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bstract

The protonation chemistry of synthetic Fe–S-based clusters containing cuboidal{Fe4S4} or{MoFe3S4} cores is described with an empha
n: the number of protons that bind to the clusters; where the protons bind; the pKa’s of the protonated clusters; the rates of proton tran
nd how the metal composition of the cluster influences all these factors. The results from the studies on the synthetic Fe–S-ba
eveal general reactivity patterns, which it is anticipated, would also be operating, in natural Fe–S-based clusters. In particular, w
he action of the active sites of the nitrogenases, and how the metal composition of the active site may modulate the reactivity of th
he relative efficiencies of the three principal nitrogenases (Mo-nitrogenase, V-nitrogenase and Fe-only-nitrogenase) have been
y consideration of the binding affinities and protonation reactivities of synthetic clusters. It is proposed that the presence of Mo i

eads to higher binding affinity for dinitrogen and a slower rate of proton transfer, and hence slower rate of dihydrogen productio
-cofactor or Fe-only-cofactor. It is proposed that Mo in cofactor facilitates nitrogen fixation by suppressing the hydrogenase be

he active site.
2005 Elsevier B.V. All rights reserved.

eywords: Iron–sulfur clusters; Mechanism; Protonation; Nitrogenases

. Introduction

When you consider Fe–S clusters the immediate thought
s of electron transfer reactions[1]. Undoubtedly, this is the

ost common reaction of natural Fe–S clusters but other bi-

∗ Tel.: +44 191 222 6636; fax: +44 191 222 6929.
E-mail address:r.a.henderson@ncl.ac.uk.

ological roles for Fe–S-based clusters have now eme
Most notably, in certain enzymes the active site is a F
based cluster[2]. An enzyme, which has been the focus of
studies for several years, has been nitrogenase. This en
converts N2 into NH3 by a sequence of coupled electron-
proton-transfer reactions under ambient conditions. Th
zyme performs this chemistry at a structurally unique Fe
based cluster called cofactor, by a mechanism, which is

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.12.021
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undefined at the molecular level. Since protons are essential
for the conversion of the N2 into NH3, it is evident that the
cofactor must operate in a protic environment.

The ability of synthetic Fe–S-based clusters to bind pro-
tons is one of their most fundamental and ubiquitous reac-
tions. In this article, I will summarise some of our findings on
the protonation chemistry of synthetic Fe–S-based clusters.
Whilst the mechanistic chemistry of synthetic Fe–S-based
clusters is sufficiently interesting in its own right to warrant
investigation, our studies also add to the general understand-
ing of how the active sites of Fe–S-based metalloenzymes
operate. At the end of the article, one aspect of the reactivity
of nitrogenases will be discussed in the light of the protona-
tion chemistry of synthetic Fe–S-based clusters. This aspect
is the limiting stoichiometries of the nitrogenases.

2. Protonation of synthetic Fe–S-based clusters

This article will focus on the reactivities of cuboidal Fe–S-
based clusters containing the{Fe4S4} or {MoFe3S4} cores,
such as [Fe4S4X4]2− and the dicubanes [{MoFe3S4X3}2(�-
SR)3]3− (X = Cl or RS; R = alkyl or aryl). The Mo sites in the
dicubanes are six coordinate and substitutionally inert. Con-
sequently, studies on these clusters allow us to probe how the
presence of Mo within a cluster core modulates the reactivity
o
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simple overall second order rate law: first order dependence
on the concentrations of cluster and thiol. Furthermore, the
rate of the reaction was faster for the more acidic thiols (i.e.,
those with the more electron-withdrawing 4-R-substituents).
It was proposed, that protonation (from the thiol) to the clus-
ter was involved in the substitution reaction, and it seemed
reasonable to suggest that protonation occured probably to
the coordinated thiolate, as shown inFig. 1. Furthermore, it
was proposed that the proton-transfer step was rate limiting.

During the 1990s, we were interested in the protonation re-
actions of transition metal complexes, and the work of Dukes
and Holm awoke our interest in the reactions of Fe–S-based
clusters. We decided to study the reactivity of Fe–S-based
clusters in a little more detail. Revitalisation of the mecha-
nistic chemistry of synthetic Fe–S-based clusters nearly 20
years after the original studies had a significant advantage.
The synthetic chemistry of Fe–S-based clusters had made ma-
jor advances in the intervening years resulting in a wide range
of different Fe–S-based clusters. Consequently, a systematic
investigation of the effect of cluster composition, cluster re-
dox state and cluster topology on the reaction mechanisms
could be undertaken. The first reaction type we set out to
study was the substitution reaction and the effect of acid on
the rate of this process. Effectively, we wanted to study the
same type of reaction as that shown inFig. 1, but we did not
want to use this system. The major disadvantage of the Dukes
a this
r ona-
t uish
t ontrol
t n the
m

tion
r cid is
s ion
o r-
t l: we
c un-
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he reac
f the remaining Fe and S centres.

.1. Protonation with [NHEt3]+ : single protonation of
he cluster core

That synthetic Fe–S clusters can be protonated has
ppreciated since the earliest days of this area of chem

n 1975, Dukes and Holm reported the first kinetic study
he reactions of synthetic Fe–S clusters. In this study, th
hors determined the kinetics for the substitution reactio
he terminal alkyl thiolate in [Fe4S4(SR)4]2− (R = But) with a
ange of 4-substituted arylthiols[3]. The kinetics of the sub
titution of the alkyl thiolate ligand by an arylthiol obey

Fig. 1. Summary of the kinetics and mechanism of t
nd Holm study is that the thiol is playing several roles in
eaction: it is the nucleophile, the acid and (after deprot
ion) the conjugate base. We wanted to be able to disting
hese three roles and also be able to independently c
he concentrations of the acid, base and nucleophile i
ixture.
The system we developed for studying the substitu

eactions of Fe–S-based clusters in the presence of a
hown inFig. 2. This figure shows the substitution react
f the cuboidal [Fe4S4X4]2− cluster. However, it is impo

ant to appreciate that the system is entirely genera
an study the reaction of any synthetic Fe–S cluster
er comparable conditions. Indeed, it is the compariso

tion between [Fe4S4(Salkyl)4]2− and 4-RC6H4SH in MeCN.
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Fig. 2. System used for the study of the kinetics of the reaction between [Fe4S4(SR)4]2− and R′SH in the presence of [NHR3]+ and NR3 in MeCN.

a variety of different clusters, which allow us to establish
general reactivity patterns for the whole family of Fe–S-
based clusters[4–6]. The solvent used is acetonitrile. This
has several advantages. First, the synthetic Fe–S-based clus-
ters are invariably soluble in that solvent and secondly, there
is a lot of quantitative information about the nature of so-
lution species in this solvents. In particular, we know the
pKa’s of acids in this solvent. In the system shown inFig. 2,
the nucleophile is introduced as a thiolate salt (a tetraalky-
lammonium salt because of solubility in MeCN). The first
acid we used in the studies was [NHEt3]+ (pKa = 18.46 in
MeCN) [7]. The acid is provided as the [BPh4]− salt since
this anion is effectively inert and thus will not be involved
in reactions which would complicate the system and the ki-
netic analysis. Subsequently other ammonium ions have been
employed such as the stronger acid [lutH]+ (pKa = 15.4 in
MeCN lut = 2,6-dimethylpyridine)[8], and the weaker acid

[H2N(CH2)3CH2]
+

(pKa = 21.5 in MeCN)[9,10]. Ammo-
nium cations are good acids for synthetic Fe–S-based clus-
ters because they are sufficiently strong to be able to protonate
the cluster, but not so strong an acid that they decompose the
cluster. A crucial requirement is that the clusters retain their
integrity throughout the reaction.

In mixtures containing RS− and [NHEt3]+, the equilib-
rium shown inFig. 2 is rapidly established. Provided the
c f thi-
o and
s lated
f f
a d,
N ntly,

the concentrations of all these reagents can be controlled in-
dependently and the true kinetic dependence on each deter-
mined. Note that although, strictly speaking, RSH is also an
acid, it is a significantly weaker acid (for PhSH, pKa > 19.3)
[10] than [NHEt3]+, and so [NHEt3]+ always wins out as the
acid.

A typical result from the kinetic study is shown inFig. 3for
the reaction of [Fe4S4(SEt)4]2− with PhSH in the presence
of mixtures of [NHEt3]+ and NEt3 [4]. The rate of the reac-
tion exhibits a first order dependence on the concentration of
cluster but is completely independent of the concentration of
nucleophile (PhSH). However, the reaction exhibits a non-
linear dependence on the ratio [NHEt3

+]/[NEt3] as shown
in Fig. 3. Before moving on to discuss the mechanism as-
sociated with these kinetics, there are two important points
which need to be emphasised. First, the rate depends only on
the ratio [NHEt3+]/[NEt3], and not on the absolute concentra-
tions of either reagent. Secondly, that the rate depends only on
[NHEt3+]/[NEt3] (and not, for example, [NHEt3

+]2/[NEt3]2)
indicates only one proton binds to the cluster with this acid.
The reader may consider this to be an unnecessary point to
make, but the importance of this statement will become clear
in the subsequent discussion.

Inspection of the curve inFig. 3 shows that when
[NHEt3+] = 0, the reaction occurs at a finite rate. This cor-
responds to the uncatalysed substitution reaction, which can
b con-
c hat at
l st
o s
o de-
p data
oncentration of acid is greater than the concentration o
late then the equilibrium lies completely to the right h
ide, and the concentrations of all reactants can be calcu
rom the relationships shown inFig. 2. In the presence o
n excess of [NHEt3]+, it is this cation which is the aci
Et3 is the base and RSH is the nucleophile. Conseque
e studied independently, in the absence of acid. As the
entration of acid increases the rate increases, such t
ow values of [NHEt3+]/[NEt3], the reaction exhibits a fir
rder dependence on [NHEt3

+]/[NEt3], but at high value
f [NHEt3+]/[NEt3], the rate of the reaction becomes in
endent of this ratio. The rate law derived from these
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Fig. 3. Kinetics for the substitution reaction of [Fe4S4(SEt)4]2− with PhSH in the presence of [NHEt3]+ and NEt3 in MeCN. The rate exhibits a first order
dependence on the concentration of cluster and is independent of the concnentration of the nucleophile. The dependence ofkobs on [NHEt3+]/[NEt3] is shown
in the box.

is described by the equation shown inFig. 3. This rate law
is consistent with an acid-catalysed dissociative substitution
mechanism as shown inFig. 4.

At the top ofFig. 4 is shown the uncatalysed pathway,
which operates in the absence of acid. In this article, I will
not discuss the uncatalysed pathway. Suffice it to say that for
[Fe4S4(SEt)4]2−, the mechanism is dissociative and involves
rate-limiting dissociation of an ethanethiolate ligand to gen-
erate a cluster where one of the Fe atoms has a vacant site.

The vacant site can be attacked by the excess of the nucle-
ophile (PhS−) present in the solution and complete the first
act of substitution.

In the presence of acid, protonation of the cluster can oc-
cur at a rate, which is faster than that of the dissociation of the
ethanethiolate in the uncatalysed pathway. This protonation
occurs somewhere on the cluster (we will discuss where later)
and labilises the cluster to dissociation of an ethanethiolate
ligand. The vacant site thus created on one of the Fe sites is

F 2− SH in th + n
o

ig. 4. Mechanism for the substitution reaction of [Fe4S4(SEt)4] with Ph
f the uncatalysed pathway.
e presence of [NHEt3] and NEt3 in MeCN. The top line gives an indicatio
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now attacked by the nucleophile (which in the presence of
an excess of acid is PhSH). The pathway shown inFig. 4 is
entirely general forall Fe–S-based clusters with one provi-
sion. For some clusters, the act of substitution (thek2 step)
can be associative and hence exhibits a dependence on the
concentration of nucleophile[11].

Comparison of the rate of dissociation of the leaving
group from [Fe4S4(SEt)4]2− (intercept of plot inFig. 3)
and the protonated cluster (limiting rate constant at high
[NHEt3+]/[NEt3]) shows that protonation of the cluster fa-
cilitates dissociation of the leaving group. This is an entirely
general feature observed with all singly protonated Fe–S-
based clusters, and we will return to the electronic origins of
this behaviour later.

The non-linear dependence on [NHEt3
+]/[NEt3] observed

for these reactions means that we can determine the rate con-
stant for substitution of the protonated cluster (k2) and the
protonation equilibrium constant (K1). Furthermore, because
the solvent is MeCN, and we know that the pKa of [NHEt3]+

in MeCN is 18.4, we can calculate the pKa of the protonated
cluster. The results from studies on a wide range of different
Fe–S-based clusters are summarised inFig. 5 [4–6,12–15].

The results for the clusters presented inFig. 5have been
divided into two sections: for those clusters containing ter-
minal chloro-ligands (top) and for those clusters containing
terminal thiolate ligands (bottom). Closer inspection shows
t l or
a ers
w clus-
t t
o

Finally, there is a range of different nuclearities in the clus-
ters presented inFig. 5: binuclear, trinuclear, tetranuclear and
hexanuclear. Despite all these variations, it is very noticable
that forall synthetic Fe–S-based clusters, the pKa falls in the
range pKa = 17.9–18.9. The remarkable insensitivity of the
pKa in this wide variety of Fe–S-based clusters indicates that
protonation is not occuring at a terminal ligand, but rather
is occuring at a site which is common to all the clusters. It
seems most likely that the protonation site in all the clusters
is the bridging sulfur atom.

Consistent with our proposal that protonation of bridg-
ing sulfur sites is the major labilising force in the substitu-
tion reactions involving acid, the reactions of [M4(SPh)10]2−
(M = Fe or Co)[16] with either PhSH or [M′S4]2− (M′ = Mo
or W) are unperturbed by the presence of [NHEt3]+. In-
terestingly, substitution of the terminal PCy3 ligands in
[Fe4S4(PCy3)4] by PhSH, in the presence of [NHEt3]+, is acid
independent. Although [Fe4S4(PCy3)4] contains�3-S sites,
the phosphines are sufficiently bulky to stop the sterically-
demanding [NHEt3]+ approaching the sulfur sites to be pro-
tonated[12].

The kinetics of the substitution of terminal lig-
ands on Fe–S-based clusters[12] such as [Fe2S2Cl4]2−,
[Fe4S4X4]2−, [(MoFe3S4X3)2{�-SEt)3]3−, [(MoFe3S4X3)
2{�-Fe(SEt)6}]3− (X = alkyl thiolate, aryl thiolate or halide),
[S MS FeCl ]2− (M = Mo or W), [Cl FeS VS FeCl ]3−
a
W are
t loro-
l ntain-
i asic

nated
hat in the latter section the clusters contain either alky
ryl thiolate ligands. In addition, looking at all the clust
e see that there is a variety of overall charges on the

ers; that some clusters are cuboidal{Fe4S4} clusters whils
thers contain a Mo and are based on the{MoFe3S4} core.

Fig. 5. Summary of the pKa of the proto
2 2 2 2 2 2 2
nd [MoFe4S6(PEt3)4Cl] are all catalysed by [NHEt3]+.
hilst, it is not unreasonable that bridging sulfur atoms

he most basic sites in clusters containing terminal ch
igands, there must be some concern that in clusters co
ng terminal thiolate ligands, the thiolate sulfur is more b

Fe–S-based clusters in MeCN at 25.0◦C.
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than any bridging sulfur site. However, if thiolate ligands
are being protonated in (for example) [Fe4S4(SEt)4]2−, our
kinetic studies are not detecting this protonation. This dis-
cussion highlights a limitation to the method we have used
to study protonation reactions. It is worth emphasising this
limitation at this stage.

The simplest and most direct method to look at the pro-
tonation of any cluster is to monitor the reaction of the
cluster with acid. Unfortunately, the addition of a proton to
Fe–S-based clusters is effectively spectroscopically silent.
The electronic spectrum of Fe–S-based clusters is dominated
by intense bands associated with electronic transitions of the
cluster core, and addition of a proton to the cluster has neg-
ligible effect on the spectrum. The I.R. spectral bands as-
sociated with SH bonds are notoriously difficult to detect
because they are weak and broad. The1H NMR spectra of
Fe–S-based clusters are paramagnetically shifted and we have
been unable to detect the peak due to the single SH group.
The problem of detecting the broad resonance of a single
proton whose position will be paramagnetically shifted is
compounded by the likelyhood that this proton is rapidly ex-
changing and hence the peak will be further broadened.

Because of these problems, we have used the kinetic
method described in this section to detect the protonation
of the cluster. Effectively, we have coupled proton transfer to

a substitution reaction. The substitution reaction is associated
with significant changes in the UV–vis absorption spectrum.
Thus, if a proton binds and affects the lability of the cluster
we will be able to detect the protonation. However, if pro-
tons bind to a site on the cluster, which does not appreciably
affect the lability of the cluster, we will not detect this proto-
nation. Thus, in [Fe4S4(SEt)4]2−, if protonation at a thiolate
does occur (and this seems likely), it does not affect the rate
of substitution, indicating that protonation of the cluster core
(�3-S) is more labilising than protonation of terminal thiolate
ligands.

A likely mechanism for the reaction of [Fe4S4(SEt)4]2−
with PhSH in the presence of [NHEt3]+ is shown inFig. 6.
This mechanism is an elaboration of that shown inFig. 4.
Initial protonation occurs at the basic thiolate sulfur but pro-
tonation at this site has no detectable effect on the rate of
substitution of the cluster. It is only upon protonation of the
bridged sulfur site that the lability of the cluster is signifi-
cantly affected.

That protonation of the coordinated thiolate is not labilis-
ing, but further protonation of the bridging sulfur site is, can
be rationalised by the bonding description shown inFig. 7.
Protonation of the coordinated thiolate produces the corre-
sponding thiol in which the S-to-Fe�-bond is weakened but
the Fe-to-S�-backbonding is increased. The overall effect is

F
�

ig. 6. Mechanism for the substitution reaction of [Fe4S4(SEt)4]2− with PhSH in

3-S (detected in the kinetics) and protonation of the thiolate (undetected bu

the presence of [NHEt3]+ and NEt3 in MeCN, showing protonation of the
t presumed).
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Fig. 7. Representation of the bonding between Fe, thiolate and bridging sulfur in Fe–S-based clusters, and the effect of protonation at thiolate and then bridging
sulfur.

that the bond strengths of Fe-thiolate and Fe-thiol are simi-
lar and hence there is little change in lability. The same sort
of effect has been observed reflected in the bond lengths of
mononuclear Fe-thiolate and Fe-thioether complexes[17]. In
the Fe–S clusters, the protonation of a bridging sulfur site ap-
pears to have the effect of competing for the�-backbonding
to the thiol and thus labilising the thiol to dissociate.

2.2. Protonation with [lutH]+ : diprotonation of the
cluster core

The studies with [NHEt3]+ indicate that protonation of
the cluster core catalyse the substitution of either terminal
thiolate or terminal chloro-ligands. Use of the stronger acid
[lutH]+ (pKa = 15.4 in MeCN) results in diprotonation of the
cluster core and the substitution reactions of the clusters are
perturbed in an unexpected manner by the addition of this
second proton[12,18]. It is important to note that, because
the first protonation of the cluster core is associated with
pKa = 17.9–18.9, even at the lowest concentration of [lutH]+

used the clusters are singly protonated. Consequently, the
kinetics of the substitution reactions of synthetic Fe–S-based
in the presence of [lutH]+ reflects only the addition of the
second proton to the cluster core.

For clusters with terminal thiolate ligands, such as
[Fe S (SEt) ]2−, addition of the second proton to the clus-
t rate
o ratio
[ s
l
r n of
t hese
c the
c re of
[ lity
o

tion
r
a t
c
n s are
i
c in
t ster
c f the
s bsti-
t hown
i

The bonding picture shown inFig. 7 indicates how pro-
tonation of a single�3-S in a Fe–S-based cluster labilises
a terminal thiol by competing for the�-backbonding to the
terminal thiol. Extension of this model would rationalise why
protonation of two�3-S in a Fe–S-based cluster would lead
to further labilisation of the dissociation of the thiol. Such a
simple consideration is adequate for [Fe4S4(SR)4]2− where
the substitution is dissociative. However, for associative sub-
stitution mechanisms, as observed in [Fe4S4Cl4]2−, more de-
tailed reflection is needed.

In the associative pathway, there are two distinguishable
steps: the binding of the nucleophile and the dissociation of
the leaving group. Protonation of a�3-S would reasonably be
expected to favour attack of the nucleophile to the adjacent Fe
site but suppress dissociation of the incipient anionic chloro-
group. It would appear that single protonation most influences
the binding of the nucleophile, but the second protonation
leads to a marked decrease in the rate of dissociation of the
chloro-leaving group.

In the same way, as we determined the pKa for the first
protonation of the cluster core in studies with [NHEt3]+, we
can, in studies with [lutH]+, calculate pK′

a for addition of
the second proton to the cluster core. Interestingly, pK′

a for
the second protonation of the cluster core shows a marked
dependence on the nature of the terminal ligand. Whilst the
pK of all Fe–S-based clusters singly protonated on the clus-
t e
s minal
l lato-
c ronic
r first
p

C e
a r.
T tity
o ) is
c iated
w rly
t tron
d lated
b
[ nd
c

ccur
a sec-
o ther
t ears
4 4 4
er core leads to further labilisation of the cluster. The
f the reaction exhibits a non-linear dependence on the

lutH+]/[lut]. At low values of [lutH+]/[lut], the rate varie
inearly with the ratio but, at high values of [lutH+]/[lut], the
ate becomes independent of the ratio and dissociatio
he coordinated thiolate becomes rate limiting. Under t
onditions, all the clusters have two protons bound to
ore. The successive addition of two protons to the co
Fe4S4(SEt)4]2− results in a regular increase in the labi
f the thiolate.

Studies on the kinetics of the acid-catalysed substitu
eactions of [Fe4S4Cl4]2− in the presence of [lutH]+ shows
quite distinctly different behaviour[18]. Even at the lowes
oncentration of [lutH]+, [Fe4S4Cl4]2− is singly proto-
ated, presumably at the core since the chloro-group

nsufficiently basic to be protonated by [lutH]+. However, in-
reasing the concentration of [lutH]+ results in a decrease
he rate. Thus, whilst addition of the first proton to the clu
atalyses the associative substitution reaction, addition o
econd proton results in inhibition of the associative su
ution reaction. The sequence of protonation steps is s
n Fig. 8.
a
er core is essentially invariant, the pK′

a associated with th
econd protonation of the cluster core depends on the ter

igands (ca. 16.5 for chloro-clusters and ca. 13.5 for thio
lusters). This is probably a consequence of the elect
esponse of the terminal ligand to the addition of the
rotonation.

Addition of the first proton to [Fe4S4X4]2− (X = RS or
l) produces [Fe4S3(SH)X4]−. This protonation must hav
n effect on all the FeS and FeX bond lengths in the cluste
he insensitivity of the protonation constant to the iden
f the cluster (and most particularly the terminal ligands
onsistent with the changes to the bond lengths assoc
ith the chloro- and thiolate ligands responding simila

o the addition of the first proton. Furthermore, the elec
ensity at the sulfur sites would be expected to be modu
y the bonding in FeX and the similarities of the pKa’s of

Fe4S4X4]2− indicate the electronic influence of thiolate a
hloro-ligands is similar.

The binding of the second proton is also assumed to o
t a sulfur atom. However, the binding constant for the
nd proton is significantly different depending on whe

he cluster contains chloro- or thiolate ligands. It app
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Fig. 8. Mechanism for the substitution reaction of [Fe4S4(SEt)4]2− with PhSH in the presence of [lutH]+ and lut in MeCN, showing the undetected but presumed
protonation of the thiolate and the detected protonation of two�3-S sites.

that the bonding of the chloro-ligands effectively neutral-
izes the positive charge introduced with the first protonation
so that addition of the proton to [Fe4S3(SH)Cl4]− is associ-
ated with a pK′

a which is only 2 units from pKa. In contrast
with [Fe4S3(SH)(SR)4]−, it appears that the thiolate-ligands
do not so effectively neutralize the positive charge. Conse-
quently, the binding of the second proton is associated with
a pK′

a, which is 4–5 units different to the pKa. The chloro-
ligands are better than thiolate ligands at compensating for
the increased positive charge on the cluster.

2.3. Rates of proton transfer to Fe–S-based clusters

In all the studies described above, the mechanism is ac-
curately described as an acid-catalysed substitution reaction.
In other words, the protonation step is an initial equilibrium
reaction which is rapidly established prior to the act of sub-
stitution. Consequently, although much information can be
obtained from these studies (such as the pKa’s of the clusters,
the effect that protonation has on the act of substitution and
the mechanism of substitution), we get very little informa-
tion about how rapidly proton transfer occurs to the cluster
core. We can establish lower limits for the protonation of
[Fe4S4Cl4]2− with k≥ 2× 105 dm3 mol−1 s−1, but this still
leaves a large range between 105 and the diffusion-controlled
l

e–S-
b e
t rder
t char-

acteristic feature that all Fe–S-based clusters are associated
with pKa = 18.4± 0.5. As shown inFig. 9, if we use a very

weak acid, such as pyrrolidinium ion ([H2N(CH2)3CH2]
+

,
pKa = 21.5 in MeCN) to protonate Fe–S-based clusters then
the proton transfer is thermodynamically unfavourable. Un-
der these conditions, the rate constant for proton transfer
will be slower than the maximum possible rate and can
become rate limiting. We have studied the substitution re-
actions of [Fe4S4Cl4]2−, [{MoFe3S4Cl3}2(�-SEt)3]3− and
[{MoFe3S4Cl3}2(�-SPh)3]3− with PhS− in the presence of

[H2N(CH2)3CH2]
+

. Because these clusters have terminal
chloro-ligands the dominant pathway for substitution is asso-
ciative. This introduces a slight complication to our kinetics.
Because we are now working with an acid where proton trans-
fer is slow, it could be that proton transfer is slower than the
binding of the nucleophile to the cluster. We have to consider
two possible pathways. In the first pathway, attack of the nu-
cleophile is faster than proton transfer. In the second pathway,
the nucleophile is so poor that the cluster is forced to wait
for proton transfer to occur from the pyrrolidinium ion. Both
of these pathways have been observed: the former when the
nucleophile is PhS− and the latter when the nucleophile is
Br−.

Kinetic studies[10] on the reaction between [Fe4S4Cl4]2−

a −
+

n on of
c on-

c
a con-
imit (1010 dm3 mol−1 s−1).
One of the main reasons why proton transfer to F

ased clusters from [NHEt3]+ or [lutH]+ is rapid is becaus
he proton transfer is thermodynamically favourable. In o
o make proton transfer slow, we have made use of the
nd PhS in the presence of [H2N(CH2)3CH2] shows ki-
etics with a first order dependence on the concentrati
luster and PhS− but a complicated dependence on the c

entration of [H2N(CH2)3CH2]
+

as shown inFig. 10. Thus,
t low concentrations of acid, the rate increases with the
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Fig. 9. Outline of the system used to measure the rates of proton transfer to Fe–S-based cluster. The generic structure shown represents the clusters [Fe4S4Cl4]2−,
[{MoFe3S4Cl3}2(�-SEt)3]3− or [{MoFe3S4Cl3}2(�-SPh)3]3−.

centration of [H2N(CH2)3CH2]
+

. However, at high concne-
tration of acid, the rate becomes independent of the concen-

tration of [H2N(CH2)3CH2]
+

. This behaviour is remeniscent
of that observed with the stronger acids (Figs. 3 and 8). The

important difference is that with [H2N(CH2)3CH2]
+

the rate

depends only on the concentration of acid and not on the ratio,
[acid]/[base].

There is a further difference between the studies with

[H2N(CH2)3CH2]
+

and those with [NHEt3]+ or [lutH]+.
With [NHEt3]+ or [lutH]+, the acids are sufficiently strong
to protonate any free thiolate, and in the presence of

F
c

ig. 10. Kinetics and mechanism for the reaction between Fe–S-based clu
lusters studied are [Fe4S4Cl4]2−, [{MoFe3S4Cl3}2(�-SEt)3]3− and [{MoFe3S4C
sters and [H2N(CH2)3CH2]
+

in the presence of PhS− (strong nucleophile). The
l3}2(�-SPh)3]3−.
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an excess of acid only thiol is present. However, with

[H2N(CH2)3CH2]
+

the acid is insufficiently strong to pro-
tonate PhS−. Consequently, in the reaction of [Fe4S4Cl4]2−

with PhS− in the presence of [H2N(CH2)3CH2]
+

, the nucle-
ophile is PhS−.

The mechanism of the reaction is shown inFig. 10. Since

[H2N(CH2)3CH2]
+

protonates the cluster slowly, PhS−
binds to the cluster prior to protonation. The intermediate thus
formed is clearly on the pathway to substitution by an acid-
independent route. In separate studies, the kinetics of the acid-
independent substitution pathway has been determined. As
the concentration of acid is increased the rate of protonation
of the cluster becomes faster than dissociation of the chloro-
ligand and hence more of the reaction proceeds via the path-
way involving protonation after binding of the nucleophile.

The rate law associated with the entire mechanism is
shown inFig. 10. It is evident that this is a complicated rate
law containing four elementary rate constants. The rate con-
stant we are most interested in calculating is that for the proton
transfer (k2). However, it is clear that this constant cannot be
determined from analysis of this complex rate law. However,
by just doing one other experiment the value ofk2 can be
calculated. Studies in the absence of acid give the kinetics
for the acid-independent pathway alone. At high concentra-
t e
w n
t con-

c
s e
v

using the expression inFig. 10. The values of these elemen-
tary rates constant for [Fe4S4Cl4]2−, [{MoFe3S4Cl3}2(�-
SEt)3]3− and [{MoFe3S4Cl3}2(�-SPh)3]3− are summarised
in Fig. 11. The rate constants for the proton-transfer reac-
tions are shown in the far right hand column. The notable
feature about these rate constants is that they are all about
106 dm3 mol−1 s−1. Consideration of the reaction pathway
reveals that although this is a rate constant for proton trans-
fer to the cluster, it is not really the rate constant we want to
calculate. The value ofk2 corresponds to the proton transfer

from [H2N(CH2)3CH2]
+

to the cluster containing a bound
PhS−. What we really want to measure is the rate constant for

proton transfer from [H2N(CH2)3CH2]
+

to the parent clus-
ter. It seems reasonable that the binding of the thiolate to the
cluster makes the cluster sufficiently basic to be protonated
(albeit slowly) by the weak acid and that the rate of proton
transfer in these systems is dominated by the presence of the
bound thiolate.

The rate constants for proton transfer to Fe–S-based clus-
ters can be measured directly by ensuring that nucleophiles
do not bind to the cluster prior to proton transfer. This can
be accomplished by using Br− as the nucleophile. The ki-
netics and the mechanism of the reaction of Fe–S-based

clusters with Br− in the presence of [H2N(CH2)3CH2]
+

are
s ics
a ntra-
t cen-
t in
F sfer

f

F betwe
n

ions of PhS− the observed rate constant isk3 and henc
e can calculate the ratiok1/k−1. Now, from the studies i

he presence of acid, the observed rate constant at high

entrations of [H2N(CH2)3CH2]
+

corresponds tok1. Con-
equently, we can calculatek−1. Since we now know th
alues ofk1, k−1 andk3, we can calculate the value ofk2

ig. 11. Summary of the elementary rate constants for the reaction
ucleophile) in MeCN.
hown inFig. 12. In this system it is evident that the kinet
re much simpler. The rate depends only on the conce

ions of cluster and acid, and is independent of the con
ration of Br−. Thus, the gradient of the graphs shown
ig. 12 correspond to the rate constant for proton tran

rom [H2N(CH2)3CH2]
+

to the cluster.

en Fe–S-based clusters and [H2N(CH2)3CH2]
+

in the presence of PhS− (strong
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Fig. 12. Kinetics and mechanism for the reaction between Fe–S-based clusters and [H2N(CH2)3CH2]
+

in the presence of Br− (weak nucleophile). The clusters
studied are [Fe4S4Cl4]2−, [{MoFe3S4Cl3}2(�-SEt)3]3− and [{MoFe3S4Cl3}2(�-SPh)3]3−.

It is immediately obvious from the graph that
[Fe4S4Cl4]2− protonates appreciably faster than ei-
ther [{MoFe3S4Cl3}2(�-SEt)3]3− or [{MoFe3S4Cl3}2(�-
SPh)3]3− [19]. The values of the rate constants and other
pertinent data for these reactions are summarised inFig. 13.
There are three important points about these results. (i) The
thermodynamic driving force (�pKa = pKcluster

a − pKacid
a ) for

all these protonation reactions are essentially the same.
Consequently any difference in the rate constants for pro-
ton transfer is not attributable to a change in the driv-
ing force. (ii) All the rate constants for proton transfer

are significantly slower than the diffusion-controlled limit.
It is important to bear in mind that the rate constants
are for a proton transfer, which is thermodynamically un-
favourable. We want to estimate the rate constant for pro-
ton transfer in a thermodynamically favourable reaction
�pKa = (pKcluster

a − pKacid
a ) = +1.0. The Br̈onsted equation

[20] relates the rate constant for proton transfer to the equi-
librium constant for thermodynamically unfavourable reac-
tions (k=GAKα) whereGA and α are constants for a se-
ries of similar acids, andα ≤ 1. When proton transfer is
thermodynamically favourable the rate constant for the pro-

F betwe
n

ig. 13. Summary of the elementary rate constants for the reaction
ucleophile) in MeCN.
en Fe–S-based clusters and [H2N(CH2)3CH2]
+

in the presence of Br− (weak
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cess becomes independent of the driving force. Thus, for
[Fe4S4Cl4]2−, knowing thatk2 = 240× 102 dm3 mol−1 s−1

when �pKa = (pKcluster
a − pKacid

a ) =−2.8 we can esti-
mate that when�pKa = (pKcluster

a − pKacid
a ) = +1.0, k= ca.

4.8× 106 dm3 mol−1 s−1. Thus, the rate of protonation of
[Fe4S4Cl4]2− is ca. 104 times slower than the diffusion-
controlled limit. This indicates that there is an intrinsic barrier
to protonation of the cluster core. It has been suggested that
the barrier is structural. Protonation of a�3-S must result
in bond length changes to the three ligated Fe atoms. How-
ever, changes at these bonds will have effect on the other
bonds within the cluster framework. Thus, all 12 bonds in the
{Fe4S4} cube (and also possibly the bonds to the four termi-
nal Fe Cl) have to adjust during the proton transfer leading
to a slow reaction. We will discuss the evidence for structural
changes in the next section. (iii) Finally, [{MoFe3S4Cl3}2(�-
SEt)3]3− and [{MoFe3S4Cl3}2(�-SPh)3]3− protonate ap-
preciably slower than [Fe4S4Cl4]2−. The reason for this
is not entirely clear but it could be that the structural ad-
justments around the Mo in the cluster core are energet-
ically more demanding than rearrangements about the Fe
sites.

2.4. Electronic effects on the rates of proton transfer

The proposal that structural reorganisation of the clus-
t sed
c the
r
( f

[ ec-
t een

[Fe4S4Cl4]2− and C6H5S− both in the absence and presence

of [H2N(CH2)3CH2]
+

allows us to calculate all the elemen-
tary rate constants shown in the mechanism inFig. 10. A
notable feature of the mechanism inFig. 10, which we can
make use of, is that proton transfer occurs after the attack
of the nucleophile. Consequently, the rate of proton transfer
will be subject to the electronic influence of the coordinated
thiolate.

The effect that the 4-R-substituents on 4-RC6H4S− have
onk1, k−1 andk2 are shown in the Hammett plot inFig. 14.
It is noteworthy and surprising that proton transfer to the
cluster is subject to the same electronic effects as nucleophile
binding. In particular, the addition of either a cation (H+) or
an anion (PhS−) is facilitated by electron-withdrawing 4-R-
substituents. It might have been anticipated that bothk1 and
k2 would be facilitated by electron-releasing groups which
make the thiolate a better nucleophile (more electron-rich
sulfur) and increase the basicity of the cluster site when the
thiolate is coordinated.

The effect of the 4-R-substituent onk1 seems most likely
to be a transition state stabilisation effect. Upon approach of
the anionic thiolate towards the anionic cluster there must
be an unfavourable build-up of negative charge. Electron-
withdrawing 4-R-substituents can dissipate the charge in the
transition state. That electron-withdrawing 4-R-substituents
o the
c ton-
t up of
n

ning
o case

F or the f
4

er is a significant barrier to proton transfer in Fe–S-ba
lusters is supported by the results from studies on
ates of the reactions between [Fe4S4Cl4]2− and 4-RC6H4S−
R = MeO, Me, H, Cl or CF3) [21] in the presence o

H2N(CH2)3CH2]
+

. We have already described in the s
ion above how studying the kinetics for the reaction betw

ig. 14. Hammett plot for the elementary rate constants (kR
1 , kR

−1 andkR
2 ) f

-RC6H4S− (R = MeO, Me, H, Cl or CF3) in MeCN.
n a thiolate ligand facilitate the transfer of a proton to
luster indicates that in the transition state of the pro
ransfer step there must also be an unfavourable build-
egative charge.

In general, protonation of any site must involve shorte
f the bond lengths of the ligands around that site. In the

reaction between [Fe4S4Cl4]2− and [H2N(CH2)3CH2]
+

in the presence o
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of Fe–S-based clusters, the shortening of the Fe-thiolate bond
will be resisted by the build-up of negative charge, as the thi-
olate and anionic cluster get closer. This negative charge can
be dissipated by electron-withdrawing 4-R-substituents, thus
facilitating the Fe-thiolate bond length changes and hence
the rate of proton transfer. Thus, Fe-thiolate bond shortening
prior to, or concomitant with, proton transfer could modulate
the rate of proton transfer.

Earlier studies had indicated that electron-withdrawing R-
substituents increase the rate of nucleophile binding, but in a
manner which cannot be quantified[3,14].

3. Protonation and the action of nitrogenase

In the presentation so far, the ubiquitous nature of proto-
nation of the cluster cores in synthetic Fe–S-based clusters
has been emphasised. However, all of the work has been per-
formed in MeCN. The question arises, “Does the analogous
protonation chemistry of Fe–S-based clusters operate in a
protic environment, with a pKa for protonation of the cluster
core in a range which is physiologically relevant?”

As outlined above, we have determined the pKa’s of a
variety of clusters, ranging from [Fe2S2Cl4]2− to the so-
called “basket clusters”. However, these pKa’s are for a non-
a e the
p q.
( s,
a sol-
v t
a ence
j CN
f s.

p

luble
[ f
[ for
t c
d cal-
c
M
a

tions
o
o
(
c t-
i ntial
i e
c
t cause
t ues.
S ave
p he

electrostatic effect of the pendant carboxylate groups. It was
proposed that the proton is associated with a Fe2S2 face with
a hydrogen-bridged structure involving the filled d-orbitals
above the face of the cluster. However, the evidence for such
a novel structure is poor. The simple addition of the proton to
the lone pair of electrons on the sulfur of the thiolate ligands
or the�3-S atoms seems a much simpler and more reasonable
proposal.

3.1. The binding of substrates by nitrogenases

The nitrogenases are a class of enzyme, which convert N2
into NH3. There are three types of nitrogenase, which em-
ploy Fe–S-based clusters as the substrate binding and trans-
formation site. The most common (and the most studied)
type contains Mo and Fe, another contains V and Fe and
the last contains only Fe. All three nitrogenases accomplish
the transformation of N2 under ambient conditions by a se-
quence of coupled electron- and proton-transfer reactions,
with the substrate bound to a Fe–S-based cluster called co-
factor. In the Mo-nitrogenase, the cofactor has the compo-
sition {MoFe7S9(N)(R-homocitrate)}, whilst in the V- and
Fe-only-nitrogenases the Mo is replaced by V or Fe, respec-
tively.

All three nitrogenases comprise two metalloproteins: the
Fe-protein and the MFe-protein (M = Mo, V or Fe). Crystal-
l this
i the
s stal-
l

rons
f the
M rified
f eir
o
h
c acid
r

ac-
t
t ly
b r-
f e
c c-
t one
F

queous, aprotic environment. It is possible to estimat
Ka in MeOH from the pKa determined in MeCN using E
1) [22]which gives pKa = 10.9± 0.5. However, this value i
t best, only approximate. Only with studies in a protic
ent can we determine the pKa’s in a medium which is tha
ssociated with naturally occuring Fe–S clusters and h

udge whether the protonation reactions identified in Me
or synthetic clusters are relevant to the action of protein

Ka(MeCN)− 7.5 = pKa(MeOH) (1)

The kinetics of the reaction between the methanol so
Fe4S4{SCH2CH(OH)Me}4]2− and PhS− in the presence o
NHEt3]+ exhibits behaviour analogous to that described
he studies of [Fe4S4(SR)4]2− in MeCN. Using the kineti
ata for the acid-catalysed substitution reaction we can
ulate pKa = 8.5 for [Fe4(SH)S3{SCH2CH(OH)Me}4]2− in
eOH. Thus, protonation of a�3-S in the{Fe4S4}2+ core is
ssociated with a pKa which is physiologically significant.

Bruice et al. have also studied the substitution reac
f synthetic Fe–S clusters in aqueous solutions[23] and
bserved that the multiple substitution of [Fe4S4(SR)4]2−
R = alkyl) exhibited a pH dependence indicating a pKa of the
luster of about 3.9. A similar pKa was observed in the kine
cs of dissolution of natural Fe–S clusters from high pote
ron protein and five ferredoxins[24]. In another study, th
luster [Fe4S4(SCH2CH2CO2)4]6− was investigated[25]. In
his last cluster, there is a high associated charge be
he terminal thiolate ligands involve carboxylate resid
pectrophotometric titration of this cluster with acid g
Ka = 7.4. The higher pKa of this cluster was attributed to t
ographic data is only available for the Mo-nitrogenase so
s the form on which we will focus. In Mo-nitrogenase,
tructure of active site has been established by X-ray cry

ography (Fig. 15) [26–29].
The major role of the Fe-protein is the transfer of elect

rom the external reductant (flavodoxin or ferredoxin) to
Fe-protein. The Fe-protein has been isolated and pu

rom a variety of different organisms. Irrespective of th
rigin, they are all much the same size (Mr ∼ 65 kDa) and
ave an�2 dimer structure with a single cuboidal{Fe4S4}
luster bound between the subunits via cysteinate amino
esidues[30].

The MoFe-protein isolated from a number of different b
erial sources are all similar withMr ∼ 220 kDa and an�2�2
etramer structure. The two�� dimers interact predominant
etween the helices of the�-subunits at the tetramer inte

ace[26–28]. A channel (diameter ca. 8̊A) goes through th
entre of the tetramer. Each�� subunit contains two stru
urally unique Fe–S-based clusters: one P-cluster and
eMo-cofactor.

Fig. 15. Structure of FeMo-cofactor.
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Fig. 16. Electron transfer sequence for nitrogenases, including the limiting stoichiometries of the Mo-, V- or Fe-only-nitrogenase.

The P-clusters almost certainly act as capacitors, storing
electrons until they are required by the active site (FeMo-
cofactor), for the conversion of N2 into NH3. The FeMo-
cofactor is enclosed within the�-subunit of the MoFe-
protein, ca.10̊A from the surface. The cofactor is bound to
the polypeptide through Cys�275 (to the terminal tetrahe-
dral Fe) and His�442 (to Mo). The Mo is six-coordinate
with two of the sites occupied byR-homocitrate acting as a
bidentate ligand, coordinated through alkoxy and carboxylate
groups, with the carboxylate groups of theCH2CH2CO2

−
and CH2CO2

− arms being pendant.
At its crudest level, the mechanism of the nitrogenases is

the electron transfer pathway shown inFig. 16. In the absence
of N2, all nitrogenases reduce H+ to H2, and even in the
presence of a large excess of N2 the evolution of H2 can
never be completely suppressed. The production of H2 by the
nitrogenases is a natural consequence of the cofactor having
to operate in a protic environment, where electrons are being
fed to the active site. However, this production of H2 wastes
energy and leads to an inefficient enzyme. Not only is the
enzyme producing a product (H2), which is not wanted, but
also the electrons supplied to the active site are being routed
away from the desired product (NH3). It is generally accepted
that two molecules of ATP have to be hydrolysed for every
electron transferred. If the electrons are not being employed in
the transformation of Nthen the production of each molecule
o ysis
o

s as
s
M only
o
F t 7.5
H d
n
t the

cofactors in the three nitrogenases is the presence of the Mo,
V or Fe it appears that the metal composition of the cluster
core is influencing the relative abilities of the cofactor to fix
N2 on the one hand, or reduce H+ to H2 on the other.

3.2. Protonation of nitrogenase cofactors and
dihydrogen production

A natural consequence of the chemistry that the cofac-
tors perform (transformation of N2 and other substrates by
sequences of electron- and proton-transfer reactions) means
these Fe–S-based clusters must operate in a protic environ-
ment. Both theoretical[31] and experimental studies[12] on
extracted FeMo-cofactor from the Mo-based nitrogenase in-
dicate protonation of�2-S or�3-S sites. Clearly, this is line
with the prevalent protonation chemistry observed with syn-
thetic Fe–S-based clusters: the cofactors of nitrogenase are
doing nothing more than what is natural for Fe–S cluster. The
important point is that this protonation of the cluster core in
the presence of a supply of electrons can lead to the reduction
of H+ to H2, which in its turn leads to inefficiency in the ni-
trogen fixing ability of the enzyme since electrons that could
be used for converting N2 into NH3 are being wasted in the
production of H2.

In the presence of N, the evolution of H is suppressed
a -
n
i
t o
n y
m -
e y
d y
o ing
s osal.
2
f H2 involves the waste of the energy supplied by hydrol
f four molecules of ATP.

The three nitrogenases have very different efficiencie
hown by the limiting stoichiometries inFig. 16. Thus, the
o-based nitrogenase is the most efficient, producing
ne H2 for every two molecules of NH3 formed; whilst the
e-only nitrogenase is the least efficient producing abou
2 for every two molecules of NH3 formed, and the V-base
itrogenase lies in the middle, producing three H2 for every

wo molecules of NH3. Since the only difference between
2 2
nd some NH3 is produced. However, H2 production can
ot be entirely suppressed. At high pressures of N2, a limit-

ng stoichiometry is reached as described inFig. 16. Under
hese conditions, some H2 is still evolved and, for the M
itrogenase, about one molecule of H2 is produced for ever
olecule of N2 converted into NH3. This limiting stoichiom
try led to the proposal that N2 bound to the active site b
isplacing H2 from a metal-hydride site[32]. The discover
f other types of nitrogenases with very different limit
toichiometries has led to a reconsideration of this prop
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Two other nitrogenases have been established[30]: the V-
nitrogenase contains V and Fe and the Fe-only-nitrogenase
contains just Fe. The V-nitrogenase contains a cofactor in
which V has formally replaced Mo whilst in the Fe-only ni-
trogenase the Mo has formally been replaced by Fe. This
difference between the various nitrogenases amounts only to
a single metal in the cofactor. Yet this appears to have a pro-
found effect on the product specificities of the nitrogenases.
Most notably, the three nitrogenases have very different lim-
iting stoichiometries.

Our work on the protonation chemistry, and notably the
rates of proton transfer, of synthetic Fe–S-based clusters al-
low us to now rationalise these relative efficiencies of the
nitrogenases and how change of a single metal in the cluster
can lead to significant changes in efficiency.Fig. 17shows
an outline representation of the key steps in the initial stages
of nitrogen fixation. On the right hand side is the binding of
dinitrogen to the reduced cofactor, and on the left hand side
is the protonation of the cofactor and the subsequent reduc-
tion of protons to dihydrogen. For an efficient nitrogen fixing
system, the cluster needs to maximise the possibility for the
reactions on the right and minimise the reactions on the left.
This is a major logistic problem for any nitrogen fixing sys-
tem since (in order to convert dinitrogen into ammonia) it is
an essential requirement that protons are present around the
active site.

that,
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f tes
e us-
t tion.
P t 10
t ost
i ower
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t

Mo may also facilitate nitrogen fixation by “assisting”
the binding of the substrate. Studies on [Fe4S4(SEt)4]2−
and [{MoFe3S4(SEt)3}2(�−SEt)3]3− show that the Mo-
containing cluster has a higher binding affinity for a range
of small molecules and ions (e.g., halide, N3

−, CN−, N2O).
In these clusters, the Mo is six-coordinate and thus it seems
likely that the molecules and ions are binding to the Fe sites
[6]. Thus, the presence of Mo in the cluster core is making
the Fe sites behave as though they are more electron-deficient
than in [Fe4S4(SEt)4]2−.

The presence of Mo in FeMo-cofactor may facilitate nitro-
gen fixation in the following ways: (i) by slowing protonation
of the active site and hence wasteful dihydrogen production;
(ii) by increasing the affinity of the Fe sites to bind substrates
relative to Fe–S-only clusters. Thus, the presence of Mo in
cofactor could facilitate nitrogen fixation not only by favour-
ing binding of the substrate but also ensuring that the enzyme
is a good nitrogenase but a poor hydrogenase.

4. Summary

This article has focussed on the protonation chemistry of
synthetic Fe–S-based cluster and shown how some general
reactivity patterns have emerged from studies on the syn-
thetic clusters, which might reasonably be expected to oper-
a thetic
F tected
d e de-
v ef-
f der-
s ions
o bsti-
t ad-
d etic
F ody-
n

factor b
Our work on synthetic Fe–S-based clusters indicates
rrespective of where dinitrogen binds on cofactor, Mo
ects the reactivity of the cofactor in a way which facilita
fficient nitrogen fixation by making protonation of the cl

er slow which in its turn suppresses dihydrogen produc
roton transfer to all Fe–S cluster cores is slow (at leas4

imes slower than the diffusion-controlled limit) and, m
mportant, Mo–Fe–S clusters protonate appreciably sl
han Fe–S-only clusters. That Mo in synthetic Fe–S-b
lusters makes proton transfer to the clusters slow is ad
ageous for a site whose role is to fix dinitrogen.

Fig. 17. Outline of the competitive pathways in which the FeMo-co
te in natural Fe–S-based clusters. Protonation of syn
e–S-based clusters is common place but cannot be de
irectly because of the poor spectroscopic response. Th
elopment of a kinetic method whereby protonation is
ectively coupled to substitution has resulted in an un
tanding of how many protons bind to clusters, indicat
f where they bind and how protonation affects the su

ution lability of the terminal ligands on the cluster. In
ition, studies on the rates of proton transfer to synth
e–S-based clusters have indicated that even for therm
amically favourable reactions protonation of [Fe4S4Cl4]2−

inds and transforms N2 (right hand side), or binds protons and produces H2.
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occurs about 104 times slower than the diffusion-controlled
limit.

The biological role of FeMo-cofactor (a natural Fe–S-
based cluster) in nitrogenase is to convert N2 into NH3 by a
sequence of coupled electron- and proton-transfer reactions.
It is evident that the cofactor must operate in a protic en-
vironment. Protons have deleterious effect on the action of
the cofactor since, in the absence of substrate, nitrogenase
reduces protons to H2, and this reaction cannot be entirely
suppressed even in the presence of large amounts of the sub-
strate. The work on synthetic Fe–S-based clusters offers a
possible model for how the cofactor operates in a protic en-
vironment and such studies are beginning to piece together
how the constituent metals of FeMo-cofactor contribute to
the overall reactivity of the cluster.
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