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Density functional calculations show that Fe-S clusters 

undergo unexpected large structural changes when 

protonated at S.   Protonation of prototypical cubanoid 

[Fe4S4X4]
2-
 to [Fe4S3(SH)X4]

-
  (X = Cl, SR, OR) results in 

formation of doubly-bridging SH, severance of one Fe-S 

bond, and creation of a three-coordinate Fe.  These findings 

explain previously enigmatic results concerning the reactivity 

of these clusters, including the rates of protonation, pKa data, 

and the kinetics of acid-catalysed ligand substitution. 

Cubanoid clusters [Fe4S4X4]
z-

 occur widely in biology (X = 
cysteine), and accordingly synthetic analogues of these clusters (X = 
halide, Saryl, Salkyl or phenolate) have been investigated in great 
detail since the first preparations by Holm et al in 19721-5   It has 
been shown that substitution of the terminal ligands,  [Fe4S4X4]

2-
 + 

Y
-
 → [Fe4S4X3Y]

2-
 + X

-
, is acid-catalysed, and kinetic investigations 

have sought to identify the origin of the acid catalysis.6-8   These 
kinetic studies have allowed determination of the pKa of the clusters, 
the rates of protonation, and the effect that protonation has on the 
rates of substitution.  The pKa values all fall in a relatively narrow 

range (17.9 - 18.8), and are the same as those for [Fe2S2X4]
2-

 

clusters.6-8 This is an unexpected result, because [Fe4S4X4]
2-

 contains 

only triply-bridging S (µ3-SFe3), while [Fe2S2X4]
2-

 contains only 
doubly-bridging S (µ-SFe2), and these structurally different S atoms 
would be expected to have different basicities.   In addition, the rates 
of protonation of [Fe4S4X4]

2-
 are considerably less than the 

diffusion-controlled limit even for thermodynamically-favourable 
reactions (k ≤ 1 x 10

7
 dm

3
 mol

-1
 s
-1

),9 and show no significant 
primary isotope effect.10, 11  Finally, protonation of the cluster 
increases the rate of substitution of [Fe4S4X4]

2-
 irrespective of the 

nature of X.  Thus there are four general features concerning the 
reactivity of these protonated clusters that are unexplained: (a) why 
and how is substitution catalysed by protons? (b) why is protonation 
of S slower than expected?  (c) why is there no isotope effect, and, 

most enigmatically, (d) why are the measured pKa values so similar?  
Clearly, something fundamental about the protonation chemistry of 
these clusters is not understood. 
 

 
Fig 1.  The structure of FeMo-co (b), the four trigonal pyramidal 
conformers of S3B-H after protonation of S3B and their 
interconversions (a), and the structural congruence of [Fe4S4X4] and 
the section of FeMo-co containing S3B (encircled). 
 
Recent theoretical investigations12 of the protonation of the active 
site of the enzyme nitrogenase13-17 have indicated the answer.  Fig 
1(b) shows the active site of nitrogenase, FeMo-cofactor (FeMo-co), 
which is an Fe7MoS9C cluster18 ligated to the surrounding protein 
through a cysteine and a histidine residue.  In the cluster core, the 
triply-bridging sulfur atom S3B is proposed as the entry point of the 
multiple protons required for the catalytic hydrogenation reactions 
effected by FeMo-co,19 and DFT calculations showed that µ3-S3B 
becomes doubly-bridging µ-S3B-H upon protonation.12   Protonation 
causes substantial elongation of one of the two Fe-S3B bonds in 
FeMo-co.   The S3B-H function in FeMo-co has four different stable 
conformations (Fig 1 (a)), each with one long (ca 3Å) S---Fe 
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distance, and each conformation has threefold pyramidal 
coordination of S3B (to H, Fe and Mo).  Tetrahedral fourfold 
coordination of S3B (H, 2Fe, Mo) is calculated to be 7 - 10 kcal mol

-

1
 less stable.12 This suggests that µ3-S in other metal clusters may 

also change to µ-SH on protonation.   A recent search of the 
Cambridge Structural Database yielded no unambiguous occurrences 
of (µ3-SH)M3, an absence noted also by Kuwata and Hidai.20 
To investigate the consequences of protonating µ3-S we undertook a 
density functional simulation with the simple cubanoid clusters 
[Fe4S4X4]

2-
 which are iso-structural with the relevant part of FeMo-

co (see Fig 1 (c)) and found that this system elongates one S-Fe bond 
on protonation, similar to that observed with FeMo-co. Herein, we 
also present a qualitative description of the mechanisms for the acid-
catalysed substitution reactions of [Fe4S4X4]

2-  and [Fe2S2X4]
2-. 

These mechanisms are supported by DFT optimisations of all 
reactants, intermediates, and products.   For reaction steps involving 
charged species in acetonitrile solution, such as 
protonation/deprotonation by HNEt3

+
 / NEt3, dissociation of X

-
, and 

association of PhS
-
 (or PhSH + NEt3), the transition states in 

acetonitrile solution are difficult to calculate accurately, and no 
attempt is made to calculate rate constants for comparison with 
experiment.   Rather, our contribution is the recognition of the 
cluster core disruption associated with protonation of µ3-S in a metal 
cluster, permitting rationalisation of a number of enigmatic 
observations, and providing a consistent basis for understanding the 
mechanisms of proton-catalysed substitution reactions of iron-sulfur 
clusters. 
 The key structural result from our calculations is that protonation 
changes µ3-S in all [Fe4S4X4]

2-
 (X = halide, thiolate or alcoxide) to 

µ-SH in [Fe4S3(SH)X4]
-
.   Fig 2 shows the two conformations 

calculated for [Fe4S3(SH)X4]
-
.  The SH function has pyramidal 

trigonal stereochemistry, and the Fe
a
--S distance has extended from 

ca 2.3Å to at least 2.85Å in the most stable electronic states (see 
ESI).   The two isomers are designated endo and exo, signifying the 
SH direction relative to the long S--Fe vector.   The structural 
change associated with protonation of [Fe4S4X4]

2-
 is calculated to be 

reversible. 

 

 
Fig 2.   Endo and exo isomers of [Fe4S3(SH)X4]

-
. 

 
This result suggests simple explanations for the enigmatic reactivity 
observed with these clusters.  The unexpectedly slow rate of proton 
transfer to [Fe4S4X4]

2-
 is now more understandable, because the 

measured or estimated rate constant does not correspond to the 
simple transfer of a proton from acid to µ3-S, but rather is a proton 
transfer step coupled to elongation / cleavage of an Fe-S bond.  For 
the same reason there is no significant isotope effect (when using 
deuterated acid).   Moreover, it is now clear that the similarity in the 
pKas of µ3-SH and µ-SH is illusory. The apparent pK

a
 values 

measured for protonation of [Fe4S4X4]
2-

 (containing only µ3-S) are, 
in fact, not true pKas because the process being measured is 

protonation of a µ3-S coupled to cleavage of an Fe-S bond. In 

contrast, the pKas measured for [Fe2S2X4]
2-

 (containing only µ-S) are 
true pKas since the reaction only involves protonation of a µ-S (vide 
infra). 
 
Furthermore, the reason why protonation of a core µ3-S labilises 
substitution of any terminal ligand in these clusters now becomes 
clear.  Protonation of µ3-S results in one Fe atom in [Fe4S3(SH)X4]

-
 

becoming  under-coordinated, with essentially planar three-
coordination, and, consequently, this Fe becomes more susceptible 
to binding of nucleophiles than is the four-coordinate Fe in 
[Fe4S4X4]

2-
.   Fig 3 shows a generic mechanism that accounts 

qualitatively for all kinetic data on the protonation and substitution 
reactions of [Fe4S4X4]

2-
.   Both the endo and exo conformers of 

[Fe4S3(SH)X4]
-
 facilitate the substitution reaction.   A key aspect of 

the experimental substitution kinetics is the rate dependence on the 
concentration of the nucleophile Y (Y is shown as PhSH in Fig 3).   
When X = Cl or Br the observed rate is dependent on [Y] because 
the prior X dissociation step is fast, while for other X = SR, OR, 
substitution is independent of [Y] (see ESI) because dissociation of 
X is slower and rate-determining.  This enhanced lability of Cl, Br, 
relative to other X, occurs also in the uncatalysed substitution 
reactions.21, 22 

 
Fig 3.  The proposed mechanism for acid-catalyzed substitution of 
[Fe4S4X4]

2-
 to form [Fe4S4X3(SPh)]

2-
 in MeCN, passing through 

either endo or exo [Fe4S3(SH)X4]
-
.23  The rate-limiting step is 

dependent on X, as marked.  This mechanism is consistent with all 
kinetic data.  The structures of all intermediates have been confirmed 
by DFT optimisation.  There are no significant energy differences 
between the endo and exo pathways. 
 
Key features of the mechanism in Fig 3 are: (1) protonation of µ3-S 
generates a three-coordinate Fe site which is primed to be the site of 
substitution because it is susceptible to attack by a nucleophile; (2) 
coordination of acetonitrile (present as solvent) to the three-
coordinate Fe prior to dissociation of X

-
; (3) maintenance of the 

three-coordinate Fe after dissociation of X
-
, in intermediate 3. 

 
What about the acid-catalysed substitution reactions of the terminal 
chloro-ligands in [Fe2S2Cl4]

2-
, and related complexes 

[Cl2FeS2VS2FeCl2]
3-

 and [S2MS2FeCl2]
2-

 (M = Mo or W), which 
contain only µ-S ligands?  Kinetic studies show that substitution is 
faster upon protonation of these 'µ-S only' clusters, and the rate of 
protonation of µ-S is similar to that observed for µ3-S in cubanoid 
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clusters.24, 25  Protonation of clusters containing only µ-S would be 
expected to form µ-SH, without severance of an Fe-S bond, and this 
has been confirmed with DFT calculations.  Therefore an acid-
catalysed substitution mechanism involving three-coordinate Fe is 
not available in these systems.   What is the explanation for the slow 
rate of protonation of 'µ-S only' clusters?  Calculations reveal that 
protonation of [Fe2S2Cl4]

2-
 at µ-S causes considerable geometrical 

change.  Energy minimisation, after addition of a proton in 
approximately planar Fe2-SH stereochemistry, results in elongation 
of the Fe--Fe distance with concomitant bending of the H-S bond out 
of the Fe2S plane: this is a type of 'scissors' reconfiguration in which 
Fe-S-Fe angle increases as the H-S-Fe angles decrease.   The Fe-SH 
distances are ca 0.2Å larger than the corresponding Fe-S distances.   
The significant result here is that protonation of µ-S to form µ-SH, 
while not involving Fe---S cleavage, does involve substantial 
structural changes, resulting in slow proton transfer.25 
 
Experimentally, the rate of the reaction between [Fe2S2Cl4]

2-
 and 

PhSH in the presence of HNEt3
+
 is independent of the concentration 

of PhSH (see ESI).   We propose the associative mechanism shown 
in Fig 4 for proton-catalysed substitution of [Fe2S2Cl4]

2-
.  The 

weakened coordination of Fe upon protonation of S (Fe-S extension 
by 0.2Å) increases the susceptibility of Fe to incoming ligands.   
Coordination of solvent acetonitrile (intermediate 7) is coupled with 
dissociation of Cl

-
 (8), followed by coordination and deprotonation 

of PhSH (9), dissociation of acetonitrile (10), and deprotonation of 
µ-SH.  This sequence of steps is analogous to that proposed above 
for [Fe4S4X4]

2-
 (Fig 3).   We expect that these mechanistic concepts 

for acid-catalysed substitution of [Fe2S2Cl4]
2-

 will apply to other 'µ-S 
only' Fe-S clusters. 
 

 
Fig 4.   The mechanism proposed for acid-catalysed substitution of  
[Fe2S2Cl4]

2-
, for instance by PhSH. 

 
Until now it has reasonably been assumed that during the 
substitution and protonation reactions of cubanoid [Fe4S4X4]

2-
 the 

cluster framework remains robust and essentially inflexible.  
However, the results presented in this paper indicate that protonation 
of µ3-S in [Fe4S4X4]

2-
 is coupled to a Fe-S bond elongation.  This 

disruption of the cluster framework affects its reactivity, and in 
particular primes the cluster to nucleophilic attack by generating an 
under-coordinated Fe site.  A new and subtle meaning now attaches 
to the name 'acid-labile sulfide' used in the early period of research 
on biological FeS clusters.26, 27  The µ3-SM3 structural motif 
pervades synthetic and natural metal sulfide clusters,4, 28-33 and 
transient cluster disruption, induced by protonation, may be a 
widespread phenomenon. 
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