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Abstract

The protonation chemistry of synthetic Fe—S-based clusters containing cufdeigid} or {MoFe;S,} cores is described with an emphasis
on: the number of protons that bind to the clusters; where the protons bindK{lseop the protonated clusters; the rates of proton transfer
and how the metal composition of the cluster influences all these factors. The results from the studies on the synthetic Fe—S-based clusters
reveal general reactivity patterns, which it is anticipated, would also be operating, in natural Fe—S-based clusters. In particular, we consider
the action of the active sites of the nitrogenases, and how the metal composition of the active site may modulate the reactivity of the enzyme.
The relative efficiencies of the three principal nitrogenases (Mo-nitrogenase, V-nitrogenase and Fe-only-nitrogenase) have been rationalised
by consideration of the binding affinities and protonation reactivities of synthetic clusters. It is proposed that the presence of Mo in cofactor
leads to higher binding affinity for dinitrogen and a slower rate of proton transfer, and hence slower rate of dihydrogen production than the
V-cofactor or Fe-only-cofactor. It is proposed that Mo in cofactor facilitates nitrogen fixation by suppressing the hydrogenase behaviour of
the active site.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Iron—sulfur clusters; Mechanism; Protonation; Nitrogenases

1. Introduction ological roles for Fe—S-based clusters have now emerged.
Most notably, in certain enzymes the active site is a Fe-S-
When you consider Fe-S clusters the immediate thoughtbased clustg®]. An enzyme, which has been the focus of our
is of electron transfer reactiofi]. Undoubtedly, this is the  studies for several years, has been nitrogenase. This enzyme
most common reaction of natural Fe—S clusters but other bi- converts N into NHz by a sequence of coupled electron- and
proton-transfer reactions under ambient conditions. The en-
* Tel.: +44 191 222 6636: fax: +44 191 222 6929. zyme performs this chemistry at a structurally unique Fe—S-
E-mail addressr.a.henderson@ncl.ac.uk. based cluster called cofactor, by a mechanism, which is still

0010-8545/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.12.021



1842 R.A. Henderson / Coordination Chemistry Reviews 249 (2005) 1841-1856

undefined at the molecular level. Since protons are essentiakimple overall second order rate law: first order dependence
for the conversion of the Ninto NHs, it is evident that the on the concentrations of cluster and thiol. Furthermore, the
cofactor must operate in a protic environment. rate of the reaction was faster for the more acidic thiols (i.e.,
The ability of synthetic Fe—S-based clusters to bind pro- those with the more electron-withdrawing 4-R-substituents).
tons is one of their most fundamental and ubiquitous reac- It was proposed, that protonation (from the thiol) to the clus-
tions. In this article, | will summarise some of our findings on ter was involved in the substitution reaction, and it seemed
the protonation chemistry of synthetic Fe—S-based clusters.reasonable to suggest that protonation occured probably to
Whilst the mechanistic chemistry of synthetic Fe—S-based the coordinated thiolate, as shownRig. 1. Furthermore, it
clusters is sufficiently interesting in its own right to warrant was proposed that the proton-transfer step was rate limiting.
investigation, our studies also add to the general understand- During the 1990s, we were interested in the protonation re-
ing of how the active sites of Fe—S-based metalloenzymesactions of transition metal complexes, and the work of Dukes
operate. At the end of the article, one aspect of the reactivity and Holm awoke our interest in the reactions of Fe—S-based
of nitrogenases will be discussed in the light of the protona- clusters. We decided to study the reactivity of Fe—S-based
tion chemistry of synthetic Fe—S-based clusters. This aspectclusters in a little more detail. Revitalisation of the mecha-
is the limiting stoichiometries of the nitrogenases. 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-
2. Protonation of synthetic Fe—S-based clusters joradvances in the intervening years resulting in a wide range
of different Fe—S-based clusters. Consequently, a systematic
This article will focus on the reactivities of cuboidal Fe—S- investigation of the effect of cluster composition, cluster re-
based clusters containing thEe;S4} or {MoFe3S,} cores, dox state and cluster topology on the reaction mechanisms
such as [F§54X4]?>~ and the dicubanegMoFe3S4X3} (.- could be undertaken. The first reaction type we set out to
SR%]3~ (X=ClorRS; R =alkyl or aryl). The Mo sitesinthe  study was the substitution reaction and the effect of acid on
dicubanes are six coordinate and substitutionally inert. Con- the rate of this process. Effectively, we wanted to study the
sequently, studies on these clusters allow us to probe how thesame type of reaction as that showrFig. 1, but we did not
presence of Mo within a cluster core modulates the reactivity want to use this system. The major disadvantage of the Dukes

of the remaining Fe and S centres. and Holm study is that the thiol is playing several roles in this
reaction: it is the nucleophile, the acid and (after deprotona-

2.1. Protonation with [NHE] *: single protonation of tion) the conjugate base. We wanted to be able to distinguish

the cluster core these three roles and also be able to independently control

the concentrations of the acid, base and nucleophile in the
That synthetic Fe—S clusters can be protonated has beemmixture.

appreciated since the earliest days of this area of chemistry. The system we developed for studying the substitution
In 1975, Dukes and Holm reported the first kinetic study on reactions of Fe—S-based clusters in the presence of acid is
the reactions of synthetic Fe—S clusters. In this study, the au-shown inFig. 2 This figure shows the substitution reaction
thors determined the kinetics for the substitution reactions of of the cuboidal [F§S4X4]%~ cluster. However, it is impor-
the terminal alkyl thiolate in [F£54(SR}]%~ (R =Bu) witha tant to appreciate that the system is entirely general: we
range of 4-substituted arylthio]3]. The kinetics of the sub-  can study the reaction of any synthetic Fe—S cluster un-
stitution of the alkyl thiolate ligand by an arylthiol obeys a der comparable conditions. Indeed, it is the comparison of

% R
I~ 77",_.5/5: .
(‘ ,\ \" -RSH

\

5 R

e QOverall second order kinetics
e Rate = kfcluster][thiol]
* Rate increases with acidity of thiol

Fig. 1. Summary of the kinetics and mechanism of the reaction betwegBSalkyl}]?~ and 4-RGH4SH in MeCN.
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[NEt,]SR

[NHR;]BPh,

(X = halide or thiolate)

RS™ + INHR3FF <+ RSH + NR3
[NHR;*]. = [NHR;'], - [RS],

[NRJ]Q = [NRS]o + [RS](}
[RSH], = [RSH], + [RS],

Fig. 2. System used for the study of the kinetics of the reaction betwegB4BR}]%~ and RSH in the presence of [NHER" and NR in MeCN.

a variety of different clusters, which allow us to establish the concentrations of all these reagents can be controlled in-
general reactivity patterns for the whole family of Fe—S- dependently and the true kinetic dependence on each deter-
based clusterpi—6]. The solvent used is acetonitrile. This mined. Note that although, strictly speaking, RSH is also an
has several advantages. First, the synthetic Fe—S-based cluscid, it is a significantly weaker acid (for PhSH(g>19.3)

ters are invariably soluble in that solvent and secondly, there[10] than [NHEg]*, and so [NHE#]* always wins out as the

is a lot of quantitative information about the nature of so- acid.

lution species in this solvents. In particular, we know the  Atypical resultfrom the kinetic study is shownfing. 3for

pKg's of acids in this solvent. In the system showrFig. 2, the reaction of [FgS4(SEty]%~ with PhSH in the presence
the nucleophile is introduced as a thiolate salt (a tetraalky- of mixtures of [NHEg]™ and NEg [4]. The rate of the reac-
lammonium salt because of solubility in MeCN). The first tion exhibits a first order dependence on the concentration of
acid we used in the studies was [NHEt (pK5;=18.46 in cluster but is completely independent of the concentration of
MeCN) [7]. The acid is provided as the [BHh salt since nucleophile (PhSH). However, the reaction exhibits a non-
this anion is effectively inert and thus will not be involved linear dependence on the ratio [NHE{[NEt3] as shown

in reactions which would complicate the system and the ki- in Fig. 3. Before moving on to discuss the mechanism as-
netic analysis. Subsequently other ammonium ions have beersociated with these kinetics, there are two important points
employed such as the stronger acid [IUtHpK;=15.4 in which need to be emphasised. First, the rate depends only on
MeCN lut= 2,6-dJirmethyIpyridine]8], and the weaker acid theratio [NHEg*]/[NEts], and not on the absolute concentra-

[HZWHZ] (PKa=21.5 in MeCN)[9,10]. Ammo- tions of either reagent. Secondly, that the rate depends only on

¥ 2 2
nium cations are good acids for synthetic Fe—S-based clusNHEts VINEts] (and not, for example, [NHEt]*/[NEt5])

- indicates only one proton binds to the cluster with this acid.
ters because they are sufficiently strong to be able to protonat . : )
) he reader may consider this to be an unnecessary point to
the cluster, but not so strong an acid that they decompose the . : :
. ) . . . make, but the importance of this statement will become clear
cluster. A crucial requirement is that the clusters retain their . . .
) . . in the subsequent discussion.
integrity throughout the reaction. Inspection of the curve irFig. 3 shows that when
In mixtures containing RS and [NHEg]*, the equilib- P g

tam shoun nFig. 215 rapy esabishe, Proved e [WWEIT]=0, e reacon accus t o e e T cor
concentration of acid is greater than the concentration of thi- P Y ’

L ) . be studied independently, in the absence of acid. As the con-
olate then the equilibrium lies completely to the right hand : o .
. . entration of acid increases the rate increases, such that at
side, and the concentrations of all reactants can be calculate N . o i
: . - ow values of [NHE$"])/[NEtz], the reaction exhibits a first
from the relationships shown iRig. 2 In the presence of order dependence on [NHEI/[NE], but at high values
an excess of [NHE}{", it is this cation which is the acid, b 3 g

. . : of [NHEt3*)/[NEts], the rate of the reaction becomes inde-
NEg is the base and RSH is the nucleophile. Consequently, pendent of this ratio. The rate law derived from these data
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[NEt4]SPh
[NHE t3]BPh4
SEt SPh
1.2
‘I -
0.8 1
"_m
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P kobs = 0.085 + 0.35|NHEt;*|/[NEts]
-~
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[NHEt3"]/[NEts]

Fig. 3. Kinetics for the substitution reaction of R (SEty]?>~ with PhSH in the presence of [NHgt and NEg in MeCN. The rate exhibits a first order
dependence on the concentration of cluster and is independent of the concnentration of the nucleophile. The depkndend@d6fEt;*1/[NEts] is shown
in the box.

is described by the equation shownRig. 3. This rate law The vacant site can be attacked by the excess of the nucle-
is consistent with an acid-catalysed dissociative substitution ophile (PhS) present in the solution and complete the first
mechanism as shown Fig. 4. act of substitution.

At the top ofFig. 4 is shown the uncatalysed pathway, In the presence of acid, protonation of the cluster can oc-
which operates in the absence of acid. In this article, | will cur ata rate, which is faster than that of the dissociation of the
not discuss the uncatalysed pathway. Suffice it to say that forethanethiolate in the uncatalysed pathway. This protonation
[FesSa(SEth]?~, the mechanism is dissociative and involves occurs somewhere on the cluster (we will discuss where later)
rate-limiting dissociation of an ethanethiolate ligand to gen- and labilises the cluster to dissociation of an ethanethiolate
erate a cluster where one of the Fe atoms has a vacant sitdigand. The vacant site thus created on one of the Fe sites is

2-

[

1
\

n w
|
Fe
" ry/#‘ B ) = ﬂ\ #. -
* R%[ ?hS, (k UNCATALYSED
& SEt ; f “SPh

K1 NEty

[NHEt;]*

I
H
PhSH fﬁ’# o
k i | ACID-CATALYSED
T “sph
H

Fig. 4. Mechanism for the substitution reaction of {B{SEty]?~ with PhSH in the presence of [NHgt and NEg in MeCN. The top line gives an indication
of the uncatalysed pathway.
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now attacked by the nucleophile (which in the presence of Finally, there is a range of different nuclearities in the clus-
an excess of acid is PhSH). The pathway showhiin 4is ters presented iRig. 5: binuclear, trinuclear, tetranuclear and
entirely general foall Fe—S-based clusters with one provi- hexanuclear. Despite all these variations, it is very noticable
sion. For some clusters, the act of substitution ghstep) that forall synthetic Fe—S-based clusters, tig falls in the

can be associative and hence exhibits a dependence on theange K;=17.9-18.9. The remarkable insensitivity of the

concentration of nucleophif@1]. pKa in this wide variety of Fe—S-based clusters indicates that
Comparison of the rate of dissociation of the leaving protonation is not occuring at a terminal ligand, but rather
group from [FaS4(SEtu]% (intercept of plot inFig. 3 is occuring at a site which is common to all the clusters. It

and the protonated cluster (limiting rate constant at high seems most likely that the protonation site in all the clusters
[NHEt3*]/[NEt3]) shows that protonation of the cluster fa- is the bridging sulfur atom.
cilitates dissociation of the leaving group. This is an entirely ~ Consistent with our proposal that protonation of bridg-
general feature observed with all singly protonated Fe—S- ing sulfur sites is the major labilising force in the substitu-
based clusters, and we will return to the electronic origins of tion reactions involving acid, the reactions of J{Ph) ]2~
this behaviour later. (M =Fe or Co)[16] with either PhSH or [M5;]%~ (M’ =Mo
The non-linear dependence on [NHB{[NEt3] observed or W) are unperturbed by the presence of [NEJEt In-
for these reactions means that we can determine the rate conterestingly, substitution of the terminal P£yigands in
stant for substitution of the protonated clustks) (and the [Fe4S4(PCys)4] by PhSH, inthe presence of [NH§t, is acid
protonation equilibrium constar{). Furthermore, because independent. Although [&4(PCys)4] containsus-S sites,
the solvent is MeCN, and we know that thiggof [NHEt3]* the phosphines are sufficiently bulky to stop the sterically-
in MeCN is 18.4, we can calculate thi&pof the protonated  demanding [NHE$]* approaching the sulfur sites to be pro-
cluster. The results from studies on a wide range of different tonated12].
Fe—S-based clusters are summarisegign 5 [4—6,12—-15] The kinetics of the substitution of terminal lig-
The results for the clusters presentedrig. 5have been ands on Fe-S-based clustdi®] such as [F&€S,Cls]%,
divided into two sections: for those clusters containing ter- [Fe;SsX4]%~, [(MoFe3S4X3)2{n-SEts]®~, [(MOFe3SsX3)
minal chloro-ligands (top) and for those clusters containing »{w-Fe(SEty}]3~ (X = alkyl thiolate, aryl thiolate or halide),
terminal thiolate ligands (bottom). Closer inspection shows [S;MS,FeCh]2~ (M=Mo or W), [Clo.FeSVS,FeCbh]3-
that in the latter section the clusters contain either alkyl or and [MoFaSs(PEg)4Cl] are all catalysed by [NHE}*.
aryl thiolate ligands. In addition, looking at all the clusters Whilst, it is not unreasonable that bridging sulfur atoms are
we see that there is a variety of overall charges on the clus-the most basic sites in clusters containing terminal chloro-
ters; that some clusters are cuboi¢lB&s S, } clusters whilst ligands, there must be some concern that in clusters contain-
others contain a Mo and are based on{hoFe3S,} core. ing terminal thiolate ligands, the thiolate sulfur is more basic

H
pKa
+ H'
Cluster PK,
Fe-Cl clusters: [CLFeS,VS,FeCL]* 179
[S;MoS,FeClL,* 17.9
[Fe,S,CLJ* 18.8
[{MoFe,S,Cl},(u-SEt),]* 18.6
[Fe,S,CL,(NCMe)J 18.1
[Fe S.CL(PEt,),] 18.0
Fe-SR clusters: [Fe,S,(SPh),J* 18.6
[Fe, S, (SED),J* 18.0
[{MoFe;S,(SEt);},(u-SEt);]* 18.1

Fig. 5. Summary of thelf, of the protonated Fe—S-based clusters in MeCN at 5.0
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than any bridging sulfur site. However, if thiolate ligands a substitution reaction. The substitution reaction is associated
are being protonated in (for example) jSa(SEth]%—, our with significant changes in the UV-vis absorption spectrum.
kinetic studies are not detecting this protonation. This dis- Thus, if a proton binds and affects the lability of the cluster
cussion highlights a limitation to the method we have used we will be able to detect the protonation. However, if pro-
to study protonation reactions. It is worth emphasising this tons bind to a site on the cluster, which does not appreciably
limitation at this stage. affect the lability of the cluster, we will not detect this proto-
The simplest and most direct method to look at the pro- nation. Thus, in [FgS4(SEtu]%~, if protonation at a thiolate
tonation of any cluster is to monitor the reaction of the does occur (and this seems likely), it does not affect the rate
cluster with acid. Unfortunately, the addition of a proton to of substitution, indicating that protonation of the cluster core
Fe—S-based clusters is effectively spectroscopically silent. (u3-S) is more labilising than protonation of terminal thiolate
The electronic spectrum of Fe—S-based clusters is dominatedigands.
by intense bands associated with electronic transitions of the A likely mechanism for the reaction of [E84(SEtk]%~
cluster core, and addition of a proton to the cluster has neg-with PhSH in the presence of [NHt is shown inFig. 6.
ligible effect on the spectrum. The |.R. spectral bands as- This mechanism is an elaboration of that showrFig. 4.
sociated with SH bonds are notoriously difficult to detect Initial protonation occurs at the basic thiolate sulfur but pro-
because they are weak and broad. THENMR spectra of tonation at this site has no detectable effect on the rate of
Fe—S-based clusters are paramagnetically shifted and we haveubstitution of the cluster. It is only upon protonation of the
been unable to detect the peak due to the single §oup. bridged sulfur site that the lability of the cluster is signifi-
The problem of detecting the broad resonance of a single cantly affected.
proton whose position will be paramagnetically shifted is ~ That protonation of the coordinated thiolate is not labilis-
compounded by the likelyhood that this proton is rapidly ex- ing, but further protonation of the bridging sulfur site is, can
changing and hence the peak will be further broadened. be rationalised by the bonding description showtrig. 7.
Because of these problems, we have used the kineticProtonation of the coordinated thiolate produces the corre-
method described in this section to detect the protonation sponding thiol in which the S-to-Re-bond is weakened but
of the cluster. Effectively, we have coupled proton transfer to the Fe-to-Sr-backbonding is increased. The overall effect is

K NEt; 1 [NHEt;]*

fl
P
/ 2 “~SEt
H

K, NEt; || [NHEt;]"

SPh
H

Fig. 6. Mechanism for the substitution reaction of JEg{SEtk]2~ with PhSH in the presence of [NHgt and NEg in MeCN, showing protonation of the
w3-S (detected in the kinetics) and protonation of the thiolate (undetected but 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 théol dteckyicg:
sulfur.

that the bond strengths of Fe-thiolate and Fe-thiol are simi-  The bonding picture shown iRig. 7 indicates how pro-
lar and hence there is little change in lability. The same sort tonation of a singlg.3-S in a Fe—S-based cluster labilises
of effect has been observed reflected in the bond lengths ofa terminal thiol by competing for the-backbonding to the
mononuclear Fe-thiolate and Fe-thioether complgkék In terminal thiol. Extension of this model would rationalise why
the Fe—S clusters, the protonation of a bridging sulfur site ap- protonation of twaus-S in a Fe—S-based cluster would lead
pears to have the effect of competing for thédvackbonding to further labilisation of the dissociation of the thiol. Such a

to the thiol and thus labilising the thiol to dissociate. simple consideration is adequate for {Bg(SR}]?>~ where

the substitution is dissociative. However, for associative sub-
2.2. Protonation with [lutH] : diprotonation of the stitution mechanisms, as observed in{&Cl4]2~, more de-
cluster core tailed reflection is needed.

In the associative pathway, there are two distinguishable

The studies with [NHEf" indicate that protonation of  steps: the binding of the nucleophile and the dissociation of
the cluster core catalyse the substitution of either terminal the leaving group. Protonation ofia-S would reasonably be
thiolate or terminal chloro-ligands. Use of the stronger acid expected to favour attack of the nucleophile to the adjacent Fe
[lutH]* (pKa=15.4 in MeCN) results in diprotonation of the site but suppress dissociation of the incipient anionic chloro-
cluster core and the substitution reactions of the clusters aregroup. Itwould appear that single protonation mostinfluences
perturbed in an unexpected manner by the addition of this the binding of the nucleophile, but the second protonation
second protori12,18]. It is important to note that, because leads to a marked decrease in the rate of dissociation of the
the first protonation of the cluster core is associated with chloro-leaving group.
pKa=17.9-18.9, even at the lowest concentration of [ItitH] In the same way, as we determined th&, ffor the first
used the clusters are singly protonated. Consequently, theprotonation of the cluster core in studies with [NHEt we
kinetics of the substitution reactions of synthetic Fe-S-basedcan, in studies with [lutH], calculate K for addition of
in the presence of [lutH] reflects only the addition of the the second proton to the cluster core. Interestingkf, for
second proton to the cluster core. the second protonation of the cluster core shows a marked

For clusters with terminal thiolate ligands, such as dependence on the nature of the terminal ligand. Whilst the
[FesS4(SEty]?—, addition of the second proton to the clus- pKa of all Fe—S-based clusters singly protonated on the clus-
ter core leads to further labilisation of the cluster. The rate ter core is essentially invariant, th&f associated with the
of the reaction exhibits a non-linear dependence on the ratiosecond protonation of the cluster core depends on the terminal
[lutH*])/[lut]. At low values of [lutH*]/[lut], the rate varies  ligands (ca. 16.5 for chloro-clusters and ca. 13.5 for thiolato-
linearly with the ratio but, at high values of [lutfi[lut], the clusters). This is probably a consequence of the electronic
rate becomes independent of the ratio and dissociation ofresponse of the terminal ligand to the addition of the first
the coordinated thiolate becomes rate limiting. Under these protonation.
conditions, all the clusters have two protons bound to the  Addition of the first proton to [F&54X4]?~ (X=RS or
core. The successive addition of two protons to the core of Cl) produces [FgS3(SH)X4] ~. This protonation must have
[FesS4(SEty]?~ results in a regular increase in the lability aneffectonallthe FeS and Fe-X bond lengthsin the cluster.
of the thiolate. The insensitivity of the protonation constant to the identity

Studies on the kinetics of the acid-catalysed substitution of the cluster (and most particularly the terminal ligands) is
reactions of [F§S4Cl4]%~ in the presence of [lutH]shows consistent with the changes to the bond lengths associated
a quite distinctly different behavio(it8]. Even at the lowest ~ with the chloro- and thiolate ligands responding similarly
concentration of [lutH], [FesS4Cls]?>~ is singly proto- to the addition of the first proton. Furthermore, the electron
nated, presumably at the core since the chloro-groups aredensity at the sulfur sites would be expected to be modulated
insufficiently basic to be protonated by [lutHHowever, in- by the bonding in FeX and the similarities of thelg,'s of
creasing the concentration of [lutHiesults in a decrease in  [FesS4X4]?~ indicate the electronic influence of thiolate and
the rate. Thus, whilst addition of the first proton to the cluster chloro-ligands is similar.
catalyses the associative substitution reaction, addition ofthe  The binding of the second proton is also assumed to occur
second proton results in inhibition of the associative substi- at a sulfur atom. However, the binding constant for the sec-
tution reaction. The sequence of protonation steps is shownond proton is significantly different depending on whether
in Fig. 8 the cluster contains chloro- or thiolate ligands. It appears
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Fig. 8. Mechanism for the substitution reaction of {Bg(SEt)]2~ with PhSH in the presence of [lutHand lutin MeCN, showing the undetected but presumed
protonation of the thiolate and the detected protonation ofitw/® sites.

that the bonding of the chloro-ligands effectively neutral- acteristic feature that all Fe—S-based clusters are associated
izes the positive charge introduced with the first protonation with pK;=18.440.5. As shown irFig. 9, if we use a very

so that addition of the proton to [F83(SH)Cly] ~ is associ- weak acid, such as pyrrolidinium ion ( (CH2)3CH2]+,

ated with a K7, which is only 2 units from Ka. In contrast _ :
: . . . pKa=21.5 in MeCN) to protonate Fe—S-based clusters then
with [FesS3(SH)(SR)]”, it appears that the thiolate-ligands the proton transfer is thermodynamically unfavourable. Un-

do n(:lt s?heﬁscgyely r;etzﬁtrallze tge pots |t|\{e chargg.tc((;ng?r; der these conditions, the rate constant for proton transfer
quently, the binding of the second proton 1S assoclated With . e sjower than the maximum possible rate and can

, . N
? pK"a’ WhICT)IS 4—5hun|tsh_d||fferelr_1t to;hem. The chlorp- ‘ become rate limiting. We have studied the substitution re-
igands are better than thiolate ligands at compensating for  ine of [F@SsCla]2~, [{MoFesSaCls}2(1-SEt]3~ and

the increased positive charge on the cluster. [{MOFe;S4Cla}2(u-SPhy]3~ with PhS- in the presence of
+
[H2N(0H2)3CH2] . Because these clusters have terminal
2.3. Rates of proton transfer to Fe—S-based clusters chloro-ligands the dominant pathway for substitution is asso-

ciative. This introduces a slight complication to our kinetics.

In all the studies described above, the mechanism is ac-Because we are now working with an acid where proton trans-
curately described as an acid-catalysed substitution reactionfer is slow, it could be that proton transfer is slower than the
In other words, the protonation step is an initial equilibrium binding of the nucleophile to the cluster. We have to consider
reaction which is rapidly established prior to the act of sub- two possible pathways. In the first pathway, attack of the nu-
stitution. Consequently, although much information can be cleophile is faster than proton transfer. Inthe second pathway,
obtained from these studies (such as tkgpof the clusters, the nucleophile is so poor that the cluster is forced to wait
the effect that protonation has on the act of substitution and for proton transfer to occur from the pyrrolidinium ion. Both
the mechanism of substitution), we get very little informa- of these pathways have been observed: the former when the
tion about how rapidly proton transfer occurs to the cluster nucleophile is PhS and the latter when the nucleophile is
core. We can establish lower limits for the protonation of Br—.
[FesSsCla]?~ with k> 2 x 1P dm® mol~1s~1, but this still Kinetic studieg10] on the reaction between+[E-&Cl4]2‘

leaves a large range betweer? 240d the diffusion-controlled and PhS in the presence of [FN(CHz)sCH,] shows ki-

i 10 —1 1
limit (1010 drm® mol~* 5™, netics with a first order dependence on the concentration of

One of the main reasogs why pr+o_ton transfer to Fe=S- oy qter and PhSbut a complicated dependence on the con-
based clusters from [NHE" or [lutH]™ is rapid is because +

the proton transfer is thermodynamically favourable. In order centration of [BN(CH2)sCHz]  as shown irFig. 1Q Thus,
to make proton transfer slow, we have made use of the char-at low concentrations of acid, the rate increases with the con-
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%
+ E)\H2

pK,=17.9-18.9 pK, =215

M= Feor Mo

* Protonation thermodynamically unfavourable (K, = 107 - 107).
¢ Rate of proton transfer becomes slow.

* Mechanism depends on the strength of the nucleophile.

Fig. 9. Outline of the system used to measure the rates of proton transfer to Fe—S-based cluster. The generic structure shown representet Elyiters |
[{MoFe3S4Cl3}a(pu-SEtp]*~ or [{MoFe3S4Cla}2(u-SPhy]3-.

+
centration of [FQN(CHZ)3CH2] . However, at high concne-  depends only onthe concentration of acid and not on the ratio,
tration of acid, the rate becomes independent of the concen{acid]/[base].

+ . . . .
tration of [HQ,WHZ] . This behaviour is remeniscent There is a fugher dlfference.between fhe Swdlef with
of that observed with the stronger acidiégs. 3 and B The [HoN(CHz)3CHo]  and those with [NHEf™ or [lutH]™.

+

) ) ) o With [NHEt3]* or [lutH]*, the acids are sufficiently strong
important difference is that with [fN(CH)sCH] therate ¢, protonate any free thiolate, and in the presence of
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Fig. 10. Kinetics and mechanism for the reaction between Fe—S-based clusters;Bif@Hk);CH,] in the presence of PhS(strong nucleophile). The
clusters studied are [F8,Cl4]%~, [{MoFe3S4Cla}2(u-SEtk]3~ and [[MoFe3S4Clz} 2(n-SPhy]3.
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an excess of acid only thiol is present. However, with

+
[H2N(CH2)3CHp]  the acid is insufficiently strong to pro-
tonate PhS. Consequently, in the reaction of [f®Cl4]%~
+

with PhS™ in the presence of [fN(CH2)3;CHy] , the nucle-
ophile is PhS.
The mechanism of the reaction is showrFig. 10 Since

+
[H2N(CH2)3CHp]  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-

independentroute. In separate studies, the kinetics of the acidfrom [H2N(CH2)3CH>]

R.A. Henderson / Coordination Chemistry Reviews 249 (2005) 1841-1856

using the expression iRig. 10 The values of these elemen-
tary rates constant for [84Cls]?~, [{MoFe&S4Clz}a(p-
SEts]®~ and [[MoFe3S4Clz}2(-SPhy]~ 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
10° dm® mol~1s~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 diz corresponds to the proton transfer

to the cluster containing a bound

independent substitution pathway has been determined. AsPhS . What we really want to measure is the rate constant for

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. 1Q It is evident that this is a complicated rate

law containing four elementary rate constants. The rate con-
stantwe are mostinterested in calculating is that for the proton

transfer ko). 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 valuekgfcan be

calculated. Studies in the absence of acid give the kinetics

for the acid-independent pathway alone. At high concentra-
tions of PhS the observed rate constantks and hence
we can calculate the ratiko/k_;. Now, from the studies in

+
proton transfer from [I2|N(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 Bras the nucleophile. The ki-
netics and the mechanism of the reaction of Fe+—S-based

clusters with Br in the presence of [fN(CH2);CHy] are
shown inFig. 12 In this system it is evident that the kinetics
are much simpler. The rate depends only on the concentra-

the presence of acid, the observed rate constant at high contions of cluster and acid, and is independent of the concen-

+
centrations of [HIN(CH2)3CH2] corresponds td;. Con-
sequently, we can calculate ;. Since we now know the
values ofky, k-1 andks, we can calculate the value &

tration of Br—. Thus, the gradient of the graphs shown in

Fig. 12 correspond to the rate constant for proton transfer
JF

from [H2N(CH2)3CHp]  to the cluster.

B e il % ' wy Y

PhS p—

| —
¢ - kfj' k;’
cl : cl
SPh
kMg kyls! by /Mg

[FeySyCly* 1.4 x 10° 22x10° 1.8 x 10°
[{MoFe;8,Cls}(u-SEt);|* 33x 10° 1.3x 10° 6.0 x 10°
[{MoFe;S,Cl3},(u-SPh)|* 3.8x10° 1.3x 10° 1.6 x 10°

Fig. 11. Summary of the elementary rate constants for the reaction between Fe—S-based clustess(@tdyJ5CH;]

nucleophile) in MeCN.

I
in the presence of PhS(strong
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Fig. 12. Kinetics and mechanism for the reaction between Fe—S-based clustergld(@Hii);CH,]

in the presence of Br(weak nucleophile). The clusters
studied are [F£54Cl4]%~, [{MoFe&3S4Cl3}2(u-SEts]3~ and [[MoFe;S4Cla}2(u-SPhy]3~.

It is immediately obvious from the graph that are significantly slower than the diffusion-controlled limit.
[Fe4S4Cls]2~ protonates appreciably faster than ei- It is important to bear in mind that the rate constants
ther [{MoFe&S4Cls}2(n-SEtR]3~ or [{MoFe3S4Clz}a(p- are for a proton transfer, which is thermodynamically un-
SPhx]3~ [19]. The values of the rate constants and other favourable. We want to estimate the rate constant for pro-
pertinent data for these reactions are summaris&iginl3 ton transfer in a thermodynamically favourable reaction
There are three important points about these results. (i) TheApKa = (pK§Ust— pkacid) = +1.0. The Bbnsted equation
thermodynamic driving forceXpKa = pKSUste’ — pk 2°id) for [20] relates the rate constant for proton transfer to the equi-
all these protonation reactions are essentially the same.librium constant for thermodynamically unfavourable reac-
Consequently any difference in the rate constants for pro-tions k=GaK%) whereGa and o are constants for a se-
ton transfer is not attributable to a change in the driv- ries of similar acids, and <1. When proton transfer is
ing force. (ii) All the rate constants for proton transfer thermodynamically favourable the rate constant for the pro-

Cl

ky/mt st AL/ keal mol” AS 7 cal K mar™ ApK,
[FeyS4Clyl ™ 240 x 10? 0.45 47 27
[{MoFesS,Cl}a(u-SEt); [~ 25x 107 0.0 55 2
[{MoFe;S,Cl3}2(u-SPh);|* 5.0 x 102 29
* Rate proton transfer slower than diffusion-controlled limit
* {MoFe;S,} cluster slower than {Fe,S,}
4

Fig. 13. Summary of the elementary rate constants for the reaction between Fe-S-based cIustezE@HﬂgCHg] in the presence of Br (weak
nucleophile) in MeCN.
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cess becomes independent of the driving force. Thus, for[Fe,S,Cls]2~ and GHsS™ both in the absence and presence
[FesS4Cla]%, knowing thatk, =240x 10?2 dm? mol~1s~1 +

when ApK,=(pKSUse'—pkacid=_28 we can esti- of [H ZN(CH2)3CH2] allows us to calculate all the elemen-
mate that whemApKa= (pKSUS®— pgacid) = +1.0, k=ca. tary rate constants shown in the mechanisnfrig. 10 A
4.8x 10°dm® mol~1s~1. Thus, the rate of protonation of notable feature of the mechanismfig. 10 which we can
[FesS4Cla]? is ca. 10 times slower than the diffusion- Make use of, is that proton transfer occurs after the attack
controlled limit. This indicates that there is an intrinsic barrier ©0f the nucleophile. Consequently, the rate of proton transfer
to protonation of the cluster core. It has been Suggested thanl' be subject to the electronic influence of the coordinated
the barrier is structural. Protonation ofpa-S must result  thiolate.

in bond length changes to the three ligated Fe atoms. How-  The effect that the 4-R-substituents on 44RiGS™ have
ever, changes at these bonds will have effect on the otheronki, k-1 andkz are shown in the Hammett plot Fig. 14
bonds within the cluster framework. Thus, all 12 bonds in the It is noteworthy and surprising that proton transfer to the
{Fe4S4} cube (and also possibly the bonds to the four termi- cluster is subject to the same electronic effects as nucleophile
nal Fe-Cl) have to adjust during the proton transfer leading binding. In particular, the addition of either a cation*jrbr

to a slow reaction. We will discuss the evidence for structural @n anion (PhS) is facilitated by electron-withdrawing 4-R-
changes in the next section. (i) FinallfNloFe3S4Cls} (- substituents. It might have been anticipated that kgtind
SEtg]3~ and [MoFe3S4Cls}a(n-SPhy]®~ protonate ap- ko would be facilitated by electron-releasing groups which
preciably slower than [#54Cls]?~. The reason for this =~ Mmake the thiolate a better nucleophile (more electron-rich
is not entirely clear but it could be that the structural ad- sulfur) and increase the basicity of the cluster site when the
justments around the Mo in the cluster core are energet-thiolate is coordinated.

ically more demanding than rearrangements about the Fe The effect of the 4-R-substituent &m seems most likely

sites. to be a transition state stabilisation effect. Upon approach of
_ the anionic thiolate towards the anionic cluster there must
2.4. Electronic effects on the rates of proton transfer 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
on a thiolate ligand facilitate the transfer of a proton to the

cluster indicates that in the transition state of the proton-

The proposal that structural reorganisation of the clus-
ter is a significant barrier to proton transfer in Fe—S-based
clusters is supported by the results from studies on the

. 2— _ - h
fgtﬁslv?fg‘e L‘;aCtﬁ”SC ?etwegnﬁSg(ih]. a;]nd 4-RGH4S . transfer step there must also be an unfavourable build-up of
( =MeO, €, +1 or E) [ ] In the presence o negative Chal’ge.

[H2N(CH2)3CHz] . We have already described in the sec- In general, protonation of any site must involve shortening
tion above how studying the kinetics for the reaction between of the bond lengths of the ligands around that site. In the case

| W /‘"
i, S 1h’;; ‘

7
SPh SPh

7

log,, (k)

P

-0.4 -0.2 0 0.2 0.4 0.6
Hammett o
+

Fig. 14. Hammett plot for the elementary rate constakifs k%, andkR) for the reaction between [F84Cls]?>~ and [H;N(CHz)3CH;] i the presence of
4-RGsH4S™ (R=MeO, Me, H, Cl or CE) in MeCN.
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of Fe—S-based clusters, the shortening of the Fe-thiolate boncklectrostatic effect of the pendant carboxylate groups. It was
will be resisted by the build-up of negative charge, as the thi- proposed that the proton is associated with #8-éace with
olate and anionic cluster get closer. This negative charge cana hydrogen-bridged structure involving the filled d-orbitals
be dissipated by electron-withdrawing 4-R-substituents, thus above the face of the cluster. However, the evidence for such
facilitating the Fe-thiolate bond length changes and hencea novel structure is poor. The simple addition of the proton to
the rate of proton transfer. Thus, Fe-thiolate bond shorteningthe lone pair of electrons on the sulfur of the thiolate ligands
prior to, or concomitant with, proton transfer could modulate orthews-S atoms seems a much simpler and more reasonable
the rate of proton transfer. proposal.
Earlier studies had indicated that electron-withdrawing R-
substituents increase the rate of nucleophile binding, butin a3.1. The binding of substrates by nitrogenases
manner which cannot be quantifif?]14].
The nitrogenases are a class of enzyme, which conyert N
into NHz. There are three types of nitrogenase, which em-
3. Protonation and the action of nitrogenase ploy Fe—S-based clusters as the substrate binding and trans-
formation site. The most common (and the most studied)
In the presentation so far, the ubiquitous nature of proto- type contains Mo and Fe, another contains V and Fe and
nation of the cluster cores in synthetic Fe—S-based clustersthe last contains only Fe. All three nitrogenases accomplish
has been emphasised. However, all of the work has been perthe transformation of Nunder ambient conditions by a se-
formed in MeCN. The question arises, “Does the analogous quence of coupled electron- and proton-transfer reactions,
protonation chemistry of Fe—S-based clusters operate in awith the substrate bound to a Fe-S-based cluster called co-
protic environment, with alg, for protonation of the cluster ~ factor. In the Mo-nitrogenase, the cofactor has the compo-

core in a range which is physiologically relevant?” sition {MoFe;So(N)(R-homacitrate), whilst in the V- and

As outlined above, we have determined th&p of a Fe-only-nitrogenases the Mo is replaced by V or Fe, respec-
variety of clusters, ranging from [E8,Cls]?~ to the so- tively.
called “basket clusters”. However, thedé,js are for a non- All three nitrogenases comprise two metalloproteins: the

aqueous, aprotic environment. It is possible to estimate theFe-protein and the MFe-protein (M =Mo, V or Fe). Crystal-
pKa in MeOH from the K, determined in MeCN using Eq.  lographic data is only available for the Mo-nitrogenase so this
(1) [22] which gives K4 = 10.9+ 0.5. However, this value is,  is the form on which we will focus. In Mo-nitrogenase, the
at best, only approximate. Only with studies in a protic sol- Structure of active site has been established by X-ray crystal-
vent can we determine thé&gs in a medium which is that  lography Fig. 15 [26-29]
associated with naturally occuring Fe-S clusters and hence The major role of the Fe-protein is the transfer of electrons
judge whether the protonation reactions identified in MeCN from the external reductant (flavodoxin or ferredoxin) to the
for synthetic clusters are relevant to the action of proteins. MFe-protein. The Fe-protein has been isolated and purified
from a variety of different organisms. Irrespective of their
pKa(MeCN) — 7.5 = pKa(MeOH) Q) origin, they are all much the same si2d,(~ 65 kDa) and
have anx, dimer structure with a single cuboidéliFesSs}
The kinetics of the reaction between the methanol soluble cluster bound between the subunits via cysteinate amino acid
[Fe4S4{SCH,CH(OH)Me}4]>~ and PhS in the presence of  residueg30].
[NHEt3]* exhibits behaviour analogous to that described for ~ The MoFe-proteinisolated from a number of different bac-
the studies of [Fg54(SRu]?~ in MeCN. Using the kinetic terial sources are all similar witk; ~ 220 kDa and awp;
data for the acid-catalysed substitution reaction we can cal-tetramer structure. The tve dimers interact predominantly
culate K,=8.5 for [Fey(SH)S{SCHCH(OH)Me}4]%~ in between the helices of thH&subunits at the tetramer inter-
MeOH. Thus, protonation of @s-S in the{Fe;S4}2* core is face[26—28] A channel (diameter ca.&) goes through the
associated with a, which is physiologically significant. centre of the tetramer. Eaet subunit contains two struc-
Bruice et al. have also studied the substitution reactions turally unique Fe—S-based clusters: one P-cluster and one
of synthetic Fe—S clusters in aqueous solutif?d] and FeMo-cofactor.
observed that the multiple substitution of jSg(SR}]%~
(R =alkyl) exhibited a pH dependence indicating&,pf the
cluster of about 3.9. A similarify was observed in the kinet-
ics of dissolution of natural Fe—S clusters from high potential
iron protein and five ferredoxin@4]. In another study, the Cys g
cluster [Fe@S4(SCHCH,CO,)4]%~ was investigatefR5]. In
this last cluster, there is a high associated charge because
the terminal thiolate ligands involve carboxylate residues.
Spectrophotometric titration of this cluster with acid gave
pKa=7.4. The higher i, of this cluster was attributed to the 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, storingcofactors in the three nitrogenases is the presence of the Mo,
electrons until they are required by the active site (FeMo- V or Fe it appears that the metal composition of the cluster
cofactor), for the conversion of Ninto NHz. The FeMo- core is influencing the relative abilities of the cofactor to fix
cofactor is enclosed within the-subunit of the MoFe- N> on the one hand, or reduce kb H, on the other.
protein, ca.1@\ from the surface. The cofactor is bound to
the polypeptide through Cy275 (to the terminal tetrahe-
dral Fe) and His442 (to Mo). The Mo is six-coordinate  3.2. Protonation of nitrogenase cofactors and
with two of the sites occupied bg-homocitrate acting as a  dihydrogen production
bidentate ligand, coordinated through alkoxy and carboxylate
groups, with the carboxylate groups of th€H,CH,CO,~ A natural consequence of the chemistry that the cofac-
and—CH,CO,~ arms being pendant. tors perform (transformation of Nand other substrates by

At its crudest level, the mechanism of the nitrogenases is sequences of electron- and proton-transfer reactions) means
the electron transfer pathway showriHig. 16 Inthe absence  these Fe—S-based clusters must operate in a protic environ-
of Ny, all nitrogenases reduce*Ho Hp, and even in the  ment. Both theoreticdB1] and experimental studi¢s2] on
presence of a large excess of bhe evolution of H can extracted FeMo-cofactor from the Mo-based nitrogenase in-
never be completely suppressed. The productiorpdfy-the dicate protonation ofiz-S or u3-S sites. Clearly, this is line
nitrogenases is a natural consequence of the cofactor havingvith the prevalent protonation chemistry observed with syn-
to operate in a protic environment, where electrons are beingthetic Fe—S-based clusters: the cofactors of nitrogenase are
fed to the active site. However, this production of Wastes doing nothing more than what is natural for Fe—S cluster. The
energy and leads to an inefficient enzyme. Not only is the important point is that this protonation of the cluster core in
enzyme producing a product §H which is not wanted, but  the presence of a supply of electrons can lead to the reduction
also the electrons supplied to the active site are being routedof H* to Hy, which in its turn leads to inefficiency in the ni-
away from the desired product (NH It is generally accepted  trogen fixing ability of the enzyme since electrons that could
that two molecules of ATP have to be hydrolysed for every be used for converting Ninto NH3 are being wasted in the
electrontransferred. Ifthe electrons are not being employed inproduction of H.

the transformation of pithen the production of each molecule In the presence of H the evolution of H is suppressed
of Hy involves the waste of the energy supplied by hydrolysis and some NH is produced. However, Hproduction can-
of four molecules of ATP. not be entirely suppressed. At high pressures nfaNlimit-

The three nitrogenases have very different efficiencies asing stoichiometry is reached as describedrig. 16 Under
shown by the limiting stoichiometries iRig. 16 Thus, the these conditions, some;Hs still evolved and, for the Mo
Mo-based nitrogenase is the most efficient, producing only nitrogenase, about one molecule of id produced for every
one H for every two molecules of Ngiformed; whilst the molecule of N converted into NH. This limiting stoichiom-
Fe-only nitrogenase is the least efficient producing about 7.5 etry led to the proposal that\bound to the active site by
H, for every two molecules of Ngiformed, and the V-based displacing b from a metal-hydride sitf82]. The discovery
nitrogenase lies in the middle, producing threefbr every of other types of nitrogenases with very different limiting
two molecules of NH. Since the only difference betweenthe stoichiometries has led to a reconsideration of this proposal.
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Two other nitrogenases have been establi$def the V- Mo may also facilitate nitrogen fixation by “assisting”
nitrogenase contains V and Fe and the Fe-only-nitrogenasethe binding of the substrate. Studies on {E&SEty]%~
contains just Fe. The V-nitrogenase contains a cofactor inand [[MoFe3S4(SEts}2(n—SEtg]®~ show that the Mo-
which V has formally replaced Mo whilst in the Fe-only ni- containing cluster has a higher binding affinity for a range
trogenase the Mo has formally been replaced by Fe. Thisof small molecules and ions (e.g., halides N CN~, N2O).
difference between the various nitrogenases amounts only toln these clusters, the Mo is six-coordinate and thus it seems
a single metal in the cofactor. Yet this appears to have a pro-likely that the molecules and ions are binding to the Fe sites
found effect on the product specificities of the nitrogenases. [6]. Thus, the presence of Mo in the cluster core is making
Most notably, the three nitrogenases have very different lim- the Fe sites behave as though they are more electron-deficient
iting stoichiometries. than in [FeS4(SEty]?~.

Our work on the protonation chemistry, and notably the  The presence of Mo in FeMo-cofactor may facilitate nitro-
rates of proton transfer, of synthetic Fe—S-based clusters al-gen fixation in the following ways: (i) by slowing protonation
low us to now rationalise these relative efficiencies of the of the active site and hence wasteful dihydrogen production;
nitrogenases and how change of a single metal in the cluster(ii) by increasing the affinity of the Fe sites to bind substrates
can lead to significant changes in efficienEig. 17 shows relative to Fe—S-only clusters. Thus, the presence of Mo in
an outline representation of the key steps in the initial stagescofactor could facilitate nitrogen fixation not only by favour-
of nitrogen fixation. On the right hand side is the binding of ing binding of the substrate but also ensuring that the enzyme
dinitrogen to the reduced cofactor, and on the left hand sideis a good nitrogenase but a poor hydrogenase.
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 4. Summary
reactions on the right and minimise the reactions on the left.

This is a major logistic problem for any nitrogen fixing sys- This article has focussed on the protonation chemistry of
tem since (in order to convert dinitrogen into ammonia) it is synthetic Fe—S-based cluster and shown how some general
an essential requirement that protons are present around theeactivity patterns have emerged from studies on the syn-
active site. thetic clusters, which might reasonably be expected to oper-

Our work on synthetic Fe—S-based clusters indicates that,ate in natural Fe—S-based clusters. Protonation of synthetic
irrespective of where dinitrogen binds on cofactor, Mo af- Fe—S-based clusters is common place but cannot be detected
fects the reactivity of the cofactor in a way which facilitates directly because of the poor spectroscopic response. The de-
efficient nitrogen fixation by making protonation of the clus- velopment of a kinetic method whereby protonation is ef-
ter slow which in its turn suppresses dihydrogen production. fectively coupled to substitution has resulted in an under-
Proton transfer to all Fe—S cluster cores is slow (at leabt 10 standing of how many protons bind to clusters, indications
times slower than the diffusion-controlled limit) and, most of where they bind and how protonation affects the substi-
important, Mo—Fe—S clusters protonate appreciably slower tution lability of the terminal ligands on the cluster. In ad-
than Fe-S-only clusters. That Mo in synthetic Fe—S-baseddition, studies on the rates of proton transfer to synthetic
clusters makes proton transfer to the clusters slow is advan-Fe—S-based clusters have indicated that even for thermody-

tageous for a site whose role is to fix dinitrogen. namically favourable reactions protonation of {BgCl4]%~
i N
_ /\ 1“\\ /(‘ﬂ/i"// g N, /\?"\\‘}3’7 @
R = G = X
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Fig. 17. Outline of the competitive pathways in which the FeMo-cofactor binds and transfor(ngit hand side), or binds protons and produces H
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