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The reaction between PhS� and [Fe4S4{SCH2CH(OH)Me}4]
2� to form [Fe4S4(SPh)4]

2� has been studied in methanol,
in the presence of the weak acid, [NHEt3]

�. The kinetics are similar to those observed earlier for a variety of
Fe–S-based clusters studied in MeCN. A major difference between the studies in the two solvents concerns the
identity of the solution species. In MeCN, [NHEt3]

� is a sufficiently strong acid to convert all PhS� to PhSH.
However, in MeOH, PhSH is a comparatively stronger acid and consequently PhS� is little protonated by [NHEt3]

�.
The rate law for the reaction in MeOH is consistent with a mechanism in which initial protonation of a thiolate
ligand is followed by protonation of the cluster core (presumably a µ3-S) which labilises the terminal thiol ligand.
Subsequent attack of PhS� at the vacant site thus created on one of the Fe atoms completes the first act of
substitution. Analysis of the data yields pKa = 8.5 for [Fe4S3(µ-SH){SCH2CH(OH)Me}4]

�. The relevance of this
result to hydrogen bonding interactions of Fe–S-based clusters in proteins is discussed. The X-ray crystal
structure of [NMe4]2[Fe4S4{SCH2CH(OH)Me}4] is also reported, and the arrangement of the ligands is
consistent with an extensive hydrogen bonding network between some of the hydroxyl groups.

Introduction
Fe–S-based clusters play a variety of roles in biology.1,2 In
addition to the ability to transfer and store electrons, Fe–S
clusters can, in certain enzymes, be the site where the substrate
is bound and transformed into products.

Protonation of synthetic Fe–S clusters has been known for
several years. Thus, the substitution reactions of synthetic
Fe–S-based clusters are accelerated in the presence of acid.3,4

Indeed, for [Fe4S4(SR)4]
2� (R = alkyl), substitution does not

occur in the absence of acid. In contrast, evidence for complete
proton transfer to Fe–S clusters in proteins is scant. The only
evidence for protonation of an Fe–S cluster in a protein, of
which we are aware, is in ferredoxin I (Fe3S4 cluster) from Azo-
tobacter vinelandii where the redox potential is pH dependent.5

The active sites in hydrogenases 6 and nitrogenases 7 comprise
more elaborate Fe–S-based clusters, at which substrates bind,
and are transformed via sequences of protonation (and electron
transfer) reactions. Clearly, in hydrogenases and nitrogenases
the active sites must operate in a protic environment. Theor-
etical calculations on the NiFe and Fe-only active sites of
hydrogenase 8,9 indicate protonation of the sulfur ligands. Simi-
larly, both theoretical studies 10 and kinetic studies on extracted
FeMo-cofactor 11 from nitrogenase indicate protonation of µ2-S
or µ3-S sites.

In proteins, complete proton transfer is perhaps unfavour-
able but can be replaced by partial proton transfer. Hydrogen
bonding of cysteinate and µn-S ligands 12 of Fe–S-based clusters
is widespread. In particular, the X-ray crystal structures of
all proteins containing Fe–S clusters feature hydrogen bond-

† Electronic supplementary information (ESI) available: kinetic data
for the reaction of [Fe4S4{SCH2CH(OH)Me}4]

2� with PhS� in the pres-
ence of [NHEt3]

� in MeOH at 25 �C. See http://www.rsc.org/suppdata/
dt/b1/b105075n/

ing of main chain amide N–H to cluster sulfur atoms. How-
ever, amino acid side chains are also involved in hydrogen
bonding in some systems. It seems reasonable to assume that
the pKa of the side chain will control the extent of proton trans-
fer to the cluster. Since the substitution lability of synthetic
Fe–S-based clusters is affected by protonation, it seems likely
that the choice of hydrogen bond donor is a means of tuning
the reactivity of the cluster. One of our goals is to develop
a conceptual understanding of how the reactivity of Fe–
S-based clusters is modulated by hydrogen bonds inside
proteins. In this paper we report the determination of the
pKa associated with protonation of the cluster core in a protic
solvent and discuss the relevance of our findings to hydrogen
bonding in naturally-occurring Fe–S-based clusters.

Experimental
All manipulations in both the synthetic and kinetic aspects of
this work were routinely performed under an atmosphere of
dinitrogen using Schlenk and syringe techniques as appropriate.
The compounds [NHEt3]Cl,13 and [NEt4]SPh 14 were prepared
by the literature methods.

All solvents were dried over the appropriate drying agent and
distilled immediately prior to use: MeCN (CaH2); tetrahydro-
furan (sodium–benzophenone) and MeOH (NaOMe).

Mössbauer spectra were recorded at 77 K on an ES-
Technology MS-105 spectrometer with a 925 MBq 57Co source
in a rhodium matrix at ambient temperature; NMR spectra on
a Jeol Lambda 400 spectrometer and UV-visible absorption
spectra on a Shimadzu UV-2101PC spectrophotometer.

Synthesis of [NMe4]2[Fe4S4{SCH2CH(OH)Me}4]

To a solution of [NMe4]2[Fe4S4(SBut)4]
15 (0.43 g, 0.50 mmol) in

acetonitrile (50 cm3) were added 5 equivalents of 1-mercapto-
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2-propanol (0.23 g, 2.50 mmol). The solution was stirred for
30 minutes after which all volatiles were removed in vacuo. The
residue was redissolved in warm acetonitrile (40 cm3) and fil-
tered. To the filtrate was added ethyl acetate (50 cm3), dropwise.
After storage at �18 �C overnight, the black crystalline product
was collected by filtration, washed with ethyl acetate and dried
in vacuo (60% yield).

Kinetic studies

The kinetics of the reaction between [Fe4S4{SCH2CH(OH)-
Me}4]

2� ([Fe4S4] = 0.1 mmol dm�3) and PhS�, in the presence
of [NHEt3]

�, were studied in MeOH using a Hi-Tech SF51
stopped-flow spectrophotometer, modified to handle air-
sensitive solutions,16 and interfaced to a Viglen computer via an
analogue-to-digital converter. The temperature was maintained
at 25.0 �C using a Grant LE8 thermostat tank.

Solutions containing mixtures of [NHEt3]Cl and [NEt4]SPh
were prepared in dry MeOH from stock solutions of the
reagents and used within 1 hour of preparation.

The kinetics of the reactions of [Fe4S4{SCH2CH(OH)-
Me}4]

2� were studied by monitoring the absorbance change at
λ = 520 nm. The absorbance–time traces were a good fit to two
exponentials of equal magnitude, with the initial absorbance
corresponding to that of [Fe4S4{SCH2CH(OH)Me}4]

2� and the
final absorbance to that of [Fe4S4(SPh)4]

2�. Although
[NR4]2[Fe4S4(SPh)4] is insoluble in methanol, its rate of pre-
cipitation in the reactions described herein was sufficiently
slow that the substitution reaction could be studied before the
solutions became heterogeneous.

The absorbance–time traces were fitted using a computer
program, and the values of the observed rate constants (kobs)
were obtained from this analysis. The dependence of the reac-
tion rates on the concentrations of PhS� and [NHEt3]

� was
established by the usual graphical methods 17 as described later.

Crystal structure analysis of [NMe4]2[Fe4S4{SCH2CH(OH)Me}4]

Crystal data: 2(C4H12N), C12H28Fe4O4S8, M = 864.5. Mono-
clinic, space group P21/a (equiv. to no. 14), a = 19.004(4),
b = 10.715(4), c = 19.586(8) Å, β = 101.37(3)�, V = 3910(2) Å3.
Z = 4, Dc = 1.469 g cm�3, F(000) = 1800, T  = 293 K, µ(Mo-Kα) =
19.1 cm�1, λ(Mo-Kα) = 0.71069 Å.

Crystals are air-sensitive, very thin, black plates. One, ca. 0.02
× 0.55 × 0.57 mm, was mounted, under dinitrogen, on a glass
fibre and coated with epoxy resin. After preliminary photo-
graphic examination (showing a poorly diffracting crystal), this
was transferred to an Enraf-Nonius CAD4 diffractometer (with
monochromated radiation) for determination of accurate cell
parameters (from the settings of 25 reflections, θ = 8–10�, each
centred in four orientations) and for measurement of diffrac-
tion intensities [3641 unique reflections to θmax = 20�, the limit
of useful measurement; 1670 were ‘observed’ with I > 2σI].

During processing, corrections were applied for Lorentz-
polarisation effects, absorption (by semi-empirical Ψ-scan
methods) and to eliminate negative net intensities (by Bayesian
statistical methods). A small correction for crystal deterioration
was also applied. The structure was determined by the direct
methods routines in the SHELXS program 18 and refined by
full-matrix least-squares methods, on F 2, in SHELXL.19 Dis-
order in two of the thiolate ligands and one of the cations was
identified. Hydrogen atoms were included in idealised positions
in the fully ordered groups; no hydroxyl hydrogen atoms were
located or estimated. The non-hydrogen atoms (except those
which are disordered) were refined with anisotropic thermal
parameters, and the H-atom Uiso values were set to ride on the
Ueq values of the parent carbon atoms. The low resolution and
low number of observed reflections limit the accuracy of the
geometric parameters derived. At the conclusion of the refine-
ment, wR2 = 0.271 and R1 = 0.151 19 for all 3641 reflections
weighted w = [σ2(Fo

2) � (0.1602P)2]�1 with P = (Fo
2 � 2Fc

2)/3;

for the ‘observed’ data only, R1 = 0.090. In the final differ-
ence map, the highest peaks (to ca. 0.6 e Å�3) were around the
{Fe4S4} core.

Scattering factors for neutral atoms were taken from refer-
ence 20. Computer programs used in this analysis have been
noted above or in Table 4 of reference 21, and were run on a
DEC-AlphaStation 200 4/100 in the Biological Chemistry
Department, John Innes Centre.

CCDC reference number 168689.
See http://www.rsc.org/suppdata/dt/b1/b105075n/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion
We have been studying the kinetics of the substitution reactions
of synthetic Fe–S-based clusters in the presence of weak acids
such as [NHEt3]

�, [lutH]� (lut = 2,6-dimethylpyridine) and

[NH2(CH2)3CH2]
� which allows us to get information about

protonation of these clusters. The approach we have developed
makes use of the observation that the rate of substitution of
the terminal ligands is sensitive to the state of protonation of
the cluster. The mechanism we have proposed is summarised in
Fig. 1.

The following entirely general characteristics have emerged
from our studies in MeCN. (1) The act of substitution is rate-
limiting when protonation is thermodynamically favourable.22,23

(2) Clusters with terminal thiolate ligands undergo substitution
by dissociative mechanisms whilst clusters with halido-ligands
undergo substitution by associative mechanisms.24 (3) [NHEt3]

�

(pKa = 18.46 in MeCN) only singly protonates Fe–S-based
clusters.22–25 (4) [lutH]� (pKa = 15.4) can doubly protonate

clusters.26 (5) With [NH2(CH2)3CH2]
� (pKa = 21.5) protonation

is thermodynamically unfavourable and thus protonation
becomes rate-limiting.27 (6) Sequential addition of two protons
to the cluster core progressively labilises thiolate clusters
towards substitution, but for the chloro-analogues addition of
the first proton labilises whilst addition of the second inhibits
substitution.26 (7) The pKa of the singly protonated cluster is
insensitive to the structure of the cluster, the overall charge, the
composition of the cluster core and the identity of the terminal
ligands. The value falls in the narrow range pKa = 18.4 ± 0.5 for
all synthetic clusters so-far studied.28 (8) The pKa of the second
protonation depends on the terminal ligands (ca. 16.5 for
chloro-clusters and ca. 13.5 for thiolato-clusters). This is not
because protonation occurs at the terminal ligand. Rather it is a
consequence of the electronic response of the terminal ligand
to the addition of the first protonation.26

Whilst we have previously reported extensive studies on a
variety of structurally diverse Fe–S-based clusters, ranging
from [Fe2S2Cl4]

2� to FeMo-cofactor extracted from the enzyme
nitrogenase,29,30 this is the first time we have investigated the
influence that the solvent has on these reactions. Studies in a
protic solvent are crucial in order to discuss confidently the
physiological relevance of protonation of Fe–S clusters in
proteins.

Synthesis and characterisation of [NMe4]2-
[Fe4S4{SCH2CH(OH)Me}4]

[NMe4]2[Fe4S4{SCH2CH(OH)Me}4] was prepared by the meta-
thetical reaction shown in eqn. (1), and was obtained in ca. 60%
yield. The reaction is facilitated by the removal of the volatile
ButSH. The black crystalline product was characterised by
elemental analysis, 1H and 13C NMR, UV-visible and Möss-
bauer spectroscopies, as shown in Table 1 and the X-ray crystal-
lography data. The spectroscopic parameters were as expected
for a mercaptoalcohol-ligated Fe4S4 cluster.31

The stability of the cluster in water was examined by measur-
ing the UV-visible spectrum over extended periods. The cluster
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Table 1 Elemental analysis and spectroscopic characterisation of [NMe4]2[Fe4S4{SCH2CH(OH)Me}4]

Elemental Analysis a (%) C H N
 28.0 6.1 3.2
 (27.8) (6.1) (3.2)
Mossbauer Parameters b isomer shift/mm s�1 quadrupole splitting/mm s�1

 0.43 1.22
Electronic Spectrum c λmax/nm ε/dm3 mol�1 cm�1

 296 22,340
 373 8,690
 416 4,720
1H NMR Spectrum c δ/ppm assignment
 12.9 and 12.2 SCH2

 4.2 OH
 3.7 CHOH
 3.1 [NMe4]

�

 1.6 CH3
13C NMR Spectrum c δ/ppm assignment
 101 C-S
 65 C-OH
 56 [NMe4]

�

 22 CH3

a Calculated values shown in parentheses. b Solid state spectrum. Errors ≤ ±0.01 mm s�1, half width at half maxima = 0.15 mm s�1. Referenced
to natural Fe at 298 K. c Solvent = dmso. 

Fig. 1 General mechanism for the acid-catalysed substitution reactions of synthetic Fe–S-based clusters.

is stable for at least 2 h, with no significant change in the
spectrum. After 24 h a small spectral change is evident,
probably due to partial hydrolysis. The stopped-flow experi-
ments were performed in MeOH and completed within 1 h
to ensure that the cluster is not subject to appreciable
decomposition.

[Fe4S4(SBut)4]
2� � 4MeCH(OH)CH2SH 
[Fe4S4{SCH2CH(OH)Me}4]

2� � 4ButSH (1)

Description of the crystal structure of [NMe4]2-
[Fe4S4{SCH2CH(OH)Me}4]

The structure of the cluster anion is illustrated in Fig. 2, with
principal bond lengths and angles shown in Table 2. The crys-
tals were obtained directly from the preparation. No further
recrystallization was required.

The Fe4S4 core is well defined and structurally similar to
other reported like structures. There is no precise crystal-
lographic symmetry within the ion, but the core does show
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pseudo �42m symmetry. The ligand arrangement, although not
unique, is somewhat unusual in that three thiolate ligands are
roughly parallel to a pseudo �4 axis whilst the fourth, of S(4),
lies approximately normal to that axis. There is disorder in the
two upper ligands in Fig. 2, with that of S(1) showing altern-
ative sites for the β-C atom, and that of S(2) alternative sites
for the β-C and the oxygen atoms. Each of the four ligands
contains a chiral centre. The disorder allows thiolate ligands
of either chirality to be bound at the Fe(1) and Fe(2) sites; the
remaining two ligands were well resolved, that of S(3) with
an S-configuration, and that of S(4) with an R-configuration.
The crystal has a centrosymmetric space group and therefore
contains anions also of the inverted structure.

The arrangement of ligands might be a consequence of the
hydrogen bonding network. We propose that there are hydrogen
bonds between O(34) and O(44�) and, by symmetry, between
O(44) and O(34�), thus forming a hydrogen-bonded dimer of
two anions about a centre of symmetry. There is further bond-
ing between O(34) and O(44�), O(44) and O(34�), etc., which
links the dimer units in chains as shown in Fig. 3. We note here
the formation of a cyclic arrangement of four hydrogen-bonded
hydroxyl groups around a centre of symmetry; the direction of
the bonding is not clear since the hydrogen atoms have not been
located, but the C–O � � � O angles (Table 2) suggest that the
bonds might go in either direction. The disordered ligands are
not involved in hydrogen bonds and are linked to neighbouring
ions only through normal van der Waals’ interactions.

One of the [NMe4]
� cations is well resolved and has a good

tetrahedral arrangement of methyl groups. However, the other
cation shows signs of disorder with at least two orientations
with an occupation ratio of ca. 55 : 45. Resolution of the
refined sites into two distinct atom sites was not feasible in some
cases. The cations are arranged so that the methyl groups lie flat
against the Fe2S2 faces of the {Fe4S4} cube and lie between the
sheets of the anions.

Reaction between [Fe4S4{SCH2CH(OH)Me}4]
2� and PhS� in

MeOH

The reaction between [Fe4S4{SCH2CH(OH)Me}4]
2� and PhS�

ultimately produces [Fe4S4(SPh)4]
2� as shown in eqn. (2).

Fig. 2 View of the anion in [NMe4]2[Fe4S4{SCH2CH(OH)Me}4].

Ideally we wanted to study the reaction between [Fe4S4-
{SCH2CH(OH)Me}4]

2� and PhS� in water, however this
proved impractical for two reasons. Firstly, [NEt4]SPh is very
insoluble in water. Although NaSPh could be used as an alter-
native source of PhS�, previous work has shown that Na� ions
can bind to Fe–S clusters and affect the kinetics.32 Secondly, the
product of the reaction, [Fe4S4(SPh)4]

2�, is very insoluble in
water. However, [NEt4]SPh is soluble in MeOH and further-
more [NR4]2[Fe4S4(SPh)4] precipitates relatively slowly from this
solvent under the experimental conditions employed. Thus,
kinetic data for the substitution reaction can be collected before
the solutions become turbid.

When studied using a stopped-flow apparatus, the reaction
between [Fe4S4{SCH2CH(OH)Me}4]

2� and PhS� in the pres-
ence of [NHEt3]

� is typified by an absorbance–time trace that
can be fitted to two exponentials. As in earlier studies, we are
concerned primarily with the first act of substitution and hence
the following discussion will concentrate only on the faster
process.

The exponential shape of the absorbance–time curves indi-
cates that the reaction exhibits a first order dependence on the
concentration of the cluster. This was confirmed by studies in
which the concentration of the cluster was varied in the range
[Fe4S4{SCH2CH(OH)Me}4

2�] = 0.025–0.10 mmol dm�3 whilst
keeping the concentrations of PhS� (2.0 mmol dm�3) and
[NHEt3]

� (10.0 mmol dm�3) constant. Under these conditions
the observed rate constant did not vary (kobs = 3.1 ± 0.1).

In order to analyse the dependence of the reaction rate on
concentrations of PhS�, [NHEt3]

� and NEt3 it is important to
consider the protolytic equilibrium shown in eqn. (3).

Fig. 3 The hydrogen bonding network within a crystal of [NMe4]2-
[Fe4S4{SCH2CH(OH)Me}4].

[Fe4S4{SCH2CH(OH)Me}4]
2� � 4PhS� 

[Fe4S4(SPh)4]
2� � 4MeCH(OH)CHCH2SH (2)

PhS� � [NHEt3]
�  PhSH � NEt3 (3)

J. Chem. Soc., Dalton Trans., 2001, 3470–3477 3473



Table 2 Selected molecular dimensions (bond lengths are in Ångstroms, angles in degrees; e.s.d.s are in parentheses)

(a) In the Fe4S4 cluster

Fe(1) � � � Fe(2) 2.717(3) Fe(2) � � � Fe(3) 2.729(4)
Fe(1) � � � Fe(3) 2.720(4) Fe(2) � � � Fe(4) 2.733(4)
Fe(1) � � � Fe(4) 2.737(4) Fe(3) � � � Fe(4) 2.759(4)
Fe(1)–S(22) 2.244(6) Fe(3)–S(11) 2.299(5)
Fe(1)–S(33) 2.301(6) Fe(3)–S(22) 2.302(6)
Fe(1)–S(44) 2.288(6) Fe(3)–S(44) 2.247(6)
Fe(2)–S(11) 2.260(6) Fe(4)–S(11) 2.283(5)
Fe(2)–S(33) 2.286(6) Fe(4)–S(22) 2.293(6)
Fe(2)–S(44) 2.296(6) Fe(4)–S(33) 2.254(6)
 
S(22)–Fe(1)–S(33) 103.6(2) S(11)–Fe(3)–S(22) 103.9(2)
S(22)–Fe(1)–S(44) 104.4(2) S(11)–Fe(3)–S(44) 104.2(2)
S(22)–Fe(1)–S(1) 115.7(2) S(11)–Fe(3)–S(3) 113.5(2)
S(33)–Fe(1)–S(44) 105.4(2) S(22)–Fe(3)–S(44) 103.9(2)
S(33)–Fe(1)–S(1) 115.4(3) S(22)–Fe(3)–S(3) 116.8(2)
S(44)–Fe(1)–S(1) 111.2(2) S(44)–Fe(3)–S(3) 113.3(2)
S(11)–Fe(2)–S(33) 103.5(2) S(11)–Fe(4)–S(22) 104.7(2)
S(11)–Fe(2)–S(44) 103.9(2) S(11)–Fe(4)–S(33) 103.8(2)
S(11)–Fe(2)–S(2) 114.3(2) S(11)–Fe(4)–S(4) 116.7(2)
S(33)–Fe(2)–S(44) 105.6(2) S(22)–Fe(4)–S(33) 103.5(2)
S(33)–Fe(2)–S(2) 114.1(2) S(22)–Fe(4)–S(4) 110.6(2)
S(44)–Fe(2)–S(2) 114.2(2) S(33)–Fe(4)–S(4) 116.1(2)
 
Fe(2)–S(11)–Fe(3) 73.5(2) Fe(1)–S(33)–Fe(2) 72.6(2)
Fe(2)–S(11)–Fe(4) 74.0(2) Fe(1)–S(33)–Fe(4) 73.9(2)
Fe(3)–S(11)–Fe(4) 74.1(2) Fe(2)–S(33)–Fe(4) 74.0(2)
 
Fe(1)–S(22)–Fe(3) 73.5(2) Fe(1)–S(44)–Fe(2) 72.7(2)
Fe(1)–S(22)–Fe(4) 74.2(2) Fe(1)–S(44)–Fe(3) 73.7(2)
 
Fe(3)–S(22)–Fe(4) 73.8(2) Fe(2)–S(44)–Fe(3) 73.8(2)
 
(b) In the thiolate ligands

Fe(1)–S(1) 2.243(7) Fe(3)–S(3) 2.234(7)
Fe(2)–S(2) 2.237(7) Fe(4)–S(4) 2.254(6)
 
Fe(1)–S(1)–C(11) 103.4(11) Fe(3)–S(3)–C(31) 104.6(8)
Fe(2)–S(2)–C(21) 105.3(12) Fe(4)–S(4)–C(41) 100.8(9)
 
(c) Proposed hydrogen bond connections

O(34) � � � O(44�) 2.76(2) O(34) � � � O(44�) 2.71(2)

C(32)–O(34) � � � O(44�) 123.6(13) C(42)–O(44) � � � O(34�) 143.4(14)
C(32)–O(34) � � � O(44�) 138.4(13) C(42)–O(44) � � � O(34�) 123.9(14)

Primed atoms are of symmetry-related ions: � �x, �y, �z; � x, y � 1, z; � x, y � 1, z.

Using pKa
NH = 10.7 33 and pKa

PhSH = 6.6,34 the equilibrium
constant for eqn. (3) in methanol can be calculated, K = 8.0 ×
10�5. It is clear that the position of the equilibrium lies to the
left-hand side, and the dominant nucleophile solution species is
PhS�. In contrast, in MeCN, the equilibrium constant for eqn.
(3) is such that, in the presence of an excess of [NHEt3]

�, all
PhS� is convert into PhSH. The reason for the marked differ-
ence in the equilibrium constants in MeCN and MeOH is
because of the differential effect that these two solvents have on
the pKa’s of PhSH and [NHEt3]

�. Thus, in formally transferring
from MeOH to MeCN, the pKa of [NHEt3]

� changes from 10.7
to 18.4; ∆pKa = 7.7. In contrast the change in the pKa of PhSH
is ∆pKa = 14.4. The markedly different effects that MeCN and
MeOH have on the acidities of [NHEt3]

� and PhSH are prob-
ably because ionisation of [NHEt3]

� produces a neutral con-
jugate base, whereas ionisation of PhSH produces an anionic
conjugate base. Solvation of anions is poor in aprotic solvents
like MeCN. Effects analogous to those described here have been
noted before.35 In particular, for ammonium ions, the formal
transfer from water to MeCN is associated with ∆pKa = 7.6 ±
0.5, whilst for a variety of substituted phenols ∆pKa = 14.3 ±2.3.

Using K = 8.0 × 10�5, the concentrations of PhS�, PhSH,
[NHEt3]

� and NEt3 were calculated for all the conditions used
experimentally. The rate of the reaction between [Fe4S4{SCH2-
CH(OH)Me}4]

2� and PhS� depends on the ratio [NHEt3
�]/

[NEt3] as shown in Fig. 4.

The kinetics are complicated. In the absence of acid, substi-
tution still occurs by a pathway which exhibits a first order
dependence on the concentration of cluster but is independent

Fig. 4 Graph of kobs against [NHEt3
�]/[NEt3] for the reaction of PhS�

with [Fe4S4{SCH2CH(OH)Me}4]
2� in MeOH at 25.0 �C. Data points

correspond to: [PhS�] = 0.5 mmol dm�3, [NHEt3
�] = 0.63–10.0 mmol

dm�3 (�); [PhS�] = 1.0 mmol dm�3, [NHEt3
�] = 0.63–25.0 mmol dm�3

(�); [PhS�] = 2.0 mmol dm�3, [NHEt3
�] = 2.5–25.0 mmol dm�3 (�). The

ratio [NHEt3
�]/[NEt3] was calculated using eqn. (3) and K = 8.0 × 10�5.

The curves drawn are those defined by eqn. (4). All data were collected
at λ = 520 nm.
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Fig. 5 Mechanism of the reaction between PhS� and [Fe4S4{SCH2CH(OH)Me}4]
2� in the presence of [NHEt3]

� in MeOH.

(4)

of the concentration of PhS� (kobs = 1.0 s�1). At low values of
[NHEt3

�]/[NEt3], the rate of the reaction increases linearly with
this ratio, but at high values of [NHEt3

�]/[NEt3] the rate
becomes independent of this ratio. One further feature is evident.
In experiments where [NHEt3

�]/[NEt3] is kept constant, the rate
of the reaction is inhibited by increasing the concentration of
PhS�. The experimental rate law is shown in eqn. (4).

A similar rate law has been observed previously 23 in the reac-
tion of [Fe4S4(SR)4]

2� (R = Et or Bu) with PhSH in MeCN. This
indicates that the mechanisms for the reactions are analogous.
The mechanism is shown in Fig. 5.

Earlier studies 22–30 on the acid-catalysed substitution reac-
tions of Fe–S-based clusters in MeCN have indicated that the
protonation of a µ3-S is the major labilising force in this class of
reactions. This pathway is shown in the centre of Fig. 5, and
the rate-law associated with this pathway is shown in eqn. (5).

Earlier studies have strongly indicated that protonation is at the
cluster core. In particular, Ka is insensitive to: (i) the terminal
ligand (alkyl thiolate, aryl thiolate or halide); (ii) the charge on
the cluster; (iii) the cluster core structure and (iv) the metal
composition of the cluster. Indeed, for all Fe–S-based clusters
studied to date, pKa = 18.4 ± 0.5 in MeCN.

We have argued before that it seems intuitively more reason-
able that terminal thiolate ligands will be more basic than µ3-
S.28 The reason protonation of thiolate ligands is not observed
highlights a limitation of our approach. Protonation of the
cluster is detected by monitoring the effect that protonation has
on the rate of substitution. If protonation of a thiolate ligand
does not affect the substitution lability of the cluster, then it is

(5)

not possible to detect protonation by the kinetic approach
described here.

Our studies here and elsewhere indicate that protonation of
thiolate to a thiol has little effect on the lability. The thiolate
ligand is a good σ-donor. Upon protonation, the corresponding
thiol will be a poorer σ-donor but a better π-acceptor. Dimin-
ished σ-donation is compensated by π-backbonding, resulting
in the bond strengths of thiolate and the corresponding thiol
being similar, and hence labilities essentially the same. Compen-
satory bonding effects, such as these, have also been observed
in structural studies on mononuclear Fe–thiolate systems.36 In
the reactions of the Fe–S-based clusters, further protonation
of a µ3-S adjacent to the coordinated thiol competes for the
π-electron density, thus diminishing the π-backbonding to the
thiol, weakening the Fe–thiol bond and labilising the cluster
towards dissociation.

One additional kinetic feature has to be accommodated in
the mechanism: the decrease in the rate of the reaction as the
concentration of PhS� is increased. Such behaviour has been
observed in the reactions 23 of [Fe4S4(Salkyl)4]

2�, but is not
observed with the analogous [Fe4S4(Salkyl)4]

2�. We attribute the
inhibitory effect to the binding of PhS� to [Fe4S4(SR)4]

2�. How-
ever, the binding of PhS� to the cluster does not lead to a facile
pathway for substitution. Rather, the acid-catalysed route is the
more rapid route.

The full rate law describing all the pathways illustrated in Fig.
5, is that shown in eqn. (6), which is readily derived by consider-

ing that Ka and Ko are equilibria, rapidly establised prior to
rate-limiting dissociation of the thiol ligand, k2. Comparison of

(6)
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eqn. (4) and (6) gives: k1 = 1.0 ± 0.2 s�1; k2 = 24.7 ± 0.9 s�1; Ka =
(5.7 ± 0.5) × 10�3 and Ko = (2.0 ± 0.3) × 103 dm3 mol�1.

The pKa of [Fe4S3(SH){SCH2CH(OH)Me}4]
�

Previous studies on the acid-catalysed substitution reactions of
Fe–S-based clusters in MeCN have shown that the pKa(MeCN)
associated with the protonation of µn-S is 18.4 ± 0.5 for all
synthetic Fe–S-based clusters studied to date. The wide-spread
occurrence of Fe–S-based clusters in a variety of metallo-
enzymes raises the question whether protonation of the cluster
core is a biologically significant reaction. It is possible to
estimate the pKa in MeOH using eqn. (7), which gives pKa(Me-

OH) = 10.9 ± 0.5. However, this value is, at best, only approx-
imate. Even a cursory look at the literature values for the pKa’s
of a variety of acids in different solvents 35,37 shows that eqn. (7)
is only valid for ammonium ions. As we have discussed above,
the charges of the acid and corresponding conjugate base are
important factors in defining the pKa in different solvents. A
particular concern in the present work is that we are trying to
estimate the pKa of a cluster where the acid is a monoanion and
the conjugate base is a dianion.

Using the data presented in this paper we can calculate the
pKa of [Fe4S4{SCH2CH(OH)Me}4]

2� in MeOH. Since Ka =
Ka

NH/Ka
cluster, and using pKa

NH = 10.7 for [NHEt3]
�, we can cal-

culate Ka
cluster = 3.5 × 10�9 and hence pKa

cluster = 8.5 in methanol.
Previous work on [Fe4S4(SCH2CH2CO2)4]

6� indicated that
pKa = 7.4 for protonation of the cluster core in water.4 Since
both water and methanol are protic solvents, the pKa we have
determined in MeOH seems reasonable.

For the first time we have shown that the mechanism of the
acid-catalysed substitution reactions of synthetic Fe–S clusters
is the same in MeOH as it is in MeCN, and that protonation of
µ3-S in [Fe4S4{SCH2CH(OH)Me}4]

2� in the protc solvent is
associated with a pKa which is physiologically significant. We
are now in a position to discuss the relevance of this result to
Fe–S clusters in proteins.

Protonation and hydrogen bonding in naturally-occurring Fe–S
clusters

In this section some general features concerning hydrogen
bonding of Fe–S-based clusters in proteins will be considered,
and how this possibly affects their reactivity. It is most revealing
to consider electron transfer proteins separately from enzymes
where the cluster is the substrate binding site.

The results presented above show that in a protic environ-
ment the pKa of the protonated cluster is 8.5. In addition, our
earlier extensive studies in MeCN indicate that this pKa is com-
mon for all Fe–S-based clusters. Together, these two observ-
ations indicate that in proteins any amino acid side chain with
pKa ≤ 7.5 will protonate Fe–S-based clusters. Thus, aspartic
acid (pKa = 3.7), glutamic acid (4.25), and protonated histidine
(6.0) are all capable of protonating the cluster core. Although
weaker acids such as tyrosine (pKa = 10.1), lysine (10.8) and
arginine (12.5) cannot transfer a proton to the cluster, they can
still hydrogen bond to the cluster and hence modulate its
reactivity. It seems reasonable that the extent of proton transfer
within the hydrogen bond is proportional to ∆pKa = pKa

H-donor

� 8.5. Indeed, it has been proposed 38 that reactions affected by
protonation (such as the substitution of the Fe–S-based clus-
ters) will also be facilitated (but to a lesser extent) by partial
proton transfer in hydrogen bonds.

The hydrogen bonding motifs of a variety of different Fe–S
clusters have recently been reviewed.12 {Fe4S4(Scysteinate)4}
clusters in ferredoxins, from a variety of sources, all exhibit
eight amide N–H hydrogen bonds to µ3-S or cysteinate sulfur.
In the iron–sulfur protein HiPIP, five such amide hydrogen

pKa(MeCN) � 7.5 = pKa(MeOH) (7)

bonds are evident. The high pKa of amide N–H (ca. 17) means
that these hydrogen bonds are best represented as N–H � � � S
(i.e. little transfer of the proton to the cluster). Similar hydrogen
bonds are evident in {Fe2S2} and {Fe3S4} clusters.

Interestingly, Fe–S-based clusters involved in substrate bind-
ing and transformation are hydrogen-bonded by other amino
acid residues in addition to the amide groups. Thus, in the
{Fe4S4} cluster of aconitase (an enzyme that catalyses the
equilibration of citrate and iso-citrate),39 two aspartic amino
acid residues hydrogen bond to µ3-S or cysteinate sulfur. In this
system the proton transfer to the cluster would appear to be
complete (i.e O � � � H–S). Our work on synthetic Fe–S clusters
indicates that such protonation labilises the cluster towards dis-
sociation. It seems reasonable that protonation of the cluster in
aconitase may be instrumental in facilitating the binding of the
substrate at one of the Fe sites. It is worth emphasising that
modulating the reactivity of a site during turnover may require
hydrogen bonds to be made and broken in concert with the
catalysis. The protein crystal structure data provide a “snap
shot” of one particular state of the active site and do not reveal
the potential dynamic aspects of hydrogen bonding.

The active site in the enzyme nitrogenase 40 (which catalyses
the conversion of molecular nitrogen into ammonia) is FeMo-
cofactor, a cluster of composition MoFe7S9 which is ligated to
the polypeptide via a cysteinate to the unique tetrahedral Fe
and a histidine to the six-coordinate Mo. FeMo-cofactor is
hydrogen-bonded to the NH groups of Glyα356 and Glyα357,
and also to Argα96, Argαs359 and Hisα195. These residues are
all centred around the middle section of the cluster and it has
been proposed 40 that the positive charges on these groups pro-
vide an electrostatic mechanism whereby negative charged
intermediates are stabilised. This proposal is in line with our
arguments but we can be a little more specific: it is the degree of
proton transfer from these residues which is affecting the
reactivity of the cofactor. Whilst Argα96 and Argα359 (pKa =
12.5) can only be involved in partial proton transfer, complete
proton transfer would occur from protonated Hisα195 (pKa = 6)
to the cluster.

The results of certain site-directed mutagenesis experiments
can be rationalised in terms of hydrogen bonding effects.
Intriguingly, mutation of Hisα195 for Gluα195 results in a
nitrogenase which binds dinitrogen but does not convert it into
ammonia,41 whilst mutation of Hisα195 for Aspα195 (and a
variety of other amino acids) produces an enzyme incapable
of even binding dinitrogen. We would argue that these rather
dramatic differences in reactivity are not so much a con-
sequence of changing the amino acid as changing the state of
protonation of the cluster. Both His and Glu can hydrogen
bond to the cofactor but whereas with Hisα195 the cluster is
protonated, with Gluα195 (pKa = 17) it is not. In the case of the
Aspα195 derivative the side chain is one CH2 group shorter
than Glu and so no hydrogen bond can be formed. Recently,
theoretical studies have also proposed that the different reac-
tivities of these nitrogenase mutants are due to the various
hydrogen bonding capabilities of the amino acid side chains.42.
However, the theoretical work proposes that the hydrogen
bonds are to a dinitrogen molecule adsorbed on the cofactor.
Our results on synthetic Fe–S clusters indicate that the cluster
core is sufficiently basic to be protonated.

In this discussion we have concentrated on the effect of
hydrogen bonding on the reactivities of Fe–S clusters in
selected enzymes. However, the simple acid–base arguements
presented here have a wider application in understanding the
results of site-directed mutation experiments in a variety of
metalloenzymes.
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