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The field of bioinorganic chemistry is currently an 
open frontier for research in coordination chemistry. 
Early explorations in this area were initiated upon 
recognition of the fact that certain transition-metal ions, 
often in trace amounts, were essential for specific bio- 
logical processes. With advances in protein crystal- 
lography and recent applications of X-ray absorption 
spectroscopy, the protein coordination environments for 
the metal ions in a number of metalloproteins and 
metalloprotein active sites have been revealed to 
near-atomic resolution. 

Among the principal aims of current bioinorganic 
chemistry research are the isolation and characteriza- 
tion of synthetic analogues which by definition should 
“reproduce ligation modes and approach or achieve the 
stereochemistry of metalloprotein or metalloenzyme 
sites”.’ Success in this endeavour should eventually 
be very useful in understanding structurefunction re- 
lationships in enzymes and metalloproteins. Further- 
more, comparative studies between active-site analogue 
complexes and the active sites in metalloproteins should 
reveal the importance of the protein matrix in affecting 
the properties of the metal-containing active sites. 

At times, the emphasis on the exactness in design of 
a metalloenzyme active-site analogue complex over- 
shadows the basic and intrisincally interesting coordi- 
nation chemistry that derives from the isolation and 
characterization of less exact analogues. It should be 
emphasized that new horizons in pure coordination 
chemistry have been unveiled as a result of active-site 
“modeling” studies. In this Account we offer a de- 
scription of our studies in a quest for nitrogenase ac- 
tive-site analogue complexes and specifically recent 
results in the general area of tetrathiometalate chem- 
istry. 
Molybdenum in Biological Systems 

As an essential trace metal, molybdenum is found 
incorporated in specific metalloenzymes in microor- 
ganisms,2  plant^,^ and ani mal^.^ Of the known mol- 
ybdoenzymes the more thoroughly and extensively 
studied are the nitrogenases and xanthine oxidase. 
Other enzymes such as nitrate reductases and sulfite 
oxidaseeJ do not contain nonheme iron and facilitate 
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the reduction of nitrate ion to nitrite ion and the oxi- 
dation of sulfite ion to sulfate ion, respectively. 

Nitrogenase 
In various nitrogen-fixing organisms examined thus 

far, the catalytic reduction of nitrogen to ammonia is 
carried out by molybdoenzymes generally referred to 
as nitrogenases. In all of these organisms, the nitro- 
gen-fixing nitrogenases consist of two protein compo- 
nents, the Fe-Mo protein and the Fe protein. Those 
designated as the Fe-Mo proteins contain approxi- 
mately 15-30 iron atoms, roughly equal amounts of 
acid-labile sulfur, and 1-2 molybdenum atoms, per Mr 
200 OOO-230 000. The Fe proteins contain approxi- 
mately 4 Fe and 4 S2- per Mr 55 000-65 OO0.8 

Recently a method for the isolation of an iron-mo- 
lybdenum cofactor (Fe-Mo-co) from the Fe-Mo com- 
ponent protein of nitrogenase has been des~ribed.~ The 
Fe/Mo ratio in the Fe-Mo-co) from Azotobacter uine- 
landii and Clostridium pasteurianum is approximately 
8:1, and the cofactor contains 4-6 atoms of acid-labile 
sulfide per eight Fe atoms. The Fe-Mo-co in various 
nitrogen-fixing organisms seem to be very similar, and 
extracts of the Mo-Fe component from inactive mutant 
strains of different microorganisms are activated by the 
Fe-Mo-~o.~ 

Mossbauer and EPR spectroscopic data on the co- 
factor have been interpreted in terms of a S = 3/2 center 
that contains a molybdenum and about six iron atoms 
in a spin-coupled structure.1° The EPR spectra of the 
Fe-Mo-co represent essentially the same type of 
structure as the one in the Mo-Fe protein, with small 
shifts in g values which probably reflect differences in 
the ligand environments. 

Molybdenum K-edge, X-ray absorption fine structure 
(EXAFS) analyses of both the Fe-Mo protein of nit- 
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(2) J. Levy, J. J. R. Campbell, and T. H. Blackburn, “Introductory 
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Figure 1. Possible occupancy of the first and second coordination 
shells around the Mo atoms in nitrogenase. 

rogenasell and the Fe-Mo-co”J2 have shown that the 
sites that contain molybdenum are very similar and 
indicative of a Fe-Mo-S aggregate. Quantitative 
analysis of the X-ray absorption fine structure by a 
curve-fitting procedure reveals as major features 3-4 
sulfur atoms in the first coordination sphere at  2.35 A 
and 1-3 iron atoms further out from the Mo at -2.7 
A. Two possible models proposed’l to be consistent 
with the EXAFS results are shown in Figure 1. 

Approaches to the Synthesis of Fe-Mo-S 
Complexes 

Until recently, well-defined heterometallic complexes 
containing iron, molybdenum, and sulfur and in mini- 
mum structural compliance with the Mo EXAFS results 
in nitrogenase were not available. Of the two complexes 
that had been reported to contain Fe, Mo, and S, 
(~5-C~5)2M~~2(S-n-C4H9)2FeC12’3 and [ (MOS4)2FelZ-,l4 
the former has been found to contain a rather long 
F e M o  distance of 3.66 A15 while the latter appears to 
be a polymeric material of questionable purity. 

Synthetic studies on Fe-Mo-S chemistry, guided by 
the nitrogenase Mo EXAFS results, not unexpectedly 
have intensified in the last 3 years. As a result various 
reports have appeared in the literature concerning the 
synthesis and characterization of Fe-Mo-S complex- 
es.lbn The basic approaches followed in the syntheses 

(11) S. P. Cramer, K. 0. Hodgson, W. 0. Gillum, and L. E. Mortenson, 
J. Am. Chem. SOC., 100,3398 (1978). 

(12) S. P. Cramer, W. 0. Gillum, K. 0. Hodgson, L. E. Mortenson, E. 
I. Stiefel. J. R Chienell. W. J. Brill. and V. K. Shah, J. Am. Chem. SOC., 
100, 3814 (1978), and references therein. 

(13) A. R. Dias and M. L. H. Green, J. Chem. SOC., Chem. Commun., 
962 (1969). 

(14) A. Mdller and S. Sarkar, Angew. Chem., Int. Ed. Engl., 16,705 
(1977). 

(15) T. S. Cameron and C. K. Prout, Acta Crystallogr., Sect. B., B28, 
453 (1972). 
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Acta, 28, L189 (1978); (b) G. Christou, C. D. Gamer, F. E. Mabbs, and 
T. J. King, J. Chem. SOC., Chem. Commun., 740 (1978). 
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P. P. Power, K. 0. Hodgson, R. H. Holm, and R. B. Frankel, J. Am. 
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(21) P. Stremple, N. C. Baenziaer, and D. CoucouvaniS, J. Am. Chem. 

Chem. Soc., 102,4694 (1980). 
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miou, J. Am. Chem. SOC., 102,*1732 (1980). 
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of these. complexes employ MoSZ-, and can be classified 
in two broad categories: (a) the spontaneous self-as- 
sembly reactions used extensively in the synthesis of 
the double cubanes with the Mo2Fe6Sll framework and 
(b) the MOS~~--F~(L), ligand exchange reactions used 
in the synthesis of simple Fe-Mo-S complexes con- 
taining the MoS4 ligand. Results of the first approach 
appeared almost simultaneously in two independent 
reports concerning two quite similar complexes. The 
[ M ~ ~ F e ~ s ~ ( s E t ) ~ ] ~ -  l6 and the [ M ~ ~ F e ~ s ~ ( s P h ) ~ ] ~ -  l7 
complex anions reported recently possess molecular 
structures in which two Fe3MoS4 “cubane” fragments 
are bridged at the molybdenum sites via (P.-S)(P-SE~)~ 
or (p-SPh), units. 

The EXAFS of the six-coordinate molybdenum at- 
oms in the [ M ~ z F e & ( s E t ) ~ ] ~  and [ h f ~ ~ F e ~ s ~ ( s E t ) s ] ~  
complexesm are quite similar to the EXAFS obtained 
for the Fe-Mo-co and for nitrogenase. Following the 
initial reports on these clusters, a number of other 
members of the general class of the double cubanes have 
been reported,18 including the [Mo2Fe7S8(SR)12l3- var- 
iantIg and the one-electron reduced form of this clus- 
ter.lS 

In our laboratory, we have followed a stepwise ap- 
proach for the eventual construction of Mo-Fe-S 
clusters that could serve as nitrogenase active-site 
analogous. As a starting point, the synthesis of simple 
Fe-M0-S complexes, employing the tetrathiomolybdate 
anion as a ligand for iron, has been carried out. As 
expected, certain structural aspects of the complexes 
obtained are in approximate compliance with the 
presently accepted, elementary, features of the molyb- 
denum site in nitrogenase. The syntheses of the 
analogous Fe-W-S complexes (essential for comparative 
studies) have been accomplished with WS42- in parallel 
reactions. 
The Tetrathiometalate Anions as Ligands 

The [MS4I2- complex anions are formed by the re- 
actions of the corresponding [MO4I2- oxoanions (M = 
Mo, W) with Ha in basic aqueous solutions,28 and they 
are members of the [M0,S4_,]2- series which form in 
these reactions. Bonding, spectroscopic, and coordi- 
nation aspects of the MS42- anions have been thor- 
oughly studied and reviewed by Miiller, Diemann, and 
co-workers.28 Complexes of the formula [M’(MS4)2I2- 
(M’ = Zn,29 Ni,3°931 Fe,14 C0,32*33 Pd,3l Pt31) have been 
synthesized, and structural determinations by X-ray 
diffraction have been reported for these complexes (M 
= Mo, M’ = Ni;34 M = W, M’ = Zn;35 and M = W, M‘ 
= Co3”). The [MS4I2- bidentate ligands in the [M’- 

(25) D. cOucouvanis, N. C. Baenziger, and P. Stremple, manuscript in 
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(MS4),I2- complexes have been placed close to the di- 
thiophosphinate anions in the spectrochemical series.% 
The bonding in the 4d0 tetrathiometallates has been 
described by molecular orbital treatmer~ts,~’ and the 
principal absorptions in the electronic spectra have been 
assigned as S - M,-J transitions. 

The infrared and Raman spectra of the MSt- anions 
have been studied, and absorption bands have been 
assigned to the symmetric M-S stretching vibrations 
(M = Mo, vl(Al) = 458 cm-’, M = W, vl(A1) = 481 cm-l) 
and the antisymmetric stretching vibrations (M = Mo, 
v(Tz) = 472 cm-’, M = W, v(Tz) = 458 cm-1).28 In the 
[M’(MS4),l2- complexes, each of these vibrations splits 
into the two components as the [MS4l2- anions assume 
Czu microsymmetry. In practice, the terminal M = S 
groups are characterized by one or two vibrational 
frequencies between 480 and 510 cm-’ and the bridging 
M-S groups by frequencies between 430 and 460 cm-l. 

Evidence for the possible involvement of the Most- 
anion as a structural component in the nitrogenase 
active site has been presented in recent studies by 
Z ~ m f t . ~ ~  Thus chromatography on acid-treated, re- 
neutralized solutions of the Fe-Mo protein from Clos- 
tridium pasteurianum allows for the isolation of a 
fraction with a visible spectrum identical with that of 
aqueous MoS4’-. These results are particularly inter- 
esting in view of the fact that the formation of MoS4’- 
from components released under the reported experi- 
mental conditions is not very likely. 
Syntheses and Reactions of Fe-MS4 Complexes 

In the iron-tetrathiometallate complexes obtained 
thus far in our laboratory (Figure 2) the MS42- anions 
serve as either bidentate chelates or bridging ligands. 
The infrared vibrational frequencies of the perturbed 
MS4 units in these complexes can be readily interpreted 
in terms of the molecular structures of the Fe-MS4 
complexes (Figure 2). 

The apparently simple [Fe(S2MoSz)z]2- dianion, 
member of the well-knownz8 series of the divalent 
[M’(SzMS&z]2- complexes, has been reported previously 
a number of times.l4% In nearly every report, attention 
was brought to difficulties in obtaining this material in 
pure form. Upon a reinvestigation of the Fe+2/MoS42 
system it became apparent to us% and others@ that the 
only stable, well-defined complex that could be isolated 
in this system was the [Fe(SzMoS2)2]” trianion (5, 
Figure 2). Predictably, high yields of this complex could 
be obtained only in the presence of a reducing agent. 
The use of the xanthatez6 or dithiocarbamateN com- 
plexes of iron as reagents in the metathetical reaction 
5 (Figure 2) allows for the concurrent presence of the 
1.1 dithio ligands which serve as reducing agents. 

The visible spectrum of the [Fe(SzMoS&z]3- trianion% 
is identical with the spectrum reported for the alleged 
“(Fe4M~4S20)6” cluster by Averill and co-workers.4l We 
have reproduced the reported synthesis of the 
“Fe4M04Sm” hexaanion and found that the Et4N+ salt 

(36) A. MiiLer, N. Mohan, and H. Bagge, Z. Naturforsch. B, 33b, 978 
(1978). 

(37) R. Kebabcioglu and A. Mnller, Chem. Phys. Lett., 8, 59 (1971). 
(38) W. G. Zumft, Eur. J. Biochem., 91, 354 (1978). 
(39) (a) A. M a e r ,  H. Bagge, H. G. Talle, R. Jostes, U. Schimanski, 

(40) J. W. McDonald, G. D. Friesen, and W. E. Newton, Inorg. Chim. 

(41) H. C. Silvis, R. H. Tieckelmann, and B. A. Averill, Inorg. Chim. 

and M. Dartmann, Angew. Chem., Int. Ed. Engl., 19,654 (1980). 

Acta, 46, L79 (1980). 

Acta, 36, L423 (1979). 

of this material is X-ray isomorphous, and identical in 
all other respects to the Et4N+ salt of [Fe(S2MoSz)zI3-. 

By contrast to the apparent instability of a discreet 
[ F ~ ( S ~ M O S ~ ) ~ ] ”  the [Fe(SzWSz)z]z- dianion is 
reasonably stable and can be obtained as a green, 
paramagnetic ( S  = 2), microcrystalline tetraphenyl- 
phosphonium salt in analytically pure form.“dl A clue 
regarding the origin of the instability of the [Fe- 
(SzMoS~)z1~- complex may be found in the base adduct 
forming tendencies of the analogous tetrathiotungstate 
complex.21 Such tendencies may cause rapid polym- 
erization of the [Fe(S2MoSz)z]z- complex. The [Fe- 
(SzWSz)z]z- dianion appears to maintain its integrity in 
weakly coordinating or noncoordinating solvents (ace- 
tone, CHZC12, etc.). However, in coordinating solvents 
(dimethylformamide (DMF), pyridine (py), or dimethyl 
sulfoxide ( MezSO)) , the complex forms21 base adducts 
of the type [Fe(SzWSz)zLz]z-. 

A single-crystal, X-ray structure determination of the 
bis-DMF adductz1 shows the iron atom located on a 
crystallographic center of symmetry and coordinated 
by two bidentate WSt- ligands and two DMF molecules 
in a trans arrangement (7, Figure 2). 

Rather stable mixed-ligand complexes of the type 
[(L&FeSzMSz]z- can be obtained2w (L = PhS-, Cl-) by 
metathetical reactions such as 
[(L),Fe]” + [S2MSzl2- - [LzFeSzMSz]2- + ( x  - 2)L 

The SzMSzz- ligands in the [LzFeSzMoSz]z- complexes 
are capable of further coordination to Lewis acids, 
particularly in nonpolar solvents. Addition of FeClZ to 
the [C1zFeSzMSz]z- complexes results in the formation 
of the [(C1zFe)zSzMSz]z- trimersB (3, Figure 2). For M 
= Mo the trimer, at least partially, resembles the pro- 
posed structure model for the first and second coordi- 
nation spheres around the Mo atom in nitrogenase 
(Figure lb). The reactions of organic trisulfides with 
the Fe(SPh)42- complex anion have been founda3 to 
produce [FezS2(SPh)4]z- and the unusual FezS1z2- com- 
plex in which two S52- bidentate chelates are coordi- 
nated to each of the two Fe(II1) ions in a FeSzFe core. 
An apparently similar reaction, between the 
[ (PhS)zFe(SzMSz)]2- complexes and organic trisulfides, 
results in the generation of the ligands and for- 
mation of the [ (S5)Fe(SzMSz)]2- complexesa (reaction 
2, Figure 2). 

The exceptional stability of the complexes containing 
the SzFeSzMoSz framework prompted us to explore the 
ability of M O S ~ ~ -  to serve as a ligand for iron already 
coordinated to cysteinyl residues on a polypeptide 
chain. Interactions of MoS.4’- with the Fe(I1) com- 
p l e ~ e s ~ ~  of the Gly2(Cys-glyz), octapeptide or the 
(Gly)z(Cys-Glyz)4 tetradecapeptide, in DMF solution, 
were apparent by the characteristic absorption elec- 
tronic spectra of the perturbed MoS4’- groups (Figure 
3). The same (RS)2FeSzMoSz chromophore was ob- 
tained regardless of the polypeptide used, and the 
tetradecapeptide did not form a complex containing the 
(RS)2Fe(S2MoS2)Fe(SR)2 unit.’5 

(42) The corresponding [F~(S~MOS~)~!“  trianion undergoes an irre- 
versible one-electron oxidation on a platinum anode. 

(43) D. Coucouvanis, D. Swenson, P. Stremple, and N. C. Baenziger, 
J. Am. Chem. SOC., 101,3392 (1979). 

(44) (a) G. Christou, B. Ridge, and H. N. Rydon, Chem. Commun., 908 
(1977); (b) J. R. Anglin and A. Davison, Znorg. Chem., 14,234 (1975); (c) 
R. J. Burt, B. Ridge, and H. N. Rydon, J. Chem. SOC., Dalton Tram., 
1228 (1980). 
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7 - 6 - 
Figure 2. The MSd2- thioanions (M = Mo, W) as ligands in the synthesis of Fe-MS, complexes and structures of the Fe-MS, complexes. 

Addition of KSPh to DMF solutions of the MoS4- 
Fe-peptide complexes, resulted in “extrusion” of the 
FeS2MoS2 unit as judged by the presence of the char- 
acterist ic absorption spectrum of the  
[(SPh)2FeS2MoS2]2- complex (Figure 3). The use of 
PhSH in the extrusion of Fe4S4 cores from nonheme 
iron proteins has been reported by Holm& and by 
Orme-Johnson and ~o-workers.~’ 
Structures 

Structures of representative types of the Fe-MS4 
complexes are depicted in Figure 2, and selected 
structural parameters can be found in Table I. A fea- 
ture common to all of these Fe-S-M complexes is the 

(46) A. Balasubramanian and D. Coucouvanis, manuscript in prepa- 
ration. ~ . . .~ .~~ .  

(46) L. Que, Jr., R. H. Holm, and L. E. Mortenson, J. Am. Chem. SOC., 

(47) D. L. Erbes, R. H. Burris, and W. H. Orme-Johnson, R o c .  Natl. 
97, 463 (1975). 

Acad. Sci. U.S.A., 7 2 ,  4795 (1975). 

nearly planar FeSzM dimetallic unit. The dimensions 
of this unit, in the complexes that contain tetrahedrally 
coordinated iron, are quite similar, and the magnitudes 
of the Fe-M distances and the Fe-S-M angles are 
found in relatively narrow ranges. Thus the mean 
values for the Fe-M distances and the Fe-S-M angles 
in complexes 1 through 6 (Figure 2, Table I) are 2.77 
A and 76’. The standard deviations& from these mean 
values are 0.04 A and lo, respectively. There is little 
doubt that at  2.77 A, appreciable overlap can occur 
between the metal d orbitals of appropriate symmetry. 
In a convenient coordinate scheme, the d s  orbitals can 
be oriented along a common axis that passes through 
the metal ions. The existence of any M(V1)-Fe(1I) 
bonding interactions in this configuration should de- 
pend on the overlap and relative energy matching of the 
dZz functions in the two metal ions. 

(48) u = [xfrl ( X ,  - X ) ’ / ( N  - l)]”*. 
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Table I 
Selected Structural Parametersa in the [(SPh),FeSlMoSl]2- (1) [(S,)FeS,MoS,]’- (2), [(S,)FeSlWS,]2‘ (2‘1, [Cl,FeS,MoS,- 

FeCI1IZ- (3), [CIIFeSIWS,]z~ (4), [Fe(MoS,),I3- (5), [(NO),FeSlMoS,J2~ (6), and [(DMF),Fe(S,WS,),J2- Complexes 
111 P4 2’14 323 415 

Bond Lengths, A 
2.750 (3)  2.731 (3) 2.753 (3) 2.775 (6) 2.821 (2)‘ 
2.246 (6 )  2.253 (8)  2.254 (14) 

2.204 (5) 
2.153 (6) 2.145 (7) 2.157 (15) 
2.250 (8)  2.245 (8 )  2.270 (10) 2.295 (5) 
2.312 (8)  2.321 (25) 2.319 (10) 2.225 (104 
3.571 (8)  3.568 (8) 3.588 (6) 3.543 (6 )  

2.203 (8)* 
2.276 (8) 

516 6,’ 

2.740(l)d 2.835 (13p  
2.255 (5)  2.259 (8)  

2.171 (5) 2.182 (8) 
2.256 (12) 2.257 (8) 

3.579 (5) 
1.9 (2 )  
2.66 (5) 

7, 

3.044 (1) 
2.213 (2)  

2.164 (4) 
2.511 (22)  

3.593 (3) 

2.075 (4) 

Bond Angles, Deg 
Fe-h-Mo 75.5 (2) 74.3 (3) 74.9 (6) 76.1 (1)  76.4 (2) 74.77 (13) 77.7 (5) 80.0 (5) 
&,a-Fe-5 102.9 (3) 101.0 (1) 104.9 (2) 104.5 (3) 91.35 (6)  

For all structures the reported structural parameters are in analogous reference to the labeling shown in in Figure 2, 
structure 1. Mean values for the chemically equivalent bonds or angles. The standard deviations of the Averages were 
taken as the larger of the individual standard deviations or  the standard deviation from the mean 

u = I z h N ( ( X ; - -  X V I ( N -  1)l”’. 
The location of the [Cl,FeS,WS, J 2 -  anion on a c‘en’ter-of’symmetry resuits in disorder. Whereas the Fe-W bond length and 

the Fe-S-W angle are not affected by this disorder, all M-L bonds given are average (W(Fe)-S(CI)) values. 
172.64 (6)”. The iron is tetrahedrally coordinated by the two M0S.l- “ligands”. e Independent values for the two dimers 
in the asymmetric unit are 2.822 (2) and 2.849 (2) A. In these anions the same type of disorder as described in footnote c 
results in a twofold disorder in the location of the (NO),Fe and MoS, terminal units. f Fe-CI terminal bond length. 

Mo-Fe-Mo = 

Figure 3. Visible spectra of (A) [Fe(RS),I2-, (B) 
[(FW2FeSZMoS2J2-, (C) [(PhS)zFeSzMoS2J2- (obtained following 
the addition of ex” NaSPh to B), @) MoS,*. In al l  cases 2RSH 
= AcGly,(Cys-Gly,),NHz. 

Unambiguous information regarding M-Fe bonding 
interactions in the Fe-M-S complexes cannot be ob- 
tained from the available crystallographic data. It is 
quite likely that the acute FeS-M angle, relatively 
invariant in all structures, determines to a large extent 
the length of the Fe-M separation. 

Some structural trends that may tend to suggest Fe - M charge transfer are evident in the Fe-M-S com- 
plexes, when the mean - values of the iron-ligand bond 
lengths and of the M-S bond - lengths in the MS42- lig- 
ands are considered. The Fe-S bond lengths in 1,2, 
and 2’ (Figure 2, Table I) a t  2.281, 2.283, and 2.294 A, 

- 
respectively, are somewhat shorter than the Fe-S bond 
in the ferrous [Fe(SPh),12- complex anion (2.353 A).4B 
If this FeS  bond shortening is considered an indication 
of Fe - M charge transfer, the anticipated conse- 
quential transfer of electrons - to the MSt- units is only 
marginally apparent in the M-S bond lengths for 1,2, 
and 2’ at 2.199, 2.199, 2.205 A, respectively. These 
values are only slightly longer than the M-S bonds in 
the MoS4260 and WS42-61 anions of 2.18 (1) and 2.17 (1) 
A, re~pectively.~~ 

The insignificant influence of the electronic configu- 
ration of the M’ metal ions in the MS4-M’ complexes 
on the dimensions of the MS2M’ rhombic units is ap- 
parent in other structural studies. The M-M’ distances 
and the M-S-M’ angles in the [(S2MS2)2M’]2- com- 
plexes (M = Mo(VI), M’ = Ni(II), 2.798 (8) A, 77.9 
(2)0;34 M = W(VI), M’ = Co(II), 2.796 (4) A, 2.799 (4) 
A, 77.4 (3)O, 77.2 (3)”;% M = W(VI), M’ = Zn(II), 2.927 
(1) A, 78.5 (2)0)36 are essentially within the range ob- 
served for the Fe-M-S complexes (Table I). The mean 
values of the M-S bond lengths in the MS42- ligands 
also are not significantly different than the values ob- 
served in the Fe-M-S complexes. 

The short M-M’ distances in the [(S2MoSd2NiI2- and 
[ (S2WS2)2Zn]2- complexes are particularly interesting 
structural features considering that extensive Ni - Mo 
or Zn - W charge transfer (and metal-metal bonding) 
are not very likely to occur in these complexes. 

A conclusion that can be reached on the basis of the 
structural data is that the short M-Fe distances (2.8 f 
0.1 A) in the MS4-Fe complexes are not necessarily 
indicative of M-M interactions, but can be equally 

(49) D. Coucouvanis, D. Swenson, N. C. Baenziger, D. G. Holah, A. 
Kostikas, A. Simopodos, and V. Petrodeas, J. Am. Chem. Soc., 98,5721 
(1976). 

(50) D. A. Koz’min and Z. V. Popova, Zh. Strukt. Khim., 1 2 , s  (1971). 
(51) K. Saevari, Acta Crystallogr., 16, 719 (1963). 
(52) Unfortunately the low accuracy in the crystallographic structure 

determinations for M O S , * ~  and WS4”s’ makes it impossible to attach 
any real significance to these differences. 

- 
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Table I1 
Mkbauer Spectra and Magnetic Properties of Fe-TetrathiometalateP 

room temp liquid N, 

IS,b QS,= IS, QS, 
Complexd mm/s mm/s mm/s mm I s  

[(PhS),FeS,MoS,] '- 0.33(1) 1.94( 1) 0.44( 1) 1.96( 1) 
[(PhS),FeS,WS, 1'' 0.39(1) 2.20( 1) 0.47( 1) 2.24( 1) 

0.22( 2) 1.20( 2) 0.38( 2) 1.18( 2) 
0.38( 1) 1.43( 1) 0.47(1) 1.44( 1) [(S,)FeS,MoS,]2' e 

[(S,)FeS,WS,I*- 0.42(1) 1.68( 1) 0.51( 1) 1.66(1) 
[Cl,FeS,MoS,FeCI,] '- 0.48(1) 1.96( 1) 0.57( 1) 1.98( 1) 
[ CI, FeS,WS, FeCl, ] 0.52( 1) 2.10( 1) 0.63(1) 2.14(1) 
[Cl,FeS,MoS,]2- 0.48(1) 2.06(1) 0.59(1) 2.14( 1) 
[ Cl,FeS,WS,] 0.54( 1) 2.28( 1) 0.65( 1) 2.34(1) 
[ S,MoS,FeS,MoS,] 3 -  0.37(1) 0.97(1) 0.42(3) 1.04( 3) 

4.2 K 
Meff, MB 

4.13(6) 
4.15(6) 
4.43(6) 
4.16( 6) 
1.76(6) 
3.14( 6) 

300 K 
weff, MB 
4.9015 1 
4.88(2j 
4.90( 2) 
4.90(1) 
6.58(6) 
6.91(3) 

3.9 
* Results obtained at the Greek Atomic Energy Commission, Research Center, Demokritos: A. Kostikas, A. Simopoulos, 

and V. Petrouleas. 
splittings. 
which the tetraethylammonium salt (Et,N+) was used. e Two iron sites were detected in the spectrum. 

Isomer shifts relative to Fe metal, with the yray source at ambient temperature. Quadrupole 
Measurements on the tetraphenylphosphonium salts (Ph,P+) of all anions except [S,MoS,FeS,MoS,] '-, for 

accounted for as a structural consequence of the acute 
Fe-S-M angles. In the reduced Fe-Mo-S complexes, 
[ F ~ ( M o S ~ ) ~ ] *  and [(NO)2Fe(M~S4)2]2-,27 structural re- 
sults can be used with greater confidence in arguments 
concerning details in the distribution of charge in the 
Fe-M-S complexes. The rather long Mo-S bond 
lengths of 2.213 A in the trianion and of 2.220 A in the 
dinitrosyl complex clearly indicate a delocalization of 
charge toward the tetrathiometallate units. 
Magnetic Properties and  Mossbauer Spectra 

The magnetic properties of the dianionic Fe-M-S 
complexes (Table 11) are characteristic of S = 2 ground 
states. The temperature dependence of the isotropically 
shifted proton resonances in the proton magnetic res- 
onance spectra of the [ (PhS)2Fe(S2MSz)]2- complexesn 
indicate simple Curie magnetic behavior. 

The magnetic moments of the [(FeC12)2S2MS2I2- 
complexes (Table 11) are lower than expected for two, 
noninteracting, high-spin (5' = 2) Fe(I1) ions. Tem- 
perature-dependence studies of the magnetic suscep- 
tibilities of these complexes show typical, weak anti- 
ferromagnetic behavior. This antiferromagnetic ex- 
change is appreciably weaker in the W trimetallic com- 
plex than in the Mo analogue. 

The only complexes in the Fe-Mo-S series which do 
not display magnetic properties originating from spin 
quintet ground states are the [Fe(MS4),I3- and the 
[ (NO)2FeS2MoS2]2- complexes. 'she trianions (5, Figure 
2) have magnetic moments indicative of S = 3/2 ground 
states and consistent with formally univalent tetrahe- 
dral iron with a high-spin d7 configuration. The di- 
nitrosyl complexes (6, Figure 2) are diamagnetic and 
formally can be described as NO+ complexes (vN0 at 
1685 and 1645 cm-') of a (-2) iron with a d'O configu- 
ration. By comparison to the relative insensitivity of 
the crystallographic results to the changes that accom- 
pany electronic delocalization effects in the Fe-M-S 
complexes, Mdssbauer spectroscopy has been found a 
very sensitive technique in probing such changes. 

The 5?Fe isomer shifts of the MSd2- complexes (Table 
11) are intermediate in magnitude to values reported for 
the tetrahedral Fe(II)S4 and Fe(III)S4 chromophores at 
0.66 and 0.25 mm/s, respectively.% By criteria estab- 

(53) P. G. Debrunner, E. Mthck, L. Que, and C. E. Schulz, in "Iron- 
Sulfur proteins", VoL III, W. Lawnberg, Ed., Academic Press, New York, 
1977, Chapter 10, and referencea therein. 

lished previously for the iron-sulfur proteins and their 
synthetic analogues," the isomer shift (IS) values ob- 
served for the Fe-M-S complexes (Table 11) suggest 
formal oxidation states between 2 and 3 for the iron 
atoms and represent direct evidence for Fe - M charge 
transfer in these complexes. 

The IS values for the [(FeC1z)&MS212- complexes are 
close to those reported for Fe(SC6H6)42-55 and the re- 
duced rubredoxinsM and suggest the two iron atoms in 
3 (Figure 2) are close to a +2 formal oxidation state. 
This apparent reduction in charge transfer in the trim- 
ers is not surprising since the two iron atoms compete 
for charge transfer to the central Mo or W atoms. The 
delocalization of charge, hinted by the structural pa- 
rameters, in the [Fe(MoS4),13- complex is supported by 
Miissbauer spectra measurements. The 57Fe isomer 
shift of 0.42 (3) mm/s is smaller than that expected for 
either a +1 or even a +2 oxidation state for the iron and 
definitely suggests extensive Fe - Mo charge transfer. 

The Mossbauer results show that, in the Fe-M-S 
complexes, the electronic environment for the iron at- 
oms, to a first aproximation, is rather insensitive to a 
change from Mo to W. A closer examination of the 
relative IS values, however, shows that the IS values for 
the W complexes systematically are slightly larger than 
values in the corresponding Mo complexes and may 
indicate less extensive Fe-W charge delocalization in the 

Electronic Spectra 
The electronic spectra of the Fe-M-S complexes in 

the visible-near-infrared regions are characterized by 
absorptions that can be separated into three different 
groups: a group of intense absorptions between 300 and 
500 nm, a group of less intense absorptions betwee 500 
and 650 nm, and an envelope of weak absorptions 
around lo00 nm (Figure 4). 

Two intense absorptions are usually found in the 
300-500-nm region. For the MoSr2- complexes (1-6 
Figure 2) the separation between these two bands varies 
from 40 nm in 4 to 100 nm in 5 (Figure 2). The mean 
value of the average position of these bands for com- 

complexes. 

(54) T. E. WOW, J. M. Berg, K. 0. Hodgson, R. B. Frankel, and R. H. 

(55) A. Koatikas, V. Petrouleas, A. Simopoulos, D. Coucouvanis, and 
Holm, J. Am. Chem. Soc., 101,4140 (1979). 

D. G. Holah, Chem. Phys. Lett.,  38, 582 (1976). 
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Figure 4. Solution and reflectance near-IR spectra of the Fe-Mo$ complexes. 

plexes 1 to 6 is 460 f 40 nm. This value is quite close 
to the energy of the S - Mo (dtJ - d(e)) transition 
in the MoSd2- anion& (470 nm). 

Apparently the MoSd2- S - Mo transition in the 
Fe-MoS4 complexes is split due to a lowering in local 
symmetry about the central atom in the MS42- unit, 
from Td to D M  in the trimetallic complexes and to (2% 
in the dimetallic species. This lowering in symmetry 
lifts the degeneracy in the d,? and dg orbitals. Exactly 
the same spectral features are observed in the 300- 
500-nm region for the WS42- analogous complexes; 
however, relative to the MoSd2- complexes the absorp- 
tions are hypsochromically shifted. The splitting varies 
from 75 nm in 5' to 44 nm in 4' and the mean value of 
the average positions of the S - W absorptions for 
complexes 1 to 6 (Figure 2) is 399 f 14 nm, again, a 
value remarkably close to the energy of the S - W 
(?r(tJ - d(e)) transition in WS42- (392 nm). 

The transitions found in all complexes between 650 
and 500 nm tentatively are assigned to the Fe-S chro- 
mophores since no such low-energy transitions are ob- 
served in the spectra of the MS?- anions. Again, hyp- 
sochromic shifts are observed for these bands in the 
spectra of the WS42+ complexes by comparison to the 
M o S ~ ~ -  complexes. 

A unique feature in the near-infrared reflectance and 
solution electronic spectra of the dimeric and trimeric 
MS42- adducts is the presence of a broad absorption 
band with considerable structure centered around lo00 
nm (Figure 4). We tentatively assign these envelopes 
of absorptions to Fe - Mo (W) transitions. The en- 
ergies of these transitions when compared to the en- 
ergies of the S - Mo (W) transitions suggest that in 
the MS4-Fe complexes the energies of the Fe d orbitals 
are located roughly between the primarily sulfur mo- 
lecular orbitals and the empty Mo(V1) or W(V1) d or- 
bitals. A simplified, tentative, MO diagram for the 
S2MS2-Fe complexes is shown in Figure 5. 

The characteristic electronic spectra of the MoS4-Fe 
complexes over a wide energy range should be useful 
as diagnostic indicators for the possible presence of 
exogenous MoSd2- ligand interactions with cysteinyl 
residue-protein-bound iron atoms. This contention 
gains credibility by the observation& that in the elec- 
tronic spectra of the (Gly)2(Gly2-Cys)2FeMoS4 and 
(Gly)2(Gly2-Cys)4Fe2(MoS4)2 peptide complexes, ab- 

I 

\ 

\ \ -- 
, 

Figure 5. Proposed, schematic energy level diagram for the 
Fe-MoS, complexes. 

sorptions in each of the three spectral regions, charac- 
teristic for Fe-MoS4, are observed. The presence of 
( C ~ S ) ~ F ~ S ~ M O S ~  units as a likely source of these ab- 
sorptions is substantiated by the substitution of the 
Cys- ligands with PhS- ligands and the subsequent 
formation of [ (SPh)2FeS2MoS2]2- (Figure 3). 

Spectra similar to those observed for the 
[SJ?eS2MoS2l2- or [ (RS)2FeS2MoS2]2- complexes have 
been reported in the 300-500-nm range for the acid- 
base-treated nitrogenase solutions38 and for the F e M o  
protein isolated from Desulfovibrio gigasM (Figure 6).  
A strong argument could be made for the presence of 
Fe-MoS4 coordination in these systems if weak ab- 
sorption around lo00 nm also were observed. Unfor- 
tunately, no such asorptions were reported, perhaps 

(56) J. J. Moura, A. V. Xavier, M. Bwchi, J. Legall, and J. M. P. 
Cabral, J. Less Common Metals, 54, 555 (1977). 
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Figure 6. The visible spectxa of [S&S2MoS&12- in DMF (A), [(PhS)$e&Moi&]* in DMF (B), the Fe-MA protein from Deeulfouibrio 
gigas (C), and solutions of acid-base treated nitrogenase, (D). Part C is reproduced with permission from ref 57. Copyright 1980, 
Plenum Press. Part D is reproduced with permission from ref 38. Copyright 1978, Springer, Berlin. 

because this region of spectrum was not examined. 

Conclusions and Directions for Future 
Research 

In all of the Fe-MoS4 complexes isolated thus far, the 
Fe/Mo ratio falls short of the approximate 6:l ratio 
suggested by Mbsbauer and EPR spectroscopic stud- 
iesl0 for the Fe-Mo-S sites in the Fe-Mo protein of 
nitrogenase. The challenge in the synthesis of accept- 
able analogue complexes clearly is to design molecules 
that confirm to the known structure characteristics of 
nitrogenase. 

An analysis of the available data on nitrogenase and 
on the Fe-Mo-Co indicates that most or all of the sulfur 
atoms in the Fe-Mo-S aggregate must be located 
around a four- or five-coordinate Mo atom. This con- 
clusion finds support in (a) the analytical data on the 
c o f a c t ~ r ~ r ~ ~  (4-6 S atoms per Mo atom and no amino 
acids present!), (b) the apparent release of MoSd2- 
following acid hydrolysis and reneutralization of the 
Mo-Fe protein of nitrogenase,38 and (c) the Mo EXAFS 
analysis results11J2 (-3-4 sulfur atom in the first co- 
ordination sphere). 

The similarity in the EPR and Mossbauer spectra of 
the isolated Fe-Mo-co and the Fe-Mo protein compo- 
nent of nitrogenase’O show (a) a lability of the peripheral 
ligands on the Fe-Mo-S cluster and (b) a reasonably 
stable Fe-Mo-S core that appears to have been ex- 
truded intact from the protein matrix. Minor differ- 
ences in the properties of the cofactor isolated by dif- 
ferent buffering procedures and the sharpening effects 
of thiophenol on the EPR spectra of the F e - M o - c ~ ~ ~  
further suggest that the original peripheral cluster lig- 
ands in the F e M o  protein (cysteinyl residues?) prob- 
ably have been replaced in the cofactor by buffer anions 
(citrates, phosphates) and/or methylformamide (NMF) 

(67) B. E. Smith, in “Molybdenum Chemistry of Biological 
Significance”, W. E. Newton and S. Otsuka, Eds., Plenum Press, 1980, 
p 179. 

solvent molecules during the cofactor isolation proce- 
dure. 

Considering all of the available data, one is lead to 
the conclusion that the Fe atoms in the Fe-Mo-S 
cluster core probably are held by oxide or hydroxide 
bridging ligands. Two of these iron atoms very likely 
are bridged to the Mo atom via sulfur atoms (Figure l), 
while the rest of the iron atoms complete their coor- 
dination spheres by interactions with either the protein 
backbone, as in the Fe-Mo protein, or exogenous lig- 
ands, as in the Fe-Mo-co. 

It is now apparent that the MS42- anions as ligands 
are unique in their ability to delocalize charge in the 
MS42--M’ complexes by accepting electron density in 
low-lying, unoccupied M d orbitals. Not only is there 
a delocalization of charge in the MS42--M’ complexes, 
but very often these complexes undergo reversible re- 
ductions by one or even two electrons. Such reductions 
have been reported for the [MS4)2M’I2- complexes (M’ 
= Ni, Pd, Pt; M = Mo or W),3l and for [(WS4)2Co]2-.33 
In the MS4-Fe complexes we have observed reversible 
one-electron reductions for the [ (FeCl&MoS4l2- and 
[(WS4)2Fe]2- complexes and have isolated the stable 
[ (MS4)2Fe]3- trianions. 

The [ ( M o S ~ ) ~ F ~ ] ~ -  complex, remarkably, shows an 
57Fe Mossbauer isomer shift more characteristic for 
Fe(1II) than for Fe(1) and undergoes even further 
quasi-reversible reduction at  -1.75 V.26140 The prop- 
ensity of the [M’(MS4),I2- complexes to accept electrons 
also is evident in the pronounced tendency of the [Fe- 
(WS4)2]2- complex toward the formation of base 
“adducts” with u electron donor molecules. The 
characterization of one such adduct (structure 7, Figure 
2) demonstrate for the first time that the [Fe(MS4),I2- 
complexes can function as coordinatively unsaturated 
species and that the MSt- anions can serve as chelating 
ligands in pseudooctahedral complexes. 

These observations should encourage attempts in the 
design and synthesis of specific, coordinatively unsat- 
urated M’-MS4 complexes as catalysts for the reduction 
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of substrate molecules. In such M’-MS4 complexes the 
MS:- ligands could serve as convenient electron storage 
and relay sites. 
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