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Although powerful oxidizing and reducing agents 
exist among transition metal-aquo complexes 
(Fe(III)IFe(II), 0.77 V; Cr(III)ICr(II), -0.41 V), these 
simple ions are unavailable as biological redox cata- 
lysts because of extensive hydrolysis in the physio- 
logical p H  range. Transition metal ions are found in 
the active sites of many redox metalloproteins, how- 
ever.1 Here the metal is generally coordinated to 
donor atoms supplied by the rich variety of amino 
acid functional groups. Occasionally a special ligand 
such as the heme group serves to bind the metal to 
the protein. 

The isolation of highly purified bacterial and plant 
ferredoxins nearly a decade ago2 led to intensive re- 
search activity on these and related iron-sulfur pro- 
teins (Table I).3 X-Ray structural studies of rubre- 
doxin,4 a bacterial ferredoxin,5 and the high-poten- 
tial iron protein (HiPIP) from Chromatium6 (Figure 
1) established that iron is coordinated to the sulfur 
atoms of cysteine and, except for rubredoxin, to a 
biologically unique form of sulfur that  can be re- 
leased as hydrogen sulfide upon mild acidification. 
The geometry of the iron-sulfur core in the plant 
ferredoxins, adrenodoxin, and related FezS2 proteins 
has not yet been directly established, but a host of 
indirect studies7 have converged on the structure 
shown in Figure 2a as the most likely candidate. An 
alternative structure has been proposed8 for adreno- 
doxin (Figure 2b) and will be discussed below. 

Biological interest in the iron-sulfur proteins has 
centered around their widespread occurrence in 
redox systems, fulfilling such diverse functions as ni- 
trogen fixation, steroid hydroxylation, and photosyn- 
thesis. The proteins appear to function as high- or 
low-potential “wires” in electron-transport chains. 
Perhaps the most interesting are the ferredoxins, 
which have some of the lowest reduction potentials 
(Table I )  in biology.2 The low value for the ferredox- 
in reduction potential compared to the Fe(III)( 
Pe(I1) couple is not simply the result of sulfur us. 
oxygen coordination, since rubredoxin has a poten- 
tial of -57 mV. Even more striking is the difference 
of 730 mV between the values for the HiPIP and 
bacterial ferredoxins (Table I) despite the fact that  
the Fe&* cores in both proteins are geometrically 
quite similar.9 

Apart from the biological interest in these pro- 
teins, they have attracted the attention of the coor- 
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dination chemist. One reason is a purely synthetic 
one, for the preparation and characterization of iron- 
sulfur coordination compounds using only biological- 
ly significant 1igandslO have, until recently, remained 
elusive. The chief difficulties are the oxidation of sul- 
fide or mercaptide 1igands.by iron(II1) salts, the ten- 
dency for iron(I1) complexs to form as insoluble, in- 
tractable polymers, and the oxygen sensitivity of the 
iron-sulfur compounds obtained.ll The fact that  
iron-sulfur chromophores (also oxygen sensitive12) of 
this kind are found in the proteins13 has thus stimu- 
lated considerable synthetic activity by coordination 
chemists. 

Coordination chemists have also been interested in 
the low reduction potentials exhibited by certain 
classes of iron-sulfur proteins and the dependence of 
the reduction potential on the degree of polymeriza- 
tion and the local protein environment (Table I ) .  
Thus a second objective has been to examine the ef- 
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Table I 
Physical and Chemical Properties of Iron-Sulfur Proteins= 

Moles/mole of protein 
Protein Source Eo’, mV Iron Sulfide Cysteine n M‘ol wt 

Ferredoxinb Bacteria -500 (-400) 4(8) 4(8) ?(8) l (2)  6,000 
Ferredoxin Plants - 430 2 2 5 1 12,000 
Adrenodoxin Animals -27oC 2 2 4 1 12,000 
Putidaredoxin Bacteria -235 2 2 1 12,000 
Rubredoxin Bacteria - 57 1 0 4 1 6,000 
High-potential 

iron proteins Bacteria +330 4 4 4 1 9,500 

a Data are obtained from ref 2. Abbreviations: n, number of electrons involved in redox process. b Numbers in parentheses refer to  the 
8Fe-8S Clostridium and other proteins in which there are two Fe& units (see ref 9). c J. J. Huang and T. Kimura, Biochemistry, 12, 406 
(1973). 

\ 
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Figure 2. (a) Model for the iron-sulfur core in Fez& proteins;7 (b)  
structure proposed8 for the iron-sulfur redox center in adrenodox- 
in. In the oxidized form, (a) has two antiferromagnetically cou- 
pled high-spin iron(II1) centers which upon reduction are convert- 
ed to an iron(I1)-iron(II1) pair, also antiferromagnetically cou- 
pled.? 

/ 
Figure 1. Structures of the iron-sulfur chromophores in (a) C. 
pasteurianum rubredoxin and (b) high-potential iron protein 
(HiPIP) from Chromatium and C. pasteurianum ferredoxin. The 
drawings are idealizations (see ref 4-6 and 9 for details). 

based on phenylmercuric acetate titrations of dihy- 
droorotate dehydrogenase,15 that the labile sulfur 
(released as H2S upon acidification) might be in 
combination with cysteinyl sulfur in the form of a 
persulfide unit, I. 

fect of factors such as extent of polymerization, 
choice of‘ ligand ( e .g . ,  RCH2S- us. S2-),  solvent po- 
larity, overall charge, and steric strainl4 on the redox 
properties of iron-sulfur complexes. Here again 
imaginative synthetic chemistry is required to repro- 
duce the subtle environmental factors of a protein 
sheath using relatively simple ligand molecules. 

In this Account, several experimental studies of 
iron-sulfur coordination compounds, mostly per- 
formed in this laboratory, are examined. These in- 
vestigations have generated specific suggestions con- 
cerning the structural and redox properties of the 
proteins. We caution a t  the outset that  only direct 
studies of the protein systems themselves can prove 
or disprove the validity of the ideas put forth. While 
such work is in progress both in our laboratory and 
elsewhere, it lies outside the scope of this Account. 

The Fe-S-S-C Linkage 
Before X-ray diffraction results were available for 

any of the iron-sulfur proteins, it  was proposed, 

(14) The “unusual” stereochemical properties of metal ion cores in 
redox proteins have long been recognized: B. G. Malmstrom, Pure Appl. 
Chem., 24,393 (1970), and references cited therein. 

I PROTEIN 

I 

Thus an early objective was to prepare the Fe-S-S-R 
moiety in a nonbiological environment. Studies by 
Fackler and coworkers16 had suggested a possible 
synthetic route, and the chemistry summarized by 
eq 1-3 was deve10ped.l~ The compound 
Fe(TTD)(DTT)2 was shown in an X-ray diffraction 
study to contain the Fe-S-S-C unit (Figure 3).17318 
This structural and synthetic work supplied little bi- 

(15) R. W. Miller and V. Massey, J. Biol. Chem., 240,1453 (1965). 
(16) J. P. Fackler, D. Coucouvanis, J. A. Fetchin, and W. C. Seidel, J.  

Amer. Chem. SOC., 90,2784 (1968), and references cited therein. 
(17) D. Coucouvanis and S. J. Lippard, J.  Amer. Chem. SOC., 90, 3281 

(1968). Abbreviations: TTD = thio-p-toluoyl disulfide, CH3C6H4CS3-; 
DTT = dithio-p-toluate, CH&HaCS2-. 

(18) D. Coucouvanis and S. J. Lippard, J. Amer. Chem SOC., 91, 307 
(1969). 
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1.5Zn(TTD), + FeC1, F= 
Fe(TTD), (DTT)  + other  products (1) 

Fe(TTD), (DTT)  + (C,H,),P F=1 

Fe(TTD)(DTT) ,  + (C,H,),PS (2 )  

Fe(DTT) ,  + (C,Hj),PS ( 3 )  

ological insight, however; it served merely to provide 
a small molecule prototype in the event tha t  such a 
unit might be found in proteins. 

Studies by Kimura, Nagata, and Tsurugis revived 
interest in this chemistry and in the possible exis- 
tence of an Fe-S-S-C linkage for a t  least some 
classes of iron-sulfur proteins. Extending reactions 2 
and 3 to the protein adrenodoxin, these workers were 
able to titrate quantitatively the labile sulfur with 
triphenylphosphine to form triphenylphosphine sul- 
fide. Neither S2- nor RS- will undergo such a redox 
reaction. Kimura, et al., proposed the structure 
shown in Figure 2b for the iron-sulfur core in adren- 
odoxin. 

This structure is not compatible with sulfhydryl 
titration datal9 on adrenodoxin, however (see ref 7a 
for discussion of related proteins). Moreover, since 
the work was performed in 33% ethanol, the protein 
active site may have been denatured, with oxidation 
of S2- and Cys-S- to form Cys-S-S-S-Cys. This 
species could then react with triphenylphosphine. 
The formation of trisulfides has been proposed to ac- 
count for the oxygen sensitivity of spinach ferredoxin 
and putidaredoxin in the presence of denaturants.12 
On the other hand, organic solvents appear to  have 
only minimal effect on the stability of oxidized 
adrenodoxin;20 the abstraction of sulfur by triphen- 
ylphosphine also occurs under anaerobic conditions.8 
High-resolution X-ray diffraction studies of the pro- 
tein would resolve this point. In the persulfide struc- 

Fe(TTD)(DTT) ,  + (C,H,),P e 

(19) T. Kimura, Struct. Bonding (Berlin), 5, l(1968). 
(20) T. Kimura, Biochern. Biophys. Res. Commun., 43,1145 (1971) 
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Figure 3. Molecular structure of Fe(TTD)(DTT)2. The iron atom 
is a t  the center and carbon atoms are not labeled (reproduced 
from ref 18). 

Figure 4. Molecular structure of Fe(SzCSR)3, R = t-butyl, show- 
ing the 50% probability thermal ellipsoids (reproduced from ref 
2 3 ) .  

ture (Figure 2b), the closest S-S distance would be 
-2.0-2.1 A, compared to -2.8 A or more for the 
structure shown in Figure 2a. 

Should a persulfide structure, or some variation 
thereof,21 exist for adrenodoxin or any of the other 
iron-sulfur proteins, the electron-transport process 
would have to be reevaluated in terms of a non- 
metal-based redox reaction, e . g . ,  a sulfide e persul- 
fide equilibrium. A persulfide structure may well 
occur in dihydroorotate dehydrogenase, being com- 
patible with the sulfhydryl titer of the protein.15 
With the possible exception of adrenodoxin, how- 
ever, there is no compelling reason to doubt the 
structure proposed7 in Figure 2a for the Fe2S2 pro- 
teins listed in Table I. This structure will be as- 
sumed in the ensuing discussion. 

Mercaptide-Bridged Thioxanthate Dimers of 
Iron(II1) 

As indicated in Table I, the reduction potentials of 
the FezSz proteins are -0.2-0.4 V lower than for 
rubredoxin. I t  was therefore of interest to obtain 
mono- and binuclear iron complexes with similar 
sulfur donor atom sets and to compare their redox 
properties. 

Carbon disulfide elimination from the tris( n-alkyl 
thioxanthato)iron(III) complexes produced binuclear 
iron(II1) complexes, eq 4-6.22 In the case where R = 

Na'RS- + CS, _i Na'(RSCS,-) (yellow solution) (4)  

FeCl,(aq) + yellow solution --+ Fe(S,CSR), + NaCl (5) 

2Fe(S,CSR), --j [Fe(SR)(S,CSR),l, + 2 c s ,  (6) 

T H F  

CS2 

unstable  

R = C,H5, n-C3H7, n-C4HS, C,H6CH2 

(21) (a)  E.  Bayer, H. Eckstein, H. Hagenmaier, D. Josef, J. Koch, P. 
Krauss, A. Roder, and P. Schretzmann, Eur. J .  Biochem., 8, 33 (1969); (b) 
G .  T. Kubas, T. G. Spiro, and A. Terzis, J.  Amer. Chem. SOC., 95, 273 
(1973). 

(22) D. Coucouvanis, S. J. Lippard, and J .  A.  Zubieta, J .  Amer. Chem. 
Soc., 91, 761 (1969); 92,3342 (1970). 
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T i 

Figure 5. Molecular structure of [Fe(SR)(SzCSR)&, R = ethyl 
(reproduced from ref 24). 

t-C4H9, monomeric Fe(S2CSR)s was isolated under 
the conditions employed. The solid-state structures 
(the solution geometries are similar22) of both mono- 
meric23 and dimeric (R = ethy1)Z4 products are 
shown in Figures 4 and 5 ,  respectively. In both cases 
the coordination geometry of the iron(II1) atom is a 
distorted octahedron. The dimer has an  iron-iron 
bond as determined from geometric and magnetic 
criteria24 and electronic structural considerations.22 
A qualitative bonding scheme is shown in Figure 

Although the Fe(S2CSR)3 and [Fe(SR)(S2CSR)2]2 
complexes differ from rubredoxin and the Fe2S2 pro- 
teins in several respects (the iron is six-coordinate 
and low-spin, the dimers do not contain labile sulfur, 
the thioxanthate ligands contain unsaturated CtrS 
donor atoms), it  was of interest to compare their 
electrochemical properties since they afforded an op- 
portunity to study the redox potentials of mono- and 
binuclear iron(II1) complexes with nearly identical 
sulfur donor ligands. Voltammetric studies in dichlo- 
romethane solution (Figure 7) established that the 
half-wave reduction potentials of the dimers (irre- 
versible, two-electron reduction) were -0.3 V more 
negative than that of the monomer (reversible, one- 
electron process) .22 This result parallels the relative 
potentials of the mononuclear and binuclear iron- 
sulfur proteins (Table I), although the correlation 
may well be coincidental. As shown in Figure 7, elec- 
trons added to [Fe(SR)(S2CSR)2]2, R = n-propyl, on 
the cathodic sweep are removed a t  a more positive 
potential, close to that  observed for the reduction of 
the tert-butyl monomer. This behavior has been as- 
cribed to  a disruption of the metal-metal bonding 
interaction, possibly accompanied by a structural 
rearrangement .22 ~ 2 5  

Since the hypothetical (short-lived?) 
[Fe( SR) ( S2CSR)2]22 - dianions generated electro- 
chemically were not isolated, synthetic and structural 
studies of the isoelectronic cobalt(II1) compounds 

6a.22 2 5  

(23) D. F. Lewis, S. J. Lippard, and J. A. Zubieta, Inorg. Chem., 11, 823 

(24) D. Coucouvanis, S. J. Lippard, and J. A. Zuhieta, Inorg. Chem., 9, 

(25) D. F. Lewis, S. J. Lippard, and J. A. Zubieta, J. Amer. Chem. SOC., 

(1972). 

2775 (1970). 

94,1563 (1972). 
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Figure 6. Qualitative bonding scheme for (a) [Fe(SR)(SzCSR)& 
and (b) [Co(SR)(S2CSR)2]2 complexes showing the orbitals in- 
volved in the metal-metal interaction. For discussion see ref 22 
and 25. 

I I 

0.ov - 1.ov 

il 

0.OV -1.ov 
Figure 7. Reduction of [(n-CaH7SCSz)z(n-C3H,S)Fe]2 (top) and 
[( ~ - C ~ H & ~ C S Z ) ~ F ~ ]  (bottom) by cyclic voltammetry (reproduced 
from ref 22). 

(Figure 6b) were carried As with the iron sys- 
tem, both mononuclear and binuclear complexes 
were obtained, and the carbon disulfide elimination 
reaction (analog of eq 6) was directly verified. From 
X-ray diffraction and proton nmr data, the structure 
of [ C O ( S C ~ H ~ ) ( S ~ C S C ~ H ~ ) Z ] ~  was determined.25 
Whereas the iron analog adopts structure 11, the co- 
balt derivative was found to have structure 111. 

From the X-ray results it was clear that  the cobalt 
dimer has no metal-metal bond, as anticipated from 
electronic structural considerations (Figure 6) .26 Be- 
cause of the long Co...Co distance of 3.32 A (com- 
pared to 2.62 A for the iron dimer), the thioxanthate 
ligands are no longer able to bridge across the top 
and bottom of the M2S2 rhombus (structure II).25 

(26) See L. F. Dahl, E. R. de Gil, and R. D. Feltham, J. Amer. Chem. 
SOC., 91, 1653 (1969), for a general treatment of the stereochemical conse- 
quences of metal-metal bonding in ligand-bridged binuclear complexes. 
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Before discussing possible experimental tests of 
the above rationale, let us consider in somewhat 
more detail exactly how the model might be applied 
to  the Fe& proteins. To recapitulate, the major fea- 
tures are that (1) the electron enters a relatively high 
energy state and (2) the protein does not structurally 
rearrange to accommodate the extra electron. In the 
case of [Fe(SR)( S2CSR)2]2, the high-energy state 
was the o* (xy )  orbital (Figure 6). For the pro- 
teins, however, several lines of evidence indicate the 
presence of antiferromagnetically coupled, high-spin, 
tetrahedral iron(II1) centers which upon reduction 
are converted to one iron(I1) and one iron(II1) center, 
also antiferromagnetically coupled.7 The estimated J 
v a l u e ~ 7 ~  show the interaction to be considerably 
weaker than expected for an iron-iron single bond. 
Bearden and Dunham assign30 the electron in the 
reduced protein to the d,z orbital of the iron(I1) ion. 
Since this orbital is directed toward the half-filled 
d,2 orbital of the neighboring iron(II1) center (the z 
axis is taken along the Fe.-.Fe vector), a nonbond- 
ed electron repulsive term would render this a high- 
energy state compared to the oxidized protein.30 
Failure of the FezS2 chromophore to relax this state 
energetically by making a geometric adjustment 
would result in a low reduction potential, as suggest- 
ed above. The effect is like that of a metal-metal 
bonded system, only weaker. I t  is noteworthy that 
the reduction of the distorted tetrahedral iron(II1) 
center to iron(I1) in rubredoxin also involves the d,2 
orbital (ezt23 - e3tz3). Here there is no neighboring 
iron atom, however, and the reduction potential is 
-0.35 V more positive. Since the electron does not 
enter a o-antibonding ( t 2 )  orbital there is no reason 
to expect a gross geometric change, and none is 
experimentally observed.4 

It is prudent to underscore the speculative nature 
of the foregoing analysis. There are, to be sure, alter- 
native explanations for the various reduction poten- 
tials (see, for example, ref 1). Yet the rationale does 
present a working hypothesis which, like any other, 
must stand or fall based on experimental studies. 
The most revealing of these would be to obtain high- 
resolution X-ray data for both oxidized and reduced 
forms of an FezS2 protein. Equally important would 
be to examine the effect on the reduction potential of 
chemical modifications of the redox centers of the 
proteins, and studies of this kind are in progress. Fi- 
nally, investigating the effect of steric constraints on 
the electronic properties of simple iron-sulfur co- 
ordination compounds would provide further in- 
formation on which to assess the rationale for the 
redox behavior of the proteins. Some preliminary 
work of this nature is outlined below. 

Sterically Constrained Complexes with 
Biologically Significant Ligands 

The dithio acid, persulfide, and thioxanthate com- 
plexes of iron(II1) described above do not qualify as 
biologically significant in the sense defined here,lo 

I1 I11 

The occurrence of structure I11 for 
[ C O ( S C ~ H ~ ) ( S Z C S C Z H ~ ) Z ] ~  provides some support, 
albeit indirect, for the idea that a structural rear- 
rangement such as I1 - I11 occurs in the electro- 
chemical reduction of the iron(II1) analog. The slow- 
ness of this rearrangement compared to the electron- 
transfer step could then account for the observed ir- 
reversibility of the electrode process. This analysis 
presumes the o* (xy )  orbital (Figure 6) to be popu- 
lated in the reduction of the [Fe(SR)(SzCSR)2]2 
compounds. The high energy of this orbital and the 
presence of the bridging thioxanthate ligands render 
this an energetically unfavorable process, thus ac- 
counting for the low reduction potential of the dim- 
ers compared to monomeric Fe(SzCSR)3. 

A Rationale for the Low and Varying Reduction 
Potentials of the FezS2 Proteins 

The results just discussed, together with studies 
carried out chiefly by Dahl and C O W O T ~ ~ T S , ~ ~ ~ ~ ~  dem- 
onstrate that  the metal-metal bond order in a 
bridged M2Xz dimer can have a profound influence 
on its geometry. The redox behavior of the system 
also appears to be sensitive to geometric rearrange- ‘ 
ments or reactions28 accompanying the transfer of 
electrons into or out of the orbitals involved in 
metal-metal bonding. 

These observations suggestZ5 the following ratio- 
nale for the low and varying reduction potentials of 
the Fez& proteins. If the geometries of the Fe2S2(S- 
Cys)4 centers in these proteins are constrained by 
the surrounding polypeptide backbone to be the 
same in both oxidized and reduced forms, addition of 
an electron cannot be accompanied by a geometric 
adjustment. Assuming that the electronic structure 
of the FezS2(S-Cys)4 center would require such an 
adjustment upon reduction (u ide  infra), but that  the 
constraints of the polypeptide chain do not allow it, 
the protein in its reduced form would be a good elec- 
tron donor. Changes in the amino acid composition 
among various classes of FezS2 proteins could moni- 
tor the constraint on the iron-sulfur redox center, 
producing the observed variations in the reduction 
potentials (Table I). Besides the reduction potential, 
other properties of the reduced protein would be af- 
fected, for example, the unusual epr spectra observed 
for the reduced plant ferredoxins.2 The “unique” 
properties of metalloproteins have previously been 
attributed to the presence of highly specific ligand 
geometries available in the macromolecule but not in 
simple ligand systems.29 In a sense, the present hy- 
pothesis is an extension of these ideas. 

(27) N C Connelly and L F. Dahl, J Amer Chem S o c ,  92, 7472 

(28) See, for example, J A Ferguson and T J Meyer, Inorg Chen  , 11, 
(1970), and references cited therein 

631 (1972) 

(29) (a) B. G. hlalmstrom and T. VanngPrd, ;I. Mol. Biol., 2, 118 (1960); 
(b) B. L. Vallee and R. J. P. Williams, Proc. N a t .  Acad. Sei. C. S., 59, 498 
(1968). 

(30) A. J. Bearden and W .  R. Dunham, Struct. Bonding (Berlin), 8, 1 
(1970). 
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although they have influenced our thinking about 
the iron-sulfur proteins. A similar remark applies to 
iron-sulfur coordination compounds of a wide variety 
prepared and characterized in other laboratories. 
Two notable examples are (h5-C5H5)4Fe4S431 and 
Fe[S2(PR&N]2,32 the structures of which closely ap- 
proximate the iron-sulfur cores in the bacterial ferre- 
doxins (and HiPIP) and rubredoxin, respectively. 

Lately, several iron-sulfur complexes with biologi- 
cally significant ligands have been reported to be 
“identified” in solution by optical spectroscopy.33 
These compounds have varying degrees of stability 
and, in some cases, their electronic spectra bear a 
striking resemblance to those of certain iron-sulfur 
proteins. A major shortcoming of those studies, how- 
ever, is their failure to produce crystalline products 
suitable for chemical and structural analysis. Since 
little is known about the geometries of the complexes 
formed in solution, new information concerning the 
structural possibilities for the iron-sulfur proteins 
has not been provided. This is not to minimize the 
value of the work in demonstrating that the optical 
properties of the proteins are congruent with data 
obtained on iron-sulfur chromophores constituted 
from biologically significant ligands. 

Recently we have synthesized and characterized 
crystalline iron-sulfur complexes using ligands of 
type IV.34 These ligands cannot afford an exact 

CH dH, 
\zs- -S’ 

IVa, n = 2 
b, n - 3  

match to the coordination environment of the iron- 
sulfur proteins since labile sulfur is not available and 
nitrogen donor atoms almost certainly will coordi- 
nate, an unlikely possibility, although not yet entire- 
ly eliminated, for the Fe2S2 proteins. Nevertheless, 
the ligands were designed for several specific reasons. 
First, they do provide the desired -CHzS- function. 
Second, extensive polymerization was expected to be 
suppressed by the multidentate character of the lig- 
and. Third, chemical control of steric strain is possi- 
ble through variation of n. 

In the case where n = 1 or 2, a study of models 
showed that  a severely strained complex would result 
from coordinating IV to a single metal ion with a 
pseudotetrahedral geometry. For n = 3, the strain is 
relieved. Finally, since primary mercaptide sulfur 

(31) (a) R. A. Schunn, C. J. Fritchie, and C. T. Prewitt, Inorg. Chem., 5, 
892 (1966); (b)  C. H. Wei, G. R. Wilkes, P. M. Treichel, and L. F. Dahl, 
ibid., 5,900 (1966). 

(32) (a) A. Davison and E. S. Switkes, Inorg. Chem., 10, 837 (1971); (b) 
A. Davison and D. L. Reger, ibid., 10, 1967 (1971); (c) M. R. Churchill and 
J. Wormald, ibid., 10,1778 (1971). 

(33) (a) A. Ali, F. Fahrenholz, J. C. Garing, and B. Weinstein, J. Amer. 
Chem. Soc., 94, 2556 (1972); (b) Y. Sugiura and H. Tanaka, Biochem. Bio- 
phys. Res. Commun., 46, 335 (1972); (c) L. G. Stadtherr and R. B. Martin, 
Inorg. Chem., 11, 92 (1972); (d) S. A. Grachev, L. I. Shchelkunova, Yu. A. 
Makashev, and F. Ya Kul’ba, Zh. Neorg. Khim, 16, 198 (1971); (e) C. S. 
Yang and F. M. Huennekens, Biochemistry, 9, 2127 (1970); (f) A. Tomita, 
H. Hirai, and S. Makishima, Inorg. Chem., 7,760 (1968); 6,1746 (1967). 

(34) W. J. Hu, K. D. Karlin, D. Barton, and S. J. Lippard, Proc. Int. 
Conf. Coord. Chem., 14th, 598 (1972). 

t 

4 

Figure 8. The tetranuclear cluster in [ZnzClzL]z.2H20 (repro- 
duced from ref 36). 

atoms have a known tendency to form three bonds 
and bridge metal a t0ms,3~ the ligands were expected 
to provide low molecular weight oligomeric com- 
pounds. Since in the absence of additional ligands 
the coordination number of the metal would be lim- 
ited to four (monomer, V) or five (dimer, VI), iron- 

.----.. 

V VI 

sulfur complexes with a resultant weak ligand field 
might obtain. These would be of obvious interest 
since high-spin iron(II1) centers are known to occur 
in the proteins. In brief, then, the employment of 
multidentate ligands IV was based upon a desire for 
control and variation of the stereochemical proper- 
ties of the donor atom set a t  the expense of exact du- 
plication of the protein ligands. 

To study its coordination properties, ligand IVa . 
was allowed to  react with zinc(I1) chloride to  form an 
air-stable, crystalline salt, the structure of which is 
shown in Figure 8.36 Two relevant features of this 
structure are: (1) the tetrahedral geometry of type I 
zinc atoms is strongly distorted and (2) a tetranu- 
clear array of metals with bridging mercaptide 
atoms is formed. Both of these results were antici- 
pated for ligand IVa, as mentioned above. 

The synthesis of the iron(I1) complexes of IVa and 
IVb, FeL and FeL’, respectively, was achieved by 
reaction of the appropriate ligand in excess with 
ferric acetylacetonate.37 Red-brown crystals of both 
compounds were obtained and shown by X-ray dif- 
fraction to have structures similar to VI.37 The 
iron(I1) atoms in the binuclear complexes are in a dis- 

(35) S. E. Livingstone, Quart. Rev., Chem. Soe., 19,386 (1965). 
(36) W. J. Hu, D. Barton, and S. J .  Lippard, J. Amer. Chem. SOC, 95, 

(37) W. J. Hu, K. D. Karlin, and S. J. Lippard, unpublished results. 
1170 (1973). 



288 Lippurd Accounts of Chemical Research 

torted trigonal-bipyramidal environment. Although 
the bonded iron-donor atom distances remain es- 
sentially constant for the two molecules, there are 
severe angular distortions in (FeL)2. As a conse- 
quence, the nonbonded Fe...Fe distance is reduced 
to  3.205 (7) A from the value of 3.371 (2) A in relative- 
ly unstrained (FeL’)2. 

The structural results demonstrate the effect of ex- 
ternal ligand constraints (such as a protein might 
produce) on the geometry of the Fe2S2 bridging sys- 
tem. If nonbonded electron interactions do affect the 
reduction potentials in such systems, as suggested 
above, then it would be interesting to examine the 
redox properties of (FeL)2 and (FeL’)2. Unfortunate- 
ly, the compounds decompose or are insoluble in 
most solvents tried to date. A study of the depen- 
dence of the magnetic susceptibilities of the solid 
complexes over the range 80 < T < 400 K,  however, 
shows them to have measurably different electronic 
structures. Both contain antiferromagnetically cou- 
pled, high-spin iron(I1) atoms, but the room temper- 
ature moment and Ye61 temperature for (FeL’)2 are 
4.2 BM and 160 K,  respectively, while the corre- 
sponding values for (FeL)2 are 3.4 BM and -350 K. 
Thus, the structural and magnetic properties of 
Fez& dimers in a weak field environment using bio- 
logically significant donor ligands are sensitive to 
steric strain supplied by the ligand. Further studies 
are in progress. 

Summary and Overview 
In a review of the bioinorganic chemistry of vita- 

min BIZ and related compounds, it  was suggested 
that  the biological studies inspired more advances in 
the coordination chemistry of cobalt than cice 
uersu.38 A similar comment is applicable, a t  least in 
part, to the iron-sulfur systems discussed here. The 
synthetic goal of producing crystalline and well-char- 
acterized iron-sulfur complexes with only biological- 
ly significant ligands has been realized, not only in 
the preparation of (FeL)2 but also in recent work 
from the laboratory of Holm.39 These latter com- 
pounds, which have been structurally characterized 
by I b e r ~ , 3 9 ? ~ 0  provide the closest simulation yet to 
t,he actual iron-sulfur centers in both the Fed34 and 
FezSz protein classes. The extent to which any of the 
above preparative achievements will enhance our un- 
derstanding of how the proteins function remains an 
open question. It appears that  a good beginning has 
been made, however. 

Reasoning by admittedly speculative analogy to 
the iron(II1) and cobalt(II1) thioxanthate systems, a 
rationale for the low and varying reduction poten- 
tials of the FezS2 proteins has been proposed. New 
iron-sulfur complexes with sterically constraining 
polydentate ligands have been synthesized to provide 
some experimental criteria on which to base further 
assessment of this rationale. Besides primary mer- 

(38) D. L. Brown, Progr. Inorg. Chem., 18,177 (1973). 
(39) (a) T. Herskovitz, €3. A. Averill, R. H.  Holm, and J .  A. Ibers, f i o c .  

Int. Conf. Coord. Chem., 14th, l(1972);  (b) T. Herskovitz, B. A. Averill, R. 
H.  Holm, J. A. Ibers, W.  D. Phillips, and J. F. Weiher, Proc. Nat.  Acad .  
Sei .  Cr. S. ,  69, 2437 (1972); (c) R. H. Holm, private communication. 

(40) M. R. Snow and J. A. Ibers, Inovg. Chem.,  12, 249 (1973). 

captides, the ligands chosen contain nitrogen donor 
atoms most likely not available to the iron in the 
proteins. Yevertheless, they may be more suited to 
the purpose of correlating redox behavior with steric 
strain than all sulfur donor ligands in which a 
strained configuration is lacking. There seems to be 
no compelling reason to strive for perfect duplication 
of the protein active site environment (e.g., through 
the use of polypeptide ligands) to simulate or at-  
tempt to understand its properties. Indeed, no mole- 
cule smaller than the protein itself is likely to be ca- 
pable of displaying all its relevant physical and 
chemical properties. 

The discussion in this Account has focused pri- 
marily on rubredoxin and the Fez& proteins, in 
which the oxidation states of the metal and ligand 
atoms are known. An important piece of information 
which is lacking for the Fe4S4 proteins is the overall 
charge on the tetranuclear cluster. Thus, differences 
in the average valence state of the iron atoms in the 
bacterial ferredoxins and the HiPIP molecules could 
account for their different reduction p0tentials.39~ A 
further question is whether the electron in the re- 
duced Fe4S4 cluster is distributed over all four iron 
atoms or whether, as in the Fe2S2 proteins, it is more 
highly localized. 

In the Fe.& proteins, the choice of‘S2- has a nat- 
ural explanation in its role as a triply bridging lig- 
and, for which cysteine sulfur would be somewhat 
inferior.41 In the Fe2S2 proteins, however, it would 
appear that  cysteine sulfur could replace the labile 
sulfide as the bridging atoms. I t  is therefore impor- 
tant that  the possibility of a Fe-S-S-C linkage, dis- 
cussed earlier, or Fe-S-S-Fe units21 receive a critical 
evaluation. Again the difference in overall charge on 
the iron-sulfur core, for S2- us. RSS-- or RCH2S- 
donor ligands, may be an important factor. 

Besides the relatively well-characterized iron-sul- 
fur proteins listed in Table I, numerous others con- 
stitute essential parts of biological redox systems.lJd 
For example, epr studies of mitochondrial and sub- 
mitochondrial particles provide strong evidence for 
iron-sulfur redox cores,42 but little detailed informa- 
tion about purified protein materials is yet available. 
These proteins offer potential challenges for future 
work and will possibly reveal a new relevance of 
iron-sulfur coordination compounds already well un- 
derstood. 
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