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A. INTRODUCTION 

Though binuclear oxo-bridged* iron(IIX) complexes constitute only one example of a 
general cfass of oxo-bridged metal species, their preparative and properties are reviewed 

here for a ~~rn~~r of re~~~~~ (a) they allow detailed stu , by rn~d~r~ ~~y~~~~~~~rn~c~~ 

spectroscopic and structural techniques, of magneticexchange interaction 

with spin much higher than that commonly encountered; (b) they give ins 
of the hydrolysis of iron(W); (c) they are model compoun for some biologically irnpor- 

tant ha~rn~~~~ and haem protein systems. 
~ert~~ aspects of the present a~~o~~t are covered more neralfy in recent reviews of 

the ~01~0~~~~~ subjects: ox&ridging in polynuclear complexes’-3 ; coor~~~tio~ chemistry 

of ir0n(II1)~ ; magnetic exchange interactions in polynuclear complexes5-’ ; biological im- 

plications af polynuclear iron complexes’01’2. Gray13 has written a short review of some 

aspects of the oxo-bridged iron(III) HEDTA system and its possibfe bido 

The first oxo-bridged iron(M) complex to be prepared was the Schiff-base derivative 

(Fe salen) 0. Pfeiffer et a1.l” were able to formuiate correctly the structure of this com- 

plex in 1933 without the aid of spectroscopic and structural i~st~rnent~ti~~. Shortly af- 
terwards the oline dimers were ~re~ared but fo~~~at~d as havi 

bridge”. An low magnetic moments were first observed for iro 

in the early thirties and were ascribed to binucIear species with 0x0 or di-hydroxo bridging 
(ref. 15, 17). It was not until the work of Lewis and co-workers in the sixties”8-20, how- 
ever, that the currently accepted description of the ma~etic behaviour was for~coming- 
They put hayward a generat model of ~t~~~r~~rna~~ti~ exchange ~~t~~e~ two h 

(S = 5) iron(M) centres. Furthermore, all complexes of this type, isolated in the 
t*l to possess a single (Fe-O-Fe)4’ bridge rather than the dial alterna- 
+ 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 

tis et al. 

The obse~a~o~s of i~~r~~i~ chemists on the “simpfe” oxo-bridged ir~~(~~I) ~orn~lex~s 

have subsequently been ret ised and appreciated in more biologically oriented studies, 

and have helped in eIucidat the structure of the active site in certain iron---protein sys- 
tems. 

y-0x0 iron(II1) complexes have so far been isolated with chelating ligands which ~OSSMS 

N donor or N, 0 donor atoms. The unident te ligands Cl and H2 0 can also coordinate to 

the iron atoms in the presence of chelating Iigands. 





TQQ: e =g =Z=b=Qh 

LJ 
salen sel-NR 

EDTA4_ HLDTA3- 

When [Fe(figand)acetate] is used as starting material, wattx only is required for hydrof- 
ysis. Salen and porphyrin complexes may be prepared this way31s40. 

Oxo-bridged porphyrin complexes can also be prepared by Al, O3 chromatography of 
the correspon g F~(~o~hy~~X compfex (X = Cl, acetate}3’. . 

. fc) i~~~~~~~~ salt + figmd 

we phen2)201 4+ and the bipy analogue are prepared by reacting an aqueous solution 

of an i.ron(III) salt with a suspension of the ligand in water. Difficulty is encountered in ob- 
taining pure sampIes2’*2s. 

In none of tfiese hy tie ~r~~~d~res is there any report of the isolati. of the possi- 

ble mo~orne~G inte 



a -i-++ 



As soon as air is admitted to a solution of Fe’ salen in an organic solvent, such as pyri- 
dine, orange/red crystals of the iron(III) complex are obta.ined4*. (A previous pubIication4i 

en is obviously in fact referring to (Fe salen)zO+) The deuteroporphyrin 
IX Darryl ester corn~~ex can also be ~~~esised by this rne~~d. 

The terpy~d~e complex [(Fe terp~)~ 01 (NO3 )4, is ob~ine~ by ~id~sing a 
terpyz)2* with E”bal foliowed by addition of a nitrate salt. The addition of Cl-or Clt&- 
salts yields monomeric derivatives*‘. 

Because of its relevance to an ~~derst~di~~ of the formation of the g-oxo chelate eom- 
plexes, this section will begin with a short discussion on the nature of the dimeric species 

formed in aqueous solutions of simpIe iron(III) salts. This dimer is often termed the “aqua 

dime r”. 

ecent studies on the nature of the clime& species present in dilute aqueous solutions 

(III) at low pH are discussed here4*. The question is whether the dimer exists 
the dihydroxo form 01, Fe(OH), Fe@& ox [(r-r, C& Fe-O- 
(H~~)s ] 4+ in soluti is ~~~a~y repress: very early studies 

by Jander assumed the 0x0 f~r-rn~~@, 

Lutz and Wendts5*‘= , Sommer and Margerum47, and Sutin and co-workers48%49 have re- 
cently studied the rate of dissociation of the aqua dimer using stopped-flow techniques. 

The equilibria between dimer and monomer are described by eqm. (1) and (2), the latter 
being an ~Gid-d~~e~de~ t ~a~w~y. 

Fe(OH), Fe4+ 
k 

+ 2 FeOH’” (0 

k 
e(OM), Fe’+ + IT +z& Fe3’ + FeOH2+ + Hz 0 (2) 

diates. The observed rate of dissociation follows a two term law 

e ratio kbjka is similar to those found for other known ~y~~~b~d~d co 
s iS taken as support for the presence of a dial bridg in the aquo dimer, 



Wendt45 points out, the rate studies do not rule out the ahernative mation of a p-ox0 
bridge by an inner molecuSar reaction of the type 

The ma~etic mo ent of aqueous ~~o~(III~ solu ns decreases on basing the PI-I and 
this has been attributed to the formation of a dia etic aquo dirner? Schugar et aL37 
have recently shown at the dimer in solution is paramagnetic, pefl per Fe -3.7 B.M., a 
value which they consider to be compatible with a dihydroxo strucedre. This seems reason- 
able in view of the much lower I’,~ values observed in Fe-Q-Fe ~~rn~le~~s (~is~uss~~ la- 
ter), but there is the ~~~~~b~~~ that traces of ~~~~~lyrner hydrolyzed species of similar 
pea, may have been present” . Evideme against oxo-bridging in the aqua dimer is given 
by ftr.e lack of a characteristic Y(Fe--O-Fe) band in the infrared spectrum. In contrast, 
aqueous solutions of the HEDTA-iron(1 t I) dimer do show this bar and its presence af- 

exchange ~o~~rrns the existence uf ~(HEDTA)Fe-O-Fe( DTA)] 4- in solution? 
ufk of the av~lable evidence appears to fav~~r a ~~yd~oxo bridge in the ~~~~ di- 

mer. 

A large n~rn~r ef the JJ-oxo complexes may be ~~~~~~d by hyd~oIysis of rn~~~rne~~ 
F~~~~~X species in non ueous ~oIve~~, The reaction pa&way Fre~~rn~bly ~voIv~s ini- 
tial hydrolysis followe y condensation to the dimer. It can be simply represented 

FeLX + OH-* FeLOH + X- (4) 

2 ~~~~~ =+ (FeL)$ + Hz0 (3 

(The reverse reaction (FeL)20 + UC-+W*O-+2Fe aIly proceeds smootfi- 

ly and can be used as a synthetic method for the monomer (X = halide, SCN, acetate, etc.).) 
The hydroxo intermediate FeLOH has not been detected or isolated. There have, how- 

no careful mechanistic studies on these nanaqueous methods. 
y and ~o-~v~rk~rs3~ have put forward a num~r of possibly mechanisms i~voi~ng 

* y to L = ~o~hy~ but e 
considered as general. modifies the above scheme ta incorporate initial ionisation of 
FeLX, since it is known that X can be exchanged with other ligands Y (e.g. X = acetate, 

Y = halide) 

Fe3LX * I?e’r+ + x- (6) 

FeLQW + FeL* * LFeOFeL + H” (8) 

He su~~~s~ the poss~bi~i~ of a dihydroxo intermediate in eqn. (5) 

2 FeLOH * jz FeL * LFe-e)--EeL f 



or a mixed-bridge alternative 

,Q”. 
FeLOIi f FeLX * LFe\ 

X 

,FeL = LFe-Q-FeL + IIX (10) 

Equation f ICt) 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)3 04’and good 

evidence is presented for the existence in solution of the monomer Fe(EDTA)OH*: Wilkins 

and Yefin”“, r~-j~rn~ and ~t~~~~d-~ow rnct~o~ have ~~ve~~~at~d the rap- 
id monomer-klimer e~u~b~~ shown in eqns, (I 13--(13) (L = EDTA4; $4 =: G-9) 

FeLG-& O)- =+ FeLOH”” + H’ (11). 

2 Fe LQ-Iz a)-=+ (FeL)2 04-+ 2 I-I’ + I-I2 0 (12) 

2 FeLOH2- +fFcL), O”-+ I-I2 0 (13) 

At pH 9 the predominant ~qu~i~b~urn 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 aqua dimer given in section C(i). The dissociation is strongly ac- 

id-c~talys~d in the EDTA er, but not in the aquo dimer, the rate constant kb for the 

fatter being d factor of ca. ~ff~~~~~~ in rates is con~~d~r~d to reflect a more 
easily protonated and dis Fe-O---Fe dimer than in the less basic 

Fe(OI-I)* 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 fcr- 

mation of a d~ydroxo-bodied intermediate. Rate studies on the formation of the HEDTA 

tier at pH 6.7 slowed ed more easily from a c~rn~~~a~i~n of Fe 
and Fe~QH2~~~ from mers, and reasons such as charge rep~lsio~s 
and Fe-O bond strength differences we r-ward to explain this. Electrochemical 

measurements on the EDTA system sho od agreement with the kinetic studie?‘. A 

recent stopped-flow study on the monomer-dimer equ ium of a water-soIubIe p-sulph- 
unated ~e~rap~enylpo~~~ c~mplex~ 2 FeTPPS + I(FeT 2 0, also showed rate behav- 

iour s ifat to that of the EDTA ~stern’~. 

l3e rate constants for the dime% iron(III) chelates are @ven in Table 2 and are com- 
pared with those of the aquo dimer. As discussed above, the large differences between k, 

for the chelate and mer (and other dihydroxo-brid imers) is considered to 

be in~cativ~ of p-0 in the chelate complexes. The for the ~o~hy~n sys- 
tem fall in I To date the only ~rn~~~ iro~~~I1) chefate compIex thou 

to have a dihydroxo bridge is 2 ; magnetic studie? on solid samples 

hi a fleff value larger GXMI those of other ~_r-0x0 complexes and the aqua-dimer but re- 
duced from the spin-free value, 



TMLE 2 

Kinetic data for decomposition0 of wxo ironlII1) dimen at 25°C 

9 

fJ,= 3-O (HC10~/NnC104). 

races of moist air tiil pui se dark-brown solutions sf Fe salen to tie redjar- 

pox0 iron(III) compou r oxidations occur for Fell-porphyrin complexes; 

kinetic and synthetic studies have been carried out in pyridine d other nofl+queous sol- 
vents by Caughey and cu-workers3**3i*55. 

T-he overall st~~~~~~~t~ of tfte reaction corresponds to o~da~o~ of four iro~~1~ 
ule, The rn~ch~srn3~y~‘~~~ evolves ~~~t~~ ionisa- 
by reaction of Cl2 witi Iwo of the five-coordinate 

iron moieties 

PYZ FeL + PYFeL + PY (14) 

2 pYFeL + O2 -+ ~yLF~~~ F&L,pY (1% 

Some support for the 02-bridged dimeric intermediate is given by the ability to isolate sol- 

id uxygen-adducts M. Two alternative pathways have been proposed for fur&x reaction of 
the 02-bridged dimer, ones5 involving the presence of water and production af hydrogen 

roticie 



re~~~~n~ no water 

pyLFeQz FeLpy + 2 pyLFe0 WI 

2 pyLFeQ + 2 pyFeL --+ 2 pyLFeOFeLpy 09 

FeLOH -t FeLO*H --* LFe” 
0*l-I, 

‘OTC 
FeL - 

Equation (20) explains the incorporation of oxygen from water observed in autotids- 
tion reactions of py, FeL v&h 180enriched water. A doubly bridged intermediate would 
also exyl& the ability of the bridging oxygen atom in py 
water31. 

FeOFeLpy toex&angeM& 

a 



A 
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TABLE 3 

C.N. of Fe LF&3Fe &Fe --XI) /(Fe-Fe) Ref. 
(9 (A) W 

165(l) 
178 
174.511) 
144t 1) 
139(l) 

142(l) 
164(Z) 
175Cf’li 

1*79(l) 
I.8 
l-763( 1) 
1.77(l) 
1.82{2) 

1*79(l) 
1X(%) 
1.7611) 

3.56(l) 62 
3.6 56 
3.53(l) 61 
3.39(l) 57 
3.36(l) 58 

3-40( 1) 59,60 
?_51(1) 63 
3.53(l) 64 

i Prepared by recrystailising [Fe salen(acetate)] from methanol. 
Isostructural with p-BrC6i-b~ derivative. 

aronnd the iran is five but ere are some cx~~~es of six and seven, The Fe-O-Fe an 
is non-linear in aU cases (e~~~~t perhaps fbr [(FeB(H2 U)), 0 
s&n structures the ligands on each iron are arranged in 8 no 
(FeTPP)2 0 has the “paddie-wheel” structure 

Pertinent angles and d.kt~ces are given in able 3. The bridging Fe-O distance is ca. 

in au cases, whkh is ~~~r~r than the iron- 

bond portents is ~e~~r~y eonsidere 
the Fe-O-Fe bridge. Similar effects have been observed in other M-O-M systems (indud- 
ing Al-O-Al)6s-7’ . 

The Fe-O-Fe brid@_nC an@e is of particular interest, In view of the linearity of the 
bridge in alar M-O-M cornpfexes (Table 4), it y surprising to find the Fe-O-Fe 

angle d~~at~~g so much frarn fEHJ”, smears In systems has been ascribed to 

strong z-bonding and deviations from ~e~~~ to a Iesser amount of n-bon&rig, Conversely, 
a-type oxygen, as in water, can be considered the normal condition with deviation from the 
tetrahedral angle towards Enearity due to non-bonding (st&c) interactions and ?r-bonding. 

It is very difficult to say with certainty what controis the Fe-O-Fe an 
lar ~ornpl~~, since a vari of eflects such d ~p~ls~ons, e~e~~~~~ 
ing could all play a par e pact feature which emerges from Table 3 is the lower sr@e 
in the (Fe saler$O sy ) ca. 140*, compared with the angle of 165-175° in all the otk 
er complexes studied. Again it is not easy t lain this, though a number of points are 
perhaps reIev;urt, Compared to the [Fe(saI 2 1 2 0 duplexes, where tie bidentate ligands 

n and trans-nitr e salen l.i d ~~n~~~ its 

dFe tobemu 



a 180 1.82 3.64 65-67 
6 178 l-71 3.42 68 
6 180 1.86 3-72 69 
6 180 1,80 3.60 70 
5 180 1.68 3.34 73 

-- 

e iron-salen moieties in (Fe sale& O.pyz and (Fe salen)* 0.CH2Clz compared to (Fe 
sale&O would suggest that the adducts are ly strained5716”q The Fe-O-Fe angle in 
these safen dims-s is not ~~~~e~~~~ by the a t ~~~e~~~es in the ~atthx. 113 
sakn avers are shown looking down the IS-Fe erection. Those the ethyl 
mutually trarzs in the three moIecuIes, the salen groups on each side of the d.imer are 

eclipsed to somt! degree in all cases. The pyridinate and unsoIvated complex show very sim- 
ilar configurations in this projection, This eclipsed arrangement will maximise intramolecu- 

lar ~gand-~g~~~ repulsions. l%ese observations would suggest that intram 

~~~~~e~~~~ packing efkcts play minor soles in detc 
e angle in (FeTPP)z 0 is close toi 1 SO” sine 

of interaction t can occur between the porphyrin rings61. increase in the angle of 

the N-p-ch.lorophenylsalicylaMiminate complex compared to the IV-fz-propyl analogue prob- 
ably reflects the more bulky subs~~ent on the nitrogen atom in the N-aryl case. C&loch 

sted that the general ~o~*~~~~~~ derives fro the ~tr~~~~ of the Fe-O 
.a Jezowska-T~~biatowskaR considers that it arises for electronic reaSonS 

peculiar to iron (see Section IL). 

The pyridine molecules in (Fe salen) O.pyz are not bonded to the iron atoms5*. This 

~~~tr~ts68 with the case of (Mn ph~~o~y~~~~~~.py* and is an indication of the stabif- 
nate s~~~~r~s for ~~-sp~n iron(~~I~. In general, the ~our~a~o~ around 

the iron atoms in these compounds is quite normal for high-spin ~ron(~~~); the iron atom 

is characteristically displaced from the best-plane of donor atoms towards the bridging OX- 
ygen atom, viz, 0.5 A in (FeTPPJ20 and 0.56 a in (Fe salen)z:Q.py, _ 

e infrared mode commonly used2’2rj to eharacterise the 0x0 bridge in iron(lIf) and 
~-0x0 complexes is the antisymmetric stretch vJFe-O-Fe). This appears as a 

, strong band at ca. 820440 cm-’ and in some cases a shoulder is observed at ca. 
d is gene~~y obscured by other ligand 

-O--Fe) band is ~~~~~d’~ in the phen and 

bipy complexes which h ulated’S*74 in the dial f&m, f(L2Fe(OH)2 

FeLz)j 4+. 
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F, MAGNETIC PROPERTIES 

1.9 ELM. per Fe atom. ~~~~~ ~ese values are rem~~scent of those unsexed in tuw-spin 

iron(W) complexes, tie temperature dependence of the susceptibility shows th zt they can- 

not belong to this class of compound. ‘I’be susceptibility drops toward zero as tile temper- 

ature approaches zero. 

As early as 1942 and R~~d~~ suggester at tIx reduced coyest in (Fe s 
was ~~~~~~~y due to ~~~e~c ~nte~ac~~~s between iron a~o~s~~ _ Later assay and ~e~~~~d~~ 
expl ed the reduced moments in aqueous ironfIII) ssIutions as being due to the forma- 
tion of a diamagnetic binuclear speci s [I+(& 0)4 OH] 2 4+- 

Lewis and co-workers subsequently gave a quantitative analysis of tie magnetic behav- 
iour using what they somewhat ~~~~d~~y termed Ehe cb~poIar~c~~~l~g” a~pr~ac~~~-2*~ 

Hs’, 
-T- 

-12.5 

- 2.5 

5.5 

s* 

5 

4 

3 

Fip;~4~ Energy level scheme for a pair of in iom. (a) Total spin dqgeneracy of ground state; 
(b,) effk?ct of spin-spin interaction of the fom 
s. 

-2.J st5; (c) energy of spin states E(S’)/J; (d) vahes of 



The meows due to g-= 1 DiraC76 arld van vleclc77 sumes an isotrop- 
ic exchange ~~~ra~ti~ the spins on each iron atom 

e appropriate MarniItonian is -2ZJ$&., where Jq is the isotropic exchange integral be- 
tween the it.h and@.h atoms of spin si and + jr is negative in the case of antiferromagnetic 
xchange. For high-spin iron(W), where si = .Sj = 1 (4A 1 term) a set of spin-states, S’ 2 5, 

3,2, I, 0 exist with ener~es -XV, -XV, - 12J, -dt, -2J 
Iever ~a~~ is chow in Fig.4. The s~sce~tib~~~ express from the Zeeman 

splitting of these levels is 

xFe = 

As the temperature is decreased, the higher S’ states are thermally depopulated, until at 
very Iow temperatures only the diamagnetic ground state is populated. In classical terms 
the spins ~~~po~~s”~ become aligned antipar 
zero. 

Lewis et al, found that the experimental susceptibilities of the (Fe salen)zO and [(Fe 
~~~n~~~~~ 44 systems fitted the calculated S = 1, expression ~xt~~rne~y weU and values of 

0 cm” , g = 2.0 and IVa = 0 were obta~ed~~-‘~ . The rna~~de of S was indepen- 
the nature of various substituents on the salen liga_nd20 ; similar results were found 

s [Fe(sal-NR)J 20, where the substituent R sn the nitrogen atom was 
VariCXi quite widely ‘13. in fact, for atl of the SC base, diinCne and HEDTA oxo-bridged 
~urn~~exe~ studied so far, the J vafues are virt identical, i.ew -90 (‘-IQj ~6’ (Table 5)- 

f the exchange ~tera~~o~ ~er~~or~ appears to be elegy a property of 
idge and independent of the nature of the &and group bound to the iron 

atoms.One excqtion to this general observation is the recent work”’ on (Fe protoporphyrin 
EX&O, which shows a lower pLeE value, 1.55 B.M., and cone ant higher J value, -X32 
cm? . (FeTPP), 0, on the c&w hand, appears to shows3 aJ e simifat to that of all the 

owed va~ab~~ ~l,~ val~eP*~~ because the 
b taining samples free from pammagnetic 

a problem met to a lesser degree in a number of the other c1_oxo systems2*y2 
measurements on a number of the complexes down to 4.2OK show an increase at very 10~ 

This increase may be due to traces of monomeric impurities, w to inter*@ 
~~bauer mea* 



(Fe s&n)2 0 
(Fe@&NR)z)aB 
l(Fe p?1en~3~O] 4+ 
[(Fc ~~~yz~~~~ 

4* 

[(Fe ~~~~~~~~~ ~~~3~4-~2~ 

enH2 [ (FcH TA)20] 6H2O 
Na4 [ (FeEDTA)aO] I2H20 
f~FcB(H2WMIl (C10414 
fFeTPP)20 

1.87 
1.82-1.94 
1.74-1-83 
1.86 
1.83 
1.92 
1.90 
1.94 
1.86 
1.15 
1.74 
1.55 

a & = 3.0, iv& (T.I.P.) = 0 c.g_s, 
b Not fitted to theory. 

Monomeric iron(III) complexes can have spin states of j1 8 and+ depending on the 
strength of the ligand field, In antiferromagneticafly coupled iron(III) pairs, the energy Iev- 

ei diagrams far ($, $) and (’ 1 2 1 2) simply correspond to removal, or non-population, of the 
S’ = 5,4 and S’ = 5,4,3,2 levees, res~~c~ve~y, shown in Fi -4 (gurney absence of orbit& 

any eo~t~~~~o~). ~~s~e~~b~i~ measurement on the ~~ese~~ complexes 
been made in the region 300--4°K. For J values of ca. -I UQ cm-’ , the higher 

t significantly populated at 300°K and the susceptibility measurements da 

not therefore distinguish be een the 3 and 3 spin states. Contrary to the recent comments 
of Cotton and ~~~nson82, e m~asurerne~~ do eliminate the S = 3 poss~~~ty. Other 
physics remends, discussed later, show ~~e~uiv 

cases. In to populate the S” = 4 and 5 levels, i.e. 

trons on each iron, susceptibility measurements to very hi temperatures would be re- 
quired, These, of course, would be limited by the thermal stability of the particular com- 
pound, 

The Fe-Fe distances, shown in Table 3, are in the range 3.4-3_6& The contribution 

of direct meQ&-metal orb&I overiap to the exchange mechanism is cotidered to be small 
must occur via overlap of the meti d orb 

s, i.e. a su~rex~~~~e ~a~way. 



u - super-exchange 

fll -superexchange 

PI Px dw 

Fig5 Some examples of superexchange pathways in (Fe-Cl-Fe)* bridge. 

ly discussed the super and ~~~den~~~~ i 

In the case of 1 so” 0 dS -8 systems, ~ti~~r~~~~ 
romagnetic pathways both occur, but the direct overlap between e&Fe) and ~~(0) orbit&z 

dorninatzs md leads to overall antiferromapetism (Fig.5). Anti-parallel coupling is also pre- 

dicted in 90” d” -8 superexchange, The ~~f~rr~rna~~tis~ of the present csmpkxes is 
ment with ~~~r~~~~ 

ue ofJ in the (Fe porp mplexes”’ can be rati#~~~~s~d in terms 

of greater n-overlap arisin m a more Iinear Fe-O-Fe bridge. Within the 

compounds, it is perhaps sing that the J values for the (Fe saIen), 0 complexes are the 
same as all the others, even though the Fe-Q-Fe angle is smaller by about 15”. One possi- 
ble ex~~~a~~~ for this is tfrat the ~ha~~~s in su~erex~h~~~ contrib 

d f~rr~ma~et~~ ~~tb~~ay~~ wb.ich occur on than 

dentally cancel out. 



susceptibility of powdered samples, assumes (i) isotropic exchange; (ii) a formal spin state 
for each iron atom; and {iii) a g value close to the free lectron value of 2.0. Assumption 
~~~~~ is reasonable in the ease of~i~- iron( which has an orbi y ~o~-dege~e~a~e 
‘A, ground term. A~~~t~u~~ in sue stems would be expected to ~~~.~~ bk unkess 
large zero-field effects are operative due to symmetry effects, as is observed in some mano- 
merit porphyrin iron(U) derivatives as in order to test assumptions (ij to {iii) more fully, , 

measurement of the anisotropy in the susceptibihty stndg tensors are required. To date 
there have been very few s~~e-c~st~I ESR (discussed below) or su~~e~tib~i~ studies OR 
these, of any other, ~~~y~~c~ear species, 

Nabbs and co-worker~~~ have measured the magnetic anisotropy of(Fe salenjz, 0.CH2Cla 
over the temperature range 3UO-80°K. The crystalline anisotropies, Ax/x, were very small, 

ranging from 3% at 300°K to 1% at 80°K, No allowances could be made for diamagnetic 
isotropies which are signifkxnt for A ground terms_ The pri 

rties, Ki, were calcufated relative to 8 set of m~Iec~~~r axes 

Fe-Fe(&) ~~re~~~~ ~~~~~~e~~~~~~~~r bisector 2 5 K3 )_ This set of molecular axes 
was presumably chosen for convenience, because in noclinic crystals there need be no 
simple relationship between molecular directions and molecular susceptibility direc tisns86 _ 

With these sources of error in mind, the Xi values were found to be nearly isotropic (K, < 
KZ 4 Kg), The results therefore show that isotropic exchange between +S = 3 ir~n(II~~ at- 
oms ad g = 2-O are re~s~~~bI~ as for this system. ft is ~ute~~~~y that a ccystal- 
line anisotropy of 40% was observ ’ far 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 split t effects which, interestingly, are much reduced in formation af the 
Fe-O--Fe bridge_ N ble zero-field s~~t~g was also observed for (Fe deuteropo~h~~ 0 
using far infrared rne~~ds3~ _ 

Anisoliropy rne~ur~m~n~ on en&I, ~~FeHE~TA~~~~ 61-IZ0 are currentIy in progres~~ _ 

An unusual feature to emerge so far is the very large change in setting position of the cays- 
tal with decreasing temperature when suspended with the a axis vertically. Since a principal 

should set along (or at 90” to) the field direction in this orientation, 
~a~~o~ apples that the s~sc~~tibili~ directions are ~h~~~~ with temperature. 

perature X-ray me~urem~n~s are being made to see ~f~~~~~u~~ ~~~g~s are 
occurring which might give this effect. 

C. ESR SPECTRA 

The only ~~~o~ted ESR study is the ary report by ~~~~~~ ff~~~~ on 
single crystak of en& [(Fe~E~TA~~~ At X-band a complex sign line width 

ca, 150 gauss was observed, and assiaed to transitions tising from the spin state S’ = 2 
(see Fig.4). The intensity of tile band decreased with decreasing temperature in much the 
same rn~~~ as the sus~ep~b~~~~ and aJ value of -95 c obtined by ~o~~a~so~ 
with the ~e~~e~~~ e~~~ss~o~ for ~t~~~~~ At Q-band, append field Amp; the 
b axis of the monoclinic crystal, a simpfe 44ine spectrum centred at geE = 2 was observed, 



and again assigned to S’ = 21 transitions. A number cf unassigned yeaker lines were obsemed 
at low field. The g value is consistent with that employed in the susceptibility calculations. 
An approx~ate value of the zero-field spl~t~g parameter I) of ma~itud~ 0.15 cti’ was 
oht~~gd ~1~~ the S’ = 2 state, 

Attempts to obtain ESR spectra on single crystals of (Fe salen)zO.Ckf~Cl~ failed at Q- 
bands’. It is not clear why rro spectrum is obtained; the usual reasons are the effects of 
spin-lattice relaxation, dipolar broadening or zero-field splitting being lar 
crawave quantum. X-band spectra at 77*K of powdered or dilute solutions of [Fe(saN?- 
n-propyl),] 20 showgo 
served= for the fiv 

only a near isotropic line at gerr ” 43, A similar ~~e~t~~rn is ob- 
e- G oordinate monomer ~e(sal-~-~-pr~~yl)~ Cl and is c~~~~cte~s~c of 

rhombic S = -& iron(W) systems with zero-field parameters D Z= 0.2 cm-” and E/D Z= -$_ It 
is possible, but unlikely, that the spectrum of the 0x0 complex is due to the presence of 
monomeric impurities. 

Filly, mention was made of the single~c~st~ ESR s~~ct~rn at X-baud of [Cl% phen~)~ 
O] ~~~~)~ .2&O, but has s~bseq~e~~y appeared2s. There is clearly a need for 
more detailed ESR studies ou these molecules. 

I-L ELECTRBNIC SPECTRA 

fn g~~~r~~ electronic spectral rn~as~rern~~t~ on iro~~~1~) complexes are not the most 
sensitive probe for zm u~de~st~ding of their ~~ectr~~c and rn~~ecular st~~ture- The d-4 
transitions far S = 3 iron(W), which has a “A f ground term, are both spin and Laporte 
forbidden md hence very weak. The spectrla, at least of solutions, are generally dominated 
by strong ligand or metal-Iigand charge-transfer bands. Since many of the present com- 
plexes posse beautiful ~r~ge~red colours it seemed possible that some ~~d~s~, charac- 
tr=rist.ic of the ~~~c~ea~ structure or j&ox0 linkage, ant be obse~able. 

Broad, unresolved charge-tr~sfer bands above 15,000 em’ are show” by (Fe phena)z 
04*, (Fe bipy, I2 Oe”, (Fe te 
systems and ~~e~(H~ O)] 2 O”“, however, bands of intensity e ‘1: 6 are shown at ca. 0 
cni’ . Reiff et al.*’ suggested that the enhanced intensity of 
den visible band might arise from a pair mechanism, similar to that operative in some Mnu- 
fluoride compoundsg’ . 

observed ~~d$ of similar for ( ~~E~TA)* cr?- and (FeEDTA)2 
04- in the reghn f 1,000-2~,~~~ cm-“, ar;td assigned to tr~s~tio~s from the ‘A t 
ground state to singly excited quartet states. The inte s twere again thought to be pos- 
sibly due to the effects of pair interactions. Ligand field parzune ters 1 ODq = 10,900 cm-’ 9 

B = 950 cm? md C = 2,30 ’ were deduced, which are close to those for Fe[H20)63+. 
In contrast to the broad shawn by most of the ~-0x0 com~lexes~ four 

fairly well resolved intense bands were given by e IIEDT4% and ED A dimers. They ap- 



peared at positions which corresponded to the sums of individual singly excited transitian 

energies and have been assi ed to simultaneous pair electrank excitations (SPE), that is a 
~ult~~~u~ excitation of two l&and-field transitions. Such a mech~is~ introduces splnq 

ess, and has been detected recen msBt*92. Since little de~n~~ve 
evidence, apart from the ad~t~~~ in ban position, was presented for e SPE assignments, 

they should, be regarded with some caution at this stage. A well-character&d example of 

SPE in Fe-O-Fe systems is described below. 

Schugar et al* 79 found that e nH2 [(FeHEDTA)2 01 6Hz 0 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 

d weaker orange absorption, which can lie parallel (red) to or ~e~endic~tar 

(or~ge~ to the Fe-O-Fe d~r~~~~~ rhea the p~~~~se~ l&&t is Gove to the rhorn~~~~~ 

face. The 1 I ,000 cm-” (4 7’; ) band in th e visible region is strongly polarised along the 

Fe-O-Fe direction and its intensity decreases with decreasing temperature, Bands at 

18,400 cm-’ (4 T2 ) and 2 1,000 cm-’ (4A 1 , 4~) are also polarised. No detailed explanation 

of these observations was 

~ub~~~ and S~hu~~~~ 93 have looked irr more detail at singly excited 9 L + (‘R f , 

‘Ii’) transition in enHz [(~e~E~TA)~ Of 6Hz 0 over the te rature range 300~4°K. Un- 

fortunately, the band was nat resolvable into any component lines. Al*tbough 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 whicfi did no w for spit-orbit ~~up~i~~ effects. 

Fer~s~~ and Fiefdin ave recently shown that the ~bso~tio~ spectru of natural 

or synthetic yellow sapphires is due to single FeilI ions and pairs of ions (Fe--O-Fe)4’; 
the present discussion is limited to the pair spectra. The visible spectrum is not complicated 

e of any @and bands. The band assignments are given in Table 6 and some 
energy teveI ~agr~s are s n in Fig.6. Transitions to si~~Iy and dourly 

pair states have been iden kvith ~ert~iR~ in this more s~rnmet~~ sys- 

tem. The positions of the si excited transitions are the same as those in monomeric 

iron(M). The intensities of singly excited spin-flip transitions decrease with decreasin 

temperature, In one such transition, observation of the expected four component pair lines 
has allowed an es~atio~ of the ground s&e exchange int~~r~~ of ca. -- 12 cm- 
value is much reduced from that in the ~0x0 dimers and ~orr~spo~ds to the fur 

neighhour pairs in the sapp~~re crystal, The doubly excited transitions appear at approti- 
mately the sum of the individual singly excited transition energies, as was found in the 
MEDTA dimer. Their intensities increase with decreasing remperature because transitions 

from S’ = 4,s are forbidden, whitst those fram S’ = 0, I, 2,3 are allowed under the aS s 
0 selection rule (Fig.6(~~~* 
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TABLE 6 

We-CbFe14+‘ pair spectra in yellow sapphires 
_--__ __- -_-_-----_ 

(cm-’ ) 
Assipment Comments 

-. .- -- 

Spin-flip and orbital change; ~~t~~~~ty inde- 
F~~~e~~ of t~~F~~~t~~~~ h~~~~ polarised 
As above 
Spin-flip transition; intensity decreases with 
decreasing temperature; four component pair 
levels observed IS’ = 1, 2,3,4) 
Spin-flip and orbital chanfl 
Spin-flip; int~~~i~ riecrez~~s with decreeing 
temperature 

Intensity increases with decreasing tempera- 
ture 

Intensity increases with decreeing tempeta- 
ture 

*WI 



In stummry, the positions and intensities af certain bands can in favourable cases be a~- 

signed to pair transitions. Unfortunately, for most of the p-oxo iron(M) complexes, the 
spectra are not resolved well enough to identify these tran 

ACT SNIFT SPECTRA 

The 1 H NMR spectra of oxo-bridged iron(W) complexes show quite narrow (- 50 Hz), 
well-resolved lines. This is most likely a result of the stron magnetic exchange interactions 

to majority population of the diamagnetic S’ = 0 ground state, 

~rra~95 ~~v~~~~~~ the theory of the tem~~ra~r~ ~epend~~~~ of the Kn 
shift (contact shift) ~~~~, of a given proton, fur a binuclear system, usin 
change-coupled model discussed in Section F. For an S = 3 system, the dip 

nerally 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 M/HO is 

exp(l;?rlkT)+S exp(WU?+ 14 exp( 12JMT)+30 exp(2W/kT)+55 exp(3CU/kT) 
F= 1+3 exp(Wkr)+5 exp(6JW)+7 exp(lU/kT)+S)&p(2CU/kT)+ll exp(30/lkn 

The constants have their usual s~~~~~~~e_ The exponential fune~o~ is the same as that 
~lculated for xl+ since the total spin operator <Sir is used in both sit~at~~~s. As in the 
stasceptibility behaviour, the last two exponential functions from S’ = 4 and 5 contribute 
nothing to M/HO. The hypefine couplin constant, A, appIies to the manifold of S’ spin 
states. 

~~rn~a~s~~ of ~xp~~~~t and ~~c~l~t~d ~~~~ and Tvalues by a fitting procedure 
the d~te~~a~~~ of J and A a par~~~~a~ proton, The theory was applies 

bidentate Schiff-base climers, (Xsal-NR),] 2O (X = H or Me) and good cor- 
relation was obtainedg5 over the limited range 325-223°K A typical spectrum is shown 
in Fig.7; the best-fit J and A values are given in Table 7(a). The variation in J obtained for 

~fferent protons of a par~~~la~ complex might be real, but more likely reflects the errors 

in m~as~rern~~t and ~t~~~_ The average J values in C 25 Gm-” 
higher than those obtained for solids .by s 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 porphyrim)z 0 dimers. 
assumed zero cont~butio~ from dipufar effect in some 

but used a ~ffere~t A,, par~et~r for each ~~~a~~~~ S’ state. Using a ~re~-p~~e~~~ 
procedure they deducedJ, A. 1 and A2 values for @eTPP&U and found that A 1 was slight-” 

ly larger but almost the same as Aa. The J and As. values were virtually identical with those 
obtained% by a previous two-parameter fit and are given in Table 8. The Jiralue was again 

higher than that found for the solid. 
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Fig.?. *H NMR spectrum of fFe(s&Pi_rt(l~H7)2)20 in CDCI~ sotu tion at room temperatutc. 

TABLE 7 

4- 5- 6- 
4 

AJi -J AXIQS aH -J AXlOIS AIf -J AX lo* 

Cal 
X=H -5.68 116 I.07 +4.41 140 -1.05 -2.88 120 0.377 
X=4-CHs (-+-I,29 112 -0.25)* +4.59 135 -l.w -2.84 140 0.686 
x = 5-CH3 -5,58 116 3.05 (-5.14 122 1.032)* -2.87 145 0.73 1 

W) 

X=M -!w3 M-74 -2-97 
X- 3-3 -7.09 *S&2 -3.20 
X=4-cH3 f-+1.14)* +4.7s -2.82 

X = 5-C4H9 -5.a r‘lo(~~)(-o.29~* -2.75 
2.21&) 
Q*44c4 31 



TABLE 8 

‘H NMR ata* and Jv&es for (Fe porphyrb020 eompiaxes in CBCi3 so!ution 

~~=~P)*~(~) -4.64 

(~~~~)~~~~) -4.64 

CFeTPP)20(c) -5.02 
(Fe deut)*O -4.62 
(Fe proto)zO 

(') Ref. 97, shifts re!ative to free ligand. 
(‘I Ref. 99, shifts relative to (ScTPP)20. 

fn a recent study of salen and po~~~~ s~s~erns La Mar et akgg claim that the use of 
one A value and zero cont~b~~o~ from dipolar sofa does not atlow tfie c 
curateJ and A values by the fitting procedures described ~b~ve9s?98 _ They used the assump- 

tion that any zero-field splittin (ZFS) in monomeric FetX species would mean a similar 
ZFS in the Q complex and hence a di n to the total shift. 
While it is n Cf and Fe p~~~~~~ Cl quite large D val- 

very 
smafl or zero D values (see S~~t~o~ F), La Mar et al., in fact, found zero D value in (Fe 

salen)& type complexes, i.e, just a contact shift, but from the LWIH, vs. T behaviour of 
FeTPPCI, which was non-Curie, they inferred a non-zero value in (FeTPP)2 a conse- 
quent dipolar contribution ts tie shift. They compared the xFe (kc&d) and vs. T 
curves for (Fe saIer&O and fcmnd that these curves d~ve~~~d from a non 
divergence was c~~~~ere~ to imply a ~~~er~~~ AS* value far each S’ state 

6 it was found that A l <AZ, Approximate vah~es of A,, 

able 7(b). For equal ASP the CUPV~S would be superimposable and the AH/& 

en above valid, Comparison of xFze and AH/HO curves for (FeTPP)2 0 show& 
very mile ~v~~g~~c~ ~~~~U~~~~~~~ ~~~U~~~~~~ >&_ 

From the f~re~o~~~ ~sc~~s~o~ it is seen that there are ~~~~~~~~ views on the ~~~~ 

interpretation of the NMR. d ta, one using a single A vaIueg5*” to describe the system, 
other using a number of AS, valuesg~gg. The hyperfine constant is introduced in tie cone 
tact shift term, A weakly coupled Heisenberg model was assumed in both interpretatitins 
and tile avaiIabXe evidence shows &at these i~o~(~r~~ dimers b~~o~~ to this class. The orbital 



not with a particular spin state. The use of one A value is therefore correct under these 
discusse d96 sys te s which require more than 

nt orbital states* They also shooed 
ble effect on the Femi ~~~ta~t 

ind, the A values sho 
mde to those observe for low,spin ’ ?& ~r~~~~~~~ exes, i.e. 104- 10” 

tons in [Fe(sal-NR), j 2 0 a 

n Table 7, The alte sign pattern, together with the change in s 
CH3 for H, are ind of a n-spti delocalization mechanism”‘. T 

for tie porphyrin ring prstans has been correlated with. a pr~d~min~tly a-mecha- 

~~ssb~~er effect studies an e ~x~-~~~~ed iron~iII) complexes were some -oZ the first 
&nuclear iron systems, Issmcr shift and quadrupale splitting parameters have 
d wi*th zero applied magnetic field by a number af workers, and the results are 

ey have shown that asy e&y arises due to spin- 
spin relaxation between dimers (~te~~~~~~lar) rat!zer &an wiS.n tie dimer as earlier pr0- 

posed 108,114a (’ t 
m ramoIecular). In the c 1c! af (Fe salen) 0 a sy metric quadrupole doublet 

is ebsenred at 4.2’K and 77*K st a very small asymmetry (3%) in peak height was ob- 





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 simil r to that calculated by Colds md Travis”’ 

the case of no hyperfine magnetic field and random orientation of the electric field 
dient (EFG), In this case the principal component of the EFG tensor, VzztS is > 0. The 

~~~~~~d field at iran ~u~~e~ is equal to the a~p~~~d field, h c~~~~~ with the very 
large hype~m~ bends observed at the nuclei of monomeric ir~~(~I~) complexes. The spec- 
tra are onIy weakly asymmetric with the asymmetry parameter q = 0.8. Clear evidence is 
therefore presenkd for a spin zero ground state, in agreement with the exchangecoupled 
model used to describe the present compounds~ The spectra of [(Fe phen2C1)2 01 Clz S&O, 

which has greater than that in the salen case, are better resolved in app~ed 

tbiscase V‘,<Oandq 
Werlapping spectrums1 _ 

- 02. ~~~~~~~)~~~~~~~~)~ also has V-& < 0 but 

The M6ssbauer results, discussed above, have given good correlation with 
coupled S = 4 model, together with considerablte fmdings on 
fects. The chernj~~ ~ons~qu~n~es are minim , but certain ern~~~~~ ~t~~~~~ and bonding 
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features can be deduced from consideration of the EFG, Thus, Reiff has concluded that 

in [(Fe ~h~n~C1~~ O] ‘+ the Cl and badge 0 are cis to each others’. He proposes that 

Vzz > 0 for the strong ~~b~n~~~ in each NIL O2 I~g~d p1-e; a 
conclusion whit ding argument nomaiiy invoked to explain the 

banding of O2 and aikyl groups to metal-salen moieties’“, In general the polarity llnd 
magnitude of yZz and q can be correlatedwith the environment around the iron atoms 

In the preceding sections F to J we have seen that the modei featuring spin-spin coup- 
ling ofS = g iron(II1) units gives a particularly good account of electronic ground state prop- 
erties. he fine structure observed in the sin~e~~st~ electronic spectra shows that this 
mod4 also gives a s~t~sf~cto~ i~t~r~r~ta~io~ of ass~i~ted excited states. Since this modeI 
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 af Fe and 0 atomic orbitals to explain 
the superexchange ~~~~anism has already been outlined in Section F, Qualitative three- 

been made by 

~~~~~ and Orgel’lS md later by Jez~wsk~-T~ebiat~wska~ _ sy~~et~ ~~~~d 

the IM atom and overall D411 symmetry were assumed, The interaction was assumed to arise 
only from n-overlap between 0(2p,, ay) and M( 3dXY, 3dXz, 3~5,~) orbitals, which yields 
the energy levels shown in Fig.9. When the available bonding electrons an M and 0 are 
placed in these levels, the ~ama~etIc 
and -U-Re are ~~~~ct~d correctly 4 1 Eg4, Bzg2, &,‘, Es *‘jl but that 
Fe is not. In this c a spin-triplet ground state would be predicted (- - - - - 
Lewis et al, have s sfed that the law symmetry of the Fe-O-Fe complexes could pos- 

sibly cause splitting of the Eu* level sufficient to cause: ~pin-pairi.ng~~ + They also included 
a ~-b~~d~g con&i on between Fe(3d, z f and ) ~~b~~s~ the ~~~r~ fevd dk- 

atowska later reached essen y the same ~~~cI~s~~~s and su 
that the formation of a non&ear Fe--Q-Fe bridge is energeticaLly f’voured by the 

trorlic splitting of the && * level=. She further points out that the fffling of ELI* and higher 

CT* orbit&s is energetically unfavourable and hence d”, d7 and d8 M-O-M systems should 
be unstabIe; tzris is the cake in practic _ Appfi~ation of the ~g~~~r-~v~r~~~ method ta a lin- 

complex yields tie sam order of me levels as the ~-rnodi~~d Dunitz- 

SGhU@ii- Ct d? have recentIy queried the applicability of the Dunitz-Orgel model in 

view of their visibfe spectra results, which show the “d 1 nature of the iron centres, Le. the 
3d fev4s are not significantly affected by oxo-bridge formation, They propose that r-bond- 

e unit must involve the empty 4$3= or orbits on the metal rati- 
er than the 3d orbitals, As support for the ~~volve~~~~ of outer T ~~~it~s they cite the COX+ 
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M-M M-O-N 
(3dJ.f) 

Fig.9. Dunitz-Orgel energy levels for linear M-O-M n-system (not drawn to scale). 

At this stage of theoretical exchange model is ad of the 

available molecular-orbital tre nit prsperties whit erive from 

the 3d orbit&. Much more detailed treatments are required to explain properties such as 

& essentially the argument commanIy used to expl 

ages found in phosphates, sulphates, etc. 

L. OX?-BRHXXNG IN BIOLOGICAL IRON SYSTEMS 

the metal binding sites of a number of proteins and enzy -Fe bridging has been 

characterized by X-ray methods in non-haem iron-sulphur pro and exchange in- 

teractions across this sulphur brid have been recopised using magneticg*l*q 
te e~denee fur Fe-U-Fe 



number of oxo-bridged ison(iII) complexes with porphyrins such as TF’P, deuteroporphyrin 

IX dimethyl ester and protoporphyti IX dirnethyl ester. X-ray structures have confirmed 
the b~~~l~a~~ and Fe-Q-Fe bridging Oio In preliminary stages these compounds were _ 

doubt by some to have the oft~~q~o~ droxo fo~u~a~on1’~~1~4. They 

are synthesised either by ~uto~dation of ~r~n~II) porph s fin SOI~~U~) or by hydrolysis 

(aquatian) of iron(II1) derivatives. Their properties are generally very similar to those of 

the ~-0x0 complexes containing simple figands, and have already been discussed in deli. 
It is &hly likely that oxo-bridging occurs with porphyrins other than those already stud- 

ieP4 

Cytochrome c oxidase is considered to possess two haem A groups 
oms at the active site. The mode of oxygen bonding is nat yet known. Ca 

that Fe--O-Fe bridging exists between haem A groups in the fully 
spite the hug chain on the ~o~~y~l~s. The 5l7mI2 sp~~~~ of the oxi- 

dase is very s (Fe p~~tup~~~~~~. The copper-iron relatio~s~p in this and 
o~er126-t28 proteins is a problem of muclr current interest; in this particular case the pos- 
sibility of mixed bridging, Cu-CL-Fe, has been raised. 

xist in iron(III) proteins such as haemogf 
droxo de~va~ves ve been bowl for a long time to show 

acetic and s~ectr~sco~i~ meas 

ly conclusively that this behaviour can be explained in terms of a high-spin ($) * low-spin 
(i) equilibrium 132-* 34, i.e, the axial hydraxa ligand creates a crystal field with strength 
just at the “cross-over” point, The bulky protein chains revent haem groups coming close 
toge~er to allow b~d~~~, and a large str~~~r~ change would be r~~~~r~d for this to hap- 

pen. In the ~yt~~hrorne c oxidase case, ~scussed above, the haem groups are ~~~ar~~~~y 
able to approach each other. 

~eme~~ri~ proteins are involved in ~x~~~~ tr~s~~~t in certain ~~v~~tebrat~s. The 

protein, ~~~~~~Q go&Z, 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 O2 molecule. Klotz, Williams and 

co-workers1[K)*135~136 and Gray and co-work~rs*“*137 have recently shown that the active 

sites in the sub-units of the oxy and met forms consist of exch~ge~ou~Ied S = 5 iron(III) 
g. The deuxy form consists of no~-~dg~d 
~-oxo structure is drawn f~~rn rna~e~c~~ 

and clectrsnic spectra1135*‘37 measurements; the results are summarised in 
close similarity to the behaviour of simple dimers is immediately obvious, 
oxygenation procedure seems therefore to involve addition of O2 to two 

e b~~~~~~~ oxy species, 
osed136s137 fsr the active site in the oxy 
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Magnetism 

ESR 

ESR Miissbauer 

Iectronlc 

Spectra, cm? 

CE per Fe) 

IR 

Oxidation state 

p small. J = -77 U-I? for S = 5 Fe-Fe pair fl small. J = -134 cm? 109, 137, 
fur S = $ Fe-Fe pair. Be- 138 
natured sample shows 
s=: behaviour. 

None Noni: 135-137 

6” 
c 

0.83 mm.sec? ti = 
0.86 [ 

1.03 mm.sec’ 
1.93 

S = 0.81 mm.seclfI 109, 136, 
AE = 1.57 mm.sec a 139 

Two Fe environments. No broadening at 4.2”K One Fe environment. No 
in appikd field broadening at 4.2” K in 
:. diamagnetic ground state applied fieId :. diamagnet- 

ic I;;raund stak 

~2,~~~sh ~~~~~ 16,670 flcg 135,137 

20,000 (1200) Fe-02 charge transfer 20,4 1 U (290) 

27,780sh (2700) 28,170 (3300) 

30,300 (3500) 

Fe”‘-peroxo 

The structure of the metaquo species is less mbiguous. 

The met form can bind one X oup (Cl, N3 ) etc-) per iron pair and singly or doubly bridged 
structures are possible, e.g. far met chlorohaemerythrin 
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NOTE ADDED IN PROOF 

The first, ~x~mp~~ of a bi~~c~~~r iron co plex ~o~~~~g a single s~~~~~~ bridge, 
(~~s~~~~~~, has recentfy been reportedly. It can be ~r~~~~~d~~ either as a brown precip- 

itate by reacting Na2 S.H2 0 with the filtrate obtained from an aqueous B(ii) preparation 

of (Fesa.knjS2 0, orr4’ as small black crystals by reactin e(II)salen with sulphur in boiling 

xylene. The J value, -75 cn@ , is smaller than that of oxobonded analogue, which is 
the reverse order to that ~~e~cted by stiple e~ectro~egat~v~~ arguments7. The Mijlssbauer 

~~r~~~~r~~ &%CIE = 0.60 rMxI*sec” ; 6 = 0.68 m;m.sec-” ) sh a smatler ~~~~~~~~ s~~~t~~~ 

than for tie 0x0 complex_ crhe complex has possible ap ations as a ~ode~ system for 

the two-iron ferredoxin protein” . 

T&z author is indebted to the following cc$leagues for their efforts in ~01ynuclea.r iron 

chemistry: Mr. A. van den Bergen (synthesis); Mr. J.E. Davies and Dr. B.M. Gatehouse (Xp 
ray crystallography); Dr. AS. Buckley (Mossbauer); Dr. P-D-W. Boyd (NMR); and Dr. t, 

Dub&i (electronic spectra). In particular, the author would like to thank Professor B-0. 
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