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1. Introduction

The synthetic analogue approach to the metal sites
in iron—sulfur proteins was initiated in the early
1970s. Structures of sites 1—8 defined by X-ray
crystallography are collected in Figure 1, and ana-
logues 9—13 synthesized then and later are depicted
in Figure 2. In 1970—1972, structure 1 of oxidized
rubredoxin® and the cubane-type cluster 5 in a
bacterial ferredoxin®® and a “high-potential” iron
protein® were established by protein crystallography.
Further, in 1966, through analysis of EPR spectra
and limited magnetic data, the antiferromagnetically
coupled diferric site 2a was deduced in oxidized
spinach ferredoxin.*® This model was widely ac-
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cepted prior to an X-ray structure determination.’
Consequently, the stage was set for an elucidation
of these sites by the synthesis and investigation of
low-molecular-weight complexes available in highly
pure and crystalline form and whose properties are
intrinsic in the sense that they are not modulated
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Figure 1. Schematic representations of crystallographically demonstrated protein sites containing one (1), two (2), three
(3, 4), four (5, 6), and eight (7, 8) iron atoms. Formulas 7 and 8 describe the P cluster of nitrogenase is the as-isolated (PN)
and two-electron oxidized (P9X) states, respectively.
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Figure 2. Synthetic analogues of protein sites containing one (9), two (10a), three (11, 12), and four (13ab) iron atoms.
Known oxidation states in isolated compounds are indicated. Clusters 10b and 13c with L = RO~, halide, and other non-
thiolate ligands are not analogues but are included to indicate the substantial number of known clusters of these types.
In 13bc, L is neutral or a monoanion.

by protein structure. Indeed, iron—sulfur protein Within the four-year period 1972—1975, analogues
sites provided a strong incentive for the initiation and of the three recognized protein sites were prepared.
development of the synthetic analogue strategy in the The first was 13a, obtained in 1972 as [Fe;Ss-

beginnings of what is now bioinorganic chemistry. (SCH,Ph),J>~ and shown to have a cubane-type
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Table 1. Evolution of Iron—Sulfur Analogue
Chemistry

developments refs

1972—-1973 [FesS4(SR)4)*>~ 8,24
1973—-1975 [Fe Sx(SR)4]>~ 25, 26
1974 contact-shifted *H NMR spectra 27
1974 [FesS4] multiple oxidation states 28

thiolate ligand substitution 29, 30

[FesS4] Cys peptides 31
1975—-1977 water-soluble FesS, clusters 32-34
1975—-1977 [Fe(SR)4]™*~ 9,35—-37
1975—-1978 [Fe;S;] and [FesS4] protein core 38—40

extrusion
1977-1978 [FesS4(SR)4]*" 41, 42
1981 pathways of [FesS4(SR),]?~ formation 43
1982—-1983 [FesS4(SR)4]% (linear) 22,44
1983—-1986 [Fe;S;] Cys peptides 45—-47
1985-1986 [FesS4(SR)4]™ 48, 49
1986—1987 site-differentiated [FesS4] clusters 50, 51
1988—1990 cuboidal FesS, cluster fragment 52—-54
1991 synthetic Fd 55, 56
1993—-1996 [Fe,S4]—S—Fe"' bridged assemblies  57—59
1994 synthetic Rd 60
1995—-1996 [FesS4(SR)s]®™ (cuboidal) 20, 61
1995—-1997 metal incorporation in Fes;S4 cores 20, 62
1998—-1999 [Fe4S4] Cys-peptide maquettes 63, 64
2001—2002 [Fe4S4] bridged assemblies: peptide 65, 66
scaffolds

structure.® Protein-bound Fe,S, sites were identified
in the same year. In 1973, 10a was prepared in the
form of [Fe,S,(S,-0-xyl)2]?~ with a planar rhombic
core. Property comparisons then and subsequently
further supported site 2a, which was finally con-
firmed by crystallography of a chloroplast-type Fd in
1978.7 In 1975, the Rd.x analogue [Fe(S;-0-xyl),]~ was
reported.® The sequence of analogue preparations
proceeded in the reverse order to structural complex-
ity and does not include 3-Fe sites, which were
discovered later. The existence of protein-bound
trinuclear sites was first recognized in the 7-Fe
protein Azotobacter vinelandii Fd I in 1980 by Moss-
bauer spectroscopy'®!! and crystallography? and in
inactive aconitase in 1985 by crystallography;® nei-
ther the sulfur content nor the structure of the site
could be deduced at the time. The initial crystal-
lographic results for Av Fd | were interpreted in
terms of an Fe3S; ring structure,**® which was
subsequently corrected in 1988—1989 to the cuboidal
cluster 4.16718 This cluster was also crystallographi-
cally established in inactive aconitase in 1989.1°
Cuboidal analogue cluster 12 was not prepared until
1995 and, as will be seen, requires a special ligand
structure for stabilization.?® Protein-bound linear
cluster 3 was first detected in a partially unfolded
form of aconitase in 1984%! and was identified by a
comparison of spectroscopic properties with those of
synthetic cluster 11 (R = Et), which had been
prepared several years earlier.?? Since then, linear
clusters have been found in several other proteins,
and one cluster has been structurally analyzed by Fe
K-edge EXAFS.%

The chronology of major developments in iron—
sulfur analogue chemistry is set out in Table 1. As
already noted, developments began with the synthe-
sis and characterization of analogues of Rd and Fd
sites. Other particularly noteworthy findings in the
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1972—-1977 period include well-resolved 'H NMR
spectra of paramagnetic species whose isotropic shifts
are mainly contact in origin, and demonstration of
thiolate ligand substitution reactions, which have led
to the synthesis of a broad range of Fe,S, and Fe;S,
analogues. Isolation of reduced Fe;S, clusters in
1977—-1978 provided the first analogues of Fd,¢q Sites.
Delineation of the pathways of formation of Fe,S,
clusters in 1981 provides one of the few examples in
cluster chemistry generally where sequential reac-
tions and their products leading to cluster formation
have been identified. The first example of a trinuclear
cluster, linear Fe3S,4, was obtained in 1982—1983, and
the first and only isolated analogue of a high-
potential cluster was achieved in 1985. This was
followed in 1986—1987 by the development of 3:1 site-
differentiated clusters, intended as analogues for the
similarly differentiated protein sites in 13b with the
property of site-specific ligand substitution. The first
and only isolated cuboidal cluster was prepared and
investigated in 1995—1996. It was presaged by the
earlier preparations (1988—1990) of tetranuclear
Fe,S, and MoFe;S, clusters in which one iron and
the molybdenum site, respectively, were rendered
diamagnetic by appropriate ligation, leaving the
FesS, cluster fragment magnetically isolated. In
1998—-2002, cysteinyl peptides more physiologically
realistic than those in the earliest experiments
(1974), including some with a Fd consensus sequence,
were used in the binding of Fe,S, clusters. While not
strictly an analogue, the chronology does acknowl-
edge a purely synthetic Fd, indistinguishable from
the native protein, obtained in 1991. The chronology,
only parts of which are noted here, makes evident
the substantial advancement in the subject and the
increasing sophistication of analogue systems.

This account describes the leading developments
in the chemistry of analogue complexes of the protein
sites 1—6 since the beginning of the field in 1972.
Narratives of the early synthetic analogue research
are available,57-%° as well as subsequent reports in
198270 and 1992.7* Further sources should be con-
sulted for more general reviews of iron—sulfur cluster
chemistry.”?73 Here we accentuate synthesis, struc-
ture, reactivity, and limited comparisons with certain
protein site properties. Methods of cluster synthesis
are additionally considered in a related article in this
issue.”* Bonding and electronic structure are not
examined in detail. Throughout, cluster refers to the
entire molecule [Fey,SyL]* with terminal ligands L
and charge z, and core to the Fe,S, portion thereof.
Redox potentials of analogues are referenced to the
standard calomel electrode. Lastly, the collection of
protein sites in Figure 1 does not include the hybrid
cluster (or “prismane”) proteins,”’6 whose function
is obscure and for which there are no site analogues.

In the following sections, analogues are compiled
in Tables 2—5 with references to their preparations
(P) and selected properties, which include absorption
spectra (AS), oxidation—reduction (E) circular dichro-
ism (CD) and magnetic circular dichroism spectra
(MCD), magnetism (Mg), Mdssbauer spectra (Mb),
EPR and NMR spectra, X-ray absorption spectra
(XAS), and X-ray crystal structures (XR). While
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Table 2. [Fe(SR)4]~?~ Analogues of Rubredoxin Sites
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R properties refs
Fe(l11) Me P, AS, E, XR 77
Et P, AS, E, XR 77,78
Pri P, AS, E 77
o-xyl° P, AS, E, EPR, Mb, XAS, XR 9, 37,79-81
Ph P, AS, E, XR 77,78, 82
2,3,5,6-Me,CsH P, AS, E, EPR, MCD, XR 77,80, 82—-84
2,4,6-PrizCsH> P, AS, E, XR 77, 80, 85
Cys peptides? AS 86—88
Fe(l1) Et P, AS, NMR 22
CH,CH,0OH P, E, EPR, Mb 89
CH,CONMe;, P, E, XR 90
o-xyl° P, AS, E, Mb, XAS, XR 9,37,79, 81,91
Ph P, AS, Mg, Mb, XR 35, 36, 43, 92
2-PhCsH4 P, AS, MCD, XR 93, 94
2-NH,CsH4 P, E, NMR, XR 95
4-XCgH4 (X = F, CF3) P, NMR 96
2-(RCONH)CsH4 P, E, NMR, XR 97, 98
(R = Me, CF3, But, PhsC)
2,6-(RCONH),C¢H3 P, E, NMR 98
(R = Me, CFy)
4-(MeCONH)CgH, P, E, NMR 98
Cys peptides? AS, CD, MCD, NMR 99-104

a Generated in solution. ° Bidentate.

inclusive of all major analogues types, the compila-
tions are not exhaustive. The emphasis is on isolated
compounds, which are generally obtained as dioxy-
gen-sensitive quaternary ammonium or phospho-
nium salts. Nearly all complexes are prone to oxida-
tion or oxidative decompostion in solution. Peptide
complexes are included; these have prepared in
solution but not isolated.

2. Rubredoxin Site Analogues

A list of analogues 9 of oxidized and reduced Rd
protein site 1 is available in Table 2.

2.1. Preparation

Analogues in the Fe"' (Rd.q) and Fe'"' (Rdoy) oxida-
tion states are readily obtained. Reduced site ana-
logues are generally accessible through the simple
reaction 1 in methanol or ethanol, followed by
precipitation with an appropriate cation. Controlled

FeCl, + 4RS™ — [Fe(SR),]*" + 2ClI” (1)

oxidation can afford the oxidized analogue. These two
reactions were utilized in the synthesis of the ana-
logues [Fe(S,-0-xyl),]>~.2%7 However, species of the
type [Fe(SR),]- are often not stable. The system
FeCl3/3.5NaSPh in ethanol develops immediately an
intense black color which fades to yellow-brown
within minutes. From this solution, the cage complex
[Fes(SPh)1]?>~ was isolated in 80% vyield.*® With
excess thiolate, a transient red-violet color is devel-
oped followed by the formation of [Fe(SPh)4]?~. The
situation is improved in the presence of a precipitat-
ing cation and/or a sterically bulky thiolate. Thus,
[Fe(SCeH-2,3,5,6-Me,)4]~ can be isolated in the pres-
ence of Et4;N*,82 and intensely red [Fe(SCesH»-2,4,6-
Pris),]™ is described as stable for 24 h in methanol
prior to isolation as the Ph,P™ salt.®> Instability

presumably arises from the redox reaction Fe'!"'(SR)
— Fe!' + 1/,RSSR, which accounts for the bleaching
of Fe'" solutions in the presence of thiolate. If the
reaction is bimolecular,® decreased rates of forma-
tion of Fe'' are expected with large thiolates. A
general solution to the problem has been found by
means of ligand substitution reaction 2 with excess
thiol, which affords stable Fe'"' products with R =
alkyl and aryl.””7® The starting phenolate complex

[Fe(OC¢H,-2,6-Me,),]” + 4RSH —
[Fe(SR),]” + 4 2,6-Me,C,H,OH (2)

is difficult to reduce (Ei, = —1.30 V); phenolate
ligation presumably stabilizes Fe'"' up to the final
step of ligand substitution. These reactions and
variations thereof have made available an ample set
of oxidized and reduced analogues for structural and
electronic investigations.

2.2. Structures

From the large body of X-ray structures of both
proteins and analogues, several pertinent observa-
tions are provided in Figure 3, where the preferential
tetrahedral stereochemistry of four-coordinate Fe!''"!
with weak field ligands is the dominant feature.
Here, oxidized and reduced structures in two pro-
teins, Clostridium pasteurianum (Cp) Rdoy req®® and
Pyrococcus furiosus (Pf) Rdwx!®” and Rdeq,'%® are
compared with each other and with those of oxidized
and reduced analogues.®”7":?2 Although comparisons
in this and other figures involve determinations with
variable accuracies and different temperatures, bond
lengths are sensibly consistent within the ranges
Fe'l-S = 2.25-2.31 A and Fe''-S = 2.29-2.39 A,
On the basis of tetrahedral Shannon radii,**® a bond
length difference of ca. 0.1 A is expected between
oxidation states in the absence of other effects. For
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Figure 3. Comparisons of bond lengths (A) and bond angles (deg) in the Fe—S, units of two oxidized and reduced
rubredoxins and of two synthetic analogues. Protein structures were determined at resolutions of 1.5 (Cp Rd), 0.95 (Pf
Rd.), and 1.8 A (Pf Rd,.q). Where given, esd’s on protein bond lengths and angles are 0.03 A (Cp Rd,) and 0.003 A and
0.1° (Pf Rdo). Values for analogue complexes are 0.002—0.006 A and 0.07—0.3°.

analogues, whose structures are better compared
because of smaller errors, bond length differences are
0.06 and 0.09 A for [Fe(SPh),]~* and [Fe(S;-0-
xyl)2]7?~, respectively. The apparently large bond
distance spread of ca. 0.2 A in Cp Rd in an earlier
determination to 2.5 A resolution® has disappeared
in the more accurate structure. While bond angles
are in general expected to be more dependent on
protein environment, ranges between proteins and
analogues are comparable, with the exception of
[Fe(SPh)4]2~.%2 The S;-o-xyl ligand was originally
used® because the flexibility of its seven-member
chelate ring does not impose significant constraints
of bond angles or distances. Inspection of the full body
of analogue structural data indicates that small
deviations from tetrahedral symmetry arise from
crystal effects. The compounds (Et4;N)[Fe(SMe),] and
(Pr4N)[Fe(SEt)4]77 and (Et4N)2[Fe(S-2-PhC6H4)4]94 oc-
cur with S, crystallographic symmetry. The FeS,
coordination units have precise D,g symmetry, with
one independent Fe—S bond length and two inde-
pendent S—Fe—S angles. The complexes are tetrago-
nally compressed along the S, axis. Values of these
parameters fall close to or within the ranges for
analogues in Figure 3. The FeS, unit in [Fe(SEt)4]~
exhibits exceedingly slight deviations from T4 sym-
metry, with Fe—S = 2.269(1) A and S—Fe-S =
109.36(5)° and 109.69(9)°. This complex is the most
highly symmetrized of any Rd analogue. The collec-
tive analogue structural data reveal random distor-
tions from a perfect tetrahedral geometry and indi-
cate that distortions of the sites 1 are not exceptional
and are imposed by the protein in a manner not
unlike crystal packing forces in analogue compounds.
In one of the most accurate Rd, structures (1.0 A
resolution), bond distances are 2.27—2.30 A and bond
angles show an appreciable spread, 105—115°.110
Additional considerations of the relation of analogue
and protein site structures are available elsewhere.&
As is evident from Figures 1 and 2, iron sites in all
proteins and analogues manifest (distorted) tetrahe-
dral stereochemistry.

2.3. Properties

Analogue complexes support redox reaction 3,
which is generally reversible in aprotic solvents.
Potentials exhibit the expected substituent depen-
dence, as indicated by the abbreviated series 4 in
acetonitrile.?23777.90 Intramolecular N—H---S hydro-
gen bonding is reported to produce positive potential
shifts relative to the [Fe(SPh)4]~>~ couple.®”:%8

[Fe(SR),]” +e — [Fe(SR),]* 3)
R = Pr'(—1.11) < Et (—1.08) < o-xyl (—1.03) <
2,3,5,6-Me,C4H (—0.85) <
CH,CONMe, (—0.71) < Ph (—0.52 V) (4)

In one example, the potential for the couple with R
= 2-(MeCONH)CgH4 is 0.25 V more positive, and
that for the couple with R = 4-(MeCONH)CgH, is 0.04
V more negative, than the reference potential in
acetonitrile.®® Further, certain Cys peptide complexes
in aprotic solvents exhibit potentials much more
postive that those of alkanethiolate complexes. For
example, in acetonitrile the potential of the couple
[Fe(zZ-Cys-Pro-Leu-Cys-OMe),] 72~ is —0.54 V, com-
pared to, e.g., —1.08 V for [Fe(SEt)4]>~.1°* The direc-
tion of the shift is that expected inasmuch as hydro-
gen bond formation should stabilize the more reduced
form by helping dissipate added negative charge.
Furthermore, the couple [Fe(SCH,CH,0H),]?~ has
E12 = —0.35 V in aqueous solution,®® where solvation
and hydrogen-bonding effects operate. When refer-
enced to the SHE, the potential is —0.11 V, very close
to the 0.10 to —0.10 V range of most native Rd
proteins.

Other properties of Fe''' (e%t,%, S = %/,) and Fe"
(%%, S = 2) complexes are consistent with the
indicated spin states and approach those of protein
sites in the same oxidation state. Alkylthiolate and
peptide complexes display the same spectral patterns
in the visible region as do Rdox and Rdyeq.%37:77:101,102
Isotopomers of [Fe(SR)4]~ complexes have been quite
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R properties refs

[FesSo]7" Me P, AS 112

Et P, AS, E, NMR, XAS 22,112,120, 121

But P, AS, NMR 47

o-xyl? P, AS, E, Mg, Mb, NMR, XAS, XR 25, 26, 79, 122

113, 120, 123, 124
Ph P, AS, E, Mg, NMR, XAS 26, 41, 113, 122
43, 120, 125

3-, 4-CF3CeH4 P, AS, E 126

4-CICeH4 P, AS, E, XR 26, 127

4-FCgH,y P, NMR 96

4-MeCgH, P AS, E, NMR XR 26, 43, 113

4-NMesCeH,P P,AS, E 26

2,4,6-Me3CgH> P, AS, E, NMR, XR 128

2-(RCONH)CgH,¢ P, E, NMR 129

2,6-(RCONH),CeH5° P, E, NMR, XR 129

Sy P, XR 118, 130, 131

Cys peptides® AS, CD, EPR, NMR 45-47,103, 132
[Fe:Sa]+ o-xyl? EPR, Mb 123, 124, 133

4-XCgH4 (X = H, Me, CI) EPR 134

2,2'-C1oHg? EPR 134

a Bidentate.  Cluster charge 2+. ° R = Me, But, CFs. ¢ Ss2- bidentate ligand. ¢ Generated in solution.

useful in vibrational assignments using normal co-
ordinate analysis with a consistent force field for the
complexes.’'* Complexes with crystallographic S,
symmetry have proven highly amenable to polarized
single-crystal absorption, MCD, and EPR spectro-
scopic measurements, leading to ground- and excited-
state assignments for oxidized ([Fe(SCesH-2,3,5,6-
Meg)4] )8 and reduced ([Fe(SCsH4-2-Ph)4]?")% com-
plexes. Using sulfur K-edge XAS, Fe—S bond co-
valency in three Rd.x proteins have been found to be
slightly less than that in [Fe(S;-0-xyl),]~, possibly due
to N—H---S hydrogen bonding in the proteins.®!
Decreased covalency should lead to a higher effective
nuclear charge on the metal and a positive potential
shift. When analogue potentials are referenced to the
SHE, they are always more negative than protein
values. Note that the [Fe(SCH,CH,0H),]~>~ poten-
tial is seemingly just outside the low end of the
protein range. However, comparisons are difficult
because of differences in solvent media and nonco-
valent electrostatic interactions present in proteins
but not in synthetic complexes. These studies em-
phasize one of the advantages of synthetic analogues.
As noted already, analogues of all sites convey
intrinsic properties. Deviations from the correspond-
ing protein properties imply an influence of protein
structure and environment different from solvent or
crystalline perturbations and may allow identifica-
tion of the protein effect. Positive potential shifts
arising from hydrogen bonding is one such case, as
has been tested by the synthesis of analogues without
and with intramolecular hydrogen bonding. Lastly,
Maossbauer spectroscopic parameters are very similar
to those of the proteins. Data for protein site ana-
logues are presented in section 6.

3. Analogues of Binuclear (Fe,S;,) Sites

Analogues 10a of binuclear site 2a are collected in
Table 3.

3.1. Preparation

Reactions 5—9 are the principal methods leading
to analogues 10a with the fully oxidized [Fe,S,]*"
core.

2FeCl, + 4RS™ + 2HS™ + 2MeO ™ —
[Fe,S,(SR),]°~ + 6CI~ + 2MeOH (5)

2[Fe(SR),)*” + 2S —
[Fe,S,(SR),]°~ + RSSR + 2RS™ (6)

2[Fe(SR),]” + 2S — [Fe,S,(SR),J>” + 2RSSR (7)

[Fe,S,(SR),]*” + 4R'SH =
[Fe,S,(SR),J°~ + 4RSH (8)

[Fe,S,X,)°" + 4RS™ — [Fe,S,(SR),J°~ + 44X~ (9)

Reaction 5 is the route to the first such analogue,
[Fe2Sa(S2-0-xyl),]%.2526 However, it is not generally
useful with monodentate thiolates, leading instead
to the formation of [Fe;S4(SR)4]?>~ (section 5.3). Reac-
tions 6 and 7 are examples of cluster assembly that
utilize sulfur as a source of sulfide and thiolate and
Fe" or thiolate alone as reductants.?273112 Given the
generality of reaction 2, reaction 7 is one of consider-
able scope. Related reactions affording 10a from
FeCls, sulfur, and NaSR are available.*'® Equilibrium
ligand substitution reaction 8 has proven extremely
useful.?® The reaction is essentially stoichiometric
when R = alkyl and R' = aryl, acidic thiols being the
more effective reactants. However, the reaction can
be fully displaced to product by a sufficient excess of
reactant thiol and/or removal of product thiol from
the reaction mixture. Applications include the forma-
tion of [Fe,S,(SPh)4]%2 from [Fe,Sy(S,-0-xyl).]>~ 26 and
Cys peptide complexes from [Fe,S,(SBut)4]?~.4" Treat-
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Figure 4. Comparisons of bond distances (A) and angles (deg) in the Fex(u,-S),S4 portions of Anabaena Fdoy (1.3 A) and
Fdreq (1.17 A), spinach Fdo (1.7 A, Glu92Lys mutant), and two synthetic analogues. Also included is the site in a Rieske
protein (1.1 A). Structures were determined at the indicated resolutions. Average protein bond angles are given; esd’s are
in the range 0.05—0.3° and 0.001—0.007 A for most bond lengths. The crystal of Anabaena Fdoyeq is partially reduced:;
bond lengths are the average values of two independent molecules. Analogue complexes are centrosymmetric with esd’s in
the range 0.001—0.002 A and 0.04—0.05°. All structures are of the [Fe,S,]?* oxidation state, except for the mixed sites in

Anabaena Fdoyred.

ment of 10a with 4 equiv of an acid halide affords
[FeoSoX4)%2.11* These clusters constitute one of two
sets of nonanalogue complexes 10b (L = halide,
ArO~ 1157117) which are useful in syntheses of 10a.
They are also available by self-assembly reactions.'8
The prototype cluster is [Fe,S,Cls]?~ %4119 whose
chloride ligands are readily displaced in reaction 9
to afford a variety of analogues including those
binding Cys peptides (Table 3). From these methods,
an extensive set of analogues has become available
for further investigation.

3.2. Structures

The structural database for proteins with binuclear
sites 2ab (including both Fd’'s and Rieske proteins)
is somewhat larger than that for the analogues 10a.
In Figure 4, the site structures of three proteins®5-137
and two analogues® are compared. All structures
refer to the oxidized [Fe,S,]>" core except Anabaena
Fdoxred. 13 The crystal of this protein is described as
partially reduced, with about one-half of the protein
molecues in the [Fe,S,]" state. Analogue core struc-
tures contain distorted tetrahedral Fe'"! atoms in an
Fe,S> rhomb, planar (D2n) and nonplanar forms of
which are the fundamental building blocks in iron—
sulfur cluster chemistry.” Rhombs in both pro-
teins!36.138 and analogues®® do show small nonplanar
deviations from D, symmetry. There is a small
tendency of the protein clusters toward longer Fe—
Fe distances, also found in a green algal Fd. struc-
ture (2.733(7) A) at 1.4 A resolution.23 In nearly all
structures of complexes 10ab with a variety of
terminal ligands, metal—metal separations occur in
the narrow interval of 2.69—2.71 A. A similar trend
in protein core Fe—S distances is less clear, particu-
larly in view of the 2.16(1)—2.22(1) A range in the
algal protein and bovine adrenodoxin.'®® Rhomb
dimensions in synthetic complexes have been dis-
cussed earlier.140

The structure of spinach Fd. (as the Glu92Cys
mutant) is included in Figure 4 as a matter of

historical interest because the correct structure of the
binuclear site was deduced from the physical proper-
ties of this protein in advance of an X-ray structure.
Indeed, the structure of the first site analogue, [Fe,S,-
(S2-0-xyl),]?~, preceded by 5 years the initial crystal-
lographic identification of protein site 2a. Overall,
analogues accurately simulate all important struc-
tural features of Fd. sites. Additional accurate
protein structures are required to determine whether
bond distances and angles of 2a will more closely
approach convergence with analogue values. Struc-
tural comparisons cannot yet be made for Fd,.q and
analogues. While the reduced analogues [Fe>S(SR)4]3~
have been prepared in solution (Table 3), none has
been isolated. Non-disordered structures of the
[Fe,S,]* oxidation state are expected to reflect the
trapped valence Fe'"'Fe! configuration determined
spectroscopically for all reduced proteins and ana-
logues.

3.3. Properties

The most clearly established function of protein
sites 2a is electron transfer utilizing the couple
[Fe,S,]?+, which usually operates at Ey' ~ —0.42 V
vs SHE.'*! Consequently, considerable interest at-
tends the range of the analogue electron-transfer
series and the stability of its members. The reversible
three-member series 10 has been demonstrated for
complexes such as [Fe;S,(S,-0-xyl)2]>~ (E1r = —1.49,
—-1.73V) and [FEQSz(SPh)4]2_ (Eyp=-1.13,-1.41V)
in DMF or acetonitrile.?%1?> The complexes [Fe,S,-

[Fe,S,(SR),]*™ < [Fe,S,(SR),1°™ < [Fe,S,(SR),I°
(10)
(SCeH3-2,6-(NHCOR),)4]>~ exhibit quasireversible
reductions in acetonitrile, whose potentials are
shifted appreciably positive of the potential of the
[Fe2S2(SPh)4]%~%~ couple. This effect originates in part
from intramolecular N—H---S hydrogen bonding.*?°
The instability of the first reduction product arises
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because the [Fe,S;]" core has the same oxidation
state as [Fe4S4]?", which is evidently the more stable
structure, as shown by the spontaneous occurrence
of reaction 11. The formation of [FesS4(SR)4]?~ from

2[Fe,S,(SR),I>" — [Fe,S,(SR),]* +4RS™ (11)

[Fe»S2(SR)4]% can also occur by internal redox reac-
tion 12, which proceeds slowly in partially aqueous
or methanolic solvents. Specifically, the results

2[Fe,S,(SR),J°~ — [Fe,S,(SR),]* + 2RS™ + RSSR
(12)

demonstrate that [Fe,S,(SPh);]>~ in protic and
[Fe2S2(SPh),]3~ in aprotic media spontaneously con-
vert to the cubane-type cluster [Fe;Si(SPh),]?.4443
No [Fe,S,]" or [Fe.S;]° cluster, which would be
extremely easily oxidized, has been isolated in sub-
stance. The all-ferrous state has been realized in a
protein but is unlikely to be physiologically signifi-
cant. Reaction of spinach Fd.x or Aquifex aeolicus
with 1 equiv of a Cr'" macrocylic complex generates
the [Fe,S,]* state in an inner-sphere reaction. The
binding of product Cr'"' apparently perturbs the
protein such as to allow reduction to the [Fe,S,]° state
with a second equivalent of Cr'' in an outer-sphere
process with no Cr"' binding.142143

As required by close structural correspondence,
electronic features of the proteins are approached by
analogue clusters. In oxidized analogues and Fd.y, the
two Fe!"' (S = 5/,) centers are antiferromagnetically
coupled to give an S = 0 ground state with occupancy
of higher spin states,*?2 which are responsible for the
occurrence of isotropically shifted *H NMR spec-
tra 22113122126 Ag glready noted, [Fe,S]* clusters have
not been isolated; however, they have been prepared
in solution by chemical reduction of [Fe,S,(SR)4]%~
(Table 3). They closely resemble Fdeq, with an S =
1/, ground state from antiferromagnetic coupling of
the S = 5, and S = 2 centers and axial or rhombic
EPR spectra centered near g ~ 1.94. An important
property determined in early Mdssbauer spectro-
scopic studies of Fdeq** is the existence of trapped
Fe'''"Fe!' valence states. At 4.2 K, isomer shifts of Fdoy
are typically 0.25—0.30 mm/s. Spectra of Fd,e4 consist
of two quadrupole doublets with 6(Fe'"') = 0.20—0.35
mm/s and 6(Fe") ~ 0.60—0.75 mm/s. For [Fe;S,(S»-
o-xyl)2]?~, 6 = 0.29—-0.31 mm/s in the solid and
solution;*?3 the reduced cluster has 6(Fe"') = 0.33
mm/s and o(Fe'') = 0.7 mm/s in solution.’® Here
analogues provide the important experimental proof
that the trapped valence state is an intrinsic property
and does not arise from protein effects. However, this
situation is subject to change upon certain perturba-
tions of the [Fe,S;]™ core. Single Cys/Ser mutations
of coordinating residues produce small changes in the
absorption and resonance Raman spectra of Cp Fdoy,
consistent with serinate ligation, and in the EPR
spectra of Fdeq.2*® Unexpectedly, the mutations af-
ford a mixture of clusters in the reduced protein, one
with a normal trapped-valence S = 1/, ground state
and the other with an S = 9/, ground state, as
determined from MCD¢ and Mossbauer spec-
tra.'#718 The latter contains an Fe?5tFe?5* delocal-
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ized pair and arises from the phenonenon of double
exchange (spin-dependent resonance delocalization)
also found in FesS; and Fe;S; clusters.}4%1%0 The
proportion of states is temperature-dependent. In the
Cys56Ser variant at 4.2 K, the two states are present
in about equal amounts. At 200 K, the delocalized
state is ca. 90% populated. This behavior is inter-
preted in terms of increased intramolecular electron-
transfer rates between the two iron atoms in the S
=1/, cluster, resulting in conversion to the delocalized
cluster.1#® While similar behavior has been found in
several synthetic binuclear iron complexes, no [Fe;S;]"
cluster with a delocalized ground state has yet been
prepared. The existence of two states must have its
origin in structure, but the structural factors, possibly
involving protein conformation in and around the
site, have not been identified.

Analogue clusters have proven to be useful objects
in the determination of Fe—S bond covalency using
sulfur K-edge XAS.121151 Among the conclusions from
this work are the following: (i) Fe—(u2-S) covalency
is substantially higher than Fe—SR covalency; (ii)
redox potentials decrease as total covalency per
iron atom increases in the order [Fe,S,Cl 23~ <
[Fezsz(SPh)4]2*’3* < [FEZSz(SEt)4]27/37 < [Fe2S2(S2-0-
xyl).]>77; (iii) sulfide covalency is less in spinach Fdox
than in the analogue [Fe,;S,(SEt)4]?", the probable
cause being N—H---S hydrogen bonding in the pro-
tein. Here, three intuitive properties are directly
supported by experiment.

3.4. Heteroligated Clusters

The complex [Fe,S,Cl4)% is a very useful starting
material for the synthesis of other binuclear clusters
10b by ligand substitution analogous to reaction 9.
The cluster [Fe,S,(OPh)4]?~ and other binuclear spe-
cies with areneoxide ligands were prepared in this
way.15"117 Related reactions 13 with bidentate ligands
have afforded a series of chelate clusters with N,O»,
N,S,, and O,S, terminal ligation furnished by the
deprotonated forms of molecules such as 2-(methyl-
ene-2-hydroxyphenyl)benzimidazole, 2-(2-mercap-
tophenyl)benzimidazole, and 2-mercaptobenzoic acid,
respectively.117.152153 Spectroscopic and redox proper-

[Fe,S,Cl, ]~ + 2(L—L) * —
[Fe,S,(L—L),]%* + 4Cl~ (13)

ties are consisent with the indicated formulation,
which has been proven for one O,S; complex by an
X-ray structure.''” Interest in heteroligated binuclear
clusters arises from the biological occurrence of site
2b (Figure 1). These clusters are found in Rieske
proteins'> and deviate from the normal binuclear
sites in having two imidazole ligands from His
residues bound to the same iron atom. This coordina-
tion mode has been established by spectroscopy and
crystallography. The structure of the site in the
soluble domain of an archaeal Rieske protein at 1.1-A
resolution®®” is summarized in Figure 4. The core is
essentially congruent with Fd. sites. As indicated by
the N—Fe—N angle of 92°, the FeN,S; unit is mark-
edly distorted from tetrahedral stereochemistry. Judg-
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Table 4. Linear [FesS4(SR)4]°~ and Cuboidal [Fes;S4(LS3)]®~ Analogues of Protein Sites

R properties refs
linear [FesS4]" Et P, AS, E, Mb, MCD, Mg, NMR 22,44
155-157
o-xyl AS 22
Ph P, AS, E, Mb, Mg, NMR, XR 22,44
2,4,6-Me3CgH> P, AS, NMR 158
cuboidal [FesS4]° - P, AS, E, Mb, NMR, XR 20, 61

ing from Fe—N bond distances in the pyrrolate com-
plex [Fe;S,(C4H4N)4J?~ (three at 1.87—1.96 A, one at
2.09 A),17 the iron atom in the protein is coordinated
to neutral imidazole groups. In this case, the redox
steps of the protein are [Fe;Sx(N-His)»(S-Cys),]%2-,
with the charges contributing to generally higher
first-reduction potentials of Rieske proteins compared
to Fd’'s. While there is some overlap of potentials, it
is striking that the potentials of Rieske-type clusters
are ca. 300 mV more positive than those of plant
Fd's.15 At present, there are no accurate analogues
of Rieske sites. Possible routes include reaction 13
using, successively, a bis(imidazole) and a bis(thi-
olate) ligand. Stability to disproportionation, a matter
not tested with chelating ligands on an [Fe,S,]?" core,
is a necessary property. Another possibility is the use
of appropriately designed Cys-His peptides.

4. Analogues of Trinuclear (FesS,) Sites

Analogues 11 and 12 of protein-bound linear
cluster 3 and cuboidal cluster 4, respectively, are
listed in Table 4. Structures of a linear and a cuboidal
protein cluster and their analogues are provided in
Figure 5.

4.1. Linear Clusters

The initial observation of a protein-bound linear
cluster occurred in 1984, with a partially unfolded

S Sg

S, 'Fe/ \Fe2/84\F433/
35/}\/ \85/ \

225 S2 S7
Fe(Fep, Fey-Fes  2.70 (av)
FeqFeg 5.40
IRP1

2.68 (av)
A. vinelandii Fdy

form of aconitase.?! It was definitively identified by
spectroscopic comparison with [FesS4(SEt),]*~, which
was first prepared in 1982 by reaction 14 in a
systematic study of the reactions of [Fe(SEt)4]*~ with
variable equivalents of sulfur.**

3[Fe(SE1),]* +4S —
[Fe,S,(SE1),]°>” + °,EtSSEt + 3EtS™ (14)

[Fe,S,(SEt),]°>” + 4RSH —
[Fe;S,(SR),]°™ + 4EtSH (15)

Ligand substitution reaction 15 afforded three other
clusters, including [Fe3;S4(SPh),]®>~ whose linear struc-
ture was demonstrated crystallographically with the
Et;N* salt.?>* Reaction 14 requires careful control
of stoichiometry and scale.?? Linear clusters contain
the [Fe3S4]" core built of two Fe,S, rhombs sharing
a common vertex. Bond lengths and angles are very
similar to those of [Fe,S,]?" clusters (Figure 4).
Mossbauer spectra (6 = 0.23—0.29 mm/s at 77 K)
indicate high-spin Fe'"' sites, which are antiferro-
magnetically coupled to produce an S = 5/, ground
state that exhibits Curie paramagnetism at 5—300
K.1%5 Absorption and MCD spectra readily distinguish
[FesS4(SR)4]*~ and [Fe;S,(SR).4)?™ clusters,?>1%6 whereas
IH NMR spectra are less useful in the R = Et case
because of near-overlap of contact-shifted methylene

S S

8
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Figure 5. Geometries of the linear and cuboidal Fe;S, clusters in analogues and proteins showing bond distances (A) and
angles (deg). The IRP1 bond lengths were determined by EXAFS and all others by X-ray crystallo%\raphy. The crystal

structure of Av Fd,, was refined to 1.35 A. Average values are given for distances (esd’s 0.002—0.01

) and angles (esd’s

0.1-0.3°) in the cores of protein structures. The two linear structures have the [Fes;S,]™ oxidation state, Av Fdoy the [FesS,]™

state, and [Fe3S4(LS3)]*~ the [FesS,]° state.
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Figure 6. Synthesis of the cuboidal analogue cluster [FesS4(LS3)]3~ (12) starting from the 3:1 site-differentiated cluster

[FesSa(LS)(SED)]™ (14).

signals. The clusters can be reduced to the [FesS;]°
level in quasi-reversible processes at rather negative
potentials (Ei, = —1.35 V (Ph), —1.66 V (Et) in
acetonitrile??). No reduced cluster has been isolated.

More recently, linear clusters have been claimed
in a dehydratase from Escherichia coli,'>® in an
anaerobically isolated pyruvate formate-lyase acti-
vating enzyme (10% of total iron),’®® and in an
unfolded form of a bacterial 7Fe Fd.1%1162 |dentifica-
tion was made on the basis of absorption, MCD, or
Mdssbauer spectra. In contrast to these cases, a
linear cluster is the only cluster present in recombi-
nant human iron regulatory protein 1, as shown by
EXAFS.2® The average Fe—S distance and the two
types of Fe—Fe distances are in excellent agreement
with the synthetic cluster (Figure 5). Note that the
synthesis of linear clusters preceded their recognition
in proteins. It remains to be established whether
linear clusters are present in proteins functioning in
Vivo.

A byproduct of reaction 14 is linear tetranuclear
[FesSe(SEt)4]*, also described as a product of the
system [Fe(SEt)4]27/1.5S.1%® This cluster does not
correspond to any known protein site. Together with
[Fe.S2]%" and [FesS4]*t clusters, it is a solubilized
fragment of the compounds M'FeS; whose structure
consists of linear vertex-shared FeS, tetrahedra with
dimensions similar to those of soluble clusters.

4.2. Cuboidal Clusters

Structures of protein and analogue clusters consist
of three edge-shared Fe,S, rhombs which form a
cuboidal cluster; i.e., a cubane cluster missing an iron
atom (Figure 5). The obvious precursor to 12 is a
cubane 13 by removal of an iron atom. Despite
attempts in several laboratories, no stable cuboidal
cluster was obtained by this or any other route with
monofunctional thiolates as ligands. Indeed, an ana-
logue of protein site 4 was not obtained until after
the chemistry of mononuclear complexes 9 and
clusters 10, 11, and 13 had been developed in
considerable detail (Table 1). The eventually success-
ful synthesis, reported in 1995—1996,206! s outlined
in Figure 6. The primary factor is the semirigid
trifunctional cavitand ligand LS3, designed to bind a
cubane-type cluster at three points.>-164 In the scheme,
an Fe,S4(SEt) unit is inserted by ligand substitution
to give 14, a 3:1 site-differentiated cluster. Such
clusters undergo regiospecific substitution at the
unique iron site. Ethanethiolate is replaced by the
much more labile triflate (15), which in turn is
displaced by N-methylimidodiacetate (Meida) with
the formation of 16. Reaction with additional Meida
affords the desired cluster 12 as [Fe3S4(LS3)]®*~, whose
structure was proven by an X-ray determination. The
final step is, minimally, [Fe;S4]?t — [FesS4]° + Fe?'.
Attempted removal of the core by ligand substitution
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of 12 resulted in destabilization and decomposition
of the cuboidal structure.165

Cluster 12 supports the reversible electron-transfer
series 16, the first member of which contains the all-
ferric oxidation state [Fes;S4]*. The second member
corresponds to a dithionite-reduced protein cluster.
The most reduced member is in the [Fes;S,]~ state,

[FesS,(LS)]Y < [FesS,(LSy)P <
[FesS,(LSy)]* (16)

which has not been established in proteins. Redox
reactions of the [FesS4]° state are usually proton-
linked;66.167 the nature of reduced and protonated
protein clusters below this state has not been estab-
lished.

The close correspondence in average bond distances
and angles between 125 and Av Fdeq 1,68 both in
the same oxidation state, is evident in Figure 5.
Further, Fd,eq and Fdox do not differ significantly in
metric parameters (both studied at 1.4 A resolution),
consistent with a delocalized electronic structure.
One synthetic cluster structure is insufficient to
establish intrinsic bond parameters of the [FesS;]°
core when small differences are involved. However,
several observations are offered. The arrangement
of the three iron atoms is close to an isosceles triangle
(Fe—Fe = 2.712(2), 2.665(2), 2.731(2) A), a feature
seen in two Fd.q4 crystals, except that two distances
are short and the other long (Fe—Fe = 2.73, 2.65, 2.65
A in one crystal). This and several shorter Fe—S
bonds in Fd.q are possible influences of the protein.
Essentially the same spread of Fe—Fe separations
holds in Fdy. Close relationships are also observed
between synthetic [Fe;S4)>"/[FesS4]° and protein
[FesS4)>M/[FesSa]t0 cluster structures. Removal of an
iron atom from a cubane does not produce a large
relaxation to a more open (or splayed) cuboidal
configuration. With analogues, the mean (u.-S)—Fe—
(u2-S) angle increases from 103.6° to 112.6°, and the
Fe—(us-S)—Fe angles contract by 2.6°. While there
are other small dimensional changes, the [FesS,]°
core is nearly congruent with an Fe3S, fragment of
[FesS4(LS3)CI]2~. Two main conclusions emerge from
the structural data: (i) the reorganization barrier to
[FesS4]™ electron transfer must be small (a struc-
tural property of 1 and all protein clusters except
718); (ii) cuboidal fragments are well disposed to bind
metal ions in the voided site with minimal structural
rearrangement.

Oxidized proteins are isolated in the [FesS,]* state
with an S = %/, ground state, indicated by an EPR
signal at g ~ 2.02.11:16% One-electron reduction affords
the mixed-valence [Fes;S,]° state. Its S = 2 ground
state is a consequence of double exchange in a
delocalized Fe?5t/Fe?5t pair, giving rise to S = /5,
which is antiferromagnetically coupled to the S = 5/,
spin of a valence-trapped Fe''" site.!’® The analogue
cluster has precisely the same properties, demon-
strating that this nonclassical electronic structure is
an intrinsic property of an [FesS4(SR)z]*~ cluster.5!
While protein-bound [Fe3S,]~ is unknown, this state
can be achieved by the reaction of, e.g., Zn'' with an
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[FesS4]t protein site under reducing conditions to
form [ZnFesS,]*, which has a spin sextet ground
state. With this information, the cuboidal spin state
series 17 has been established.”16°

[Fe;S,]™ (S ="°,) < [Fe;S,]° (S=2) <~
[Fe,S,]" (S =1, (17)

4.3. Reactivity

In addition to electron transfer, both linear and
cuboidal clusters possess significant reactivity prop-
erties that afford Fe,S, and heterometal MFesS,
cubane-type clusters. Illustrative reactions leading
to clusters 17—20 from linear 11 and 21—27 from
cuboidal 12 are set out in Figure 7. Linear cluster
11 incorporates metals in redox reactions where
reducing equivalents are supplied by the thiolate
ligand (reactions 18 and 21) or the metal (reactions
19 and 20)_52,157,158,165,171,172

[FesS,(SR),]°~ + [FeCl,]* —
[Fe,S,(SR),CI]*~ + 3CI™ + '/,RSSR (18)

[FesS,(SR),I°*” + [Ni(PPhy),] —
[(Ph;P)NiFe,S,(SR),]°~ + RS™ + 3PPh; (20)

Although it has not been established that the FesS,
fragment remains intact in a linear to cuboidal
transformation, reactions 19 and 20 may be likened
conceptually to inner-sphere processes involving
concerted reductive rearrangement of the trinuclear
precursor and capture of the oxidized metal as M".172
Limiting formulations of the reaction products are
[Co?(FesSs)P12 (S = ) and [Ni2T(FesSs) 1t (S = 3/y),
where the indicated spin state arises for antiferro-
magnetic coupling between tetrahedral M'" and the
FesS, fragment.

Minimal structural rearrangement of cuboidal
cluster 12 occurs in metal-binding reactions 22—
28.20165173 In all reactions except 22 and 23, the
[FesS4]° core oxidation level is preserved. Note that
cluster 21 ([Co?*(FesS4) ] (S = 1)) is one electron more
reduced than 18 because 12 is more reduced than 11.
In comparison, 19 and 22 are isoelectronic because
of the one-electron difference in oxidation state of the
nickel reactants. These and other synthetic reactions
demonstrate that the [FesS;]%~ oxidation states are
sufficiently nucleophilic to bind metals. In a number
of proteins with [Fe3S4]™ cuboidal sites, metal ion
incorporation occurs under reducing conditions, and
the product clusters contain [Fes;S4]%~ fragments. The
only exceptions so far are the highly thiophilic metals
Cu' and TI', which do bind to the oxidized cluster.
There are no crystal structures of proteins presum-
ably containing heterometal cubane clusters. How-
ever, the cubane structure has been proven with
many synthetic heterometallic species, including
[CoFesS4)?" and [NiFesS4]" clusters.'*® Comparison
of spectroscopic properties of synthetic and protein-
bound clusters provides the most direct evidence that
the latter are cubanes. Further discussion of the
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Figure 7. Reaction schemes illustrating the reactivity of linear and cuboidal Fe3S, clusters as precursors to heterometal
cubane-type clusters. Linear cluster 11 affords 17—20 in reactions that, in effect, require substantial structural
rearrangement. Cuboidal cluster 12 yields 21—27 in reactions that involve minimal structural change.

synthesis and properties of heterometal cubane clus-
ters is beyond the scope of this report; the subject
has been summarized elsewhere.’169

able starting materials for preparation of thiolate
clusters. The crystal structures of some 37 clusters
of this type have been determined, including in-
stances of the same cluster with different counteri-

5. Analogues of Tetranuclear (Fe;S,) Sites ons.

As is evident from the listing in Table 5, there are
more cubane-type Fe;S, clusters than any other
analogue type in Figure 2. Over 70 homoleptic
thiolate clusters 13a have been prepared, over 30

5.1. Electron-Transfer Series

The first identified function of protein-bound Fe;S,
clusters 5 is electron transfer. Two types of one-

site-differentiated clusters 13b with variant L ligands
have been isolated or generated in solution, and
many nonanalogue clusters 13c have been synthe-
sized.”?7® Of the last, clusters with phenolate-type'™
and, especially, halide ligands!!4118.119.175.176 gre valu-

electron redox behavior were recognized: conversion
between oxidized and reduced ferredoxins with mid-
point potentials near —0.4 V and between oxidized
and reduced “high-potential” proteins, so named
because their midpoint potentials are near 0.3 V vs
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Table 5. [FesS4(SR)4]~?~%~ Analogues of Protein Sites
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R properties refs
[FesSa*" CH,Ph? ENDOR, EPR 188—190
Pha EPR 191
2,4,6-PrizCeHa P, E, EPR, Mb, XR 48, 49
[FesSa)?" H P, AS, E, Mb, Mg, XR 192, 193
Me P, AS, E, NMR 24,27, 28
Et P, AS, E, NMR, XAS 22,24, 27,28
Pri P, AS, E, NMR 27,28
CH,CH,0OH P, AS, E, Mb, NMR, XR 34, 185, 194198
CH,CHz;NMesP P, E, NMR 182
CH,CH,CONH, P, AS 199
CH,CH,CH,0OH P, AS Mb, NMR, XR 198
CH,CH,CO,~ P, AS, E, XR 32, 33, 200
CH,CH(OH)Me P, AS, Mb, NMR, XR 201
But P, AS, E, Mb, NMR, XR 24, 27,183, 194
185, 202—205
CH,CO,Et P, Mb, XR 205
CH,CH,CH,CH,0OH P, AS, Mb, NMR, XR 198
CH,CMe; P, XR 206
CH2CsH11 P, NMR 24,27
1-MeCsHjo P, AS, E, NMR 183
1l-adamantyl P, E, XR 186, 207, 208
CMe,CH,;NHPh P, E, NMR 183
CMe,CH,0H P, E, NMR 183
CH2Ph P, AS, E, Mg, MCD, NMR 8, 24, 27, 209
XAS, XR 79, 193, 207—-210
CH(Me)Ph P, AS, E, NMR 183
CH,CsH4-4-OMe P 211
CH»-2,4,6-PrisCeH, P, E, NMR 212
CsHiFeCp P, AS, E, NMR 213
2-CsH4N P 214
5-NO,CsH3 P, XR 214
Ph P, AS, E, EPR, Mb, Mg, 24,27, 28, 30
NMR, XAS, XR 181, 194, 215, 216
191, 197, 217, 218
125, 185, 210
CeXs (X =F, CI) P,E 24,28
2-XCgH4 (X = OH, NH,, OMe, SMe) P, AS, E, Mb, Mg, XR 219
2-ButSCgH4 P, NMR 220
4-FCgH,4 P, NMR 96
4-CICgH,4 P, AS, E 26
2-, 3-MeCgH,4 P, NMR 221
4-MeCgH4 P, E, NMR 27,185, 197, 221
4-(CHO)CgH4 P 214
3-, 4-CF3CsH,4 P, AS, NMR 126
4-NO,CeH4 P, NMR, XR 24, 27,182
3-, 4-NH,CgsH4 P, AS, E, NMR, XR 197, 222
4-NMe,CsHy AS, E 28
4-NMe3zCeH,P P, AS, E 28, 182
4-NBu;MeCgH.,° P, E, NMR 182
4-R3NCH,CsH4 (R = Et, Bu)®? P, E, NMR 182
4-C6H4R (R = n-C4H9, n-C6H17, n-C3H17, n-C12H25) P, E 223—225
4-CgH4Pr P 211
4-CgH4BuU! P, E 211, 225
2,4,6-Me3CeH> P, E, XAS, XR 184, 210, 226
2,4,6-PrizCeHa P, E 184, 227, 227
2-RCONHCgH4 P, AS, E, NMR 129
2,6-(RCONH),CsHs (R = Me, BUt, CFs) P, AS, E, NMR, XR 129
2-RCONH-6-PhCg¢H3 P, AS, E, NMR 228, 229
4-RCONH-6-PhC¢H3 (R = Me, But, CF3, Ph; P, AS, E, NMR 228, 229
p-CsHaX, X = F, OMe)
3-SCgHy, 4-SCH ¢ P, AS, Mg, E 230
2,4,6-Me3CgH-3-S¢ P, AS, E 230
crown ether thiolates P, E, NMR 231
Cys(Ac)-NHMe AS, E 28,31, 34
Cys peptides CD, E, NMR 31, 232, 233
234—-239
cyclic tetrathiolates P, AS, E 240—243
244, 245
cyclodextrin ditholate P, AS, E 246
dendrimer thiolates P, AS, E 247-249
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Table 5. (Continued)
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R properties refs

[FesSalt H P, EPR, XR 250

Me P, EPR, Mb, Mg, NMR 251, 252

Et P, EPR, Mb, Mg, NMR, XR 219, 220, 249, 250

CH,CH,0OH EPR 193

Pri P, EPR 252

But P, EPR, Mb, Mg, NMR, XR, 220, 251, 252

CeH11 P, EPR, Mg, Mb, XR 220, 252—254

CH2Ph P, EPR, Mb, Mg, NMR, XR 42,211, 221, 255

190, 251253, 256
CH,CsH4-4-OMe P, Mb, Mg, EPR 211
Ph P, EPR, Mb, Mg, XR 41,42, 211, 215

191, 220, 257
2-ButSCgH4 P, Mg, Mb, NMR, XR 220
4-FCgH4 P, NMR 96
4-BrCgH4 P, EPR, Mg, Mb, XR 252, 254, 258
2-, 3-MeCgH4 P, NMR 221
4-MeCgH4 P, EPR, Mb, Mg, NMR 211, 221, 259
4-PriCgH, P, Mb, Mg 211
Cys peptides E, EPR 237,238

a Irradiated crystal, cluster not isolated. ® Cluster charge 2+. ¢ Polymeric cluster.

core oxidation [FeqSal° [FeaSal'* [FeaSal’” [FosSal™

state: 4Fe(ll) 3Fe(ll) + Fe(lll)  2Fe(ll) +2Fe(lll)  Fe(ll) + 3Fe(lll)

- " 0.3to +0.110 (29)
proteins: Fe protein’ <——= gy | ded = FdoHPrea  =—572%, HPox
analogues: [FesSa(SR)aI* <="TFe4S4(SR)I> <= TFesS4(SR}I> == "[Fe4S4(SR)4]" (30)

Fd = ferredoxin. HP = "high-potential" protein. ‘Isolated. TNitrogenase.

Figure 8. Electron-transfer series of Fe,S, protein sites 5 and analogues 13a showing core oxidation states and formal
iron valence states. Isoelectronic species are arranged vertically.

SHE. In 1972, the relationship between Fd and HP
proteins was correctly interpreted in terms of the
“three-state” hypothesis,® which is summarized in
Figure 8. Briefly, Fd.x and HP,.4 were recognized to
be isoelectronic with a spin-paired (S = 0) ground
state. HP,x and Fd.4 are then one electron more
oxidized and reduced, respectively, generating the
protein series 29, which includes the paramagnetic
states [Fe;S;)3"" in addition to [Fe;S4)?". Protein
structural and environmental influences are respon-
sible for the relative potentials of the couples
[FesS,3 12t and [FesS4]%™, with the consequence that
all three oxidation states are not traversed in a single
reversible series in a native protein conformation. In
an early demonstration of the value of the synthetic
analogue approach (Table 1), the demonstration by
voltammetry of the four-member electron-transfer
series 30 (Figure 8) provided unambiguous confirma-
tion of the hypothesis. The overall charges in the
series immediately identify the core oxidation state
and the mixed-valence composition of each member.
Isoelectronic species are aligned vertically and were
originally identified by comparison of spectroscopic
properties. It is now possible to identify known types
of protein sites by MCD or EPR spectra if paramag-
netic and by Mdssbauer spectroscopy (section 6) if
paramagnetic or diamagnetic. The term “high-
potential” is now mainly of historical context. Pro-
teins previously designated as HP (or HiPiP) are best
considered as ferredoxins that operate with a differ-
ent redox couple at higher potentials. Significant
variation of potentials can occur in native and

mutated proteins'”’~17® and even for two clusters in
the same protein.’® For the Fdy/Fd.q couple, the
large majority of potentials in native proteins are
near —0.4 V but extend as low as —0.75 V vs SHE in
a mutant Av Fd 1.1 In 8-Fe Av Fd III, cluster
potentials differ by 0.16 V.

Electron-transfer series 30 is the heart of Fe;S,4
analogue chemistry and, reinforced by synthesis,
establishes four core oxidation states. The series has
been amply demonstrated,?341:181.182 glthough rarely
with the same cluster. While the [Fe;S4(SR)4]> "%~
step is nearly always reversible, the terminal oxida-
tion and reduction steps are often irreversible when
attempted with a given cluster. Potential modulation
is readily achieved by R substituent variation, such
that potentials can be tuned to improve the stability
of a given oxidation state. Also important is the bulk
of the R substituent, which has an apparent effect
on the stability of the [Fe;S4]3" state. We proceed by
summarizing leading aspects of analogue clusters
13ain the order of descending oxidation state. Figure
9 displays schematic structures of selected analogues
and protein sites in the oxidation states [Fe,S,]3™2" .

5.2. [FesS4*t Clusters

The [Fe4S4]°t oxidation state is isoelectronic with
HP. It was first detected electrochemically by oxida-
tion of [FesS4(SBuY)4]?~ 2 and subsequently with
several other clusters.'8-18 Thereafter, [Fe,S4(Stibt),]~
(28), the first and only cluster actually isolated, was
obtained by reaction 31 in dichloromethane and
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Figure 9. Schematic depictions of the structures of cubane-type clusters in proteins and analogues showing mean Fe—S
and Fe---Fe distances and terminal Fe—SR distances (A). With proteins, the core oxidation states are [Fe;S4]3" in HPo
and [Fe;S;]2" in Fdoy; esd’s of bond distances are 0.002—0.004 A. With analogues, the core oxidation states are [Fe,S,]3*
(28), [FesS4)? (29, 30), and [FesS4]* (31—34). Esd's of bond distances are 0.002—0.008 A. In clusters where mean Fe—S
core distances sort into “long” and “short” sets, the long bonds are bolded. For (EtsMeN); [Fe;S4(SPh),], mean values over
two inequivalent clusters are given. Crystallographically imposed and idealized (*) symmetry axes are shown.

obtained as the BusN™ salt.*® The starting cluster

[Fe,S,(Stibt),]*~ + [Cp,Fe]" —
[Fe,S,(Stibt),]” (28) + Cp,Fe (31)

showed reversible steps at E;;, = —1.20 V (reduction)
and —0.12 V (oxidation) in dichloromethane. As other
examples, the l-adamantylthiolate cluster [Fe;Ss-
(SAd)4]?~ exhibits well-defined reactions at Ey, =
—1.32 V and —0.12 V, and [Fe;S4(SPh)4]?~ shows a
pseudo-reversible oxidation at —0.32 V, all in dichlo-
romethane, but an irreversible process near 0 V in

acetonitrile and DMF.186 Quasi-reversible oxidation
of [FesS4(SAd)4]?>~ has been observed in aqueous
micellar media, where both oxidation and reduction
are reported to be accompanied by protonation.'®® The
bulk of the evidence, however, shows that dry non-
basic solvents and large hydrophobic ligands signifi-
cantly improve the stability of this state, presumably
by protecting the electrophilic core from attack by
solvent and other nucleophiles.18:187

The EPR and Mdssbauer spectroscopic properties
of 28 prove a close relationship in electronic structure
with HP.*® The iron atoms are inequivalent in pairs,
delocalized Fe?5tFe?5t (S = 9/,) and localized Fe®*-
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Fe3*, as shown by oppositely signed electron—nuclear
hyperfine splitting constants obtained by fits of the
magnetic Mdéssbauer spectra to an S = Y/, spin
Hamiltonian. The mean isomer shift at 4.2 K (0.37
mm/s) is essentially the same as that for Chromatium
HPox (0.35 mm/s) and is 0.11 mm/s smaller than that
for [Fe;S4(Stibt)4)?~, a difference that is typical for
adjoining FesS, oxidation levels. The oxidized state
has also been produced by y-irradiation of crystals
of (EtyN)2[FesS4(SCH,Ph)4] and studied by EPR and
ENDOR spectroscopies.'81%0 Here, evidence has been
adduced for S = °/, or 7/, for the delocalized pair and
S = 4 or 3 for the coupled Fe'" sites, leading to an S
= 1/, ground state. Cluster 28 appears to be an
accurate representation of the HP,y state. Unfortu-
nately, there are no crystallographic structures of this
state. Two high-resolution structures of HPq pro-
teins have been reported,?6°261 one of which?%! is
included in Figure 9. The structures of analogue and
protein-bound clusters are examined in section 5.6.

5.3. [FesS4J?* Clusters

The [FesS4]?" oxidation state is isoelectronic with
Fdox and HPq. The reactivity and structural chem-
istry of these clusters have been extensively evolved.
The original synthesis was by self-assembly reaction
32.824 Subsequently, a number of other methods were
devised, including the experimentally convenient
assembly reactions 33 and 34,1941% and ligand sub-
stitution reactions 35 (X = halide) and 36 (n =
1—4).30126 These reactions consist of stepwise nearly
statistical equilibria which may be easily monitored
by 'H NMR. However, mixed ligand clusters, espe-
cially with unidentate ligands in polar solvents, are
not separable owing to the facile redistribution reac-
tions 37, leading to statistical mixtures.

4FeCl, + 6RS™ 4+ 4HS™ + 40Me™ —
[Fe,S,(SR),J°” + RSSR + 12CI~ + 4MeOH (32)

4FeCl, + 10RS™ + 4S —
[Fe,S,(SR),J*~ + 3RSSR + 8CI~ (33)

4FeCl, + 14RS™ + 4S —
[Fe,S4(SR),]°~ + BRSSR + 12CI~ (34)

[Fe,S,X, ] + nRS™ = [Fe,S,X, (SR),J*~ + nX~
(35)

[Fe,S,(SR),]°” + nR'SH =
[Fe,S,(SR),_,(SR),J* + nRSH (36)

(4 — n)[Fe,S,(SR),J*” + n[Fe,S,(SR),1* =
4[Fe,S,(SR),_o(SR), 1>~ (37)

Reaction 36 is analogous to reaction 8 of binuclear
analogues and is particularly useful in preparing
clusters whose ligands are more acidic than the intial
cluster with R = alkyl. When the stoichiometry of
reaction 38a is employed in methanol solution, the
cage complex [Fe4(SR)10]?~ (“ferromantane” (35), with

Venkateswara Rao and Holm

FeCls

CH30H

>5RS 35RS )
(38c)  (38a) sR L=
12 R._—Fe___R
RS, SR R?\s/ ?

R

RS/Fe\ RS/Fe.I\S//Fe\SR
9 SR //Fe\
/¢

S
~
R RS N
35 R

s 4s
RS", RSSR ®) RSSR (38b)

CH3OH ": S

10a RS", RSSR \ \I\SR
(12) rRs” 13a

Figure 10. Depiction of the coupled reactions leading to
assembly of [Fe;Si(SR)4]%~ clusters 13a in systems with
initial mol ratios RS™:Fe!":S = 3.5:1:1 and >5:1:1.

an adamantane-like structure?®?) is formed and sub-
sequently reacts quantitatively with sulfur in reac-
tion 38b to form the desired product.

4FeCl; + 14RS™ —
[Fe,(SR)5]* + 2RSSR + 12CI~ (38a)

[Fe,(SR),]* +4S—
[Fe,S,(SR),J*~ + 3RSSR (38h)

FeCl, + 5RS™ — [Fe(SR),]>” + Y,RSSR + 3CI~
(38¢c)

When the stoichiometry is increased to RS™:Fe'':S
> 5:1:1, the reaction takes a different course de-
scribed by the sequential steps 38c + 6 + 12. Note
the identical reaction sums 38a + 38b = 4(38c) + 2(6)
+ 12 = 34. Shown in Figure 10 are the two reaction
pathways that lead to the same product cluster.*?
Although many elementary steps are not defined, the
systems in Figure 10 are among the very few in
which sequential formation of intermediates has been
demonstrated in cluster synthesis.

In other reaction systems containing Fe'"'"", sulfur
or sulfide, and thiolate or other terminal ligands,
clusters 13a or 13c are often unintended side prod-
ucts, emphasizing that these species are thermody-
namic sinks in iron—sulfur cluster synthesis.

By means of reactions 32—36, a large set of clusters
has been produced (Table 5), including those with
the simplest ligand (R = H), extremely bulky hydro-
phobic ligands (R = Ad, tibt), hydrophilic ligands
whose clusters are water-soluble (R = CH,CH,OH,
CH,CH,CO,"), macrocyclic, dendrimeric, and crown
ether ligands, and Cys peptide ligands. This situation
has led to extensive information on the properties of
the [FesS4)?" oxidation state as dependent on ligands.

The clusters 13a have a diamagnetic ground state
and low-lying paramagnetic excited state(s) popu-
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lated at 4.2 K and above and leading to uet ~ 2.3ug
per cluster at room temperature.*?2% This situation
affords extremely well-resolved NMR spectra whose
isotropic shifts are mainly or exclusively contact in
origin.?”221 Absorption spectra of alkylthiolate clus-
ters are very similar to those of Fdox and HPeq, with
bands at ca. 420 and 300 nm. Redox potentials of the
couple [FesS4(SR)4]2°~ in series 30 exhibit linear free
energy relationships with the substituent constants
o* (R = alkyl) and o, (R = p-CsH4X).% In an aprotic
solvent such as DMF, a typical range with common
substituents is E;, = —1.04 V (R = Ph) to —1.42 V
(R = BuY). The range can be extended to less nega-
tive values by suitable variation of the phenyl
substituents, including quaternized ammonium
groups that lead to positively charged clusters [Fe;Ss-
(SCeH4-p-NR3)4]?*.282 The structures of two clusters,
[Fe4S4(SPh)4]2‘ (29)30 and [Fe4S4(SCH2Ph)4]2‘ (30),24
drawn from the large database of [Fe;S4)?* struc-
tures, are included in Figure 9, together with the two
clusters of C. acidi-urici Fdok determined at atomic
resolution.?53

5.4. [FesSq]™ Clusters

These species are isoelectronic with Fd..q and are
conventionally prepared by reduction of [Fe;S4(SR)4]>~
with reducing agents having a potential of —1.5 V,
as in reaction 39 with sodium acenaphthylenide
radical anion.#142257 Reactions are usually conducted

[Fe,S,(SR),]°~ + NaC,,Hs —
[Fe,S,(SR),]*” + C,,Hg + Na* (39)

in acetonitrile, where the rate of reduction exceeds
the rate of reaction of the reductant with solvent.
Reduced clusters can also be obtained with the
assembly system FeCl,/2NaSR/4NaSH in DMF,?5!
obviating the requirement of a preisolated cluster.
In this system, excess thiolate neutralizes the protons
released by hydrosulfide. The oxidant required to
achieve the mean oxidation Fe??5* state in the
product cluster has not been identified. The reduced
clusters are very sensitive to dioxygen and are
oxidized or decomposed by protic species.?64265 An
aqueous medium markedly stabilizes the [Fe;S4]*
state compared to aprotic solvents. The potential
of the couple [FesS4(SCH,CH,0OH),]2#~ is 0.42 V
more positive in aqueous buffer than in Me,SO.3
Also, the highly negatively charged cluster [Fe;S;-
(SCH,CH,C0,)4]% is reducible in two one-electron
steps at —0.52 or —0.59 V and —0.98 V vs SHE in
aqueous solution.32:200

Reduced clusters exhibit the nearly featureless
absorption spectra of Fd.g. Most clusters have S =
1/, ground states, indicated by axial or rhombic EPR
signals observable below ca. 20 K and typified by the
axial spectrum of [Fe;S4(SCH.Ph),]3~ (g, = 2.04, g
= 1.93).%2 Protein spectra are generally rhombic, with
Oav 1.94—1.97, and are observed in the same tem-
perature regime. There are also examples of pure S
= 3/, ground states®®’ and clusters that occur as
physical mixtures of S = %/, and %/, states,??0:25?
properties also observed with certain proteins. The
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spin quartet state is directly detectable by EPR
signals in the g ~ 4—5 region.?'1:252 Excited spin
states are occupied at higher temperatures, such that
at 300 K, uerr = 4.0—5.1ug per cluster.#?2!1 Clusters
display well-resolved *H NMR spectra with larger
isotropic shifts than [Fe;S4(SR)4]%~, consistent with
greater paramagnetism and dominant contact inter-
actions.??! Electron self-exchange reactions are rapid
(k ~ 108 M~ s71 in acetonitrile at 300 K, indicative
of a small inner-sphere reorganization barrier. The
structures of four clusters 31—34 in five compounds
are collected in Figure 9. As is evident, exact core
shapes are decidedly variable.

5.5. [FesS4]° Clusters

The [Fe4S4]° state, a terminal member of series 30,
was first detected electrochemically in aprotic sol-
vents as a member of the couple [Fe;S4(SR)4]>4~ with
Eip < —1.7 V.24 The cluster [Fe;S4(SPh)s]?> in
acetonitrile shows two chemically reversible reduc-
tions at E;, = —1.00 V and —1.72 V. While [FesSs-
(SPh)4]®~ in various salts has been isolated and fully
characterized, neither [Fe;S4(SPh)4]*~ (36) nor any
other [FesS4(SR)4]* species has ever been isolated
in substance, despite substantial effort toward that
goal in this laboratory. All-ferrous cubane-type clus-
ters are known, but not with physiological ligands.
Among these is [Fe;S4(CO)12],%% whose six-coordinate
iron sites and long Fe:-Fe separations (3.47 A)
accentuate its difference with analogue clusters.
Certain developments with the phosphine-ligated
clusters in the reaction scheme of Figure 11267268 gre
briefly considered, as they may provide a pathway
to all-ferrous cubanes. The readily prepared clusters
[FesS4(PR3)4]" (37, R = But, Cy, Pr') are reducible to
putative neutral clusters 38, which have not been
isolated. Under specific conditions, the reduction
product can be converted to the edge-bridged double
cubane [FegSg(PR3)s] (39) or the tetracubane [Fe 6Si6-
(PR3)s] (40). It remains to be seen if the initial
reduction product can be converted to 36 by ligand
substitution or if, by bridge cleavage and substitu-
tion, 39 can do the same. Given the stability of 39, it
remains to be learned if a thiolate-ligated cluster will
exist as a single cubane or form spontaneously a
double cubane by means of edge-bridging.

An imperative for the synthesis and characteriza-
tion of the [Fe;S,]° oxidation state follows from the
demonstration of its occurrence in the fully reduced
iron protein of A. vinelandii nitrogenase.?6°=2"* The
protein supports the redox couples [Fe;S4]%™* (—0.31
V) and [Fe;S4]™° (—0.79 V) at the indicated midpoint
potentials vs SHE.?"? This is the first example of a
protein-bound Fe,S, cluster that has been stabilized
in three oxidation states in the absence of chaotropic
reagents that perturb protein structure.?”® The all-
ferrous state can be formed with the strong reduc-
tants Ti'"'—citrate and Cr'"—=EDTA. The isomer shift
of 0.68 mm/s establishes the oxidation state; the iron
atoms are inequivalent in a 3:1 ratio when implicated
in an S = 4 ground state.?’* The presence of com-
pletely cysteinate-ligated cluster 5 in the fully re-
duced protein has been confirmed by crystallography
(2.25 A resolution).2’# The second reduction potential
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Figure 11. Reaction scheme showing the formation of all-ferrous edge-bridged dicubane 39 and tetracubane 40 by reduction
of the single cubane 37. Clusters 36 and 38 have not been isolated.

may be compared with —0.98 V noted above for
[FesS4(SCH2CH,CO0,),]’~8~, the only available value
for an analogue cluster in agueous medium, and
signifies a remarkably facile reduction compared to
any analogue in an aprotic solvent. The cluster
sustains at least seven hydrogen bonds and, being
at the interface of the a, subunit structure of the iron
protein, is accessible to solvent.?’* These factors
presumably contribute to the enhanced reducibility
of the cluster. Clearly, an analogue single-cubane
cluster [FesS4(SR)4]*~ would be advantageous in
defining intrinsic geometric and electronic structural
issues and, if sufficiently stable in water, medium
effects on the potential of the [FesS4]™° couple.

5.6. Principal Structural Features

The term “cubane-type” includes all Fe;S, cores
made up of six edge-shared nonplanar Fe,S, rhombs,
regardless of distortions from idealized T4 symmetry.
Analogue structures 28—34 in three oxidation states
are included in Figure 9, together with clusters in
two proteins that have been determined at atomic
resolution.?61.263 Several other protein structures of
comparable accuracy are available.?6%275 All protein
structures refer to the [Fe,S,]?" oxidation state. The
full set of analogue structures can be obtained from
Table 5. No analogue cluster has perfect T4 sym-
metry; with Fe;S, clusters that limiting symmetry
has been found only in one salt of [FesS,Cls]% .27
Among the structural deviations from cubic core
symmetry, a compressed tetragonal distortion with
four “short” bonds and eight “long” Fe—S bonds,
approximately parallel and perpendicular, respec-
tively, to an idealized 4-axis is frequently encoun-
tered. Under this D,q distortion mode, core distances
and angles divide as Fe—S and S---S (4 + 8), Fe—Fe
(2 + 4), and Fe—Fe—Fe, S—Fe—S, Fe—S—Fe (4 + 8).

The distortion is often identified subjectively by the
pattern of core Fe—S bond distances and is prevalent
for clusters in the [Fe;S4]*" oxidation state. A more
rigorous analysis to identify D,q Vs T4 Symmetry has
been presented,?* as has a geometrical analysis of the
D.g structure in terms of shape parameters, which
allows calculation of core volume.”® The structures
in Figure 9, which are idealized by use of average
values of core Fe—Fe and Fe—S and terminal Fe—
SR bond distances, nonetheless usefully convey the
dominant distortion type and cluster dimensions.
Occasionally, as in (BusN);[Fe;S4(SBuY),]?® and
(EtsN)2[FesSa(SBuUY),], 88 a D,y distortion is crystal-
lographically imposed. In other cases, such as 29, 30,
(M63NCHzPh)z[FE4S4(SBUt)4],183 and (Ph4AS)2[FE4S4-
(SAd)4],*8 a tetragonal distortion is readily recog-
nized but is not imposed. The occurrence of various
modes of distortion from idealized T4 core symmetry
indicates that packing effects dependent on counte-
rion and/or R substituent influence structural details.
Among such cases are the monoclinic and orthor-
hombic modifications of (BusN);[FesSi(SPh)4], in
which the cluster does not exhibit the D,q distortion
of the MeyN™ salt. 194217218

Certain structural trends can be recognized. As the
oxidation level decreases, Fe—SR bond lengths in-
crease owing to the increased ferrous character of the
core (Figure 9). The Shannon radius of tetrahedral
Fe!l is 0.14 A larger than that for tetrahedral Fe''!.109
Thus, in 28 the bond length is 2.21 A %8 the mean of
29 and 30 is 2.26 A 2430 and the mean of 31—34 is
2.29 A 42.251252255257 Clyster 28 is the only structure
of the [Fe,S4]°t state. On this basis the [Fe;S4(SR)4]™
regime is demarcated at 2.21 A. With a large data
set, the [Fe4S4(SR)4]2~ regime covers 2.25—2.28 A and
that of [Fe;S4(SR)4]®~ at distances longer than 2.28
A. These data refer to mean values. The longest
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terminal bond is 2.32 A in (Et;N)s[FesS4(SH)4]-Ets-
NCIL.2° A similar trend in Fe—Fe and core Fe—S
distances is sometimes discernible if all such values
are averaged for a given structure. Other parameters
of interest are the volumes of the Fe, and S, distorted
tetrahedra and the Fe,;S, core volume.”0183.255 Reduc-
tion of [Fe4S4(SR),4]% to the trianion results in a small
increase in the core volume. Changes are in the range
of about 2—3% and depend on the cation and crystal-
line environment. For [Fe;Si(SCH2Ph)4]? 2%, the
volume increases from 9.61 to 9.86 A3, or 2.6%. For
[FesS4(SPh),]> 2, the change is 1.9%. These values
were calculated for idealized D,q4 distortions. On the
basis of this trend, further reduction to the [Fe;S4]°
state would be expected to lead to a volume increase.
The only available example is the all-ferrous cluster
of Av nitrogenase.?’* The Fe, volume (2.17 A3) is 8.8%
smaller and the S, volume (6.17 A3) is 11% larger
than for the clusters in C. acidi-urici Fdy;?%® the
core volume (9.23 A3) is 6.4% smaller than in
[FesS4(SCH,Ph)4]3~. At least in terms of the latter
parameter, the core volume trend does not continue.
The cause of this behavior is unclear; all-ferrous
cluster volumes were calculated by a different pro-
cedure than other values. Core bond length and
volume increases are consistent with the addition of
an electron to an antibonding orbital with substantial
Fe—S character.

The historical advantage of precise analogue struc-
tures is now being attenuated by the advent of
protein structures at atomic resolution. Structures
are now available for HP¢4?%%261 and Fd.x?%327° pro-
teins at 0.80—1.20 A resolution, permitting detailed
metric comparison with analogue clusters. Close
agreement in core bond lengths, angles, and volumes
is found among the isolectronic protein-bound clus-
ters themselves and with [Fe;S,]?* analogues. Ideal-
ized Dyq distortions occur in some cases, as in one of
the two clusters of C. acidi-urici Fde (Figure 9). X-ray
structures of HPo, and Fdeq proteins have not been
reported.

Lastly, reduced clusters 31—34 display three dif-
ferent idealized distorted modes with 4- and 2-fold
axes. Actually, even more distortions have been
observed with other clusters, and considerable effort
has been extended to determine if there is any
correlation between the type of distortion and the
ground electronic state S = 1/, or 3/,,190.220.254257 \\/hijle
no convincing correlation has emerged, it has become
very clear that the [Fe,S4]" core exhibits a plasticity
evident by multiple distortion modes and electronic
ground states that are very sensitive to environment.
This is evident by variant core distortions in the
crystalline state and the existence of two spin ground
states and of physical mixtures of spin states of the
same cluster compound. In one striking example,
crystalline (Et4N)s[Fe;S4(SPh);]:DMF has an S =1/,
ground state, whereas in the unsolvated compound
the ground state is S = 3/,.25%6 At present, analogue
clusters provide the only structural data on the
[FesS4]t oxidation state and imply that reduced
protein clusters will adopt different distortions, de-
pendent upon protein structure and environment.
Overall, analogue structures of all types, while
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subject to perturbations in their own crystalline
environments, will continue to afford the only means
to assess structural variability in the absence of
protein structure and environment.

5.7. Specialized Clusters

In this section, we depart from the theme of strictly
homoleptic clusters 5 and examine developments in
related areas. These include clusters ligated by
cysteinyl peptides, site-differentiated clusters whose
synthesis was first motivated by cluster 6 in active
aconitase, and the formation of analogues of protein-
bound bridged assemblies in which a site-differenti-
ated FesS, cluster is covalently linked to another
metal component.

5.7.1. Peptide Clusters

Ligation of cysteinyl peptides represents the next
logical step in the evolution of analogue clusters past
the level of relatively simple thiolate-bound species
such as 13a. Work with Fe,S, clusters is the most
advanced. Peptide clusters have been prepared by
two methods. Reaction 40 with a preformed cluster
is an extension of ligand substitution reaction 36 in
which, usually, four Cys residues are bound and often
n = 1 and x = 4. The charge on the cluster does not

[Fe,S,(SR),]*>~ + n(Cys), peptide —
[Fe,S,{(Cys),peptide} ]~ + 4RSH (40)

include contributions from residues other than Cys.
In the early development of the analogue field, this
reaction with R = But was used with Ac-Cys-NHMe
and Gly-Cys oligopeptides to produce the first Cys-
bound clusters.?* The procedure was subsequently
extended to other peptides of this type®®? and to small
cysteinyl peptides.?3~235 Larger peptides have been
shown to bind the cluster, as in the reaction of water-
soluble [Fe;S4(SCH,CH,0H),]?~ with 63-residue pep-
tides containing the ferredoxin consensus sequence
41 and one or two additional Cys residues.®® Further,
this cluster has been incorporated into a specially
engineered form of thioredoxin designed to bind an
Fe,S, cluster.?”

Cys-lle-Ala-Cys-Gly-Ala-Cys (42)

The second method for forming peptide clusters is
based on cluster reconstitution using FeCls, Na,S, a
reductant such as HOCH,CH,SH, and the peptide
in aqueous buffer. The procedure, which is obviously
related to cluster assembly reaction 32, traces back
to the classic work by Rabinowitz,?”® who reformed
ferredoxins from apoproteins in this way. The recon-
stitution procedure has been used to introduce a
cluster into the 16-residue peptide 42 (containing
sequence 41) and related peptides,?®"2%® and into a
simplified 31-residue version of the apoprotein of
Desulfovibrio gigas Fd 11.27° A cluster—peptide com-

H,N-Lys-Leu-Cys-Glu-Gly-Gly-Cys-lle-
Ala-Cys-Gly-Ala-Cys-Gly-Gly-Trp-CONH,, (42)
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plex has beenformed with a 67-residue peptide hav-
ing two ca. 27-residue helical segments joined by a
loop containing the tetracysteinyl portion of 42.2%6
Reconstitution of the totally synthetic 55-residue
apoprotein of Cp Fd has afforded the holoprotein with
two clusters whose properties very closely match
those of the native protein.%®

Peptide-ligated clusters have generated several
useful applications. Among the first was the indica-
tion that N—H---S hydrogen bonding to cluster sulfur
atoms effected small positive potential shifts of the
[FesS4]?H* transition.103.233-235 The Cp Fd apoprotein
has been strategically mutated to determine the
effects on stability and redox potentials.?37280.281 Ag
noted, certain clusters contain the ferredoxin con-
sensus sequence 41. Sequence 42 carries the residue
spacing Cys-(X)s-Cys-(X).-Cys-(X),-Cys often found in
Fd’s and has been shown to support efficiently cluster
reconstitution.?®” This cluster exhibits a proton-
coupled [FesS4]?* redox reaction with a midpoint
potential of —350 mV vs NHE,?3 within the range
of native Fd’'s. The integrated EPR spectrum was
assigned 100% of the expected spin per peptide as
the criterion of complete cluster formation. The
cluster has been employed in an interesting way to
assess the effects of peptide structure on cluster
formation under constant reconstitution condi-
tions.37:2%8 When reduced with dithionite to the
[FesS4]" state, the cluster shows a protein-like g =
1.94-type EPR spectrum. Variation of ligating and
nonligating residues and different truncations of
sequence 42, followed by cluster reconstitution, re-
duction, and comparative EPR spin integration,
showed that virtually any modification of the se-
guence resulted in a diminished ability of the peptide
to support cluster reconstitution, sometimes elimi-
nating it entirely. Significant conclusions include the
following. (i) Cys ligation is stabilizing over that by
any other residue. (ii) Three Cys residues allow
cluster formation, with an exogenous ligand occupy-
ing the remaining position on the fourth iron site;
sequence 41 is optimal in this respect. (iii) The
spacing Cys-(X)2-Cys-(X).-Cys is critical for Cys liga-
tion. (iv) The identities of nonligating (second shell)
residues are as consequential as the binding residues
in stabilizing [Fe;S4]>"" clusters. These results pro-
vide a guideline for securing a cluster bound to
relatively small peptides where protein folding is not
a factor.

Designed peptides can be used to provide struc-
tures in synthetic assemblies that would be extremely
difficult to achieve otherwise. The insightfully de-
signed helix—loop—helix motif of the foregoing 67-
residue peptide maquette is constructed such that
two His residues in each helical run bind heme
groups as bridges between helices.?® This assembly,
with one cluster and two hemes, places these redox
sites in close juxtaposition in the same molecule, as
might be the case in certain oxidoreductases. The
same motif was built into a 63-residue peptide
designed as a scaffold for the stabilization of metal
ions bridged to an Fe,S, cluster by a Cys residue.®®
In the loop, the consensus sequence was preceded by
another binding residue in the run Cys-Glu-Cys-lle-
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Ala-Cys-Gly-Ala-Cys. The helices contain His or His
and Cys binding residues placed in positions near the
cluster binding loop. In one case, the cluster is bound
to the Cys residues of the consensus sequence and
also to the first Cys, which functions as a bridge to
Ni(Il), giving the planar coordination unit Ni(uz-S-
Cys)(N-His)s. This formulation is consistent with
spectroscopic data and nickel K-edge EXAFS.% This
work provides an encouraging prognosis for de novo
designed peptides as scaffolds for the stabilization of
analogues of complex bridged assemblies found in
metalloproteins.?8?

5.7.2. Site-Differentiated Clusters

The first recognized occurrence of any type of
protein-bound site-differentiated cluster (not includ-
ing all clusters 5 whose Cys residues are, in principle,
inequivalent) was with the enzyme aconitase, which
converts citrate to isocitrate in the tricarboxylic acid
cycle.?®3284 The resting form of the active enzyme
contains the 3:1 site-differentated cluster 6, whose
unique iron atom, as shown by crystallography of the
mitochondrial enzyme,?®® is the site of subtrate
binding and catalysis. Aconitase has had a major
impact on iron—sulfur biochemistry and chemistry.
It was the first iron—sulfur enzyme recognized,
extending the biological function of clusters beyond
electron transfer to catalysis. The inactive form of
aconitase contains cuboidal cluster 4, derived from
6 by a reversible iron insertion reaction with very
little change in structure.® The cluster interconver-
sion reaction is an essential paradigm for other
protein-bound clusters which in the cubane form lack
a fourth Cys residue for binding to an iron site. It is
the iron atom at the differentiated site that is labile.

Examples of synthetic site-differentiated clusters
13b have already been encountered as the 3:1 species
14—17 (Figures 6 and 7). The site-differentiated 2:2
clusters [Fe4S4(SPh)2CI2]2* and [Fe4S4(SPh)2(OC6H4—
p-Me),]?>~ have been isolated as crystalline salts.?16.287
Further, neutral clusters such as [FesS4l.L;] (L =
Ph3P, thioureides),?882%1 [Fe,S4(SPh),(PBut),],?°? and
[FesS4(PR3)sL] (L = halide, PhS™)%68292 have been
prepared and structurally characterized. However,
the utility of such clusters is quite limited unless
their reactivity in solution can be examined. Certain
neutral clusters are stable to disproportion to ionic
species in low dielectric solvents such as THF,
dichloromethane, and toluene. This is not the case
with charged clusters in more polar media such as
acetonitrile, DMF, and Me,SO, in which their qua-
ternary ammonium salts are generally soluble. Dis-
proportion and equilibration of clusters with mono-
functional ligands in reactions like 37 is the general
rule in these solvents. In analogue chemistry, charged
clusters are prevalent; designed ligands must be
utilized to avoid cluster disproportionation.

Five trithiols whose deprotonated forms sustain 3:1
site-differentiated clusters are given in Figure 12.
The trianion (LSz) of compound 41 is the first
example of a ligand of this type.>%5! Alternate groups
around the central benzene ring are forced above and
below the ring by steric factors. The three thiol
“arms” are on the same side, buttressed in that
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Figure 12. Trithiols 41—45 whose deprotonated forms stabilize 3:1 site-differentiated Fe,;S, clusters. The trianions of
41—-44 bind clusters in a trigonally symmetric arrangement where clusters bound to the trianion of 45 have mirror

symmetry.

position by the three p-tolylthio “legs”. That confor-
mation results in a semirigid cavitand ligand whose
thiolate sulfur atoms are preorganized to capture a
cluster in a cavity whose walls are the arms and
whose floor is the central ring. This description
follows from a conformational and molecular dynam-
ics analysis.'® Trithiol 42, with three ethyl and three
indolethiolate groups, is constructed on the same
principle.?®® Conformations of the bowl-shaped cyclo-
triveratrylene building block of 432°42% and the
triazacyclononane ring of 442% place thiol substitu-
ents on the same side of the molecule. Clusters
derived from the trianions of 41—44 are expected to
have three-fold symmetry. Crystallographic proof is
available for [Fe;S4(LS3)L']? clusters (vide infra) and
a cluster from 42 with benzenethiolate at the unique
iron site.?®® Trithiol 45 is conformationally flexible
and forms clusters with mirror symmetry.?®” X-ray
structures of clusters derived from 43—45 have not
been reported; cluster symmetries in solution follow
from *H NMR spectra. Site-specific substitution reac-
tions have been described for clusters from 43,2%
4429629 gnd 45.2°7 The chemistry of LS; clusters is
highly developed; leading aspects are next consid-
ered.

Reaction 36 (R = Et, 3R'SH = L(SH)3) is used to
prepare [Fe;S4(LS3)(SEt)]?~ (14), which in turn may
be converted to [Fe;S4(LS3)CI)>~ (46), of proven
structure, by reaction with pivaloyl chloride.5! These
two clusters provide entry to a wide variety of
new clusters arising from regiospecific substitu-
tion5458.300-304 o in the synthesis of cuboidal 12
(Figure 6), removal of the unique iron atom. Cluster
14 is substituted with certain protic reactants (thiols,
phenols, and others), whereas the labile chloride of
cluster 46 is subject to replacement with a wide

variety of ligands. Selected site-specific reactions of
46 are set out in Figure 13. Reactions can be
monitored in situ by 'H NMR because of the exquisite
sensitivity of the isotropic shifts of substituents at
the 4-, 5-, and 6-positions of the coordinating arms
of LS; (Figure 6) to the identity of the ligand at the
unique site. Simple substitution reactions with
monoanions afford clusters 47—50. Phenolate cluster
48302304 js an analogue of the Fe;S4(S-Cys)s(O-Ser)
cluster in the Cys77Ser mutant of Chromatium
HP\q,3% and hydroxide cluster 5032 is an analogue
of the active aconitase site 6. Imidazole cluster 51304
relates to the Fe;S4(S-Cys)s(N-His) cluster in the
Cys199His mutant of the E. coli DNA repair enzyme
MutY,3% and to the cluster distal to the active site
in the electron-transfer chain of Dg Ni—Fe hydroge-
nase.?%” Clusters 52—54 demonstrate five-coordina-
tion at the unique site and its effect on redox
potentials and Mossbauer parameters.®01302 Simi-
larly, clusters 55—57 provide six-coordinate sites, as
shown by the X-ray structure of the Fe,Se, analogue
of 56.3% The tris(isocyanide) clusters 55 were signifi-
cant in elucidating the electronic properties of cuboi-
dal clusters. Because the unique site contains six-
coordinate low-spin Fe'", the [FesS4]° portion of the
core is magnetically isolated. Magnetic and Mdoss-
bauer spectroscopic properties demonstrated the S
= 2 ground state and electronic features very similar
to inactive aconitase and Dg Fd 11°* and, later, to
synthetic cluster 12. Chloride cluster 46 is also a
percursor to bridged double cubanes 58,302 59,58:300
and 60.3%

The foregoing is a part of the large body of
substitution reactions of 3:1 site-differentiated clus-
ters that has led to a comprehensive family of such
clusters, permitting elucidation of the consequences
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Figure 13. Selected site-specific reactions of [Fe;S4(LS3)CI]?~ (46) to afford a variety of product clusters, including single
cubanes with four-, five-, and six-coordinate unique sites and bridged double cubanes.

of ligand type, charge, and coordination number on
properties such as NMR isotropic shifts, redox po-
tentials, and charge distribution as inferred from
5’Fe isomer shifts. For example, many [Fe;S4(LS3)-
L')? clusters undergo reversible electrochemical re-
duction to the [FesS4]" level, and several to the
[FesS4]° level, at potentials that are modulated by the
change of a single ligand.182:302304 A similar influence
is observed for the [Fe;S;)>"* couple of clusters
derived from trithiol 43.2% The difference in reduction
potentials of 12 and 46 is 0.12 V for the [Fe,S,]>™+
couple, with the thiolate cluster having the more
negative potential. Alteration of cluster charge has
a pronounced effect on potentials. The difference
between 14 and monanion 51 is 0.32 V for the same
couple, with the latter more easily reduced. Potential
differences refer to acetonitrile solutions. For trianion
53 in Me,SO, the [Fe;S4]?"* potential (E1, = —1.38
V) is shifted by —0.41 V vs [Fe;S4(LS3)(SPh)]?” as a
reference, and the [Fe;S;]3™?* couple appears at Ey»
= —0.62 V. The latter couple of the reference cluster
is irreversible in Me,SO and acetonitrile but is
observed at 0.02 V in dichloromethane.3?! Potential
shifts of the same sign are expected to apply to
related protein-bound clusters. Other data and con-
clusions from electrochemical and spectroscopic mea-

surements are too extensive to summarize here; the
original literature should be consulted.

A limited set of 2:2 site-differentiated clusters has
been synthesized, some of which are noted above.
Other examples are the products of reactions 43 and
44 (R = Et, Ph).308

[Fe,S,Cl,]* + 6Bu'NC —
[Fe,S,Cl,(BU'NC)s] + 2CI~ (43)

[Fe,S,Cl,(BU'NC),] + 2NaSR —
[Fe,S,(SR),(BU'NC),] + 2NaCl (44)

The clusters contain on opposite Fe,S, faces two low-
spin Fe' sites separated by 3.46 A and overall closely
approach idealized C, symmetry. The tetrahedral
Fe''' sites are part of an Fe;S, rhomb (Fe—Fe 2.73
A) whose dimensions are quite similar to a face of
an Fe;S, cluster. While not site analogues, the
hexakis(isonitrile) clusters have provided a unique
way to determine magnetic parameters of current
interest.®® These neutral clusters contain an anti-
ferromagnetically coupled Fe'''"Fe!"! pair in a geometry
very similar to that of the corresponding pair in
[FesS4]t° and [FesS4]3" cores.
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Values of J = 240—-280 cm™ (H = JS;'S;) were
obtained from magnetic measurements. These are
the first directly determined J-values for [Fea(us-
S),]?* fragments, and the best available initial values
in interpreting magnetic properties of protein clus-
ters.

5.7.3. Bridged Assemblies

Iron—sulfur clusters are implicated in active sites
considerably more complicated than structures 2—6.
The next level of complexity about the cubane-type
cluster is the electron-transfer P cluster of nitroge-
nase,31° shown in Figure 1 in its crystallographically
defined PN (7) and P°X (8) states.3'1312 There are no
strict synthetic analogues of these clusters, but the
overall topology of the PN state has been achieved in
clusters with M,FesSg cores (M = V, Mo).313314 The
P clusters are members of a group of protein-bound
clusters designated as bridged assemblies, which in
general consist of two discrete fragments that are
coupled by one or more covalent bridges. Assemblies
containing Fe4S, clusters also include those in E. coli
sulfite reductase ([Fe;S4]-(uz-S-Cys)-siroheme)315:316
and Clostridium thermoaceticum carbon monoxide
dehydrogenase/acetyl-CoA synthase ([FesSa]-(u2-S-
Cys)-Cu(L)-{ (u2-S-Cys),Gly} Ni].?¥ In site analogue
chemistry as a whole, the greatest challenges now
lie in the synthesis and characterization of accurate
representations of bridged analogues. Previously, we
have called attention to bridged assemblies and con-
sidered means by which 3:1 site-differentiated clus-
ters could be used in the synthesis of analogues.?82318

The first Fe,;S, bridged assemblies were obtained
in the period 1989—1991. They include dithiolate-
bridged 60 (Figure 13) and sulfide-bridged 61 (3RS
= LS3), the latter by coupling reaction 45.3% This
cluster is depicted in Figure 14, together with other
bridged species. These clusters were isolated but did
not yield diffraction-quality crystals. This work was
quickly followed by reaction 46, which provided the
first X-ray structure proof of a bridged double cu-
bane.31?

2[Fe,S,(LS,)CI]* + Li,S —
{[FesSa(LS)lo(u-S)*™ + 2LiCl (45)

2[Fe,S,Cl, )% + Li,S—
{[Fe,S,Cls],(u,-S)}* + 2LiCl (46)

In a mixed cation salt, the individual clusters were
found in a cisoid arrangement with an imposed C,
axis containing the u,-S atom. The Fe—S—Fe bridge
angle is 102.2°, and the iron atoms are separated by
3.43 A. Sometime later, the bridged structure of
{[FesSes(LS3)].Se},*” with Fe—Se—Fe = 112.7° and
115.5° in two inequivalent anions, was similarly
established,®?° providing also a structure proof of 61.
In the next development, oxo-bridged 58 was shown
to exist in equilibrium 47 with hydroxo cluster 50
(Figure 13). The clusters were not isolated but were

{[Fe,S,(LS,)],0}* + H,0 = 2[Fe,S,(LS;)(OH)]*~
(47)
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identified electrochemically, 50 showing a reduction
at E;» = —1.05 V and 58 showing two coupled
reductions at E;, = —1.24 and —1.47 V in Me,SO
containing ca. 1 mM water.3%? Coupled redox steps
are characteristic of double cubanes with sufficiently
short bridges. For example, 61 (0.24 V), its selenide
analogue (0.25 V), {[Fe4S4Cl3]2(u2-S)} 4~ (0.31 V), and
58 with R = 1,2-C,H,4S,?~ (0.07 V), together with a
number of heterometal bridged double cubanes, show
this effect;300320 potential separations are indicated.
Its presence is one means of identifying bridged
clusters.

Cluster 61 has also been observed in labile equi-
librium 48, from which it may be isolated.5”:58 The
hydrosulfide single cubane is accessible from the
reaction of [Fe;S4(LS3)(SEt)]?>~ with H,S or by the
reaction of 14 with HS™.

2[Fe,S,(LS,)(SH)F =
{[Fe4S4(LS3)]2(,u2-S)}47 + H,S (48)

[Fe4S4(SEt)4]2‘ +4H,S =
[Fe,S,(SH),J* + 4EtSH (49)

By continued reaction of [Fe,S4(LS3)(SH)]?>~ with H,S,
or more simply by reaction 49, the most elementary
homoleptic cluster 13a has been prepared. The
cluster had been obtained much earlier by a nonra-
tional route and its structure determined.®? It is
prone to self-condensation in solution, but unlike
reaction 48, multiple products are possible. In aceto-
nitrile, the cluster exists in dynamic equilibrium with
self-condensation products formed by elimination of
H,S and formation of sulfide-bridged clusters.'®3 One
of the latter appears to be prevalent, leading to a
simplified description of the system in terms of
reaction 50. The product cluster is a sulfide-bridged

3[Fe484(SH)4]2’ =
{[Fe;S,(SH);l5[Fe,S,(SH),1(up-S),} + 2H,S (50)

assembly whose proposed structure involves a central
cubane forming two sulfide bridges to other cubanes
in an acyclic arrangement. The cluster has not been
isolated.

With the formation of bridged cubane assemblies
demonstrated, attention was directed to other types
of assemblies. The cluster [Fe,;S4(LS3)(S-4-py)] and
its 3-pyridyl variant are readily prepared from
[FesS4(LSs3)(SMe)]?~ and the pyridylthiol. The pyridyl
portion provides a binding site for a metal, as in the
assembly 62, for which the formation constants are
790 M~ (R = Me) and 920 M~* (R = CF3) for binding
to the high-spin Fe!' complexes.3% Other choices of
binding groups and complexes could eliminate the
complicating feature of a labile equilibrium. This
work, in which the bridge is nonphysiological, dem-
onstrates that assemblies with extended bridges can
be prepared. This type of cluster assembly has been
little pursued past the initial report, possibly because
no extended organic bridges have yet been found with
protein-bound Fe;S, clusters.

Assemblies 63 and 64 (Figure 14) provide ap-
proaches to the active site of sulfite reductase, which
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Figure 14. Various bridged assemblies based on the site-differentiated cluster Fe;S4(LS3), including the sulfide-bridged
cubane (61) and hemes (63, 64), and an extended organic bridge binding to a planar Fe!' complex (62).

catalyzes the reaction SO3?~ + 7H* + 6e~ — HS™ +
3H,0. All attempts in this laboratory and else-
where®?! to bind a heme group to a cluster by a
thiolate bridge have not rendered the desired result.
A subclass of these reductases is thought to have a
sulfide rather than a cysteinate bridge. Heme cluster
sulfide-bridged assemblies have been prepared as
outlined in Figure 14 using 3:1 differentiated clus-
ters. The method leading to [FesS4(LS3)—(u2-S)—Fe'"'-
(OEP)]?> (83) is one of four coupling reactions that
form this product.>” %8 The assembly [Fe;Sa(LS3)— (uz-
S)—Fe''(salen)]?~ was prepared in a related reaction
involving {[Fe(salen)],0}, [FesS4(LS3)(SH)]?>~, and Ets-
NH*.%8 Sulfite reductase contains siroheme, an iron
complex of sirohydrochlorin which, with adjacent
pyrroline rings reduced, is at the isobacteriochlorin

oxidation level. The assembly [Fe;S4(LS3z)—(u2-S)—
Fe'"'(OEIBC)]>~ (64) is a closer approach to the
enzyme site because it contains the diastereomeric
isobacteriochlorin fragment Fe!!(ttt-OEiBC).>° The
preparative route relies on the ca. 35 kcal/mol energy
difference between Si—Cl and Si—S bonds. The
principal electronic feature of the bridged assemblies
is the greatly enhanced isotropic shifts of the cluster
ligand arising from spin delocalization across the
high-spin Fe""-S—Feuster bridge, which, together
with the methods of synthesis, supports the bridged
structures of 63 and 64 in the absence of crystal-
lographic proof. While these structures, with their
unsupported bridges, are insufficiently robust to
serve in functional analogue reaction systems, they
are among the most complex analogue-bridged as-
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semblies yet prepared, Further, they illustrate solu-
tions (albeit specific ones) to the likely general
problem of unsymmetrical coupling in preparing
analogues of bridged biological assemblies. Lastly, we
reemphasize the potential of designed peptides, il-
lustrated with the aformentioned (Cys-S)sFesSs—(uz-
S-Cys)—Ni unit,’® a means of stabilizing bridged
assemblies.

6. Mossbauer Parameters and Oxidation States

Nearly all modern spectroscopic and magnetic
techniques have been applied to the protein-bound
iron—sulfur centers and their synthetic analogues for
the elucidation of geometrical and electronic struc-
ture. Iron—sulfur clusters, especially cuboidal Fe3S,
and cubane-type Fe;S,4, have served as spectroscopic
laboratories over the past two decades, in which such
concepts as electron delocalization and magnetic
exchange coupling and double exchange have been
revisited in an entirely new context. EPR spectros-
copy has occupied an historical place in iron—sulfur
biochemistry since 1960, when the classical g = 1.94-
type EPR signal was detected in beef heart mito-
chondria and in succinate and DPNH dehydrogenase
preparations.®?2323 Subsequently, very similar signals
were found in purified proteins containing [Fe,S,]*
and [FesS4]t centers. In favorable circumstances,
EPR can differentiate sites 2ab, 4, and 5. In more
recent times, variable-temperature MCD spectra
have proven incisive in identifying protein sites with
paramagnetic ground states. Mossbauer spectroscopy
has been of compelling significance to iron—sulfur
biochemistry in site identification, determination of
oxidation states, and elucidation of magnetic coupling
and electronic ground states. These and other physi-
cal techniques indispensable to modern bioinorganic
chemisty have been elaborated in current and highly
useful sources.324325

While spectroscopic properties have not been ex-
amined in detail in this account, it is the case that
results for sites and their synthetic analogues are in
good agreement. Therefore, in general protein struc-
ture and environment induce perturbations on elec-
tronic properties rather than discontinuous changes.
Among the techniques that have been most effectual
in correlating site and analogue properties is Mdss-
bauer spectroscopy.3?6327 Isomer shifts directly reflect
s-electron density at the %Fe nucleus, which is
influenced by variation of the valence shell s density
and by shielding effects of p and d electron distribu-
tions. The database of protein site and analogue
Mossbauer parameters is now extensive. Ranges of
isomer shifts 6 and quadrupole splittings AEq, de-
pendent on oxidation and spin state and ligand type,
for compounds of biological interest have been tabu-
lated.3?” Here we present a summary of isomer shifts
for analogue species of known structure and oxidation
state.

Presented in Figure 15 are distribution plots of
5’Fe isomer shifts for different (mean) oxidation
states at 4.2 and 77 K, two common temperatures
of measurement. The data refer to tetrahedral
FeSn(SR)4—n sites (n = 0, 2, 3) in synthetic species.
Results from the much smaller database of FeS;L

Chemical Reviews, 2004, Vol. 104, No. 2 551

shifts (L = ArO™, halide, R3P) are not included, nor
are protein data. They define the order 6 = Cl~ >
RS~ > R3P at parity of oxidation state. The Fe?*3*
results derive mainly from [Fe(SR)4]?~~ species, and
the remaining data from [Fe;S4(SR)4]~%°" clusters.
In compiling the results, weighted average shifts
were used for delocalized species that were fit with
more than one quadrupole doublet. For Fe?"5*, the
only datum is from 28 (Figure 9). As is evident, the
majority of the data refer to [Fe;S4(SR)4]>°~ clusters,
for which there are appreciable variations. For the
Fe?5* case, the nature of the counterion and lattice
effects can cause small modulations in isomer shift
at fixed temperature.198202204.205 |somer shifts at the
two temperatures were fit to the linear relationships
51 (R = 0.996) and 52 (R = 0.951), where s is the
oxidation state.

0=151-041s
0=1.43 — 0.40s

(4.2 K) (51)
(77 K) (52)

Similar fits have been presented in the past based
on less data; the most recent of these is 6 = 1.36 —
0.36s.5%® These relationships should be helpful in
assigning oxidation states of new compounds. This
approach has been employed to assign oxidation
states in MFe3S, heterometal clusters, including
several in Figure 7. With the appropriate data-
base, the oxidation state of the site FeS, (or more
generally FeSsL) is assigned, and the oxidation state
of atom M is obtained by difference knowing the core
charge.158:328-330 The resultant description of charge
distribution is formalistic but useful, provided atom
M does not largely perturb the isomers shifts intrinsic
to the FeSsL site.

Summarized in Table 6 are ranges of isomer shifts
for tetrahedral FeS, and other sites with coordination
numbers five and six. Examples of the sites FeS;L, 3
are not widespread in proteins; substrate-bound
aconitase is perhaps the most familiar example.?®* A
relatively small set of such sites occur in analogue
complexes,53:219.301,304,308.331.332 Al are obtained by
ligand substitution of a [FesS4)?" cluster, often
[Fe4S4(LS3)CI]?~ (46, Figure 13).3°1 For all but iso-
cyanide-ligated sites and one phosphine-ligated spe-
cies, isomer shifts tend to be higher than for tetra-
hedral Fe?5", consistent with an effectively more
reduced site. Local spins at the higher coordinate
sites have not been established, except in the case of
FeS3(CNR)3, which contain low-spin Fe'!, as in cluster
54 (Figure 13). The [Fe4S4]>" core has undergone
electron redistribution such that one Fe3t (6 = 0.34
mm/s) and a delocalized pair Fe>" (6 = 0.46—0.47
mm/s) are developed.>® The electronic structure re-
duces to that of the [FesS4]° core, already described.
This is the most extreme case known of a five- or six-
coordinate site influencing electron distribution within
a cluster core. The isomer shifts in Table 6 may be
useful in detecting FeSsL,3 sites in synthetic and
protein-bound clusters. In using these data, it should
be realized that FeS,;N, FeS;N,, and FeS3;Nj; sites are
described as such on the assumption of bidentate or
tridentate binding of ligands rather than from X-ray
structure proof. This seems a particulary safe as-
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Figure 15. (Upper) Distribution plots of 5’Fe isomer shifts for the indicated (mean) oxidation states at 4.2 and 77 K.
(Lower) Plots of isomers shifts vs (mean) oxidation state at two temperatures. Data at 4.2 K (- - -) and 77 K (—) were fitted

by linear regression analysis.

Table 6. Mdssbauer Data for FeS;L,, Sites (L =N, O, S;
n=1-3)

site T(K) o (mmis)@ AEqg (mm/s) refs
FeS, b c
Fe20 42 0.70
Fe225+ 4.2 0.55-0.62
77 0.57—-0.59
Fe25+ 4.2 0.45-0.48
77 0.39—-0.46
Fe2 75+ 42 0.37
Fed0+ 4.2 0.28-0.33
77 0.23—-0.29
FeSsd 42 0.64-0.67 1.84-1.97 219,301

77 0.64 1.84 331

FeS40 42 063-0.64 147-1.84 219,301
FeSsN 42 064 1.70 301
FeSsN; 42 0.95 2.38 301
FeSsP, 125  0.31 0.71 332
FeSsNs 42 0.80-095 1.55-2.38 301
FeSs(CNR)® 4.2 0.20 0.50 53

77 016-0.19 043-049 308

aRelative to Fe metal at room temperature.  Diverse
values, not tabulated. ¢ Cf. Tables 2—5. 9 All five- and six-
coordinate sites are in [FesS4]?" clusters. ¢ Low-spin Fe'l.

sumption for [FesS4(LSs3)(2-S-py)]?~, with a strongly
chelating ligand, and for [FesS4(LS3)(tacn)]” and
[FesS4(LS3)(HBpz3)]?, given the six-coordinate site
in [Fe,Sey(LS3)(9-aneSs)]™ (related to 56, Figure 13).

In the case of aconitase, addition of substrate caused
the Mdossbauer parameters of the resting cluster 6
(6 = 0.44 mm/s, AEq = 0.83, 1.30 mm/s) to change.
In samples equilibrated with citrate, there appear
two new quadrupole doublets with 6/AEq = 0.85/1.23
mm/s and 0.90/1.80 mm/s (80%) and sites with
unchanged parameters (17%).33333* These doublets
have been interpreted in terms of five- or six-
coordinate sites with pronounced Fe'' character, an
assignment supported by X-ray crystallography and
ENDOR spectroscopy.?84285.335 Note that the param-
eters are comparable with those of the five- and six-
coordinate sites FeSsN, 3 (Table 6).

7. Structural Conversions

A highly significant feature of iron—sulfur ana-
logue species is facile conversion between structures,
as first elucidated in 1977-1981,44% and subse-
guently observed in proteins. Some of the earliest
examples occur with aconitase and include the trans-
formations [Fe3S4]" — [FesS4]>" under reducing con-
ditions®3® and cuboidal [FesSs]" to linear [FesS4]*
upon partial unfolding.?* Conversion reactions, some
of which have been previously cited in the context of
synthesis, are schematically illustrated in Figure 16
and are collected in Table 7. Reactions are written
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Figure 16. Structural conversions among iron—sulfur complexes and clusters. Those marked with an asterisk have been
observed in proteins.

Table 7. Conversion Reactions of Complexes and Clusters

no. reaction refs
Fe2+= Fe3+
53 [Fe(SR)4]2‘ + 1,0, —~ [Fe(SR)4]™ + 1,05~ 9, 37
54 4[Fe(SR)4]- — [Fes(SR)10]>” + 2RSSR + 2RS™ 43
55 [Fe(SR).]- + RS™ — [Fe(SR)4]>~ + /2 RSSR 43
Fe2+,3+ — [Fe282]2+
6 2 [Fe(SR)a]?~ + 25 — [Fe;Sa(SR)4]> + RSSR + 2RS" 22
7 2 [Fe(SR)a]~ + 2S — [FezS2(SR)a]>~ + 2RSSR 112
[FeZSz]Jr’ZJr - [Fe4S4]2*
11 2[F€252(SR)4]3_ g [Fe4S4(SR)4]2‘ + 4RS™ 41
12 2[Fe:S2(SR)a]>~ — [FesSa(SR)a]>~ + RSSR + 2RS" 22, 41, 43
Fe2+4 i [Fe4S4]2+
38b [Fea(SR)w0]2~ + 4S — [FesSa(SR)aJ2~ + 3RSSR 43
[F93S4]+’0 - [FE4S4]2Jr
56 [Fe384(SR)4]3‘ + Fe?™ + RS™ — [FB4S4(SR)4]2_ + Y,RSSR 22
57 [FesSa(SR)sJ*~ + Fe?* + RS~ — [FesSa(SR)a]?~ 61, 62
[Fe4S4]2+ - [F93S4]0
58 [FesSa(SR)sL]Z™ + (L' — [FesSa(SR)sJ* + Fe(L)*2 + L 20, 61
[Fe384]+v° —[M Fe3S4]2+'+’0
212 [FesSa(SR)aJ*~ + [M(CO)3(MeCN)s] — [(OC)sMFesSa(SR)s]*~ + Y,RSSR + 3MeCN 52, 157
605 [FesSa(SR)P™ + [MLn]*® — [LMFesSa(SR)s]2~~ + RS~ + (n-1)L 158, 172, 173
282 [FesSa(SR)sJ*~ + [M(CO)3(MeCN)s] — [(OC)sMFesSa(SR)s]*~ + 3MeCN 173
610-d [FesSa(SR)s]*~ + [MLn]* — [LMFesSa(SR)s]2~ + (n — 1)L 20, 173

aM = Mo, W. » M = Co, Ni. ¢ Reaction written with L as a neutral ligand. ¢ M = Cu, Ag, TI.

with idealized stoichiometries and in general form
without implication that a given reaction occurs for
all R substituents. Selected examples with proteins

are cited below. Extensive consideration of protein
site conversions is beyond the purview of this ac-
count; these have been summarized elsewhere.'#°
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Reactions 53 and 55 are, strictly speaking, not
conversion reactions because both reactant and prod-
uct 9 are tetrahedral. They are included because of
their relation to certain protein reactions. Reaction
53 is an oxidative transformation observed with
[Fe(SR)4]>~. However, it is sometimes difficult to
control and not always a desirable synthetic reaction.
Reaction 54 generates the cage complex [Fe4(SR)10]?",
which has no recognized protein-bound counterpart
but is useful in synthesis. Reaction 55 occurs, some-
times slowly, when a Rd.x analogue is allowed to
stand in the presence of excess thiolate. Reactions
53 and 55 are versions of the redox couple Rdox + e~
= Rdq. Aerial oxidation of Rd.q is a familiar
reaction, as is the reduction of Rdo with an agent
such as dithionite.

Reactions 6 and 7 are mononuclear-to-binuclear
conversions in synthetic routes to cluster 10a from
Fe!' and Fe'"", respectively. Reactions 11 and 12 are
binuclear-to-tetranuclear conversions. Reaction 11
is favored because the cores of reactant and pro-
duct have the same oxidation level and it occurs
spontaneously. As observed previously, no [Fe,S,]*
cluster has ever been isolated. Reaction 12 is more
likely to occur in protic media, owing to stabilization
of liberated thiolate. In general, this reaction does
not intervene in dry aprotic solvents. Note that the
species [Fe,S,(SBut),4]?>", containing a strongly reduc-
ing thiolate, has been isolated (Table 3). Reactions
6, 12, 38b, and 54 are implicated in reaction path-
ways leading to the cluster dianion 13a (Figure 10).

In proteins, the tetranuclear-to-binuclear conver-
sion [Fe,S4]?" — [Fe2S,]?t effected by dioxygen alone
is widespread and has been well documented for a
number of proteins from E. coli, including biotin
synthase,33"~3% lipoate synthase,®*® anaerobic ribo-
nucleotide reductase,?*°3* pyruvate formate—lyase
activating enzyme,3#234% and the FNR transcription
factor in vitro®* and in whole cells.?*> With some
proteins, the reaction is reversible under reducing
conditions and corresponds to a [Fe,S,]" — [FesSs]?"
transformation. In all cases, complete or nearly
complete cysteinate terminal ligation is indicated by
5’Fe isomer shifts and resonance Raman spectros-
copy. These examples are derived from adenosylme-
thionine-dependent enzymes, for which a summary
account of the role of iron—sulfur clusters is avail-
able.?*¢ In analogue clusters, the aerobic transforma-
tion [FesS4(SR)4]> — [Fe2S2(SR)4]? is not well docu-
mented, and its stoichiometry is obscure.

Reactions 56 and 57 are trinuclear-to-tetranuclear
conversions with different initial clusters. In reaction
56, linear cluster 11 is converted to a cubane-type
product. It is closely related to reaction 18, in which
bound thiolate functions as the reductant. In minimal
form, the transformation is [FesSs]" + Fe?" + e~ —
[FesS4]?" and accounts for the reconstitution of the
tetranuclear site in aconitase. In reaction 57, cuboidal
cluster 12 is converted to the same product by
incorporating Fe?" at the vacant core site in a process
analogous to reaction 24 (Figure 7). In most proteins,
this process starts with the oxidized site, in which
case the minimal reaction is [Fe;S,]" + Fe?t + e~ —
[FesS4]?* upon addition of a reductant. Reaction 58
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is effectively the reverse of 57 and requires the
addition of some ligand L' to complex the Fe'. The
only example in analogue chemistry is the two-step
reaction 15 — 16 — 12 (Figure 6); in the last step L
= L', and both ligands bind Fe'. In proteins, the
conversion from a cubane to a cuboidal cluster
usually occurs when the latter carries a non-protein
ligand at one site, as in site 6 of active aconitase.
Oxidation of the cluster facilitates the minimal
reaction [Fe;S43" — [FesS4]™ + Fe?t, by which Fe?*
is lost, owing to decreased sulfide nucleophilicity in
the oxidized core and the absence of a restraining
protein ligand.

Reactions 21, 28, 60, and 61 result in the formation
of heterometal cubane clusters which are exemplified
in Figure 7. In reaction 21, the core of linear cluster
11 is reduced by coordinated thiolate, and the M°
fragment is bound in [MFesS,]°. Reaction 60 proceeds
by one- or two-electron reduction of the linear [FesS4]*
core by an M* or MO species, respectively, followed
by capture of M?" in [MFe3S4]?" or [MFesS,]*. Reac-
tions 19 and 20 are specific examples of heterometal
cluster formation by electron transfer. Reactions 28
and 61 involve cuboidal cluster 12 and its [Fe3S,]°
core. Reactions 21 and 28 differ in that the latter is
not a redox process; the initial core binds the M°
fragment. In reaction 61, thiophilic monocations such
as Cu' bind without electron transfer, while Co' and
Ni' reduce the core and bind as [MFesS,]". Overall,
protein-bound cuboidal clusters bind a variety of
monovalent and divalent ions to afford products to
which a cubane-type structure is assigned.”>° While
no MFesS, cluster of biosynthetic origin has yet been
found, it would be not entirely surprising if such
clusters do appear naturally, given their ease of
formation and usually stable structures. This matter
has been considered by others.3#

8. Perspective

The development of synthetic analogues of the
active sites of iron—sulfur proteins has played a
significant role in the evolution of biocinorganic
chemistry since the early 1970s. It has been shown
how inorganic chemistry and biochemistry can be
brought together in a synergistic manner. The inor-
ganic approach has clarified and extended our knowl-
edge of protein sites through original synthesis and
physicochemical and reactivity examination, while
the existence and problems posed by the biological
sites have inspired new chemistry which never would
have been conceived in the absence of these products
of biosynthesis. No two metal and non-metal ele-
ments in combination have ever generated as large
a number of structure types as those encompassed
by iron—sulfur clusters,” the majority of which are
not known to occur naturally. Nearly all properties
can be attributed to the weak-field nature of the
complexes and clusters: tetrahedral site stereochem-
istry and attendant high-spin d>® electron configura-
tions in two readily accessible oxidation states
(Fe'"""), magnetic ground states modulated by ex-
change coupling, low inner-sphere barriers to electron
exhange, kinetic lability to substitution of terminal
ligands, and facile structural conversions of a scope
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not encountered elsewhere. These features derive
from the weak-field properties of thiolate and sulfide,
and the propensity of the latter to maintain the
effective S?>~ oxidation state (Fe—S bond covalency
notwithstanding), even in the presence of one or more
Fe'"l interactions. A further advantage is the nucleo-
philicity of coordinated thiolate, facilitating various
types of substitution reactions. These fascinating
properties collectively outweigh certain practical
experimental difficulties, the most pronounced of
which are sensitivities to dioxygen, water and other
protic acids, and bases.

Iron—sulfur analogue chemistry is now a mature
subject in large part. While certain details remain,
it is likely that the leading features of protein sites
1-6 and their synthetic analogues 9—13 have been
delineated experimentally and theoretically. Inves-
tigators who utilize the synthetic analogue approach
in iron—sulfur biochemistry now turn their attention
to far more complicated objectives which include,
inter alia, the FeMo cofactor and P cluster (7, 8) of
nitrogenase,311-312348 and the clusters in iron hydro-
genases,?*30 nickel—iron hydrogenases,3°7351 and
carbon monoxide dehydrogenase.3%235 These objec-
tives expand to heterometal iron—sulfur clusters and
will require new reaction methodology to meet the
desired goals. Returning to iron clusters, we note the
emergence of a large class of iron arylimido clusters
of nuclearities 2—4 and structures quite similar to
2573354735 Theseg, too, are weak-field clusters, but
certain differences are already evident: stabilization
of higher oxidation levels, the stable existence of an
Fe=NR terminal imide on an Fe,(NBu), cubane-type
cluster (no Fe=S group is known in any molecule),
and a much higher sensitivity to protic impurities.
Property comparisons between iron—sulfide and iron—
imide clusters should prove illuminating. Finally, one
is given to conjecture whether iron—nitrogen chem-
istry will ultimately provide a route to clusters with
interstitial atoms. This is a particularly difficult
problem in that no methodology exists for the delib-
erate construction of interstitial molecular clusters
in solution. The synthesis of the FeMo-cofactor
cluster with its newly recognized interstitial atom,
possibly nitride3*8 (i.e., MoFe;NSy), poses a challenge
to the analogue chemist no less imposing than that
of any other complex natural product.
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10. Abbreviations

AS absorption spectra

Ad 1l-adamantyl

9-aneS; 1,4,7-trithiacyclononane

Av Azotobacter vinelandii

Cp Clostridium pasteurianum

E electrochemistry, redox potential
Fd ferredoxin

HBpzz  tris(pyrazolyl)hydroborate(1—)

HP high-potential iron—sulfur protein
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L ligand (generalized)
LSs 1,3,5-tris((4,6-dimethyl-3-mercaptophenyl)thio)-
2,4,6-tris(p-tolylthio)benzene(3—)

Meida  N-methylimidodiacetate(2—)

Mb Mdossbauer spectroscopy/spectra

Mg magnetism

MCD magnetic circular dichroism spectroscopy/spectra
OEIBC octaethylisobacteriochlorinate(2—)

OEP octaethylporphyrinate(2—)

P preparation

Pf Pyrococcus furiosus

Rd rubredoxin

salen N,N’'-salicylideneaminoethylenediamine(2—)

S,-0-xyl  o-xylyl-a,a’-dithiolate(2—)
S-2/3/4-  pyridine-2/3/4-thiolate(1-)

py
tacn 1,4,7-triazacyclononane
tibt 2,4,6-triisopropylphenyl
XAS X-ray absorption spectroscopy/spectra
XR X-ray structure
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