=Et

Electrochemical and spectroelectrochemical measurements in dichloromethane
and tetrahydrofuran have revealed that [Fe(III)(123)Cl] (124) undergoes reduction
in three steps and oxidation in two one-electron steps [80]. The first reduction step
is metal-centred while the remaining two reduction and two oxidation steps are
ligand-centred. The corresponding p-oxo-dimer [Fe(III)(123)},0 undergoes four
one-clectron oxidations and four one-clectron reductions and the resulting species
is presumably [(Fe(123)),)]*.
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(124)

6. Complexes with oxygen donor ligands
6.1. Complexes with carboxylic acids and derivatives

The tetranuclear, mixed-valence ammonium inclusion complexes [NH,=Fe L]
(125, 126) have been obtained by spontaneous seli-assembly from the reaction of
dialkylmalonates with methyilithium/iron(II) chloride and oxalylchloride at -78°C
in thf, followed by workup with aqueous ammonium chloride. The complexes have
been characterized by microanalytical data, FAB mass spectrometry, X-ray crystal-
lography, Mossbauer speciroscopy (1 Fe(Il), 3 Fe(IIl)), and electrochemistry {81].

RO RCC CO.R OR
(I25)R=Me; (126) R=E1

The equilibrium constaits for the protonation of lactobionic acid {(4-0-§-D-
galactopyranosylgluconic acid) and its coordination with iron{1l} have been studied
by potentiometric methods in aqueous solutions. A comparative study between the
behaviour of the iron{IIl)-lactobionic acid and iron(III)-D-gluconic acid systems
has also been carried out. Coordination tonding sites and stereochemistry of metal-
ligand interactions (127) were inferred from UV and NMR spectroscopies [82].

Iron citrate complexes have been postulated to be involved in the biological
mobilization of iron and its exiraction by plants from the rhizosphere. Two well-
defined iron-citrate complexes {(Hpy),[Fe,(128),(H,0),1-2H,O (12%) and
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127

(Hneo);[Fe,(H-128),] - nH,0 (130) (neo=neocuproine, (131)) have been synihe-
sized and their solid state magnetic properties have been studied [83]. In complex
(129) the two iron atoms are bridged by an alkoxide oxygen atom in two citrate
groups while the two iron atoms in (130) are bridged by three citrate groups.
Compiex (129) shows antiferromagnetic exchange coupling between the iron atoms
while the coupling in complex (130) is ferromagnetic, which is rare for face-shared
d°-d® systems.

-0 o

(128) (130)

The phases (X)Fe(II)Fe(III ){C,0,); (X =NPrj}, NBu}, PPh,) have been synthe-
sised and characterized chemically, structurally and magnetically. They act as ferro-
magnets. The tetra-n-butyl ammonium salt shows unpredicted magnetic behaviour
at low temperature-the magnetisation in field-cooled specimens becoming strongly
negative [84].

The tris-chelated [M(II){(bpy);)** cations, where M(II)! is a divalent transition
metal, cause crystallization of anionic three-dimensional coordination polymers of
oxalate-bridged metal complexes [M,(0x);]2*~. Two types of stoichiometric units
of the anionic three-dimensional networks, with metals in different valence states,
can be distinguished: [M(1I);(0x);]* and [M(I)M(III)(ox);}*. The Mossbauer
spectra of the iron-containing compounds [Fe(1l)(bpy).][Fe(Il).(0x);] (132) and
[Fe(1I)(bpy):IMn(Ii)(0x);] (133) and [Fe(1I)(bpy)s][LiFe(Il)(ox);] (134) are
consistent with the stoichiometric formulae and the corresponding iron valence
states. The magnetic susceptibility data for complexes (132), (133) and (134) in the
temperature range 2 to 300 K are presented. Complexes (132) and (133) reveal
antiferromagnetic ordering behaviour, indicated by negative Weiss constants, 9, of
-28 and -33 K, respectively, whereas (134) exhibits the expected behaviour of single
iron(IIl) ions [85].
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The stoichiometry of a series of 1:1 iron(1I1) complexes with model dihydroxamic
acids [CHy;N(OH )YC(0O)1(CH,), (135), and with rhodotorulic acid (136), a natural
dihydroxamate siderophore, havs been studied by electrospray mass spectrometry
(ESMS) [86-89]. The ESMS suggest that the model complexes exist in a dimeric
form if n=2 or 4 and in a monomeric form if #=8 and for (136). When rn=6 the
complex is suggested to exist both in the monomeric and the dimeric form. Molecular
mechanics studies show the same results. The dissociation of the [Fe(135)] com-
plexes was also measured. The first step involves the dissociation of one hydroxamate
group to give a mono{hydroxamato)iron(IIl) complex. For complexes with #>6
this step shows a first order dependenice on pH, complexes with #-< 6 shows a second-
order dependence on pH, and for =6 two reactions are observed all in accordance
with monomers for #>6 and dimers for #<6 suggested by the ESMS study. The
dissociation rate constant for the dimeric complex depends on n, with k;=23, 17,
and 1.6 M s* for n=6, 4, and 2, respectively. The rate-limiting dissociation con-
stants for the monomeric complex are also dependent on », with k;=0.13 and
0.38 s for n=238 and 7, respectively. The final step involving the removal of the last
hydroxamate group was found to involve parallel acid-dependent and acid-indepen-
dent pathways. The dissociation constants for this step does not vary significantly
with », but substitution of the methyl on the niirogen for a proton increases the
overall rate. Kinetic and equilibrium studies have also been made of the proton-
initiated dissociation of the mono-, bis-, and tris-complexes of iron{Ifl) with N-
methylacetohydroxamic acid ((137), (138), (139)). The proten-dependent rate con-
stants k;, k., and k, for the dissociation of the tris-, bis- and mono-complexes are
8.6x10° M5, 1.02x10*°M1s? and 3.2x10°M™s? respectively. The corre-
sponding equilibrium constants logKj, logK, and logK, are 1.06, -0.9, and -2.75
respectively. For the dissociation of the mono-complex there is also a proton indepen-
dent dissociation pathway observed with the rate constant k;=7.1 x 10 s’1. Proton
NMR spectroscopy shows hindered rotation around the C-N bond.

6.2. Complexes with other O donor ligands

Bubbling dioxygen {1 atm, rcom temperature) through an acetonitrile solution
of the nitrosyl dimer [Fe(INQO),Cl], in the presence of dppe leads to formation
of the nitrato complex [Fe(NO,;),Cl(O,dppe)] (140). By analogy with
[Fe(NQO;),CI(OPPh;),] - H,0, it is proposed that the metal is seven-coordinate in
(140). Similar complexes containing the 1,2-bis(diphenylphosphino)ethene (dppen)
ligand, viz [Fe(NO;)L,Cl(cis-O,dppen)]-H,O (141} and [Fe(NO,),Cl(trans-
O.dppen)] - H,O (142), have been prepared {90]. The cis-dppen complex is proposed
to have a structure corresponding to that of (140) while the rrans-dppen complex
may be a polymeric compound. Compound {140) may also be prepared by an
oxygenation route in the presence of one equivalent of dppe. Oxygenation of
[{Fe(N0),Cl}(u-dppe)} in the absence of phosphorus ligands results in the forma-
tion of [Fe{NQ,),(0,dppe),l[FeCl,] (143) while the corresponding dppen complexes
(144) have been prepared by another route. Complexes (141) to (144) do not react
with alkenes under anaerobic conditions but transfer oxygen to triphenylphosphine.
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They also catalyse the acrobic oxidation of cyclohexene to mainly 2-cyclohexene-
1-one and 2-cyclohexene-1-ol.
o]
!
N
\

/
(o
- i

(140)-(142)

The complex [Fe(MeLH)[NO;}; (145) (MeLH = 2-hydroxy-6-methylpyridine)
has been formed by ligand transfer from [CugNa{MeL),}INQO;]. The structure of
(145) was determined by X-ray crystaliograph; and revealed two independent for-
mula units in the unit cell [91]. The iron atoms are octahedrally coordinated with
only small distortions. The protons on the pyridine nitrogens are hydrogen bonded
to the oxygen atoms of the nitrate anions. One of the units has three nitrogen atoms
involved in hydrogen bonding while all six nitrogen atoms arc involved in hydrogen
bonding in the other unit.

(145)

Four octadentate derivatives of terephthalamide desferrioxamine B (148), deriva-
tives (147) to (158), have been studied as ferric ion complexing agents by potentio-
metri¢, spectrophotometric, and NMR spectroscopic titrations [92]. All four form
six-coordinate 1:1 ferric complexes in aqueous solution. For the catecholate deriva-
tives (147) to (149), the tris-hydruxamate ierric complex forms at low pH. As the
pH increases, the terminal hydroxamute sroup is replaced by a catecholate group.
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The inverse is true for (150), where the hydroxamate is replaced by the more acidic
hydroxypyridinonate as the pH decreases. Stability constants obtained represent the
first example of formation constants for bis-hydroxamate monocatecholate ferric
complexes.
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In an attempt to mimic enterobactin, an acyclic siderophore, a pre-assembled iron
complex (151) was crosslinked with PEI (poly(ethylene imine)) [93]. The formation
of amide linkages in the complex was detected with IR-spectroscopy but it was not
possible to see whether the resuliant complex (152) was bicapped. The chelation
stability for (152) was measured using CDTA. The complex showed greater stability
in acidic pH and pM values greater than those of several other analogues.
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O X
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The coordination chemistry of the macrobicyclic tris-catecholate ligands (153)-
(156) with Fe3*, V4", Ti**, and Ga®* has been investigated in order to model the
coordination behaviour of the tris(catechol )-siderophore enterobactin. The UV-VIS
spectra of the Fe(III) complexes indicate that they have pseudo-octahedral coordina-
tion geometry around the central atom [94}.

Catecholato-iron complexes were isolated from the reaction of FeCl; with (157),
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(158} or (159) in thf in the presence of pyridine [95]. The complexes of 1 and 2 are
dimeric in the solid state but monomeric in solution (thf). These monomeric com-
plexes are formulated as [FeCl(157)(py).] and [FeCI(1S8) py)IH ", respectively.
The complex containing (159) is a monomeric six-coordinate complex
[FeCI(159)(py).JH* both in the solid state and in thf. Reactivity of the isolated
catecholatoiron complexes with O, reveals that a stable chelated catecholaie species
may be activated to be reactive with O, in the catalvtic oxygenation of catechols. It
has been found that the catecholato-iron complexes becomes reactive with oxygen
in the presence of an excess of catechols. Spectroscopic studies indicate that cate-
cholate ligand exchange plays an important role in the activation of the cate-
cholate ligand.

Reaction of 4-rerr-butylpyridine (Bupy) with [Fe(160);] [(169)=3.6-di-tert-
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butylbenzoquinone] leads to the formation of [Fe(Bupy),(160),] (16%) [96].
Electrochemical and spectroscopic measurements indicate that the metal is high-spin
Fe(IIT) and that (68) exists in both its catecholate and semiquinone form in (161).
Cyclic voltammetry of (161) reveals two redox couples at -0.34 and -0.86 V for the
quinone ligands and an Fe(1I1)/Fe(1II) couple at -1.42 V. Structural characterization
of (161) by X-ray crystallography showed that the molecule is in its frans isomeric
form and that crystallographically imposed inversion symmetry disorders the cate-
cholate and semiquinone ligands. A low-energy transition at 2100 nm is tentatively
assigned as a catecholate—Fe(III) CT band. Unlike its Mn and Co analogues, (161)
does not show evidence for a valence tautomeric eguilibrium.

Bu'

su'
(161)

Complex formation between iron(II) and 2-hydroxy-1.4-naphthoquinone includ-
ing both protonated, anionic and reduced forms of the ligand have been electrochemi-
cally and spectroscopically investigated in dmso [97]. The protonated and anionic
ligands did not give any stable complexes. The iron complex with the reduced form
of the ligand has a 1:2 stoichiometry and a formation constant of 3.5 x 10?°. Magnetic
susceptibility measurements reveal an intramolecular charge-transfer between the
iron and one of the radical ligands giving an iror.(III) character to the metal ion,
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7. Complexes with sulfur donor ligands

The compounds [Fe(162){N(SiMe;),}] (163) and [Fe(162).] (164) were synthe-
sized by the reaction of ong or two equivalents of the new thiol (162) with
[Fe{N(SiMe,),},] [98]. The structural and spectroscopic data support the view that
the iron centres in (163) and (164) are primarily two-coordinate with minor inter-
action with n-clectron density of the ortho-mesityl group of the thiolato ligand.

(£62)

Analysis of the vibrational spectra for a series of iron(II) tetrathiolate complexes,
including [Fe(SMe)4l, [Fe(SEt)I, and [Fe(S,-0-xyl),] has permitted the reanalysis
and modelling of previously published RR spectra of oxidised rubredoxin in which
Fe** is bound to four cysteinate side chains [99]. The spectra of the rubredoxin
analogues reveal (i) lowering of symmetry from 7,5, due to the 8-C bonds being
oriented out of the S-Fe-S planes (ii) splitting in the case of [Fe{SMe),] due to
inequivalence of the S-Fe-S angles (iii) elevation of the v, Fe-S breathing frequency
and (iv) mixing of Fe-S stretching and S-C-C bending modes due to the chelate ring
constraints in [Fe(S,-0-xyl),]. The rubredoxin reveals a dominant influence of
Fe-8/8-C-C mixing due to 180° FeS-C-C dihedral angles for two of the cysteinate
ligands.

The complexes [Fe(L)(165)] [complex (166) with L=PMe;; (167), PMe,Ph,
(168), PBu;; (169), PMePh,; (170), N;] and [Fe(165)] - thf (171) have been prepared
[100]. The phosphine complexes contain low-spin Fe(II) centres and chiral [Fe(1658)]
cores while (170) is an Fe(II) high-spin complex with an achiral [Fe(165)] core.
The phosphine ligands in complexes (166)~(170) are labile and may be substituted
by CO but not by N,. Repeated attempts to transform the azido ligand in {178)
into N, by therma! or oxidative means fzailed. Complex (171} contains a five-
coordinate Fe centre. The structure and distances of (171) resembile the [Fe(165)]
cores of low-spin [Fe(L){165)] complexes, whereas the paramagnetism and high
reactivity of (171) are typical of high-spin [Fe(L)(165)} complexes. The new com-
plexes [Fe(L)("NgS,"] [R=Me (172), L=PMe; (173), N,H; (i74), NC* (175),
NO (176); R =CH,CH,COOMe, L=PMe, (177), N,H, (178)] have been synthe-
sized [101]. A 19-clectron low-spin complex is prepared by reduction of (1758} with
tetracthylammonium azide.
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8. Complexes with phosphorus donor ligands

The complexes trans-[Fe(L-L),1,]BF, where L-L =0-CcH 4 (PMe,),,
0-CgH, (AsMe,), or 0-CgFy(PMe,),, have been isolated and structurally charac-
terized [102]. The UV-VIS spectra of the iron(III) iodo complexes strongly resemble
those of trans-[M(L-L),I,]* (M=Ru, Os) and suggest that the complexes are
pseudo-octahedral iron(IIl) iodine complexes with frans 6-coordinate structures
(D2p).

9. Complexes with mixed-denor ligands
9.1. Complexes with mixed N,O-donor sets

The dinuclear complex [Fe,(179)(imidazole),(CH;0H ),(Cl0,), - 2CH;0OH (189)
has been prepared by reacting the tetraaminodipheno! macrocyclic ligand (179)
with Fe(ClO,),.6H,O and spectroscopically characterized. Cyclic voltammetric study
of (180) shows a irreversibic oxidation at 1.02V vs SCE. Variable-temperature
magnetic measurements indicate that (188) exhibits antiferromagnetic exchange
coupling with J=-6.3 em™.

The effect on the structure of [Fe(I)(5-NO,-sal-N(1,4,7,10))] (181) upon a two-
step spin-state conversion has been studied [103]. The X-ray crystal structures have
been determined at 292, 153 and 103 K. Complex (181 ) is linked into infinite chains
in the solid state through two sets of N-H---O(nitro) hydrogen bonds. Two spin-
state conversions (S =2+ S=0), each involving approximately 50% of the molecules,
occur in the same temperature range. Two equally distributed sets of molecules in
the material could ther>fore be distinguished. The two spin-state conversions were
only associated with .noderate changes in M-L distance and L-M-L angles. The two
steps also showed signs of cooperative effects; magnetic susceptibility and Mossbauer
studies showed that the second step was steeper than the first and DSC experiments
showed that the heat capacity peak corresponding to step two is sharper than that
corresponding to step one.

A lipophilic iron(Ill)complex of the new hexadentate ligand (182) has been
reported [104]. The complex has been characterized by IR, NMR and UV-spectro-
scopy and the X-ray structure of [Fe(182)] (183) has been determined. In the
structure two of the pendant phenolate moieties have a propelier-like conformatioa
while the third does not; however, the 'H-NMR spectrum of (183) shows that the
three pendants are equivalent, suggesting that the structure is semi-rigid.

Two iron(IIl) complexes with the dinucleating ligands (184) and (185), viz.
[Fe,(184)(0,P(OPh)},),]1BPh, - CHCI; - CH;0H (186) and {Fe,(185)(0,P(OPh),),]
Cl0, - H,O (187), have been prepared as models for the active site of purple acid
phosphatase [105]. The synthesis and crystal structures of the iron(IlI) complexes
with these ligands are reported. The electronic spectra of (186) and (187) reveal
relatively intense n—n* charge-transfer bands from the phenolate oxygens to the
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[Fe(165)] core of (171)
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Fe(III) ions. The Mossbauer spectira of both compounds indicate that the metals
are high spin Fe(IIl).

Complex (188) is the first structurally characterized model complex of a PAP
enzyme that reproduces the unsymmetrical coordination of a terminal phenolato
ligand to a diiron centre [143]. Solid-state magnetic studies have shown that the
electronic structure of complex (188) is similar to that of the active site of the
enzyme. Electrochemical studies demonstrate that (188), like the PAP enzymes, has
stable Fe(III)Fe(Ill) and Fe(II)Fe(IIl) forms, and that the terminal phenolato
ligand destabilizes the diiron(II) state, both in terms of electrochemical potentials
and of chemical reactivity.

Iron(IIl) complexes of the type (L)Fey(O,CR); (L=(189-192), R=
-CeHs, -CH,CHj;, -CH;) have been prepared {107]. They were characterized by
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Mossbauer, IR, UV-visible and 'H-NMR spectroscopy as well as cyclic voltammetry.
Varying of the carboxylate ligands did not alter the electronic nature of the complex
but additional alkyl substituents on the macroligand stabilized the iron{III) centres.

The iminoquinone complex [Fe(193),CL)(FeCl;) has been prepared [108].
Reduction converts the ligand to its semiquincne form and the structure of the
resultant complex Fe(193-SQ),Cl (194) has been determined by X-ray crystallog-
raphy. The complex possesses a trigonal bipyramidal structure with the chioro ligand
in an equatorial site, Cyclic voltammetry show two oxidations and two reductions
in the range +1.2' V (vs NHE) occurring at the ligand and one further reduction at
the metal at -1.427 V.

The rapid auto-oxidation of 0, with [Fe(IN){(DPAH),]
(DPAH,=2,6-dicarboxypyridine) has teen investigated [109]. The reaction yiclds
HOOH and [Fe(III){DPAH )(DPA)] ((195); k,=1.840.5 M s}, The hydroper-
oxide reacts further with excess [Fe(II)(DPAH),] and to yield the Fenton reagent,
[(DPAH)>Fe(I1)OOH] (196)+pyH™*. The further reaction of the Fenton reagent
(196) with excess Fe™ DPAH ), gives (195). Reaction of (196) with excess cyclohex-
ane and PhSeSePh results in the formation of cyclo-CgH,,SePh with a kinetic isotope
effect (Kcenia/kKcsp12)=2.2. Reaction of (196) with excess O, leads to the formation
of the adduct (196)-0,, which reacts with excess cyclohexane to form
cyclohexanone.

Molecular mechanics studies of ferric chelates of low molecular weight have been
carried out in order to obtain the AMBER all-atom force field parameters for
transferrin. The crystal structures of the Fe(IIl) complexes of (197),
TACN-1,4,7-triacetic acid (TCTA), and (198) were fitted {110]. Conformational
energies and energy minimized molecular structures of (R,R), (R,§), and (S.8)
isomers of (197) were calculated both in vacue and in aqueous solution using a
generalized Born/surface area (GB/SA) continuum treatment. The rms deviations
between geometries calculated with the GB/SA treatment and geometries from
published crystal structures were calculated for the Fe(III)(197), Fe(III)TCTA,
Fe(II1){(198), and Fe(II1)(19%). The Fe(1II)(197) complex shows an increasing
stability according to (S,S) <(R,S)<(R,R); the order is the same for in vacuo and



392 E. Nordlander et al. [ Coordination Chemistry Reviews 162 ( 1997) 345-4i5

P 0 Nl

Z N N/I “ N NI

H3-(184) H3-(185)

aqueous solution calculations but the energy differences are smaller in aqueous
solution. The calculated order of stability for three different conformers of
Fe'"(199) were trans-(0g) < trans-(0s,04) < trans-(Qs). The MM calculations predict
that an equatorial coordination plane containing chelate rings in a 6,5,6 combination
of sizes with two 5-membered axial rings would give the optimum stability.

The kinetics of the reaction of dioxygen with the well-characterised com-
pounds [Fe,(200)(OBz)(BPh,), (201), [Fe,(202)(OB2)(BPh,), (203), and
[Fe,(204)(OBz)(BF ), (205) have been studied [111]. Compounds (203) and (205)
follow a second-order rate law, whereas compound (201) displays a partial order of
0.65 with respect to dioxygen which may imply a different reaction mechanism. An
Eyring analysis of the kinetic data showed compounds (2083) and (205) to have
activation enthalpies indicative of a simple addition mechanism. The parameters for
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compound {201) differ substantially from the others. Although compound (261) has
a vacant coordination site for dioxygen binding, it is sterically impeded and a
structural rearrangement is required before inner-sphere coordination of O, is pos-
sible; this may explain the higher activation barrier.

The ground state electronic structure of [Fe,(206),]* has been studied by EPR
and Mdgssbauer spectroscopy [ 112]. Mossbauer spectroscopy indicates that there are
two equivalent ferrous sites. The anion [Fe,(206).]* bears some similarities to the
diferrous clusters of proteins; the exchange coupling is ferromagnetic like that
observed in the hydroxolase component of methane monooxygenase and the azide
adducts of ribonucleciide reductase B2 and deoxy-hemerythrin.
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9.2. Complexes with mixed N,S-donor sets

The effects of a change of temperature and pressure on the spin-state transition
in [Fe(207),(INCS),] have been studied [113]. At atmospheric pressure the com-
pound has a spin-transition around 175K with a hysteresis width of 7.1 K. The
application of pressures in the range 0.001-1.90 kbar gave no changes in the transition
temperatures but the hysteresis width decreased significantly to a AT, =5.7K at
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1.90 kbar. The decrease of (AT,)*? was found to be linear with pressure within the
accuracy of the measurement.

()

S S

207

9.3. Complexes with other mixed-donor ligands

A series of stable high spin Fe(1II) complexes of ligands (208)-(210), containing
S,N,0, ligand donor sets, which display relatively low Fe(IIl)-Fe(II) reduction
potentials have been prepared from the reaction of hexadentate triazene 1-oxide
thioethers with iron(II) nitrate followed by addition of sodium perchlorate [114].
The compound [Fe(Me;L)ICIO, may represent the first example of & structurally
characterised high-spin trivalent iron ligated with thioethers.

R\ /ﬁ /R
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H H
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(208):R=Me,x=2,(209: R=Ph,x=2, 210): R=Me,x=3

10. Iron-oxo clusters
10.1. Di- and trinuclear iron-oxo and hydroxo-clusters

The reaction of Fe(ClO,);-10H,O with TPA-3HCIO, [TPA=(212)] and
four equivalents of triethylamine affords the dinuclear complex
[Fe,O(TPA),{ H,0)(CIO JIClO,); (213) [115]. The crystal structure of (213) clearly
shows a nearly linear (p-oxo)diiron (III) core, with an Fe-O-Fe angle of 174.1°
and a Fe-Fe distance of 3.57 A. Tr=atment of (213) with one equivalent of triethyl-
amine affords [Fe,O(H;0,)(TPA),] (ClO4); (214). Compound (213) is stable in
acetonitrile while compound (214) converts to [Fe,O(TPA),(CH;CONH)I(CIO,)
(215). Compound (215) can be prepared independently by treatment of (214) with
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acetamide. The conversion of (214) to (215) displays pseudo first-order kinetics.
Addition of water to the reaction slows the reaction rate, suggesting that water and
acetonitrile compete for binding to the iron. Once coordinated, the acetonitrile may
be attacked by the hydroxide on the other iron resulting in the formation of the
bridging acetamidato ligand.

N
l = | QA
=N l LN
/
(212)
(rPayFe'! Fellrry  (CHaCHAN — (qppcqi Fell(TPa)
| — \
QCIOg OHa 10\ L
H H H
(213) (214)
+CH3CONH
g -CH3CN CH3CN
2H0 +H3?J 1l ?Hzg
/ 0\ i / 0\ ]
(TPA)Fe‘”\ Fe''(rpa) (TPA)Fe'} re'(TPA)
0\‘ W N‘H (o] ifii
Y N C—CHj
(215) - .

The diaqua-complex [(TPA)(H,O)FeOFe(H,0)(TPA)|(CIO,), (216) is a good
starting material for the preparation of new (p-oxo)diiron(Ill} complexes.
Displacement of the terminal ligand by chloro ligands gives
HTPAYCFeOFe(Cl)(TPA)KCIO,), (217) and replacement with a sulfato ligand
gives the dibridged complex [{ TPA)FeO(SO)Fe(TPACIO,), [116]. The conjugate
base of (216), [(TPA)(OH )FeOFe(H,0)tpa}(ClO,); (218) has also been prepared.
The crystal structures of (217) and (218) have been determined. The structure of
{218) shows that the hydroxo ligand and the terminal water are linked through an
intramolecular hydrogen-bond and that the Fe-O(bridge) distances are unequal.
Complex (218) promotes hydrolysis of acetonitrile to give the p-acetamidato-N,O-
bridged complex [(TPA)FeO(CH,CONH)Fe(TPAKCIO,); (219). All five com-
plexes show a strong antiferromagnetic coupling. Elecironic absorption and
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resonance Raman measurements shows distinct differences between mono- and
dibridged complexes.

(218)

The dinuclear Fe(III) complexes {[(220)Fel,(1-O){(u-CO3)}(CIO,), - 3H,0
(221), {[(222)Fel,(n-0)(1-CO3)}(ClO,), 2H,O (223), {[(224)Fel,(u-O)(p-SO,)}
(ClO,), - H,0 (225) and {[(220)Fe],(1-0)(u-SO,)}(Cl0,), - 2H,O (226) have been
prepared and the crystal structures of (221), (223) and (226) have been determined
[117]. Cyclic voltammetry reveals irreversible reduction peaks at -0.735 and -0.665 V
vs Ag/AgCl for (221) and (226), respectively, while a guasi-reversible reduction at
-0.585 V, corresponding to the Fe,(III/III )}« Fe,(II/III) redox process, is observed
for (223). Variable temperature magnetic measurements of (223) and (226) indicate
that the two iron ions are antiferromagnetically coupled (223): J=-105 cm™, (226):

J=-111cm™.

(CHa)n

N/ \N
O ER D
=N N __#

(220:n=3,R=H, (222:n=2,R=Me,(224):n=2,R=H

Reaction of (227) with Fe(NO,); -9H,0O in methanol affords the compound
[Fe,O(227)(CH;0H )s( H,O)J(NO;),.4H,O (228) whose structure has been deter-
mined by X-ray crystallography [118]. The crystal structure shows that the six
solvent ligands are bound in terminal positions. Compound (227) reacts with N-
donor ligands such as bpy to afford terminally substituted products, for example
[Fe,0(227)(bpy),-(CH,OH ),]** (229). Stopped-flow kinetics analysis revealed the
second order rate constant k to be (1.5140.04) x 10° M 5!, which is similar to
observed kinetics for ligand substitution at a terminal site in hemerythrin. Various
products of the general formula [Fe?O(XDK)(bpy),XYJ]'* (X=CH,0H,
Y=NO;5, n=1; X=Y=NOj, n=0, anti- and syn-forms) (230) were obtained from
the reaction depending upon the isolation procedure used. Reaction of (228) with
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1-methylimidazole resulted in successive replacement of each of the terminal solvent
ligands, affording [Fe,0(227)(1-Melm)J** (228), the X-ray structure of which has

been determined.

The Fe(IlI) to Fe(Ill) metal to metal charge transfer excitation of the Fe-O-Fe
core has been studied in [{ Fe'(edta)},01* [119]. The reaction leads to disproportion-
ation of iron yielding Fe" and Fe'Y = 0. Two oxoferryl fragments combine to generate
Fe(II) and molecular oxygen. This system represents a simple model for photo-
chemical oxidation of water or oxide.

HiC, O == Hut O, CHs
4 =
Qi o=

|

A
(.

(230)

The combination of the phenolato-containing tripodal ligand (231), NEg;,
Na(bf) (bf=benzoylformate) and Fe((l0,),-6H,O in methanol affords
[Fe(I1),(231),(bf)}-(ClO,) (232) [106]. The crystal structure of (232) shows that
the two Fe(1I), centres are triply bridged by two phenolato ligands and the carboxy-
lato group of the bf ligand. The Fe---Fe distance (3.049(2) A) and Fe-O-Fe angle
{93.2(2) and 91.6(2)°) are the smallest thus far reported for complexes with the
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generalized [Fe(II),(OR),] core. Exposure of an acetonitrile solution of (232) to air
gives (233) and (234) in an equimolar amount. The mechanism shown below, which
on the basis of spectroscopic analysis as well as isotopic experiments, is proposed
to accouni for the observed reactivity. Upon exposure to dioxygen, the iron(II)
complex (232) is stoichiometrically converted to a (u-peroxo)diiron(IiI) complex.
Intramolecular nucleophilic attack of the bound peroxide at the a-carbon of the bf
ligand results in the oxidative decarboxylation of this a-ketoacid and the reduction
of the peroxide to yield (233). Alternatively, this O, adduct can be reduced by a
second molecule of (232) to afford the autoxidation product (234).

A variable-temperature infrared spectroscopic study on [Fe(1IF),Fe(Il)-
O(O0OCMe)gLs] (L=py or ds-py) has been carried out in order to measure rates of
intramolecular electron transfer {120]. The bands assigned to in-plane vibration of
the central oxygen atom show exceptional temperature dependence, interpreted as
being due to electron transfer within the trinuclear cluster, with a rate constant of
ca 10! st at 300 K.

As a biomimetic model of the active site in the hydroxylate protein of the methane
monooxygenase enzyme a p-oxo diiron complex, [Fe,O(H,0),(235),(ClO,), (236)
has been synthesised and structurally characterized by X-ray crystallography [121].
The structure contains a bent Fe-O-Fe bridge with each iron atom also coordinated
to the imidazole and amine nitrogen and a H,O in a distorted octahedral, The
complex catalyses the oxygenation of several hydrocarbons in the presence of
H,0, or rert-butyl hydroperoxide and dioxygen gas.

The complexes [Fe,(OH)(O,CCH;),(HBpz;),(ClO,) (237), [Fe,(CH){O,P-
(OCsHs),} (HBpz;),](BF ), and [Fe(OH ){O,P(CeHs), } 2(HBpz;),)( BF ;) have been
prepared by protonation of their oxo-bridged analogues in ether solution [122].
Protonation of the oxo-bridges leads to expansion of the diiron core relative to the
u-oxo complexes; Fe-O and Fe---Fe distances as well Fe-O-Fe angles are larger. It
also leads to a decrease in the antiferromagnetic spin exchange coupling. The
complex [Fe,{0,P(OCH;),}:(HBpz,),)(BF,) (238), which contains three bridging
groups, has also been synthesised and its structure determined by X-ray crystallog-
raphy; the Fe-Fe distance in (238) is 4.677 A.

The first example of a diferric complex with an oxo and a hydroxo bridge has
been obtained from the reaction of one equivalent of FeX,(X=ClO,; or CF,80,)
and (239) with five equivalents of ‘BuOOH in methanol/H,O at -40°C [123]. It is
proposed that the steric bulk of the methyl groups of ligand (239) prevents the ferric
centre from making strong Fe-N bonds. This situation produces an Fe(1Il) ion with
strong Lewis acidity, and in the absence of other potential ligands oniy hydroxy
groups can lessen the high effective charge on the Fe(Ill). X-Ray crystallography
shows that the iron atoms in the compound [Fe,O0(0OH )(239),}(ClO,); (240) have
a distorted octahedral environment consisting of the four nitrogen atoms from (239)
and two bridging oxygen atoms. The proposed structure is supported by EXAFS
data. Incubation of (240) with 1-methyl-1,4-cyclohexadiene or PPh; leads to a
reduced Fe(Il) species, detected by sharp paramagnetically shifted signals in the
NMR spectrum.
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10.2. Polynuclear iron-oxo clusters

A molecular ferric wheel, [Fe(OMe),(O.CCH,C1)],,, has been synthesised from
iron chloroacetate and ferric nitrate in methanol [124]. The X-ray crystal structure
reveals a 20-membered ring comprising 10 ferric ions linked by 20 bridging methox-
ides and 10 bridging chloroacetate ligands. The 10 iron atoms are approximately
coplanar, each forming a distorted octahedron with 6 oxygen donor atoms. From
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variable temperature magnetic studies a single antiferromagnetic exchange coupling
constant J of 9.4 cm™ was determined for nearest neighbour interactions. For this
molecule § can adopt integer values from 0 to 25, revealed by field-dependent
magnetic studies at 0.6 K.

A mixed-valent polyiron oxo complex has been synthesised as a model
for the biomineralization of iron by ferritin. The complex,
[Fe(I),Fe(I)g(0),(OMe)5(OAc)s( McOH), ¢-] has also been structurally charac-
terized by X-ray crystallography [125]. The structure consists of a face-centred cubic
array of oxygen atoms with iren(II) and iron(III) ions in the octahedral interstices,
the centre of the complex being two pg-oxo ligands. The mixed-valence nature was
suggested based on Fe-O distances and electronic spectroscopy. Mdssbauer spectro-
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scopy reveals three distinguishable quadropolar doublets assigned as coming from
iron(1II) ions and two quadropolar doublets from iron{1I) ions.
Magnetic susceptibility measurements on [Fe 0241 )s}(NMe,), - 4CH,0H [(241) =



404 E. Nordlander et al. | Coordination Chemistry Reviews 162 (1997) 345-415

the trianion of 1,1,1-tris(hydroxymethyl)ethane] and Na,[Fe,O(OCH;)g]-
6CH,O0H, both of which contain Fe(III)4(ps-O) cores, have been made [126]. X-Rzay
diffraction studies indicate that O, symmetry is a fairly good description of the
Feg(us-O) cores. Therefore, only two kinds of exchange interactions need to be
considered, the first involving trans-iron atoms (/,) and the second involving cis-iron
atoms (J.). A very weak coupling between the metal centres in the Feg(ps-O) core
was found (J,=19(2) em™®, J.=9(1) cm™). The lower value of J, compared to J,
indicates that the relative contribution of ferromagnetic superexchange pathway
mediated by the central O atom increases significantly as the Fe-O-Fe angle decreases
from 180 to 90°.

(242)

The structure of an iron(III)-oxo complex with a square-planar oxide has been
reported [127] the complex is [Fes(s-O)ps~0)(OAC) (tren) J(CF;S05)s-
SCH;CN (242). The structure consists of an Fe,O unit (labelled Fe.) with four
acetate ligands, each bridging two Fe, atoms, two ligands abovc the Fe, O plane and
two below. Four other Fe atoms (Fe,) are connected to the core by four p;-O
ligands and four additional acetate ligands bridging one Fe_ and one Fe, atom. The
Fe_ atoms are coordinated to six oxygen atoms while the Fe, atoms are connected
to two oxygens and four nitrogens from the tren ligands. This structure is believed
to be maintained in solution since the magnetic moments in the solid state and
solution are similar.

The reaction of FeCl,, R,NH and CO, yields the iron(Il) N, N-dialkylcarbamate
complex [{Fe(O,CNEt,),}¢] [128]. Controlled hydrolysis of the isopropy! derivative
leads to [{Fe (t—O){0,CNPri)s},]. This is the first example of an uncharged
iron(Il)-oxo complex.
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10.3. Heterometallic iron-oxo clusters

The cluster | MngFe, 0, ,{0,CMe), ( H,0)4] - 2MeCQO,H - 45,0 (243) has been syn-
thesized by treatment of Fe(0,CMe), with KMnQ, in 60% acetic acid followed by
heating to 60°C [129]. An X-ray structure deterinination reveals that the molecule
consists of a central [Mn(IV),O,F* cubane surrounded by a nouplanar eight-
membered ring of alternating Mn(1II) and Fe(IlIi) ions. The ring and the cubane
are held together by eight p,-O” ions. Electrochemical studies of (243) revealed
one quasi-reversible reduction and one quasi-reversible oxidation. A comparison
of the redox potentials for (243) to those of the related -cluster
[Mn;,0,,(0,CMe), o H,0),] indicate that the reduction may take place at manga-
nese centres. Magnetochemical and Mossbauer properties of (243) have been studied
as well. "Fe Massbauer spectra display two doublets, one corresponding to the four
high spin Fe' ions, the other doublets assigned to excess high spin Fe'® disordered
throughout Mn'" sites. The effective magnetic moment (jt.g) is 11.18 py at 300K
decreasing to 4.85 pg at 5.00 K. This is dramatically different from the corresponding
Mny,, cluster, thus replacing four Mn' by four Fe' ions dramatically affects the
magnetochcmistry. The Mn,Mng complex has a well isolated S=2 ground state
compared to the $=10 ground state for the MnYMn}" cluster.

Three polyiron complexes [Fe,; MO, o(OH );((0,CPh),.], where M =Mn (244), Fe
(245) or Co (246), have been synthesised from the triiron precursors
[Fe;0(0,PH)((H,0),(MeCN)] and [Fe;O0(0,CPh)s(Me,0):0,CPh) [130]. The
X-ray crystal structures of compounds {(244) to (246) have been determined and in
all cases the hetero-atom is located at the centre of symmetry. The polymetallic
clusters can be formally constructed by fusion of two fragments of the previously
reported compound [Fe,;O4OH )s(0,CPh),s]. All the metal atoms have distorted
octahedral geomeivy. Low temperature Mossbauer spectroscopic and magnetic
studies reveal propertics normally associated with solid-state infinite arrays.

The reaction of Tiron [where 1,2-dihydroxy-3,5-benzencsulfonate=(247)] with
aqueous iron{IIl) has been studied by stopped flow spectrometry at moderate
acidities (0.1-0.02 M H™) [131]. A systematic variation of the bis{(u-hydroxo) dimer
of iron(1il) was made. At 660 nm there is a biphasic absorbance change. The faster
increase in the absorbance is due to the reaction between [{H,0)Fe (u-OH),I**
and Tiron. The reaction is pH-independent and gives a blue complex. This dimeric
complex decomposes to Fe(OH,)2* which is less sirongly coloured and gives a
slower decrease in absorbance.

11. Irom-sulfur clusters
1.1. Di- and trinuclear iron-sulfur clusters
The reaction of Fe(II)Cl, - 4H,O with 1,2-bis(Z-mercaptophenylthio)ethane (248)

yields the new iron-sulfur cluster [(u-S,){Fe(1-248);2] (249). Cluster (249) may also
be prepared by the reaction of Fe(PBu,), (248) or Fe(C(O),(248) with clemental
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sulfur [132]. (249) contains pseudo-octahedral low-spin Fe centres coordinated by
sulfur donors. Reaction of (249) with CO forms the known coraplex
[{(CO)Fe(1-248)},]. The crystal structure of (249) reveals that the cluster consists
of two homochiral [FeL] fragments that are linked to each other via two thiolato
donors and an S, bridge. The Fe-S distances of the FeS,Fe moiety are unusually
short (2.16 and 2.13 A). Mdssbauer spectroscopy indicates that the cluster contains
two low-spin iron(II) cenires. It is proposed that the Fef,Fe unit of the comprises
a 4c-6e system made up of the occupied Fe-d orbitals and the n and ©* orbitals of
the pu-S, ligand. Three absorptions within the UV-ViS-near-IR region at 640, 760
and 1050 nm are assigned to 7-m transitions within the 4c-6e p system.

HO OH
Llo
(247)
H20 OH? H20 OH2
o JH H,

HZO!;,'.' " .‘\» ',,‘" .“\\OHZ Hzcb ““\00"'. “\\OHZ
u_." o u....- '.'. Pog, .‘. -"
/Fe'\ /Fe\ / \
H0 1 9% 0 Hz on OH2

H0 H20

OH2
Proposed structures for the complex between [(H20)gFea(0OH)414+ and (247). Only a part of the
ligand is shown.

@; ns\ “\m..-- S... LT F/s ) S" @
S- — S [ W

(248) (249)

Kinetic studies on the substitution reactions of [Fe,S,Cl;(NCMe)]" with the
nucleophiles Br-, EtSor 'BuS- to form [ Fe,S,ClL.LJ*> show that the rate of the reaction
is inhibited by increasing the concentration of the nucleophile [133]. This is a
consequence of L binding to the iron atom not undergoing substitution.
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11.2. Iron-sulfur cubanes

The reaction of [FeS,X,> with excess isonitrile yields the clusters
[Fe S X(RNC)4] (R =Me, t-Bu: X =halide), these can readily undergo substitution
reactions at the halide sites to produce [Fe S,L,(RNC)¢] (L=halide, RO, RS)
[134]. Alternatively, thiolate clusters can be prepared from the reaction system
[Fe,S4(SR),1*/Et;NH*/RNC.

The set of compounds [Fe,S,L,( RNC)¢] (L=halide, RO, RS’ represents the
largest and most thoroughly characterised [2:2] site-differentiated clusicrs, compris-
ing two high-spin tetrahedral Fe(111) sites and two low-spin Fe(Il) sites. X-Ray
structural studies of the compounds [Fe,S,;L.(t:-BulNC)4] [L =p-MeCH 0 (256),
PhS" (231)] show the six-coordinate Fe(ll) sites to be at non-bonding distances
from each other and the two Fe(1I1} tetrahedral sites. The latter are implicated in
an [Fe,S,]** fragment very similar to the cores of the antiferromagnetically coupled
clusters [Fe,S,LJ* [134]

(250)

Two classes of enzyme, hydrogenases and nitrogenases evolve hydrogen by the
reduction of protons. The precursor in this process is assumed to be a hydridic
species although no evidence has been obtained. However, protonation of the iron
sulfur core at the {Fe,S,}** redox level in [Fe, S;X,J* (X=CI or Br) has provided
the first chemical conformation for this biochemical reaction [135].

EPR  Spectroscopic  studies of  y-irradiated single crystals of
[Et, N[ Fe,S,(SCH,C.H;s)gd and its partially and fully deuterated counterparts
reveal five [Fe,S,]°* paramagnetic species, corresponding to the oxidised state of
the high-potential proteins and two [Fe,S,]™ species corresponding to the reduced
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(256): R = -CHoCH2-;
(257): R = -CHzCgll4S-

state of the ferredoxins. The results obtained on the [Fe,S,]* state suggest a new
interpretation of the composite EPR spectrum of the oxidised high potential
Chromatium vinosum protein [136].

(259)

Density functional calculations for 1Fe, 2Fe and 4Fe iron-sulfur clusters showing
a good correlation between predicted and measured redox potentials have been
carried out [137]. The effect of the solvent was modelled through a continuum
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dielectric and was found to be large in all clusters and redox couples. The calculations
suggest that the solvent mainly compensates for differences in electron-electron
repulsion eneigies in vacuum. For the 4Fe high potential clusters, three low-lying
electronic states where found suggesting that the situation in synthetic models and
proteins could involve any of these three states.

Reaction of the trithiol ligands (252) and (253) which are based on the bowl-like
building block cyclotriveratrylene with [Fe,S,ClJ* in the presence of base gives the
subsite-differentiz ted clusters [(252)Fe,S,CIT* (254) and [(253)Fe,S,C11* (255) with
the cluster core partially encapsulated and the subsite oriented inwards [138]. If
[Fe S4(S'Bu),j* 1s reacted with (252) or (253), the products are the ters-butylthiol
derivatives of (252) and (253) ((256) and (257), respectively) and here the subsite
is oriented outwards.

11.3. Heterometallic iron-sulfur clusters

The reaction of (Et,N)[(C,0,)MoFe;S,Cl,] (258) with (Et,N)CN affords
[(C,0)(CN)MoFe;S,CLF (259) in nearly quantitative vields [139]. The reaction
of (258) with 0.5 eq. of (Et,N)CN and 0.5 equivaleais of 2 source of $§* affords
the doubly-bridged double-cubane {[(C,0,)MoFe;S,Cl1,(1,-CN M u,-83} (260) in
30% yield. Single crystal X-ray structures were determined for (259) and (260). The
mean Fe-Fe, Fe-S and Fe-Cl bond distances in (259) at 2.713(3), 2.270(5) and
2.214(5) A, are typical for MoFe;S; cubane-like structures.

The penta-anion (268) consists of two doubly-bridged cubane subunits bridged
by a u,-CN- ligand through the Mo atoms and a p,-S* through two Fe atoms. The
Mo---Mo and Fe..-Fe(intercube) distances and the Fe-p1,-S-Fe angle are found at
5.267(4), 3.443(7) and 104.1(4)°. The cyclic voltammetry of 2 {on a Pt working
electrode, in CH,Cl,, vs Ag/AgCl) shows a single reduction (-1090 mV) and oxida-
tion (+ 330 mV). In contrast, (260) shows multiple reductiops (-1110 mV, -1500 mV)
and oxidations (+50 mV, 4300 mV). The doubling of the voltammetric waves in
(260) with appreciable differences in redox potentials suggests that the double-
cubane structure is retained in solution and indicates significant electronic communi-
cation between the two cuboidal subunits. The lack of an EPR signal in solutions
of (268) also indicates electronic communication and effective spin coupling between
the $=23/2 subunits.

Improved preparations of the heterometal clusters MFe,S¢(PEt;),Cl [M=V(261),
Mo{262)] are reported [140]. Reaction of these clusters with NaSR viclds the
compounds MFe S(PEt;),(SR) [M=V, R=Ph (263); R=Et (264); M=Mo, R=
Ph (265); R =Et (266)]. The crystal structures of compounds (263) and (265) have
been determined. The thiolate ligand has been shown to bind at the axial site forming
tetrahedral FeS;(SR; units. The additional valence electron in the molybdenum
clusters is believed to be largeiy delocalised in the Fe,S, cuboidal portion. Cluster
(261) exhibits the first example of a spin state equilibrium (S=0«—S=1) in any
iron-sulphur cluster, whereas clusters (262) and (265) have S=1/2 or spin-admixed
(S=1/2, 3/2) ground states.

A novel synthetic pathway to hexacapped mixed-metal cubic [MgS4] clusters has
been found [141]. Reactions of the easily accessible [Fe,S,IJ* with appropriate
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mononuclear complexes and phosphines or with phosphine-coordinated complexes
give [Feg,M,S¢] clusters (x=1-4). The isolation and characterisation by single-
crystal X-ray crystaillography of [PhCH,NEt]L[FesNi,Ssls(PMePh,),] and
[Fe Ni Sl (PMePhy,),] have been reported.
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11.4. Other iron-sulfur clusters

The reaction of [Fe,S,(266)(SEt)}* with limited H,S affords the functionalised
cluster [Fe,S,(266)(SH)]> (267) which exists in equilibrium with the u-S, double
cubane {[Fe,S,(266)],8,}* and H,S [142]. Reaction of (267) and [Fe(salen),O
yielded the bridged assembly [Fe,S,(266)—S—Fe(l1li){salen)]* (268). The com-
pound [Fe,8,(266)—S —Fe(III)(OEP)}* (269) can be prepared by six different
reactions: Direct coupling of cluster (267) with [Fe(OEP),]O, Fe(OEP}(OMe)],
[Fe(OEP =(0OC(Me)=CH,)}, and [Fe(OEP}OCIO,)J/Et;N; Si-S bond cleavage in
the reaction of [Fe,S.(266)(SSIEt;)]* with [Fe(OEP)F]; and oxidative addition of
[Fe(II}{OEP)] to the disuifide bond of the u-8; doubls cubane
{[Fe,S4(266)1,S,}*. Isotropic shifts in the *H NMR spectra originate from extensive
spin localization from the Fe(III) fragments to the cluster. Compounds (268) and
(269) sustain two one-clectron reduction reactions; other reactions of (26%) which
alter or cleave the bridge are also sununa~rised.
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