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/. Introduction 

The Fe-O-Fe linkage has been one of the more cel
ebrated units in inorganic chemistry. Reasons for this 

Donald M. Kurtz, Jr., was born in Akron, OH, in 1950 and graduated 
with a B.S. degree in Chemistry from the University of Akron in 
1972. In 1977 he received his Ph.D. degree in chemistry (majoring 
in physical biochemistry) at Northwestern University under Irving 
M. Klotz. He was a National Institutes of Health postdoctoral fellow 
under Richard H. Holm at Stanford University during 1977-1979. 
In 1979 he joined the faculty in the Department of Chemistry at 
Iowa State University. In 1986 he moved to the University of 
Georgia, where he is currently an Associate Professor of chemistry. 
Professor Kurtz is a National Institutes of Health Research Career 
Development Awardee during 1988-1993. His research interests 
involve the inorganic chemistry and biochemistry associated with 
non-heme iron proteins. 

phenomenon include its stability in the diferric form, 
its magnetic behavior, and its occurrence at the active 
centers of proteins. In 1974 Murray reviewed the 
chemistry of (/x-oxo)diiron(III) complexes.1 While re
cent reviews are available on (M-oxo)diiron sites in 
proteins,2 no comprehensive summary focusing on the 
chemistry of the Fe-O-Fe unit has appeared in the 
interim. The present review does focus on the chem
istry, hence the "chemical perspective" in the title. 

Although several new complexes within the category 
of the title have appeared continually throughout the 
intervening period since 1974, a renaissance in this area 
began in 1983. A seminal contribution to this renewed 
activity was the synthesis of two /i-oxobis(/i-
carboxylato)diiron(III) "hemerythrin site models" in
dependently in the laboratories of Lippard3 and Wie-
ghardt.4 As implied by the connection to hemerythrin, 
this renewed activity appears to be driven largely by 
attempts to understand the chemistry of an emerging 
group of diiron sites in proteins. 

A. Limitations and Scope 

One goal of this review is to collect the synthetic 
chemistry, spectroscopy, and magnetic behavior of the 
title complexes in a context that will provide a reference 
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frame for the biological sites. A second goal is to assess 
the advances that have been made in understanding the 
chemical nature of the Fe-O-Fe unit. A restriction to 
(M-OXO)- and (M-hydroxo)diiron molecular structures is 
imposed; linear chains and other extended arrays that 
occur in the solid state are not included. The restriction 
to oxo and hydroxo bridges emphasizes the importance 
of water and the biological connection to this chemistry. 
Reactions leading to iron complexes of higher nuclearity 
have recently been summarized5 and are not included 
here. Compounds containing additional transition-
metal atoms are excluded, unless the diiron complex is 
magnetically isolated. Since Murray's review was com
prehensive, and included historical aspects, results ob
tained since 1972 are emphasized here. The literature 
is surveyed through at least mid-1989. Some aspects 
of the title topic have been covered in more general 
reviews.5,6 A list of abbreviations is included at the end. 

One is struck by the wealth of structural and spec
troscopic information on the title complexes and con
versely by the lack of information on reactivity. The 
former circumstance reflects attempts to understand 
the electronic and magnetic nature of these complexes 
as well as their use as spectroscopic points of reference 
for the biological sites. The lack of information on 
reactivity is most probably due to the great stability of 
the (,u-oxojdiferric unit under a variety of conditions. 
In fact one likely reason for the large number of these 
complexes (cf. Tables I and II) is that the Fe-O-Fe unit 
is difficult to avoid in ferric chemistry! 

The oxo-bridged diiron complexes known at the time 
of the previous review were all diferric, and the vast 
majority of the complexes reported since 1972 are as 
well (Tables I and II). The relative instabilities of the 
mixed-valent and diferrous oxo/hydroxo-bridged com
plexes have limited their numbers. Only two Fe11Fe111 

complexes and one diferrous complex within the title 
category have been reported as isolable salts by mid-
1989. One structurally characterized example of a 
formally diiron(I) hydroxo-bridged complex is known. 
Mixed-valent FemFeIV complexes have been reported, 
but are ill-characterized. In this review, unless other
wise specified, the term "mixed-valent" refers specifi
cally to the Fe11Fe111 oxidation level. Molecular formulas 
can be assumed to contain only Fe111 unless the oxida
tion states are specifically noted otherwise. 

B. Hydrolysis of Fe(III)(aq) 

The nature of the diiron(III) species that results from 
hydrolysis of Fe(III) (aq) at pH >1 was controversial in 
1974 and still has not been resolved. The uncertainty 
is illustrated in two recent inorganic texts, one of which 
assigns a M-OXO7 and the other a bis(M-hydroxo) struc
ture8 to the major diiron (III) species between pH 1 and 
3. The two species in question may be related by 
equilibrium I.1 The uncertainty can be traced to the 

H2O + [(H2O)4Fe(M-OH)2Fe(H2O)4]
4+ ^ 

[(H2O)5Fe(M-O)Fe(H2O)5J
4+ (1) 

heterogeneity of the hydrolyzed species and the de
pendence of the species distribution on conditions 
(temperature, concentration, salt, solvent etc.).9"11 

Furthermore, no diiron(III) species containing only 
aquo, hydroxo, and/or oxo ligands has ever been crys
tallized. An X-ray absorption experiment addressing 
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Figure 1. Schematic bridging structures of (M-oxo/hydroxo)diiron 
complexes. Additional examples of M-O2XY groups are given in 
the text and tables. 

this question12 was shown to be in error.13'14 Com
pounding the uncertainty is that either (M-OXO)- or 
bis(M-hydroxo)diiron(III) complexes, namely, [Fe-
(H20)2(Cl-dipic)]204H2015 and [Fe(dipic)(H20)-
(OH)J2,

16 respectively, can be isolated from aqueous 
hydrolytic reactions of FeCl3-6H20 in the presence of 
pyridinedicarboxylate ligands. 

/ / . Structure 

A. Bridging Structural Types 

Seven X-ray crystal structures containing the Fe-O-
Fe unit were available for Murray's 1974 review, and 
these structures were all of the M-oxo-monobridged type. 
More than 70 additional structures have been reported 
by mid-1989, and these include the structural types 
illustrated schematically in Figure 1. The known 
structures can be separated into M-OXO and M-hydroxo 
categories; aqua-bridged diiron complexes are unknown. 
In Figure 1 these two categories have each been sub
divided into mono-, di-, and tribridged in the case of 
M-oxo and di- and tribridged in the case of M-hydroxo. 
Relevant structural parameters for these complexes are 
listed in Table I. These parameters have been obtained 
exclusively by X-ray crystallography. Where distances 
obtained by EXAFS have been compared to those ob
tained by X-ray crystallography, the agreement is found 
to be excellent for the first coordination sphere.17,18 

Fe-Fe distances obtained by EXAFS are subject to 
interference from outer shells of C and N scatterers, but 
agreement to within 0.04 A is usual. 

1. /d-Oxo Category 

Within the M-OXO category all known complexes save 
one (noted below) are diferric. The majority of the 
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/u-oxo complexes are of the monobridged type. It is 
noteworthy that prior to 1983 the tribridged subcate
gories were unknown outside of a protein. The di-
bridged (M-oxoK/a-carboxylato) structures have been 
even more recent entrants. Supporting bridges consist 
exclusively of oxygen-donor ligands. Coordination 
numbers of 4, 5, and 6 (and, possibly, a single example 
of 7)1 are known. Within the monobridged subcategory 
a clear preference for 4-coordination is shown with 
halides (and one example of thiolate),19 whereas 5- or 
6-coordination is strongly preferred with chelating N-
and O-donor ligands. The complex [Fe2O(NS)Cl8]Cl-
2C2H5OH illustrates the preceding two statements, 
showing both 4- and 6-coordination.20 This 4,6 complex 
and the 5,6 complex, [Fe(hp)]20(H20),21 constitute the 
only examples of different coordination numbers in a 
single diiron ^-oxo/hydroxo complex. 

Unusually short Fe-O (oxo) distances are character
istic of the diferric Fe-O-Fe unit. Fe-O(oxo) distances 
range from 1.73 to 1.82 A, with the average being 1.77 
A. The average for the 4-coordinate complexes is 
somewhat shorter at 1.75 A. These differences in length 
are nicely illustrated in the 4,6 complex mentioned 
above (Table I). The porphyrinato complexes may have 
slightly shorter than average Fe-O(oxo) bonds (~1.76 
A). The Fe-O-Fe angle in the /u-oxo complexes is quite 
flexible, ranging from 114° to 180°. The smallest known 
Fe-O-Fe angle in the monobridged subcategory is 139° 
in [Fe(salen)]20-(py)2.

22 The Fe-Fe distances are longer 
for the ju-oxo-monobridged complexes (3.39-3.56 A) 
than for the di- and tribridged complexes (3.05-3.39 A). 
The average Fe-O(oxo) distance increases from 1.78 A 
in [Fe(acen)]20

23 to 2.03 A in (Na[Fen'm(acen)]20}2,
24 

the latter of which is the only structurally characterized 
complex that contains a mixed-valent (^-oxo)diiron 
unit. The oxo bridge in this mixed-valent complex may 
be stabilized by weak bonding to a sodium ion. The 
tetranuclear formulation is the result of Fe-O (oxo)— 
Na+-0(acen)-Fe linkages between Fe11Fe111 pairs. 

2. /jL-Hydroxo Category 

A single hydroxo bridge is by itself apparently inca
pable of holding two iron atoms together, since this 
bridge does not appear without "supports". With the 
exception of one organometallic compound (noted be
low), the supporting bridges consist of oxygen-donor 
ligands, and 6 is the only known coordination number. 
The bridging Fe-O distance lengthens to 1.96-2.06 A, 
a range encompassing all oxidation levels. With two 
exceptions mentioned below, the Fe-Fe distances of the 
title complexes indicate that metal-metal bonding need 
not be considered. (This statement may not strictly 
apply to antiferromagnetic coupling, a point discussed 
elsewhere in this review.) For (^i-hydroxo)diferric com
plexes the Fe-Fe distances are snorter for dibridged 
(3.08-3.16 A) than for tribridged (3.4 A, only one ex
ample). Fe-O(H)-Fe angles range from 103° to 123°, 
with the bis(M-hydroxo) complexes being at the lower 
end of this range. The exceptions are the organo
metallic complex [FeI

2(CO)6(btp)(OH)] and ([Fe1"11-
(MTACN)]2(OH)3KC104)2.2CH3OH.2H20, with Fe-O-
(H)-Fe angles of 79° 25 and ~77°,26 respectively. The 
former complex represents the only structural type not 
explicitly illustrated in Figure 1. [Fe^(CO)6(Up)(OH)] 
has a dibridged (M-hydroxo)(ju-phosphido) structure, 

Ra Rs 

R' R' 

Salen: R3=R5=R'=H 

3-t-Busaltmen: R3=tBu, R5=H, R'=Me 

tpa hdp 

tip: R = H HB(PZ)3" T A C N : R = H 

tmip: R = Me MTACN: R = Me 

Figure 2. Examples of terminal ligands on mono- (salen), di-
(tpa, hdp), and tribridged (tmip, HB(pz)3, TACN) (n-oxo)diiron 
complexes. 

with terminal carbonyl ligands.25 i[Fen>m(MTACN)]2-
(OH)3}(C104)2-2CH3OH-2H20 is currently the only ex
ample of the tris(ju-hydroxo) structure.26 These two 
complexes have unusually short Fe-Fe distances (~2.5 
A), and an Fe-Fe bond is likely in [FeI

2(CO)6(btp)-
(OH)]. 

B. Types of Terminal Ligands and Their 
Structural Effects 

For 5-coordinate complexes in the jt-oxo-monobridged 
subcategory, nonbonded repulsion energies appear to 
outweigh any electronic preferences for a particular 
Fe-O-Fe angle.27"29 Mukherjee et al.27 have used steric 
repulsions of bulky R groups on the salen ligand (cf. 
Figure 2) in order to increase the Fe-O-Fe angle from 
145° in [Fe(salen)]20 to 173° in [Fe(3-£Busaltmen)]20, 
without significantly increasing the Fe-O(oxo) dis
tances. The Fe-O-Fe angle and Fe-O(oxo) distance in 
the anion of [FeCl(DMSO)5][Fe2OCl6] are reported to 
change significantly with temperature in the crystal (cf. 
Table I).134 

The structural trans effect of the oxo bridge is evident 
in most of the tribridged diferric complexes whose 
capping tridentate ligands have 3-fold rotational sym
metry. Fe-N or Fe-O bonds that are trans to the oxo 
bridge are 0.03-0.08 A longer than the cis Fe-N or Fe-O 
bonds in complexes with HB(pz)3,

30 TACN,4'31 

MTACN,32 J[OP(OEt)2I3Co(C5H5))-,
33 and tmip34'35 as 

capping ligands. Schematic structures of HB(pz)3, 
TACN, MTACN, and tmip are illustrated in Figure 2, 
and the X-ray crystal structure of [Fe2O(OAc)2-
(tmip)2](C104)2 is shown in Figure 3. In this cluster 
the average trans Fe-N distance is 0.03 A longer than 
the average cis Fe-N distance. This trans effect is also 
clearly evident in solution from the 1H NMR chemical 
shifts of the ligand imidazolyl resonances.34 For exam-
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TABLE I. Selected Structural Details of Oxo- and Hydroxo-Bridged Diiron Complexes 

complex3 
coord 

no. Fe-O,6 A Fe-O-Fe,6 deg Fe-Fe,0 A ref 

Fe(acen)]20 
Na[Fe"'in(acen)]20)2 

Fe(3-tBusaltmen)]20 
Fe(salen)]20 
Fe(salNPhCl)]20 
Fe(tsalen)]20-py 
[(TACN)Fe(acac))]20}(C104) 
Fe[TAAB(OMe)2]I2O 
Fe(DAPH)2Fe2OCl4]4CH3OH 
Ph4As)2[Fe2OCl6] 
Mg(DMF)6][Fe2OCl6] 
Et4N)2[Fe2O(SPh)6] 
(C5Hs)2Fe]2[Fe2OCl6] 

BzPh3P)[Fe2OCl6] 
BzMe2PhN)2[Fe2OCl6] 
NEtPy)3[FeCl4][Fe2OCl6] 
Fe"(bipy)3] [Fe2OCl6] 

FeCl(DMSO)6][Fe2OCl6] 

Fe"(phen)3] [Fe2OCl6] 
PyH)2[Fe2OCl6J-Py 
Ph4P)2[Fe2OCl6]^CH2Cl2 
(C6He)3P)2Se]2[Fe2OCl6] 
Cu(en)2]2Fe20(EDTA)2]-2H20 
Fe(TPO]2O 
Fe(TPP)]20 
Fe(ODMJ]2O 
Fe(FF)]20-H20-2C6H6CH3 
Fe(ambp)]20 
Fe20(N5)Cl3]C1.2C2HB0H 

Fe(hp)]20(H20) 

Fe(cpbN)]2O-C8H10 
Fe2O(PhCn)4(H2O)2] (N03)4-5H20 
Fe20(phen)2(H20)6](N03)4-H20 
Fe20(phen)4Cl2] Cl2-4.5H20 
Fe(TDAD)]2O-0.67DMF 
Fe(DBAT)J2O-CH3CN 
Fe(H20)2(Cl-dipic)]20-4H20 
Fe20(tetren)2]l4 
Fe(mhq)2]20-CHC13 
Fe(DSIT)]20-2H20 
Fe20(bbimae)2Cl2] (N03)2 
Fe20(bbimae)2(NCS)2](N03)2 

Fe2O(OBzKlKIp)2]BPh4 
Fe20(OBz)(tpa)2](C104)3 
Fe20(OAc)(tpa)2](C104)3-2H20 
Fe20|02P(OPh)2|](C104)3 

[Fe(tpbn)(OAc)]20!2(N03)4-4H20 
Fe2O(OAc)2(MTACN)2] (ClO4J2-H2O 
Fe20(OAc)2Cl2(bipy)2]-CH3CN 
Fe2O(OBz)2(N3)2](ClO4)2-2C2H5OH-0.5(Et3NH)(ClO4) 
Fe20(OAc)2(HB(pz)8)2].4CH3CN 
Fe20(02CH)2(HB(pz)3)2] 
Fe20(02P(OPh)2)2(HB(pz)3)2] 
Fe20(02PPh)2)2(HB(pz)3)2] 
Fe2O(OAc)2(TACN)2]I2-0.5NaI-3H2O 
Fe2O(OAc)2(TACN)2]I2-0.5CH3CN 
Fe20(OAc)2(tmip)2](C104)2-2CH3CN-(C2H6)20 
Fe20(C08)2(MTACN)]-4.25H20 
Fe2O(OAc)2I[OP(OEt)2]SCo(C5H5)I2] 
Fe20(MPDP)(HB(pz)3)2] 

Fe20(MPDP)(4,4'-Me2bipy)2Cl2] 

Fe2O(MPDP)(BIPhMe)2Cl2] 

M - O X O Monobridgec 

5 
5 

5 
5 
5 
5 
5 
5 
4 
4 
4 
4 
4 

4 
4 
4 
4 
4 
4 

4 
4 
4 
4 
6 
5 
5 
5 
5 
6 
4 
6 
5 
6 
6 
6 
6 
6 
5 
5 
6 
6 
5 
5 
6 
6 

1 
1.775 (13) 
1.999 (6) 
2.069 (6) 
1.779 (5) 
1.78 (1) 
1.76 (1) 
1.78 (1) 
1.787 (5) 
1.777 (6) 
1.766 (3) 
1.74 (3) 
1.734 (1) 
1.766 (2) 
1.757 (2) 
1.754 (2) 
1.749 (4) 
1.760 (4) 
1.766 (5) 
1.744 
1.765 (3) 
1.75 (11) 

103 K 1.776 
343 K 1.736 

M-Oxo Dibridged 
6 
6 
6 
6 

M-Oxo Tribridged 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 

6 

1.75 (2) 
1.755 (3) 
1.740 (1) 
1.752 (2) 
1.773 (5) 
1.755 (5) 
1.759 (1) 
1.752 (1) 
1.787 (17) 
1.811 (1) 
1.751 (4) 
1.782 (4) 
1.739 (7) 
1.782 (7) 
1.806 (3) 
1.785 (5) 
1.774 (4) 
1.787 (6) 
1.767 (9) 
1.792 (1) 
1.772 (3) 
1.77 (1) 
1.780 (11) 
1.769 (3) 
1.7816 (7) 
1.7795 (8) 

1.79 (1) 
1.790 (5) 
1.795 (5) 
1.80 

1.794 (3) 
1.800 (3) 
1.785 (4) 
1.790 (6) 
1.785 (2) 
1.781 (3) 
1.808 (3) 
1.812 (3) 
1.78 (1) 
1.781 (4) 
1.800 (5) 
1.820 (8) 
1.795 (6) 
1.797 (4) 
1.793 (5) 
1.771 (3) 
1.774 (3) 
1.783 (5) 
1.790 (4) 

150.7 (13) 
134.9 (4) 

173.4 (2) 
144.6 (6) 
175 (1) 
159 (2) 
158.6 (3) 
176.3 (3) 
155.4 (6) 
170.8 (5) 
180 
180 
162.4 (9) 
160.8 (7) 
162.1 (5) 
160.2 (5) 
147.7 (3) 
180 
148.1 (2) 
148.9 (7) 
146.5 (2) 
152.7 (4) 
161.6 (9) 
155.6 (7) 
180 
180.0 (0) 
169.7 (2) 
180 
176.1 (2) 
178.6 (6) 
161.1 (4) 
146.6 (2) 
149.8 (3) 

180 

144.5 (2) 
155.1 (4) 
162.0 (3) 
161 (1) 
157 (1) 
142.75 (9) 
180 
172 
151.6 (7) 
156.4 (2) 
180 
180 

128.3 (6) 
129.7 (3) 
129.2 (2) 
138 

121.3 (6) 
119.7 (1) 
123.9 (2) 
118.7 (3) 
123.6 (1) 
125.5 (2) 
134.7 (2) 
130.6 (3) 
118.3 (5) 
118.7 (4) 
122.7 (2) 
113.8 (4) 
124.4 (4) 
123.4 (3) 

124.0 (2) 

125.9 (2) 

3.433 (3) 
3.757 calc 

3.551 
3.391 
3.53 
3.50 (1) 
3.512 (2) 
3.552 (1) 
3.451 calc 
3.469 calc 
3.468 calc 
3.532 calc 
3.460 (3) 
3.459 calc 
3.455 calc 
3.467 (2) 
3.393 (1) 
3.489 
3.394 calc 
3.374 calc 
3.401 calc 
3.374 calc 
3.45 calc 
3.431 calc 
3.480 
3.504 
3.533 (1) 
3.510 (8) 
3.516 calc 
3.504 calc 
3.525 calc 
3.468 (1) 
3.412 (1) 

3.52 

3.440 calc 
3.49 
3.506 (2) 
3.52 calc 
3.46 calc 
3.397 calc 
3.545 (1) 
3.531 calc 
3.451 calc 
3.481 (4) 
3.563 (1) 
3.559 (1) 

3.218 (2) 
3.241 (1) 
3.243 (1) 
3.36 calc 

3.129 (2) 
3.12 (4) 
3.151 (1) 
3.079 (2) 
3.145 (1) 
3.168 (1) 
3.335 (1) 
3.292 (2) 
3.064 (5) 
3.063 (2) 
3.158 (2) 
3.048 (2) 
3.174 (2) 
3.161 (1) 

3.130 (1) 

3.183 (2) 

23 
24 

27 
121a 
121b 
99 
122 
123 
124 
124 
125 
19 
126 
127 
128 
129 
130 
131 
132 
133 
134 

135 
136 
137 
138 
139 
77 
140 
141 
142 
143 
20 

21 

48 
56 
144 
133 
145 
146 
15 

147a 
148 
149 
150 
150 

38 
39 
39 
55 

37a 
32 
36 
49a 
30 
30 
53,54 
53,54 
4 
31 
35 
50 
33 
172 

172 

172 
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complex0 
coord 

no. Fe-O,6 A Fe-O-Fe,6 deg Fe-Fe,0 A ref 

[Fe20(03P(OC6H5))2(MTACN)2]NaC104-2H20 
[Fe2O(CrO4WMTACN)2BH2O 

[Fe2(MeHXTA) (OH) (H2O)2]-4H2O 
[Fe2((sal)3trien)(OH)Cl2]-C4H80 
[Fe2(salam)(0H)2]-2H20-2py 

[Fe(Chel)(H20)(0H)]2-4H20 

[Fe(dipic)(H20)(OH)]2 

[Fe(DMAdipic)(H20)(OH)]2 

[Fe'2(CO)6(btp)(OH)] 

[Fe11J(OH) (OAc)2(MTACN)2] (C104)-H20 
|[Feif.m(MTACN)]2(OH)3|(C104)2-2CH3OH-2H20 
[Fe2(OH) (OAc)2(HB(pz)3)2] (ClO4)-0.5CH2Cl2 

0 Formal iron oxidation states other than III are indicated. 6 Number in parentheses is the esd of a single value or the average esd of two 
values. c calc indicates that the distance was calculated trigonometrically. 

6 
6 

M-Hydroxo 
6 
6 
6 

6 

6 

6 

6 

M-Hydroxo 
6 
6 
6 

1.817 (5) 
1.819 (2) 

i Dibridged 
1.96 (2) 
1.97 (1) 
1.986 (6) 
2.055 (6) 
1.938 (4) 
1.989 (4) 
1.938 (5) 
1.993 (5) 
1.937 (6) 
1.986 (9) 
1.972 (6) av 

Tribridged 
1.987 (8) 

1.956 (5) 

123.2 (3) 
129.1 (3) 

106.34 (17) 
107 (1) 
102.8 (3) 

103.2 (6) 

103.6 (2) 

105.3 (2) 

79.1 (2) 

113.2 (2) 

123.1 (2) 

3.198 (3) 
3.285 (4) 

3.137 (1) 
3.162 (7) 
3.155 (3) 

3.078 (2) 

3.089 (2) 

3.118 (2) 

2.511 (2) 

3.32 (1) 
2.509 (6) 
3.439 (1) 

174 
174 

151, 152 
97 
98 

16 

16 

153 

25 

52 
26 
51 

pie, the cis N(I)-H resonance of [Fe20(OAc)2(tip)2]
2+ 

appears ~4 ppm farther downfield than does the trans 
N(I)-H resonance (cf. Table III). The shorter cis than 
trans Fe-N(Im) distances permit more unpaired elec
tron spin to be delocalized onto the cis imidazolyl ring 
protons. In [Fe2O(OAc)2I[O2P(OEt)2I3Co(C5H5)I2], the 
tribridged core is capped by the tripodal oxygen-donor 
ligand ![O2P(OEt)2I3Co(C5H5)!-. In this complex the 
Fe-O bonds trans to the oxo bridge are ~0.07 A longer 
than the cis Fe-O bonds.33 It is also noteworthy that, 
among these tridentate capping ligands, TACN forms 
the diferric (M-oxo)bis(jU-carboxylato) complex with the 
shortest Fe-Fe distance (cf. Table I). The rationale for 
this observation is that the small size of TACN and the 
trigonal contraction that this ligand imposes on the 
coordination sphere reduce its steric interactions with 
the bridging ligands.32 

The complex [Fe20(OAc)2Cl2(bipy)2]-CH3CN36 was 
the first example in the /u-oxo-tribridged category to 
contain other than a tridentate capping ligand. The 
terminal ligands on each iron instead consist of the 
bidentate ligand bipy and Cl-. More recent examples 
of such complexes with bidentate terminal ligands are 
[Fe2O(MPDP)L2Cl2] where L = 4,4'-Me2bipy, BIPhMe, 
TMICMe.172 This latter set of complexes is apparently 
stabilized by use of the bridging dicarboxylate MPDP. 
In all of these complexes the Cl- ligands are coordinated 
cis to the oxo bridge. [Fe20(02CH)4(BIPhMe)2]-H20 
contains the bidentate terminal ligand BIPhMe and a 
terminal formato ligand on each iron coordinated cis 
to the oxo bridge.173 

Use of the potentially dinucleating ligands tptn, tbtn, 
and dtne37 in syntheses of the ^-oxo-tribridged com
plexes failed to achieve the desired result, i.e., one diiron 
complex surrounded by one dinucleating ligand. In
stead, tetranuclear cations were obtained that can be 
described as a "dimer of dimers". The cation consists 
of two linked but magnetically isolated tribridged di-
iron(III) subcomplexes, whose structures are analogous 
to that shown in Figure 3. The Fe-Fe axes of these two 
subcomplexes are oriented approximately parallel to 
each other. Each of two dinucleating ligands caps one 
end of both subcomplexes. 

The dibridged (ju-oxo)Gu-carboxylato) structures in 
[Fe20(0Bz)(hdp)2]BPh4

38 and [Fe20(OBz)(tpa)2]-
(C104)3

39 are apparently encouraged by use of the tet-
radentate capping ligands hdp and tpa whose schematic 
structures are shown in Figure 2. The tertiary amino 
nitrogens from which the other substituents emanate 
distinguish these tetradentate ligands from the salen 
type, which enforces a more planar coordination sphere. 
Identical environments for the two iron atoms are found 
in [Fe2O(OBz)(IuIp)2]BPh4, where the tertiary amino 
nitrogen ligands to each iron are trans to the oxo 
bridge.38 However, distinctly different coordination 
environments are found for the two iron atoms in 
[Fe2O(OBz)(tpa)2](C104)3. On one iron atom the ter
tiary amino nitrogen is trans to the oxo bridge; on the 
other iron atom a pyridyl nitrogen is trans to the oxo 
bridge. This pyridyl Fe-N distance is significantly 
longer than the remaining pyridyl Fe-N distances in 
the complex; thus, the structural trans effect of the oxo 
bridge is also evident for the dibridged complexes. The 
reason for the two different coordination environments 
in [Fe2O(OBz)(tpa)2](C104)3 is not obvious. The same 
two coordination environments are seen in [Fe2O-
(OAc)(tpa)2](C104)3.

39 

/ / / . Synthesis 

A. General Methods 
Two approaches to syntheses of the ju-oxo-mono-

bridged complexes were summarized in Murray's re
view:1 (i) hydrolysis of ferric chelate complexes or of 
ferric salts in the presence of a chelating ligand, and 
perhaps a general base, in either water or an organic 
solvent and (ii) oxidation (usually aerial) of ferrous 
complexes, usually in nonaqueous solvents. These two 
approaches remain valid for complexes in this subca
tegory. No clear preference for one approach over the 
other has emerged during the intervening years, and 
these methods will not be recounted here. 

B. Equilibria and Pathways of Formation 

Equilibrium constants K0 for reaction 2 have been 
measured by spectrophotometric and/or potentiometric 
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Figure 3. X-ray crystal structure of the diiron(III) complex in 
[Fe20(OAc)2(tmip)2](C104)2-2CH3CN-(C2Hs)20 (reprinted from 
ref 35; copyright 1990 American Chemical Society). 

titrations with base in aqueous or mixed aqueous/or
ganic solvents. KD ~ 1(T12 M for L = salen and 

2Fe111L+ + H2O 3=£ (Fe111L)2O + 2H+ (2) 

EDTA4o-42 and 10"8 M for L = TPP and TMpyP43'44 at 
25 0C. These values indicate that at neutral pH the 
equilibrium in reaction 2 favors the oxo-bridged species. 
While these values were not determined under identical 
conditions, the equilibrium does appear to lie further 
to the right for L = T P P than for L = salen or EDTA 
in aqueous solution. The reasons for this difference are 
not completely clear. Bulky groups on the phenyl rings 
of TPP can definitely lower KD,43 but additional factors, 
such as relative solvation of reactants vs products, must 
also be involved.45 Relative insolubility of the oxo-
bridged species in the reaction mixture is often an ad
ditional driving force for its formation. Intermediates 
in reaction 2 are not readily identifiable, although 
Fe111LOH is usually implicated. 

Advances have been made in understanding the 
pathway(s) of formation of the (£i-oxo)diferric porphyrin 
complexes by reactions of ferrous porphyrins with O2 

in noncoordinating solvents.46 Bulky substituents on 
the phenyl rings of T P P and use of low temperatures 
(<50 0C) hinder the formation of the ^-oxo species 
sufficiently so that intermediates can be detected in situ 
by 1H NMR. The overall sequence of reactions in
volving identifiable intermediates is 

PFp11 

PFe" + O2 ^ PFe11O2 '. - PFe111OOFe111P (3) 

PFe111OOFe111P — 2PFe I V =0 (4) 

P F e I V = 0 + PFe" — PFe111OFe111P (5) 

The presence of N-bases favors formation of the ferryl 
species in reaction 4. At higher temperatures other 
pathways, such as those in reactions 6 and 7, leading 

2PFe111OOFe111P — PFe111OFe111P + O2 (6) 

PFe111OOFe111P + 2PFe" — 2PFe111OFe111P (7) 

from the peroxo-bridged intermediate to the ^t-oxo 
species may occur. Related oxygen atom transfer 

chemistry leading to (/ti-oxo)diiron(III) complexes has 
been reviewed by Holm.47 A reversible loss of the Fe-
O-Fe linkage was reported upon heating of [Fe-
(cpbN)]20 in vacuo,48 but the nature of the products 
is unknown. 

Reduction of [Fe(acen)]20 by sodium in tetrahydro-
furan produces {Na[Fen'm(acen)]20)2, which is the only 
structurally characterized example of an oxo-bridged 
mixed-valent complex.24 

C. Dl- and Tribridged Complexes 

The hydrolytic pathway of ferric salts at low pH in
volving an equilibrium analogous to reaction 1 presum
ably represents that for formation of the bis(^-hydroxo) 
complexes such as [Fe(dipic)(H20)(OH)]2.16 The tri
bridged complexes represent a relatively recent devel
opment, and their syntheses deserve more detailed 
discussion. 

Three synthetic routes to assembly of the diferric 
complexes in the £i-oxo-tribridged subcategory are given 
in reactions 8-10. Reaction 8 has been demonstrated 

Fe(ClO4)3-10H2O + NaO2CR - ^ * — 
[Fe2O(O2CR)2Lf2+ (8) 

EtOH O2CR" 
FeCl 3 -6H 2 0 + L • "LFeCl3" • 

[Fe 2O(O 2CR) 2L] 2 + (9) 

CH 3CN L°<-

(Et4N)2[Fe2OCl6] + Na2O2CR • • 
[Fe2O(O2CR)2Lr+ (10) 

for R = H, Me, or Et and L = HB(pz)3, tmip, or 
tip.30,32,35 Reaction 9 has been demonstrated for R = 
Me or Ph, and L = TACN, MTACN, tptn, tpbn, dtne, 
or N3.

2-30'32'37'49" Reaction 9 using (MTACN)FeCl3 in 
water yields [Fe2OU-X)2L2] when X = CO3

2-, HPO4
2-, 

HAsO4
2', or CrO4

2- is used in place of O2CR".50'174 Re
action 10, which uses the preformed (/i-oxo)diiron(III) 
"synthon" [Fe2OCl6]

2-,155 has been demonstrated for R 
= Me, Et, Ph and L = HB(pz)3, tmip, or J[O2P-
(OEt)2J3Co(C5H5))-.

30'33'35 Reaction 10 using the bridging 
dicarboxylate MPDP in place of Na2O2CR results in 
[Fe2O(MPDP)L2Cl2] where L = 4,4'-Me2bipy, BIPhMe, 
or TMICMe.172 The dibridged (/u-oxo)(^-carboxylato) 
complexes [Fe20(OBz)(hdp)2]BPh4 and [Fe2O(OBz)-
(tpa)2] (C104)3 have been prepared by a reaction similar 
to reaction 9 in methanol, but with tetradentate rather 
than tridentate capping ligands (cf. Figure 2).38,39 

An alternative synthesis of the (^-oxo)bis(/u-
carboxylato)diiron(III) core involves splitting of the 
[Fe4(M3-O)2J

8+ core in [Fe402(OAc)7(bipy)2]+ in the 
presence of bipy and Cl" to yield [Fe2O(OAc)2Cl2-
(bipy)2]-CH3CN.36 Syntheses of [Fe2O(OAc)2L']2+ (L' 
= tptn, tbpn,37 bbima49b) have been reported from re
action of L' with "basic iron acetate", which contains 
the trinuclear structure shown in Figure 8 with M = 
Fe3+ and L = H2O. Aerial oxidation of a solution of 
[Fe1VO2CH)4(BIPhMe)2] results in [Fe2O(O2CH)4-
(BIPhMe)2J-H2O.173 

The (M-hydroxo)bis(/u-carboxylato)diiron(III) com
plexes [Fe2(M-OH)(02CR)2L2]+'3+ have been obtained 
for L = HB(pz)3 or tmip, and R = Me or Et.34-35-51 
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These hydroxo-bridged complexes are prepared either 
by protonation of the oxo-bridged complex in organic 
solvent or by reaction 8 carried out at pH £3.5. In the 
case of L = tmip, highest yields of the /^-hydroxo com
plex are obtained in the range pH 1.5-2.0.35 Based on 
the pHs required for syntheses of the (M-OXO)- vs (M-
hydroxo)bis(^-carboxylato)diiron(III) complexes, a pKa 
~3.5 for the diferric ^-hydroxo group has been esti
mated.32 

The "spontaneous self-assembly" of the Gu-oxo)bis-
(ju-carboxylato)diiron(III) core with a variety of car-
boxylato ligands, capping ligands, and reaction condi
tions demonstrates the thermodynamic stability of this 
core. The major side products are the bis(ligand) com
plexes Fe111L2, which often have even greater thermo
dynamic stabilities. Suppression of this side product 
can be achieved by rapid removal of [Fe2O-
(O2CR)2L2]

0,2"1" from the reaction mixture, usually by 
precipitation as it forms. In the case of L = MTACN 
the steric bulk of the methyl groups also suppresses 
formation of Fe111L2. 

The stabilities of the corresponding ferrous bis(lig-
and) complexes apparently prevent obtainment of the 
(jt-hydroxo)bis(jii-carboxylato)diiron(II) complexes with 
L = HB(pz)3, tmip, or TACN. However, steric hin
drance of the methyl groups on MTACN suppresses 
formation of Fe11L2 sufficiently to permit spontaneous 
self-assembly of [Fen

2(OH) (OAc)2(MTACN)2] (ClO4)-
H2O, which is the only known differous hydroxo-bridged 
complex. This complex forms in a methanolic mixture 
of ferrous perchlorate hexahydrate, MTACN, and ace
tate under anaerobic conditions.52 The only structurally 
characterized example of a hydroxo-bridged mixed-va-
lent diiron complex, {[Fen'm(MTACN)]2(OH)3(-
(C104)2-2CH3OH-2H20, is prepared similarly, but 
without acetate.26 

D. Bridge Substitution and Exchange 

Diphenylphosphato- and diphenylphosphinato-
bridged analogues [Fe20(02P(OPh)2)(HB(pz)3)2] and 
[Fe20(02P(Ph)2)2(HB(pz)3)2] have been prepared by 
additions of the respective conjugate acids to solutions 
of [Fe20(OAc)2(HB(pz)3)2] in dichloromethane.53'54 This 
bridge substitution reaction is an exploitation of the 
facile exchange of the bridging carboxylato ligands that 
occurs for these complexes in the presence of a proton 
donor.5,30 The bridge substitution reaction in water of 
[Fe2O(OAc)2(MTACN)2]

2+ with O3P(OC6H5)
2- leads to 

[Fe20(03P(OC6H5))2(MTACN)2].
174 In this case the 

substitution takes place after dissociation of one of the 
bridging acetato ligands at alkaline pH. The resulting 
(/u-oxo)(M-acetato)diiron(III) species reacts with O3P-
(OC6H5)

2-. The oxo bridge of [Fe2O(O2CR)2Lp+ rap
idly exchanges with labeled oxide from water that is 
added at 1-2 vol % in nonprotic solvents.30'31'55 For 
/i-oxo-monobridged complexes, this procedure some
times results in decomposition and the bridge must 
instead be labeled by assembly of the complex in 
H2

18O.56-57 

IV. Electronic Absorption Spectra 

A. Survey 

The (/u-oxo)diiron(III) complexes constitute the only 
category where absorption spectra have been analyzed 

in detail. The characteristic spectra of these complexes 
are discussed below. Unlike the diferric Fe-O-Fe unit, 
no characteristic spectrum has yet been identified for 
the diferric Fe-O(H)-Fe unit. A single broad absorp
tion with Xmax at 375 nm (t2Fe = 9500 M"1 cm-1) is re
ported for the near-UV spectrum of the (/u-hydroxo)-
bis(M-carboxylato) complex [Fe2(OH)(OAc)2(HB-
(pz)3)2](ClO4)-0.5CH2Cl2.

51 However, the analogous 
complex [Fe2(OH) (OAc)2(tmip)2] (ClO4J2BF4 shows only 
a weak shoulder in this region.35 The diferrous complex 
[Fe2(OH) (OAc)2(MTACN)2] (C104)2-H20 is nearly col
orless; its absorption spectrum has not been analyzed. 
Ligand field transitions of the diferrous site in heme-
rythrin have been analyzed.58 

B. (ju-Oxo)diiron(III) Complexes 

The electronic transitions of these complexes have 
most recently been assigned from analyses of absorption 
and CD spectra, polarized single-crystal spectra, and 
Raman excitation profiles. While a self-consistent 
picture emerges, it is probably fair to say that the as
signments, particularly those of the bands in the region 
of 400-530 nm, cannot be considered definitive at this 
time. 

1. Oxo Dimer Region 

For the diferric complexes, Table II lists electronic 
absorption bands between 300 and 400 nm, the so-called 
oxo dimer region.59 Based on analysis of the spectrum 
of enH2[(FeHEDTA)20]-6H20, the diferric oxo dimer 
bands were originally assigned to combinations of ligand 
field transitions, referred to as simultaneous pair ex
citations.1'60 Although the sums of ligand field transi
tion energies come close to those in the oxo dimer region 
for enH2[(FeHEDTA)20]-6H20, the corresponding 
match in energies is not good for the tribridged com
plexes. A convincing alternative case has been made 
by Reem et al.59 that the absorptions in the oxo dimer 
region arise from oxo -*• Fe CT transitions. Figure 4 
contains a diagram of the orbitals on the bridging oxo 
and iron atoms that Reem et al. propose to be involved 
in these transitions at various bridge angles. According 
to this model the highest energy band at all angles arises 
from oxo pz -* Fe d22 CT of u symmetry. The energy 
of this band would lie well below 300 nm and has not 
been observed, probably due to intense overlapping 
absorbance by other groups in these complexes. The 
next lowest energy transition for the linear geometry 
arises from the oxo px,py — Fe 6.xz,A.yz CT of ir sym
metry, and this transition is degenerate. As the bridge 
angle departs from linearity, this transition splits and 
simultaneously the oxo pz -» Fe d.^ CT transition be
comes allowed. Thus, for bent Fe-O-Fe geometries 
three -re- derived transitions are expected. These tran
sitions are indicated by stars in Figure 4. For enH2-
[(FeHEDTA)20]-6H20 (Fe-O-Fe = 1650),61 two ab
sorption bands between 300 and 400 nm have been 
assigned to the two lower energy x-derived transitions 
and a peak at 285 nm has been assigned to the highest 
energy x-derived transition.59 For the di- and tribridged 
complexes the highest energy 7r-derived transition may 
merge with the next lowest energy 7r-derived transition 
due to the more acute Fe-O-Fe angles (114-130°), as 
depicted in Figure 4C. Thus, two bands in the 300-
400-nm region are assigned to these x-derived transi-
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TABLE II. Some Magnetic and Spectroscopic Properties of Oxo- and Hydroxo-Bridged Diiron Complexes 

complex0 

[Fe(acen)]20 
|Na[FeI"n(acen)]20|2 

[Fe(salen)]20 
[Fe(3-tBusaltmen)]20 

[Fe(5-fBusalen)]20 

[Fe(tsalen)]20-py 
|[(TACN)Fe(acac)]20|(C104) 

JFe[TAAB(OMe)2]J2O 
([Fe(TAAB) ] 20)(N03)4-4H20 
|[Fe(TAAB)]20)(C104)4-4H20 
(Ph4As)2[Fe2OCl6] 
[Mg(DMF)6][Fe2OCl6] 
[(CsHs)2Fe]2[Fe2OCl6] 
[Fefybipy),] [Fe2OCl6] 
[R4N1R4P)[Fe2OCl6]

8 

(PyH)2[Fe2OCl6I-Py 

(Ph4P)2[Fe2OCl6] 
[(C6Hs)3P)2Se]2[Fe2OCl6] 
(BzPh3P)2[Fe2OBr6] 
(BzPh3P)2[Fe2OI6] 
[Cu(en)2] [Fe2O(EDTA)2]^H2O 
[FeCl2(OPPh3)I2O 
[Fe(Pc)J2O 

(D 
(2) 

[(N-base)PcFe]20 

[Fe(Sq)(H2O)2J2O 
[Fe(hp)]20(H20) 
[Fe(DPDME)J2O 

[Fe(TPP)]20 
[Fe(TPO]2O 
[Fe(TPP(4-OCH3))]20 
[Fe(TPP(4-CF3)]20 
[Fe(TPP(F6)I2O 
[Fe(ODMJ]2O 
[Fe(FF)J2O 
[Fe(OEP)J2O 
[Fe20(N5)Cl3]Cl-2C2H5OH 
[Fe20(phen)4(H20)2](N03)4 

[Fe(DBAT)2]O-CH3CN 
[Fe(Cl-dipic)]20-4H20 

[Fe20(tetren)2]I4 

[Fe20(tetpy)2](S04)2 

[Fe20(bmem)2](S04)2 

[Fe20(phen)4(NCS)2J (NCS)2 

[Fe(PBZ)2(S04)]2-17H20 
[Fe(mhq)2]20-CHC13 

[Fe20(bipy)](S04)2-5H20 
[Fe20(phen)](S04)2-6H20 
[Fe20(rc-propsal)4] 
[Fe(DSIT)]20-2H20 
[Fe(TPPO)2O 
[Fe20(bbimae)2Cl2] (N03)2 

[Fe20(bbimae)2(NCS)2](N03)2 
[Fe(CPbN)J2O-C8H10 
[Fe20(TACN)2(N3)4].H20 
[Fe2O(TACN)2(SCN)4] 
[Fe2

111^O(SaIeIi)2]PF6, ? ClO41BF41I3 

[Fe2
u»vO(TPP)2]PF6,BF4? 

[Fe20(OBz)(hdp)2]BPh4 
[Fe20(OBz)(tpa)2](C104)3 
[Fe20(OAc)(tpa)2](C104)3-2H20 
[Fe20|02P(OPh)2|(tpa)](C104)3 

|[Fe(tpbn)(OAc)]20|2(C104)4-4H20 
|[Fe(tptn)(OAc)]20)2(C104)4-4H20 

M.ff, ^ B 

(-J,b cm"1) 

1.80 
3.64 
1.83 (89-92) 
1.88 (100) 

1.89 
2.24 (89) 

1.65 (118) 
1.77 (111) 
2.33 (65) 

1.68 [77 K] 
2.22 
(134) 
1.71-1.74 (146) 

1.94 (92) 
(127) 

(190) 

(85) 
3.05 (42) 

2.10 (120) 
1.38-1.42 (195) 
1.86-2.16 

(5.6-6.3) 
1.88 (96) 
2.09 
(122-146) 

1.86 (132-136) 
1.84 (129) 
(147) 
(136) 
(146) 
1.9 
(108) 

1.59 (125) 

1.96 
1.91 (107) 

[270 K] 
1.95 (98) 
(83) 
(89) 

1.79 
2.11 
2.12 (80) 
1.85 (101) 
1.85 (100) 

1.87 (98.6) 
2.00 
1.81 (103) 
1.82 (95-105) 
2.20 (80) 
(76) 
(75) 
3.8-4.5 (7-12) 

4.2-4.3 
(82-119) 

(118) 

1.76 
1.70 (120) 

1/(Fe-O-Fe), cm"1 

S as 

M-Oxo Monobridged 
840 
780 
832 

792 
820-840 

840 
810 
810 
840 
870 
853 
850 

454-463 843-883 

458 

416 

425 
395 

409 

494 
497 
499 
454 

525 
540 

860-870 

875 
832 
830 
835 

892 

854-820 

750-820 
878 
842-886 

(tentative) 
876 
867 

845 
790-870 
850 
827 

832 
828-840 

830 
825 

772-778? 
772-778 
838 

863 
841 
833 

800 
810 

ji-Oxo Dibridged 
763 
772 
770 
778 

li-Oxo Tribridged 
727 
725 

oxo dimer: 
X, nm (e, M"1 cm"1)' 

340 sh (12 300) 
380 sh (10200) 
344 (11000) 
388 sh (9500) 

350 (3400) 
398 (1700) 

350 (~8000) 

360 sh (7000) 
318 (10600) 

398 (3800) 
398 (18000) 

330 (~ 14 000) 

348 (7360) 
344(10600) 

W 
mm/s (A£A) 

0.43 (1.10) [4.2 K] 

0.24 (1.20) [300 K] 
0.23 (1.22) [290 K] 
0.22-0.23 (1.20-1.27) 

[300K] 
0.20 (1.26) [rt] 
0.23 (1.22) [290 K] 
0.29 (1.23) [202 K] 
0.23 (1.22) [290 K] 
0.22 (1.37) [300 K] 
0.22 (1.42) [300 K] 

0.37 (0.44) [4.2 K] 
0.26 (1.25) [4.2 K] 
0.17-0.20 (1.58-1.76) 

[300 K] 
0.32 (0.67) [300 K] 
0.39 (1.66) [78 K] 

0.41 (0.67) [4.2 K] 
0.40 (0.70) [4.2 K] 

0.39 (0.52) [78 K] 

0.66 (1.79) [rt] 
0.71 (1.41) 

0.50 (1.43) [77 K] 

0.60 (0.78) [300 K] 

0.40 (1.23) [295 K] 
0.40 (1.16) [295 K] 

0.411 (1.24-1.54) 
[4.2 K] 

0.35 (1.24) [4.2 K] 

0.49 (1.40) 
0.45 (1.40) [4.2 K] 
0.45 (1.45) [4.2 K) 

0.48 (1.27) [4.2 K] 
0.48 (1.39) [4.2 K] 

ref 

23 
24 
27,91 
27 

27 

99 
122 

123c 
123c 
123c 
124 
125 
126 
154, 171 
75, 129, 130, 

155-157, 171 
57, 136 
171 
137 
138, 171 
129 
129 
139 
158 

84, 85, 159 
84 
90 

168a 
21, 170 
79, 160 

77,78 
77 
75 
75 
75 
141 
142 
164 
20,55 
56 
146 
15 

147b 
161, 162 
161, 162 

163 
165 
148 
95 
95 
55 
166 
104 
150 
150 
48 
167 
167 
91 

91 

38,55 
39,55 
39,55 
39,55 

37a, 55 
37a, 55 
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TABLE II (Continued) 

complex" 

I [Fe(dtne) (OAc) ] 20)Br4-2H20 
[Fe20(OAc)2(MTACN)2](C104)2-H20 
[Fe2O(OAc)2(MTACN)2] (PF6J2 
[Fe2O(OAc)2(TACN)2]I2 

[Fe20(OAc)2Cl2(bipy)2] 
[Fe20(OBz)2(N3)2](C104)2 
[Fe20(OAc)2(N3)2](C104)2 

[Fe20(0Ac)2(bbmia)2] (C104)2 
[Fe20(02P(OC6H5)2)2(HB(pz)3)2] 

[Fe20(02P(C6H6)2)2(HB(pz)3)2] 

[Fe20(OAc)2(HB(pz)8)2] 

[Fe20(02CH)2(HB(pz)3)2] 
[Fe20(OBz)2(HB(pz)3)2] 
[Fe20(OAc)2(tmip)2](C104)2-CH3CN-

(C2Hj)2O 
[Fe20(OPr)2(tmip)2] (PF6)2 

[Fe2MgO(OAc)6(Py)3] 
[Fe20(C03)2(Me3TACN)]-4.25H20 

[Fe20(OAc)2|[OP(OEt)2]3Co(C6H6)]2| 
[Fe2O(O2CH)4(BIPhMe)2-H2O 

[Fe20(MPdP)(HB(pz)3)2] 
[Fe20(MPDP)(4,4'-Me2bipy)2Cl2] 

[Fe2O(MPDP)(BIPhMe)2Cl2] 

[Fe20(03P(OC6H6))2(MTACN)2]-
NaC104-2H20 

[Fe20(Cr04)2(MTACN)2]4H20 

[Fe20(HP04)2(MTACN)2]-3H20 

[Fe2O(HAsO4)2(MTACN)2]-3H20 

[Fe2(MeHXTA)(OH)(H20)2]4H20 
[Fe2((sal)3trien)(OH)Cl2]-C4H80 
[Fe2(salam)(OH)2]-2H20-2py 
[Fe(Sq)(OH)(H20)2]2-2H20 
[Fe(Sq)(OH)(py)2]2-2H20 
[Fe(Sq)(0H)(4-Mepy)2]2-2H20 
[Fe(Sq)(OH)(3-Mepy)2]2-2H20 
[Fe(dmg)2(OH)]2 

[Fe(sal)2(OH)]2 

[Fe(hmb)2(OH)]2 
[Fe(Chel)(H20)(OH)]2-4H20 
[Fe(dipic)(H20)(OH)]2 

[Fe(DMAdipic)(H20)(OH)]2 

[Fe2(OH)(OAc)2(HB(pz)3)2]-
(ClO4)-0.5CH2Cl2 

[Fe2(OH)(OPr)2(tmip)2](C104)3 
[Fer'2(OH)(OAc)2(MTACN)2]-

)xes 

(-J,1 cm"1) 

(129) 

1.84 

1.75 (132) 
117 
118 
1.67 (117) 
1.87 (98) 

1.87 (93) 

1.71 (121) 

(120) 

~2.4 (62) 
(91) 

(109) 

(119) 

(122) 

(98) 

(124) 

(80) 

(70) 

5.07 (12) 
(7.4) 
5.17 (10.4) 
5.29 (6.9) 
5.22 (8.0) 
5.19 (8.6) 
5.24 (7.8) 
4.28 
4.13 
4.03 
5.24 (7.3) 
4.86 (11.4) 
4.94 (11.7) 

4.36 (17) 

(13) 

K(Fe-O-Fe), cm"1 

S 

537 
540 

537 

530-540 
478 

480 

528 

525 
526 

533 

510 
518 

526 
532 

522 

as X 

749 

745 

740-750 
767 

751 

749 

694 

700 

706 

702 

M-Hydroxo Dibridged 

880' 
850 

~850 
~850 
~850 

960 
960 
960 

~900 
~900 

M-Hydroxo Tribridged 

Chemical Reviews, 1990, Vol, 

oxo dimer: 
, nm («, M"1 cm_1)c 

322 (6800) 

345 (10500) 
333 (7360) 
368 sh 
329 (6060) 
355 (4000) 

320(10300) 
366 (9260) 
317 (7360) 
361 (6320) 
339 (9270) 
358 sh 
342 (10200) 
336 (9000) 
338 (7900) 
360 sh (6900) 

340 (4000) 
365 sh 
357(13200) 
329 (6800) 
354 sh (5800) 
341 (4600) 
328 sh 
365 sh 
341 (6000) 
360 sh 
332 (7030) 

355 sh 
354 (9700) 
374 (10000) 
330 (7400) 
360 (6500) 
333 (4300) 

Sr.." 
mm/s (AEjJ 

0.47 (1.50) [4.2 K] 
0.46 (1.72) 

0.37 (1.80) [120 K] 

0.53 (1.60) 

0.50 (1.57) 

0.52 (1.60) [4.2 K] 

0.51 (1.64) [100 K] 

0.52 (1.61) [4.2 K] 

0.56 (1.78) [4.2 K] 
0.54 (1.81) [4.2 K] 

0.53 (1.66) [4.2 K] 
0.51 (1.66) [4.2 K] 

0.54 (1.78) [4.2 K] 

0.50 (0.60) [4.2 K] 

0.49 (0.561) [4.3 K] 
0.40 [300 K] 
0.41 (0.58) [300 K] 
0.33 (0.55) [300 K] 
0.40 (0.53) [300 K] 
0.54 (0.70) [300 K] 
0.63 (0.97) [300 K] 
0.69 (0.72) [300 K] 

0.47 (0.25) 

0.45 (0.56) [100 K] 
1.16 (2.83) 
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ref 

37b 
32 
32,55 
4, 31, 32, 55 

36 
49a, 55 
49a 
49b 
53 54 

53,54 

30,55 

30 
30 
35 

35,55 
69 
50 

33 
173 

172 
172 

172 

174 

174 

174 

174 

151 
97 
98 
168a,c 
168a,b 
168a,b 
168a,b 
169 
169 
169 
153 
153 
16 

51 

35 
32,52 

(ClO4VH2O 
J[FeIUIi(MTACN)I2(OH)3I-

(C104)2-2CH3OH-2H20 
10.5 per Fe2 0.74 (~2) 26 

"Iron oxidation states other than III are indicated. *Veff per Fe at or near 300 K unless otherwise indicated. -J conventions are defined in the text. 
c Molar extinction coefficients per Fe-O-Fe unit. Cf. references for solvents. d Isomer shifts are relative to metallic iron at 300 K. A few values have 
been corrected from a sodium nitroprusside reference by subtraction of 0.257 mm/s. Temperature of the measurement, when known, is listed next 
to each value. eData for several tetraalkyl/arylammonium and -phosphonium salts are combined. 'For bis(M-hydroxo)complexes, frequencies for the 
Fe(OH)2Fe deformation are listed. 

tions for the di- and tribridged complexes. Figure 5 
depicts absorption spectra for three of the (^i-oxo)bis-
(M-carboxylato)diiron(III) complexes; the two bands in 
the 300-400-nm region are not always clearly resolved. 

2. Lower Energy Bands 

A pair of absorption bands at 440-460 and 480-510 
nm with 5- to 10-fold lower intensities than those in the 

oxo dimer region are also observed in all of the in-
oxo)bis(M-X)diiron(III) complexes, including those with 
X = carboxylato,30,31'35'172'173 carbonate,50 phosphinato,54 

phosphato54,174 arsenate,174 and chromato.174 The 
spectra of Figure 5 show these two bands for three of 
the (M-oxo)bis(ji-carboxylato) complexes. These bands 
are also observed in spectra of the dibridged (M-OXO)-
(jt-carboxylato) complexes.39 Clearly these bands are 
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Fe(IIl) 

Oxo -

L-->„ 

90 Fe-O-Fe 

1/2 Oco*ied 

T- Occupied 

Figure 4. Schematic energy level diagram and illustrations of orbitals proposed to be involved in oxo — Fe CT transitions for oxo-bridged 
diiron(III) complexes (reprinted from ref 59; copyright 1989 American Chemical Society). 

TABLE HI. 1H NMR Chemical Shifts at 300 K of Bridging 
Acetato and Terminal Imidazole Ligands in Tribridged 
High-Spin Ferric Complexes0 

complex 
[Fe20(OAc)2(t(m)ip)2]

2+ 

[Fe2MgO(OAc)6(Im)3] 
[Fe30(OAc)6(Im)3]

+ 

[Fe2(OH)(OAc)2(t(m)ip)2]
3+ 

Meff/Fe," 
MB 

1.66 

2.39 
3.34 
4.31 

-J,c 

cm"1 

120 

62 
30 

~17 

W 
ppm 
10.2 

13.4e 

30.7* 
66 

W)-Hi 
ppm 

19.2 (cis) 
15.7 (trans) 
20.6' 
35.3^ 
85-100 

" From refs 34 and 35. ° Effective magnetic moments per iron atom 
at ~300 K determined by the Evans method, tmip (not tip) complexes 
were used. "Values are listed for the Hn - -2JS1-S1 formalism. Values 
for [Fe2MgO(OAc)6(Im)3] and [Fe3O(OAc)6(Im)3I

+, respectively, are as
sumed to be the same as for py69 and H2O

71 in place of Im. d Chemical 
shifts of acetates that bridge two iron atoms. Tor [Fe2MgO(OAc)6-
(py)3]. 'For [Fe2MgO(O2CPh)6(Im)3]. /For [Fe3O(OAc)6UV-MeIm)3I

+. 
"For [Fe30(02CPh)e(Im)3]

+. 

better associated with transitions inherent in the bent 
diferric Fe-O-Fe unit rather than with the other 
bridging ligands. Consistent with this idea, these two 
bands have been assigned to ligand field transitions that 
gain intensity either by mixing with the intense near-
UV oxo -* Fe CT transitions or because of relaxation 
of the usual spin restrictions due to antiferromagnetic 
coupling.55,62 The 480-510-nm band is assigned to a 
spin flip within the eg orbitals, and, if so, its energy 
would be fairly independent of the ligand field.59 A 
band at 477 nm in the spectrum of enH2[(FeHED-
TA)2O]-6H2O has been assigned to this spin-flip tran
sition.60 

Resonance Raman excitation profiles of J^(Fe-O-Fe) 
in several tribridged complexes (cf. Figure 5) maximize 
at ~400 and ~530 nm, but these wavelengths do not 
correspond to prominent features in the absorption 
spectra.55,63 These maxima in the Raman excitation 
profiles have been assigned to weakly allowed oxo -»• 
Fe CT transitions involving the d^ orbitals in the bent 

Fe-O-Fe unit (represented as dotted vertical lines in 
Figure 4C).59 These transitions are also ir-derived, and 
according to the diagram of Figure 4, the energy sepa
ration between these two bands (~5500 cm-1 in Figure 
5) is the difference in energy between the two oxygen 
•/r-type orbitals from which these transitions originate, 
as had been proposed earlier.63 

V. IR and Raman Spectra 

A. Vibrational Modes 

Since the focus of this paper is on the Fe-O-Fe unit, 
vibrations external to this unit are not discussed. The 
vibrational analyses usually use an analogous simplif
ying assumption; i.e., the Fe-O-Fe linkage can be sat
isfactorily treated as an independent vibrational unit. 
The Fe-O-Fe unit has three vibrational modes: a 
symmetric Fe-O-Fe stretch (^), an asymmetric Fe-O-
Fe stretch (̂ 88), and an Fe-O-Fe bending mode. Table 
II lists frequencies of the former two modes for the 
(Ai-oxo)diiron(III) complexes, which are the only ones 
that have been analyzed in detail. In many cases the 
assignments in Table II have been verified by 18O 
substitution into the bridge. Little data exist on vi
brations of the M-O(H)-M unit for any metal. The 
(U-O-H stretch has been identified at 3560 cm-1 in the 
IR spectrum of the (/u-hydroxo)bisU-carboxylato)di-
iron(III) complex [Fe2(OH)(OAc)2(HB(pz)3)2] (ClO4). 
0.5CH2Cl2.

51 The same stretch appears in the 3400-
3500-cm"1 region for the bis(ji-hydroxo)diiron(III) com
plexes [Fe(Chel)(H20)(OH)]2-4H20 and [Fe(dip-
ic)(H20)(OH)]2.

16 These latter complexes also show an 
IR band at ~900 cm"1, which has been assigned to a 
Fe(OH)2Fe deformation mode. These deformation 
frequencies are included in Table II. The remaining 
discussion focuses on the (/u-oxo)diiron(III) complexes. 
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0(Ac)2(HBpz3)2 

400 SOO 600 700 

Wavelength (nm) 

Figure 5. Electronic absorption spectra and Raman excitation 
profiles of K8(Fe-O-Fe) for [Fe20(OAc)2(HB(pz)3], J[Fe2O-
(OAc)2(tpbn)?]2i

4+, and [Fe2O(OAc)2(TACN)2]
2+ (reprinted from 

ref 55; copyright 1989 American Chemical Society). 

B. (jU-Oxo)diiron(III) Complexes 

In these complexes, the symmetric stretch of the 
Fe-O-Fe unit occurs between 380 and 540 cm-1 and the 
asymmetric stretch occurs between 725 and 885 cm"1. 
Because of their point group symmetries, the former has 
the higher intensity in Raman spectra, while the latter 
is more readily observed in IR spectra. The first ov
ertone of the asymmetric stretch is also Raman-active.55 

These frequencies have been analyzed30,31,54,55 according 
to the equations of Wing and Callahan64 for the two 
stretching modes of an M-O-M unit that have C2v 
symmetry 

Ai Xs = [MM + Mod + cos <j))](k + kM0U) (11) 

B9 Xas = [MM + Mo(I - COS <f>)](k - kM0U) (12) 

where X = (5.889 X 10"7)v2, v being the frequency (cm-1), 
k is the M-O stretching force constant and &MOM is the 
stretch-stretch interaction constant (mdyn/A), <p is the 
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Figure 6. Correlation of the Fe-O-Fe symmetric and asymmetric 
stretching frequencies with observed Fe-O-Fe angle (reprinted 
from ref 55; copyright 1989 American Chemical Society). 

M-O-M angle (deg), and ^M a n d Mo a r e the reciprocal 
masses of the labeled atoms. Figure 6 contains plots 
of c8 and C88 vs <f> for several of the complexes listed in 
Table II.55 A fairly smooth dependence is obtained over 
a wide range of angles, even though no discrimination 
is made between mono-, di-, and tribridged complexes 
in this plot. The data of Figure 6 indicate that Fe-O-Fe 
angles can be predicted within 10° from knowledge of 
vs and C48. Equations 11 and 12 predict linear rela
tionships between the square of the frequency and cos 
4>, assuming that the force constants do not change. An 
empirical equation with this linear relation was found 
to fit the data well for the symmetric stretch; i.e., angles 
could be predicted within 60.54 The analogous linear 
relationship for the asymmetric stretch does not fit the 
data well. An accurate estimate of the Fe-O-Fe angle 
can also be made from eq 11 with the 16O and 18O 
symmetric stretching frequencies.55 Normal-coordinate 
analyses using a general valence force field with the FG 
matrix method, and assuming an Fe-O-Fe bending 
frequency of 100 cm"1, lead to k ~ 3.3 mdyn/A and 
&MOM ~ 0.1-0.6 mdyn/A for the diferric complexes of 
Table II.55,63 The value for the Fe-O-Fe bending fre
quency was confirmed by observation of an 180-sensitive 
band at 104 cm"1 in the Raman spectrum of [Fe2O-
(OAc)2(HB(pz)3)2].

63 

Excitation profiles of the scattering intensity for the 
symmetric Fe-O-Fe stretching band in Raman spectra 
have assisted in assignment of electronic transitions in 
these complexes.31,55,63 As shown in Figure 5, maximal 
resonance enhancement of this stretching band does not 
usually occur at the most prominent electronic ab
sorption maxima of these complexes. The explanation 
often given for this observation is that resonance en
hancement is most probable for those vibrational modes 
that mimic the excited-state geometry for a given 
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electronic transition. Excitation profiles of many com
pounds indicate that the intensity of the symmetric 
Fe-O-Fe stretching band is also elevated by multiple 
bridging groups and unsaturated terminal nitrogen 
ligands, especially those trans to the oxo bridge.55 For 
example, [Fe20(OPr)2(tmip)2](PF6)2, which contains 
terminal imidazolyl ligands (cf. Figure 3), shows the 
highest relative Raman intensity of the symmetric Fe-
O-Fe stretching band of all the synthetic compounds 
so far examined.55 The unsaturated nitrogen ligands 
may facilitate derealization of 7r-electron density within 
the Fe-O-Fe unit. This explanation assumes that x-
derived oxo -* Fe CT transitions are the source of 
resonance enhancement for the symmetric Fe-O-Fe 
stretch. The maximal Raman scattering intensity of the 
symmetric Fe-O-Fe stretch is reported to be about the 
same for [Fe2O(OAc)2J[OP(OEt)2I3Co(C5H5)I2], which 
has terminal phosphate-type oxygen ligands to iron, as 
for [Fe20(OAc)2(HB(pz)3)2], which has terminal pyra-
zolyl nitrogen ligands.33 Therefore, this effect on Ra
man scattering intensity is apparently not confined to 
unsaturated nitrogen ligands. 

VI. Magnetism 

A. Antiferromagnetlsm 

Spin-spin coupling in diiron complexes is usually 
well-approximated by the general isotropic spin-ex
change Hamiltonian, H^ = -2JS1-S2.65 The eigenvalues 
are simply determined from vector coupling of all un
paired spins on the two iron atoms, and the magnitude 
of J signifies the strength of interaction between the 
spins. -J values using the 2J formalism are listed in 
Table II, together with room-temperature effective 
magnetic moments. Sets of values for a few additional 
compounds may be found in the earlier review.1 The 
sign convention used throughout this paper is that 
negative values of J signify antiferromagnetic coupling, 
i.e., where the ground state has minimum spin mul
tiplicity. (The reader is warned that this sign conven
tion and the 2J formalism are not universally used in 
the literature.) Earnshaw and Lewis were the first to 
suggest antiferromagnetic coupling as an explanation 
for the magnetic behavior for oxo-bridged diiron (III) 
complexes,66 and this explanation remains widely ap
plicable. In fact, where such measurements have been 
made, the oxo-bridged and all but one of the hydroxo-
bridged synthetic diiron complexes invariably show 
temperature-dependent variations in magnetic suscep
tibility indicative of antiferromagnetism. The tem
perature dependences are due to Boltzmann-weighted 
populations of the various spin states that result from 
antiferromagnetic coupling. The ladders of spin states 
for the three oxidation levels of the oxo/hydroxo-
bridged diiron complexes most commonly encountered 
in chemistry and biology are shown in Figure 7. Sus
ceptibility vs temperature curves for several values of 
J and equations for calculating these curves in the three 
cases of Figure 7 have been published.67'68 The diferric 
case was discussed explicitly by Murray.1 Therefore, 
no detailed discussion is given here. -«/ values for the 
vast majority of oxo-bridged diiron(III) complexes fall 
into the 80-120-cm"1 range. The porphyrin-ligated 
species tend to have slightly higher values (120-140 
cm"1), perhaps reflecting their nearly linear geometry 
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Figure 7. Energy levels of the spin states resulting from anti
ferromagnetic coupling of spins on FemFem (a), FenFem (b), and 
Fe11Fe11 (c). The relative energies of each level are listed as 
multiples of J, the antiferromagnetic coupling constant in the 
Hamiltonian for isotropic exchange, H = -2JS1-S2. Since the 
magnitude of J will in general be unequal for a-c, the energy scale 
will be different for the three cases. 

JiR^Vi-(Ai 

R = Me1 Et, Ph1 t -Bu 
L = Im1 N-MeIm, N-BuIm1 5-MeIm1 py 

M = Fe3+, Mg2 + 

Figure 8. "Basic iron acetate" schematic structure and examples 
of substituents (cf. refs 34 and 69). 

and slightly shorter Fe-O (oxo) bond lengths (Tables I 
and II). The lower value of -J (62 cm'1) for [Fe2MgO-
(OAc)6(Py)3]69 is presumably due to the Mg-O(oxo) 
bond in the "basic iron acetate" structure of this com
plex, as illustrated in Figure 8. The (/u-hydroxo)di-
iron(III) complexes have -J values in the 7-17-cm-1 

range, with the bis(/u-hydroxo) complexes being at the 
lower end of this range. 

B. Methods for Measurement of -J 

For comparison purposes a few comments concerning 
uncertainties in the J values of Table II are perhaps 
warranted. These values have almost invariably been 
determined from fits of magnetic susceptibility (or a 
related function) vs temperature curves to the equations 
referred to above. Due to variability in the way these 
fits are obtained (e.g., inclusions of corrections for 
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diamagnetism of the ligands, temperature-independent 
paramagnetism, and paramagnetic impurities and al
lowing g to vary from the free electron value), differ
ences in J values of up to 10% may not be significant 
when they originate from different laboratories. An 
additional complication for weakly coupled mixed-va-
lent and diferrous systems is that the axial zero-field 
splitting energy D can be comparable to J. In such 
cases inclusion of D can significantly perturb the en
ergies and, hence, the populations of spin levels with 
S > 1. Here again, D is usually estimated and/or al
lowed to vary in the fitting procedure, and in these cases 
the solutions obtained are not necessarily unique. 

The data in Tables II and III show that the room-
temperature effective magnetic moment provides a re
liable estimate of the magnitude of J for the diferric 
complexes. The moments listed in Table II are those 
measured on solids, whereas those listed in Table III 
were measured in solution by the Evans NMR me
thod.34,35 Where comparisons have been made on the 
same compounds,27'30'35,51,54 the magnetic moments 
measured on solids are in excellent agreement with 
those obtained in solution. Such comparisons demon
strate the utility of the Evans method for ascertaining 
the integrity of the complex in solution. 

J values for most synthetic oxo/hydroxo-bridged 
species have been determined by measurements of 
magnetic susceptibility vs temperature on a Faraday 
balance or SQUID susceptometer. Because these 
methods are more difficult to apply to iron centers in 
proteins, indirect methods for estimating J have been 
developed. These include temperature and field de
pendences of MCD intensities,58 temperature depen
dences of Orbach EPR relaxation,70 and NMR isotropic 
shifts. The last method is discussed below. 

The most recent studies of 1H NMR chemical shifts 
of bridging acetate methyl groups and terminal imid
azoles in tribridged high-spin diferric complexes indi
cate a monotonic (but nonlinear) correlation between 
-J and MeffVFe (cf. Table III).34 Note that the "basic 
iron acetate" structure of [Fe30(OAc)6(Im)3]

+ (illus
trated schematically in Figure 8) contains dinuclear 
tribridged fragments that are identical with those of the 
other tribridged /u-oxo/hydroxo complexes listed in 
Table III, and pairwise -J values for this trinuclear 
complex are available.71 An approximate correlation 
of these -J values with chemical shift is apparent, and 
these shifts can, therefore, be used to set limits on -J 
for structurally similar complexes. For weakly coupled 
systems -J can also be estimated from the temperature 
dependence of ligand isotropic shifts. The method 
consists of fitting the slope of the isotropic shift vs 
temperature curve to the susceptibility expected over 
the same temperature range. In the range accessible 
to most solution NMR experiments (~0-60 0C for 
proteins) this slope will be small (or zero at the Neel 
temperature) for -J 2: 30 cm-1. This statement applies 
to both the diferric and mixed-valent systems. The 
small temperature variation of isotropic shifts for more 
strongly coupled systems tends to make such deter
minations error prone. Also, for more strongly coupled 
systems, the populations of the various spin levels of 
the manifold may change significantly over the acces
sible temperature range according to a Boltzmann 
distribution. If these levels have different electron-

nuclear hyperfine coupling constants, then the isotropic 
shifts (even if exclusively contact in origin) will not be 
linearly related to magnetic susceptibility. This point 
was discussed in Murray's review.1 Dipolar contribu
tions to the isotropic shifts also make this method un
reliable for diferrous complexes. For the mixed-valent 
iron sites of hemerythrin and uteroferrin, - J values of 
10-30 cm-1 have been determined from the temperature 
dependence of isotropic shifts of ligands to the ferric 
center.72,73 These values were later verified by other 
means.69,74 

-J values of ~ 140-150 cm"1 have been determined 
from the temperature dependence of 13C NMR isotropic 
shifts of the pyrrole carbons in synthetic diferric oxo-
bridged porphyrin complexes.75,76 The larger dispersion 
of 13C signals means that reasonable variations with 
temperature can be obtained even for such strongly 
coupled systems. The temperature variation was fit by 
use of different hyperfine coupling constants for the S 
= 1 and 2 spin levels. For -J values of 140-150 cm-1, 
these excited spin levels are the only ones significantly 
populated near ambient temperature. These -J values 
are in reasonably good agreement with those deter
mined from measurements on analogous solids.75,77-79 

C. Other Types of Spin Coupling 

No Heisenberg ferromagnetic oxo/hydroxo-bridged 
diiron molecular species has yet been synthesized. 
Ferromagnetic coupling in the azide and cyanate ad-
ducts of deoxyhemerythrin has been observed and an
alyzed by MCD spectroscopy; the ground state is con
cluded to be S = 4.^ Protonation of the hydroxo bridge 
to form an aqua bridge upon formation of the adducts 
has been proposed to account for the switchover from 
antiferromagnetism. Synthetic aqua-bridged diiron 
complexes remain an unrealized goal. 

Very recently a novel type of spin coupling has been 
described for the mixed-valent complex [Fe2-
(MTACN)2(M-OH)3]

2+, which has the tris(M-hydroxo) 
structure (cf. Figure I).26 This complex is valence-de-
localized (i.e., class III in the Robin-Day scheme)80 and 
is Heisenberg antiferromagnetic but shows an S = 9/2 
ground state due to so-called double exchange. For such 
valence-delocalized systems the ground spin state will 
depend on the relative magnitude of -J, which favors 
the lowest spin multiplicity, vs that of the electron-
transfer integral B, which favors the highest spin 
multiplicity. (For an excellent discussion of and leading 
references to the phenomenon of double exchange cf. 
ref 81.) For the high-spin Fe11Fe111 system, double ex
change dominates when \B/ J\ > 4.5. Of course, for 
valence-localized systems, B = O and the system will be 
either antiferromagnetic or ferromagnetic, depending 
on the sign of J. Examples of both of the latter types 
exist for phenoxo-bridged Fe11Fe111 complexes.82 The 
spin state ladder for 5 = 9/2 ground-state systems is in 
the reverse order of that shown in Figure 7b. 

D. Orbital Pathways for Spin-Exchange Coupling 

The preceding analyses of magnetic behavior have 
been based solely on solutions to phenomenological 
Hamiltonians for the various possible interactions of 
electron spins. These analyses are useful because they 
fit the observed behavior well in most cases and because 
the magnitude of -J can be used to identify the bridging 
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ligands. This latter usefulness is illustrated in the cases 
of methemerythrin (/x-oxo) and deoxyhemerythrin (fi-
hydroxo), whose bridging ligands were confirmed by 
comparisons of their -J values to appropriate synthetic 
models.3,4,52'58 The overwhelmingly favorable route for 
transmission of the spin-spin interactions is through 
orbitals on each iron atom and those on the bridging 
ligands. Therefore, the magnitude and sign of J must 
be related to the bonding in these complexes, TT 
bonding across the bridge is often invoked as the major 
pathway for antiferromagnetic coupling. However, the 
orbitals involved in spin-exchange coupling in diiron 
complexes have not been conclusively identified. One 
problem is the large number of orbital pathways for 
spin exchange, both ferromagnetic and antiferromag
netic, that are possible in these systems. These path
ways, some of which are implied in the diagrams of 
Figure 4, were enumerated explicitly many years ago 
by Ginsberg.83 Another problem is that the dominant 
pathways may depend on structural parameters, such 
as the Fe-O-Fe angle. A few relevant trends have 
emerged for the diferric systems, however. The simi
larity in J values for a large number of /x-oxo mono-, di-, 
and tribridged complexes (Table II) shows that anti-
ferromagnetic pathways dominate over ferromagnetic 
pathways and that in multibridged complexes the oxo 
bridge is the dominant mediator of spin-exchange 
coupling. A hydroxo bridge mediates a much smaller 
degree of antiferromagnetic coupling than does an oxo 
bridge. In the M-oxo-monobridged structural subcate
gory, decreasing the Fe-O-Fe bridge angle from 180° 
causes a small but significant decrease in the strength 
of antiferromagnetic coupling. The relevant compari
sons (for which measurements were made in the same 
laboratories) are [Fe(salen)]20 (Fe-O-Fe = 145°, -J = 
92 cm"1) vs [Fe(3-tBusaltmen)]20 (Fe-O-Fe = 173°, -J 
= 100 cm-1)27 and two crystalline forms of [Fe(Pc) ]20 
(linear Fe-OFe, -J = 195 cm-1, vs nonlinear Fe-O-Fe, 
- J = 120 cm-1).84,85 An empirical equation that relates 
-J values to an inverse exponential of Fe-O(oxo) dis
tances has been shown to be valid for a large number 
of diferric compounds and larger iron-oxo aggregates 
containing two or more bridging ligands.54,86 If nothing 
else, these structural correlations illustrate the sensi
tivity of antiferromagnetic coupling strength to overlaps 
between half-filled d orbitals on the iron atoms and the 
filled orbitals on the oxo bridge. Kahn and Briat87 and 
Hay et al.28 have separately analyzed antiferromagnetic 
coupling in dinuclear systems from a molecular orbital 
viewpoint. The analyses assume that antiferromagnetic 
coupling can be treated essentially as incipient bond 
formation involving those d orbitals that contain un
paired electrons (often referred to as the magnetic or
bitals) with contributions from the bridge atom orbitals. 
In both cases the equations resulting from these anal
yses are of the form 

J = a/n2)ZJij (13) 

where J is the antiferromagnetic exchange coupling 
constant, n is the number of unpaired electrons on each 
metal atom (which is equal to the number of magnetic 
orbitals), and J^ are functions of overlap integrals be
tween magnetic orbitals on each metal atom mediated 
by the bridging ligand and of the energy separations 
between the symmetric and antisymmetric combina

tions of these orbitals. The sum is over all magnetic 
molecular orbitals. Overlap considerations suggest that 
only a few Jy have large values, i.e., that a few exchange 
pathways dominate.27,29,87 Extended Hiickel calculations 
have been done on the diferric ^-oxo-monobridged 
systems with a linear or nearly linear Fe-O-Fe unit.27,29 

These calculations indicate that the decrease in -J with 
decrease in Fe-O-Fe angle is due mainly to a decrease 
in the energy separation between the magnetic molec
ular orbitals, 0S = (dX2 + px- dX2), and 0A = (dX2 + dX2): 

Fe O Fe 

These orbitals imply a ir superexchange pathway. For 
nonlinearity the above molecular orbitals are useful 
approximations. The composition of 0A and $s can 
change upon departure of the Fe-O-Fe angle from 180° 
due to symmetry lowering and changes in orbital 
overlaps. </»A, for example, becomes considerably mixed 
with d22 upon bending and is destabilized relative to 
0s-27 

If a few superexchange pathways dominate for a given 
structural type (e.g., a fixed Fe-O-Fe angle), then eq 
13 implies that the strength of antiferromagnetic cou
pling should be roughly inversely proportional to the 
square of the number of unpaired electrons. The 
published J values for the sets of (/x-oxo)bis(ju-
carboxylato)dimanganese(III) vs -diiron(III) congeners 
[Mn20(OAc)2(HB(pz)3)2] (—0.5 cm"1)88 vs [Fe2O-
(OAc)2(HB(pz)3)2] (-121 cm"1),30 [Mn2O(OAc)2-
(MTACN)2] (C104)2 (+9 cm-1)89 vs [Fe2O(OAc)2-
(MTACN)2I(C104)2-H20 (-129 Cm"1),32 and [Fe2O-
(OAc)2(tmip)2](C104)2.CH3CN (-120 cm"1) vs [Mn2O-
(OAc)2(tmip)2] (PF6)2 (;$0.5 cm-1)35 represent a clear case 
of disagreement with the calculated ratio of J values 
(25/16), assuming that the same exchange pathways are 
dominant. The structural parameters of the Mn and 
Fe congeners, including the M-O(oxo) distances and 
M-O-M angles, are quite similar to each other. Clearly 
the dominant magnetic orbitals must be different in 
these tribridged diiron(III) and dimanganese(III) com
plexes. The pattern of trans vs cis Mn-N distances and 
of 1H NMR isotropic shifts for [Mn2O(OAc)2(HB-
(pz)3)2]

88 and [Mn2O(OAc)2(tmip)2](PFg)2
35 shows that 

the d22 orbitals (i.e., those that are directed along the 
M-O(oxo) axis) are empty in the dimanganese(III) 
complexes, whereas these orbitals must be half-occupied 
in the diiron(III) complexes. This comparison suggests 
a potentially useful approach to identification of the 
dominant magnetic orbitals in (/i-oxo)dimetal(III) com
plexes. Bossek et al.175 present an elegant demonstra
tion of this approach, which suggests that the d22-dx2 
"crossed" pathway is important when the M-O-M angle 
is ~120°. 

The single apparent example of a low-spin diferric 
Fe-O-Fe system, namely the set of [(N-base)PcFe]20 
complexes, has a relatively modest antiferromagnetic 
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coupling (-J ~ 6 cm"1) of the two S = 1J2 centers.90 The 
crystal structure of the complex where N-base = N-
MeIm indicates an oxo bridge with a nearly linear Fe-
O-Fe angle. 

E. Oxidation Levels Other than Diferric 

The small number of lower valent complexes pre
cludes any detailed analyses of exchange coupling in 
these systems. The single example of a diferrous com
plex, [Fen2(M-OH)(OAc)2(MTACN)2](C104).H20, has -J 
= 13 cm-1,32,52 which is presumably mediated almost 
entirely through the hydroxo bridge. A comparison 
with the -J value for the manganese congener [Mnn

2-
(M-OH)(OAC)2(MTACN)2](CIO4) (9 cm"1)89 shows quite 
good agreement with the calculated ratio of - J values 
(25/16) from eq 13. Quantitative comparison with -J 
of the hydroxo-bridged diiron(III) complex [Fe2-
(OH)(OAc)2(HB(pz)3)2](ClO4)-0.5CH2Cl2 (-J = 17 
cm"1)51 using eq 13 is probably not warranted because 
of the different capping ligands, distances, and angles 
in the diferric vs diferrous complexes. 

The magnitude of spin-exchange coupling for mix-
ed-valent oxo- or hydroxo-bridged systems has not been 
established. Temperature-dependent magnetic data are 
unavailable for the single structurally characterized 
oxo-bridged mixed-valent complex (Na[Fe11,111-
(acen) J2Oj2;

24 such measurements are awaited with great 
interest. The single structurally characterized example 
of a hydroxo-bridged mixed-valent diiron system is 
([Fe(MTACN)]2(M-OH)3!(C104)2-2CH3OH-2H20.26 

However, extrapolation to other cases is complicated 
by the S = 9/2 ground state of this complex due to 
double exchange as discussed above and by its unusu
ally short Fe-Fe distance (~2.5 A). The mixed-valent 
oxidation level of the diiron site in hemerythrin has -J 
= 15-20 cm-1,70'72 which is sometimes cited as evidence 
for a hydroxo bridge, based on the expectation that an 
oxo bridge would mediate much stronger coupling. This 
expectation is apparently based on extrapolation from 
the diferric systems. If all other factors remain un
changed, one would indeed expect a hydroxo bridge to 
mediate weaker coupling than an oxo bridge, due to 
withdrawal of electron density by the proton.28 How
ever, predictions about the magnitude of -J in an 
oxo-bridged mixed-valent system based on that of the 
oxo-bridged diferric system are risky due to possible 
Fe-O (oxo) bond lengthening24,25 and changes in the 
nature and energies of the dominant magnetic orbitals 
upon conversion to a mixed-valent species. 

-J values for a few Fem,IV mixed-valent diiron species 
resulting from oxidations of [Fe(salen)]20 and [Fe(T-
PP)]20 have been reported in the range of 8-17 cm-1,91 

but the nature of the bridging group(s) in the oxidized 
forms is uncertain. 

VII. EPR Spectra 

A. Half-Integer Spin Ground States 

Of the three cases shown in Figure 7, the half-integer 
spin systems resulting from magnetic coupling at the 
FenFem oxidation level (Figure 7b) are expected to elicit 
the most readily observable EPR signals. Indeed, 
characteristic S = 1J2 EPR signals with average g values 
less than 2 are observed below ~ 30 K for the mixed-

valent oxidation level of diiron sites in proteins such 
as hemerythrin and the hydroxylase of methane mo-
nooxygenase.70,92 An EPR signal centered at g = 1.95 
was obtained at 77 K upon reductive electrolysis of 
[Fe(TTP)J2O

93 and was attributed to the oxo-bridged 
Fe11Fe111 species. This mixed-valent species was not 
isolated or otherwise characterized. Similarly, a species 
prepared in situ by electrochemical reduction of a so
lution of [Fe2O(OAc)2(MTACN)2](PFe)2 shows an EPR 
spectrum at 10 K with g values of 1.95 and 1.89,32 which 
are similar to those of mixed-valent diiron sites in 
proteins. Here again, this species has not been isolated 
in pure form. The only other reported EPR for a syn
thetic oxo/hydroxo-bridged mixed-valent diiron species 
arises from the S = 9/2 ground state of ([Fe2-
(MTACN)] 2 (M-OH) 3 } (C10 4 ) 2 -2CH 3 OH-2H 2 0 , which 
shows features at g ~ 10 and 2-2.5.26 The specific 
transitions giving rise to these features have yet to be 
identified. 

B. Integer Spin States 

A few reports of EPR signals arising from oxo-bridged 
diferric species were included in Murray's earlier re
view.1 These reports were all of a preliminary nature, 
and none of them have apparently been pursued. A 
similar pattern has occurred during the intervening 
years. A few further reports of EPR signals from oxo-
and hydroxo-bridged diferric complexes either are 
preliminary analyses94"96 or are of the "fingerprint'' type. 
These spectra are usually of powdered solids at either 
77 K or room temperature.51,85,97-99 There appears to 
be no discernible pattern to these spectra among the 
various reports, with signals appearing anywhere from 
500 to 6000 g at X-band. The preliminary analyses 
attribute some of these signals to the 5 = 1 and 2 ex
cited states illustrated in Figure 7a. The magnitude of 
-J for the oxo-bridged species dictate that only these 
states would be appreciably populated up to ambient 
temperature. While non-Kramers systems are normally 
difficult to observe by EPR, several recent reports show 
that, under favorable conditions, EPR signals arising 
from S = 2 and 4 states of iron complexes are observ
able, and from analyses of these spectra the signals can 
be attributed to specific transitions within these 
states.100 These signals have invariably arisen from 
ground spin states and are observable only at low tem
peratures. A pertinent example is the azide adduct of 
the diferrous site in deoxyhemerythrin, which, as 
mentioned above, is ferromagnetic. Below 40 K this 
adduct shows a broad EPR transition at <1000 G (ge{[ 
~ 13), which has been ascribed to the M3 ±4 transition 
within the S = 4 ground state.58,100b A very similar 
signal has recently been reported for the diferrous site 
in methane monooxygenase.92 The problem in the 
oxo-bridged diferric system is that because the para
magnetic spin states are excited states, temperatures 
that significantly populate these states are likely to 
cause rapid relaxation of the electron spin, making 
observations of EPR signals extremely difficult. The 
weakly coupled hydroxo-bridged diferric systems would 
require lower temperatures to populate the upper states 
and may offer the best chance for observation of integer 
spin EPR signals. Whether or not such signals are 
observable also depends critically on the magnitudes 
and signs of the zero-field splittings. At this juncture 
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EPR cannot be considered a reliable probe of antifer-
romagnetically coupled integer-spin diiron complexes. 

VIII. Mbssbauer Spectra 

For diiron complexes Mbssbauer spectroscopy has 
proven to be the most efficient method for establishing 
(i) oxidation and spin states of the iron atoms, (ii) 
diamagnetism and paramagnetism of the ground state 
for diferric and mixed-valent oxidation levels, respec
tively, and (iii) valence localization/ derealization in the 
solid state for mixed-valent complexes. Isomer shifts 
(<5Fe) and quadrupole splittings (AEQ) are listed in Table 
II. Data for a dozen additional compounds are tabu
lated in Murray's earlier review.1 Isomer shifts in the 
range 0.35-0.60 mm/s are characteristic of 5- or 6-co-
ordinate high-spin diferric /i-oxo and /u-hydroxo com
plexes. The [Fe2OCl6]

2" salts have lower isomer shifts 
(~0.22 mm/s), as is usual for tetrahedral high-spin 
ferric ion. The majority of the oxo-bridged diferric 
complexes have quadrupole splittings >1 mm/s, the 
porphyrin and phthalocyanine complexes being notable 
exceptions. All of the hydroxo-bridged diferric com
plexes have quadrupole splittings <1 mm/s, as do most 
mononuclear high-spin ferric complexes. 

A useful comparison can be made for the (/x-oxo)-
bis(M-carboxylato)diiron(III) complexes [Fe2O(OAc)2-
(HB(Pz)3).,] and [Fe20(OPr)2(tmip)2]

2+ vs their ^-hy-
droxo counterparts [Fe2(OH)(OAc)2(HB(pz)3)2]

+ and 
[Fe2(OH)(OPr)2(tmip)2]

3+. The isomer shifts of all four 
complexes are similar to each other (0.45-0.52 mm/s), 
whereas the quadrupole splittings are 1.27-1.80 mm/s 
for the oxo-bridged and 0.25-0.56 mm/s for the hy
droxo-bridged complexes. The reduction in electric 
field gradient indicated by the smaller quadrupole 
splittings in the hydroxo-bridged complexes may be due 
to lengthening of the Fe-O(oxo) bond upon protonation 
of the oxo bridge. Thus, in these tribridged diferric 
complexes a quadrupole splitting of ~1.6 mm/s ap
pears to be characteristic of a short (~1.8-A) Fe-O 
distance, whereas a significantly smaller quadrupole 
splitting indicates a lengthening of this bond. The data 
of Table II indicate a similar pattern for the dibridged 
M-oxo vs /x-hydroxo complexes, although a direct com
parison cannot yet be made. It should be emphasized 
that quadrupole splittings will also be sensitive to other 
changes in the coordination sphere. 

The diamagnetism of the ground spin state in the 
diferric complexes can be confirmed by lack of broad
ening or splitting of the quadrupole doublet at 4 K in 
an external magnetic field of ;S2000 G. Conversely, the 
paramagnetic ground states of mixed-valent complexes 
are manifested as a broadening or splitting in an ex
ternally applied magnetic field at 4 K.26 

IX. Reactivity 

As mentioned in the Introduction, reports on re
activity of the title complexes are limited. One reason 
for this limitation must be the stability of the diferric 
Fe-O-Fe unit, which translates to inertness. A second 
reason is instability of the mixed-valent and diferrous 
units, which (so far) translates to a lack of selectivity. 
Protonation and bridge exchange/substitution reactions 
were discussed in Synthesis; reactions leading to higher 
nuclearity are discussed elsewhere.5 Aside from these, 

the reported reactivities of the title complexes are 
mainly redox in nature. The single example of chemical 
reduction of an oxo-bridged diferric complex resulting 
in a structurally characterized mixed-valent complex24 

was discussed in Synthesis. 

A. Electrochemistry 

Cyclic voltammetry of [Fe(salen)]20, and [Fe(TP-
P)]20 show chemically reversible one-electron reduc
tions at Ey2 ~ -1 V vs SCE.28-93'101 Subsequent re
duction steps are irreversible. The tribridged complex 
[Fe2O(OAc)2(MTACN)2]

2"1" also shows a quasi-reversible 
one-electron wave at Ey2 ~ -0.37 V vs SCE.31 For 
these three complexes, controlled-potential coulometry 
results in production of metastable mixed-valent 
species, which have resisted all attempts at isolation. 
A quasi-reversible reduction process, which was as
sumed to involve the mixed-valent form, has been re
ported for the unsymmetrical ju-oxo-monobridged com
plex [Fe20(N5)Cl3]Cl.2° In contrast to the behavior of 
[Fe2O(OAc)2(MTACN)2]

2+, the tribridged complexes 
with HB(pz)3 as capping ligand exhibit only irreversible 
electrochemical reduction waves, with formation of 
[Fe(HB(Pz)3)]+.30'54 As discussed in Synthesis, MTACN 
for steric reasons tends not to form the analogous bis-
complex so readily. [Fe2O(OAc)2)[OP(OEt)2J3Co-
(C5H5)I2], whose tribridged core is capped by the tri-
podal oxygen-donor ligand J[OP(OEt)2J3Co(C5H5))

-, also 
displays a quasi-reversible reduction wave and shows 
no evidence for formation of [FeJ[OP(OEt)2J3Co-
(C5H5)J2]+.33 The nature of the reduced species is not 
yet known. One-electron electrochemical oxidations are 
chemically reversible for [Fe(Pc)J2O

102 and [Fe(TP-
P)]2O.103a In the case of [Fe(TPP)J2O, a second oxi
dation wave is also reversible and both oxidations ap
pear to be porphyrin- rather than iron-centered. The 
products of these oxidations have not been structurally 
characterized, but some spectroscopic and magnetic 
data are available.102W03a 

B. Oxygen Transfer and O2 Activation 

The few reactions involving transfer of the bridging 
oxygen are limited to [Fe(TPP)J2O

47 and [Fe(Pc)J2O.10* 
These reactions are throught to proceed by heterolytic 
cleavage of the Fe-O-Fe unit, with the resulting oxo-
ferryl species being the oxygen-transfer agent. The 
TPP and Pc rings apparently favor production of this 
species. Triphenylphosphine is usually the acceptor. 
The photodisproportionation and oxygen atom transfer 
reactions 14 and 15 for [Fe(TPP)]20 and related por-

[Fe(TPP)J2O -^* FeO(TPP) + FeTPP (14) 

FeO(TPP) + PPh3 — FeTPP + OPPh3 (15) 

phyrin dimers are illustrative.104 Oxidations of amines 
and olefins by (presumably) analogous photochemical 
reactions have also been reported. The quantum yields 
for reactions 14 and 15 increase with decreasing wave
length from 440 to 350 nm, arguing against involvement 
of the Soret transition of the porphyrin in the photo
chemistry. Charge-transfer excited states of the diferric 
Fe-O-Fe unit were instead invoked.104b A transition 
at 320 nm was noted for [Fe(TPP)]20. This wavelength 
is near the "oxo dimer" maxima of many oxo-bridged 
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diferric complexes (Table II). As discussed elsewhere 
in this review, these maxima have been assigned to oxo 
-* Fe CT transitions. 

Electrocatalytic oxidations of alkenes in the presence 
of [Fe(TPP)I2O and F" are also thought to involve ox-
oferryl species.1020 Oxygen transfer from p-cyano-Nfl-
dimethylaniline iV-oxide to [Fe (TPP) ]20 is reported to 
generate hypervalent iron-oxo species.105 

A few laboratories have reported catalysis of oxygen 
insertion into organic substrates by jit-oxo mono- and 
tribridged diferric complexes.36,106-108 Sources of oxygen 
include O2, t-BuOOH, or "activated" O2, produced by 
reduction over Zn powder in glacial acetic acid. Cy-
clohexane and adamantane are typical substrates, with 
the corresponding alcohols and ketones being the most 
abundant products. While turnover has been demon
strated in all of these systems, in no case has the active 
catalyst been established to be an oxo/hydroxo-bridged 
species. In one system the active catalyst is almost 
certainly not such a species.106b The mechanistic in
formation, especially regarding involvement of iron, is 
sketchy in all cases and is, therefore, not summarized 
here. O2 activation by iron is often associated with 
oxidation states higher than ferric,47 but there is no clear 
synthetic precedent for involvement of polynuclear 
oxo/hydroxo-bridged iron complexes in O2 activation. 
On the other hand, the obvious connection to methane 
monooxygenase makes this chemistry worth continued 
exploration. A pertinent reaction in this regard is the 
aerial oxidation of [Fen

2(02CH)4(BIPhMe)2] in CHCI3, 
which yields [Fe2O(O2CH)4(BIPhMe)2I-H2O. Oxygen 
from labeled O2 was found to be incorporated into the 
oxo bridge of the product.173 

X. Some Implications for Diiron Sites in 
Chemistry and Biology 

As mentioned at the outset, much of the recent 
chemistry discussed in this review has been stimulated 
by biological considerations. It, therefore, seems ap
propriate to conclude with some insight into biological 
diiron sites provided by the synthetic models and vice 
versa. 

A. "Spontaneous Self-Assembly" of the 
(M-Oxo)diiron(III) Unit 

Nature has apparently taken advantage of the spon
taneous self-assembly of the (;u-oxo)bis(M-
carboxylato)diiron(III) core, since this core is found in 
methemerythrin.109 The same statement may also ap
ply to the dibridged Gu-oxo)Gu-carboxylato) core, al
though no protein as yet has been definitively shown 
to contain such a site. [See Note Added in Proof.] The 
(/u-oxo)(/u-carboxylato) complex [Fe2O(OBz) (hdp)2]-
BPh4,

38 which contains terminal phenoxo and pyridyl 
ligands, may reflect the structure of the diiron site in 
purple acid phosphatases. There is currently no evi
dence for a ju-oxo-monobridged diiron complex at the 
active site of a protein. Heme proteins have been de
signed to isolate their iron-porphyrin prosthetic groups, 
thereby preventing reactions 3-7 that would lead to 
M-oxo species. The lower stabilities of the synthetic 
mixed-valent and differous complexes do not rule out 
assemblies of such reduced sites within proteins. Little 
information is available regarding the oxidation state(s) 
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Figure 9. Proposed mechanism for reversible oxygenation of 
hemerythrin (reprinted from ref 110; copyright 1985 National 
Academy of Sciences) and proposed structure for the iron site 
of the nitric oxide adduct of deoxyhemerythrin (deoxyHrNO) 
(reprinted from ref 115; copyright 1987 American Chemical So
ciety). 

of iron during assemblies of non-heme, non-sulfur diiron 
sites in vivo. 

B. Structural Comparisons with the Diiron Site 
of Hemerythrin 

1. Diferric and Diferrous Forms 

The iron site structures of met- and azidometheme-
rythrin were known1090 prior to those of the (jt-oxo)-
bis(M-carboxylato)diiron synthetic models.3,4 However, 
the synthetic models have greatly clarified important 
details of the iron site structures in the diferric and 
diferrous oxidation levels of hemerythrin.5,30 For the 
synthetic tribridged complexes, the stable diferrous 
structure appears to require a hydroxo bridge,32,52 

whereas both jtt-oxo and ^-hydroxo diferric species are 
known.34,35,51 The structure and magnetic properties of 
the (|it-hydroxo)bis(/ii-carboxylato)diiron(II) complex 
[Fe2(M-OH)(OAc)2(MTACN)J+32,52 must closely resem
ble those of deoxyhemerythrin,58 except that one of the 
iron atoms in deoxyhemerythrin has an open or labile 
coordination site for binding of O2 according to reaction 
16. The hydroperoxide in oxyhemerythrin is bound 
end-on to one iron atom and is hydrogen-bonded to the 
oxo bridge as shown in Figure 9.110 The Gu-oxo)bisGu-
carboxylato)diiron(III) synthetic models, such as that 
depicted in Figure 3, can be considered structural 
analogues of the diferric site in azidomethemerythrin.109 

1H NMR isotropic shifts listed in Table III for the 
synthetic tribridged complexes, when compared to the 
analogous resonances of the proteins,72 clearly demon
strate that a (/u-oxo)- rather than (^-hydroxo) diferric 
complex is the best description of the iron sites in both 
met- and oxyhemerythrin. That is, in the product of 
reaction 16, the proton belongs on the peroxo ligand 

[Fe11Gu-OH)Fe11] + O2 
deoxy 

[Fe111Gu-O)Fe111OOH-] (16) 
oxy 

rather than the oxo bridge. Hydrogen bonding of this 
proton to the oxo bridge is indicated by resonance 
Raman studies.111 In this respect the pioneering mea
surements of -J for met- and oxyhemerythrin, 134 and 
77 cm-1, respectively,112 have held up quite well quali
tatively. The 1H NMR results indicate that a AJ of 57 
cm-1 between met and oxy is too large, however.72 
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The structural trans effect of the oxo bridge in com
plexes such as [Fe20(OAc)2(tmip)2]

2+ (Figure 3) has 
been noted. The protein crystal structure of highest 
resolution, that of azidometmyohemerythrin, also shows 
clear evidence for this structural trans effect.109b The 
trans Fe-N(Im) distances are more than 0.1 A longer 
than the cis Fe-N(Im) distances. This structural trans 
effect in the synthetic models is greatly reduced when 
the oxo bridge is protonated.32,51 Any assessment of the 
significance of this trans effect regarding reaction 16 
must await sufficiently high resolution crystal structures 
of oxy- and deoxyhemerythrin. 

In contrast to the synthetic (/i-oxo)bis(/ti-
carboxylato)diiron(III) complexes, the diiron site in 
methemerythrin will not exchange its oxo bridge with 
labeled solvent oxygen. Exchange is achieved only when 
the protein is reduced to the apparently more substi
tution-labile diferrous level.111 This pattern of reactivity 
must reflect a lack of solvent access to the immediate 
vicinity of the diiron site. This lack of solvent access 
together with the acidity of the ^-hydroxo proton in 
tribridged diferric complexes32,35 are the most likely 
reasons why the corresponding oxo-bridged structure 
is the one encountered in methemerythrin. The syn
thetic models so far isolated support the expectation 
that the proton on the hydroxo bridge of a diferrous 
complex would be less acidic than that on a diferric 
complex. This expectation is consistent with the pat
tern of bridging groups encountered in met- (oxo) and 
deoxyhemerythrin (hydroxo). 

It is instructive to consider structural differences 
between pairs of related tribridged synthetic complexes. 
Either protonation of the oxo bridge or protonation of 
the bridge plus reduction of the iron atoms results in 
a 0.2-0.3-A lengthening of the Fe-Fe distance.30'32-51-52 

The relevant comparisons of Fe-Fe distances are as 
follows: [Fe20(OAc)2(HB(pz)3)2]-4CH3CN (3.145 A) vs 
[Fe2(OH)(OAc)2(HB(pz)3)2](ClO4)-0.5CH2Cl2 (3.439 A); 
[Fe,0(OAc)2(MTACN)2](C104)2.H20 (3.12 A) vs 
[Feft

2(OH)(OAc)2(MTACN)2](C104)2-H20 (3.32 A). 
EXAFS studies show that similar changes in Fe-Fe 
distance occur during redox changes of the diiron site 
in hemerythrin.17-113-114 Because the ligands to the iron 
site are contributed by amino acid side chains, these 
changes in Fe-Fe distance must require adjustments 
by the surrounding protein. Since the reversible oxy
genation of hemerythrin, reaction 16, involves formal 
redox changes of the iron atoms, such adjustments 
could also play a role in those oligomeric hemerythrins 
that show cooperativity in binding of O2.

115 

2. Mixed-Valent Forms 

As discussed in Magnetism, the protonation state of 
the mixed-valent iron site in hemerythrin has not been 
conclusively established; the -J values are consistent 
with but do not prove the presence of a hydroxo 
bridge.70-72 EXAFS studies show that the short (i.e., 1.8 
A) Fe-O(oxo) distance is absent in the azide adduct of 
semi-methemerythrin,17 which is also consistent with 
a hydroxo bridge in this mixed-valent form. However, 
a comparison of Fe-O(oxo) distances in [Fe(acen)]20 
vs (Na[Fen-in(acen)]20|2 (Table I)23-24 shows that pro
tonation of the oxo bridge is not necessary for length
ening of the Fe-O(oxo) distances in a mixed-valent 
complex. The weakly coordinating sodium ion may 

partially compensate for the lack of a proton in this 
case, however. The available evidence on heme
rythrin70114 suggests that protonation of the bridge is 
not a prerequisite for one-electron reduction of the 
diferric site in methemerythrin. Protonation at some 
point after one-electron reduction would be favored due 
to the expected increase in basicity of the oxo bridge. 
This protonation could remove thermodynamic and/or 
kinetic barriers to further reduction. 

The potential for one-electron reduction of [Fe2O-
(OAc)2(MTACN)2]

2+ (-0.37 V vs SCE) is more negative 
than that for reduction of the mixed-valent species to 
[Fen

2(OH)(OAc)2(MTACN)2]+ (-0.29 vs SCE) in the 
presence of base, which implies that the FenFem species 
is unstable with respect to disproportionation.5-32 This 
fact represents one explanation for the inability (so far) 
to isolate the mixed-valent species. During con-
trolled-potential coulometry it was found easier to stop 
at the mixed-valent species upon reduction of the (/u-
oxo) diferric complex, than upon oxidation of the (/u-
hydroxo) diferrous complex. This observation suggests 
that protonation of the oxo bridge is an essential 
prerequisite for either further reduction to the diferrous 
level or disproportionation. It is noteworthy in this 
latter regard that tribridged analogues in which the oxo 
bridge is replaced by a phenoxo bridge can be isolated 
as mixed-valent species.82c,d A similar line of reasoning 
can be applied to the oxygenation reaction 16. Transfer 
of the proton from the oxo bridge to the bound O2, as 
shown in Figure 9, would facilitate two-electron rather 
than one-electron oxidation of the iron site. In the nitric 
oxide adduct of deoxyhemerythrin, the evidence indi
cates that the proton remains on the oxo bridge (cf. 
Figure 9), and at most, only one of the two iron atoms 
(Fe2) is oxidized.116 Oxidations of deoxyhemerythrin 
by HONO116-117 and by H2O2

118 support the idea that 
proton transfer from the hydroxo bridge facilitates 
two-electron oxidation of the iron site. The mixed-va
lent forms of the diiron site in hemerythrin dispro
portionate to varying extents and rates, either or both 
of which may be limited by protonation/deprotonation 
of the bridge.70-92 Disproportionation and reduction of 
the mixed-valent oxidation level in hemerythrin may 
require valence detrapping,70'82c which could also be 
facilitated by protonation of the bridge. Isolation and 
characterization of (M-oxo/hydroxo)bis(/i-
carboxylato)diiron(II,III) synthetic models are needed 
for insight into these questions. 

Finally, the behavior of the mixed-valent diiron site 
in hemerythrin may be contrasted with that in the 
purple acid phosphatases. The mixed-valent oxidation 
level of these phosphatases is enzymatically active and 
shows little or no tendency toward disproportionation.74 

On the basis of the preceding discussion, two possi
bilities suggest themselves: (i) The diiron site in purple 
acid phosphatases contains no oxo/hydroxo bridge. 
(There is currently no direct evidence for such a bridge.) 
(ii) The redox potentials of the diiron site in purple acid 
phosphatases differ from those for hemerythrin, because 
of phenoxo ligation to at least one of the iron atoms.2-38 

C. Comparison of Hemerythrin and Methane 
Monooxygenase 

Methane monooxygenase catalyzes the insertion of 
one atom of O2 into methane, thereby producing 
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methanol according to reaction 17. Substrate oxidation 
occurs at the hydroxylase component of the enzyme, 
which contains a diiron center.119 While the iron atoms 

NADH + CH4 + O2 — NAD+ + CH3OH + H2O 
(17) 

in the diferric and mixed-valent oxidation levels of this 
center are known to be antiferromagnetically coupled,92 

the magnitude of coupling has not been established. 
Furthermore, the bridging groups and terminal ligands 
in this center have not been identified. The Mossbauer 
isomer shift for the diferric center in the hydroxylase 
(0.50 mm/s) indicates either 5- or 6-coordinate iron. 
The absorption spectrum of the diferric hydroxylase119 

is quite different from those of the synthetic oxo-
bridged diferric complexes (Table II), and the 
Mossbauer quadrupole splitting for the diferric hy
droxylase (1.07 mm/s)92 is significantly smaller than for 
any of these synthetic complexes that contain one or 
two additional bridges. A hydroxo bridge plus one or 
more supporting bridges remains a possibility. The 
diferrous oxidation level of the hydroxylase is required 
for catalysis of oxygen insertion into methane and 
olefins.119 The iron atoms of the diferrous site appear 
to be ferromagnetically coupled,92 very much like those 
in the azide adduct of deoxyhemerythrin,58 which was 
proposed to have an aqua bridge. A major roadblock 
to synthetic modeling of the hydroxylase chemistry is 
the relatively fragile nature of the reduced oxo/ 
hydroxo-bridged diiron complexes. The use of appro
priate dinucleating ligands may be a solution to this 
problem.120 The reversible oxygenation of the diiron 
site in hemerythrin is best written as reaction 16.110 The 
contrast with methane monooxygenase (reaction 17) is 
noteworthy: O2 is believed to associate (at least tran
siently) with the diferrous cluster of the hydroxylase, 
but irreversible cleavage of the 0 - 0 bond is required. 
Diferrous complexes that reversibly bind O2 and/or 
catalyze O2 activation for hydroxylation of organic 
substrates represent perhaps the most prominent syn
thetic challenges in Fe-O-Fe chemistry. 

Note Added in Proof. The X-ray crystal structure 
of the ribonucleotide reductase B2 subunit shows the 
(iu-oxo)(,u-carboxylato)diiron(III) core.176 
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Abbreviations 

acac 
acen 
ambp 

acetylacetonate (1-) 
N,N -ethylenebis(acetylacetone iminate) (2-) 
CH3C[CH2N=C(CH3)CH2C(CFg)2O]2(C-

H2NH2)
2" 

bbmia Ar-ethyl-Ar,Ar-bis(benzimidazol-2-ylmethyl)-
amine 

bbimae 

BIPhMe 

bipy 
bmen 
btp 
cpbN 

Chel 
CT 
DAPDH 
DBAT 

dipic 
DMA-

dipic 
DMF 
dmg 
DMSO 
DPDME 

DSIT 

dtne 
EDTA 
en 
EXAFS 
FF 

HB(Pz)3 

hdp 

hmb 
hp 
Im 
IR 
MCD 
MeH-

XTA 
4,4'-

Me2-
bipy 

mhq 
MPDP 
MTACN 
N3 
N5 

N-base 

NEtpy 
N-MeIm 
OAc 
OBz 
ODM 

OEP 
OPr 
mhq 
pbz 
P 
Pc 
phen 

2-[bis(benzimidazol-2-ylmethyl)amino]-
ethanol 

bis(l-methylimidazol-2-yl)phenylmethoxy-
methane 

2,2'-bipyridine 
2>2/:6',2":6",2'"-tetrapyridine 
bis(p-tolyl) phosphide (1-) 
[(5-chloro-2-hydroxy-a-phenylbenzylidene)-

amino]-l,5,9-triazanonane(2-) 
4-hydroxy-2,6-pyridinedicarboxylate(2-) 
charge transfer 
2,6-diacetylpyridine dioxime(l-) 
7,16-dihydro-6,8,15,17-tetramethyldibenzo-

[b,i] [ 1,4,8,11 ] tetraazacyclotetradecinate-
(2-) 

2,6-pyridinedicarboxylate(2-) 
4-(dimethylamino)-2 ,6-pyr idinedi-

carboxylate(2-) 
iV,iV-dimethylformamide 
dimethylglyoxime 
dimethyl sulfoxide 
2,4-disubstituted deuteroporphyrin IX di

methyl ester(2-) 
S-methyl iV\iV4-disalicylideneisothiosemi-

carbazidate-S,iV1,N4(2-) 
l,2-bis(l,4,7-triaza-l-cyclononyl)ethane 
iV^/V,N'^V/-ethylenediaminetetraacetate(4-) 
ethylenediamine 
extended X-ray absorption fine structure 
iV,iV-bis(5-o-phenyl-10,15,20-triphenyl-

porphyrin)urea(4-) 
tris(l-pyrazolyl) hydroborate(l-) 
A^(o-hydroxybenzyl)-iV,iV-bis(2-pyridyl-

methyl) amine (1-) 
2-hydroxy-3-methoxybenzaldoxime(l-) 
hemiporphyrazinate(2-) 
imidazole 
infrared 
magnetic circular dichroism 
iV,iV'-2-hydroxy-5-methyf-l,3-xylylenebis-

[./V-(carboxymethyl)glycine] (5-) 
4,4'-dimethyl-2,2'-bipyridine 

2-methyl-8-hydroxyquinolinate(l-) 
m-phenylenedipropionate(2-) 
Af^/'^V'-trimethyl-l^J-triazacyclononane 
bis(benzimidazol-2-ylmethyl)amine 
N,iV,iV'-tris(benzimidazol-2-ylmethyl)-2V'-(2-

hydroxyethyl) -1,2-diaminoethane 
imidazole, piperidine, pyridine, or 4-

methylpyridine 
2V-ethylpyridinium 
iV-methylimidazole 
acetate(l-) 
benzoate(l-) 
5,15-dimethyl-2,3,7,8,12,13,17,18-octaethyl-

porphyrinate(2-) 
octaethylporphyrinate(2-) 
propionate(l-) 
2-methyl-8-hydroxyquinolinate(l-) 
2-(2'-pyridyl)benzimidazole 
generalized porphyrinate(2-) 
phthalocyaninate(2-) 
1,10-phenanthroline 
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py pyridine 
sal salicylaldoxime(l-) 
salam iV,-/V'-ethylenebis(salicylamine) (2-) 
salen l,2-bis(salicylideneamino)ethane(2-) 
salN- AMp-chlorophenyl)salicylaldimine(l-) 

PhCl 
(sal)g- trisalicylidenetriethylenetetramine(3-) 

trien 
Sq squarate, C4O4

2" 
TAAB tetrabenzo[b,/,;',n] [1,5,9,13]tetraazacyclo-

hexadecine(2-) 
TAAB- dimethoxide derivative of TAAB 

(OMe)2 
TACN 1,4,7-triazacyclononane 
5-t-Bu- l,2-bis[(5-tert-butylsalicylidene)amino]-

salen ethane(2-) 
3-t-Bu- 2,3-dimethyl-2,3-bis[(3-£ert-butyl-

salt- salicylidene)amino]butane(2-) 
men 

TDAD 17,18,19,20-tetrahydro-18,19-dioxotribenzo-
[e,i,m] [ 1,4,8,11]tetraazacyclotetra-
decinate(2-) 

tetpy A^iV-bis(2-methylpyridyl)ethylenediamine 
tetren tetraethylenepentamine 
tip tris(imidazol-2-yl)phosphine 
tmip tris(./V-methylimidazol-2-yl)phosphine 
TMI- tris(l-methyl-2-imidazolyl)methoxymethane 

CMe 
TMpyP meso-tetrakis(iV-methyl-4-pyridyl)-

porphyrinate(2-) 
tpa tris(2-pyridylmethyl)amine 
tpbn tetrakis(2-pyridylmethyl)-l,4-butanediamine 
TPC 7,8-dihydro-5,10,15,20-tetraphenyl-

porphyrinate(2-) 
TPP meso-tetraphenylporphyrinate(2-) 
TPPC meso-tetrakis(4-carboxyphenyl)porphyri-

nate(2-) 
TPP(4- weso-tetrakis[4-(trifluoromethyl)phenyl]-

CF3) porphyrinate(2-) 
TPP(F5) meso- te t rak is (pentaf luorophenyl ) -

porphyrinate(2-) 
TPP(4- meso-tetrakis(4-methoxyphenyl)porphyr-

OCH3) inate(2-) 
TPPS4 meso-tetrakis(4-sulfonatophenyl)porphyr-

inate(6-) 
tptn tetrakis(2-pyridylmethyl)-l,3-propanedi-

amine 
tsalen l,2-bis(thiosalicylideneamino)ethane(2-) 

Registry No. O2, 7782-44-7; methane monooxygenase, 
51961-97-8. 
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