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Abstract: The Fe-Mo-S-containing cofactor (FeMoco) isolated from the molybdenum-iron protein of Azotobacter vinelandii 
nitrogenase undergoes direct electrochemical reduction at a glassy carbon electrode in TV-methylformamide (NMF). Two 
reductions are observed at -0.32 and -1.00 V vs. the normal hydrogen electrode by cyclic voltammetry; these appear to correspond 
to the [FeMoco(ox)] + e" ^ [FeMoco(s-r)] and [FeMoco(s-r)] + e" ^ [FeMoco(red)] redox processes of the cofactor bound 
within the intact MoFe protein. FeMoco(ox) to FeMoco(s-r) reduction in isolated cofactor is studied by chemical redox titrations 
with voltammetric, potentiometric, and EPR spectroscopic monitoring and is characterized as a chemically reversible, one-electron 
transfer involving an S = 0 to S = 3 / 2 spin-state change. Review of electrochemical data reported for synthetic models of 
FeMoco in solvents other than N M F reveals that none of these compounds duplicate the redox properties of FeMoco exactly. 
Experimental examination reveals that several of these compounds also lack chemical stability in NMF; consequently, it appears 
that an exact chemical model for FeMoco has yet to be prepared. 

Nitrogenase is the complex enzyme system that is responsible 
for biological fixation of dinitrogen to ammonia. The minimal 
composition of the catalytically competent enzyme system includes 
two separately purifiable proteins (MoFe and Fe proteins), 
MgATP, a reductant, protons, and substrate.2 The larger MoFe 
protein ( M W 230 000) contains 2 Mo and ca. 32 Fe atoms dis
tributed among at least six metal-containing prosthetic groups.3"6 

Two of these constitute apparently identical iron-molybdenum 
cofactors (FeMoco) that now have been identified7 as the sub
strate-reducing sites in the enzyme and are considered8 to have 
the approximate composition MoFe(6_8)S(4_9). Since its first ex
trusion8" from the protein into /V-methylformamide ( N M F ) , 
FeMoco has elicited much interest both in its structure, reactivity 
and physical properties8b'9~12 and as a synthetic challenge for 
bioinorganic chemists.13 
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Inasmuch as the principal function of FeMoco is to transfer 
electrons to substrate, we have undertaken experiments to char
acterize its electrochemical behavior. Our objectives are to de
termine the extent to which the redox properties of FeMoco 
correlate with those of the M o - F e - S centers in the intact protein 
and to establish correspondence between oxidation levels and 
spectroscopic properties of isolated FeMoco. The redox properties 
of FeMoco also have value as a guide to synthetic efforts13 to 
prepare a chemical model for this M o - F e - S cluster. Finally, we 
also wish to know if FeMoco will exchange electrons with an 
electrode, as we envision that experiments using electrochemically 
mediated substrate reduction by FeMoco may aid in understanding 
nitrogenase function. We report here an initial characterization 
of the redox properties of isolated FeMoco using cyclic voltam
metry (CV) and chemical redox titrations with voltammetric, 
potentiometric, and E P R spectroscopic monitoring. 

Experimental Section 

Materials and Methods. Molybdenum-iron protein from A. vinelandii 
was purified according to a previously published method.14 FeMoco was 
isolated by the HCl/NaOH modification815'12 of the original extraction 
procedure,88 concentrated by either vacuum evaporation or ion-exchange 
chromatography as described below, and stored anaerobically under dry 
ice until used. FeMoco was assayed by reconstituting the FeMoco-de-
ficient protein in crude extracts of A. vinelandii UW45 in the presence 
of sodium dithionite and determining the resultant acetylene-reducing 
activity.12'14 Iron was determined with bathophenanthroline and mo
lybdenum with toluene-3,4-dithiol.15 iV-Methylformamide (Aldrich) was 
stirred over solid sodium bicarbonate for 12-16 h, filtered, vacuum dis
tilled, and frozen until used.12b This solvent was vacuum distilled again 
just prior to use in electrochemical experiments. Sodium dithionite 
(Eastman), tetraethylammonium bromide (Aldrich), potassium ferri-
cyanide (J. T. Baker), and methyl viologen [MV2+, Aldrich] were ob
tained commercially and used as a received. Sodium dithionite solutions 
were assayed spectrophotometrically with methylene blue16 before use in 
redox titration experiments. Ferrocene (Aldrich) was sublimed before 
use. The following compounds were prepared by the indicated literature 
procedure: [Bu4N]3[Mo(S2C2(CN)2)4],17 [Et4N]3[Fe(MoS4):,],18 

(13) (a) Holm, R. H. Chem. Soc. Rev. 1981, 10, 455. (b) Coucouvanis, 
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F. A. Inorg. Chem. 1982, 21, 3825. 

0002-7863/85/1507-5364S01.50/0 © 1985 American Chemical Society 



Fe-Mo Cofactor from A. vinelandii J. Am. Chem. Soc, Vol. 107, No. 19, 1985 5365 

[Et4N]3[Fe(WS4)2]," [Bu4N]3[Mo2Fe6S8(SPh)9],20 and [Bu4N]2-
[Fe4S4(SPh)4].21 

FeMoco. FeMoco samples were concentrated by one of two proce
dures before use. In the vacuum concentration method,14 samples of 
freshly isolated FeMoco were maintained under working vacuum at 30 
0C until the original solution volume of ca. 125 mL was reduced to ca. 
2-4 mL (ca. 8-10 h). The chromatographic procedure was based on our 
observation22 that FeMoco bears a negative charge and can be adsorbed 
on an anion-exchange resin. Typically, a 5 x 1 cm column of DE-52 
DEAE-cellulose (Whatman) in its acetate form was prepared anaero-
bically within a glass-wool-plugged 10-mL graduated pipet from a slurry 
of the resin with degassed NMF. The column was rinsed with a solution 
of 1 itiM Na2S2O4 in NMF until a positive test on the eluate for di-
thionite, using methyl viologen, was observed and then with degassed 
NMF until a similar test was negative. Dilute FeMoco samples were 
then transferred to the column, rinsed with NMF, and eluted as a single, 
intense, green-brown band with 0.1 M [Et4N]Br/NMF. All manipula
tions of FeMoco by chromatography and in the EPR and electrochemical 
experiments described below were carried out under an atmosphere of 
rigorously purified argon in a Vacuum Atmospheres glovebox. 

Altogether three samples concentrated by the vacuum evaporation 
technique and eight by the chromatographic procedure were prepared. 
Some of the chromatographed samples had been vacuum concentrated 
previously. The samples ranged from 0.4 to 1.7 mM Mo concentration, 
had an Fe:Mo ratio of 6.3 (±0.5): 1, contained less than 15% extraneous 
Fe by the ophenanthroline assay,12b and exhibited activities ranging from 
150 to 300 nmol C2H2 reduced (min)"1 (ng-atom Mo)"1 in the UW45 
reconstitution assay. There was no discernible effect of concentration 
procedure on these parameters. However, it was our observation that the 
chromatographic procedure provided a superior product for electro
chemical analysis. The principal reduction wave of FeMoco(ox) at -0.4 
V vs. the normal hydrogen electrode (NHE) was very prominent in these 
samples, whereas a -0.6-V reduction wave often accompanied the -0.4-V 
wave in the vacuum concentrated samples. Chromatography also served 
to remove proteinaceous material from the FeMoco samples, and the 0.1 
M [Et4N]Br/NMF eluant conveniently became the supporting electro
lyte in electrochemical experiments. Sodium chloride resulting from the 
protein denaturation step served as supporting electrolyte in the vacu
um-concentrated samples; addition of 0.1 M [Et4N]Br to these samples 
was without effect on their behavior. 

All 11 FeMoco samples prepared for this study were examined by 
cyclic voltammetry and found to exhibit the electrochemical features 
described in this report. However, the precise quantitative data reported 
here were drawn from two of these samples only, one purified by chro
matography (sample a in Table I) and the other by vacuum concentration 
(sample b). This limitation in samples resulted from the relatively large 
volume (>2 mL) of concentrated (0.5-1.0 mM in Mo) FeMoco solution 
required to conduct experiments from which electrochemical, EPR, and 
redox titration data could be obtained concomitantly. Not all samples 
were obtained in such quantity. 

Electrochemistry and Chemical Redox Titrations. Cyclic voltammetry 
and chemical redox titrations were conducted in a small-volume cell that 
consisted of a Teflon collar of ca. 100 /iL internal volume threaded onto 
the shaft of an inverted glassy carbon electrode (Bioanalytical Systems, 
West Lafayette, IN; 0,071 cm2 area), which served as both the working 
electrode and cell bottom. A Pt wire auxiliary electrode was inserted 
through the Teflon collar. The reference electrode was a miniature 
Ag/AgCl (1 M KCl) electrode (MI-401, Microelectrodes, Inc., Lon
donderry, NH), which was immersed directly in the sample solution at 
the time of measurement. The glassy carbon electrode was polished with 
diamond paste or \-)im alumina on a Buehler microcloth before each 
experiment. The Teflon cell was evacuated for 12-24 h in the ante
chamber of the glovebox before use. About 50 to 75 îL of FeMoco 
solution was transferred to the cell for electrochemical measurements. 
In chemical titration experiments, appropriate quantities of aqueous 0.02 
M Na2S2O4 or 0.02 M K3[Fe(CN)6] were transferred to vials containing 
350-JJL aliquots of FeMoco solution by microsyringe, and the solutions 
were mixed by stirring manually with a sealed melting point capillary; 
60 fiL was then transferred to the electrochemical cell and the remainder 
was transferred to a matched quartz EPR tube and frozen as described 
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below. The equilibrium (i.e., the rest or zero-current) potential of these 
sample solutions was determined by measuring the potential difference 
between the glassy carbon and Ag/AgCl electrodes with an Orion 701 
meter. Cyclic voltammograms were generated with a Bioanalytical 
Systems CV-IB potentiostat and recorded with an IBM 7424-MT re
corder. The Orion meter, potentiostat, and recorder were connected to 
the cell by shielded cable passing through an air-tight seal in the glove
box. 

The potential of the Ag/AgCl (1 M KCl) reference electrode was 
calculated to be +0.231 V vs. NHE.23 Potentials measured against this 
electrode were corrected to the NHE by use of the relationship £(NHE) 
= £(Ag/AgCl) + 0.231 V and rounded to the nearest 0.01 V. Except 
as noted, all potentials are given in V vs. NHE. As a further means of 
calibrating electrode potential measurements,24 we determined the formal 
potential of the ferrocene/ferrocenium ion couple (measured as the av
erage of cathodic and anodic peak potentials by CV and employing the 
correction stated above) to be +0.666 V vs. NHE in 0.1 M [Et4N]Br/ 
NMF. We also measured formal potentials of-0.358 and -0.215 V vs. 
NHE, respectively, in 0.1 M [Et4N] Br/NMF for the following half-re
actions: 

[Mo(S2C2(CN)2),]3- + e" - [Mo(S2C2(CN)2),]4- (ref 17) 

MV2+ + e" ^ MV+ (ref 25) 

The uncertainty in the formal potentials reported for the FeMoco 
redox processes is estimated to be ±0.02 V, and that in FeMoco current 
parameters to be ±15%. For standard compounds, these uncertainties 
are on the order of ±0.01 V and ±5%. 

EPR Measurements. EPR spectra were recorded at 5 mW power on 
a Varian 4502 spectrometer at a constant temperature of 10 K main
tained by liquid helium boil-off. The spectrometer was interfaced to an 
Apple II+ microcomputer for data acquisition and integration of spectra. 
Spin concentrations were estimated by double integration of spectra and 
comparisons with results for 0.1 and 1 mM aqueous solutions of Cu-
(H)-EDTA. Spin concentrations were calculated by the method of Aasa 
and Vanngard.26 As described in ref 27, 10 K is above the temperature 
for optimal signal development in FeMoco, and measured spin concen
trations (spins per Mo) are ca. 0.80 times the full value. To ensure 
sample consistency for EPR spectral monitoring, all EPR samples were 
frozen in liquid N2 exactly 10 min after addition of reagents. 

Results and Discussion 

Previous studies4-* have shown that iron-molybdenum cofactor 
within the MoFe protein (designated "FeMoco") exists in three 
oxidation states: 

(a) (b) 
"FeMoco(ox)" > "FeMoco(s-r)" , 

(S = O; ^ 1 7 V (S = V2 ; " ° 4 6 5 V 

EPR-silent) EPR-active) 
"FeMoco(red)" 

(S = integer; 
EPR-silent) 

"FeMoco(s-r)" is the EPR-active, semi-reduced form that is 
produced and maintained in the presence of excess Na 2 S 2 O 4 . 
"FeMoco(ox)" is prepared by dye oxidation of "FeMoco(s-r)". 
"FeMoco(red)" is the substrate-reducing state that has been 
achieved to date only in the full nitrogenase system. The enzyme 
itself does not exchange electrons with an electrode; redox me
diators (e.g., viologens) are required to effect electron transfer.628'29 

Even so, redox couple a is not fully reversible. Its average potential 
of-0 .17 V vs. N H E is derived from midpoint potentials of-0 .29 
and -0.05 V measured in the reducing and oxidizing directions, 
respectively, for this couple in A. vinelandii MoFe protein.6'28 The 
substrate turnover potential of nitrogenase, -0.465 V vs. NHE,6 '30 '31 

(23) Bates, R. G. "Determination of pH: Theory and Practice"; Wiley: 
New York, 1973; Chapter 10. 

(24) Gagne, R. R.; Koval, C. A.; Lisensky, G. C. Inorg. Chem. 1980, 19, 
2854. 

(25) Steckhan, E.; Kuwana, T. Ber. Bunsenges. Phys. Chem. 1974, 78, 253. 
(26) (a) Aasa, R.; Vanngard, T. J. Chem. Phys. 1970, 52, 1612. (b) Aasa, 

R.; Vanngard, T. J. Magn. Reson. 1975, 19, 308. 
(27) Euler, W. B.; Martinsen, J.; McDonald, J. W.; Watt, G. D.; Wang, 

Z.-C. Biochemistry 1984, 23, 3021. 
(28) O'Donnel, M. J.; Smith, B. E. Biochem. J. 1978, 173, 831. 
(29) Mediators have also been used to accomplish chemically redox change 

(a) in isolated FeMoco; see ref 9 and 12. 
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Table I. Cyclic Voltammetric Data for FeMoco.0 

sample [Mo] (mM) (Jy)1 (V) (I1J1 (V) (£0'), (V) (A£p), (mV) ( / J 1 ( / J 1 (£0')2 (A£p)2 ( / J 2 

a 0.86 -0.45 -0.21 -0.33 240 120 219 -0.96 240 235 
(-0.63) (20) 

b 1.35 -0.39 -0.26 -0.32 130 150 224 -1.05 155 280 
(-0.60) 080) 

"Samples a and b refer to chromatographically purified and vacuum concentrated samples, respectively; detailed experimental conditions are given 
in the Experimental Section. Subscripts 1 and 2 refer to the electrode reactions in eq 1 and 2. Data for the -0.6-V wave associated with the first 
reduction process are listed in parentheses under (Ep0)I and ( / J i . (£0')i and (£0')2 are formal potentials in V vs. NHE measured as the average of 
cathodic ( £ J and anodic (£pa) peak potentials by CV. A£p = £pa - E^ in mV. Measurements at 0.1 V s"1 for sample a and 0.2 V s"1 for sample 
b. /p = ip/v

l/2AC in units of MA s1/2 V"1/2 cm-2 mM"1 measured at v = 0.05-0.02 V s"1. All /p's are corrected for background current at the glassy 
carbon electrode in 0.1 M [Et4N]Br/NMF at the potential of measurement as well as the current resulting from all preceding electrochemical 
processes. 

is assigned to couple b, although this estimate may be too positive 
because it neglects any contribution from the energy-yielding ATP 
hydrolysis that is mandatory for catalysis.32 Based on data for 
ferredoxins and their synthetic analogues,33 we estimate34 that, 
as a relatively small, mainly inorganic anion,22 FeMoco should 
experience shifts of ca. -0.4 V in its redox potentials upon transfer 
from an aqueous protein matrix into NMF. Thus, couples a and 
b are predicted to have potentials of ca. -0.57 and -0.87 V vs. 
NHE, respectively, in isolated FeMoco. 

Oxidation State of Isolated FeMoco. Inasmuch as FeMoco is 
prepared and stored in the presence of excess dithionite, we ex
pected to find this material in its semi-reduced form when ex
amined electrochemically and spectrally. However, we find that 
FeMoco in NMF "self-oxidizes" to its EPR-silent state, rather 
quickly under anaerobic, ambient conditions and slowly, yet 
completely, when stored under dry ice. A possible mechanism 
for this "self-oxidation" is shown below, where S(ox) is a material, 

S(red) —. ^ - FeMoco(ox) - . ^ - S2O4
2" 

S(ox) — ^ - FeMoco(s-r) -^ ^ - ox. product 

possibly protic in nature, in the solvent or FeMoco preparation 
which is capable of oxidizing FeMoco(s-r) to FeMoco(ox).35 The 
cycles shown are sustained by the presence of excess dithionite, 
but when this reductant is consumed, FeMoco is left in its oxidized 
state. Consistent with this observation, we find that samples of 
FeMoco(ox) contain no detectable S2O4

2".36 Despite oxidation, 
these samples retain full activity in the UW45 reconstitution assay 
and develop an intense EPR signal upon addition of Na2S2O4. 
Experimental results in this paper are reported for "self-oxidized" 
samples exclusively. On two occasions, we noticed that, when 
FeMoco was examined relatively promptly (2-3 days) after 
preparation and storage under dry ice, it was present either 
partially or totally as FeMoco(s-r) based on the S = 3/2 signal 
and the electrochemical response of the sample. 

Cyclic Voltammetry of FeMoco. Cyclic voltammetry of 
"self-oxidized", EPR-silent FeMoco shows two reduction processes, 
one beginning at ca. -0.4 V vs. NHE and a second at ca. -1.1 

(30) Braaksma, A.; Haaker, H.; Grande, H. J.; Veeger, C. Eur. J. Bio-
chem. 1982, 121, 483. 

(31) (a) Evans, M. C. W.; Albrecht, S. L. Biochem. Biophys. Res. Com-
mun. 1974, 61, 1187. (b) Hallenbeck, P. C. Arch. Biochem. Biophys. 1983, 
220, 657. 

(32) Stiefel, E. I. In "Recent Developments in Nitrogen Fixation"; Newton, 
W. E., Postgate, J. R., Rodriquez-Barrueco, C, Eds.; Academic Press: 
London and New York, 1977, p 69. 

(33) (a) Hill, C. L.; Renaud, J.; Holm, R. H.; Mortenson, L. E. J. Am. 
Chem. Soc. 1977, 99, 2549. (b) DePamphilis, B. V.; Averill, B. A.; Herskovitz, 
T.; Que, L., Jr.; Holm, R. H. Ibid. 1974, 96, 4159. 

(34) A reasonable estimate of E0' in aqueous solution for the 2+/1+ couple 
of 4Fe-4S ferredoxins is -0.40 ± 0.10 V vs. NHE (Table I, ref 33a), which 
compares with an E0' of -0.80 ± 0.10 V in DMF or (CH3)2SO for the same 
couple in synthetic [Fe4S4] clusters (Table II, ref 33a). 

(35) A referee has suggested that small amounts of dioxygen entering the 
sample during dry ice storage could be responsible for this conversion. Al
though we cannot definitively dismiss this possibility, we note that dioxygen 
oxidation of FeMoco at room temperature degrades its UVV45 reconstitution 
activity and no such degradation was observed for the "self-oxidized" samples. 

(36) This "self-oxidation" mechanism may also explain the observation9 

that the EPR signal of FeMoco(s-r) in NMF is quenched by anaerobic dilution 
into DMF because Na2S2O4 is only sparingly soluble in the latter solvent. 

Figure 1. Cyclic voltammograms of FeMoco in NMF at a glassy carbon 
electrode. Samples a and b were prepared by chromatography and 
vacuum concentration, respectively (see Experimental Section). The Mo 
concentrations (mM), sweep rates (V s_1), and current sensitivities (S in 
nA) are: (a) 0.86, 0.1, 4; and (b) 1.35; 0.2, 16. Peak potentials in V vs. 
NHE are marked on each curve. In (b), the horizontal axis was ex
panded by 1.25 times, and the CV trace was limited to the first redox 
process. 

V (Figure la, Table I). The related oxidation waves occur at 
-0.21 and -0.85 V, respectively, on the reverse potential scan.37 

Figure lb shows that only a single anodic wave at ca. -0.2 V is 
observed when the potential scan is reversed after the first re
duction process, even when this consists of waves at both -0.4 and 
-0.6 V. These results suggest that oxidized cofactor, FeMoco(ox), 
is interconverted with its semi-reduced form, FeMoco(s-r), by 
reduction at ca. -0.4 V and oxidation at ca. -0.2 V. 

[FeMoco(ox)] + e" — [FeMoco(s-r)] (£0')i (1) 

A formal potential, CEoOi* of-0.32 V is calculated for this couple 
from the CV data in Table I. 

Figure la and Table I show that, as the voltammetric scan is 
extended to more negative potentials, a second quasi-reversible 
reduction with formal potential (E0')2 = -1.00 V is observed. If 
direct correspondence is assumed between redox processes in 
protein-bound "FeMoco" and isolated cofactor, then this wave 
should represent reduction of FeMoco(s-r) to the substrate-re
ducing state (eq 2). The formal potentials of reactions 1 and 2 
agree reasonably well with the values predicted above from the 
potentials of couples a and b in the intact MoFe protein. 

[FeMoco(s-r)] + e" — [FeMoco(red)] (E0% (2) 

The extent to which reactions 1 and 2 correspond to reversible 
one-electron transfers was examined through studies of the cyclic 
voltammetric behavior of two reversible one-electron systems in 
0.1 M [Et4N]Br/NMF, namely, [Mo(S2C2(CN)2)4]3"/4",17 and 
MV2+Z+.25 These couples exhibit a peak potential separation (AEp) 

(37) The voltammetric scan is relatively flat in the region between the two 
redox waves. This is due in part to the presence of material that is reduced 
in the vicinity of-0.6 V (see Figure lb), but it may also reflect the involvement 
of FeMoco(s-r) in a catalytic homogeneous reaction similar to its "self-
oxidation" reaction. 
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Figure 2. EPR spectra of 0.86 mM FeMoco(ox) incrementally reduced 
with aqueous Na2S2O4. Experimental details are reported in footnote a 
of Table II. Spectra were recorded at 10 K under identical spectrometer 
settings at 5 mW power. (1) is the spectrum of EPR-silent FeMoco(ox). 
(2)-(6) are spectra recorded after addition of 0.25, 0.50, 0.75, 1.0, and 
2.0 electron equiv of S2O4

2", respectively, per g-atom of Mo. The weak 
signal at g = 4.3 in (1) arises from an unidentified non-FeMoco Fe3+ 

species in low concentration. The first inset plots the doubly integrated 
EPR signal intensity in relative units against electron equivalents S2O4

2" 
added per g-atom of Mo. The second inset is a Nernst plot of these data 
according to eq 3. The potentials shown are V vs. Ag/AgCl (1 M KCl) 
and may be corrected to V vs. NHE by adding +0.23 V. 

of 90 mV at 0.1 V s"1 sweep rate and peak current parameters 
i,lV^1AC = 366 and 390 MA S1/2 V"'/2 cm-2 mM"1, respectively, 
over the sweep rate range v = 0.05-0.2 Vs"1. A value of A£p 

> 57 mV (the theoretical value for a Nernstian one-electron 
transfer38) for these standard compounds probably reflects the 
uncompensated solution resistance in our electrochemical cell. 
Because &Ep for reactions 1 and 2 is greater than 90 mV (range 
= 120-240 mV at v = 0.1 V s~'), some charge-transfer irre
versibility accompanying the reductions of FeMoco(ox) and 
FeMoco(s-r) is indicated. This result is not surprising when the 
hysteresis associated with redox couple (a) of protein-bound 
"FeMoco" is recalled.6'28 

Cyclic voltammetric peak current parameters (/p = ip/v
1/2AQ, 

calculated for the FeMoco redox processes to determine if these 
quantities approximated those of a one-electron transfer, are 
presented in Table I. Given that FeMoco is a somewhat larger 
molecule39 and undergoes electron transfer less reversibly than 
the standard compounds, it might be expected to exhibit smaller 
values of /p. However, current parameters for the first reduction 
process are generally still too small to be accounted for by these 
effects alone. Only in the case of the vacuum-concentrated sample 
b, where the relatively well-resolved -0.4 and -0.6-V waves occur, 
does the total value of (7pc)i approximate that for a one-electron 
transfer in NMF (Table I). Difficulty in measuring peak currents 
for overlapping CV waves may account for some of the discrepancy 
in FeMoco /p values, but we cannot exclude the possibility that 
a fraction of FeMoco(ox), which is active in UW45 assays, exists 
in an electrochemically inactive form under some conditions. In 
Table I, the mean values of (/pc)2, the current parameter for 
reduction of FeMoco(s-r) following electrochemical reduction of 
FeMoco(ox), and (/pa)i, the current parameter for oxidation of 
FeMoco(s-r) produced by the one-electron chemical reduction of 
FeMoco(ox), are 258 and 222 ^A s1/2 V"1/2 cm"2 mM"1, respec
tively. These figures increase to 331 and 284 ^A s1/2 V"1/2 cm"2 

mM"1, when the molybdenum concentration is corrected for the 
78% EPR activity exhibited in Figure 2 by sample a (vide infra). 

(38) Bard, A. J.; Faulkner, L. R. "Electrochemical Methods: Funda
mentals and Applications"; Wiley: New York, 1980; pp 227-230. 

(39) Smith, B. E. In ref 22, p 179. 

Table II. Electrochemical and EPR Data for Titration of FeMoco 
with Sodium Dithionite0 

S2O4
2" added 

(e" equiv/ 
g-atom Mo) 

0 
0.25 
0.50 
0.75 
1.00 
2.00 

rest potential 
(V vs. NHE) 

-0.230 
-0.279 
-0.334 
-0.382 
-0.447 
-0.469 

i^ (M) 
3.5 
2.5 
2.0 
1.2 
0.4 
0.0 

/pa* ( M ) 

0.0 
d 
IA 
4.1 
5.8 
e 

Ic 

0.03 
0.22 
0.49 
0.69 
0.73 
0.72 

"Experiment was conducted by adding the indicated quantity of di
thionite as an aqueous 0.02 M Na2S2O4 solution to each of six 350-/iL 
aliquots of chromatographically concentrated 0.86 mM FeMoco in 0.1 
M [Et4N]Br/NMF; 60 ^L was transferred to the electrochemical cell 
for potentiometric and voltammetric measurements and the remainder 
used for subsequent EPR measurements as described in the Experi
mental Section. * Voltammetric peak currents determined in separate 
experiments by sweeping in the appropriate direction from the rest po
tential of the solution. Currents were measured at 0.2 V s_1 and cor
rected for background current at the glassy carbon electrode in 0.1 M 
[Et4N]Br/NMF at the same potential. cDouble integral of EPR signal 
intensity reported as spins per Mo using aqueous Cu(II)-EDTA as 
calibrant. Data were corrected for the reading at zero added dithionite 
and for dilution before plotting in Figure 2. rfNot measured. eNot 
measurable owing to the presence of excess dithionite. 

The last two values are not unreasonable for a one-electron transfer 
in NMF and support the electron stoichiometry assigned in eq 
1 and 2. 

Chemical Redox Titrations of FeMoco. To better establish the 
stoichiometry of eq 1, sample a of Table I, which contained the 
-0.4-V reduction wave as the principal wave of FeMoco(ox), was 
examined by titration with sodium dithionite while monitoring 
the CV, potentiometric, and EPR spectroscopic responses. Results 
are presented in Table II and Figure 2. The sample is initially 
EPR-silent and has a rest potential of -0.23 V. As dithionite is 
added, the following changes occur: (i) the solution rest potential 
shifts from values more positive than -0.3 V to values more 
negative than -0.3 V; (ii) CV traces recorded from the rest po
tential show a decrease in primary reduction current and an 
increase in primary oxidation current; and (iii) an 5 = 3/2 EPR 
signal develops that reaches constant intensity after addition of 
slightly less than one electron equivalent of dithionite per g-atom 
of Mo. Addition of a second electron equivalent of dithionite does 
not increase the magnitude of the signal (trace 6, Figure 2). The 
first inset in Figure 2 shows a plot of the doubly integrated EPR 
signal intensity vs. electron equivalents of dithionite (0.5 S2O4

2") 
added per g-atom of Mo. It indicates full development of the EPR 
signal after addition of 0.78 electron per molybdenum. In the 
second inset, a Nernst plot is constructed from these data according 
to the relationship below, where Z100 is the intenstiy of the fully 

E = (E0'), + (2.3RT/nF) log [(Z100 - / ) / / ] (3) 

developed signal and / is the intensity at potential E. The plot 
has a potential at half-intensity [Cf0Oi] of-0.30 V and a reciprocal 
slope of 65 mV (n = 0.91 at 25 0C). 

In a complementary experiment, a sample of FeMoco(ox), 
which had been quantitatively reduced to FeMoco(s-r) with 
Na2S2O4, was sequentially reoxidized by adding aliquots of 
aqueous K3[Fe(CN)6] solution. The EPR signal intensity of the 
FeMoco(s-r) solution was 0.79 spin/Mo. The partially reoxidized 
sample exhibited a rest potential of-0.32 V and an EPR signal 
intensity of 0.33 spin/Mo. Substitution of these values into eq 
3 gives (Eo)1 = -0.33 V, in good agreement with the dithionite 
titration. 

The foregoing results demonstrate that FeMoco is converted 
from its oxidized to semi-reduced state by a chemically reversible 
one-electron transfer. By analogy with the intact protein, this 
redox process involves an S = 0 to S = 3/2 spin-state change: 

[FeMoco(ox)] + e" — [FeMoco(s-r)] (£0')i (4) 
(EPR-silent; (EPR-active; 

5 = 0) S = 3/2) 
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Based on the similarity in potentials and our ability to monitor 
oxidized and reduced species during the course of these titrations, 
we believe this chemical process to be the same as that observed 
by direct CV of FeMoco(ox) (eq 1). From the combined CV and 
EPR titration data, (£0')i = -0.32 ± 0.02 V vs. NHE. 

Comparison of Redox Properties of Model Compounds with 
FeMoco. Electrochemical data constitute valuable functional 
criteria to complement structural9'10 and other11,12 criteria for 
judging the appropriateness of synthetic models13 for FeMoco. 
To illustrate this point, we attempted to determine the electro
chemical behavior of the following compounds in 0.1 M 
[Et4N]Br/NMF: [Fe(MoS4)2]3",18'40 [Fe(WS4)2]

3",19-41 and 
[Mo2Fe6S8(SPh)9]3".20'42 Each of these molecules either de
composes in NMF or exhibits behavior so different from its re
ported electrochemistry in other solvents that we assume a sig
nificant chemical change has taken place. The Fe4S4 cluster,33 

[Fe4S4(SPh)4]
2", also decomposes in NMF. Chemical reactivity 

of this nature, under conditions where the cofactor itself is stable, 
is prima facie evidence that these compounds are not closely 
correlated models for FeMoco. However, we reviewed the elec
trochemical response of selected model compounds in other solvents 
to judge the extent to which these species match the redox 
properties of FeMoco. 

Based on the results in this paper, two quasi-reversible redox 
couples separated by 0.7 V at ca. -0.3 and -1.0 V vs. NHE in 
a polar aprotic solvent or at ca. +0.1 and -0.6 V vs. NHE in 
aqueous solution could indicate close correlation with FeMoco. 
Perusal of electrochemical data reported for Mo-Fe-S-O cluster 
complexes, however, shows that none fully satisfy this criterion. 
For example, the irreversible oxidation that eliminates the S = 
3/2 EPR signal from [Fe(MoS4)2]3" and the quasi-reversible 3-
to 4- reduction of this compound occur at +0.16 and -1.5 V vs. 
NHE, respectively, in MeCN.,8,19'43 The MoFe3S4 monocubanes44 

exhibit two reversible redox couples, [MoFe3S4]
4+<'3+ and 

(40) Coucouvanis, D.; Simhon, E. D.; Baenziger, N, C. J. Am. Chem. Soc. 
1980, 102, 6644. 

(41) Stremple, P.; Baenziger, N. C; Coucouvanis, D. J. Am. Chem. Soc. 
1981, 103, 4603. 

(42) Christou, G.; Garner, C. D.; Miller, R. M.; Johnson, C. E.; Rush, J. 
D. J. Chem. Soc, Dalton Trans. 1980, 2363. 

(43) Literature data were corrected from saturated calomel (SCE) to NHE 
reference electrode values by use of the relationship £(NHE) = £(SCE) + 
0.24 V. 

(44) (a) Wolff, T. E.; Berg, J. M.; Holm, R. H. Inorg. Chem. 1981, 20, 
174. (b) Armstrong, W. H.; Mascharak, P. K.; Holm, R. H. Ibid. 1982, 21, 
1699. (c) Mascharak, P. K.; Armstrong, W. H.; Mizobe, Y.; Holm, R. H. 
J. Am. Chem. Soc. 1983, 105, 475. 

[MoFe3S4]3+/2+. These occur at ca. 0.0 and -0.9V NHE, re
spectively, in MeCN, thus exhibiting a larger separation (0.94 
± 0.12 V) than the redox couples of FeMoco. The weakly in
teracting MoFe3S4 centers in [Mo2Fe6S8(Ai2-OMe)3(S-^-Bu)6]

3" 
and related dicubanes13a'45 span the same oxidation levels, but 
exhibit two pairs of closely spaced one-electron transfers separated 
by ca. 1.3 V in DMF. The cyclic voltammograms of the Fe-
(SR)6-bridged dicubanes13*'46 resemble those of FeMoco, but their 
redox potentials [ca. -0.6 V for bridge Fe(III)/Fe(II) and ca. -1.2 
V for [MoFe3S4]

 3+/2+ with EtS- substituents in DMF and MeCN] 
are too negative. It must be reemphasized that none of these model 
data were collected in NMF, a solvent "managed" only with great 
difficulty,12 even though only small differences in redox potentials 
are expected among NMF, DMF, and MeCN in the absence of 
specific solvent interactions. None of the model compound data 
reported to date appear to duplicate the redox properties of 
FeMoco exactly. Thus, a reasonable objective for future FeMoco 
model studies would be the preparation of compounds that exhibit 
both chemical stability and appropriate electrochemical response 
in 7V-methylformamide. 

Conclusions 
We conclude from this study that: (i) FeMoco exchanges 

electrons directly with an electrode; (ii) both redox processes 
associated with protein-bound "FeMoco" appear to be observed 
in isolated FeMoco and have formal potentials of -0.32 and -1.00 
V vs. NHE in NMF; (iii) the FeMoco(ox) to FeMoco(s-r) re
duction at -0.32 V is characterized as a quasi-reversible one-
electron transfer involving a n S = 0 t o S = 3/2 spin-state change; 
and (iv) no synthetic compound has yet duplicated these elec
trochemical properties exactly. 
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