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A. INTRODUCTION

Though binuclear oxo-bridged* iron(1I1) complexes constitute only one example of a
general class of oxo-bridged metal species, their preparation and properties are reviewed
here for a number of reasons; (a) they allow detailed study, by modern physicochemical,
spectroscopic and structural techniques, of magnetic-exchange interactions in a system
with spin much higher than that commonly encountered; (b) they give insight into aspects
of the hydrolysis of iron(lI); (¢) they are model compounds for some biologically impor-
tant haemerythrin and haem protein systems.

Certain aspects of the present account are covered more generally in recent reviews of
the following subjects: oxo-bridging in polynuclear complexes! ™3 ; coordination chemistry
of iron(I11)* ; magnetic exchange interactions in polynuclear complexes®~? ; biological im-
plications of polynuclear iron complexes'®~'?. Gray'? has written a short review of some
aspects of the oxo-bridged iron{III) HEDTA system and its possible bidlogical relevance.

(i} Historical aspects

The first oxo-bridged iron(III) complex to be prepared was the Schiff-base derivative
(Fe salen), O. Pfeiffer et al.!* were able to formulate correctly the structure of this com-
plex in 1933 without the aid of spectroscopic and structural instrumentation. Shortly af-
terwards the phenanthroline dimers were prepared but formulated as having a di-hydroxo
bridge!®. Anomalously low magnetic moments were first observed for iron(III) complexes
in the early thirties and were ascribed to binuclear species with oxo or di-hydroxo bridging
(ref. 15, 17). It was not until the work of Lewis and co-workers in the sixties'®*~?°, how-
ever, that the currently accepted description of the magnetic behaviour was forthcoming.
They put forward a general model of antiferromagnetic exchange between two high-spin
(S = 3) iron(I1I) centres. Furthermore, all complexes of this type, isolated in the crystalline
state, were thought?' to possess a single (Fe--O--Fe)** bridge rather than the diol alterna-
tive (Fe(OH), Fe)** and a large amount of detailed spectroscopic, magnetic and X-ray crys-
tallographic work has been carried out recently, based on and confirming the model of
Lewis et al.

The observations of inorganic chemists on the “simple” oxo-bridged iron(III) complexes
have subsequently been recognised and appreciated in more biologically oriented studies,
and have helped ip elucidating the structure of the active site in certain iron—protein sys-
tems.

(ii) Range of vomplexes and abbreviations

u-Oxo iron(II1) complexes have so far been isolated with chelating ligands which possess
N donor or N, O donor atoms. The unidentate ligands Cl and H, O can also coordinate to
the iron atoms in the presence of chelating ligands.

* .
u#-oxo is the generally used nomenclature.
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N donor atoms:

[(Fe phen,),01** ref. 15, 18,2128

[(Fe phen,CI),0]** ref. 21, 29

[(Fe bipy,),0}** ref. 21, 27,28

{(Fe terpy), O] ** ref. 27

(Fe porphyrin), O ref. 30-33

[(Fe TAAB),0]%* ref. 34

N, O donor atoms:

(Fe salen), O and related ligands with different substitutions
on the salicylaldehyde ring or the N—C—C—N
bridge.
ref. 14, 16, 19, 20

[Fe(sal-NR),],0 ref. 35

{(Fe HEDTA),0]* ref. 36—38

{(Fe EDTA),0]% ref. 36-38

{(Fe B(H,0)),0]*" ref. 39

The structures of the attached ligands and their abbreviations are shown in Fig.1.

B. SYNTHESIS

Two classes of reactions have been used to prepare the y-oxo complexes; one is termed
hydrolytic and the other oxidative. The procedures are summarised in Table 1.

(i) Hydrolysis of ironfIII ] complexes

(a) FefOH )4 + ligand

The ligand or ligand salt is added to a suspension of freshly prepared ferric hydroxide
in water or ethanol. The complex is usually extracted with and crystallised from an organ-
ic solvent.

(b) Fe(ligand)X + base (X = halogen, acetate)

A chloro-iron(III) chelate is dissolved in an organic solvent such as ethanol or chloro-
form and reacted with aqueous hydroxide or silver oxide. For example, the salen and TPP
complexes have been prepared this way2%32 If excess KOH is used in the salen case an in-
soluble, uncharacterised product is obtained.

Triethylamine is a better base for the preparation® of bidentate Schiff-base complexes
[Fe(sal-NR), ] ; O. Traces of water are required for the reaction to proceed and there is usu-
ally sufficient present in commercial solvents. Sodium carbonate is a good base for R = al-
kyl. Excess base can again give insoluble polymeric products as found in the tetradentats
Schiff-base series.
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Fig.1. Structures of ligands and their abbreviations.

When [Fe(ligand)acetate] is used as starting material, water only is required for hydrol-
ysis. Salen and porphyrin complexes may be prepared this way3':°.

Oxo-bridged porphyrin complexes can also be prepared by Al, O; chromatography of
the corresponding Fe(porphyrin)X complex (X = Cl, acetate)

(c) fron(Ill} salt + ligand

[(Fe phen;), 0] ** and the bipy analogue are prepared by reacting an aqueous solution
of an iron(III) salt with a suspension of the ligand in water. Difficulty is encountered in ob-
taining pure samples?!:2%

In none of these hydrolytic procedures is there any report of the isolation of the possi-
ble monomeric intermediate Fe(ligand)OH.
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When an aqueous solution of FeCl;4H, O and the macrocyclic ligand B is reacted in the
presence of air, the y-oxo iron(IIl) complex is formed and precipitated as the perchlorate
salt®®,

As soon as air is admitted to a solution of Fe™ salen in an organic solvent, such as pyri-
dine, orange/red crystais of the iron(III) complex are obtained*°. (A previous publication*!
referring to Fe salen is obviously in fact referring to (Fe salen), 0.) The deuteroporphyrin

IX dimethyl ester complex can also be synthesised by this method,

A% QAT ULY 2 S0l LRUILPICA Vit Qs U Synaivoatva vy

The terpyridine complex [(Fe terpy); O} (NOj),, is obtained by oxidising aqueous (Fe
terpy, )** with PbQ, followed by addition of a nitrate salt. The addition of Cl”or ClO, ~

salts yields monomeric derivatives®’
C. MECHANISM OF DIMER FORMATION AND DISSOCIATION

Because of its relevance to an understanding of the formation of the u-oxo chelate com-
plexes, this section will begin with a short discussion on the nature of the dimeric species
formed in aqueous solutions of simple iron(I1I) salts. This dimer is often termed the “aquo
dimer”.

(i} Hydrolysis of aqueous iron{ifi ] solutions

Recent studies on the nature of the dimeric species present in dilute aqueous solutions
of iron(II1) at low pH are discussed here®?. The main question is whether the dimer exists
as the dihydroxo form [(H,0);Fe(OH),Fe(H,0),1%* or as the oxo form [(H, O)s Fe—O-
Fe(H,0)s]1*" in solution. It is normally represented as the former, though very early studies
by Jander assumed the oxo form?3%%.

Lutz and Wendt***¢, Sommer and Margerum®?, and Sutin and co-workers*®*® have re-
cently studied the rate of dissociation of the aquo dimer using stopped-flow techniques.
The equilibria between dimer and monomer are described by eqns. (1) and (2), the latter
being an acid-dependent pathway.

k
Fe(OH), Fe** =22 FeOH** )
k
Fe(OH), Fe** + H' =& Fe3* + FeOH?* + H,0 2)

Both of these steps involve the slow formation of single-hydroxo-bridged dimeric interme-
diates. The observed rate of dissociation follows a two term law

k bs = [ka + kb(H*)] [Fez(OH)24*]

The ratio k /X, is similar to those found for other known dihydroxo-bridged complexes.
This is taken as support for the presence of a diol bridge in the aquo dimer, although as
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Wendt*® points out, the rate studies do not rule out the alternative formation of a u-oxo
bridge by an inner molecular reaction of the type

(H; 0)s Fe(OH)Fe(OH)(H, 0), ** = (H, 0)s Fe—-0—Fe(H, 0);*" 3

The magnetic moment of aqueous iron(1I1) solutions decreases on raising the pH and
this has been attributed to the formation of a diamagnetic aquo dimer®°. Schugar et al.*?
have recently shown that the dimer in solution is paramagnetic, u o per Fe ~3.7 BM,, a
value which they consider to be compatible with a dihydroxo structure. This seems reason-
able in view of the much lower p, ¢ values observed in Fe—O—Fe complexes (discussed la-
ter), but there is the possibility that traces of high-polymer hydrolysed species of similar
Kopp, may have been present'! . Evidence against oxo-bridging in the aquo dimer is given
by the lack of a characteristic ¥(Fe—O—Fe) band in the infrared spectrum. In contrast,
aqueous solutions of the HEDTA—iron(IIl) dimer do show this band, and its presence af-
ter D, O exchange confirms the existence of [(HEDTA)Fe—O—Fe(HEDTA)]*" in solution®’.

The bulk of the available evidence appears to favour a dihydroxo bridge in the aquo di-
mer.

(it) Hydrolysis of iron(Iil] chelates

A large number of the g-oxo complexes may be prepared by hydrolysis of monomeric
FelLX species in non-aqueous solvents. The reaction pathway presumably involves ini-
tial hydrolysis followed by condensation to the dimer. It can be simply represented

FeLX + OH"= FeLOH + X- (4)

(The reverse reaction (FeL); O + 2 X~+ H, O = 2 FeLX + 2 OH normally proceeds smooth-
ly and can be used as a synthetic method for the monomer (X = halide, SCN7, acetate, etc.).)
The hydroxo intermediate FeLOH has not been detected or isolated. There have, how-

ever, been no careful mechanistic studies on these nonaqueous methods.

Caughey and co-workers®' have put forward a number of possible mechanisms involving
monomeric or dimeric intermediates. They refer specifically to L = porphyrin but can be
considered as general. He modifies the above scheme to incorporate initial ionisation of
Fel X, since it is known that X can be exchanged with other ligands Y (e.g. X = acetate,

Y = halide)

FeLX = FeL" + X~ (6)
Fel* +H,0 = FeLOH+H* (M
FeLOH + FeL* = LFeOFeL + H* (®)

He suggests the possibility of a dihydroxo intermediate in eqn. (5)
2 FeLOH = LFe(OH), FeLL == LFe~0O—FeL + H,0 ¢))
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or a mixed-bridge alternative

FeLOH + FeLX = LFe] FeL = LFe~O—FeL +HX (10)

X
Equation (10) would explain the ready conversion of dimer to FeLX in the presence of
X salts,

Mechanistic studies have been made on aqueous solutions of (FeEDTA), 0*~and good
evidence is presented for the existence in solution of the monomer Fe(EDTA)OH?~ Wilkins
and Yelin®', using temperature-jump and stopped-flow methods have investigated the rap-
id monomer—dimer equilibria shown in egns. (11)—(13) (L = EDTA?Y; pH = 6-9)

FeL(H,0) = FeLOH?* +H*" iy
2 Fel(H, O) = (FeL),0%* + 2 H* + H,0 (12)
2 FeLOH?*~ =(FeL),0%+H,0 (13)

At pH 9 the predominant equilibrium is (13) with only a small contribution from the
acid-dependent equilibrium {12). The dimer dissociation is described by a two-term rate
law similar to that for the aquo dimer given in section C(i). The dissociation is strongly ac-
id-catalysed in the EDTA dimer, but not in the aquo dimer, the rate constant k for the
latter being a factor of ca. 10® smaller. The difference in rates is considered to reflect a more
easily protonated and disrupted bridge in the Fe—O—Fe dimer than in the less basic
Fe(OH), Fe case. The EDTA and aquo dimers show similar uncatalysed dissociation rates
(13) and it has been suggested’? that in the EDTA system this is due to the transient for-
mation of a dihydroxo-bridged intermediate. Rate studies on the formation of the HEDTA
dimer at pH 6.7 showed ** that it was formed more easily from a combination of FeL(H, Oy
and FeLLOH?"than from two FeLOH?~monomers, and reasons such as charge repulsions
and Fe—O bond strength differences were put forward to explain this. Electrochemical
measurements on the EDTA system showed good agreement with the kinetic studies®?. A
recent stopped-flow study on the monomer—dimer equilibrium of a water-soluble p-sulph-
onated tetraphenylporphin complex, 2 FeTPPS == (FeTPPS); O, aiso showed rate behav-
iour similar to that of the EDTA system®.

The rate constants for the dimeric iron(111) chelates are given in Table 2 and are com-
pared with those of the aquo dimer. As discussed above, the large differences between kg
for the chelate and the aquo dimer (and other dihydroxo-bridged dimers) is considered to
be indicative of p-oxo bridging in the chelate complexes. The data for the porphyrin sys-
tem fall in an intermediate range. To date the only dimeric iron(III) chelate complex thought
to have a dihydroxo bridge is [Fe picolinate, OH] ; ; magnetic studies® on solid samples
show a g value larger than those of other u-oxo complexes and the aquo-dimer but re-
duced from the spin-free value.
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TABLE 2

Kinetic data for decomposition” of u-oxo iron(ill) dimers at 25°C

Ligand k, (sec™) k17! sec™h) Ky *MYH Ref.
ka

EDTA? 1.2 5.0x 10° 42x 108 51
HEDTA’ 4.0 3.0 x 10° 7.5 % 10° 51
CyDTA 9.0 ~10% ~10° 51
TPPS® 41.0 840 20.5 53
H,0 0.42 3.33 7.9 45-49
PR (o o R

Acid- Lre—U—-fFe—-L + HoUF4 Z Fel.UH

independenti(H;O)‘; Fe(OH);Fe(H20)43 + 2 H0 = 2 (H,0)sFeOH

Acid- | LFe~O—FeL + H" + H,O &P FeL(H,0) + FeLOH

dependent (HgO)q_FB(OH)zFe(HzOL‘ + H* +2 Hgo = Fe(H;O)G + (H20)5 FeOH

_ +*
Kgissoc = Vg + kp TH DIFe g0,

b # = 1.0 (NaNO3); CyDTA = trans-1,2-cyclohexanediaminetetraacetate,

¢ u= 0.1 (NaNO3); TPPS = tetra(p-sulphophenyl)porphin.

4, = 3.0 (HCI04/NaClO,).

(iii} Oxidation of iron({Il'}) complexes

Traces of moist air will quickly oxidise dark-brown solutions of Fe salen to the red/or-
ange u-oxo0 iron(11l) compound. Similar oxidations occur for Feuwporphyrin complexes;
kinetic and synthetic studies have been carried out in pyridine and other non-aqueous sol-
vents by Caughey and co-workers®%3%55

The overall stoichiometry of the reaction corresponds to the oxidation of four iron(II)
porphyrin groups by one oxygen molecule, The mechanism®®>!*% involves initial ionisa-
tion of one pyridine molecule followed by reaction of O, with two of the five-coordinate
iron{Il) moieties

py2FeL — pyFeL + py (14)
2 pyFeL + O, ~ pyLFeO, FeLpy {15

Some support for the O,-bridged dimeric intermediate is given by the ability to isolate sol-
id oxygen-adducts®®. Two alternative pathways have been proposed for further reaction of
the O,-bridged dimer, one®® involving the presence of water and production of hydrogen
peroxide
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pyLFeQ, FsLpy + 2 H, 0% - 2 FeLO*H + H, 0, + 2 py (16)

2 py,FelL +H,0, -2 FeLOH + 4 py amn
(the asterisk * signifies O in H,0) the other®® requiring no water

pyLFeO, FeLpy -> 2 pyLFeO (18)

2 pyLFeO + 2 pyFeL - 2 pyLFeOFeLpy (19)

The p-oxo dimer shown in eqn. (19) is the final product and has been isolated and char-
acterised. Its formation from the fast reaction (16) most probably involves a doubly bridged
intermediate

XO*H\
FeLOH + FeLO*H — LFe\ _FeL —— (20)
OH

¥ (FeL), 0 +% (FeL), 0% +$ H,0 +4 H,0*

Equation (20) explains the incorporation of oxygen from water observed in autoxida-
tion reactions of py, FeL with ® O-enriched water. A doubly bridged intermediate would

also explain the ability of the bridging oxygen atom in pyLFeOFeLpy to exchange with
water3!,

Fig 2. X-ray structures of u-oxo iron(Ifl) complexes shown with the Fe—O—Fe plane in the plane of
paper. (a) enH, [(FeHEDTA), 0} 6H,0; (b) (FeTPP),0; (c) (Fe(sal-N-n-C3H),)20; (d) (Fe(sal-N-p-
CiCgHjz)2)20.
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A B

(b)

Fig.3. X-ray structures of u-oxo iron(liI}-salen complexes. (A) With Fe—~-O~Fe plane in plane of paper,
and (B) looking down Fe—Fe direction. (a) (Fe salen),0.py2; (b) (Fe salen); 0.CH,Cly; (c) (Fe salen), Q.

D. X-RAY STRUCTURAL DATA

The detailed molecular structures of seven p-oxo iron(III} complexes are known. They
are shown in Figs. 2 and 3(A) in a projection such that the Fe—O—Fe plane lies in the plane
of the paper. Certain gross features are of interest. The common coordination number
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TABLE 3

Fe--O-Fe geometry

Numbers in parentheses are estimatied standard deviations in the least significant digits. Approximate
errors are given by multiplying this figure by + 3.

C.N.of Fe LFeOFe I(Fe-Q) I(Fe—~Fe) Ref.

) (A) {A)
enHg [(Fe HEDTA),0]6H,0 6 165(1) 1.79(1) 3.56(1) 62
[(FeB(H;0)), 0} (ClO4)5 7 178 1.8 3.6 56
(FeTPP),0 5 174.5(1)  1.763(1)  3.53(1) 61
(Fe salen), 0% 5 144(1) 1.77(1) 3.39(1) 57
(Fe salen), O.py2 5 139(1) 1.82(2) 3.36(1) 58
(Fe salen), 0.CH,Cl, 5 142(1) 1.79(1) 340 59,60
(Fe(sal-N-n-C3Hq)2)20 5 164(2) 1.77(2) 3.51(1) 63
(Fe(sal-N-p-CICHz)3). 0 5 175(1) 1.76(1) 3.53(1) 64

2 Prepared by recrystallising [ Fe salen(acetate)] from methanol.
Isostructural with p-BrCgHg derivative.

around the iron is five but there are some examples of six and seven. The Fe—0—Fe angle
is non-linear in all cases (except perhaps for [(FeB(H,0)), 0], not shown®¢), In the three
salen structures the ligands on each iron are arranged in 2 non-parallel manner®”~%°.
(FeTPP), O has the “paddie-wheel” structure®'.

Pertinent angles and distances are given in Table 3. The bridging Fe—O distance is ca.
1.8A in all cases, which is shorter than the other iron—ligand Fe—O bond length (ca. 1.924).
This bond shortening is generally considered indicative of some degree of n-bonding along
the Fe—O~Fe bridge. Similar effects have been observed in other M—O—M systems (includ-
ing Al~-Q—AD%™ |

The Fe—~O—Fe bridging angle is of particular irterest. In view of the linearity of the
bridge in other M—O—M complexes (Table 4), it was initially surprising to find the Fe—O--Fe
angle deviating so much from 180°. Linearity in M—O—M systems has been ascribed to
strong 7-bonding and deviations from linearity to a lesser amount of #-bonding. Conversely,
o-type oxygen, as in water, can be considered the normal condition with deviation from the
tetrahedral angle towards linearity due to non-bonding (steric) interactions and n-bonding.

It is very difficult to say with certainty what controls the Fe—O—Fe angle in a particu-
lar complex, since a variety of effects such as ligand repulsions, electronic and crystal-pack-
ing could all play a part. One distinct feature which emerges from Table 3 is the lower angle
in the (Fe salen), O systems, ca. 140°, compared with the angle of 165—175° in all the oth-
er complexes studied. Again it is not easy to explain this, though a pumber of points are
perhaps relevant. Compared to the [Fe(sal-NR), ] 2 O complexes, where the bidentate ligands
have trans-oxygen and trans-nitrogen arrangements>>¢%5% | the salen ligand constrains its
donor atoms around Fe to be mutually ¢is. This may lead to strain. The non-planarity of
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TABLE 4

M~-O—-M geometry in some oxo-bridged dimers

CN.ofM (M-O-M IM-0) IM—M) Ref.

) (A) (A)
((Cr(NH3)5);0]Cl3.H, 0 6 180 1.82 3.64 65-67
(MnPc),0.pys 6 178 1.71 342 68
K4[(ReCl5),0] .H,0 6 180 1.86 3.72 69
K4 [(RuCl5), 0] .H,0 6 180 1.80 3.60 70
(Al(2-Me-oxine);), 0O 5 180 1.68 3.34 71

the iron—salen moieties in (Fe salen), O.py, and (Fe salen), 0.CH,Cl; compared to (Fe
salen), O would suggest that the adducts are highly strained®”™°. The Fe~O—Fe angle in
these salen dimers is not influenced by the adduct molecules in the lattice. In Fig.3(B) the
salen dimers are shown looking down the Fe—Fe direction. Though the ethylene bridge is
mutually trans in the three molecules, the salen groups on each side of the dimer are
eclipsed to some degree in all cases. The pyridinate and unsolvated complex show very sim-
ilar configurations in this projection. This eclipsed arrangement will maximise intramolecu-
lar ligand—ligand repulsions. These observations would suggest that intramolecular repulsions
and intermolecular packing effects play minor roles in determining the angle.

The Fe—O-Fe angle in (FeTPP), O is close to 180 since there is a limit to the amount
of interaction that can occur between the porphyrin rings®! . The increase in the angle of
the N-p-chlorophenylsalicylaldiminate complex compared to the N-n-propyl analogue prob-
ably reflects the more bulky substituent on the nitrogen atom in the N-ary! case. Gerloch
et al. have suggested that the general non-linearity derives from the strength of the Fe—O
(bridge) bond*®. Jezowska-Trzebiatowska™ considers that it arises for electronic reasons
peculiar to iron(III) (see Section K). '

The pyridine molecules in (Fe salen), O.py, are not bonded to the iron atoms®®. This
contrasts®® with the case of (Mn phthalocyanine), O.py, and is an indication of the stabil-
ity of five-coordinate structures for high-spin iron(III). In general, the coordination around
the iron atoms in these compounds is quite normal for high-spin iron(III); the iron atom
is characteristically displaced from the best-plane of donor atoms towards the bridging ox-
ygen atom, viz, 0.5 A in (FeTPP), O and 0.56 A in (Fe salen), O.py,.

E. INFRARED SPECTRA

The infrared mode commonly used?!>™ to characterise the oxo bridge in iron(III) and
other p-oxo complexes is the antisymmetric stretch uas(Fe—O—Fe)_ Tkis appears as a
broad, strong band at ca. 820840 cm ! and in some cases a shoulder is observed at ca.
860 cmi !. In the Schiff-base complexes the band is generally obscured by other ligand
bands?®3S . It is noteworthy that the v_(Fe—O—Fe) band is observed®! in the phen and
bipy complexes which have previously been formulated'®™ in the diol form, {(L,Fe(OH).
FeLg )] 4+‘
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F. MAGNETIC PROPERTIES

K.5. MURRAY

The u-oxo iron(IIl) complexes are characterised by low magnetic moment values of ca.
1.9 B.M. per Fe atom. Though these values are reminiscent of those observed in low-spin
iron(I1I) complexes, the temperature dependence of the susceptibility shows thit they can-
not belong to this class of compound. The susceptibility drops toward zero as the temper-

ature approaches zero.

As early as 1942 Klemm and Raddatz suggested that the reduced moment in (Fe salen), O
was possibly due to magnetic interactions between iron atoms'¢. Later Mulay and Selwood*®
explained the reduced moments in aqueous iron(IIl) solutions as being due to the forma-
tion of a diamagnetic binuclear species [Fe(H, 0),OH] ,%*.

Lewis and co-workers subsequently gave a quantitative analysis of the magnetic behav-
jour using what they somewhat misleadingly termed the ‘‘dipolar-coupling” approach*®™*°.
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(i} Theory

The theory, due to Heisenberg™ , Dirac™ and van Vleck™ (HDVV), assumes an isotrop-
ic exchange interaction between the spins on each iron atom within a binuclear molecule.
The appropriate Hamiltonian is —22‘.11.]3,8]., where J i is the isotropic exchange integral be-
tween the ith and jth atoms of spin S; and Si‘ J is negative in the case of antiferromagnetic
exchange. For high-spin iron(Ill), where S; =5, = § (°4, term) a set of spin-states, S'=5,
4, 3,2, 1, 0 exist with energies —30/, —20/, —12J, —6/, —2J and 0, respectively. The ener-
gy level diagram is shown in Fig.4. The susceptibility expression derived from the Zeeman
splitting of these levels is

Xpe =

N2g2 {exp(2J/kT)+5 exp(&//kTY+14 exp(12J/kT)+30 exp(2Q//kT)+55 exp(30//.T))

KT TI+3 exp(U[KT)E5 exp(6l KT+ exp(1 20 /KT exp2AIRT)+ 11 exp3ATED)] V&

As the temperature is decreased, the higher S” states are thermally depopulated, until at
very low temperatures only the diamagnetic ground state is populated. In classical terms
the spins (“‘dipoles™) become aligned antiparallel and the magnetic moment approaches

zero.

(i) Comparison of experimental data with theory

Lewis et al. found that the experimental susceptibilities of the (Fe salen), O and [(Fe-
phen,), 01 systems fitted the calculated S = § expression extremely well and values of
J=-—100cmi!,g= 2.0 and N = 0 were obtained'? ' . The magnitude of J was indepen-
dent of the nature of various substituents on the salen ligarnd?® ; similar results were found
for the complexes [Fe(sal-NR), ], O, where the substituent R on the nitrogen atom was
varied quite widely™ . In fact, for all of the Schiff-base, diimine and HEDTA oxo-bridged
complexes studied so far, the J values are virtually identical, i.e. —90 (+10) cm ! (Table 5).
The magnitude of the exchange interaction therefore appears to be chiefly a property of
the Fe--O—Fe bridge and independent of the nature of the ligand group bound to the iron
atoms.One exception to this general observation is the recent work®® on (Fe protoporphyrin
1X), O, which shows a lower p ¢ value, 1.55 B.M., and concomitant higher J value, —132
cmi !, (FeTPP), 0, on the other hand, appears to show®> aJ value similar to that of all the
other complexes. Early samples showed variable p ¢ values®**® because the porphyrin
complexes present difficulties in obtaining samples free from paramagnetic impurities3%3%80 |
a problem met to a lesser degree in a number of the other p-oxo systems?':5 . Susceptibility
measurements on a number of the complexes down to 4.2°K show an increase at very low
temperatures®®”™ . This increase may be due to traces of monomeric impurities, or to inter-,,
dimer interactions as observed recently in other polynuclear compounds® . Mossbauer mea-
surements at 4°K do not favour the latter possibility®*.
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TABLE 5

Magnetic properties of representative p-oxo iron(IHlI) complexes

Compound g at 295°K (BM)  —J(em ')’ Ref.
(Fe salen); O 1.87 95 19, 20, 27
(Fe(sal-NR);,),0 1.82-1.94 90—100 78
[(Fe phen2), 0] %" 1.74-1.83 95-105 21,28
[(Fe bipy,),0] % 1.86 105 21,28
[(Fe terpy)gO] (N03)4.H20 1.83 105 28
enH, [(FCHEDTA); 0] 6H,0  1.92 95 54,79
Nag[(FeEDTA),0] 12H,0 1.90 99 79
{(FeB(H,0)),0](Cl04)q 1.94 100 28
(FeTPP),0 1.86 (100)? 53
1.15 32
1.74 33
{Fe protoporphyrin), O 1.55 131 80

2 2=2.0,Na(TIP)=0cgs.
Not fitted to theory.

{iii} Spin-state problem

Monomeric iron(I1I) complexes can have spin states of 3,4 and 3 depending on the
strength of the ligand field. In antiferromagnetically coupled iron(IIl) pairs, the energy lev-
el diagrams for (3, 3) and (3, 1) simply correspond to removal, or non-population, of the
S'=5,4and 8" =5, 4, 3, 2 levels, respectively, shown in Fig.4 (assuming absence of orbital
angular momentum contribution). Susceptibility measurements on the present complexes
have generally been made in the region 300—4°K. For J values of ca. —100 ¢cm *, the higher
S’ levels are not significantly populated at 300°K and the susceptibility measurements do
not therefore distinguish between the 3 and 3 spin states. Contrary to the recent comments
of Cotton and Wilkinson®?, the measurements do eliminate the S = § possibility. Other
physical measurements, discussed later, show unequivocally that the spin state is 5 in all
cases. In order to populate the §' = 4 and 5 levels, i.e. completely uncouple the five elec-
trons cn each iron, susceptibility measurements to very high temperatures would be re-
quired. These, of course, would be limited by the thermal stability of the particular com-
pound.

{iv) Exchange mechanism

The Fe—Fe distances, shown in Table 3, are in the range 3.4—3.6A. The contribution
of direct metal—metal orbital overlap to the exchange mechanism is considered to be small
for such separations. Exchange must occur via overlap of the metal d orbitals with the
bridging oxygen orbitals, i.e. a superexchange pathway. Martin? and Ginsberg® have recent-
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Fig.5. Some examples of superexchange pathways in (Fe—0-Fe)* bridge.

ly discussed the superexchange theories of Anderson®® and Goodenough® in some detail.
In the case of 180° or linear superexchange for d°* —d° systems, antiferromagnetic and fer-
romagnetic pathways both occur, but the direct overlap between ¢ _(Fe) and py(O) orbitals
dominates and leads to overall antiferromagnetism (Fig.5). Anti-parallel coupling is also pre-
dicted in 90° d° —d5 superexchange. The antiferromagnetism of the present complexes is
therefore in agreement with theoretical predictions.

The higher value of J in the (Fe porphyrin); O complexes®® can be rationalised in terms
of greater w-overlap arising from a more linear Fe—O—Fe bridge. Within the other series of
compounds, it is perhaps surprising that the J values for the (Fe salen), O complexes are the
same as all the others, even though the Fe—O—Fe angle is smaller by about 15°. One possi-
ble explanation for this is that the changes in superexchange contributions from antiferro-
magnetic and ferromagnetic pathways, which occur on changing the M—0O—M angle, acci-
dentally cancel out.

{v) Single-crystal susceptibility studies

The HDVV model, used successfully to describe the temperature variation of the average



13 K.S. MURRAY

susceptibility of powdered samples, assumes (i) isotropic exchange; (i} a formal spin state
for each iron atom; and (iii} a g value close to the free<lectron value of 2.0. Assumption
{#ii} is reasonable in the case of high-spin iron(IIl), which has an orbitally non-degenerate
64, ground term. Anisotropy in such systems would be expected to be negligible unless
large zero-field effects are operative due to symmetry effects, as is observed in some mono-
meric porphyrin iron(1Il) derivatives® . In order to test assumptions (i) to (iii) more fully,
measurement of the anisotropy in the susceptibility and g tensors are required. To date
there have been very few single-crystal ESR (discussed below) or susceptibility studies on
these, or any other, polynuclear species.

Mabbs and co-workers®? have measured the magnetic anisotropy of (Fe salen), 0.CH,Cl,
over the temperature range 300—80°K. The crystalline anisotropies, Ax/fx, were very small,
ranging from 3% at 300°K to 1% at 80°K. No allowances could be made for diamagnetic
or shape anisotropies which are significant for 4 ground terms. The principal molecular
susceptibilities, K;, were calculated relative to a set of molecular axes which lay along the
Fe—Fe (K ) direction and its perpendicular bisector (K, , K3). This set of molecular axes
was presumably chosen for convenience, because in monoclinic crystals there need be no
simple relationship between molecular directions and molecular susceptibility directions®®.
With these sources of error in mind, the K values were found to be nearly isotropic (K, <
K, <K3). The results therefore show that isotropic exchange between S = 3 iron(1ll) at-
oms and g = 2.0 are reasonable assumptions for this system. It is noteworthy that a crystal-
line anisotropy of 40% was observed®” for the high-spin five-coordinate monomer Fe salen
Cl. There has been no subsequent discussion on this measurement but it presumably arises
from zero-field splitting effects which, interestingly, are much reduced in formation of the
Fe—O-—Fe bridge. Negligible zero-field splitting was also observed for (Fe deuteroporph), O
using far infrared methods™ .

Anisotropy measurements on enH, [(FeHEDTA), O] 6H, O are currently in progress®®.
An unusual feature to emerge so far is the very large change in setting position of the crys-
tal with decreasing temperature when suspended with the a axis vertically. Since a principal
crystal susceptibility should set along (or at 90° to) the field direction in this orientation,
the observation implies that the susceptibility directions are changing with temperature.
Variable temperature X-ray measurements are being made to see if structural changes are
occurring which might give this effect.

G. ESR SPECTRA

The ouly reported ESR study is the preliminary report by Okamura and Hoffman®® on
single crystals of enH, [(FeHEDTA), 0] 6H, 0. At X-band a complex signal of line width
ca. 150 gauss was observed, and assigned to transitions arising from the spin state §' = 2
(see Fig.4). The intensity of the band decreased with decreasing temperature in much the
same manner as the susceptibility, and aJ value of —95 cm™* was obtained by comparison
with the theoretical expression for intensity. At Q-band, with the applied field along the
b axis of the monoclinic crystal, a simple 4-line spectrum centred at g, = 2 was observed,
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and again assigned to S* = 2 transitions. A number of unassigned weaker lines were observed
at low field. The g value is consistent with that employed in the susceptibility calculations.
An approximate value of the zero-field splitting parameter D of magnitude 0.15 cm™* was
obtained within the §’ = 2 state.

Attemnpts to obtain ESR spectra on single crystals of (Fe salen), 0.CH,Cl, failed at Q-
band®®. It is not clear why no spectrum is obtained; the usual reasons are the effects of
spin—lattice relaxation, dipolar broadening or zero-field splitting being larger than the mi-
crowave quantum. X-band spectra at 77°K of powdered or dilute solutions of [Fe(sal-N-
n-propyl); ] 2 O show®® only a near isotropic line at g, ~ 4.3. A similar spectrum is ob-
served™ for the five-coordinate monomer Fe(sal-N-n-propyl), Cl and is characteristic of
rhombic S = % iron(lIl) systems with zero-field parameters D = 0.2 cm ' and E/D ~ 4. It
is possible, but unlikely, that the spectrum of the oxo complex is due to the presence of
monomeric impurities.

Finally, mention was made of the single-crystal ESR spectrum at X-band of [(Fe phen;),
O] (NO3),.2H, O, but nothing has subsequently appeared® . There is clearly a need for
more detailed ESR studies on these molecules.

H. ELECTRONIC SPECTRA

In general, electronic spectral measurements on iron(Iil) complexes are not the most
sensitive probe for an understanding of their electronic and molecular structure. The d—d
transitions for S = § iron(1Il), which has a 4, ground term, are both spin and Laporte
forbidden and hence very weak. The spectra, at least of solutions, are generally dominated
by strong ligand or metal—ligand charge-transfer bands. Since many of the present com-
plexes possess beautiful orange/red colours it seemed possible that some band(s), charac-
teristic of the binuclear structure or u-oxo linkage, might be observable.

(i) Solution and reflectance spectra

Broad, unresolved charge-transfer bands above 15,000 cm™ are shown?? by (Fe phen, ),
0%, (Fe bipy, ), 0%, (Fe terpy), O*" and (Fe salen), O. In the spectra of the polyimine
systems and [FeB(H, 0)] , 0%", however, bands of intensity € = 6 are shown at ca. 10,000
cmi ! . Reiff et al.2” suggested that the enhanced intensity of this supposedly spin-forbid-
den visible band might arise from a pair mechanism, similar to that operative in some Mnl—
fluoride compounds®!,

Schugar et al.” observed bands of similar intensity for (FEHEDTA), O*" and (FeEDTA),
0% in the region 11,000—24,000 cmi ', and assigned them to transitions from the °4,
ground state to singly excited quartet states. The intensities were again thought to be pos-
sibly due to the effects of pair interactions. Ligand field parameters 10Dgq = 10,900 cm™,
B=950cm™ and C= 2,300 cm™! were deduced, which are close to those for Fe(H,0)¢>".

In contrast to the broad UV absorption shown by most of the y-oxo complexes, four
fairly well resolved intense bands were given by the HEDTA and EDTA dimers. They ap-
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peared at positions which corresponded to the sums of individual singly excited transition
energies and have been assigned to simultaneous pair electronic excitations (SPE), that is a
simultaneous excitation of two ligand-field transitions. Such a mechanism introduces spin-
allowedness, and has been detected recently in other systems®!»*2, Since little definitive
evidence, apart from the additivity in band position, was presented for the SPE assignments,
they should be regarded with some caution at this stage. A well-characterised example of
SPE in Fe—O—Fe systems is described below.

(it) Single-crystal spectra

Schugar et al.” found that enH, [(FeHEDTA), O] 6H, O possesses a dichroic rhomboidal
face and a non-dichroic rectangular face. The Fe—O—Fe axis lies almost in the plane of the
dichroic face and is perpendicular to the non-dichroic face. The dichroism consists of a
strong red and weaker orange absorption, which can lie parallel (red) to or perpendicular
(orange) to the Fe—O—Fe direction when the polarised light is normal to the rhomboidal
face. The 11,000 cmi™! (47,) band in the visible region is strongly polarised along the
Fe—O-Fe direction and its intensity decreases with decreasing temperature, Bands at
18,400 cmi™! (*7) and 21,000 cm™ (*4,, 4E) are also polarised. No detailed explanation
of these observations was given.

Dubicki and Schulberg®® have looked in more detail at the singly excited °4; > (*4,,
*F) transition in enH, [(FeHEDTA), O] 6H, O over the temperature range 300—4°K. Un-
fortunately, the band was not resolvable into any component lines. Although the intensity
of the band was in general accord with an exchange-induced mechanism, the detailed tem-
perature dependence gave poor correlation with spectra simulated using an exchange-cou-
pled model which did not allow for spin—orbit coupling effects.

Ferguson and Fielding® have recently shown that the absorption spectrum of natural
or synthetic yellow sapphires is due to single Fell jons and pairs of ions (Fe--O—Fe)**;
the present discussion is limited to the pair spectra. The visible spectrum is not complicated
by the presence of any ligand bands. The band assignments are given in Table 6 and some
corresponding energy level diagrams are shown in Fig.6. Transitions to singly and doubly
(SPE) excited pair states have been identified with certainty in this more symmetric sys-
tem. The positions of the singly excited transitions are the same as those in monomeric
iron(III). The intensities of the singly excited spin-flip transitions decrease with decreasing
temperature. In one such transition, observation of the expected four component pair lines
has allowed an estimation of the ground state exchange integral J of ca. —12 cm™*. This
value is much reduced from that in the y-oxo dimers and corresponds to the fourth nearest-
neighbour pairs in the sapphire crystal. The doubly excited transitions appear at approxi-
mately the sum of the individual singly excited transition energies, as was found in the
HEDTA dimer. Their intensities increase with decreasing temperature because transitions
from S’ = 4, 5 are forbidden, whilst those from 8’ = 0, 1, 2, 3 are allowed under the AS =
0 selection rule (Fig.6(b)).
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Fig.6. Energy levels of iron(ill) pair spectra in yellow sapphire (not drawn to scale),
TABLE 6

(Fe—O—Fe)*" pair spectra in yellow sapphires

Band positions

- ignment omments
em Assign C

{a) Singly excited states

9,000 64, +%4, %7, 454, Spin-flip and orbital change; intensity inde-
pendent of temperature; highly polarised
13,000 64;,+%4, 297,94+ %4, As above
22,000 64 1+ 54 1 ca 1 4%+ 64 1 Spin-flip transition; intensity decreases with

decreasing temperature; four component pair
levels observed (§' = 1, 2, 3,4)

25,500 54 1 t GAl 41,048, 1 Spin-flip and orbital change

26,500 54 1+ Sa 1~ 453 +%4, Spin-flip; intensity decreases with decreasing
temperature

(b) Doubly excited states (SPE)

18,000 6.4, +%4 1~ dT, + 4T1 Intensity increases with decreasing tempera-
ture

22,000 S4y+%4, =T, +°1,° .

29,750 64 1 ¥ 64 1~ (4 Ay, 4pd Y+°Ty Intensity increases with decreasing tempera-
ture

aa
G,
IMD_
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In summary, the positions and intensities of certain bands can in favourable cases be as-
signed to pair transitions. Unfortunately, for most of the u-oxo iron(I1II) complexes, the
spectra are not resolved well enough to identify these transitions.

L. 'H NMR CONTACT SHIFT SPECTRA

The 'H NMR spectra of oxo-bridged iron(I1I) complexes show quite narrow (~ 50 Hz),
well-resolved lines. This is most likely a result of the strong magnetic exchange interactions
which give rise to majority population of the diamagnetic $" = 0 ground state.

Boyd and Murray® developed the theory of the temperature dependence of the Knight
shift (contact shift) AH/H,, of a given proton, for a binuclear system, using the HDVV ex-
change-coupled model discussed in Section F. For an § = $ system, the dipolar contribution
to AH/H, is generally considered to be very small and was thus set at zero, i.e. the observed
shifts were assumed to be contact in origin®® . The calculated expression for AH/H, is

AHAhgﬁF

Hy, g,B.,kT

_ exp(2//kT)+5 exp(6//kT)+14 exp(12//kT)+30 exp(20//KT)+55 exp(3QJ/kT)
1+3 exp(27/kT)+5 exp(6J/kT)+7 exp(12J/kT)+9 exp(2QJ/kT)+11 exp(30//kT)

The constants have their usual significance. The exponential function is the same as that
calculated for x, since the total spin operator {S) is used in both situations. As in the
susceptibility behaviour, the last two exponential functions from §’ =4 and 5 contribute
nothing to AH/H,. The hyperfine coupling constant, 4, applies to the manifold of S’ spin
states.

Comparison of experimental and calculated AH/H, and T values by a fitting procedure
thus allowed the determination of J and 4 for a particular proton. The theory was applied
to a series of bidentate Schiff-base dimers, [Fe(Xsal-NR),] ;0 (X = H or Me) and good cor
relation was obtained®® over the limited range 325—223°K. A typical spectrum is shown
in Fig.7; the best-fitJ and 4 values are given in Table 7(a). The variation in J obtained for
different protons of a particular complex might be real, but more likely reflects the errors
in measurement and fitting. The average J values in CDCl; solution are approx. 25 cm
higher than those obtained for solids by susceptibility studies. This was thought to be pos-
sibly due to a straightening of the Fe—O—Fe bridge in solution.

Temperature-dependent NMR studies were later made on (Fe porphyrin), O dimers.
Wicholas et al.?” assumed zero contribution from dipolar effects in some porphyrin dimers
but used a different A ;. parameter for each paramagnetic S’ state. Using a three-parameter
procedure they deducedJ, A, and 4, values for (FeTPP),O and found that 4, was slight-
ly larger but almost the same as A, . The J and 4 ;. values were virtually identical with those
obtained®® by a previous two-parameter fit and are given in Table 8. The J value was again
higher than that found for the solid.
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Fig.7. 'H NMR spectrum of (Fe(sal-N+1-C3H7)3)20 in CDCl; solution at room temperature.

TABLE 7

' NMR data for (Fe(Xsal-NR),),0 and (Fe(Xsalen)); O complexes in CDCl3 and CD,Cl; solutions

X =H orCHj
(&) R= H~C3H7 (ref. 95)
0\ (b)Y R = —CHy~ (ref. 99)
“Fe [2
H——-N/
\R
Complex RingH
4- 5- 6-
£
AH . AX10° aH ~J AX10°S  aH _J Ax10°°
(@)
X=H —-5.68 116 1.07 +4.41 140 -1.05 —-2.88 120 0.577
X=4CH; (+1.29 112 -~0.25)%* +4.59 135 -1.04 —2.84 140 0.686
X=5-CH,3 ~5.58 116 1.05 (-5.14 122 1.032)* -2.87 145 0.731
)
X=H —5.93 +4.74 -2.97
X=3-CHjz -7.09 +5.02 -3.20
X=4CHz (+1.14)* +4.75 -2.82
X=5CsHy -545 1.10(A41)(-0.29)* -2.75
2.21(A4,)
0.44(A3)

* Methyl, ~butyl.

AH in p.p.m. at room temperature (relative to free ligand position), J in cm ! (2= single t—triplet
splitting}, A in Hz.
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TABLE 8

TH NMR data® and J values for (Fe porphyrin); O complexes in CDCl3 solution

Complex Pyrrole H Meso H Meso-phenyl H

AH -7 Ax10° AH AH

(p.p.m.) em™) (Hz) (p.p.m.) (p.p.m.)
(FeTPP),019  _a.64 155 1.29 ~0
(FeTPP),0?) _a.64 155 1.28(44) ~0

1.22(4,)

(FeTPP),09  _5.02 ~+0.05
(Fe deut); O —4.62 +8.44
(Fe proto),0 +8.28

* Only pyrrole and meso protons listed.
(@) Ref. 98, shifts relative to free ligand.
®) get. 97, shifts relative to free ligand.
(©) Ref. 99, shifts relative to (SCTPP),0.

In a recent study of salen and porphyrin systems La Mar et al.%? claim that the use of
one A value and zero contribution from dipolar shifts does not allow the calculation of ac-
curate J and A /alues by the fitting procedures described above®?®_ They used the assump-
tion that any zero-field splitting (ZFS) in monomeric FeLX species would mean a similar
ZFS in the analogous (FeL), O complex and hence a dipolar contribution to the total shift.
While it is known that Fe salen Cl and Fe porphyrin Cl complexes show quite large D val-
uesB587  measurements made so far on the related oxo-bridged dimers show®'*%8° very
small or zero D values (see Section F). La Mar et al., in fact, found zero D value in (Fe
salen), O type complexes, i.e. just a contact shift, but from the AH/H, vs. T behaviour of
FeTPPCl, which was non-Curie, they inferred a non-zero value in (FeTPP), O with a conse-
quent dipolar contribution to the shift. They compared the xp, (solid) and AH/Ho vs. T
curves for (Fe salen), O and found that these curves diverged from a normalised point. This
divergence was considered to imply a different A g, value for each S’ state and in the case
of (Fe salen), O it was found that 4, < A4,. Approximate values of 4. were deduced and
are given in Table 7(b). For equal 4 ;. the curves would be superimposable and the AH/H,
expression given above valid. Comparison of xg, and AH[H 4 curves for (FeTPP), O showed
very little divergence but sufficient to suggest 4, > 4,.

From the foregoing discussion it is seen that there are opposing views on the theoretical
interpretation of the NMR data, one using a single 4 value®>? to describe the system, the
other using a number of A ¢ values®”*. The hyperfine constant is introduced in the con-
tact shift term. A weakly coupled Heisenberg model was assumed in both interpretations
and the available evidence shows that these iron(I11I) dimers belong to this class. The orbital
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wave function for the various S’ states is the same. Unpaired electrons cannot be assigned
to particular orbitals®®. Thus, the spin density will not be different for different S’ states,
i.e. there is only one spin polarisation mechanism. This is shown in the theoretical deriva-
tion®® where the hyperfine parameter is associated with the total spin quantum number

Ah(S))
2gn B’l

AHIH, =

and not with a particular spin state. The use of one 4 value is therefore correct under these
circumstances. McGarvey and Kurland have discussed®® systems which require more than
one 4 value but these generally involve different orbital states. They also showed that ap-
preciable ZFS in iron(1II} monomers had negligible effect on the Fermi contact interaction.
The divergence of AH/H, and x curves observed by La Mar et al.*® could be due to experi-
mental errors in the two measurements.

Bearing these various arguments in mind, the A values shown in Tables 7 and 8 are sim-
ilar in magnitude to those observed'® for low-spin % T,z iron(I1I) complexes, i.e. 10*—10°
Hz. The signs of AH/H for the ring protons in [Fe(sal-NR); ] ; O and (Fe salen), O are
given in Table 7. The alternating sign pattern, together with the change in sign on substi-
tuting CH; for H, are indicative of a m-spin delocalization mechanism'®' . The sign of
AHJH, for the porphyrin ring protons has been correlated with a predominantly o-mecha-
nism®’.

NMR spectra of (Fe phen, ), 0*", (Fe bipy,), 0% and their substituted derivatives have
also been obtained' %,

J. MOSSBAUER EFFECT SPECTRA

Mussbauer effect studies on the oxo-bridged iron(III) complexes were some of the first
studies on polynuclear iron systems. Isomer shift and quadrupole splitting parameters have
been obtained with zero applied magnetic field by a number of workers, and the results are
given in Table 9.

The & values are all in the region of ca. 0.7 mm.sec’? at 300°K which is indicative of an
S =3 iron(Ill) state. The Schiff-base, porphyrin and macrocyclic (B)compounds show AE
values < 1 mm.sec !, whilst the diimine and polyamino carboxylic acid compounds show
AFE between 1.5—2.0 mm.sec . The former value is in the range normally observed for S =
$ iron(III) while the latter are much higher. The significance of these AE values must await
molecular orbital calculations on bonding effects around the iron atoms.

Buckley et al. have rationalised relaxation and asymmetry effects in the spectra of dimer-
ic iron compounds'®~'%", In general they have shown that asymmetry arises due to spin—
spin relaxation between dimers (intermolecular) rather than within the dimer as earlier pro-
posed 1142 (intramolecular). In the case of (Fe salen), O a symmetric quadrupole doublet
is observed at 4.2°K and 77°K whilst a very small asymmetry (3%) in peak height was ob-
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TABLE 9

Massbauer parameters of some oxo-bridged iron(1l1) compounds in zero applied magnetic field

Quadrupole splitting Isomer shift?
Compound T AFE & Ref.
CK) (mm.sec 1) (mm.sec)
(Fe salen)o O 300 0.92 0.58 27,105
117 0.92 0.56 106, 109
112,113
(Fe salen); O.py» 3¢0 0.92 0.71 27
77 0.88 0.79
[Fe(sal-N-+1-C3H7)2] 20 300 0.94 0.54 b
77 1.04 0.58
[(Fe phen,CI);0]Clo.5H,0 300 1.70 0.77 27, 81
77 1.68 0.84 112,113
[(Fe bipy2)20](804)23.5H,0 300 1.33 0.73 217,81
717 1.51 0.83 -
[(Fe terpy)s 0] (NO3)4.H2 0O 300 1.93 0.79 27,81
17 2.35 0.94
enH, [(FeHEDTA),0]6H,0 300 1.69 0.63 79, 109
71 1.75 0.74
Nag4 {(FeEDTA}»0].12H,0 300 1.82 0.66 79
77 1.94 0.70
[(FeB(H,0)),0] (Cl04)4 300 0.62 0.81 28, 81
4.2 0.67 0.93
(FeTPP); O 300 0.62 0.55 33,114
(Fe deuteroporph)2 O 300 0.64 0.55 31,114
(Fe protoporph), O 300 0.66 0.66 114

4 Relative to sodium nitroprusside.
Unpublished wark with A N. Buckley.

served at 300°K. Below 8(0°K only the S’ = 0 pair state is significantly populated and hence
there will be no magnetic hyperfine interactions and a symmetric spectrum results; relaxa-
tion processes are not relevant!%® . At higher temperatures, S” # 0 states become populated
and their magnetic hyperfine fields can give rise to asymmetry. This asymmetry is very
small in (Fe salen), O since the strong exchange coupling leaves 57% of the M. = O states
populated at room temperature. In contrast to the weakly coupled analogue (Fe salen Cl),,
the area ratios of the lines are 1.0 at all temperatures, which precludes the presence of any
integral asymmetry at high temperatures due to Gol’danskii—Karyagin anisotropic effects
(ref. 104, 106). The spectra of [(Fe phen,Cl), 0] Cl,.5H, O appear to show greater relaxa-
tion and broadening effects'®.

Applied magnetic-field studies have yielded more detail. Reiff 3 and Okamura et al.'®
have measured spectra at 4°K with applied field strengths of up to 30 kgauss whilst Buckley
et al. have used fields of up to 90 kgauss'®. The spectra for (Fe salen), O are typical of the
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Fig.8. Mdssbauer spectra at 4.2°K of (Fe salen), O in applied magnetic fields.

class and are shown in Fig.8. As the field increases a triplet and doublet appear with over-
lap of the inner peaks. This behaviour is similar to that calculated by Collins and Travis!'®
for the case of no hyperfine magnetic field and random orientation of the electric field
gradient (EFG). In this case the principal component of the EFG tensor, V,;» i8> 0. The
observed field at the iron nuclei is equal to the applied field, which contrasts with the very
large hyperfine fields observed at the nuclei of monomeric iron(IIl) complexes. The spec-
tra are only weakly asymmetric with the asymmetry parameter n = 0.8. Clear evidence is
therefore presented for a spin zero ground state, in agreement with the exchange-coupled
model used to describe the present compounds. The spectra of [(Fe phen,Cl), 0lCl,.5H,0
which has AFE greater than that in the salen case, are better resolved in applied fields®!, and
in this case V,, <0andn ~ 0.2. [FeB(H;0),0](Cl04), also has ¥,, < 0 but shows an
overlapping spectrum®!

The Mdssbauer results, discussed above, have given good correlation with the exchange-
coupled § =3 model, together with considerable findings on relaxation and asymmetry ef-
fects. The chemical consequences are minimal, but certain empirical structural and bonding

’
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features can be deduced from consideration of the EFG. Thus, Reiff has concluded that
in [(Fe phen,Cl),0]?" the Cl and bridging O are cis to each other® . He proposes that
V,, > 0 for the salen dimer results from strong o-bonding in each N> O, ligand plane; a
conclusion which differs from the n-bonding argument normally invoked to explain the
bonding of O, and alkyl groups to metal—salen moieties'!!. In general the polarity and
magnitude of ¥, and 1 can be correlated-with the environment around the iron atoms
known from X-ray studies.

K. ELECTRONIC STRUCTURE OF Fe—~O-Fe DIMERS

In the preceding sections F to J we have seen that the model featuring spin—spin coup-
ling of S =% iron(III) units gives a particularly good account of electronic ground state prop-
erties. The fine structure observed in the single-crystal electronic spectra shows that this
model also gives a satisfactory interpretation of associated excited states. Since this model
is essentially non-bonding or electrostatic in origin, a better electronic description would
be expected to arise from full molecular orbital calculations. Calculations to various de-
grees of sophistication have been made. The overlap of Fe and O atomic orbitals to explain
the superexchange mechanism has already been outlined in Section F. Qualitative three-
centre delocalised molecular calculations for a linear M—O—M core have been made by
Dunitz and Orgel'?® and later by Jezowska-Trzebiatowska™ . Octahedral symmetry around
the M atom and overall Dqj; symmetry were assumed. The interaction was assumed to arise
only from m-overlap between O(2p,, Zp )andM(34d,,,,3d,,, 3d ) orbitals, which yields
the energy levels shown in Fig.9. When the available bondmg electrons on M and O are
placed in these levels, the diamagnetic ground state of the ten-electron systems Cr—0—Cr
and Re—O—Re are predicted correctly (£,,°, Eg , ng , B2y ®, Eu ™), but that for Fe 00—
Fe is not. In this case, a spin-triplet ground state would be predicted (= ~- -~ - Bau?, Ex*?).
Lewis et al. have suggested that the low symmetry of the Fe—O—Fe complexes could pos-
sibly cause splitting of the £, * level sufficient to cause spin-pairing?®. They also included
a o-bonding contribution between Fe(3d,2) and O(2p,) orbitals in the energy level dia-
gram. Jezowska-Trzebiatowska later reached essentially the same conclusions and suggested
that the formation of a non-linear Fe—O—Fe bridge is energetically favoured by the elec-
tronic splitting of the £, * level™. She further points out that the filling of £, * and higher
o™ orbitals is energetically unfavourable and hence d®, d” and 4® M—O—M systems should
be unstable; this is the case in practice. Application of the angular-overlap method to a lin-
ear D4, M—O—M complex yields the same order of energy levels as the o-modified Dunitz—
Orgel scheme?!®.

Schugar et al.” have recently queried the applicability of the Dunitz—Orgel model in
view of their visible spectra results, which show the 64, nature of the iron centres, i.e. the
3d levels are not significantly affected by oxo-bridge formation. They propose that 7-bond-
ing along the Fe—O—Fe unit must involve the empty 4p_ or 4d,_ orbitals on the metal rath-
er than the 3d orbitals. As support for the involvement of outer 7 orbitals they cite the con-
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stancy of /{M-—0-M) for different metals together with the a-bonding observed in an oxo-
bridged AU dimer (Al-O = 1.684)”".

At this stage of theoretical development, the spin—spin exchange model is ahead of the
available molecular-orbital treatments in explaining electronic properties which derive from
the 3d orbitals. Much more detailed treatments are required to explain properties such as
Fe—O—Fe bond lengths and angles, electric-field gradients, spin densities, etc. The use of
empty metal m-orbitals by Schugar et al., to explain #-bonding to the bridging oxygen atom,
is essentially the argument commonly used to explaind_—p__effects in P-O and S—O link-
ages found in phosphates, sulphates, etc.

L. OXO-BRIDGING IN BIOLOGICAL IRON SYSTEMS

Polynuclear iron clusters are more and more being recognised as important entities in
the metal binding sites of a number of proteins and enzymes. Fe—S—Fe bridging has been
characterised by X-ray methods in non-haem iron-sulphur proteins!*”!*8  and exchange in-
teractions across this sulphur bridge have been recognised using magnetic®!*® and spectro-
scopic measurements'2% 122 There is less concrete evidence for Fe—O—Fe bridging in na-
tive proteins but it seems likely that such is the case in view of its proven existence in a
number of model systems.

(i} Haem proteins

{a) Madel systems — iron porphyrin complexes
Caughey 33158 and Fleischer®** and their respective co-workers have characterised a
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number of oxo-bridged iron(III) complexes with porphyrins such as TPP, deuteroporphyrin
IX dimethyl ester and protoporphyrin IX dimethyl ester. X-ray structures have confirmed
the binuclearity and Fe—O—Fe bridging®®. In preliminary stages these compounds were
thought by some to have the often-quoted monomeric hydroxo formulation'?'?*_ They
are synthesised either by autoxidation of iron(II} porphyrins (in solution) or by hydrolysis
(aquation) of iron(IIl) derivatives. Their properties are generally very similar to those of
the p-oxo complexes containing simple ligands, and have already been discussed in detail.
It is highly likely that oxo-bridging occurs with porphyrins other than those already stud-
ie dll4

(b) Haem proteins

Cytochrome ¢ oxidase is considered to possess two haem A groups and two copper at-

~ oms at the active site, The mode of oxygen bonding is not yet known. Caughey has shown
that Fe—O—Fe bridging exists between haem A groups in the fully oxidised oxidase, de-
spite the large bulky Cy; side chain on the porphyrin'?®. The NMR spectrum of the oxi-
dase is very similar to that of (Fe protoporph), Q. The copper—iron relationship in this and
other!267128 proteins is a problem of much current interest; in this particular case the pos-
sibility of mixed bridging, Cu—0O-Fe, has been raised.

Does Fe—Q—Fe bridging exist in iron(II) proteins such as haemoglobin, myoglobin,
etc.? Hydroxo derivatives have been known for a long time to show magnetic moments
reduced from the S = % value!?*™**! Magnetic and spectroscopic measurements show fair-
ly conclusively that this behaviour can be explained in terms of a high-spin (3) == low-spin
) equilibrium!37134 j e the axial hydroxo ligand creates a crystal field with strength
just at the “‘cross-over™ point. The bulky protein chains prevent haem groups coming close
together to allow bridging, and a large structural change would be required for this to hap-
pen. In the cytochrome ¢ oxidase case, discussed above, the haem groups are apparently
able to approach each other.

(it} Haemery thrins

Haemerythrin proteins are involved in oxygen transport in certain invertebrates. The
protein, Golfingia gouldii, has a molecular weight of 108,000 and is made up of eight sub-
units, each of which contains 2 Fe atoms and binds one O, molecule, Kiotz, Williams and
co-workers! 0135136 354 Gray and co-workers!®!37 have recently shown that the active
sites in the sub-units of the oxy and met forms consist of exchange-coupled S = % iron(III)
pairs with Fe—O—Fe bridging. The deoxy form consists of non-bridged high-spin iron(II)
moieties. The evidence for a y-oxo structure is drawn from magnetic!®3%38  ESR, Moss-
bauer'®!3%!3% and electronic spectral'*»'37 measurements; the results are summarised in
Table 10. The close similarity to the behaviour of simple dimers is immediately obvious.
The reversible oxygenation procedure seems therefore to involve addition of O, to two
neighbouring deoxy-iron(Il) centres to yield the binuclear oxy species. A number of possi-
ble structures have been proposed?3$:!37 for the active site in the oxy form; the magnitude
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TABLE 10

Electronic features of oxy- and methaemerythrins

Oxy- Met-aquo Ref.

Magnetism pwsmall. J= —77cm ! for S =5 Fe~Fe pair  psmall.J=—134cm® 109, 137,
for § =% Fe—Fe pair. De- 138
natured sample shows
S= «2— behaviour.

ESR None None 135-137
ESR Mdssbauer 5= {0.83 mm.sec ! AE= 1.03 mm.sec! 5 = 0.81 mm.sec L. 109, 136,
0.86 1.93 AE = 1.57 mm.sec . 139
Two Fe environments. No broadening at 4.2°K One Fe environment. No
in applied field broadening at 4.2°K in
~. diamagnetic ground state applied field .. diamagnet-
ic ground state.
Electronic 12,990sh (100) 16,670 (100) 135, 137
Spectra, em ! 20,000 (1200) Fe—Q, charge transfer 20,410 (290)
(e per Fe) 217,780sh (2700) 28,170 (3300)
30,300 (3500)
Enhanced intensities in visible region due to  Enhanced intensities in vis-
exchange mechanism ible region due to exchange
mechanism
IR 840 cm ! (Fe—O~Fe) ? 840 cm ' p(Fe—0—Fe)? 137
Oxidation state Fem—peroxo Fem

of J and the non-equivalent iron centres, together with ability to reversibly coordinate oxy-
gen, would possibly favour I or Il over Lor IV.

o o
Fe Fe Fe—0—Fe | Fe—O—Fe—0O
h S o
I o. s m

“~H-protein
Fe — O ——0O ——Fe
o™

The structure of the metaquo species is less ambiguous.

H0 —Fe —— O —Fe —O0OH;,
The met form can bind one X group (Cl, N3, etc.) per iron pair and singly or doubly bridged
structures are possible, e.g. for met chlorohaemery thrin

o.
N
Fe Cl—Fe ——0O-—Fe
Fe\c‘/ 1
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NOTE ADDED IN PROOF

The first example of a binuclear iron complex containing a single sulphur bridge,
(Fesalen), S, has recently been reported’®. It can be prepared!®® either as a brown precip-
itate by reacting Na, S.H, O with the filtrate obtained from an aqueous B(ii) preparation
of (Fesalen), O, or'*! as small black crystals by reacting Fe(II)salen with sulphur in boiling
xylene. The J value, —75 cm™!, is smaller than that of the oxobonded analogue, which is

the ravarse order to that nredicted by simnle electronecativity arouments’ . The M3schauar
the reverse orger ¢ (nhatl preqicied oy simple wxvvstvslv&“hnvawj argumenis’ . 1 he Mossbauer

parameters, AE = 0.60 mm.sec’! ;8 = 0.68 mm.sec?, show a smaller quadruple splitting
than for the oxo complex. The complex has possible applications as a model system for
the two-iron ferredoxin protein!’
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