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Abstract 

A functional model for nitrogenase is currently sought in our laboratory in reactivity studies using various single cubane clusters 
that possess the [ MFe3S4]" + core, (M = Mo, n = 3; M = V, n = 2). These clusters are used as catalysts for the reduction of 
enzymatically relevant substrates. Substrates such as hydrazine and acetylene are catalytically reduced by (NEt4)2[(C14- 
cat) (CH3CN) MoFe3S4C13 ], I, to ammonia and ethylene respectively, in the presence of added protons and reducing equivalents. 
Hydrazine also is catalytically reduced by the (NEt4) [ (DMF) 3VFe3S4C13 ] cubane under similar conditions. Gas chromatography 
was employed to monitor the reduction of acetylene to ethylene and a trace of ethane. Catalysis in excess of 100 turnovers (for 
hydrazine reduction) and in excess of 15 turnovers (in acetylene reduction) has been demonstrated over a period of 24 h. A 
study of the acetylene reduction reveals saturation kinetics to be operating at high substrate concentrations. A variable temperature 
kinetic study of acetylene reduction shows a moderate activation energy (E~t = 9( 1 ) kcal m o l - l )  but a large entropy of 
activation ( A S ~ = - 32 (2) cal K -  l mo l -  ~ ) which extrapolates to a significant Gibbs free energy ( A G* = 19 ( 1 ) kcal mol - ~ ). 
These results are consistent with an ordered transition state. Considerable evidence has been amassed which directly implicates 
the Mo and V atoms as the primary catalytic sites. Replacement of the Mo or V bound, kinetically labile, solvent molecules with 
non-labile ligands acts to suppress the observed rates of reaction. The Fe sites on I are totally inactive in the reduction of 
hydrazine, however they have been found to effect acetylene reduction albeit at a markedly reduced rate compared to the Mo 
site. Catalyst integrity has also been demonstrated by a variety of techniques, primarily EPR spectroscopy which identifies the 
characteristic S = 3/2 signals of the Mo and V cubanes after at least 18 h reaction time. 

1. Introduction 

The Fe /Mo/S  site in the nitrogenase enzymes 
is an extraordinary site that catalyzes the biologi- 
cal reduction of dinitrogen to ammonia under 
ambient temperature and pressure. The nitroge- 
nase enzymes contain two proteins of which the 
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Fe protein (Mr, " 60,000 D) binds two molecules 
of MgATP and serves as a specific activator and 
source of electrons for the FeMo protein (Mr, 
220,000 D) where N 2 reduction takes place [ 1 ]. 

In recent single crystal X-ray structure deter- 
minations of the Fe-Mo protein of nitrogenase 
from Clostridium pasteurianum [2,3] and Azo- 
tobacter vinelandii [3], the structure of the Fe/ 
Mo/S site has been revealed to near atomic 
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Fig. 1. The structure of the Fe/Mo/S center in nitrogenase (Refs. 
[2,3]). 

resolution. The Fe /Mo/S  cluster contains two 
cuboidal subunits, Fe4S 3 and MoFe3S3, bridged 
by three S z-  ions. The cluster is anchored to the 
protein matrix by a cysteinyl residue coordinated 
to an Fe atom at one end of the cluster and by an 
imidazole group from a histidine residue that is 
bound to the Mo atom at the other end of the 
cluster, Fig. 1. The Mo atom also is coordinated 
by a homocitrate molecule that serves as a biden- 
tate chelate. Unusual structural features include 
the unprecedented trigonal planar coordination 
geometry for the six ~-S-bridged iron atoms, and 
the unusually short Fe-Fe distances across the two 
subunits (2.5-2.6 ,~). The location of the Mo 
atom at the periphery of the MoFe7Ss_9 cluster 
was unexpected and was interpreted as an indi- 
cation that the Mo atom may not be directly 
involved in N2 fixation. 

The clearly defined structural features of the 
nitrogenase Fe /Mo/S  center have not led to a 
clear understanding of the mode of substrate acti- 
vation and reduction. Indeed many questions 
regarding the catalytic function of nitrogenase 
remain unanswered. One of these questions con- 
cerns the role of the Mo atom (and of the V atom 
in alternate nitrogenase) in the function of the 'M' 
centers in nitrogenase and may be explored by 
reactivity studies on appropriate Fe /M/S  model 
complexes. Numerous models for the Fe /Mo/S  
center in nitrogenase have been proposed over the 
years [4,5 ] and in each case their constitution and 
structure was based on the information available 
at the time Of their intellectual conception. 

Whereas the Fe /M/S  synthetic analog clusters 
until now have suffered from the drawback that 
they do not mediate chemistry related to dinitro- 
gen reduction [6], various other complexes of 

molybdenum and tungsten undergo reactions that 
are of limited direct biological significance but are 
important from a fundamental chemical point of 
view. Among these reactions are included: (a) the 
protonation-assisted reduction of dinitrogen com- 
plexes of low-valent molybdenum and tungsten to 
the h y d r a z i d o ( - 2 )  state, [7] (b) the catalytic 
reduction of N2 to NH3 with molybdocyanide cat- 
alysts, [ 8 ] (c) the proposed bimetallic activation 
of N-N bonds in protic environments and the 
reduction of N2 to the hydrazine level, [9 ] (d) 
the catalytic reduction of hydrazine to ammonia 
on pentamethylcyclopentadienyl-trimethyl tung- 
sten hydrazine complexes [ 10] and (e) the cata- 
lytic reduction and disproportionation of 
hydrazine on certain Mo(IV) sulfur-ligated com- 
plexes [ 11 ]. 

For these reactions, single metal atom site 
mechanisms have been proposed that outline: (a) 
the stoichiometric reduction of N2 to ammonia 
with M=NNH2 as intermediates, [7] (b) the 
side-on (r/2) metal binding of N2 followed by 
protonation and disproportionation [ 8 ] and (c) 
reduction of N2 by one electron one proton steps 
where an intermediate with coordinated hydrazine 
is proposed to lie on the pathway to ammonia 
[ 10]. B inuclear activation mechanisms also have 
been proposed for some of the model reactions 
[5,9,11 ] but are not as firmly supported as the 
single metal atom mechanisms. The possibility of 
binuclear activation of N2 (and of other nitroge- 
nase substrates) by the Fe /Mo/S  center in nitrog- 
enase has been considered previously [ 12]. 

Indirectly, certain synthetic Fe /Mo/S  [4,5] 
and Fe/S clusters [ 13] (particularly 
[Mo2Fe6Ss (SPh)9 ]  3 -  and [Fe4S4(SPh)4]  2 -  in 
electrochemically reduced forms) have been asso- 
ciated with the reduction of nitrogenase substrates 
in the presence of proton sources [ 14]. These 
systems are mostly non-catalytic, heterogeneous 
and not well defined in terms of the actual nature 
of the reactant clusters. 

The models that we have chosen to examine in 
substrate reduction studies contain as a common 
structural feature the MFe3S 4 'cubane' unit 
( M = M o ,  V) and their chemistry has been the 
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Fig. 2. Molecular structures of: I, the general structure of the [ (L)MoFe3S4(CI)3X]"-  cubane clusters (X = a neutral, n = 2 or anionic n = 3 
ligand, L = a  substituted catecholate dianion or oxalate dianion; Refs. [15,16]) .  II, the structure of the { [(Ch-cat)MoFe3S4(C1)3]2(/-~- 
N2H4) }4-, singly-bridged double cubane (Ref. [ 17] ). III,  the structure of  the { [ (C14-cat)MoFe3S4(C1)2] 2(/~-N2H4) (/~-S) }4 (Ref. [ 18] ), 

subject of several detailed reviews [4,5]. These 
are (a) the ([(L)MoFe3S4C13(CH3CN)]"- sin- 
gle cubane clusters, SC (L=C14-catecholate 
[15], n = 2 ,  Ia; L=ci t ra te  [16], n = 3 ,  Ib) ,  (b) 
the singly-bridged double-cubane [ 17], [ (Cl 4- 

c a t )  MoFe3S4C13]2 (/x-NH2NH2)] 4- clusters, 
SBDC, II and (c) the doubly-bridged double- 
cubanes [18], { [(C14-cat)MoFe3S4Clz]z(/X- 
L) ( / z - S ) ]  } 4 , DBDC, l l I  (/-t-L=NHzNH2 and 
CN ). The MFe3S4 cores in these model com- 
plexes, Fig. 2, structurally are quite similar to the 
MFe3S3 cuboidal subunits in the nitrogenase 
cofactor and show nearly identical first and second 
coordination spheres around the Mo atom. 

2. Catalytic reduction of hydrazine 

The extent to which the hydrazine bridging 
units in the bridged clusters (Fig. 2-II, I II)  are 

activated toward N-N bond cleavage was 
explored by allowing these 'double cubanes' to 
react with reducing agents in the presence of 
protons. 

The following processes were investigated: 
[19] (a) stoichiometric reactions with cobalto- 
cene as a reducing agent and 2,6-1utidine hydro- 
chloride, Lut. HCI, as a source of protons, or 
catalytic reductions with various N2HJMoFe3S4 
cubane ratios in the presence of cobaltocene and 
Lut. HCI, (Eq. 1 ) 

N2H4 + 2e-  + 4H + ---> 2NH~- ( 1 ) 

and (b) catalytic disproportionation reactions 
where N z H  4 s e r v e s  as both a reducing agent and a 
proton source (Eq. 2) 

3N2H4 ~ 4NH3 + N2 (2) 
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Table 1 

Catalytic reduction of hydrazine by [(C14-cat) MoFe3S4C13 
(CH3CN) ] 2- in CH3CN in the presence of Co (Cp)2 and Lut. HC1 
as sources of e -  and H +, respectively 

N2H4/catalyst a Time (min) NH3 b,¢ % reduction e 

l0 a 30 20 100 
10 30 13.2(7) 66 

60 14.6(1.1) 73 
20 30 32.8(1.5) 82 

60 37.2(1.7) 93 
40 30 61.6(2.5) 77 

60 69.6(3.1) 87 
100 30 60(4.0) 30 

60 68 34 
120 104 52 

a Concentration of catalyst ~ 1 × 10 -4 M. 
b Ammonia reported as equivalents produced per equivalent of cat- 
alyst, quantified by the indophenol method (Ref. [22] ). 
c Numbers in parentheses represent the standard deviation from the 
mean when more than three measurements were made. 
d Results obtained with the [ (citrate)MoFe3S4Cla] 3- catalyst, Ib. 
e Ambient temperature. 

It was established that ammonia did not form 
in appreciable amounts from N2H 4 in the presence 
of Co (Cp)2 and Lut. HCI alone. Also it was dem- 
onstrated that the CH3CN (a poor substrate of 
nitrogenase) [20] that was used as a solvent did 
not undergo reduction under the reaction condi- 
tions. Of the Fe /Mo/S  clusters studied the dou- 
bly-bridged double-cubane, III, (Fig. 2) and the 
[(Cl4-cat)Mo(O)(/~-S)2FeC12] 2- dimer [21] 
(one possible oxidative degradation product of the 
[(C14-cat) MoFe3S4 (C1)3 CH3CN] 2- cubane) 
did not promote the reduction or disproportiona- 
tion of hydrazine to ammonia. Somewhat slow 
activity was detected when I I  [ 17] was used as a 

Table 2 

Catalytic disproportionation of N2H4, (3N2H4 ~ 4NH3 + N 2) in 
CH3CN by [ (C14-cat)MoFe3S4CI3(CH3CN) ] 2- at ambient temper- 
ature 

N2H4/catalyst a Time (min) NH3 b % reduction c 

10 30 6.2 46 
20 30 7.1 27 
40 30 11.0 21 

a Cubane concentration 2 × 10 -4 M. 
b Ammonia yields reported as equivalents of catalyst and were quan- 
tified by the indophenol method (Ref. [ 22] ). 
c Maximum yield is 4/3 of NH3 per N2Ha. 

catalyst. By far the most active catalyst in these 
reactions was the [ (C14-cat) (CH3CN) MoFe3S4 
(C1)3] 2- single cubane [15] Ia, (C1 a- 
cat = tetrachlorocatecholate). The use of la  in all 
of the reactions outlined above at ambient tem- 
perature resulted in the catalytic disproportiona- 
tion, and the stoichiometric or catalytic reduction 
of N2H4 to NH3 (Tables 1 and 2). In all catalytic 
disproportionation reactions (in the absence of 
Co(Cp)2 or Lut.HC1) the concentration of Ia 
after 12 h of reaction time was found nearly the 
same as it was in the beginning of the reaction l, 
the production of ammonia was reproducible and 
the yields of repetitive experiments fell within a 
relatively narrow range. In contrast the catalytic 
reduction of N2H4 with Co(Cp)2 as a source of 
electrons and Lut. HCI as a source of protons stops 
before all of the hydrazine is reduced to ammonia. 
This may be attributed to the precipitation of the 
Ia anion by nascent counterions 2 that include 
Lut 'H +, [Co(Cp)2] +, NH~- and N2H~-. The 
onset of precipitation within = 0.5 h is not exactly 
predictable and as a result the yields of ammonia 
between successive runs show some variation. In 
DMF solution the onset of precipitation is longer 
( -- 12 h) however the substitution of the DMF 
ligand by hydrazine in the coordination sphere of 
the molybdenum atom is not as facile as the sub- 
stitution of CH3CN [23] and consequently the 
catalytic reduction is slower. 

Comparative studies show that the rates of 
ammonia formation with II as a catalyst were 
much slower than those observed with I while III  
was totally ineffective as a catalyst. These results 
indicate that the hydrazine molecule is activated 
by coordination to only one MoFeaS 4 cubane and 

In a catalytic disproportionation reaction with a N2H 4 to lb ratio 
of 20, the conversion of N21-I4 to NH3 after 72 h was found to be 
32%. At this time a spectroscopic determination of the amount of Ib 
in solution showed that the concentration of the cluster was lower 
by 40%. The results indicate that, over extended periods of time, lb 
decomposes. 

2 In the reactions with Ia the suspension of the insoluble precipi- 
tate in CH3CN solution dissolves upon the addition of Bu4NI and 
shows electronic and EPR spectra nearly identical to those of Ia. 
This solution was found active in the catalytic generation of NHa 
upon the addition of N2H4, Lut. HC1 and Co(Cp) 2. 
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Fig. 3. The structure of the [ (C14-cat) MoFe3S 4 (CI) 3 (NH2 NHC6 
Hs)] 2 cubane(Ref.  [19]).  

the addition of an additional equivalent of cubane 
(that is known to give H) inhibits the reduction. 
In addition the results suggest that the availability 
of an uncoordinated NHz group (and the lone pair 
of electrons needed for protonation) is essential 
for the reduction of N2H4 to ammonia. The lack 
of reactivity of III  almost certainly derives from 
the robust nature of the double cubane [ 18 ] that 
precludes rupture of the N2H4 bridge and conse- 
quently prevents the generation of an available 
lone pair. The reactivity of I1 (Fig. 2) may well 
be attributed to I that very likely exists in small 
amounts in equilibrium with II. Indeed addition 
of N2H4 to a solution of II leads to the formation 
of the [(CI4-cat)MoFe3Sa(CI)3(N2Ha)]2- 
cubane. Additional evidence that the interaction 
of hydrazine with only one single cubane is nec- 
essary and sufficient for catalytic reduction is 
available in studies with phenyl hydrazine, Ph- 
HNNH2. The replacement of the CH3CN molecule 
in I by PhHNNHz, by a known substitution reac- 
tion [ 15 ], occurs readily. The product, IV, which 
for steric reasons does not interact further with 
another cubane molecule to form a bridged double 
cubane similar to II, has been structurally char- 
acterized [ 19], Fig. 3. The stoichiometric or cat- 
alytic reductions of the terminally coordinated 

PhHNNH2 in IV proceed with the formation of 
NH3 and aniline [ 19 ]. 

3. Importance of the Mo atom 

With the effectiveness of I in the catalytic 
reduction of hydrazine to NH3 well established, 
the question regarding the identity of the metal 
site involved in catalysis remained to be answered. 
Toward this goal the reduction of N2H4 was 
attempted with the [ (C14-cat)MoFe3S4 
(C1)3(PEt3)] 2-, V, [24] and [ (L)  MoFe3S4 
(C1)3] 3-, L=citrate  [16], Ib; Fig. 2-1, clusters 
as potential catalysts. The PEt3 ligand in V is 
known [24] to be substitutionally inert and so is 
the tridentate citrate ligand in Ib. The results show 
that under identical conditions the hydrazine dis- 
proportionation reactions (reactions that do not 
need the addition of external H ÷ and are not com- 
plicated by catalyst precipitation) catalyzed with 
either V or lb  are very much slower than the same 
reactions catalyzed with la. In the catalytic reac- 
tions however, Table 1, (with Lut- HC1 added as 
a source of H+)  Ib is a better catalyst than Ia. 
The Mo-bound tridentate citrate ligand, in the cit- 
rate-cubane catalyst, rather than blocking access 
of hydrazine (and inhibiting subsequent reduc- 
tion) promotes the catalytic process. One can 
speculate that protonation of the citrate ligand 
causes dissociation of one of the oxygen donor 
atoms and provides the N2H4 molecule access to 
the Mo coordination sphere. The availability of 
the added proton on the citrate ligand conveniently 
facilitates the transfer of this proton to the hydra- 
zine molecule as the reduction takes place. The 
results suggest that the homocitrate ligand bound 
the Mo atom in the nitrogenase cofactor may play 
a similar, proton transfer role. 

The catalytic disproportionation of N2H 4, 
Table 2, is not observed when substitutionally 
inert ligands are coordinated to the Mo atom in 
the [(C14-cat)MoFe3SnCI3(L)]"- cubane cata- 
lyst ( L = C N - ,  PEt3) or in lb. In contrast, the 
catalytic reduction by the same cubanes is not 
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Table 3 
Catalysis of hydrazine disproportionation and reduction reactions 
with the [ (C14-cat)MoFe3S 4 C13 (L) ] " -  cubanes 

Catalyst N2H4/catalyst Reductions bx Disproportion b x  

(L) a 

Table 4 
Proton reduction/hydrogen evolution catalyzed by [ (Cl4-cat) 
MoFe3S4C13 (CH3CN)] 2- ( I)  in CHaCN in the presence of 
Co(Cp)2 and Lut. HCl as sources of e -  and H +, respectively 

Catalyst NH2NHR RNHNH2/catalyst NH3 " H2 b 

no no 0 0 1.0 (5%) 
(I) no 0 0 ~20  (100%) 
(I) H 10 19 (95%) 1.0 (5%) 
(I) CH3 c 10 10 (50%) 10.0 (50%) 

CH3CN 10 14.6 (73%) 8.6 (64%) 
CN-  10 8.1 (40%) 1.1 (8%) 
CHaNH2 10 8.6 (43%) 1.2 (9%) 
C1- 10 7.2 (36%) 2.4 (18%) 
PEt3 10 8.0 (40%) 0.7 (5%) 

a Concentration of catalyst was 2 × 10 -4 M. 
b All reactions were analyzed for NH3 after 60 min. 
c Ammonia quantified by the indophenol method (Ref. [22] ). 

significantly affected by the substitutionally inert 
ligands. 

The results show, Table 3, that in the dispro- 
portionation reaction, where no external source of 
protons is added, the Mo atom is effectively 
blocked and the coordination/reduction of N2H4 
cannot take place to a significant extent. The cat- 
alytic reduction of NEH 4 however is possible with 
the same clusters if the externally added acidic 
protons add to the O atoms of the Mo-bound CL- 
catecholate ligand (and/or the citrate ligand in 
Ib) and in the process generate a coordination site 
on the Mo atom thus allowing the N2H4 molecule 
to coordinate and undergo reduction. 

The site of NEH4 reduction also is the site of 
H + reduction. Indeed NzH4 is an inhibitor of H + 
reduction, Table 4. This inhibition is less pro- 
nounced with substituted hydrazines that are 
bound to the Mo atom with the R substituted N 
atom. Steric interactions of the R group with the 
catecholate ligand promote dissociation of the 
RNHNH2 ligand and allow for the reduction of 
H + that undoubtedly hydrogen-bonds to the Mo- 
bound O atoms of the catecholate ligand. The 
importance of the Mo atom, rather than the Fe 
atoms, in catalysis is supported further by the 
observation that the [ Fe4S4C14] z- cluster [ 13 ] is 
not active as a NEH4 reduction or disproportiona- 
tion catalyst over a period of 12 h. After extended 
periods of time ( ~ 36 h) some hydrazine is con- 
verted to NH3, however the electronic spectrum 
of the solution at this stage was different than the 
expected spectrum of the [Fe4S4CL] 2- cluster 

a Yields reported as equivalents of ammonia per equivalent of I. 
b Hydrogen yields are reported as equivalents per equivalent of I and 
were quantified by gas chromatography. 
c The crystal structure of the (CH3)HNNH2-SC cluster [25] has 
been determined and shows the methyl hydrazine ligand coordinated 
to the Mo atom by the CH3 substituted (more basic) N atom. 

and very likely the reaction is catalyzed by a dif- 
ferent, as yet unidentified, species 3. The structural 
similarity of the MoFe3S4 clusters (Fig. 2) to the 
Fe/Mo/S center in nitrogenase (Fig. 1 ) and the 
competence of the former in the catalytic reduc- 
tion of NEH4, a nitrogenase substrate [26], raise 
the possibility that the activation and reduction of 
dinitrogen by the Fe/Mo/S center in nitrogenase 
takes place on the Mo atom by a single metal site 
mechanism. 

4. Possible pathway of hydrazine reduction 

A simple proposed pathway, Fig. 4, for the cat- 
alytic reduction of N2H4 to ammonia by the 
MoFe3S4 cluster is similar to a portion of the 
mechanism proposed previously for the reduction 
of N2 on the (MesCp)W(CH3)3 fragment [ 10]. 
An initial protonation step prior to reduction of 
the coordinated hydrazine molecule, Fig. 4, is sup- 
ported by the synthesis and reactivity of the [ (C14- 
cat) (NzHs)MoFe3S4C13] - cluster. The latter has 
been isolated and characterized and upon addition 
of Co(Cp)2 (in the absence of Lut. HC1) affords 
ammonia. For the action of nitrogenase, a math- 
ematical model has been derived by Thorneley 
and Lowe [27] and is based on detailed analyses 

3 The decomposition of the [ F e 4 S 4 C l 4  ] 2 - cluster under the reac- 
tion conditions with the formation of new Fe/S clusters is presently 
under investigation. 
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N2H4 

~,,, -NH3 H + / 
e',H+,e" ~ 

Fig. 4. A proposed mechanism for the catalytic reduction of N2H4 to NH3 by the [(Citr)MoFe3S4(Cl)3] 3 and the [(Cl4-cat) MoFe3S4 
(C1)3.L] 2 cubanes (L=CH3CN, PEt3). 

of pre-steady state kinetics of hydrazine and 
ammonia formation and of hydrogen evolution as 
a function of various reagent concentrations and 
component ratios. The model is based on eight 
individual electron transfers on a mononuclear 
molybdenum species as required for the reduction 
of one N2 molecule and two H ÷ ions to H2. Similar 
but less complete mechanisms also have been sug- 
gested by Cleland [28] and by Guth and Burris 
[29]. 

5. Catalysis of hydrazine reduction with the 
V/Fe/S clusters 

Nitrogenase systems that contain V in place of 
Mo have been isolated from A. vinelandii [30] 
and A. chroococcum [ 30] and function under con- 
ditions of molybdenum deficiency. The structural 
similarity of the Fe /V/S  center in the V-Fe pro- 
tein from A. chroococcum to the Fe / Mo / S centers 
in the 'conventional' Mo-nitrogenases has been 
established by a V-EXAFS analysis [ 30]. 

The catalytic behavior of synthetic Fe /V/S  
clusters that structurally resemble the Fe /V/S  site 
of nitrogenase was investigated [31 ] with the 
[ ( L ) ( L ' ) ( L " ) V F e 3 S 4 C I 3 ]  n -  clusters [37] (L, 
L', L" = DMF, VI; Fig. 5; L = PEt3, L', L" = DMF, 
VII; L, L'=2,2 '-bipyridyl,  L"=DMF,  VIII; 
n = 1 ). These clusters that contain the 
[VFe3S4] 2 + cuboidal core, also are effective cat- 
alysts in the reduction of hydrazine to ammonia 

Fig. 5. Molecular structure of the [ (DMF) 3VFe3S4 (C1) 3 ] - cubane 
cluster (Ref. [321 ). 
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Table 5 
Catalytic reduction of hydrazines with the vanadium cubanes in CH3CN solution 

Catalyst Substrate Substrate/Catalyst NH3 (equiv.) NH 3 (Max) 

0.5 h 1.0 h 2.0 h 

Conversion % 

0.5 h 1.0 h 2.0 h 

VI N2H4 1 0.9 (3) 1.0 (4) 1.1 (2) 2 
10 15.2 (3) 17.8 (3) 20.0 (3) 20 
10 (DMF) - - 2.0 (2) 20 
20 23.2 (3) 28.8 (3) 35.6 (2) 40 
40 36.8 (3) 48.0 (3) 64.8 (2) 80 

VII NzH 4 10 5.6 (2) 7.6 (2) 9.4 (2) 20 
VI N2H3Ph 1 0.5 (1) 0.5 (2) 0.6 (1) 1 

10 1.1 (3) 1.5 (3) 2.4 (3) 10 
VIII N2H4 10 - 2.2 (2) 3.4 (2) 20 

45 51 54 
76 89 100 
trace trace 10 
58 72 89 
46 60 81 
28 38 47 
51 54 63 
11 15 24 
trace 11 17 

VI (L = L'  = L" = DMF). 
VII (L = L'  = DMF; L" = PEt3). 
VIII (L = DMF; L',  L" = bipy). 

in the presence of cobaltocene and 2,6-1utidine 
hydrochloride as sources of electrons and protons, 
respectively, Table 5. The catalytic reduction of 
phenylhydrazine to ammonia and aniline also is 
effected by VI, VII and VIII. An important result, 
that demonstrates the ability of hydrazine-like 
substrate molecules to interact directly with the V 
atom, has been obtained in the synthesis of the 
(Me4N) [ (PhHNNH2) (bpy)VFe3SaC13] single 
cubane [ 31 ]. 

The importance of the heteroatom (V) in the 
reduction of hydrazine was demonstrated by the 
discovery that V-coordinated terminal ligands 
have a profound effect on the relative rates of 
hydrazine reduction. Specifically, as the number 
of labile solvent molecules coordinated to the V 
atom decreases, the relative rate of hydrazine 

Table 6 
Electrochemical data of the substituted [ VFe3S4] 2 + cores 

Cluster Oxidation" Reduction Ref. 

[VI] +0.17(qr)  b.c -- 1.20(irr) [32] 
[VlI] +0.13(qr)  - 1.20(irr) [32] 
[VIII] +0.30(qr)  - 1.22(qr) [32] 
[IX] 0.00(qr) -0 .68( i r r )  [31] 
[VI] -Br  +0.12(qr)  - 1.18(irr) [31] 
[VI] - I  + 0.14(qr) - 1.12(irr) [31 ] 

a vs. Ag/AgCI in CHaCN solution. 
b qr = quasireversible process, irr = irreversible process. 
c Ew or Ep~ is reported. 

reduction decreases, Table 5. This behavior is 
pushed to the limit with the 
[ (HBpz 3 ) VFe3S4C13 ] 2 - cubane (L, L', 
L"-- hydrotris(pyrazolyl) borate, IX; n = 2), 
where all coordination sites on the V atom are 
'blocked'. The latter, for which the structure has 
been determined [31 ], shows no catalytic or stoi- 
chiometric hydrazine reduction. 

Unlike VI, VII, and VIII that do not show sig- 
nificant changes in the 1 - / 2  - reduction poten- 
tial as the DMF ligands are substituted by other 
ligands, Table 6, IX shows a less negative 2 - / 
3 -  reduction potential and this difference in 
reduction potential may indeed be the reason for 
the lack of catalytic activity. The role of the Fe 
sites in the [VFe3S4] 2 + cubanes during catalysis 
was investigated using the [ (DMF) 3 V F e 3 S 4 X 3  ] - 

cubanes [ 31 ] (X = CI, Br, or I).  The relative rates 
of hydrazine reduction with each of these clusters 
as catalysts were virtually identical, indicating lit- 
tle or no involvement of the Fe atoms during catal- 
ysis. The results of these reactivity studies are 
comparable to those obtained with the Mo cubanes 
and it appears likely that the reduction with the V 
cubanes follow a similar reaction pathway. 

6. Catalysis of acetylene reduction 

Previous studies on the abiological reduction of 
C2H2 [33-42] suffer from major drawbacks 
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Table 7 
Initial velocities (t,o) for the reduction of acetylene to ethylene catalysed by various cubanes ~ 

Cubane catalyst L,o ( M / m i n )  b ( × 105) no normalized to cubane I 

Ia  6 .6(3)  1.0 

[ (~73_citrate) MoFe3S4Cls ] 3 - 6 .4(2)  0.97 
Recovery cubane c 2.7 ( 3 ) 0.41 
[ Fe484C14 ] 2 - 1.3 ( 3 ) 0.20 
[ (Cl4-cat) MoFe3S4CI3 (CN) ]3 - 1.6( 1 ) 0.24 
[ (CO) 3MoFe3S4C13] 3 1.5(2) 0.23 
[ (CO) 3MoFe3S4R3] 3 1.1 (3)  0.17 

R =p-CI-SPh 
I+PEt3  (1:2) a 1.3(2) 0.20 
Blank (no catalyst) ~ 0.011 0.002 

Experiments are performed in DMF solvent at 20°C using CoCp2 and Lut.  HC1 as sources of  electrons and protons, respectively. The initial 

substrate:catalyst ratio used is 20:1. 
Initial velocity, Co, is obtained as the slope from [C2H4] (M)  vs. t (rain) which obeys a straight-line relationship during the initial stages of 

the reaction. 
c 'Recovered cubane'  is the form of the active catalyst isolated following acetylene reduction. 

Acetylene reduction performed using cubane I as the catalyst in the presence of PEt3 such that Mo:PEt3 = 1:2. 
Typical acetylene reduction conditions except for the absence of catalyst. 

including incomplete catalyst identification 
[33,34,36], the use of mononuclear or binuclear 
Mo complexes of little relevance to the nitroge- 
nase problem [35-41 ] and sub-stoichiometric, 
non-catalytic, substrate reduction [42]. Our 
studies have provided substantial evidence that 
identifies the [MoFe3S4] 3+ cubanes as catalysts 
in the reduction of acetylene to ethylene and impli- 
cates both the Mo and Fe sites in acetylene reduc- 
tion [43]. 

Catalytic reductions of C2H2 to C2H4 and traces 
of C2H6 were carried out at 20°C using Ia as the 
catalyst and cobaltocene and 2,6-1utidine hydro- 
chloride, Lut. HC1, as sources of electrons and 
protons, respectively. Initial catalyst concentra- 
tion was maintained at 0.96 mmol while substrate 
excess over catalyst was varied from 5-fold to 80- 
fold. In addition, a C2H2:H + :e- ratio of 1:4:4 was 
employed in the initial stages of the reaction. 

The initial-rate method, whereby [cata- 
lyst] << [substrate] was used to obtain reaction 
velocities, vo(M/min),  at less than 5% substrate 
consumption, Table 7. The data obey saturation 
kinetics, as found for enzyme catalysis. Reaction 
rates remain constant for CaH2:cubane 
ratios < 30:1, indicating zero-order substrate 
dependence. At [C2H2] < 6 mmol the reaction is 

first-order in substrate. A double reciprocal plot, 
~'t? t vs. [C2H2] - 1, is linear at optimum substrate 
concentration from which Km = 17.9 mmol and 
Vmax = 1.1 X 10 -4  M/min are calculated. Catalyst 
Ia reduces acetylene with a turnover number of 
0.11 mol C2H2/mol catalyst/min which is 
approximately 0.08% the enzymatic rate of acet- 
ylene reduction by nitrogenase. 

The reaction also shows first-order dependence 
on proton concentration and zero-order depend- 
ence on reductant concentration. A study of the 
reaction at five temperatures indicates a moderate 
activation energy (Eact = 9( 1 ) kcal mol - 1 ) but a 
large entropy of activation (AS s = - 32(2) cal 
K-J  mo1-1) which extrapolates to a significant 
Gibbs free energy ( A G ~+ = 19 ( 1 ) ). The large neg- 
ative AS is consistent with an ordered transition 
state, expected if the substrate and perhaps the 
protons were to assume a specific arrangement as 
the reaction proceeds. 

The characteristic EPR spectrum of la  (S = 3 / 
2) remains unchanged as the reaction progresses 
and spectral line-shape and g-values of pure 
cubane compared with that used in substrate 
reduction are indistinguishable. Quantitation of 
the EPR spectra obtained before and after reaction 
with acetylene shows no loss of signal intensity. 
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Fig. 6. Ethylene production in DMF solvent at 20°C from the reaction, 
20C2H2 + 80Lut • HCI + 80CoCp2 + 1 catalyst. (a) :  catalyst = cubane 
I. (b) :  catalyst = a93-citrate cubane. (c):  catalyst = 'recovery cubane' 
cubane. (d): catalyst=CN--cubane (e): catalyst= [Fe454C14] 2-.  
( f )  ( R = C I )  a n d  ( g )  ( R = p - C 1 - S P h ) :  c a t a l y s t  = 
[ R3Fe 3S4Mo (CO)  3 ] 3 - ( h ): Blank reaction (no catalyst ). 

These results strongly suggest that the 
[MoFe3S4] 3+ cubane core remains structurally 
intact during the reaction and that Ia may be con- 
sidered the true catalyst in the reduction of 
acetylene. 

The active catalyst isolated from the reaction 
mixture following reduction of acetylene has been 
characterized as [ CoCp2 ] 2 [ (C14-cat) 
MoFeaS4C13 (DMF) ] and has been found active 

in the catalytic reduction of acetylene, albeit at a 
somewhat slower rate compared to pure catalyst 
Ia, Fig. 6. 

The stereochemistry of addition across the sub- 
strate triple bond was investigated using gaseous 
FT-IR spectroscopy using deuterated acetylene 
(C2D2) as a substrate. The formation of solely 
cis- 1,2-C2D2H2 was revealed by the characteristic 
IR absorption, v7 = 842 c m -  1 [44].  No evidence 
for trans-substituted ethylene was found (IR 
absorption at 988 c m -  1 ). This result is consistent 
with a transition state intermediate in which sub- 
strate acetylene is side-on bonded to the Mo atom 
of Ia. Nitrogenase catalysed reduction of acety- 
lene also proceeds with a high degree of stereo- 
selectivity resulting in cis addition across the triple 
bond [45 ]. 

The involvement of the Mo atom in acetylene 
reduction has been confirmed by modification of 
the coordination sphere around the heterometal, 
Fig. 6. The rate of ethylene production varies con- 
siderably depending on the availability of Mo 
coordination sites, Table 8. Replacing the biden- 
tate Cl4-cat ligand in Ia with r/3-citrate [ 16] 
effects a slight reduction of reaction rate. This is 

Table 8 
Kinetic data for the reduction of acetylene to ethylene catalysed by cubane Ia  a 

C2H2:I Vo (M/min )  b ( × 10 5) [C21-I2] (mM) c % reaction completion d 1/v 0 X 10 -4 (optimum [C2H2] range) e 

5:1 1.7( 1 ) 1.91 6.4 - 
10:1 3.4(2) 3.83 4.6 - 
15:1 5.3 ( 1 ) 5.74 4.0 1.9(1) 
20:1 6.6(3) 7.65 5.2 1.5(3) 
25:1 7.4(3) 9.56 5.2 1.4(3) 
30:1 7.7(2) 11.5 4.2 1.3(2) 
40:1 8.0( 1 ) 15.3 4.8 1.2( 1 ) 
50:1 7.9(2) 19.1 3.6 1.2(2) 
60:1 7.8(2) 23.0 2.9 - 
70:1 7.8(2) 26.8 2.8 - 
80:1 7.9(3) 30.8 2.9 - 

"Experiments are performed in DMF solvent at 20°C using Co(Cp)2 and Lut. HCI as sources of electrons and protons, respectively. 
b Initial velocity, Vo, is obtained as the slope from [C2H4] (M) vs. t (min)  which obeys a straight-line relationship during the initial stages of 
the reaction. 
c Calculated using the total vial volume of 25 ml. 
a Consumption of C2H2 as a percentage of the initial [C2H~]. The initial rate method for determining Vo is optimum to approx. 5% reaction 
completion. 
e The double reciprocal plot (DRP),  Vo i vs. [C2H2] - ~, is obtained in the optimal [C2H2] range, typically, 0.33-2.0 Kin. At high [C2H2], 3.3- 
20 Kin, the reaction is zero-order in C2H2 and the DRP is essentially horizontal. At low [C2H2], 0.0334).2 Km, the reaction is first-order in C2H2 
and the DRP intercepts both axes too close to the origin to allow Km and V,,ax tO be determined accurately. 
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in contrast with the reduction of hydrazine with 
the same catalyst (vide supra). A significant 
decrease in the reaction rate is observed when 
CN-  is used as the terminal ligand in place of 
CH3CN or DMF (Fig. 6). The non-labile cyanide 
ligand precludes binding of substrate acetylene to 
the Mo atom thereby restricting substrate reduc- 
tion to the Fe sites (vide infra) and slowing eth- 
ylene production to a rate comparable with 
[Fe4S4C14] 2-  cubanes. A similar result is 
obtained when the [ (CO) 3MoFe3SaR3] 3- 
(R=CI ,  p-C1-SPh) cubanes [46] are used as 
catalysts. 

Catalytic C2H 2 reduction by cubane Ia is effec- 
tively prevented if the reaction is carried out under 
a saturating CO atmosphere and the overall yield 
of CzH 4 and CzH 6 products is considerably dimin- 
ished to approximately that of the background 
level (no catalyst present). This suggests that CO 
precludes C2H2 binding to the Mo atom of Ia, 
probably by virtue of its own binding to the het- 
erometal. Interestingly, a saturated CO atmos- 
phere also appears to block substrate reduction at 
the secondary (Fe) catalytic sites (vide infra) on 
Ia. 

In attempts to block the Mo site from catalysis 
it was discovered that the Fe atoms on cubane Ia 
also are competent in substrate reduction albeit at 
a slower rate, Table 8. Typically all the Fe sites 
combined completed 2-3 turnovers in a 24 h 
period, while the entire cluster, with the Mo site 
free for substrate binding, was capable of at least 
16 turnovers in the same time. The use of 
[NBu4] 2 [ Fe484C14] as the catalyst effected no 
appreciable increase in reaction rate or overall 
yield compared to cubane Ia with the Mo atom 
'blocked' from substrate binding/reduction. The 
rate of acetylene reduction varies considerably 
depending on the reaction site, Mo vs. Fe, the 
former being decidedly more competent in cata- 
lyzing the reaction. 

An inhibition study of the Mo and Fe substrate 
binding sites using PEt3 revealed that both centers 
are adversely affected by the phosphine. The affin- 
ity of PEt3 for the heterometal in cubane I is well 
documented [24] and our work now shows that 

at sufficiently high concentrations PEt3 also serves 
to block the Fe sites on I from reducing acetylene. 

An important contrast can be made between the 
catalytic reduction of acetylene and the catalytic 
reduction of NzH 4 by Ia. In the latter the 
[Fe484C14] 2- cubanes were shown to be totally 
ineffective and no ammonia was found. The 
results imply that the Mo and Fe sites in the Fe/ 
Mo / S cubanes have varying affinities for different 
nitrogenase substrates and also that both metal 
sites may be important at specific times during the 
step-wise reduction of a given substrate. This has 
been suggested by Dance [47] in his ab initio 
study of dinitrogen binding to the Fe /Mo/S  center 
of nitrogenase. Our modeling studies suggest that 
the 'Fe' sites of the [Fe4S4C14] 2- and 
[MoFe3S4] 3 + cubanes are capable of mediating 
all stages of CzH 2 reduction to CzH 4 (and trace 
C2H6), whereas reduction of NzH 4 (one or more 
stages) cannot occur with the [Fe4S4C14] 2 
cubane but does occur in the presence of the het- 
erometallic cubane, I. The heterometal (Mo, V), 
advantageous in C2H 2 reduction, seems to be a 
necessary requirement for the reduction of hydra- 
zine to ammonia. 

7. Summary and conclusions 

The results of our studies demonstrate that the 
molybdenum atom in I, and the V atom in VI, in 
environments very similar to those in the Fe /M/  
S centers of the nitrogenases, are catalytically 
active in the reduction of Nell4 to ammonia. It 
remains to be established whether the molybde- 
num atom in I also is involved in the activation 
and reduction of N2 to the hydrazine level. At 
present we have been unable to show any reactiv- 
ity of I with N 2 and as reported earlier the CH3CN 
ligand in I is not replaced by N2 although the 
possibility still exists that I may bind to N 2 through 
the Mo atom at a different (lower) oxidation level. 
It should be emphasized nevertheless that, as sug- 
gested recently [3,47,48], the direct involvement 
of the unique coordinatively unsaturated Fe atoms 
cannot be ruled out. Indeed the early stages of N2 
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reduction on the Fe/Mo/S center of nitrogenase 
may involve binuclear (Fe-Mo) activation prior 
to reduction to the hydrazine level. The binuclear 
activation of N 2 by initial binding to Fe and par- 
ticipation of the Mo atom in a Fe-/z-S-Mo bridg- 
ing unit has been proposed previously [ 12]. 

Earlier studies in our laboratory have shown 
that cuboidal subunits with the FeaS4 core can 
serve as ligands for Mo(O) when the latter is 
stabilized by ~r acceptor ligands such as CO. At 
present we are exploring the possibility that the 
[ ( C O ) 3 M o F e a S 4 ( L ) 3 ]  3 -  clusters [46] and 
derivatives will bind and activate N 2 and/or other 
nitrogenase substrates. Our studies thus far have 
shown that the synthetic Fe/Mo/S clusters are 
versatile in the activation and reduction of nitrog- 
enase substrates. Within these clusters distinct, 
substrate specific, reactivity sites have been iden- 
tified in catalytic reductions of N2H4 and C2H2. 
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