
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/113900

 

 

 

Please be advised that this information was generated on 2023-05-24 and may be subject to

change.

http://hdl.handle.net/2066/113900


TETRANUCLEAR IRON-SULFUR CLUSTER 
COMPOUNDS 

Syntheses, Structures, and Redox Properties 

Henk L. Blonk 





TETRANUCLEAR IRON-SULFUR CLUSTER 
COMPOUNDS 

Syntheses, Structures, and Redox Properties 





TETRANUCLEAR IRON-SULFUR CLUSTER 
COMPOUNDS 

Syntheses, Structures, and Redox Properties 

Een wetenschappelijke proeve op het gebied van de 

NATUURWETENSCHAPPEN 
in het bijzonder de 

CHEMIE 

Proefschrift 

ter verkrijging van de graad van doctor 
aan de Katholieke Universiteit te Nijmegen, 

volgens besluit van het College van Decanen in het 
openbaar te verdedigen op 
donderdag 10 januari 1991 

des namiddags te 1.30 uur precies 

door 

Hendrik Leonardas Blonk 
geboren op 7 maart 1962 

te Leiden 



Promotor : Prof. Dr. Ir. J .J . Steggerda 

Co-Promotor : Dr. Ir. J.G.M, van der Linden 

CIP-DATA KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Blonk, Hendrik Leonardus 

Tetranuclear iron-sulfur cluster compounds : syntheses, 
structures and redox properties / Hendrik Leonardus 
Blonk. - [S.l. : s.u.] (Meppel : Krips Repro). - Ш. 
Thesis Nijmegen. - With réf. 
ISBN 90-9003869-8 

SISO 542.1 UDC [[546.72:546.22]:54-3]:541.13(043.3) 
Subject heading: tetranuclear iron-sulfur cluster 
compounds ; electrochemistry. 



Here is Edward Беат, coming downstairs 

now, bump, bump, bump, on the back of 

his head, behind Christopher Robin. It is, as 

far he Jmows, the only way of coming 

downstairs, but sometimes he feels that there 

really is another way, if only he could stop 

bumping for a moment and think of it. 

(A.A. Milne, "Winnie-the-Pooh") 

Opgedragen aan mijn vader en moeder 



Voorwoord 

Waardevolle bijdragen aan het in dit proefschrift beschreven onderzoek zijn geleverd 

door Michel Anders, Rob Geertman, René Geleijn, Timoer Frelink, Hans Mesman, Rob 

Houben, Olaf Kievit en Thijs Bongers in het kader van hun doctoraalstudie. 

De kristallografen, met name Wil Bosman, Jan Smits, Gert Admiraal, en Paul en Gezina 

Bourskens ben ik zeer erkentelijk voor het verrichten van de diffractiemetingen en het 

oplossen van de kristalstructuren. 

Ik dank René Kanters voor het meten van NMR-spectra en Werner Maas voor zijn hulp 

daarbij, Paul Schlebos zowel voor het meten van NMR-spectra als voor de computer

technische ondersteuning, Jan Bour voor zijn hulp bij het monteren van kristallen, Gerrit 

Jansen en Adri Klaassen voor het opnemen van de EPR-spcctra, Bert van der Linden 

en Wim van der Ven voor onder andere de aanvoer van glaswerk en chemicaliën, en José 

van Daelen-Lamers en Eva Schaepkens-den Boer voor secretarieel werk. 

Stan Martens dank ik voor de prettige samenwerking. 

Gaarne bedank ik de afdeling elementair analyses, de service instrumentmakerij, de af

deling fotografie, de illustratie en de glasinstrumentmakerij voor de door hen verleende 

diensten. 

Dank ben ik verschuldigd aan Prof. Dr. J. Reedijk, Frans Hulsbergen, en Edward Tol

lens (Rijksuniversiteit Leiden) voor genoten gastvrijheid en overdracht van preparatieve 

know-how, en aan Prof. Dr. G. I. Tesser en Hans Adams (Organische Chemie I) voor 

de synthese van een oligopeptide. 

I would like to thank Jeanne Jordanov, Eberhard Roth and the other members of the 

group Spectroscopie de Complexes Polymétalliques et de Métalloprotéines (ORF/ SPh) 

of the Centre d'Etudes Nucléaires in Grenoble, for their hospitality, help and support 

during my stay in Grenoble. 

Ik dank Annie Roelofsen voor het verrichten van een grote hoeveelheid elektrochemische 

metingen en talrijke andere bijdragen aan het proefschrift, maar vooral voor het hoog 

houden van het moreel. 

Een uitkering uit het Professor Gelissenfonds stelde mij in staat de 38ste bijeenkomst 

van de I.C.C. te Maastricht (1987) bij te wonen. 

The work described in this thesis was supported by the Netherlands Foundation for 

Chemical Research (SON) with financial aid from the Netherlands Organization for 

Scientific Research (NWO), and by the Centre National de la Recherche Scientifique-

D.R.C.I.. 



Contents 

1 General introduction 1 

1.1 Electrochemical tools 1 

1.2 Model compounds for the active site(s) of 4-Fe ferredoxins 4 

1.3 Scope of the thesis 7 

2 [Fe4S4(MeCp)4](PF6)v (y = 0, 1 and 2) 8 

2.1 Introduction 8 

2.2 Experimental section 10 

2.2.1 Preparations 10 

2.2.2 Structure determination of Ге4(дз-8)4(МеСр)4 12 

2.2.3 Structure determination of [Ре4(йг8)4(МеСр)4](РР6) 13 

2.3 Results and discussion 16 

2.3.1 Syntheses 16 

2.3.2 Description of the structure of Γβ4(μ3-3)4(Μ6θρ)4 18 

2.3.3 Description of the structure of Ρβ4(μ3-8)4(Μβσρ)4](ΡΓβ) 19 

2.3.4 General discussion of the structural data 20 

3 Compounds with a Fe4Ss and a Fe4Se core 28 

3.1 Introduction 28 

3.2 Experimental section 31 

3.2.1 Preparations 31 

3.2.2 Measurements 32 

3.2.3 X-ray structure determination of [Fe4S5(MeCp)4](PFe) 33 

3.3 Results and discussion 37 

3.3.1 Synthesis of the compounds ^SsiMeCp^KPFe),, (y = 0, 1 and 2) 37 

3.3.2 Synthesis and identification of [Fe4Se(MeCp)4](FeCl4) 38 

3.3.3 Description of the X-ray crystal and molecular structure of [Ге4(дз-

S2)(/i3-S)3(MeCp)4](PFe) 39 

3.3.4 41 NMR and COSY spectra 41 



CONTENTS 

3.3.5 EPR spectra 44 

3.3.6 Electrochemistry 45 

4 Solvent effects on half-wave p o t e n t i a l s 48 

4.1 Introduction 48 

4.2 Experimental section 51 

4.2.1 Chemicals 51 

4.2.2 Measurements 52 

4.2.3 Analysis of the data 52 

4.3 Results and discussion 52 

5 R e a c t i o n ent ropies 64 

5.1 Introduction 64 

5.1.1 Entropies of reduction 64 

5.1.2 Measurement of AS°C in a non-isothermal cell 65 

5.2 Experimental section 68 

5.2.1 Chemicals 68 

5.2.2 Entropy measurements 68 

5.3 Results and discussion 70 

5.3.1 Experimental precision and experimental accuracy 70 

5.3.2 Reaction entropies Δ 5 0 71 

5.3.3 Reaction entropies AS°C 75 

6 Half-wave p o t e n t i a l s [Fe4S4(SR)4]2~ c o m p o u n d s 80 

6.1 Introduction 80 

6.2 Experimental section 82 

6.3 Results and discussion 83 

6.3.1 Half-wave potentials 83 

6.3.2 Reaction entropies Δ 5 0 85 

6.3.3 Reaction entropies AS°C 87 

6.3.4 Concluding remarks 88 

Г Stability of [Fe4S4(SR)4]1~ cluster ions 89 

7.1 Introduction 89 

7.2 Experimental section 90 

7.2.1 Preparations 90 

7.2.2 Measurements 91 

7.3 Results and discussion 92 



CONTENTS 

References 98 

Summary 108 

Samenvatting 111 

Appendix 114 

Curriculum vitae 116 





Chapter 1 

General introduction 

1.1 Electrochemical tools in coordination and 

organometallic chemistry 

In the field of coordination and organometallic chemistry electrochemical measurements 
are still growing in popularity. [1-3] They do not serve as an analytical tool, but rather as 
a means to explore the redox behaviour of compounds. The half-wave potential E1/2 that 
is often assumed to be equal within a few millivolts to the standard redox potential E° 
can be used as a measure for the reductive/oxidative power of a redox active compound 
in comparison with other compounds and can in some cases be correlated via the relative 
position of HOMO's and LUMO's with spectroscopic properties and reactivity towards 
electrophilic and nucleophilic agents. 

Cyclic voltammetry has definitely become the most popular electrochemical tech
nique for the study of the redox behaviour of compounds.[4-7] This is partly due to 
the development of easy-to-use, reliable, flexible, and relatively inexpensive equipment. 
The major virtue of cyclic voltammetry compared with comparable electrochemical tech
niques is that with relatively little effort and time much information can be obtained. 
A single experiment typically takes no more than a few minutes. The interpretation of 
the data is usually straightforward. By using a well-chosen set of cyclic voltammetric 
experiments reaction mechanisms involving several electrochemical and chemical steps 
can often be unravelled. For a given redox process not only the redox potential is ob
tained, but also information about the chemical and electrochemical reversibility on the 
time scale chosen. 

These relatively easy-to-get successes encourage the study of more complex systems, 
where interpretation of the cyclic voltammograms is seriously hampered by the complex-
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ity of the reaction mechanism, electrochemical and/or chemical irreversibility, adsorption 

phenomena etc.. 

In this thesis we hope to contribute to the discussion of two interesting topics: the 

influence of the (non-aqueous) solvent on the half-wave potential and the measurement 

and interpretation of the entropy change in electrochemical processes. 

Because water is often not a good solvent in electrochemical measurements made on 

coordination and organometallic compounds, organic solvents are employed as well. A 

problem that is sometimes encountered when organic solvents are used is a high solution 

resistance in the electrolysis cell. Uncompensated resistances can cause the results to be 

unreliable. Another well-known problem is that the use of a variety of solvents and/or 

reference electrodes by different research groups complicates the comparison of data 

from literature. This has led to the recommendation by the IUPAC to use an internal 

reference system. [8, 9] Two redox couples that have been selected for that purpose are 

the ferricenium/ferrocene (Fc + /Fc) and the bis(biphenyl)chromium (I)/(0) ( B C r f / 0 ) 

couple. It is thought that the redox potentials of these couples are almost independent 

of the solvent used due to the absence of strong specific interactions between each of the 

members of the couple and the solvent.1 

In the cluster compounds [Fe4SI(Cp)4]z (Cp = cyclopentadienyl = C5H5; χ = 4 and 

5, ζ = 0, 1+ and 2+; χ = 6, ζ = 0),[10-17] F e ^ C O ^ C p ^ [18, 19] and [FeiS^MeCp),,]* 

(MeCp = methylcyclopentadienyl = C5H4CH3; ζ = 0, 1+ and 2+) the iron-sulfur cores 

are well-shielded from the solution by the cyclopentadienyl rings (Figure 1.1). One 

can therefore expect that like ferrocene these compounds do not show strong specific 

interactions with the solvent and that their redox potentials, when measured against 

the F c + / F c couple, are only slightly solvent dependent. Another property that makes 

these compounds interesting systems for the study of solvent effects on redox potentials 

is that they exhibit three or more reversible redox transitions in most solvents.[20-23] In 

chapter 4 of this thesis we will present and discuss the half-wave potentials for the redox 

reactions of these compounds as determined in a series of non-aqueous solvents. 

Differences in standard redox potentials are often supposed to reflect differences in 

energy and are therefore used in discussions about the relative position of redox orbitals 

(HOMO, LUMO). Because of the relation -nFE" = AG". = AHa - TAS" this proce

dure can, however, only be valid in those cases where the entropy contribution to E" 

is neglectable. This is rarely checked cdthough a simple method has been presented in 

'A classification of ion-solvent interactions as used by Popovych is: electrostatic, non-electrostatic or 
neutral, and specific chemical. Specific chemical interactions then mainly comprise Brönsted acid-base 
and Lewis acid-base interactions. See: Popovych, O. In: Treatise on Analytical Chemistry, 2nd ed.; 
Kolthoff, I. M., Elving, P. J., Eds.; John Wiley and Sons: New York, 1978; Vol. 1, ρ 711. 
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5(3) 

Fe(2) 

Fe(4 

(a) 
(b) 

(C) 

Figure 1.1: X-ray molecular structures of (a) Fe4S4(Cp)4 [11] (b) [FeiSsiCp^]1"1" (only 

the iron-sulfur part is shown)[12] and (c) Fe4Se(Cp)4 (only the iron-sulfur part)[17] 
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literature to determine the reaction entropy A5° c for a reversible redox couple.[24] Ac

cording to this method, that is based on two extra-thermodynamic assumptions, AS,,. 

follows from the temperature dependence of the half-wave potential as determined in a 

non-isothermal cell: AS°C = nF • - ^ . It was claimed that this procedure yields A5° c 

with both an acceptable experimental precision and a good experimental accuracy.[25] 

Apart from the possibility to separate the enthalpy and entropy contribution to £ " , in 

principle the determination of Δ5°,. can give information about the structure of the redox 

active species in solution and its interactions with the solvent.[26] 

We have determined the reaction entropy Д5° с for the redox reactions of the cluster 

compounds ^ S ^ C p ) , ^ (χ = 4 and 5, ζ = 0, 1-1- and 2+; χ = 6, ζ = 0), F e ^ C O M C p ^ 

and [FeiS^MeCp),)]2 (z = 0 and 1 + ) in a series of solvents. The objective was both 

to prove that the cluster cores of these compounds are not involved in strong specific 

interactions with the solvent and also to study the solvent-dependence of the entropy 

contribution to E". We will present these data in chapter 5. 

1.2 Model compounds for the active site(s) of 4-Fe 

ferredoxins 

A cubane-like [4Fe-4S] cluster occurs at the active site(s) of several kinds of metalloen-

zymes, like hydrogenases, aconitases, and 4-Fe ferredoxins.[27-29] Most relevant to the 

contents of this thesis are the 4-Fe ferredoxins. They form an important class of redox en

zymes that play a crucial role in the redox-related metabolism of many bacteria (Figure 

1.2).[30] Figure 1.3 shows a schematic picture of a 4-Fe ferredoxin.[31, 32] The [4Fe-4S] 

cluster core at the active site is linked to the polypeptide chain by the coordination of 

four cysteinyl thiolate groups to the iron atoms. Four-iron ferredoxins function as redox 

enzymes by making use of two subsequent core oxidation levels; either the 2+ and 1+ 

("normal ferredoxins"; Fd) or the 3+ and 2+ levels (high-potential iron-sulfur proteins; 

HP): 2 

[4Fe-4S]1+ ^ [4Fe-4S]2+ ^ [4Fe-4S]3+ 

[F(Ui] [Fdo,, HP r e ( i ] [HP 0 I] 

[Fe4S4(SR)4]3- [Fe4S4(SR)4]2- ^ S ^ S R ^ ] 1 " 

2The designations Fd,,,;,,,^ and !!?,„(„,() are commonly used, although they are not in agreement 

with the recommendations of the International Union of Biochemistry. See for instance: Eur. J. 

Btochem. 1979, 93, 427. 
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NADH-Fd- РіПР ЛІ 
OiKloreducUse nunr* 

Hydrogenase 

i^NADP Fd-HADP-
FAD [ OndoreducUse 

^ N A D P H 

Fe/S Me I Nilrogenase 
ι N N H J 

Χ ι /C02 

4 * / S M o [ C02-R»ducl.« 
1*н 

HCOO 

Su((il*-R»ductue 

Figure 1.2: Ferredoxin-mediated redox processes in Clostridium pasteunanum. TPP, 

thiamine pyrophosphate; Fe, nonheme Fe; S, acid-labile sulfur; Mo, molybdenum; FAD, 

flavin adenine dinucleotide. 

Figure 1.3: Schematic picture of Chromatium vmosum HP. 
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X-ray crystal data are available for Peptococcus aerogenes ferredoxin having two F d 0 I 

sites,[33] for Chromahum vmosum HP having an H P 0 I site.[34, 35] for Chromahum 

vinosum HP having an îiPred site,[34, 35] and for Azotobacter vmelandii ferredoxin I 

having both an HP red s^e a n d a 8 ^ е with a [3Fe-4S] core. [36] The protein F d M and 

HPred sites all contain a [4Fe-4S]2+ core with an idealized compressed Z?2d geometry 

resulting in four short and eight long Fe-S distances. The [4Fe-4S]3+ core in the HPO T 

site of C. vinosum HP approaches more closely an idealized cubic geometry. There are 

no X-ray crystallographic data for FdTed sites, and the available EXAFS data do not 

reveal the detailed core geometry. 

The first isolation of a low-molecular-weight compound having the general formula 

[Fe4S4(SR)4]2~ , where R is a simple organic group, was reported in 1972.[37] The first 

isolation of an [ F e ^ i S R ^ ] 3 " compound was described in 1977,[38] and the first iso

lation of an [Fe4S4(SR)4]1- compound in 1985.[39] The [4Fe-4S] core in [FciSitSR^] 2 -

compounds has a formal oxidation level 2+ and is isoelectronic with the core in F d 0 I 

and HPred protein sites. Likewise the cores in the trianionic and monoanionic cluster 

species are isoelectronic with the cores in Fdred and H P « sites, respectively. It has been 

concluded on the basis of spectroscopic and structural evidence, that in solution the 

core of the [Fe4S4(SR)4]2~ species has a compressed D2d geometry, and the core of the 

[Fe4S4(SR)4]3 species an elongated £>2а geometry.[40] These geometries are thought to 

represent the intrinsically stable structure of the [4Fe-4S]2+ and [4Fe-4S]1 ' core, respec

tively (Figure 1.4).[41] Low-molecular-weight compounds [Fe4S4(SR)4]z (R = alkyl, aryl; 

4 

-Alf ^ ^ 

Compresse) D Elongated 0 Z ( ( 

21 22 

Figure 1.4: The compressed Did —* elongated Did structural change accompanying the 

[Fe4S4(SR)4]2"/3~ transition. 

ζ = 1-, 2- and 3-) have been used as models for the active site(s) of 4-Fe ferredoxins in 

many studies. Since the function of 4-Fe ferredoxins is electron transfer a central theme 

in these studies is the relationship between structure and electrochemical properties. 

Nevertheless some of the details have not yet been fully elucidated. 
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1.3 Scope of the thesis 

The rich redox chemistry of the [Fe4SI(Cp)4]z (x = 4, 5 and 6) compounds is well-
known.[20-23] Their spectroscopic properties have been extensively studied.[12,15, 22,42-
45] X-ray crystal structure determinations of several of these compounds have been car
ried out.[10-17,43, 44] Theoretical models have been developed to account for the geome
tries of the [Ре454(Ср)4]г (z= 0, 1+ and 2+) compounds in the solid state.[13,14, 46] The 
question of how the structural and spectroscopic properties and the redox chemistry are 
influenced by modifications of the Cp ligand has not yet been answered. We have synthe
sized the analogous iron-sulfur cluster compounds with a methylcyclopentadienyl group 
as terminal ligand. The results are presented in the first two chapters of this thesis. It will 
be shown amongst others that the structural consequences of the introduction of a methyl 
group on each Cp ring are considerable. In chapter 2 the synthesis of the compounds 
[Fe4S4(MeCp)4](PF6)¡, (y = 0, 1 and 2) is described. Descriptions of the X-ray crystal 
and molecular structures of the compounds Fe4S4(MeCp)4 and [Fe4S4(MeCp)4](PFe) are 
included. In chapter 3 the synthesis of the cluster compounds [Fe4S5(MeCp)4](PFe)„ 
(y = 0, 1 and 2), Fe4Se(MeCp)4, and [Fe4Se(MeCp)4](FeCl4) is discussed. The X-ray 
crystal and molecular structure of [Fe4S5(MeCp)4](PFe) is included. The spectroscopic 
and simple electrochemical characterization of all newly synthesized cluster compounds 
is also described in chapter 3. 

In chapters 4 and 5 the half-wave potentials and reaction entropies for the redox reac
tions of a series of iron-sulfur and iron-carbonyl cyclopentadienyl clusters as determined 
in various non-aqueous solvents are presented and the influence of solvation on E1/2 and 
Δ 5 0 values is discussed in general. 

In the last two chapters the attention is focussed on the properties of some low-

molecular-weight thiolate cluster compounds [Fe4S4(SR)4]2_ . In chapter 6 half-wave 

potentials and reaction entropies as determined for the redox reactions of a series of 

compounds [Fe4S4(SR)4]2" are presented. The influence of the (Lewis) basicity of the 

solvent on the stability of monoanionic cluster species [Fe4S4(SR)4]1_ forms the subject 

of chapter 7. 



Chapter 2 

Synthesis of the iron-sulfur cluster 
compounds [ ^ S ^ M e C p ^ P F ^ 
(y = 0, 1 and 2). 
X-ray structure determinations 
of Fe4(/i3-S)4(MeCp)4 and 
[Fe4(/i3-S)4(MeCp)4](PF6). 

2.1 Introduction 

Because of their possible use in electrochemical studies as redox active compounds having 
ferrocene-like properties, we have got interested in iron-sulfur cluster compounds with 
cyclopentadienyl groups as terminal ligands. Both in this and in the next chapter we 
describe the preparation and characterization of some new compounds of this type. 

d-Transition metal compounds having a cubane-like M^ßs-Xji cluster core constitute 
a well-known class of coordination compounds. [47-50] Part of these compounds have the 
general formula [М^дз-А)^ 5 -!^]* with A an element from group VA (15) or VIA (16) 
of the periodic system, and L a cyclopentadienyl (Cp) or a substituted cyclopentadienyl 
ligand (MeCp, г-РгСр, MesCp). The structure of one such compound, Fe4S4(Cp)4, is 
shown in Figure 2.1.[11] Each of the iron atoms is terminally coordinated by a cyclopen
tadienyl ligand. The iron-sulfur core can be considered to consist of two interpenetrating 
irregularly shaped tetrahedrons, one of iron atoms and one of inorganic sulfur atoms. 
With the assumption of cylindrical symmetry for each Cp ligand the molecular symmetry 



2.1. Introduction 9 

Figure 2.1: The X-ray molecular structure of Fe4S4(Cp)4. 

is D2j. There are two short (2.65 Â ) and four long (3.365 Â ) Fe-Fe distances. 

The body of data available for the cluster compounds [М^Цз-А)^5-!*)^* allows a 
systematic study of the influence of the variation of both metal ion and ligands on cluster 
structure, and spectroscopic and redox properties. Various efforts have been put into the 
development of theoretical models that explain the geometry of the structures of these 
compounds as observed in the solid state. An important parameter in these models is 
the number of "excess" electrons. This number can be deduced from a simple valence 
bond picture as the difference between the number of electrons that is available for the 
bonding of the A and L ligands and the number that is required.[46] For Fe4S4(Cp)4 
for instance the number of excess electrons can be calculated to be 20. Assuming that 
each Cp-ring provides 5 electrons, each μ3-8 4 electrons, and each Fe 8 electrons (the 

total of its 3d and 4s electrons) there are 68 electrons available in the cluster. For each 

Fe-Cp bond 6 electrons are required and for the bonding of each sulfur to the three 

neighbouring iron atoms also 6, which makes a total of 48 required electrons. A similar 

reasoning yields that for all cluster compounds [ λ ^ ^ - Α ^ η 5 - ! ^ ] 1 there are 12 metal 

Orbitals in excess of those needed for M-(/t3-A) and M-Cp bonding. One of the problems 

that are considered in the theoretical models is the assessment of the excess electrons in 

these 12 Orbitals. Two general models that account for the structural properties of the 

compounds [M4(//3-A)4(rj5-L)4]z are the qualitative Dahl bonding model[14, 51] and the 

model of Bottomley and Grein[46] based on extended Hiickel molecular orbital (EHMO) 

calculations. 

In particular, X-ray crystallographic data are available for cluster compounds having 
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18, 19 or 20 excess electrons, amongst others for the series [Fe^S^Cp),)]2 (z = 0, 1+ 
and 2+),[10-14,43] and [FeiSe^Cp)^ (z = 0, 1+ and 2+),[52, 53] and for the dication 
[Fe4Te4(Cp)4]2+.[53] 

In order to examine the influence of the terminal ligand L on the structural, electro
chemical and spectroscopic properties of the cluster compounds р Ц^з-А^т; 5 -!^] 2 with 
18, 19 and 20 excess electrons, we have synthesized and characterized the cluster series 
[Fe4S4(MeCp)4](PFe)y (y = 0, 1 and 2). Here we describe the results of the syntheses and 
of the X-ray structural characterization of Fe4S4(MeCp)4 and [Fe4S4(MeCp)4](PFe) .[54] 
The spectroscopic properties of the compounds [Fe4S4(MeCp)4](PFe),, (y = 0, 1 and 2) 
are described in the next chapter together with the properties of the related compounds 
[Fe4S5(MeCp)4](PF6)j, (y = 0, 1 and 2), Fe4Se(MeCp)4, and ^SeíMeCp^RFeCU). 

2.2 Experimental section 

2.2.1 Preparations 

General 

The elemental analyses of Fe4S4(MeCp)4 and [Fe4S4(MeCp)4](PFe)2 were carried out in 
the micro-analytical department of the University of Nijmegen. The elemental analysis 
of [Fe4S4(MeCp)4](PFe) was carried out by Analytische Laboratorien in Engelskirchen 
(F.R.G.). Conductivity measurements were made with a Metrohm Konductoskoop E365 
and a Philips Conductance Cell. The experimental details of the cyclic voltammet-
ric measurements are given in chapter 3. All operations and manipulations were per
formed under a dinitrogen atmosphere unless indicated otherwise. [Fe(MeCp)(CO)2]2 
(Alfa Products), NaBH4 (Merck p.a.), Bu4NPFe (TBAH; Janssen Chimica p.a.) and 
NH4PFe (Janssen Chimica p.a.) were used as received. Elemental sulfur was purified by 
sublimation under reduced pressure. Ferrocene (Aldrich analyzed) was sublimed before 
use. [Fe(Cp)2](PFe) was prepared by bulk electrochemical oxidation of 0.05 M ferrocene 
in a 0.1 M solution of (NH4)(PF6) in acetonitrile, followed by evaporation of the sol
vent, washing with water and diethyl ether, and drying under vacuo. All distillations 
were carried out under a nitrogen atmosphere. Acetonitrile (Janssen Chimica p.a.) was 
distilled from CaHj. Dichloromethane (Merck reinst) was washed with concentrated 
H2SO4, water, a 5% solution of КагСОз in water, and water, predried over СаСЬ, and 
distilled from СаНг- Diethyl ether (Merck p.a., or Boom technical grade) was washed 
with a solution of 6 g FeS04 and 6 mL concentrated H2SO4 in 100 mL water, predried 
over СаСЬ, and distilled from sodium. Hexane (Merck reinst) was washed with concen-
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trated H2SO4, predried over СаСЬ and distilled from sodium. Toluene (Merck p.a.) was 

distilled from sodium. Acetone (Merck p.a.) was used as received. AU solvents were 

degassed before use by the pump-freeze-thaw method. 

[Fe4S4(MeCp)4](PF e ) 

8.50 g [Fe(MeCp)(CO)2]2(44.5 mmol Fe) and 2.00 g S8 (62.4 mmol S) were refluxed in 

200 mL of toluene during 7 hours. The solution was cooled and filtered. The filtrate was 

evaporated to dryness delivering about 5 g of crude Fe4S4(MeCp)4 . This material was 

oxidized with air oxygen by stirring a suspension in CH3CN in the presence of excess 

NH4PF e during 24 hours. The solution was filtered and the filtrate was evaporated to 

dryness. The crude product was washed subsequently with water, methanol and diethyl 

ether. The black solid thus obtained was recrystallized twice from an acetonitrile-diethyl 

ether mixture to give 1.5 g (17%) of pure product as black crystalline needles. Addition 

of more diethyl ether to the combined filtrates gave another 2 g of substantially pure 

product. [Fc4S4(MeCp)4](PFe) is soluble in most organic solvents. Anal. Caled for 

[Fe4S4(MeCp)4](PF6) : С, 35.45; H, 3.47; Fe, 27,48; S, 15.77; F, 14.02. Found: С, 35.82; 

H, 3.47, Fe, 24.75, S, 14.49; F, 17.1. 

Fe4S4(MeCp)4 

680 mg [Fe4S4(MeCp)4](PFe) (0.84 mmol) was dissolved in 200 mL acetonitrile. After 

addition of 42 mg NaBH4 (1.11 mmol) the solution was stirred for six hours and then 

stored at -20 "C overnight. The product was collected by filtration and washed with 

water, methanol and diethyl ether. 170 mg (30%) of needle-like black crystals was 

obtained. Anal. Caled for Fe4S4(MeCp)4 . C, 43.15; H, 4.22; S, 19.19. Found: C, 42.82; 

H, 4.13; S, 19.96. 

[ F e 4 S 4 ( M e C p ) 4 ] ( P F e h 

To a solution of 360 mg (0.39 mmol) [Fe4S4(MeCp)4](PFe) in 25 mL acetonitrile 122 

mg (0.369 mmol) [Fe(Cp)2](PFe) was added. After addition of 100 mL diethyl ether 

the precipitate was collected by filtration and washed with dichloromethane and diethyl 

ether. The crude product was recrystallized once from acetone/ diethyl ether to give a 

yield of 0.30 g [Fe4S4(MeCp)4](PFe)2 (80%). Anal. Caled for [Fe4S4(MeCp)4](PFe)2 : 

C, 30.09; H, 2.95; S, 13.38. Found: C, 30.31; H, 2.75; S, 14.18. 



12 Chapter 2. [Ре484(МеСр)4](РРб)у (у = О, 1 and 2) 

2.2.2 Structure determination of Fe4^3-S)4(MeCp)4 

Collection and reduction of crystallographic data 

A single crystal of Fe4^3-S)4(MeCp)4 was obtained by slow diffusion of acetonitrile into a 

dichloromethane solution of the compound. The unit cell dimensions were determined by 

least-squares refinement of the setting angles of 25 reflections in the range 15° < θ < 21°. 

The crystal data and the experimental details are listed in Table 2.1. A profile analysis 

formula 

cryst.syst. 

α 

с 

p(calcd) 

color 

diffractometer 

monochromator 

abs. corr. factors 

min-max 

check refi. 

drift correction 

total refi. 

observed refl. 

no. of variables 

R 

max. shift /err. 

C24H28Fe4S4 

orthorhombic 

19.631(1) A 

10.122(1) A 

1.79 g-cm-3 

black 

Nonius CAD4 

graphite 

1.00-1.38 

3 

up to 8% 

14479 

1562 

with I > 3σ(/) 

169 

0.063 

0.06 

mol.wt 

space group 

b 

V 

Ζ 

size 

temperature 

radiation 

μ(ΜοΚα) 

scan method 

max. scan speed 

check freq. 

data collection 

unique refi. 

weighting 

IL· 
resid. el. dens. 

668.1 

Pnma 

12.453(1) A 

2474.6(3) A3 

4 

0.31x0.31x0.26 mm 

298 К 

MoKa (X = 0.71073 A) 

26.38 cm" 1 

ω- 2Θ 

30 s/refl 

l/hr 

one half sphere 

3769 

l / ( a 2 ( F o ) + 0.001Fo

2) 

0.087 

1.03 e-A"3 

Table 2.1: Crystal data and experimental details for the X-ray diffraction study of 

Fe4(M3-S)4(MeCp)4. Rw = y/j:w{F0-\Fe\)4ZwF2. 

was performed on all reflections.[55, 56] After absorption correction (Program ABSORB 

ref. 57) and correction for Lorentz and polarization effects the equivalent reflections were 

averaged (Rav = Σ ( | ^ 0 - Ρ0\)/Σ,ΡΌ = 0.049, including all reflections). No extinction 

correction Weis applied. 
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Solution and refinement of the structure 

The positions of the iron and sulfur atoms were found by automated vector search 

methods, [58] using the positional parameters of the iron-sulfur core of the non-methylated 

compound Fe4S4(Cp)4 as the searching fragment.[13] The positions of the carbon atoms 

were found with Fourier techniques. Scattering factors were taken from the Interna

tional Tables. [59] The methyl group of the methylcyclopentadienyl ring bonded to Fe2 

appeared to be disordered through the crystallographic mirror plane. The positional and 

anisotropic thermal parameters of the non-hydrogen atoms were refined by full-matrix 

least-squares refinement on the F values, using SHELX.[60] The positions of the hydro

gen atoms on the Cp rings were calculated and their isotropic temperature factors were 

included in the refinement. Plots were made with PLUTO.[61] Geometrical calculations 

were done with PARST.[62] 

Positional and thermal parameters of the atoms in the iron-sulfur moiety of Fei(ß3-

S)4(MeCp)4 are given in Table 2.2, interatomic distances in Table 2.3, and bond angles 

in Table 2.4. 

Atom 

Fel 

Fe2 

Fe3 

SI 

S2 

S3 

X 

-0.39956(6) 

-0.43165(10) 

-0.53927(8) 

-0.46693(11) 

-0.35028(15) 

-0.48597(15) 

У 
0.14513(11) 

0.25000 

0.25000 

0.1166(2) 

0.25000 

0.25000 

ζ 

0.36354(10) 

0.06362(15) 

0.2154(2) 

0.1876(2) 

0.2188(3) 

0.4154(3) 

U e ? (χ 100) 

6.62(4) 

8.35(6) 

7.67(5) 

7.82(6) 

7.36(7) 

7.19(7) 

Table 2.2: Fractional positional and thermal parameters (À2) for the Fe4S4 moiety of 

Fe4(/i3-S)4(MeCp)4 (with esd's). Ueq = ΙΣ,Σ^Ά^^Ι]^ 

2.2.3 Structure determination of [Fe4^3-S)4(MeCp)4](PF6) 

Collection and reduction of crystallographic data 

Black prism shaped crystals were grown from a solution of [Fe4(p3-S)4(MeCp)4](PFe) in 

a mixture of acetonitrile and diethyl ether. A single crystal with approximate dimensions 

of 0.15x0.13x0.09 mm was mounted on a glass fibre. The cell dimensions were determined 

by least-squares refinement of the setting angles of 25 reflections in the range 12.2° < 

θ < 13.2°. The crystal data and the experimental details are listed in Table 2.5. A 
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Fel -S2 2.188(2) 

Fel -S3 2.204(3) 

Fe2 -SI 2.194(3) 

Fe3 -SI 2.204(3) 

Fel -SI 2.246(2) 

Fe2-S2 2.240(3) 

Fe3 -S3 2.279(3) 

Fel -Fel(m) 

Fe2 -Fe3 

Fel .. .Fe2 

Fel .. .Fe3 

S1...S2 

SI ...S3 

SI ...Sl(m) 

S2 .. .S3 

2.612(2) 

2.612(3) 

3.364(2) 

3.388(2) 

2.847(3) 

2.866(3) 

3.322(4) 

3.325(4) 

Table 2.3: Interatomic distances (in À, with esd's) for the Fe4S4 moiety of 

Fe4(^3-S)4(MeCp)4. 

Fel -SI -Fe3 

Fel -SI -Fe2 

Fel -S3 -Fe3 

Fel -S2 -Fe2 

Fel -S3 -Fel(m) 

Fel -S2 -Fel(m) 

Fe2 -SI -Fe3 

99.16(9) 

98.51(9) 

98.16(3) 

98.87(3) 

72.67(4) 

73.29(4) 

72.88(7) 

SI -Fe2 -Sl(m) 

SI -Fe3 -Sl(m) 

S2 -Fel -S3 

SI -Fel -S2 

SI -Fe2 -S2 

SI -Fel -S3 

SI -Fe3 -S3 

98.42(8) 

97.86(8) 

98.39(5) 

79.86(7) 

79.87(6) 

80.17(7) 

79.48(6) 

Table 2.4: Interatomic angles (c, with esd's) for the Fe4S4 moiety of Fe4^3-S)4(MeCp)4. 

profile analysis was performed on all reflections.[55, 56] After correction for crystal decay 

and Lorentz-polarization effects, a numerical adsorption correction wits applied using 

Gaussian integration. [57] 

Solution and refinement of the structure 

The positions of the iron and sulfur atoms were found by automated vector search 

methods, [58] using the positional parameters of the iron-sulfur core of the non-methylated 

compound Fe4S4(Cp)4 as the searching fragment.[13] The positions of the PFe anion and 

the carbon atoms were found from a weighted difference Fourier map. Scattering factors 

were taken from the International Tables. [59] The positional and anisotropic thermal pa

rameters of the non-hydrogen atoms were refined by full-matrix least-squares refinement 

on the F values, using SHELX.[60] The F-P-F angles were confined to 90° because of 
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formula 

cryst.syst. 

α 

V 

p( caled) 

color 

diffractometer 

monochromator 

abs. corr. fact. 

min-max 

check refl. 

variation 

total refl. 

observed refl. 

no. of variables 

R 

max. shift/err. 

C24H28FeFe4PS4 

tetragonal 

13.419(3) A 

1406.3(7) A3 

1.92 g e m - 3 

black 

Nonius CAD4 

graphite 

0.88-1.17 

3 

40% decrease 

16376 

634 with I > 4<T(/) 

87 

0.062 

0.06 

mol.wt 

space group 

с 

Ζ 

size 

temperature 

radiation 

μ(ΜοΚα) 

scan method 

max. scan speed 

check freq. 

data collection 

unique refl. 

weighting 

Rw 

813.1 

lì 

7.809(3) A 

2 

0.15x0.13x0.09 mm. 

298 К 

ΜοΚα (λ = 0.71073 A) 

24.2 cm" 1 

ω- 2Θ 

30 s/refl 

2/hr 

two times the full sphere 

2025 

1/(σ2{Γ0) + 0.0008Fo

2) 

0.073 

Table 2.5: Crystal data and experimental details for the X-ray diffraction study of 

[Fe4(^3-S)4(MeCp)4](PFe). Rw = y/Ew(F0 - \Fc\ff ^wFj. 

Atom 

Fe 

S 

Ρ 

F ( l ) 

F(2) 

X 

0.0761(2) 

0.0841(3) 

0.5000 

0.5000 

0.3980(12) 

У 

0.0967(2) 

-0.0636(4) 

0.0000 

0.0000 

-U.041(2) 

ζ 

0.1098(3) 

0.1624(4) 

0.2500 

0.078(4) 

0.2500 

U 4 (χ 100) 

8.06(10) 

7.8(2) 

8.5(3) 

35(3) 

22(1) 

Table 2.6: Selected fractional positional and thermal parameters (A2) for 

[Fe4(M3-S)4(MeCp)4](PFe) (with esd's). U«, = ΐΣ,Εχβ,'β,β,υ,,. 
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the large thermal motion of the fluorine atoms. An additional, semi-empirical absorp

tion correction was applied,[63] with correction factors in the range of 0.88-1.17. The 

equivalent reflections were averaged, to give 2025 reflections (Ra„ = 0.122) of which 634 

were 'observed' (I > 4σ(Ι)). The absolute configuration of the structure was confirmed 

by calculation of the Bijvoet coefficient which appeared to be 1.000(1) for the first 20 

reflections.[64] The final refinement was performed with calculated hydrogen atoms (C-H 

= 1.00 À) on each Cp ring. Geometrical calculations were done with PARST.[62] Plots 

were made with PLUTO [61] and ORTEP.[65] 

Positional and thermal parameters are given in Table 2.6, selected interatomic dis

tances in Table 2.7, and bond angles in Table 2.8. 

The final difference electron-density Fourier map showed residual peaks up to 1.1 

e-Â~3 in the area of the [4Fe-4S] core, which may be due to uncorrected absorption 

effects. One peak of 0.7 e-A "3 was found near the fluorine atoms. Remaining peaks 

were less than 0.6 e-A - 3 . P-F distances (1.34(3) and 1.48(2) appeared to be shortened 

due to the large thermal motion of the PFe group. 

Fe 
Fe 
Fe 
Fe 
Fe 
S. 
S. 

-S 
-S(I) 
-S(II) 
-Fe(II) 
...Fe(I) 
..S(I) 
..S(II) 

2.193(5) [4] 
2.234(5) [4] 
2.138(4) [4] 
2.898(3) [4] 
3.304(3) [2] 
2.829(6) [2] 
3.230(6) [4] 

Fe -C(l) 
Fe -C(2) 
Fe -C(3) 
Fe -C(4) 
Fe -C(5) 
Ρ -F(l) 

Ρ -F(2) 

2.06(3) 

2.10(2) 

2.14(3) 

2.11(3) 

2.18(2) 

1.34(3) 

1.48(2) 

Table 2.7: Selected interatomic distances (Â, with esd's) for [Ρβ4(μ3-8)4(ΜεΟρ)4](ΡΡβ). 

Symmetry: (Ι) -χ, -y, +ζ; (Π) -y, -1-х, -ζ; (Ill) y, -χ, -ζ. 

[ ] indicates the multiplicity of the (bond) length by the S4 symmetry. 

2.3 Results and discussion 

2.3.1 Syntheses 

The synthesis of the cluster compounds [Fe4S4(MeCp)4](PFe)I, (y = 0, 1 and 2) goes 

along the same principles as the synthesis of the non-methylated counterparts,[10,13,14] 

but due to different solubilities of products and intermediates some adjustments of the 

procedures were necessary. 
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S -Fe -S(I) 

S -Fe -S(II) 

S(I) -Fe -S(II) 

Fe -S -Fe(I) 

Fe -S -Fe(III) 

Fe(I) -S -Fe(III) 

79.5(2) [4] 

96.5(2) [4] 

95.2(2) [4] 

96.5(2) [4] 

84.0(2) [4] 

83.0(1) [4] 

Table 2.8: Selected bond angles (°, with esd's) for [Fe4^3-S)4(MeCp)4](PFe 

Symmetry: (Ι) -χ, -y, +z; (II) -y, -1-х, -z; (III) y, -x, -z. 

[ ] indicates the multiplicity of the bond angle by the 54 symmetry. 

Refluxing [Fe(MeCp)(CO)2]2 with elemental sulfur in toluene for seven hours fol

lowed by filtration and evaporation of the toluene yielded a mixture of Fe4S4(MeCp)4 , 

unreacted sulfur, and some unidentified material of probably polymeric nature. The 

presence of Fe4S4(MeCp)4 in this mixture was established by recording a cyclic voltam

mogram in dichloromethane. Fe4S4(MeCp)4 shows the same cyclic voltammetric be

haviour as Fe4S4(Cp)4 ,[20, 21, 23] but with slightly different redox potentials. Two other 

products of the reaction of [Fe(MeCp)(CO)2]2 with elemental sulfur, Fe4S5(MeCp)4 and 

Fe4Se(MeCp)4, axe only obtained when a shorter reaction time is used (see Chapter 3). 

Air oxidation of a suspension of Fe4S4(MeCp)4 in acetonitrile in the presence of NH4PFe 

yields [Fe4S4(MeCp)4](PFe). This cluster compound can more easily be purified than 

the neutral compound due to the higher solubility in most organic solvents. To deter

mine the oxidation state of the cluster compounds usually a cyclic voltammogram was 

recorded and the equilibrium potential of the solution was compared with the location 

of the redox transitions. The oxidation state deduced in this way was always consistent 

with information from spectroscopic and other measurements. For [Fe4S4(MeCp)4](PFe) 

conductivity measurements in acetonitrile solutions in the concentration range 10 - 3 -

10 - 2 mol d m - 3 gave a linear Λ va с1?2 plot with Ло = 148 Ω - 1 cm2 mol - 1, a value com

monly found for 1:1 electrolytes.[66] Purity of the products was checked by recording 

cyclic and differential pulse voltammograms and NMR spectra. Usually the voltammo-

grams and NMR spectra did not show any other impurities than a small amount (1 to 

3 %) of either Ре43б(МеСр)4 or ^ S s i M e C p ) ^ . 
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2.3.2 Description of the structure of Fe4(//3-S)4(MeCp)4. 

Crystalline Fe4^3-S).j(MeCp)4 consists of discrete tetrameric units. No unusually short 

intermolecular distances were found. The molecular structure of Fe4(/¿3-S)4(MeCp)4 is 

shown in Figure 2.2, together with the atom labeling scheme. The crystallographic site 

Figure 2.2 Molecular structure of Fe4(/i3-S)4(MeCp)4, together with the atomic la

beling scheme. Irons (2) and (3) and sulfurs (2) and (3) lie in the crystallographic mirror 

plane. Only the crystallographically independent part of the molecule is shown. 

symmetry is C,. An important feature of the structure is the approximate (elongated) 

DÎd geometry the Fe4S4-core possesses. There are two bonding Fe-Fe distances of 2.612(2) 

and 2.612(3) A. One of these distances occurs in the crystallographic mirror plane and 

the other between the symmetry related iron atoms (1) and (l(m)). The remaining four 

Fe-Fe distances of which two are crystallographically independent are non-bonding with 

a mean value of 3.376 Â. The six non-bonding S-S distances break down under idealized 

D2ci symmetry into four short lengths of which two are crystallographically independent 

with the mean value of 2.857 Â , and two long lengths with the mean value 3.324 A . The 
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Fe-S distances split into a set of eight short lengths (of which four are crystallographically 

independent) in the range of 2.188 to 2.204 A, and a set of four long lengths (of which 

three are crystallographically independent) between 2.240 and 2.279 A. Likewise the 

S-Fe-S and Fe-S-Fe angles divide into one set of four and one set of eight angles of about 

the same magnitude. 

2.3.3 Description of the structure of [Ге4(/хз-8)4(МеСр)4] (PF 6 ) . 

Crystalline [Fe4(/¿3-S),i(MeCp)4](PF6) contains discrete [Fe4(/i3-S)4(MeCp)4]+ cations 

and PF6~ anions. Figures 2.3 and 2.4 show the configuration of the cation whose center 

is located on a crystallographic £4 axis. The PFg anion is also situated on the 84 axis. 

Figure 2.3: Molecular structure of [Fe4(/i3-S)4(MeCp)4]+ . 

The P-F distances are smaller than normally found in comparable systems.[14] This is 

caused by the high degree of thermal motion of the fluorine atoms. The packing of the 

structure is shown in Figure 2.5. There are no F . . .S distances below 4.0 Â. 

The geometry of the [4Fe-4S] framework can be idealized to compressed Γ>2</ symme

try, although the deviation from this symmetry is significantly greater than the experi

mental error. The six Fe-Fe distances divide into four short lengths of 2.898(3) Â, and 

two longer lengths of 3.304(3) Â. The six non bonding S-S distances are separated into 

two shorter lengths of 2.829(6) A and four longer lengths of 3.230(6) À. The 12 Fe-S 
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Figure 2.4: Stereo-plot of the molecular structure of [Fe4(/i3-S)4(MeCp)4]+ . 

bonding distances can be divided into 3 sets of four lengths. The four shortest lengths of 

2.138(4) Â are directed parallel to the 54 axis, the other two sets have lengths of 2.193(5) 

and 2.234(5) Â and are directed perpendicular to the 54 axis. The 54 symmetry divides 

the 12 Fc-S-Fe angles into three sets of four. Two sets have acute angles of 84.0(2) and 

83.0(1)° and one set has obtuse angles of 96.5(2)". The S-Fe-S angles are divided into 

two sets of four obtuse angles of 95.2(2)° and 96.5(2)°, and one set of four acute angles 

of 79.5(2)°. 

2.1.3 General discussion of the structural data 

According to the Dahl bonding model for the cluster compounds [M4(/x3-A)4(7/5-L)4]z 

the twelve metal orbitals in excess of those needed for M-Cp and Μ-(μ3-Α) bonding 

transform under T¿ symmetry into six bonding (aj + e 4- tj) and six antibonding (ti + 

t2) tetrametal cluster orbitals. The first 12 "excess" electrons fill the six bonding orbitals, 

the remaining electrons occupy antibonding orbitals. A cluster compound with 12 excess 

electrons is thus predicted to show idealized Tj symmetry with 6 short M-M distances 

and a total bond order 6. Such a geometry has indeed been found for the compounds 

M4S4(L)4 where M is Cr or Mo.[49] A cluster compound with 24 excess electrons is also 

predicted to show idealized Tj symmetry, but with 6 long M-M distances and a total 

bond order 0. This prediction is compatible with the geometry observed for the cluster 

compound Co4S4(Cp)4.[67] According to the Dahl model oxidation of a cluster species 

with more than 12 excess electrons leads to the loss of an electron from an orbital that 

is antibonding with respect with the tetrametal interactions. The X-ray structural data 
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Figure 2.5: Crystal packing of [Fe4(/i3-S)4(MeCp)4](PFe). Projection along the crystal-

lographic c-axis. 

for the compounds [Fe4S4(Cp)4]2 (z = 0, 1+ and 2+) and [Fc4Se4(Cp)4]2 (z = 0, 1+ and 

2+) indeed show a shortening of the average Fe-Fe distance going from the neutral to 

the dicationic cluster compound (Table 2.9). The same trend is observed for the newly 

characterized Fe4S4(MeCp)4 and [Fe4S4(MeCp)4]1+ cluster compounds. 

Figure 2.6 (a) contains an MO scheme that has been developed by Dahl and co

workers in order to rationalize the geometries observed for the [Ре484(Ср)4]г (ζ = 0, 

1+ and 2+) compounds.[14] For the compound Fe4S4(Cp)4 having 20 excess electrons a 

Jahn-Teller distortion causes a lowering of the idealized symmetry from Tj to i?2d with 

two short and four long Fe-Fe distances. In the case of [Fe4S4(Cp)4]2+ a Jahn-Teller 

distortion leads to a lowering of the symmetry from Tj to 1>2<ι with four short and two 

long Fe-Fe distances. For the cluster compound [Fe4S4(Cp)4]1+ with 19 excess electrons 
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Figure 2.6: (a) MO scheme as proposed by Dahl for the compounds [Fe4S4(Cp)4]z (z 

0, 1+ and 2+). (b) Alternative MO scheme for the compounds [Fe4S4(MeCp)4]2 (z 

0, 1+ and 2+). 



2.3. Results and discussion 23 

cluster 

Fc4S4(Cp)4 · 

ΡΡ ι5 4(Ορ) 4

 b 

[Fe4S4(Cp)4]1+ c 

[Fe4S4(Cp)4]1+ ' 

[Fe4S4(Cp)4]
1+ · 

[Fe4S4(Cp)4]
2+ ' 

Fe4Se4(Cp)4 

[Fe4Se4(Cp)4]
1+ * 

[Fe4Se4(Cp)4]
2+ " 

Fe4S4(MeCp)4 

[Fe4S4(MeCp)4]
1+ ' 

no. of 

excess 

electrons 

20 

20 

19 

19 

19 

19 

18 

20 

19 

18 

20 

19 

idealized 

symmetry 

(cryst. site 

symmetry) 

D2d (C,) 

Du (С.) 

D2 (С,) 

D2 (C2) 

C2 (С,) 

C2 (C,) 

D2d (SO 

D2d (CO 

c2 (со 
02,(54) 

02d (C.) 

OMÍS«) 

Fe-Fe dist., À 

2.65[2] 3.36[4] 

2.63[2] 3.37[4] 

2.65[2] 3.19[2] 3.32[2] 

2.65[2] 3.18[2] 3.30[2] 

2.64(2] (3.19-3.31)[4] 

2.63[2] (3.08-3.31)[4] 
2.83[4] 3.25[2] 

2.72(2] 3.56(4] 

2.72(2] (3.36-3.48)[4] 

2.95(4] 3.42(2] 

2.62(2] 3.36(2] 3.39(2] 

2.90(4] 3.30(2] 

average 

Fe-Fe dist. 

( inA) 

3.12 

3.12 

3.05 

3.04 

3.04 

3.03 

2.97 

3.29 

3.20 

3.11 

3.12 

3.03 

ref. 

11 
10 

13 

43 

43 

14 

52 

53 

52 

this 

work 

this 

work 

Table 2.9: X-ray structural data for some cluster compounds [Fe4(/i3-A)4(7;5-L)4]z. α 

Monoclinic phase ь Orthorhombic phase c Counterion Br d Counterion [РеСІз(ОМА)]1 -

e The composition of this compound is [FeíS^Cp^klMoOCUÍTHF^MoOCUÍCHaCN)]. 

The two cations are crystallographically independent. ' Counterion PF^ g Counterion 

FeBrJ - л Counterion unknown. 

a D2d symmetry is not possible, because in the elongated and in the compressed Du 

configuration a degenerate orbital set would be occupied by 3 and 1 electron, respectively. 

Therefore a lowering of the symmetry to D2 is observed with two short Fe-Fe distances 

of 2.65 A (formal bond order 1), two intermediate Fe-Fe distances of 3.19 A (formal bond 

order | ) , and two long Fe-Fe distances of 3.32 A. 

Other X-ray crystallographic data that are available for cluster compounds with 19 

and 20 excess electrons are consistent with this MO scheme. The idealized elongated Z^d 

symmetry observed for Fe4S4(Cp)4 is also a feature of the other structures that have been 

determined so far for cluster compounds having 20 excess electrons, i.e. Fe4Se4(Cp)4,[52] 

Ru4S4(MeCp)4,[68] Co4P4(Cp)4,[69] Co4P4(Me5Cp)4,[70] and Co4Sb4(Cp)4.[70] Since the 

publication of the first X-ray crystal and molecular structure of [Fe4S4(Cp)4]1+ two X-

ray structure determinations of this cation with other counterions have been carried 



24 Chapter 2. ^8а(МеСри](РР6)у (у = О, 1 and 2) 

out, of which one yielded two crystallographically independent [Fe4S4(Cp)4]1+ units.[43] 

One of the later published structures of [Fe4S4(Cp)4]14" has idealized D2 symmetry and 

the two others idealized Cj symmetry. A close comparison of the data for the four 

[Fe4S4(Cp)4]1+ structures reveals that there are always two short Fe-Fe distances. These 

two short distances are in all cases equal within 0.02 Â and their average falls in the 

narrow range of 2.63 to 2.65 Â (Table 2.9). The structural differences are therefore 

merely reflected in the four non-bonding Fe-Fe distances. 

The structures that have been obtained for Fe4S4(MeCp)4 and [Fe4S4(MeCp)4]1+ 

cannot be explained by the MO scheme developed for the [Fe4S4(Cp)4]:: compounds 

(Figure 2.6 (a)). In Tables 2.10 and 2.11 the structural data for Fe4S4(MeCp)4 and 

[Fe4S4(MeCp)4]1+ are compared to those for the cluster compounds [Ре454(Ср)4]г (ζ = 

0, 1+ and 2+). Although the structure of Ре434(МеСр)4 is very similar to the structures 

of Fe4S4(Cp)4, it is evident that the structure of [Fe4S4(MeCp)4]1+ having idealized ZJJJ 

symmetry with four short and two long Fe-Fe distances bears more ressemblance to the 

structure of the [Fe4S4(Cp)4]2+ dication than to the structure of [Fe4S4(Cp)4]1+ , 1 

Again the observed geometries can be understood by making use of a qualitative MO 

scheme (Figure 2.6 (b)), if it is assumed that in comparison with the [Fe4S4(Cp)4],!: com

pounds the e and Ьг levels have been reversed. This could be caused by a slightly different 

mixing up of the antibonding tetrairon cluster orbitals and the iron-cyclopentadienyl Or

bitals. Interchanging the e and Ьг levels does not affect the symmetries predicted for 

the neutral and the dicationic cluster species. It does have consequences, however, for 

the monocation. Since both in the compressed and in the elongated DM configuration 

the partially occupied orbitals are non-degenerate, no symmetry lowering due to the 

Jahn-Teller effect occurs. Apparently the compressed form is energetically the most sta

ble. In comparison with [Fe4S4(MeCp)4]2+ the additional electron occupies а Ьг orbital, 

which has antibonding character with respect to the interactions between the pairs of 

irons (1) and (3), (2) and (4), (2) and (3), and (1) and (4) (denoted as (13,24,23,14) in 

Figure 2.6). Therefore these four Fe-Fe distances are longer in [Fe4S4(MeCp)4]1+ than 

in [Fe4S4(Cp)4]2+ (2.89 and 2.83 Â respectively). 

The conclusion can be that the X-ray structure determinations of Fe4S4(MeCp)4 and 

[Fe4S4(MeCp)4](PFe) have yielded some interesting new data. The limited number of 

X-ray structures for cluster compounds with 19 excess electrons has been extended. It 

'In fact this strong ressemblance caused some doubts whether the structure obtained really belongs 
to the compound [Fe1S((MeCp)4](PFe). In order to take away these doubts we have crystallized an
other batch of [Fe4S4(MeCp)4](PFe) and determined the X-ray crystal structure of a crystal that was 
representative for the bulk of the material. The structure obtained (with a final R value of 0.08) was 
indeed identical with the initial result. 
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Tetramer 

Reference 

Cryst. site 

symmetry 

Idealized 

geometry 

Fe4S4-core 

Fe -Fe 

S...S 

Fe-S 

Fe -S -Fe 

S -Fe -S 

Fe<(M3-S)4(Cp)4 

(monoclinic phase) 

11 

c2 

Du 

[2] 2.650(6) 

[4] 3.363(10) 

[4] 2.880(13) 

[2] 3.334(9) 

[8] 2.204(8) 

[4] 2.250(10) 

[4] 73.9(2) 

[8] 98.0(3) 

[8] 80.5(3) 

[4] 98.2(2) 

Γθ4(μ3-5)4(Ορ)4 

(orthorhombic phase) 

10 

c. 

D2i 

[2] 2.631(2) 

[4] 3.366(2) 

[4] 2.884(3) 

[2] 3.344(6) 

[8] 2.206(2) 

[4] 2.256(3) 

[4] 73.3(1) 

[8] 98.0(1) 

[8] 80.5(1) 

[4] 98.7(1) 

Fc4(/i3-SMMeCp)4 

this work 

С. 

D 2d 

[2] 2.612(3) 

[4] 3.376(2) 

[4] 2.857(3) 

[2] 3.324(4) 

[8] 2.198(3) 

[4] 2.253(3) 

[4] 73.0 

[8] 98.7 

[8] 79.9 

[4] 98.2 

Table 2.10: Selected mean distances (Â) and bond angles (0) for Fe4^3-S)4(Cp)4 (two 

different crystalline phases) and Fe4^3-S)4(MeCp)4. Standard deviations, given in 

parentheses, are mean values of the esd's of the individual distances. 
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Molecule 

Reference 

Cryst. site 
symmetry 

Idealized 
geometry 

Fe4S4-core 

Fe-Fe 

S...S 

Fe-S 

Fe -S -Fe 

S -Fe -S 

[Ре4(^з-8)4(Ср)4] + 

13 

<?2 

D2 

[1] 2.643(4) 

[1] 2.661(5) 

[2] 3.188(3) 
[2] 3.319(3) 
[2] 2.879(6) 
[2] 3.062(6) 

[2] 3.389(8) 

[4] 2.185(5) 

[4] 2.212(5) 
[4] 2.246(5) 
[4] 74.2(2) 

[4] 92.1(2) 
[4] 96.3(2) 

[4] 80.5(2) 

[4] 87.5(2) 
[4]100.9(2) 

Ρ64(μ3-8)4(0ρ)4]2+ 

14 

$4 

Dìd 

[4] 2.834(3) 
[2] 3.254(3) 

[2] 2.820(6) 
[4] 3.304(5) 

[4] 2.156(3) 
[4] 2.204(4) 
[4] 2.212(4) 
[4] 80.9(1) 
[4] 81.1(1) 
[4] 94.9(1) 
[4] 79.3(1) 
[4] 98.3(1) 
[4] 98.6(1) 

[Fe4(MS-S)4(MeCp)4]+ 

this work 

54 

Du 

[4] 2.898(3) 
[2] 3.304(3) 

[2] 2.829(3) 
[4] 3.230(6) 

[4] 2.138(4) 
[4] 2.193(5) 
[4] 2.234(5) 
[4] 83.0(1) 
[4] 84.0(2) 
[4] 96.5(2) 
[4] 79.5(2) 
[4] 95.2(2) 
[4] 96.5(2) 

Table 2.11: Selected distances (Â) and bond angles (0) for [Ре4(дз-8)4(Ср)4]+, 

[Fe4(M3-S)4(Cp)4]2+ and ^ ( / i s - S M M e C p ) ^ . 
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appears that the geometries of these compounds are not only determined by the number 
of excess electrons, but also by quite subtle differences in the electronic structure of 
the terminal ligand. After a small adjustment the qualitative MO scheme proposed by 
Dahl's group can be used to describe the bonding in the [Fe4S4(MeCp)4]* compounds. 
In the next chapters we will discuss the influence of the terminal ligand on the solution 
properties of these compounds. 



Chapter 3 

Synthesis and properties of some 

iron-sulfur cluster compounds with 

a [4Fe-5S] and a [4Fe-6S] core. 

The X-ray s tructure determination 

of [Fe4(M3-S2)(/i3-S)3(MeCp)4](PF6). 

3.1 Introduction 

A great variety of coordination modes is known for the S2 ligand.[47, 71] Some of them are 

depicted in Figure 3.1.[47] In the solid state the compounds [Fe4S5(Cp)4][MoOCl4(THF)] 

and [Fe4S5(Cp)4](PFe)2 contain a disulfur ligand with a type (f) coordination mode.[12, 

43, 44] A part of the X-ray molecular structure of [Fe4S5(Cp)4][MoOCl4(THF)] is shown 

in Figure 3.2 (a).[12] The disulfur group is side-on bonded to iron (3) and end-on to 

irons (1) and (4). As proven by an X-ray structural determination the related compound 

Ре48б(Ср)4 contains two disulfur ligands with a type (g) coordination mode (Figure 3.2 

(b)).[15] One of the sulfur atoms of each disulfur ligand is coordinated to two iron atoms 

and the other to a third iron atom. 

In the literature some attention has also been paid to the structure of these com

pounds in solution. By making use of proton NMR and a chiral shift reagens Edidin et 

al. showed that in CDCI3 solution Fe4Se(Cp)4 has the same chiral structure as in the 

solid state.[72] Kubas and Vergamini recorded 1 H NMR spectra of the cluster species 

[Ре435(Ср)4]г (ζ = 0 and 2+) in solution and found their structures to be temperature-

dependent. [15] For instance the NMR spectrum of [Fe4S5(Cp)4]0 in CDCI3 shows a 3:1 
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4 M. 
s -*< ^K 

м ^ / ^ м м' чм MÍ-|->-M 
M: / Ï 

M 
(a) 

s 
I 
s 
(e) 

(b) 

M 

(с) 

M M 
S 

(d) 

/ \ S 

/ s — s \ Τ 
M M M 

(f) (g) 

Figure 3.1: Coordination modes of the disulfur ligand. 

Fe(2) 

(a) 
(b) 

Figure 3.2: The X-ray molecular structures of (a) [FeíSsíCp^JpVIoOCUÍTHF)] and 

(b) Fe4Se(Cp)4. Only the iron-sulfur cluster part is shown. 
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pattern at temperatures above 6 "C and a 2:1:1 pattern at temperatures below -40 

"С. The explanation is that at temperatures above 6 "C the iron-sulfur core shows a 

fluxional behaviour. The disulfur group rotates around a pseudo three-fold symmetry 

axis.(Figure 3.3) and is есціі аіепііу bonded to the three neighbouring irons. The 2:1:1 

Figure 3.3: Two possible structures of the cluster species [Fe4S5(Cp)4]z. Drawn as seen 

along the pseudo three-fold axis through the disulfur group and iron (2). 

pattern observed at lower temperatures is consistent with both a type (f ) and a type (g) 

coordination fashion of the disulfur ligand. 

In chapter 2 it was shown that replacing the Cp ligands of the cluster compound 

[Fe4S4(Cp)4]1+ by MeCp ligands has significant consequences for the solid state struc

ture. In order to trace the influence of the introduction of a methyl group on each Cp 

ring on the solid state and solution properties of the cluster compounds with a [4Fe-

5S] and a [4Fe-6S] core we have synthesized the analogous methylcyclopentadienyl com

pounds. In this chapter we describe the synthesis and characterization of the compounds 

[Fe4S5(MeCp)4](PFe)y (y = 0, 1 and 2), including the X-ray crystal and molecular struc

ture of [Fe4S5(MeCp)4](PFe), and report on the synthesis and characterization of the 

compounds Fe4Se(MeCp)4 and [Fe4Se(MeCp)4](FeCl4) .[73] A description of the spectro

scopic and (simple) redox properties of the compounds [Fe4S4(MeCp)4](PF6)i/ (y = 0, 1 

and 2) is also given in this chapter. 
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3.2 Experimental section 

3.2.1 Preparations 

All operations and manipulations were performed under a dinitrogen atmosphere unless 

indicated otherwise. Source and quality of the chemicals and ways of purification were as 

described in chapter 2. All solvents were degassed before use by the pump-freeze-thaw 

method. The elemental analysis of the compound [Fe4Sa(MeCp)4](FeCl4) was carried 

out by Analytische Laboratorien GMBH, Gummersbach, (F.R.G.). All other analyses 

were carried out in the microanalytical department of the University of Nijmegen. 

[Fe 4 S 5 (MeCp) 4 ] (PF e ) 2 

A solution of 8.42 g [Fe(MeCp)(CO)2]2 (44.1 mmol Fe) and 2.47 g S8 (77.0 mmol S) 

in 200 mL of toluene was refluxed during one hour. The reaction mixture was fil

tered and the filtrate was evaporated to dryness. The crude product obtained was 

washed with diethyl ether, suspended in acetonitrile, and oxidized with air oxygen 

in the presence of 3.60 g NH4PF6 (22.1 mmol) during 48 hours. The solution was 

filtered and the filtrate evaporated to dryness. According to cyclic and differential 

pulse voltammograms recorded the thus obtained product consisted for about 30% of 

[Fe4S4(MeCp)4](PFe) and for about 70% of [Fe4S5(MeCp)4](PF6)2. A single recrystal-

lization from dichloromethane/ hexane followed by washing with dichloromethane and 

diethyl ether yielded 3.0 g (27%) of the desired product containing only a few percent 

of [Fe4S4(MeCp)4](PFe). [Fe4S5(MeCp)4](PF6)2 is soluble in polar organic solvents, but 

almost insoluble in dichloromethane. Anal. Caled for [Fe4S5(MeCp)4](PFe)2 : C, 29.12; 

H, 2.85; S, 16.19. Found: C, 29.48; H, 2.75; S, 16.68. 

Fe4S5(MeCp)4 

To a solution of 0.46 g [Fe4S5(MeCp)4](PFe)2 (0.465 mmol) in 25 mL of acetonitrile 80 mg 

of solid NaBH4 (2.11 mmol) was added. This solution was stirred for six hours and then 

stored at -20 0C overnight. After filtration and recrystallization from dichloromethane/ 

acetonitrile 160 mg (31%) of Fe4S5(MeCp)4 was obtained. Anal. Caled for Fe4S5(MeCp)4 : 

C, 41.17; H, 4.03; S, 22.89. Found: C, 41.69; H, 3.70; S, 23.72. 

[Fe4S5(MeCp)4](PFe) 

To a solution of 220 mg (0.22 mmol) [Fe4S5(MeCp)4](PFe)2 in 25 mL acetonitrile 160 

mg (0.23 mmol) Fe4S5(MeCp)4 was added. After stirring for 8 hours the solution was 



32 Chaptei 3. Compounds with a Fe4S5 and a Fe4S6 core 

filtered and 125 mL of diethyl ether was added. After storage of the solution at -20 "C 

the product was collected by filtration and washed with а Γ3 mixture of acetonitrile 

and diethyl ether and with diethyl ether The yield was 160 mg (43%). Anal. Caled for 

[Fe4S5(MeCp)4](PF6): C, 34.11; H, 3.34; S, 18.97. Found C, 35.12; H, 3.30; S, 18.85. 

Fe4S 0 (MeCp)4 a n d [Fe4S 6(MeCp)4](FeCl4)-a;CH 2Cl 2 

In a number of experiments 5 to 10 g [Fe(MeCp)(CO)2]2 was refluxed with an ex

cess of sulfur in 150 mL of toluene. Both the ratio of the reactants and the reac

tion time was varied (from 0.5 to 24 hrs). The reaction mixtures were filtrated and 

evaporated to dryness. The relative amounts Fe4S4(MeCp)4 , Fe4S5(MeCp)4 , and 

Fe4Se(MeCp)4 in these products were determined by recording a cyclic voltammogram 

in dichloromethane. The optimal reaction time for Fe4Se(MeCp)4 turned out to be one 

hour, and the optimal excess of sulfur 15 to 20%. Larger amounts of sulfur did not en

large the yield of Fe4Se(MeCp)4 . The crude product obtained with a reaction time of one 

hour and a 15% excess of sulfur consisted of 15% Fe4S4(MeCp)4, 15% Fe4S5(MeCp)4, 

and 70% Fe4Se(MeCp)4 . Efforts for purification of Ре48б(МеСр)4 by repeated recrys-

tallization were not successful. So several recrystallizations of the crude products from 

dichloromethane and diethyl ether gave only poor yields of (electrochemically) almost 

pure Ре43б(МеСр)4. Characterization of Fe4Se(MeCp)4 was done by making use of 

these partially pure samples. An attempt to purify Fe4Se(MeCp)4 by bulk electrochem

ical oxidation of a mixture of about 0.75 g of Fe4S4(MeCp)4, 1.5 g of Fe4S5(MeCp)4, 

and 1.5 g (2.05 mmol) of Fe4S6(MeCp)4 to [Fe4S4(MeCp)4](PFe), [FeiSsiMeCp^KPFe), 

and Fe4Se(MeCp)4 followed by recrystallization from dichloromethane/ acetonitrile did 

not yield pure Fe4Se(MeCp)4. Instead during the electrolysis 0.70 g (0.69 mmol) of 

a compound crystallized from the dichloromethane solution which was shown to have 

the molecular formula [Fe4Se(MeCp)4](FeCl4)-xCH2Cl2 · Surprisingly the synthesis of 

this compound was successfully repeated, although with a lower yield (10 %), by just 

storing a solution of a mixture of Fe4S4(MeCp)4, Fe4S5(MeCp)4, and Fe4Se(MeCp)4 in 

dichloromethane for four days. [Ре48в(МеСр)4](РеСІ4)-жСН2СІ2 is soluble in DMF and 

DMSO, but not in DC and AN. Anal. Caled for [Fe4Se(MeCp)4](FeCl4): C, 31.00; H, 

3.03; CI, 15.25; Fe, 30.03; S, 20.69. Found: С, 30.78; H, 2.93; Cl, 14.40; Fe, 28.50; S, 

19.52. 

3.2.2 Measurements 

Electrochemical measurements were made as described by using a PAR model 173 po-

tentiostat equipped with a PAR Model 176 I/E converter coupled to a PAR Model 175 
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universal programmer. Platinum working and auxiliary electrodes were used. A Ag+ /Ag 

(0.1 mol d m - 3 AgNOs) reference electrode in acetonitrile was employed. The half-wave 

potential of a 10"3 mol d m - 3 solution of ferrocene was measured under the same experi

mental conditions: Е^г = 0.050 V. A Ag/AgI reference electrode (0.05 M В щ М and 0.4 

M Bu4NC104)[74] was used for the measurements in dichloromethano (Е^г (Fc + /Fc) = 

0 657 V). 

Electron spin resonance experiments were carried out on a Bruker ESP 300 spectrom

eter. To obtain an EPR spectrum of [Fe4S4(MeCp)4]3+ in frozen acetonitrile solution a 

controlled potential electrolysis was done. The equipment consisted of a Wenking LB 

75M potentiostat and a Birtley electronic integrator. The electrolysis was made on an 

approximately 1 mM solution of [Fe4S4(MeCp)4](PFe) at a potential 115 mV beyond the 

half-wave potential of the 3+/2-I- couple. After the electrolysis had been completed (n 

= 1.94 at 3% residual current) a sample was transferred under nitrogen into an EPR 

tube and then stored in liquid nitrogen until the EPR spectrum was recorded. 

Чі NMR spectra of Fe4S4(MeCp)4, Fe4S5(MeCp)4 and Fe4Se(MeCp)4 were recorded 

in CDCI3 solution on a Bruker WM-200 spectrometer. The spectra of Fe4S4(MeCp)4 and 

Fe4Se(MeCp)4 were measured at 298 K. The spectra of Fe4S5(MeCp)4 were recorded at 

298 and 319 Κ. Ή NMR spectra of the charged cluster compound [Fc4S5(MeCp)4](PFe)2 

were measured in acetone-de solution in the temperature range 188-298 К on a Bruker 

AM-500 spectrometer. A phase-sensitive 1 H COSY spectrum with double quantum 

filtering[75] of the compound [Fe4S5(MeCp)4](PFe)2 was recorded in acetone-d6 solution 

at 208 K. The 2-D spectrum was measured on a Bruker AM-500 spectrometer. 256 FID's 

were recorded with a sweep width of 716 Hz and a time domain of 256 data points. A 

relaxation delay of 1.0 s was used, and prior to acquisition two dummy scans were applied. 

After zero filling to 1024 times 1024 datapoints, and multiplication by a squared sine 

filter, the free induction decays were Fourier transformed to yield a two-dimensional 

spectrum. Subsequently the spectrum was symmetrized. 

In addition, a triple quantum filtered l H COSY spectrum was recorded.[75] 256 FID's 

were measured with a time domain of 256 data points and a sweep width of 716 Hz. After 

zero filling to 1024 times 1024 datapoints, the FID's were Fourier transformed. 

3.2.3 X-ray structure determination of [Fe4S5(MeCp)4](PF6). 

Collection and reduction of crystallographic data 

Black crystals were grown from a solution of [Fe4(/i3-S2)(¿í8-S)3(MeCp)4](PF6) in a mix

ture of acetonitrile and diethyl ether. The unit cell dimensions were calculated from 

the setting angles of 23 reflections in the range 17° < 2Θ < 20°. The crystal data and 
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the experimental details are listed in Table 3.1. A profile analysis was performed on all 

formula 

cryst.syst. 

α 

b 

с 

V 

ρ{ caled) 

color 

diffractometer 

monochromator 

check refi. 

drift correction 

total refl. 

observed rcfl. 

no. of variables 

R 

C24H28F^F^jPSs 

tricliilic 

9,876(1) A 

10.683(1) A 

14.642(4) A 

1462.4(5) A 3 

1.92 g-crn"3 

black 

Nonius CAD4 

graphite 

2 

up to 11 % 

17268 

5127 with I > 3σ(/) 

388 

0.054 

mol.wt 

space group 

a 

ß 
7 

Ζ 

size 

temperature 

radiation 

μ(ΜοΑΌ) 

scan method 

max. scan speed 

check freq. 

data collection 

unique refl. 

weighting 

Rw 

resid. el. dens. 

845.1 

Ρ Ϊ 

87.86(3)° 

108.67(2)° 

90.66(2)° 

2 

0.13x0.24x0.30 mm. 

298 К 

UoKa (λ = 0.71073 A) 

23.99 cm" 1 

ω- 2Θ 

15 s/refl 

2/hr 

±h±k±l 

8490 

l / ( a 2 ( F o ) + 0 . 0 0 3 F o

2 ) 

0.078 

0.9 e-A-3 

Table 3.1: Crystal data and experimental detciils for the X-ray diffraction study of 

[Fe4(^3-S2)(M3-S)3(MeCp)4](PFe). Rw = ^w(F0 - | F c | ) V Ë " u ^ . 

reflections.[55, 56] After correction for Lorentz and polarization effects and after an em

pirical absorption correction using the program EMPABS[76] (correction factors ranging 

from 0.93 to 1.06) the equivalent reflections were averaged (Rav — I ] ( |F 0 - F 0 | ) / Σ F 0 = 

0.039, including all reflections). No extinction correction was applied. 

Solution and refinement of the structure 

The structure was solved using the program DIRDIF [77, 78] by expansion of a trial 

structure consisting of one single Fe atom in the origin in space group P I , which gave 

the relative positions of all heavy atoms. The origin was shifted to the apparent center of 

symmetry between the two Fe4S5 clusters. The light atoms were located by DIRDIF and 

Fourier methods. A second empirical absorption correction (DIFABS[63]) was applied 
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Atom 

Fcl 

Fe2 

Fe3 

Fe4 

SI 

S2 

S3 

S4 

S5 

X 

0.01494(9) 

0.00475(8) 

0.13925(8) 

-0.20149(8) 

-0.09057(14) 

0.0884(2) 

0.16799(13) 

-0.05085(15) 

-0.1087(2) 

y 

0.46219(6) 

0.16640(7) 

0.14565(6) 

0.31102(7) 

0.12294(11) 

0.28307(13) 

0.29636(11) 

0.40369(12) 

0.34745(13) 

ζ 

-0.23223(6) 

-0.30131(5) 

-0.11195(5) 

-0.23344(6) 

-0.18843(10) 

-0.01733(10) 

-0.21176(9) 

-0.10896(10) 

-0.34795(10) 

U e , (χ 100) 

3.59(3) 

3.11(2) 

3.03(2) 

3.75(3) 

3.37(4) 

4.09(4) 

3.11(4) 

3.76(4) 

4.08(4) 

Table 3.2: Fractional positional and thermal parameters (A2) for the Fe^Ss moiety of 

[Fe4^3-S2)(At3-S)s(MeCp)4](PFe) (with esd's). 

with correction factors ranging from 0.88 to 1.22 and Rav = 0.039. The structure was 

refined by full-matrix least-squares methods (SHELX[79]). The positions and anisotropic 

temperature factors of the Fe, S and MeCp groups at the Fel, Fe2 and Fe3 atoms were 

refined. The MeCp group at the Fe4 atom appeared to be disordered about two distinct 

positions: the positions and isotropic temperature factors of two MeCp groups, each 

about half weight, were refined with correlated occupancy. The P F 6 anion appeared 

to be strongly disordered. In a difference electron-density map we observed peaks and 

streaks of electron density around the Ρ atom. We located the F atoms of one anion 

from the largest peaks and refined the occupancy factor of the group and the positions 

and anisotropic temperature factors of the individual atoms. To interpret the remaining 

electron density we put six F atoms in an ideal octahedral coordination (P-F: 1.52 A) 

and refined them as a group with restraint geometry and an overall isotropic temperature 

factor. The occupancy of the first and the second PFe group refined to 0.83 and 0.17, 

respectively. The refinement converged at R = 0.054 with shift/esd's < 0.17 for all atoms 

except for the F atoms of the second PFe group with shift/esd's < 0.58. Geometrical 

calculations were done with PARST.[62] Plots were made with PLUTO.[61] 

Positional and thermal parameters of the Fe4S5 cluster core are given in Table 3.2, 

selected bond lengths and some other relevant distances in Table 3.3, and bond angles 

in Table 3.4. 
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Fel .. S2 

Fel -S5 

Fe2 -S5 

Fe3 -S3 

Fe4 .. .S2 

S2-S4 

Fel -Fe4 

Fe3 .. .Fe4 

SI ...S4 

S4...S5 

3.494(2) 

2.159(2) 

2.219(2) 

2.211(2) 

3.528(2) 

2.020(2) 

2.660(1) 

3.698(1) 

3.232(2) 

3.435(2) 

Fel 
Fe2 

Fe3 

Fe3 
Fe4 

Fel 
Fe2 

SI. 
SI. 
S3. 

-S3 
-SI 

-SI 
...S4 

-S4 
.. .Fe2 

-Fe3 

..S2 

..S5 

..S4 

2.290(2) 

2.182(2) 

2.201(2) 

3.362(2) 

2.209(2) 

3.344(1) 

2.665(1) 

3.121(2) 

3.250(2) 

3.243(2) 

Fol 
Fe2 

Fe3 
Fe4 
Fe4 

Fel 
Fe2 

SI . 

S2. 

S3. 

-S4 
-S3 

-S2 
-SI 
-S5 
...Fe3 

.. .Fe4 

..S3 

..S3 

..S5 

2.174(2) 

2.231(2) 

2.223(2) 

2.272(2) 

2.175(2) 

3.783(1) 

3.001(1) 

3.236(2) 

3.184(2) 

2.864(2) 

Table 3.3: Interatomic distances for the iron-sulfur moiety of 
[Fe4(/i3-S2)(/i3-S)3(MeCp)4](PFe) (À ) (with esd's). 

S3 -Fel -S4 

S4 -Fel -S5 

SI -Fe2 -S5 

SI -Fe3 -S2 

S2 -Fe3 -S3 

SI -Fe4 -S5 

Fe2 -SI -Fe3 

Fe3 -SI -Fe4 

Fel -S3 -Fe2 

Fe2 -S3 -Fe3 

Fel -S4 -S2 

Fel -S5 -Fe2 

Fe2 -S5 -Fe4 

93.15(6) 

104.90(7) 

95.20(7) 

89.76(7) 

91.83(6) 

93.91(7) 

74.90(6) 

111.55(7) 

95.41(6) 

73.75(5) 

112.76(9) 

99.62(7) 

86.16(6) 

S3 -Fel -S5 

SI -Fe2 -S3 

S3 -Fe2 -S5 

SI -Fe3 -S3 

SI -Fe4 -S4 

S4 -Fe4 -S5 

Fe2 -SI -Fe4 

Fe3 -S2 -S4 

Fel -S3 -Fe3 

Fel -S4 -Fe4 

Fe4 -S4 -S2 

Fel -S5 -Fe4 

80.10(6) 

94.32(6) 

80.14(6) 

94.36(6) 

92.31(6) 

103.19(7) 

84.69(6) 

104.72(8) 

114.36(7) 

74.72(6) 

112.98(8) 

75.73(6) 

Table 3.4: Selected bond angles (°) (with esd's) for the Fe4S5 moiety 

[Fe4U3-S2)(M3-S)3(MeCp)4](PFe). 
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3.2 Results and discussion 

3.2.1 Synthesis of t h e c o m p o u n d s [Fe4S5(MeCp)4](PF6)j, (y = 

0, 1 a n d 2) 

Reaction of [Fe(MeCp)(CO)2]2 with elemental sulfur in refluxing toluene gives a mix

ture of Fe,iS,i(MeCp)4, Fe4S5(MeCp)4, and Ге45б(МеСр)4. These clusters, in con

trast with their non-methylated analogs Fe4SI(Cp)4 (x = 4 to 6), show an excellent 

solubility in toluene. In comparison with the reaction of [Fe(Cp)(CO)2]2 with sul

fur shorter reaction times are needed due to the higher reactivity of the methylated 

starting dimer. To have an idea of the composition of the product mixture after fil

tration and evaporation of the toluene a cyclic voltammogram of a sample of every 

batch was recorded. The interpretation was straightforward since these clusters show 

the same redox behavior as their non-methylated counterparts with only slightly differ

ent potentials. No matter the excess of sulfur used, long reaction times gave mixtures 

for almost 100% consisting of Fe4S4(MeCp)4. This indicates that Fe4S5(MeCp)4 and 

Fe4S<)(MeCp)4 are thermally unstable and are converted into Fe4S4(MeCp)4 in reflux

ing toluene. On the other hand with a reaction time of one hour and a 15% excess of 

sulfur a mixture of 70% Fe4S e(MeCp)4, 15% FciSstMeCp^, and 15% Fe4S4(MeCp)4 

was obtained. A convenient route to the pure [Fe4S5(MeCp)4]z cluster compounds goes 

via the oxidation of the neutral clusters by air in the presence of excess N I ^ P F e . A 

mixture of [Fe4S4(MeCp)4](PF6) and ^ S s t M e C p ^ K P F e b is obtained this way. Upon 

air oxidation of Fe4Se(McCp)4 sulfur is expelled and [Fe4S5(MeCp)4](PF6)2 is formed. 

[Fe4S5(MeCp)4](PF6)2 and [Fe4S4(MeCp)4](PFe) can be easily separated by recrystalliza-

tion from non-polar solvents like dichloromethane due to the large difference in solubility. 

3.2.2 Synthesis a n d identification of [Ре48б(МеСр)4](ГеСІ4) 

Our attempts to purify the compound Fe4Se(MeCp)4 by recrystallization of a mixture of 

[Fe4S4(MeCp)4](PFe), [Fe4S5(MeCp)4](PF6) and Fe4Se(MeCp)4 from dichloromethane 

unexpectedly yielded the FeCl | " salt of the [Fe4Se(MeCp)4]2+ dication. The molec

ular formula [Ре43б(МеСр)4](РеСІ4)-хСН2СІ2 was unambiguously established by com

bining spectroscopic, X-ray structural, electrochemical and analytical information (vide 

infra). It is known from literature that dichloromethane sometimes acts as a reactant 

toward organometallic and coordination compounds. [80] Szmanda obtained the FeCl^ -

salt of the cluster cation [Fe4Te4(Cp)4]2+ when he tried to synthesize the neutral cluster 

compound. [53] Little is known, however, about the mechanism of this kind of reactions 
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and about the other products formed. 

The compound [Ре43в(МеСр)4](РеСІ4)-гСН2СІ2 was obtained as needle-like crystals, 

which lost their initially shiny appearance under a nitrogen atmosphere. The description 

of the compound as a CH2CI2 solvate is based on this observation and on the l H NMR 

spectrum recorded of the compound in DMSO-d0 solution which shows a singlet at 5.73 

(downfield of TMS). Other signals in the NMR spectrum are due to the methyl and ring 

protons of the MeCp ligands (number of protons indicated between parentheses): 1.54(6); 

2.19(6); 4.57(2); 4.69(4); 5.03(2); 5.32(2); 5.38(2); 5.59(2); 6.07(2). The elemental anal

yses performed gave good agreement between calculated and obtained percentages for 

carbon and hydrogen, assuming that all CH2CI2 was lost. The results for chlorine, iron, 

and sulfur are less convincing. There are no other indications, however, for the presence 

of a major impurity in the samples. 

The cyclic voltammogram recorded in DMF (0.1 M TBAH) at a scan rate of 0.1 V/s 

shows an oxidation wave (at -0.305 V vs Fc + /Fc) and a rereduction wave (at -0.51 V) 

at the same potentials as a solution of ( B ^ N b i F e C U ) . The other processes observed 

are two fully reversible reductions (i6/i/ = 1.0; AEP = 60 mV) at -0.70 and -1.04 V 

(vs the F c + / F c couple), a reversible oxidation {ib/if = 1.0; ΔΕ,, = 65 mV) at 0.28 V, 

and an irreversible reduction (i(,/i/ = 0.0) at EPtC = -1.9 V. These redox transitions are 

assigned to the [Fe4S(i(MeCp)4]2+ cation. According to the peak currents in all cases 

one electron is involved. The potentials in DMF for the 1-1-/0 and 2-I-/1-I- transition 

are about 0.5 V lower than those in CH2CI2 (Table 1.3). Brunner et al[81] observed a 

similar remarkable shift in potential (0.6 V in negative direction) for the related com

pound р е г ^ г Ы М е б С р ^ ] 2 4 going from dichloromethane to acetonitrile solution. They 

explained this shift by an interaction between solute and solvent with the solvent acting 

as a nucleophile. 

An attempt was made to characterize the compound by an X-ray structural de

termination. A crystal grown by diffusion of dichloromethane in a DMF solution was 

mounted in a glass capillary with a drop of dichloromethane and a dataset was assem

bled. Unfortunately the quality of the data was poor, possibly because of disorder and/or 

decomposition of the crystal due to the loss of solvent molecules. Nevertheless the struc

ture obtained with a R-value of 0.25 reveals the presence of a cationic species with a 

¥64(82)282 framework and of a tetrahedral counterion.1 The Fe4Se core has a similar 

geometry as the Fe4Se core of Fe4Se(Cp)4 (all distances are equal within 0.1 A), but in 

view of the inaccuracy of the data the calculated Fe-S distances do not allow any further 

conclusion. 

'The space group is probably monochnic with cell dimensions α = 9.365 À, Ь = 17.369 А, с = 21.631 
Â and β = 89.5°. Smits, J. M. M.; Bosman, W. P.; Beurskens, P. T. Unpublished results. 
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A final result to report is that upon dissolution of [Ге48б(МеСр)4](РеСІ4) in DMF 
the [Fe4Se(MeCp)4]24 cation was found to be stable for at least three days. A cyclic 
voltammogram recorded after 77 hours did not show any noticeable degradation of the 
cluster cation. This is remarkable because air oxidation of the neutral cluster compound 
in acetonitrile in the presence of NI^PFe yields 100 % [Fe4S5(MeCp)4](PFe)2 after two 
or three days. 

3.3.3 Description of the X-ray crystal and molecular structure 

of [Fe4(M3-S 2 ) (//3-S)3(MeCp)4](PF 6 ) 

Crystalline [Ге4(дз-82)(дз-8)з(МеСр)4](РГ()) is built up from discrete [Fe^3-S2^3-
5)з(МеСр)4]+ and (PF e )" ions. The molecular structure of [Ге4(^з-52)(мз-3)з(МеСр)4]+ 

is shown in Figures 3.4 and 3.5. Selected bond lengths and other relevant distances have 

Figure 3.4: The molecular structure of [Ре4^з-32)(/хз-8)з(МеСр)4]+ , together with the 

atomic labeling scheme. Only the iron-sulfur part is shown. Projection on the plane 

through irons (1), (3), and (4). 

been given in Table 3.3, and selected bond angles in Table 3.4. 

Like in most other Fe4SI cluster compounds each iron is involved in three'Fe-S bonds. 

Three types of iron can be distinguished. Iron (2) is coordinated by three μ3 sulfido 

ligands. Irons (1) and (4) are coordinated by two μζ sulfido ligands and by sulfur (4) of 

the disulfur group. Finally iron (3) is coordinated by two μζ sulfido ligands and by sulfur 

(2) of the disulfur group. With the exception of two bonds of 2.272(2) and 2.290(2) Â, 
all Fe-S bonds have a length in between 2.159(2) and 2.231(2) Â. The S-S bond length of 
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Figure 3.5: Stereo-plot of the molecular structure of [Ге4^з-82)^з-8)з(МеСр)4]+ . For 

clarity, only one of the disordered molecules is shown. 

2.020(2) Â is normal for a disulfur group with this type of coordination mode.[71] Two 

Fe-Fe distances are bonding and four are non-bonding of which one is relatively short 

(3.001(1) À ). The structure of the cation is asymmetric. The plane through the disulfur 

ligand, iron (2), iron (3), and sulfur (5) is only by approximation a mirror plane. 

There are some striking differences between the structure of the [Fe4S5(MeCp)4]1+ 

cation and the structure known for the [FeíSsíCp^]1"1" cation (Figure 3.2 (a)).[12] The S2 

ligand is no longer side-on bonded to iron (3) in a (f) type fashion, but is instead end-on 

coordinated in a (g) type fashion. As a consequence iron (3) is now like the other irons 

four-coordinate, whereas it showed a unique five-coordination in the non-methylated 

cluster compound. In the [Fe4S5(MeCp)4]1+ cation each iron is involved in one Fe-Fe 

bond. Iron (1) is bonded to iron (4), and iron (2) to iron (3). In the [Fe4S5(Cp)4]1+ 

cation two irons were involved in one Fe-Fe bond, one iron in two, and one iron in none. 

This structure is therefore the second case where the introduction of a methyl group 

on the four cyclopentadienyl rings brings about a considerable geometrical change of the 

solid state structure of a tetranuclear iron-sulfur cluster cyclopentadienyl compound. 

3.3.4 Ή N M R and COSY spectra 

To obtain information about the structure of the cluster compounds [Fe4S4(MeCp)4]z 

(z = 0, 2-)-),.[Fe4S5(MeCp)4]z (z = 0, 2+), and [Fe4Se(MeCp)4]0 in solution, Ή NMR 

spectra were recorded. The results are listed in Table 3.5. 

For an interpretation of the spectra of [Fe4S5(MeCp)4]* (z = 0, 2+) it is important 
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Cluster species 

[Fe4S4(MeCp)4]° 

[Fe4S5(MeCp)4]° 

[Fe4S6(MeCp)4]
0 

[Fe4S5(MeCp)4]
2+ 

Solvent 

CDC1, 

CDClj 

CDCI3 

acetone-d6 

T(K) 

298 

319 

298 

208 

302 

chemical shift δ (ppm) 

ring protons 

4.37(8) 3.44(8) 

4.66(2) 4.21(6) 4.05(2) 3.95(6) 

4.63(2) 4.59(2) 4.28(2) 4.17(2) 

4.01(4) 3.95(2) 3.65(2) 

6 15(2) 6.02(2) 5.89(2) 5.86(2) 

5 68(2) 5.56(2) 5.40(2) 5.13(2) 

5 97(2) 5.89(2) 5.85(4) 5.71(2) 

5.50(2) 5.31(2) 5.05(2) 

methyl protons 

2.12(12) 

2.13(3) 1.84(9) 

2.20(6) 1.90(6) 

2.43(6) 2.30(3) 

2.05(3) 

2.42(6) 2.24(3) 

1.98(3) 

Table 3.5: Proton NMR data for ^ S ^ M e C p ^ ] 0 (x = 4 to 6) and [ F e i S ^ M e C p ^ ] ^ (x 

= 4, 5) in solution. TMS was used as a reference. Number of protons indicated between 

parentheses. 

to note that, like in [Fe4S5(Cp)4]2 (z = 0, 2+),{l5] the disulfur group in the core can 

show fluxional behaviour in rotating around a pseudo three-fold symmetry axis (Fig

ure 3.3). If the disulfur ligand is not fluxional, there are two possible core structures 

corresponding to the two likely coordination modes of the S2 ligand. It can easily be 

seen, however, that in both structures two of the iron atoms are equivalent and two are 

unique. If the disulfur ligand shows fluxionality the three adjacent irons are, on the 

average, equivalently bonded to it. In that case only the fourth iron lying on the pseudo 

three-fold axis through the S2 group is unique. ' H NMR spectra of [Fe4S5(MeCp)4]2+ 

were recorded in acetone-de solution in the temperature range 188-298 K. The methyl 

protons give three resonance signals in the ratio 2:1:1. This provides a first indication 

that the iron-sulfur core is rigid. The pattern of the resonance signals due to the ring 

protons is more complex. At 208 К eight signals of equal intensity are visible. At 302 

К two of the resonances accidentally coincide. Because the NMR spectra allow different 

conclusions with respect to the equivalence of the methylcyclopentadienyl rings both 

a phase-sensitive 1 H COSY spectrum with double-quantum filtering and a 1 H COSY 

spectrum with triple-quantum filtering of [Fe4S5(MeCp)4]2+ were recorded in acetone-d6 

at 208 K. The spectra are shown in Figure 3.6. The interpretation of these spectra is 

straightforward. Two methylcyclopentadienyl rings are chemically equivalent. In these 

rings all four ring protons are unique and are coupled to each other. Therefore both in 

the double-quantum and in the triple-quantum filtered spectrum cross peaks are present 

for these sites (A, C, D, and F). The two other rings are unique, but in each ring there 
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Figure 3.6: 'H COSY spectra of [Fe4S5(MeCp)4](PFe)2 in acetone-de solution at 208 
К. (a) Phase-sensitive spectrum with double-quantum Bltering. (b) Spectrum with 
triple-quantum filtering. 
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are two pairs of equivalent ring protons coupled to each other. Both sites В and E, and 

sites G and H, therefore show cross peaks in the double-quantum filtered, but not in the 

triple-quantum filtered spectrum. These results imply that under the experimental con

ditions [Fe4S5(MeCp)4]2~ has a rigid iron-sulfur framework with a non-fluxional disulfur 

ligand. 

The 41 NMR spectra of [FeiSstMeCpW recorded in CDCI3 at 319 К shows a 3:1 

pattern for both the ring and the methyl proton resonance signals. This indicates that 

the cluster core is fluxional with the disulfur group rotating around a pseudo three

fold axis. The NMR spectrum recorded at 298 К shows a complicated pattern with 

broad resonance signals, which suggests that, like the cluster in the non-methylated 

compound Fe4S5(Cp)4 ,[15] the cluster core of [Fe4S5(MeCp)4]0 loses its fluxionality at 

lower temperatures. This is subject of further research. 

In [Fe4Se(MeCp)4]0 two disulfur groups are present. The proton NMR spectrum 

recorded at 298 К in CDCI3 solution shows two methyl proton resonances of equal 

intensity. This is consistent both with a structure similar to the rigid chiral structure 

of Fe4S6(Cp)4 (Figure 3.2(b)) and with the presence of two fluxional disulfur units. The 

occurrence of eight resonance signals for the ring protons, however, proves that the iron-

sulfur core is rigid. In case of fluxionality only four resonance signals would have been 

visible. 

The spectra that have been recorded for [Fe4S4(MeCp)4]24 in aceton-d6 solution all 

show line broadening effects and a considerable upfield shift of the methyl proton res

onance signal. This can probably be ascribed to partial reduction of the cluster com

pound to [Fe4S4(MeCp)4](PFe). Recently Ogino et al reported that dissolving the com

pound [Fe4S4(Cp)4](PFe)3 in various solvents caused a reduction to [Fe4S4(Cp)4](PFe) 

or [Fe4S4(Cp)4](PF6)2 .[45] 

The 'H NMR spectrum of [Fe4S4(MeCp)4]0 recorded in CDCI3 solution at 298 К 

shows three resonance signals in the ratio 2:2:3. This indicates that all four cyclopenta-

dienyl rings are equivalent. 
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3.3.5 E P R spectra 

X-band EPR spectra of [Ре434(МеСр)4]г (ζ = 1 + , 3+) and ^ S s t M e C p ^ ] 1 " were 

recorded in frozen acetonitrile solution at 4 K. The solution of [Fe4S4(MeCp)4]3+ was gen

erated by controlled potential electrolysis (see experimental section). The EPR spectra 

are similar to the EPR spectra of the non-methylated analogues (Table 3.6).[22,45] The 

Cluster species 

[Fe4S4(MeCp)4]14 

ГРе434(Ср)4]
1+ 

[Fe4S5(MeCp)4]
1 ' 

[Fe4S5(Cp)4]I+ 

[Fe4S4(MeCp)4]^ 

^ S i t C p ^ 3 1 c 

Pi 

2.133 

2.125 

2.128 

2.118 

2.085° 

2.072° 

92 

2.025 

2.014 

2.008 

1.099 

ьдвз6 

І.ЖЬ 

93 

1.987 

1.968 

1.981 

1.968 

-

-

2.048 

2.036 

2.039 

2.028 

2.017 

2.023 

Table 3.6: EPR values for the cluster species [FcSjiRCsIl·,^]4" (x - 4, 5; R = H, Me) 

and [Fe 1S 4(RC5H 4) 4] 3 + (R — H, Me) as recorded in frozen acetonitrile solution at 4 K. 

"51, ' ^ 
c From ref. 45. Recorded at 77 К. 

g values are characteristic of an overall electronic spin state S = 1/2. The spin system of 

the clusters is easily saturated below 25 K. For both monocations there is an increase of 

the average g value as compared to the non-methylated clusters. For [Fe^tMeCp^] 3 " 1 " 

on the other hand there is a decrease of the average g value as compared to the non-

methylated analogue. For both the [Fe4S4(MeCp)4]
;: and the [Ре 43 4(Ср) 4] г compounds 

the average g value decreases going from the monocationic to the tricationic cluster 

species. For the [Ft^SsiCp^]- (z = 1-, 1+ and 3+) series it has been found that the 

average g value increases going from the most reduced to the most oxidized species.[22] 

For iron-sulfur cluster thiolate compounds an increase of the average g value usually 

indicates a decrease of the ferrous character of the iron atoms in the cluster.[22] The op

posite trends present in the EPR data suggest that for the cyclopentadienyl compounds 

there is no simple relation between the average g value and the electron density on the 

iron-sulfur core. 

3.3.6 Electrochemistry 

In Table 3.7 electrochemical dala for [Fe4S4(MeCp)4](PF6) and [Fe4S5(MeCp)4](PF6)2 

in acetonitrile and for [Ге48б(МеСр)4]0 in CH2CI2 solution are listed. Cyclic voltammo-
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Cluster series 

[Fe4S4(MeCp)<]* 

[Fe4S4(Cp)4]; 

[Fe4S5(MeCp)4]; 

ÍFe4S5(Cp)4]: 

[Fe4Sö(MeCp)4]; 

[Fe4S6(Cp)4]; 

Solvent 

CH3CN 

CH3CN 

CH3CN 

CH3CN 

CH2C12 

CHjClj 

1-/2-

-2.3a 

-2.2° 

0/1-

-2.1a 

-2.1a 

-1.77 

-1.72 

-1.89 

-1.72 

redox transition 

1+/0 

-0.82 

-0.73 

-0.71 

-0.62 

-0.57 

-0 45 

2-1-/1 + 

-0.16 

-0.10 

-0.38 

-0.33 

-0.24 

-0.14 

3 + / 2 + 

0.40 

0.43 

0.72 

0.79 

0.86α· !> 

0.85а-ь 

4 + / 3 + 

0.92 

0.94 

Table 3.7: Half-wave potentials (in Volt vs the Fc + /Fc couple) for the ^ S ^ R C s ^ ^ ] - ' 

(x = 4, 5 and 6; R = II, Me) cluster series. 

" Peak potential. ь Adsorption phenomena. 

grams of these clusters recorded at a platinum electrode in the same solvents are shown 

in Figure 3.7. In the cyclic voltammogram of Fe4S6(MeCp)4 the two reduction waves 

at -1.47 and -1.75 V are due to a minute contamination with elemental sulfur. This 

was established by recording a CV of elemented sulfur under the same conditions. The 

oxidation of [Гс45б(МеСр)4]2+ is accompanied by adsorption phenomena. The small 

reduction peak at 0.41 V is due to the reduction of [Fe4S4(MeCp)4]3+ probably formed 

upon decomposition of [FeiSeiMeCp^]3"1". 

Essentially the same results were obtained from the three voltammetric techniques 

that were applied (normal and differential pulse and cyclic voltammetry). Apart from 

the Ре43б(МеСр) 4

2 + / з н , the Fe4S5(MeCp)4 1" / 2 _ and the Fe4S4(MeCp)40/1 transition 

which are irreversible and the Fe4S5(MeCp)40^1" transition which is not entirely re

versible on the CV time scale (¡б/і/ — 0.8), all transitions are reversible processes. This 

conclusion is reached from the commonly applied criteria in the analysis of current-

voltage curves. In the cyclic voltammetric experiments peak current ratios were found 

to be one, and peak potential separations were in the range ΔΕρ = 60 -70 mV. In the 

differential pulse voltammograms recorded the peak widths at half height, Ш1/2, are all 

equal to 100 mV. 

The shapes of the cyclic voltammetric curves strongly resemble those of the non-

methylated cluster compounds [Fe4SI(Cp)4]; (x — 4, 5 and 6), but with the exception 

of the [Fe4S4(MeCp)4]0/1" and the [Fe4S 6 (MeCp)4] 2 , / 3 + transition the redox potentials 

of the clusters described here have shifted to more negative values. For the 1+/0 and 

2-I-/1+ transitions of the [Ре484(МеСр)4]г and [Fe4S4(Cp)4]z series in acetonitrile this 

shift is 0.09 and 0.06 V, respectively. Reaction entropy measurements made on these 
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Figure 3.7: Cyclic voltaminograms of [Fe4S4(MeCp)4](PFe) and [Fe4S5(MeCp)4](PF6)2 

in CH3CN and of Fe4S6(MeCp)4 in CHjCb (0.1 M TBAH). Potentials in Volt vs the 

Fe* /Fc couple. 
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compounds show that the entropy contribution to £1/2 results in a shift of 0.025 V 

in positive direction in both cases (see chapter 5). The redox potentials for the 1+/0 

transitions of a number of metallocenes, M(Me ICp)2 (M = Fe; χ = 0, 1, 4 and 5) 

and M(Me ICp)2 (M = Co and Ni; χ = 0 and 5), show a remarkably constant shift in 

negative direction of about 0.05 V for each methyl group substituted on the Cp rings.[82-

84] Shifts of about the same magnitude have been observed for a number of dinuclear 

and trinuclear coordination compounds with bridging nitrosyl ligands.[85, 86] Therefore 

it can be concluded that the introduction of a methyl group on each Cp ring of the 

[Ге^ЗаДСр),!]* (χ = 4. ζ = 1+; χ = 5, ζ = 2+; χ = 6, ζ = 0) compounds causes a shift 

in the redox potentials that lies in the same range as observed for a number of other 

compounds having terminal Cp ligands. 

In the next chapter we will discuss in some detail the influence of the solvent on the 

half-wave potentials of the [FeaS^Cp).^, [Ге455(Ср)4]
г and [Fe4S4(MeCp)4]- series. 



Chapter 4 

Solvent effects on half-wave 
potentials 

4.1 Introduction 

A dissolved redox active species interacts with its environment. This environment con

sists of solvent molecules and (sometimes) other solutes, such as counterions in those 

cases where ion-pair formation occurs. The electrochemical properties of the solute, 

such as standard potentials, half-wave potentials, and entropies of reduction, are influ

enced by these interactions and are therefore dependent on the nature of the solvent. 

This is connected with a number of interesting physicochemical problems, which, in spite 

of many extensive studies, have not all been fully clarified. 

There are also a number of practical complications inherent to the measurement of 

redox potentials. As electrochemical measurements on organic, biochemical, and inor

ganic compounds in non-aqueous solvents become more and more popular, comparison 

of data collected in different solvents and/or given with respect to different reference 

electrodes is an often encountered problem. To overcome the difficulties associated with 

the use of different reference electrodes the IUPAC has recommended to refer all poten

tials to an internal reference system, i.e. a redox couple measured at the same time and 

in the same solution.[8, 9] For this purpose the ferricenium/ferrocene couple (abbrevi

ated as Fc 1 + / 0 ) and the bis(biphenyl)chromium (I)/(0) couple (abbreviated as BCr1"1"/0) 

have been selected. Both couples are fully reversible in most solvents. Furthermore the 

metal centers in these compounds are not likely to be involved in any specific chemical 

interactions with the solvent due to the shielding by the aromatic ligands. The choice for 

Fc 1 + / 0 or BCr1 +/0 can be made on practical grounds. Recalculation from one reference 

to the other is possible with only little loss of accuracy as it has been found that for 
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a variety of 22 solvents ¿ ^ ( Р с 1 ^ 0 ) - ¿ ^ ( В С г 1 ^ 0 ) = 1.124 ± 0.012 .[8, 9] Unless 

stated otherwise our data will be versus the F c 1 + ' 0 couple. 

In the comparison of data obtained in different solvents (even when referred to the 

same internal reference system) extrathermodynamic assumptions are often implied. One 

of the many that have been proposed is the ferricenium/ferrocene assumption. This is 

the assumption that the redox potential of the ferricenium/ferrocene couple is essentially 

independent of the nature of the solvent.[87] It has been argued that although it might 

be true that the contribution to the redox potential of this couple from non-electrostatic 

solute-solvent interactions is neglectably small and solvent-independent, a correction 

to the ferricenium/ferrocene assumption should be applied to account for the solvent-

dependence of the electrostatic contribution to the redox potential.[88] 

The subject of this chapter is the solvent-dependence of the redox potentials of the 

cluster compounds ^ S ^ C p ) , , ] - " (χ = 4 and 5), [FeíS^MeCp^]-, and [ F e ^ C O ^ C p h p . 

From X-ray crystallographic studies it is known that the cluster cores in these compounds 

are well encapsulated between the four Cp-rings.[10-14,18, 19, 43, 44, 89] Furthermore 

the three or more reversible redox transitions they show in most solvents involve species 

of about equal size. Since this means that these compounds are likely to exhibit a 

ferrocene-like electrochemical behaviour, their redox potentials can be expected to be 

only slightly solvent dependent. 

In the analysis of the data we will focuss on an empirical relation that has been found 

by Gutmann for the reduction of a number of cationic species:[90, 91] 

Em = αϊ + α2 · DN , (4.1) 

where α,χ and aj are empirical parameters depending on the redox couple and DN is 

the Gutmann donor number.1 The parameter DN has been determined for a great 

number of donors, including many solvents that are in common use in electrochemical 

'In the donor-acceptor concept as developed by Gutmann (Gutmann, V. The Donor-Acceptor Ap
proach to Molecular Interactions, Plenum Press: New York, 1978.) the effect of the solvent on a solute 
is described in terms of a rearrangement of the charge-density pattern, which comprises both the elec
tronic changes and the changes in the positions of the nuclei. The solvent acts either as "donor" (i.e. 
electron-pair donor, Lewis base, nucleophilic agent and/or electron donor, reducing agent) or as "ac
ceptor" (i.e. electron-pair acceptor, Lewis acid, electrophilic agent and/or electron acceptor, oxidizing 
agent). The donor properties of the solvent are expressed in the donor number (DN), which is defined 
as the negative AH'-value for the formation of a 1:1 adduct between the reference acceptor SbCls and 
the donor (D) ш а 10_ 3 M solution in 1,2-dichloroethane: 
D + SbCU ^ DSbCU -AHI S1,c,5/kcal mol"1 = DN 
The acceptor properties of the solvent are expressed in the acceptor number (AN), which is a dimen-
sionless parameter obtained from the 3 1 P NMR chemical shift бсогт for triethylphosphineoxide in the 
respective pure solvent with hexane as reference solvent. Arbitrarily an acceptor number of 100 has 
been assigned to EtaPOSbClj in 1,2-dicliloroethane: 
AN = tr~— 100 

_ »<.,,,(ЯІ5РО SbCl.) 
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studies.[91] It has been shown to be a good measure for the Lewis donor properties of 

the solvent in particular toward hard acceptors.2 Other solvent parameters such as the 

В parameter and ij parameter were proposed to account for the nucleophilicity and the 

hydrogen-bond-donating ability, respectively. [92-95] Some of them correlate well with the 

donor number. Because the other parameters do not offer any practical or theoretical 

advantages, and because the donor number is more commonly used, we will leave these 

other parameters out of consideration. 

The relation between iîj/2 and DN has been investigated before for alkali metals, a 

limited number of d-transition metal ions, and lanthanide ions.[91, 96] In none of these 

cases .E1;2 was found to correlate with the dielectric constant of the solvent e. Exceptions 

to relation (4.1) have been reported for some redox couples and solvents where the 

solute-solvent interaction was described as being soft-soft,[97] which can be understood 

as there being a specific covalent bonding between them. Half-wave potentials of the 

redox couple [Fe(CN)e]3" /4" in various solvents have been reported not to correlate with 

donor numbers but instead with acceptor numbers.[91, 98, 99] The same result has 

been obtained for the redox potentials of 16 metallo porphyrin couples including anionic 

species.[100] 

Although the empirical relationship (4.1) satisfactorily describes the influence of the 

solvent on the reduction potential of a cationic species, it does not predict the dependence 

of Ei/2 upon the charge and radius of the solute. In this respect it is useful to take a 

look at the classiceli Born-model.[101] According to this model the free enthalpy for the 

electron-transfer reaction: 

Az++Fc¿-Az l + Fc1+ (4.2) 

is given by: 

4 ™ Ne2 A -2z 1 w l 4 , s 

where N is the Avogadro constant, e the elementary charge, e0 the permittivity of free 

space, e the bulk dielectric constant of the solvent, and ζ and гд the charge and the 

radius of the electroactive species, respectively. In the Born model the solvent is treated 

as a dielectric continuum, and the electroactive species as an inert conducting sphere 

of radius г and charge z. The model is purely electrostatic and denies the existence of 

structure in the solvent. It is therefore not surprising that the empirically found solvent-

dependence of redox potentials is not in accord with the outcome of the Born model (vide 

2For a recent discussion of the use of the HSAB-principle in inorganic chemistry, see: Pearson, R. G. 
Coord. Chem. Rev. 1990, 100, 403. 
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supra). The form of equation (4.3), raises the question, however, whether in equation 

(4.1) the coefficient a? is also a function of гд and z. We have tested the correlation 

between аг and (1-2г)/гд (or (4-4ζ)/7·4 for the redox processes in which two electrons 

are transferred) on our own data and on a large number of data from literature.[102] 

4.2 Experimental section 

4.2.1 Chemicals 

The compounds Fe(Cp)2 ,[103] F e i S ^ C p ^ ,[10] FeiSstCp^ ,[15] [Fe4S5(Cp)4](PF6)2 ,[15] 

[Fe4S4(Cp)4](PFe),[13] and Fe4(CO)4(Cp)4 ,[104] were prepared according to procedures 

described in literature. [Fe4S4(MeCp)4](PFe) was synthesized according to the procedure 

described in chapter 2. Cyclic voltammograms recorded did not show any impurities 

and elemental analyses were satisfactory. Tetrabutylammonium hexafluorophosphate 

(TBAH; Fluka electrochemical grade), lithium Perchlorate (Janssen Chimica p.a.), and 

sodium Perchlorate (Janssen Chimica 99+%) were used as received. Tetraethylammo-

nium Perchlorate (TEAP; Eastman) was recrystallized twice from a 2% solution (w/v) 

of sodium Perchlorate in water and dried for 24 hours at 120 °C under vacuum. All 

distillations of solvents were carried out under a nitrogen atmosphere. Acetonitrile (AN; 

Janssen Chimica p.a.) was purified in a permanent distillation from CaH 2 . Benzoni-

trile (BN; Janssen Chimica p.a.) was distilled twice from P2O5 under reduced pressure. 

Dichloromethane (DC; Merck reinst) was washed with cone. H2SO4, water, 5% KOH 

in water, and water, predried over CaS04 and distilled from СаНг- Acetone (ACN; 

Merck p.a.) was distilled from molecular sieves. Ν,Ν-dimethylformamide (DMF; Merck) 

was predried over activated BaO for 12 hours and distilled under reduced pressure. Ni

trobenzene (NB; Janssen Chimica 99%) was washed with cone. H2SO4 until the washings 

were colourless, water, 5% KOH in water until the washings were colourless, and wa

ter, predried over CaS04, and twice distilled under reduced pressure. Tetrahydrofuran 

(THF; Merck reinst) was distilled from LÌAIH4. Dimethylsulfoxide (DMSO; Merck p.a.) 

was distilled under reduced pressure. Methanol (MeOH; Merck p.a.) was distilled from 

СаНг. iV-methylformamide (NMF; Janssen Chimica 99%) was twice distilled from P2O5 

under reduced pressure, and one additional time with the P2O5 omitted. Pyridine (Py; 

Janssen Chimica 99+%) and hexamethylphosphoric triamide (HMPA; Sigma) were used 

as received. 
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4.2.2 Measurements 

A convential three-electrode configuration was used for the cyclic voltammetric mea

surements. All measurements were at least done in duplo. In methanol the background 

electrolyte was 0.1 M sodium Perchlorate. In DMSO 0.1 M TEAP was used, and in pyri

dine 0.1 M LÌCIO4. In all other solvents the background electrolyte was 0.1 M TBAH. 

Both the working and the auxiliary electrode were made of platinum. In AN, BN, DMSO, 

HMPA, THF, and Py the reference electrode consisted of a silver wire immersed in a 

0.1 M solution of a soluble silver salt in the same solvent. In ACN and DMF a Ag/AgCl 

(0.1 M LiCl) electrode was used. In DC the reference electrode was a Ag/AgJ (0.4 M 

BU4NCIO4 and 0.05 M BU4NJ) electrode.[74] Finally in MeOH, NB, and NMF an SSCE 

was employed. The equipment consisted of a PAR 173 potentiostat, a PAR 176 iE con

verter, and a PAR 175 Universal Programmer. The recording device was either a Kipp 

BD30 or a Kipp BD90 XY-recorder. 

4.2.3 Analysis of the data 

The half-wave potentials of the cyclopentadienyl cluster compounds were determined by 

using cyclic voltammetry (from E1/2 = \{Epta + EPiC), where Ep¡a and ΕΡΎ(: are the anodic 

and cathodic peak potential, respectively). All transitions for which data are presented 

here were chemically fully reversible and electrochemically (quasi-) reversible under the 

conditions of the experiment. Data for irreversible processes have been omitted. 

In the calculation of (l-2z)/rvi a radius of 4.5 Â was used for the cyclopentadienyl 

cluster compounds. This radius was obtained by making use of the molecular modeling 

program Chem-X.[106] The X-ray structural data were taken from the Cambridge file. 

If necessary hydrogen atoms were added, and counterions and molecules other than the 

desired complex ion were deleted. The volume was then calculated with the function 

"Cale Vol", using a mesh width of 0.4 Â. Finally г was obtained from r = (З /4я-)1/'3 

where V is the volume of the cluster species. The radii for the other coordination 

compounds were taken from ref. 26. The remaining radii were taken from ref. 108. 

Table 4.1 contains a list of the donor and acceptor numbers used, and of some relevant 

dielectric data. 

4.3 Results and discussion 

A survey of our work is presented in table 4.2. It shows £1/2 of the redox couples 

Fe4S4(Cp)4 (1+/0, 2 + / 1 + , 3 + / 2 + ) , Fe&iCp)* (1+/0, 2-I-/1+, 3+ /2+) , Fe4(CO)4(Cp)4 
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solvent 
acetonitrile (AN) 
benzonitrile (BN) 
acetone (ACN) 
dichloromothane (DC) 
N, JV-dimethylformamidc (DMF) 
nitrobenzene (NB) 
tetrahydrofuran (THF) 
dimethylsulfoxide (DMSO) 
methanol (MeOH) 
TV-methylformamide (NMF) 
pyridine (Py) 
hexamethylphosphoric triamide (HMPA) 
formamide (FA) 
water (H 20) 
г-propanol (iPrOH) 
nitromethane (NM) 
ethanol (EtOH) 
dimethoxyethane (DME) 
JV, ./V-dimethylacetamide (DMA) 
propylene carbonate (PC) 

AN· 
19.3 
15.5 
12.5 
20.4 
16.0 
14.8 
8.0 
19.3 
41.3 
32.1 
14.2 
10.6 
39.8 
54.8 
33.5 
20.5 
37.1 

-
13.6 
18.3 

D№ 
14.1 
11.9 
17.0 
O-C 
26.6 
4.4 
20.0 
29.8 
19 
-

33.1 
38.8 
24 

18.0 
-

2.7 
20 
20 

27.8 
15.1 

e' 
37.45e 

2Ь.22С 

21.19 
9.09 

37.65е 

35.73 
7.54' 

47.09/ 

33.62 
Ш . б ' 
13.55» 
29.6'' 
109 

80.37 
19.0 

38.57' 
25.07 
7.36' 
38.93' 
66.14' 

ir (*io2) 
-15.93' 
-9.03' 
-10.00 
-3.86 

-17.04' 
-18.51 
-2.98' 

-12.56' 
-20.13 

-163.31' 
-5.44» 

-
-72 

-37.01 
-13.54 
-17.93' 
-15.59 
-3.21' 
-21.28' 
-23.55' 

Table 4.1: Solvent parameters. 0 From réf. 91 and 107. ь At 293.15 К. From réf. 108, 
unless indicated otherwise. c From ref. 109. d From ref. 110. e From ref. 111. f From 
ref. 112. я From ref. 113. h From ref. 114. · From ref. 115. 

(0/1-, 1+/0, 2-I-/1-I-), and Fe4S4(MeCp)4 (1+/0, 2+/1-|-, 3+/2-I-) as measured against 
Fc1 + ' '0 in various solvents. In agreement with the empirical trends observed for other 
redox couples, the £1/2 values for the Fe4S4(Cp)4 (2-1-/1+, 3+/2+), FeiSstCp^ (2+/1+), 

Fe4(CO)4(Cp)4 (0/1-, 1+/0, 2+/1+) and Fe4S4(MeCp)4 (2+/1+, 3+/2+) couples show a 

good correlation with the donor number of the solvent, while there is no or only a weak 

correlation with the solvent parameters AN and e. For the Fe4S4(MeCp)4 (2+/1+) 

couple, for instance, which weis measured in eight different solvents, the least-squares 

method yielded correlation coefficients of 0.90, 0.35 and -0.17 for the relation with the 

donor number, the acceptor number and the dielectric constant, respectively. For the 

1+/0 transition of the cluster series [Fe4S4(Cp)4]z, ^ S s i C p ) * ] 2 , and [Fe4S4(MeCp)4]z 

Εχ/2 shows to be nearly independent of the solvent: È1/2 = -0.74 V (σ = 0.02 V), Ёі/г = 
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series 

[Ге454(Ср)4]г 

[Го485(Ср)4]г 

[Fe4(CO)4(Cp)4j' 

[Fe4S4(MeCP)4]
s 

couple 

1-I-/0 

2-1-/1+ 

3+/2+ 

1+/0 

2+/1-1-

3+/2+ 

0/1-

1+/0 

2+/1+ 

1-I-/0 

2+/1+ 

3+/2+ 

solvent 

AN BN ACN DC DMF NB THF MeOH 

-0.72 -0.75 -0.76 -0.73 -0.73 

-0.10 -0.14 -0.13 -0.04 -0.15 

0.45 0.42 0.38 - 0.33 

-0.61 -0.65 -0.64 -0.62 -0.65 

-0.32 -0.34 -0.33 -0.30 -0.37 

0.80 0.78 0.75 

-1.69 -1.75 -1.73 -1.79 -1.68 

-0.01 -0.02 -0.02 0.02 -0.03 

0.71 0.70 0.67 0.75 

-0.81 -0.84 -0.82 -0.83 -0.81 -0.84 -0.78 -0.80 

-0.16 -0.16 -0.19 -0.10 -0.22 -0.15 -0.21 -0.16 

0.40 0.40 0.34 - 0.29 0.42 0.30 

Table 4.2: Half-wave potentials (in V against the F c 1 + ' ' 0 couple) for the Fe^S^Cp)* 

(1+/0, 2 + / 1 + , 3+/2-I-), Fe4S5(Cp)4 (1+/0, 2-|-/1+, 3 + / 2 + ) , F e ^ C O ^ C p ^ (0/1-, 

1+/0, 2 + / 1 + ) , and Fe4S4(MeCp)4 (1+/0, 2 + / 1 + , 3 + / 2 + ) couples. 

-0.63 V (σ = 0.02 V), and £1/2 = -0.82 V (σ = 0.02 V), respectively. The coefficient a 2 

is close to zero and scattering of the data occurs due to secondary effects. The best-fit 

straight lines E1/2 = αϊ + 02 • DN for all couples are given in Table 4.3. 

Voltammetric and Polarographie data for Li, Na, K, Rb, Cs, Tl, Ag (all 1+/0), Mn, 

Co, Ni, Cu, Zn, Cd, Ba, Pb, UOj, Sm, Eu, Yb, (all 2+/0) and La, Pr, Nd, Sm, Eu, Gd, 

Yb (3+/2+) in a great variety of solvents are scattered over many literature places, but 

have recently been collected, screened and recalculated with BCr 1 + / ' 0 as reference in a 

IUPAC review "Polarographic Half-Wave Potentials of Cations in Nonaqueous Solvents" 

by G. Gritzner.[116] Literature data are also available for the redox couples Сг(Ьру)з, 

Ре(Ъру)з, Со(Ьру)з, and Со(рЬеп)з (all 3+/2+),[117] and for Со(еп)з, and Ru(NH3)e 

(both 3+/2+)[118]. We have also calculated the best-fit straight lines Εφ = αι+α2·ΌΝ 

with the F c + / F c couple as reference for the data from literature. The results are given 

in Tables 4.3 and 4.4. For most redox reactions the correlation between £1/2 and DN is 

good (correlation coefficient > 0.9). There are some exceptions; the correlations for Rb, 

Cs, and Ag are weak (corr. coeff. < 0.7). Their reduced forms are metals or amalgams 

and to that complication we will return later on. 
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A 

Fe4S4(Cp)4 

Fe4S5(Cp)4 

Fe4(COMCp)4 

Fe4S4(MeCp)4 

Crfbpy), 

Fe(bpy)3 

Со(Ьру)з 
Со(рЬеп)з 

La 

Pr 

Nd 

Sm 

Eu 

Gd 

Yb 

z/z-1 

1+/0 

2+/1+ 

3+/2+ 

1+/0 

2+/1+ 

0/1-

1-I-/0 

2-I-/1+ 

1+/0 

2-I-/H-

34/2+ 

3+/2+ 

3+/2+ 

3+/2+ 

3+/2+ 

3+/2+ 

3+/2+ 

3-1-/2-1-

3+/2+ 

3+/2+ 

3+/2+ 

3+/2+ 

« i 

-0.736 

-0.056 

0.521 

-0.620 

-0.298 

-1.785 

0.014 

0.752 

-0.839 

-0.113 

0.466 

0.585 

0.743 

-0.018 

0.060 

-1.20 

-0.224 

-0.199 

0.024 

1.56 

-0.075 

0.749 

-o2(xl02) 

0.01 

0.40 

0.72 

0.10 

0.25 

-0.41 

0.19 

0.41 

-0.16 

0.40 

0.68 

0.31 

0.38 

0.28 

0.51 

4.42 

3.91 

4.02 

3.92 

5.21 

4.63 

4.72 

n"" 

"¡Г 
5 

4 

5 

5 

5 

5 

4 

8 

8 

6 

6 

4 

4 

5 

4 

6 

6 

6 

6 

5 

6 

cc. ' 

0.08 

0.87 

0.90 

0.54 

0.91 

0.88 

0.92 

0.93 

0.67 

0.90 

0.92 

0.75 

0.78 

0.92 

0.96 

0.92 

0.94 

0.95 

0.80 

0.94 

0.96 

0.93 

ыку 
4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

6.8 

6.8 

6.8 

6.8 

1.02 

1.01 

1.00 

0.96 

0.95 

0.94 

0.86 

H; 1 (A- 1 ) 
0.22 

0.67 

1.11 

0.22 

0.67 

-0.22 

0.22 

0.67 

0.22 

0.67 

1.11 

0.74 

0.74 

0.74 

0.74 

4.92 

4.94 

5.03 

5.19 

5.26 

5.33 

5.83 

Table 4.3: Least-squares straight lines £1/2 = ai + 0,2 · DN for redox couples Az/Az 

belonging to category (i) (see text). 
β η = number of solvents ь cc. = (absolute value of) correlation coefficient c гд 

radius of A2 and A*- 1. 
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A 

Li 

Na 

К 

Rb 

Cs 

Tl 

EV 
Ei, ·' 
Cd 

Ba 

Pb 

Mn 

Co 

Ni 

Cu 

Zn 

Sm 

Eu 

Yb 

Ru(NH3) e 

Со(еп)з 

z/z-1 

T+/0 
1+/0 

1+/0 

1+/0 

1+/0 

1+/0 

1+/0 

2+/0d 

2+/0d 

2+/0d 

2+/0d 

2+/0d 

2+/0d 

2+/Qd 

2+/0d 

2+/0d 

2+/0d 

2+/0d 

2+/0d 

3 + / 2 + 

3 + / 2 + 

a, 

-0.746 

-0.869 

-1.041 

-1.098 

-1.111 

0.644 

1.473 

1.751 

0.839 

-0.537 

0.912 

0.475 

0.604 

0.598 

1.335 

0.600 

-0.390 

-0.590 

-0.456 

0.454 

-0.377 

-α 2 (χ10 2 ) 

3.17 

1.65 

1.06 

0.78 

0.67 

1.29 

1.46 

2.18 

2.38 

2.50 

2.03 

4.89 

3.51 

2.41 

1.91 

3.15 

3.31 

2.76 

3.46 

4.30 

2.07 

n" 

18 

22 

19 

18 

17 

24 

23 

13 

25 

18 

25 

14 

17 

14 

16 

22 

6 

6 

6 

4 

5 

c c . " 

0.83 

0.86 

0.78 

0.72 

0.70 

0.95 

0.70 

0.95 

0.95 

0.81 

0.92 

0.97 

0.90 

0.80 

0.82 

0.93 

0.94 

0.97 

0.98 

0.98 

0.96 

ГА(ЬУ 

0.68 

0.97 

1.33 

1.47 

1.67 

1.47 

1.26 

1.10 

0.97 

1.34 

1.20 

0.80 

0.72 

0.69 

0.72 

0.74 

-
1.09 

0.93 

3.3 

3.8 

^ ( A - 1 ) 
1.47 

1.03 

0.75 

0.68 

0.60 

0.68 

0.80 

3.64е 

4.12е 

2.99' 

3.33е 

5.00е 

5.56е 

5.80' 

5.56е 

5.40е 

-
3.67' 

4.30е 

1.52 

1.32 
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Table 4.4: Least-squares straight lines £1/2 = αϊ + 0.2 · DN for redox couples А г /А 2 _ 1 

belonging to categories (ii), (iii) and (iv) (see text). 
α η = number of solvents ь c c . = (absolute value of) correlation coefficient c гд = 

radius of the members of the redox couple. d z/z-2 e (4-4z)/rJ4 ' silver/0.01 mol d m - 3 

silver(I) ion electrode 9 mercury/0.01 mol d m - 3 mercury(II) ion electrode 
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With the data of 02 the relation 

α2 = 61 + 6 2 · ( ί — — ) (4.4) 
ГА 

was tested. Four categories can be distinghuished: 

(i) For the redox systems Fe4S,i(Cp)4 (1+/0, 2 + / 1 + , 3 + / 2 + ) , FeiSstCp^ (1+/0, 

2+/1 + ), Fe4S4(MeCp)4 (1+/0, 2 + / 1 + , 3 I-/2+), Fe4(CO)4(Cp)4 (0/1-, 1-1-/0, 2-1-/1-1-), 

Fe(bpy)3, Сг(Ьру)з, Со(Ьру)з, Со(рЬеп)з (all 3+/2+), La, Pr, Nd, Sm. Eu, Gd, Y (all 

3+/2+) the best-fit straight line 

02 = 2.29· 10 "3-|-8.87 · 1 0 " 3 ( ^ — — ) (4.5) 
ГА 

with rA in Â is found with a correlation coefficient of 0.993 for 22 redox couples. The 

coefficient 02, the slope of the plot of E1/2 against DN, is zero for the Fc"1"-'0 couple, 

since all half-wave potentials are given with respect to this couple. Substitution of 02 

= 0 in (4.5) gives rFc = 3.9 Â. This is remarkably close to the value of 3.8 Â, which 

was calculated to be the effective radius of Fc. In Figure 4.1 02 is plotted against (1-

2¡í)/r¿. Unfortunately there are no points with a value of (2г-1)/гд in between 1.5 and 

4.5 Â" 1 . The best-fit straight line for the points in the region (2Ζ-1)/ΓΑ < 1.5 A - 1 

is аз = 1.69-10"3 + 7.75'10~3(l-2z)/r,t with a correlation coefficient of 0.946. The one 

couple that includes a negative ion (Fe4(CO)4(Cp)4 (0/1-)) fits the correlation. The 

best-fit straight line for the points in the region (2z-l)/7·^ > 4.5 A - 1 is 03 = -2.50-10"3 

+ 7.9710" 3(l-2z)/rA with a correlation coefficient of 0.52. 

(ii) For Li, Na, K, Rb, Cs, Ag, and Tl (all 1+/0) 

a2 = 8.70-Ю - 3-!-2.69 · 1 0 - 2 ( ^ — ^ ) (4.6) 
ГА 

with гл in A is found with a correlation coefficient of 0.97 for 7 redox systems (Figures 

4.2 and 4.3). a2 = 0 for (l-2z)/rA = -8.70/26.9, which gives rFc = 3.1 A. Since ζ = 

1+ for all these couples the correlation between 03 and (l-2z)/r/i is in fact a correlation 

between аз and 1/гд. From a comparison of equation (4.5) and (4.6) it is obvious that 

the slope and the intercept of the best-fit straight line for the category (ii) couples differ 

considerably from the values obtained for category (i). The reduced form of these redox 

couples is a solid or liquid metal or an amalgam, and no longer solvated. This means 

that for the redox reaction A 1 + + Fc Z- A(metal) + F c + the contribution to AG" from 

specific interactions between A 1 + and the solvent are no longer cancelled in part by a 

contribution from similar interactions between A0 and the solvent. This unbalance is 

probably one of the reasons for the experiment ally observed slope of E^/2 against DN 

being much greater for this category than for category (i). 
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Figure 4 1 A plot of the coefficient aj against (1-2Ζ)/ΤΑ for the redox couples from 

category (i) 
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Figure 4.2: A plot of 02 against (1-2Ζ)/Γ^ for the redox couples from category (ii). 
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Figure 4.3: A plot of 02 against (1-22)/^ for the couples in categories (i), (ii) and (iv) 
and against (4-4z)/rx for the couples in category (iii). · =category (i); # = category 
(ii); A = category (iii) and о = category (iv). 
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(iii) The data for Mn, Co, Ni, Cu, Zn, Cd, Ba, Pb, Eu, and Yb (all 2+/0) show no 

correlation between E1/2 and either (4-4г)/г^ or (1-2г)/гд (Figure 4.4). Apart from the 

о 
ι—I 

X 

5.00 -1 

4.50 -

4.00 -

Э.50 -

3.00 -

2.50 -

2.00 -

1.50 1 1 1 1 1 1 1 

2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 

(4s-4)/iv,(A-

Figure 4.4: A plot of аг against (4-4z)/r>i for the redox couples from category (iii). 

fact that the reduced forms of these couples are insoluble metals or amalgams (like in 

category (ii)) part of these cations are d-transition metal ions and are known to have 

very specific bonding with many of the solvents to form definite coordination compounds 
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with rather low coordination number (4 or 6) and with considerable contributions of the 

ligand field stabilization energy. Furthermore the mechanisms of most of the electron 

transfer processes are complicated. So the lack of a relation between £1/2 and a simple 

characteristic of the cations, such as (1-2Ζ)/ΓΑ or ( 4 - 4 Ζ ) / Γ 4 is not at all surprising. 

(iv) ІІи(>Шз)б and Со(еп)з (both 3+/2+) show a very good linear correlation be

tween E1/2 and DN, but the absolute value of аг is considerably higher than would be 

expected from the relation between oj and (1-2ζ)/7·χ as found for category (i) (Figure 

4.3). For [Ки(ХНз) в ] 3 т ' ' 2 + the absolute value 02 is about four times higher, and for 

[Со(еп)з]3 + ' '2 + two times. This can be explained by the occurrence of hydrogen bonding 

between the ions and the solvents. As аг is negative, £1/2 for these couples is lower than 

"expected" which indicates that the -1-3 ions are more firmly Η-bonded to the solvent 

than the +2 ions. This is in accord with the usual ideas about the strength of hydrogen 

bonding. 

The conclusion can be that for cationic redox couples in category (i) the coefficient 

аг in the empirically found relation E1/2 = 0 1 + 0 2 · DN correlates with (1-2ζ)/7·,4. In 

contrast to the acceptor number the donor number does not show any correlation with 

parameters that are considered to be a measure of the polarity of the solvent. The 

correlation between E1/2 and DN points therefore at Lewis type acid-base interactions 

with the solvent acting as a base. The correlation with DN as well as the absence of 

a correlation with a solvent parameter that is a measure for the solvent polarity sug

gests that long-range electrostatic interactions do not contribute significantly to the free 

enthalpy of solvation of these compounds. The influence of the solvent on the redox 

potentials is mainly brought about by the molecules in the first solvation layer. For the 

couples in category (i) these interactions are relatively weak. For the cyclopentadienyl 

and the 2,2'-bipyridyl compounds the accepting orbitals are most likely the low-lying 

vacant orbitals of the aromatic ligands. The empirical relation: 

аг = 2.29 • К Г Ч 8.87 · 1 < Γ 3 ^ — - * (4.7) 
ТА 

with Гд in Â found for the category (i) couples can be used to trace stronger specific 

interactions with the solvent, as the hydrogen bonds for the couples in category (iv). Also 

when the electron-transfer process is coupled to a chemical process like the formation of 

an amalgam or crystallization a deviating value of аг can be expected, as is the case for 

the couples in category (ii). Some of the couples in category (iii) probably show both 

effects. 

For the couples that belong to category (i) it is useful to rewrite equation (4.1) now 
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as: 

EU2 = ai + 8.87 · l O - 3 ^ — — · DN + 2.29 • W ^ D i V (4.8) 

TA 

In this equation the first two terms are characteristic for the redox couple under con

sideration. The coefficient αϊ is equal to —AG°/F for the reaction A1 + Fc ¿^ A 2 - 1 

+ Fc+ in a solution without any interactions between the solute and the solvent. The 

coefficient oi is the obvious quantity to be used in comparative studies of the energies 

of frontier orbitals etc.. The second term gives the contribution from the interaction 

between the redox couple and the solvent. It contains ζ and ΓΑ as solute and DN as 

solvent characteristics. The last term 2.29-10~3DN is a correction for the interaction of 

the reference (Fc T /Fc) with the solvent. It indicates that the "absolute" redox potential 

of the F c + / F c couple shifts about 2 mV in negative direction per donor number unit. 



Chapter 5 

Reaction entropies for the redox 

reactions of a series of iron-sulfur 

and iron-carbonyl cyclopentadienyl 

cluster compounds 

5.1 Introduction 

5.1.1 Entropies of reduction 

For the redox reaction 

Az + ref Z- A1'1 + refu (5.1) 

the reaction entropy Δ 5 0 can be determined as 

dAG" dE0 , v 
Δ 5 0 = - ¿ Γ = F^r , (5.2) 

where E° is the standard potential of the electrochemical cell Pt | Α',Α2 - 1 || r e/ + ,Tef \ 

Pt. The reaction entropy AS°C for the half-reaction Az + e *^- A2"1 can only be obtained 

by making an extrathermodynamic assumption (see following paragraph). 

According to the Born-theory[101] (see chapter 4) A5°c for the redox couple Az/Az~1 

with both species having a radius г^ is given by: 

,Ме?.,1 de. Л - 2 г . 
Δ 5 ^ Ο Γ η = ( — ) ( ¡ , ^ ) ( ^ 7 - ) (5.3) 

where N is the Avogadro constant, e0 the permittivity of free space, Τ the temperature, 
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and e the elementary charge. For reaction (5.1) this leads to: 

In the Born-model the solute is treated as a conducting sphere and the solvent as a di

electric continuum. Contributions to the reaction entropy arising from non-electrostatic 

interactions with the solvent, specific solute-solvent interactions, and changes in the in

ner coordination sphere of the solute are therefore not taken into account. In many cases 

formulas (5.3) and (5.4) give the right order of magnitude of reaction entropies, but ex

cept for small univalent and divalent ions, like alkali- and earth alkali ions, in aqueous 

solution the Born-theory and modified versions of it fail in predicting trends in entropy 

data more quantitatively.[26,119-122] 

From the analysis of a great number of experimental data for d-transition metal 

coordination compounds Hupp and Weaver[26] derived an empirical relation between 

Д5° с and characteristics of solvent and redox couple: 

Д ^ с HW = 91.5 - 2.43 · AN + 86.6( - — ) (5.5) 
ГА 

where AN is the Gutmann acceptor number,[91] r^ is expressed in A and A.S°C in J 

mol ' К - 1 . We will come back to the interpretation of this empirical relation later on. 

Relevant at this moment is that (5.5) gives an expression for Δ 5 0 : 

AS°HW - 8 6 . 6 ( ^ — ί - - 1 - ) (5.6) 
ГА rref 

Relation (5.6) implies that Δ 5 0 is independent of the nature of the solvent, whereas the 

Born formula predicts a linear relationship between Δ 5 0 and ( - Ï X J T ) · 

We have measured the reaction entropies for the redox reactions of a number of 

iron-sulfur and iron-carbonyl cluster compounds. Before discussing the results we will 

first give a short introduction to the measurement of reaction entropies by using a non-

isothermal cell. 

5.1.2 Measurement of AS°C in a non-isothermal cell 

Potential and concentration gradients in non-isothermal cells (thermogalvanic cells) have 

long been an interesting object for physicochemical studies.[123] Non-isothermal sys

tems are not in thermodynamic equilibrium and the less famihar thermodynamics of 

irreversible processes must be employed. 
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For a thermogalvanic cell, which has a reversible couple Az+e ^- Аг~1 at temperature 

T + d T , a reference redox couple at constant temperature T, and a supporting electrolyte 

X + Y" in the thermal junction, it can be shown that: 

F ( S ) m = ~5°{Λη + ^ 4 ' " 1 ) + (-txàx + іуе^ - (S°(eMî + ^ем^ (5·7) 

where (dE/dT)m is the initial value of the variation of the cell potential with the tem

perature, 5° is the partial molar entropy, t is the transport number, 5 is the Eastman 

entropy and ем denotes the electron in the metal conductor of the electrodes.[123] 

In a non-isothermal system thermodiffusion will occur, which disturbs the initial 

uniform concentration of the electrolyte in the junction (Soret effect). The resulting 

concentration gradient is of course limited due to normal diffusion, so that after some 

time a stationary state is achieved. Since the thermal diffusion of the positive and 

negative ions of the supporting electrolyte will in general not be equal, a slow change in 

the potential gradient occurs. It can be shown that after reaching the steady state: 

F ( S ) r t = ~ S ° { A Z ) + S 0 ( A Z ~ l ) + \ { а г ~ 'Sx) ~(50(ем)+5{ем)) ( 5 · 8 ) 

S 0 (A ( j " 1 ' ) - S0(AZ) Ξ Д5° с, already mentioned in the preceeding paragraph. (5y - Sx) 

and (5"(e A i ) + 5(ем)) are the effects of the temperature gradient in the liquid junction 

and in the metal, respectively. 

So dEjdT will change in time from the initial value to the steady state value. Only 

when tx « iy » ' this change will be very small. The Eastman entropies are not known 

in absolute values (like electrode potentials), only differences are known in an arbitrary 

scale (usually based on 5(C1_) = 0). 

After some 20 years of lost interest, the non-isothermal galvanic cell was rediscovered 

by Weaver et al[24] and recommended as a tool to determine AS°TC. When the effects of 

the thermal metal and liquid junctions are neglectable, AS°e can in its absolute value 

be determined by measuring dEjdT. 

A number of studies have been performed that allow estimations of the effects of the 

thermal junctions on dE/dT. The sum (S° +SeM) is related to the Thomson coefficient, 

of which the values are known for many metals. For Pt (5° + SeM) is 6 μΥ-Κ - 1 ( « 0.6 

J m o l - 1 К - 1 ),[24] which is much smaller than the estimated experimental precision (4 

J m o l - 1 К " 1 ) and very low compared to relevant trends in experimental data.[24] So its 

neglect is fully justified. 

The thermal liquid junction gives more problems. Some values of S", arbitrarily 

scaled for 5°(C1_) = 0, are known for dilute aqueous solutions.1 The value of \{-Sx + 

'Sums of Sx and Sy are linearly dependent upon the Soret coefficient. 
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SY) as determined for a 0.01 M solution at 250C is for LiC104 -1.5, for KCl -3.4, for 

BmNPFe -30.9, and for EtíNClO* -21.1 J mol - 1 К " 1 . These salts are often used as 

supporting electrolytes. Use of 0.01 M LÍCIO4 or KCl would give a contribution of the 

thermal liquid junction to the overall dE/dT (less than 40 /xV-K-1) of about the same 

magnitude as the estimated experimental precision of 4 J mol - 1 К - 1 . But the use of the 

other two salts would result in a substantial larger contribution. Data of 5° for more 

concentrated solutions and for non-aqueous solutions are not known. The justification 

for the neglect of the thermal liquid junction is mainly based upon the small effect for 

0.01 M KCl in water. Some authors[24, 119, 120] have detected only small differences in 

their measured dE/dT values, when they varied concentration and type of electrolyte. 

The difference in F · {dE/dT) between 0.1 M BU4NCIO4 and 0.1 M NaC104 in acetone 

was found to be 7 J m o l - 1 К - 1 . No significant difference was found between 0.1 and 1.0 

M BU4NCIO4 in acetone.[119, 120] Neutral supporting electrolytes (protons should be 

avoided) substituted for an aqueous 3.5 M KCl solution in the thermal bridge resulted 

in only small and neglectable changes in dE/dT.[26] Usually the electrochemical cell is 

constructed so that the temperature drop in the bridge occurs over a short distance ( < 1 

cm), this should ensure a negligible development of thermal diffusion (Soret effect), which 

was confirmed by the observed stability of the cell potentials within 1 mV for several 

hours under non-isothermal conditions. [26] These arguments have been considered to 

be sufficiënt justification for neglecting the thermal liquid junction potential and for 

identifying the experimental value of dE/dT with AS°C/F. 

Since the introduction of the use of the non-isothermal cell to determine reaction 

entropies many redox couples have been measured.[26, 119, 120,124-136] Experimental 

data have been published in a great variety of non-aqueous solutions with a variety 

of supporting electrolytes, amongst others, LÍCIO4, KPFe, Et4NC104, and BU4NCIO4. 

However, considering the fact that S values are only known of dilute aqueous solutions, 

and that extrapolating these to concentrated aqueous solutions or to non-aqueous so

lutions is highly speculative, the evidence given to neglect liquid junction potentials is 

weak and the experimental results for AS°C must be considered with some caution. 

We have measured the entropies of reduction AS°C for the redox transitions of a series 

of iron-sulfur and iron-carbonyl cluster compounds in a non-isothermal cell.[137] In order 

to exclude any influence of the thermal liquid junction, we will first present and discuss 

the results in the form of Δ 5 0 = bS°rc(Az/A2"1) - A 5 ^ ( F c + / F c ) . 
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5.2 Experimental section 

5.2.1 Chemicals 

Source and quality of the chemicals used were as described in chapter 4. All chemicals 

were purified according to the procedures in chapter 4. 

5.2.2 Entropy measurements 

All experiments were performed in a glovebox in which a dry and oxygen-free atmosphere 

was maintained. Reaction entropies were determined as described in ref. 24. from the 

temperature dependence of the half-wave potential Д5° с = nF- j l / 2 . The non-isothermal 

cell used was essentially identical to the one described by Weaver et al (Figure 5.1).[24] 

The reference compartment which was held at 25 C C was separated from the working 

compartment by a fritty and a glass capillary. Cyclic voltammograms were recorded at 

several points along a suitable temperature range of about 50 K. All redox transitions 

were tested for reversibility (if,/i/ = 1; ΔΕΡ < 80 mV). In a typiral experiment first a 

CV was recorded at room temperature. After the solution had been cooled to about 240 

К another CV was taken. Then the solution was heated again and a CV was recorded 

every 7 or 8 K. To check the stability of the reference electrode the last CV was taken 

at room temperature again. In the case of BN, NB, DMSO, NMF and DMSO another 

temperature range of 50 К was chosen, so that the lowest temperature was at least 10 

К above the freezing point of the pure solvent. All measurements in which the standard 

deviation of the slope in the graph of E1/2 against T, obtained by using equal weighting 

factors for all points, was larger than 0.05 mV/K were rejected. All measurements were 

at least done in duplo. 

In methanol the supporting electrolyte was 0.1 M sodium Perchlorate. In all other 

solvents the supporting electrolyte was 0.1 M ТВ AH, unless indicated otherwise. Both 

the working and the auxiliary electrode were made of platinum. In AN, BN, DMSO, 

HMPA, THF, and Py the reference electrode consisted of a silver wire immersed in a 0.1 

M solution of a soluble silver salt in the same solvent. In ACN, and DMF a Ag/AgCl 

(0.1 M LiCl in the same solvent) electrode was used. In DC the reference electrode was 

a Ag/AgI (0.4 M BU4NCIO4 and 0.05 M BU4NI) electrode.[74] Finally in MeOH, NB, 

and NMF an SSCE was employed. 

The equipment consisted of a PAR 173 potentiostat, a PAR 176 iE converter, and 

a PAR 175 Universal Programmer. The recording device was either a Kipp BD30 or a 

Kipp BD90 XY-recorder. 
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29 mm 

Figure 5.1: The non-isothermal cell used for the determination of reaction entropies 
AS°C. A = working compartment; В = reference compartment; С = Luggin capillary; 
D = ethanol from cryostat bath; E = water from thermostat; F = fritty. 
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5.3 Results and discussion 

5.3.1 Experimental precision and experimental accuracy 

Table 5.3 contains the AS"C values for the redox reactions of the series [Ре43,і(МеСр)4]", 

[Fe4S4(Cp)4]z, [FeiSstCp^] 2 , [Ре486(Ср)4]г and [Fe4(CO)4(Cp)4]
2 as determined in a 

non-isothermal cell. All measurements were at least done in duplo. All measurements in 

which the standard deviation of the slope of the plot of Εχ/ζ against Τ was larger than 

0.05 mV/K were rejected. Weaver et al estimated the experimental precision to be 4 J 

mol ' К ' .[24] For most redox couples we indeed found that the spread in Д5° с values 

was small (standard deviation smaller than 4 J mol" ' К " 1 ). Measurements that yielded 

a standard deviation larger than 6 J m o l - 1 К - 1 are indicated in Table 5.3. For some 

particular combinations of redox couple, supporting electrolyte and solvent it turned out 

to be important to use a small concentration of redox active species (less than 0.2 mM) 

in order to get a sufficiently linear graph of £1/2 against Τ and a reproducable Д5° с 

value. We ascribe this to pollution of the electrode surface. Pons et al[138] have found 

that voltammetric measurements of the ferrocenium/ferrocene couple in acetonitrile at a 

platinum electrode can be complicated by the formation of a passivating layer of insoluble 

ferrocene complex, salt, or polymeric layer. 

The AS°C values for the F c + / F c couple can in 7 cases be compared with data from 

literature. Four indepedently measured AS°C values in acetonitrile are known; 48 (0.1 M 

TEAP as supporting electrolyte; ref. 117), 47 (0.1 M TEAP; ref. 127), 42 (0.1 M TBAP; 

ref. 119) and 39 (0.1 M TBAH; this work). For six other solvents the discrepancies be

tween values obtained by Weaver et al[105, 117] and our values vary from 3 (NMF) to 

13 J m o l - 1 K^1 (MeOH). Curtis et al[139] have reported discrepancies between AS°C 

values determined in two different labs for some ruthenium compounds in AN/DMSO 

mixtures varying from 8 to 12 J m o l - 1 К " 1 . The observed discrepancies are thus larger 

than the experimental precision. It is reasonable to assume that the main differences 

in experimental conditions are the type of supporting electrolyte used and the details 

in the construction of the non-isothermal cell. As both factors are expected to have an 

effect on the contribution of the thermal liquid junction to dE/dT, we consider these 

data as a serious indication that A5° c values obtained in a non-isothermal cell contain a 

contribution from the thermal liquid junction larger than assumed by Weaver and other 

researchers. The type (and concentration) of supporting electrolyte would of course also 

be important when the Д5° с values are influenced by ion-pair formation. At least in 

the case of the study performed by Curtis et al ion-pair formation does not seem to 

be the cause of the discrepancies in AS°C values, because they used the same type of 
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electrolyte in all experiments. In order to trace effects of ion-pair formation on our own 

Д5° с data we have measured the reaction entropies for the [ T ^ S ^ M e C p ) . ! ] ^ " 1 (z = 1+, 

2+ and 3+) couples in acetonitrile and dichloromethane with different concentrations of 

the supporting electrolyte (Table 5.1). Since the differences in the AS",, values obtained 

roupie 

Ге 48 4(МеСр)4 1^ 0 

Fe 4S4(M eCp)4 2 , / 1 + 

Fe1S4(MeCp)43 + / 2 + 

0.05 M 

25 

106 

140 

AN 

0.1 M 

20 

107 

140 

0.2 M 

-
104 

131 

0.05 M 

15 

88 

-

DC 

0.1 M 

19 

91 

-

0.2 M 

15 

86 

-

Table 5.1: Reaction entropies Д5° с (in J mol 1 K - 1 ) for the ^ S ^ M e C p ) ^ - 1 (z 

= 1+, 2+ and 3+) redox couples in acetonitrile and dichloromethane with different 

concentrations of TBAH as supporting electrolyte. 

with different concentrations of TBAH are of about the same magnitude as the exper

imental precision, these data contain neither a clear indication for ion-pair formation 

nor conclusive evidence for the opposite. We will show in the next paragraph, however, 

that the Δ 5 0 data suggest that ion-pair formation indeed plays a role in DC and THF, 

but not in the other solvents. In order to be sure that the entropy data are free from a 

contribution from the thermal liquid junction, we will discuss them in the form of Δ 5 0 

= AS"rc(Az/Az-1) - A5 r

0

c (Fc + /Fc) . 

5.3.2 Reaction entropies Δ 5 0 

Д5° с values for the redox reactions of a series of iron-sulfur and iron-carbonyl cluster 

compounds as determined in a non-isothermal cell are listed in Table 5.3. In this para

graph we will discuss these data in the form of Δ 5 0 = Д5° С (А Г /A 2 " 1 ) - A S ^ ( F c + / F c ) , 

i.e. the reaction entropy for the redox reaction Az + Fc ^- A z _ 1 + F c + . The Δ 5 0 values 

are listed in Table 5.2. 

The Δ 5 0 data show the following features: 

-The Δ 5 0 values measured in CH2CI2 are in all cases considerably lower than those 

obtained in the other solvents, which are roughly equal (within experimental precision). 

The few data in THF show the same trend. The reason is probably ion-pair formation in 

solution, which makes the effective charge of the cationic species lower and the effective 

radius larger, resulting in a lower value of Δ 5 0 . Ion-pair formation is most likely to occur 

in solvents that combine a low dielectric constant with poor coordinating properties. [91] 
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roupie 

[Fe^ íMcCp)«] w 0 

[ F e í S ^ C p ) , ] 1 ' 0 

[ Г е д З ^ С р ) , ! 1 - 0 

[Fe4(CO)4(Cp)4] 1 , ' 0 

^ S e í C p l í ] 1 ' 0 

¡Fe4S4(MeCp)4]2 + '^ 

[Fe4S4(Cp)4]2 + I + 

[Fe4S5(Cp)4]2+,1 + 

[Fe4(CO)4(Cp)4Ì2+ ' , + 

[Ре45в(Ср)4] 2 + ' ^ 

[Fe4S4(MeCp) 4 ] 3 + ' 2 + 

[ F e 4 S 4 ( C P ) 4 j ^ ' 2 + 

[Fe4S,(Cp)4] 3 *' 2 + 

[Fe4(CO)4(Cp)4] 0 / 1-

[Fe4S e (Cp)4] 0 / 1 -

AN 

-14 

-22 

-22 

-22 

-
68 

54» 

57 

51 

101 

90 

62 

-21 

-

BN* 

-7 

-12 

-17 

-18 

-11 

55 

63 

70° 

58» 

44 

-
89 

57 

-29 

-

ACN' 

-11 

-19 

-20° 

-13 

-
61 

53 

57» 

60 

-
84 

75 

42 

-19 

-

DC 

-30 

-39 

-71 

-48 

-50 

42 

33 

29 

30 

3° 

-
-

-93 

-107 

solvent 

DMF NB THF DMSOMeOH NMF 

-1 -15 -23 -14 -8 -23 

-10 

-4 

-9 

-
65 64 34 47 76 43 

54 

56 

-
-

92 97 -

85 

-
2 

-

Py 

-13 

60 

-

Table 5.2: Reaction entropies Δ 5 0 (in J mol ' К - 1 ) for the reaction A2 -1- Fc ¿- A* -1 + 

Fc+ . " The corresponding AS°C value has a standard deviation larger than 6 J mol - 1 К - 1 

(see Table 5.2). * AS°C for the F c + / F c couple in this solvent has a standard deviation 

larger than 6 J m o l - 1 К - 1 . 

Dichloromethane has both a low dielectric constant and a low donor number (Table 

4.1). THF only has a low dielectric constant. The relatively high donor number of 

THF also reflects, however, the use of a hard reference acceptor molecule (SbClg) in the 

determination of the donor number.[91] 

-In 12 cases where a comparison is possible the AS" value for the [Fe4S4(MeCp)4]2/z_1 

couple is 8 ± 3 J m o l - 1 К - 1 greater than for the [Fe4S4(Cp)4]^z~I couple. In one case the 

reverse is true (z = 2+ in BN). We consider this to be a significant effect. The difference 

between the [Fe4S4(MeCp)4]2/z"1 and [Fe4S4(Cp)4]z/ l_1 couples is just opposite in sign 

of what could be expected because of the somewhat greater size of the MeCp cluster 

compound. We ascribe this effect to an internal contribution to Δ 5 0 arising from the 

rotation of the cyclopentadienyl rings. A similar internal contribution could also explain 

the observation by Jaworski that the AS",, values for the bis(biphenyl)chromium (I/O) 

couple as determined in various solvents are larger than the corresponding values for 

the F c + / F c couple and for the [(C eHe)2Cr]1 + / 0 couple in spite of the smaller size of the 
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members of these two couples.[127] Going from the Fe,iS4(Cp)4 to the Fe4S4(MeCp)4 

couples the entropy difference gives a shift in E1/2 of 25 mV in positive direction. This 

means that the enthalpy effect of the introduction of a methyl group on each Cp ring is 

partially cancelled by the entropy effect. 

-The Δ 5 0 values for the [Fe4(CO)4(Cp)4]2 and [Fe4S4(Cp)4];: series are equal within 

experimental precision, which is a firm indication that the cluster core is not involved 

in any specific interactions with the solvent. It also indicates that there is no internal 

contribution to Δ 5 0 due to internal degrees of freedom of the cluster core. In nine 

solvents the Δ 5 0 values for the Fo4S5(Cp)4 (1+/0) and (2+/1+) couples are within 

experimental precision equal to the values for the corresponding Fe4S4(Cp)4 couples. 

The only exception is the (1+/0) transition in dichloromethane. 

-In Figure 5.2 AS" as determined for a number of redox couples in acetonitrile is plot

ted against (2z-l)/r„. The data for Ки(Ьру)з (1+/0, 2 + / 1 + , 3+/2 t-),[26] Fe(et2dtc)3 

(0/1-, 1+/0),[119, 120] and W(et2dtc)4 (1+/0, 2+/l+)[119, 120] were taken from litera

ture. An excellent correlation exists between Δ 5 0 and (2z-l)/rA (correlation coefficient 

0.973), which is in agreement with the semi-empirical relation (5.6). The slope of the 

least-squares straight line is 126 J mol" 1 К - 1 A - 1 . This is somewhat larger than the 

value of 86.6 J mol ' К - 1 A - 1 , the coefficient of (2Ζ-1)/Γ,4 in equation (5.6). From the 

intercept with the x-axis it follows that TFC is 3.5 A, which is close to the value of 3.8 A 

estimated from X-ray crystallographic data. 

Although the correlation for the selected couples is excellent, a closer look at the 

Δ 5 0 values for the [Fe4S4(Cp)4]2 / l _ 1 couples reveals a more complicated dependence of 

Δ 5 0 upon z. The dependence of Δ 5 0 upon the factor (2г-1)/гд as indicated in the 

semi-empirical relation (5.6) would give 

Δ 5 0 (3+/2-I-) - Δ 5 0 (2+/1+) = Δ 5 0 (2+/1-I-) - Δ 5 0 (1+/0) = 2x86.6/^ J mol λ К " 1 , 

which for our cluster compounds with гд = 4.5 À is equal to 40 J mol"1 К " 1 . What is 

experimentally found is clearly different: 

Δ 5 0 ( 3 + / 2 + ) - Δ 5 0 (2-1-/1 + ) = 25 J т о Г 1 Κ" 1 (σ = 9, η = 8) 

Δ 5 0 ( 2 + / 1 + ) - A S ^ l + Z O ) = 72 J mol" 1 Κ" 1 (σ = 11, η = 23) 

Since we have just seen that the iron-sulfur core is not involved in specific interactions 

with the solvent, this suggests that there is a significant internal contribution to Δ 5 0 . 

-The Δ 5 0 values for the Fe4S5(Cp)4 (3+/2+) couple are significantly lower than those 

for the other (3+/2-I-) couples. 2 of the 3 values are even lower than the corresponding 
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Figure 5.2: Δ 5 0 against (2Ζ-1)/Γ,4 for a number of redox couples in acetonitrile. 1-3 = 

Ru(bpy)3 (1+/0, 2 + / 1 + . 3+/2+); 4-5 = Fe(et2dtc)3 (0/1-, 1+/0); 6-7 = W(et2dtc)4 

(1+/0, 2+/1-I-); 8-10 = FcíSí íCp^ (1+/0, 2+ /1+ , 3+ /2+) 
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Δ 5 0 value for the (2+/1-I-) transition. Could any internal process be responsible for these 

unexpectedly low Δ 5 0 values? The same question arises for the Ге43б(Ср)4 (2+/1+) 

couple, but there are only few data for these compounds. 

-The Δ 5 0 values for the F e ^ C O M C p b (0/1-) couple in AN, BN and ACN are about 

equal within experimental precision. The entropy value measured in AN lies near the 

least-squares straight line in Figure 5.2. The value measured in DC is very low as was 

already noticed. The value obtained for DMF is about 20 J mol" 1 К - 1 larger than 

those obtained for AN. BN and ACN. For the (1+/0) couples of the [Fe4S,i(MeCp)4p , 

[Fe4S4(Cp)4]:, [Fe4S5(Cp)4]
: and [Fe4(CO)4(Cp)4] ; series the Δ 5 0 values in DMF also 

tend to be somewhat larger, whereas the values for the (2+/1+) couples in DMF have 

the same magnitude as the the values in AN, BN and ACN. It can therefore be con

cluded that the (scarce) data for the Fe4(CO)4(Cp)4 (0/1-) couple do not show deviating 

trends. In chapter 4 we already noticed that the Fe4(CO)4(Cp)4 (0/1-) couple fits the 

correlation between E-i/2 a n d (2г-1)/гд observed for the iron-sulfur and iron-carbonyl 

cluster cyclopentadienyl compounds. 

5.3.3 Reaction entropies AS°C 

In Table 5.3 the Δ5£. values for the half reactions Az + e ¿- Az'1 (A = Fe4S4(MeCp)4, 

Fc4S4(Cp)4, Fe4S5(Cp)4 and Fc4(CO)4(Cp)4)are given. Data for the Fc + /Fc couple are 

given in Table 5.3 as well, together with some values for this couple that are known from 

literature. [105, 117] 

According to Weaver's empirical equation (equation 5.5) Δ5°Γ correlates with both 

the acceptor number of the solvent and with ( 2 Ζ - 1 ) / Γ ^ . This equation was based on data 

for a large number of redox couples belonging to different classes of coordination com

pounds and for aqueous as well as for non-aqueous solvents. Its value is that it predicts 

trends in entropy data and that it gives the order of magnitude of reaction entropies. 

It can not be expected to predict the ¿^S°c values for a particular redox system accu

rately. In Table 5.4 our data for Fc 1 + / 0 , Fe4S4(MeCp)41+/0, and FeiS^MeCp^ 2 + / 1 + 

are compared with the predictions of Weaver's formula, and with the predictions of two 

theoretical models, the Born-model and the one-layer model. The one-layer model is a 

modified version of the Born-model.[122] It contains a correction for the dielectric satura

tion of the solvent in the immediate vicinity of the solute. As is obvious from comparing 

the data in Table 5.4 the quantitative agreement between observed and predicted values 

of AS"C is poor. 

Although the observed AS°C values do not agree quantitatively with the values pre

dicted by formula (5.5), they do show a correlation with the acceptor number. In Figure 
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couple 
[Fe(Cp)2]Wo 

[Fe4S4(MeCp)4J1-<'0 

iFe4S4(Cp)4]1 + / 0 

ÍFe4S5(Cp)4]1- / 0 

[Fe4(CO)4(Cp)4] ,+ ' '0 

[F04S6(Cp)4]1"0 

[Fe4S4(MeCp)4]2+/1+ 

[Fe4S4(Cp)4]2+ ' '1 + 

[Fe .Ss fCp) , ]^ / 1 · 

[Fe4(CO)4(Cp)4F l /1 + 

ÍFe4Se(Cp) 4 ] 2 - '^ 

[Fe4S 4(MeCP) 4] 3 + ' 2 + 

[Fe 4 S 4 (Cp) 4 ] 3 ' / 2 + 

[Fe4S5(Cp)4]3 + /2 + 

[Ге4(СО)4(Ср)4]»/1-

[Fe4S 6 (Cp)4] 0 ' , -

AN 

39 

(48)' 

25 

17 

17 

17 
_e 

107 

93° 

96 

90 
_e 

140 

129 

101 

18 
_e 

BN 

24° 

17 

12 

7 

6 

13 

79 

87 

94° 

82° 

68 

-
113 

81 

-5 
. J 

ACN 

77° 

(67) 

66 

58 

57° 

64 
_e 

138 

130 

134° 

137 

_* 
161 

152 

119 

58 

_fi 

DC 

49 

19 

10 

-22 

1 

-1 

91 

82 

78 

79 

52° 
_<l 

_c 

-44 

-58 

solvent 

DMF 

52 

(59) 

51 

42 

48 

43 

117 

106 

108 
_6 

_e 

144 

137 
ь 

54 
« 

ND THF 

40 97 

25 74 

104 131 

37 -

DMSO МеОН 

45 0 

(52) (13) 

31 -8 

92 76 

-

NMF Py 

14 54 

(17) (46) 

-9 41 

57 114 

-

Table 5.3: Reaction entropies AS^A'/A1'1) (in J т о Г 1 К - 1 ) · The values between 

parentheses for the Fc + /Fc couple come from refs. 105 and 117. In HMPA the 

F c + / F c couple was found to be irreversible (i(,/i/ < 1.0). The values obtciined for the 

Fe4S4(MeCp)4 (1+/0) and (2+/1-I-) couples in this solvent are 67 and 136 J mol 1 Κ " 1 , 

respectively. α Measurements gave a standard deviation larger than 6 J mol - 1 К - 1 (but 

in all cases smaller than or equal to 10 J m o l - 1 К - 1 ). ' Redox transition outside po

tential window. c Adsorption phenomena. d ij/iy < 1.0. e Compound badly soluble. ' 

Other values are: 47 (ref. 127) and 42 (ref. 119). 
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couple 

F c i + / o 

F e 1 S 4 ( M e C p ) 4

1 + 0 

n-«S4(MeCp)« i + ч 

Born 

one-layer 

Л еа ег 

observed 

Born 

one-layer 

Weaver 

observed 

Born 

one-layer 

Weaver 

observed 

AN 

21 

39 

67 

39 

18 

31 

64 

25 

54 

93 

102 

107 

BN 

26 

42 

76 

24 

22 

34 

73 

17 

66 

102 

112 

79 

ACN 

41 

52 

83 

77 

34 

42 

80 

66 

102~ 

127 

119 

138 

DC 

85 

81 

64 

49 

72 

69 

61 

19 

216 

207 

100 

91 

solvent 

DMF 

" 2 3 

40 

79 

52 

19 

32 

72 

51 

57 

96 

110 

117 

NB 

30 

50 

82 

40 

22 

34 

75 

25 

66 

102 

113 

104 

THF 

109 

100 

98 

97 

80 

74 

91 

74 

241 

223 

130 

131 

DMSO MeOH 

9 37 

31 55 

71 17 

45 0 

8 27 

24 38 

64 10 

31 -8 

24 82 

72 113 

102 49 

92 76 

Table 5.4: React ion entropies Д 5 ° с (in J mol ' К 1 ) as predicted by the Born-model, 

the one-layer model a n d t h e empirical equat ion found by Weaver a n d as observed for t h e 

F c 1 + / 0 , F e 4 S 4 ( M e C p ) 4 1 + / 0 , and Fe4S4(MeCp)4 2 μ / 1 + couples. 

5 3 AS°C for t h e F c * / F c couple is p lot ted against the solvent acceptor number . T h e best-

fit s t ra ight line is 87.1 - 2.07-^4^ (correlation coefficient -0.898; for those cases where 

l i terature values a r e known a mean AS°C value was used in t h e calculat ion) . T h e empiri

cally found correlat ion between AS°r and AN was explained by not ing that t h e acceptor 

number is not only a measure for the acidity of t h e solvent b u t also for its internal order. 

U p o n reduct ion of a cat ionic species the disrupt ion of t h e s t r u c t u r e of the surrounding 

solvent by the e lectrostat ic field becomes less, and a positive contr ibut ion to t h e react ion 

entropy results.[26] In line with the conclusion drawn in c h a p t e r 4 t h a t the influence of 

the solvent on t h e redox potent ia l of t h e couples of t h e cyclopentadienyl c o m p o u n d s a n d 

of m a n y other cat ionic redox couples is mainly brought a b o u t by t h e molecules in t h e 

first solvation layer, we might expect the s t ructure-broken region a r o u n d t h e solute to 

be very small . 

T h e r e are some other (empirical) relat ions t h a t can be used t o predict differences 

in react ion ent ropy for a couple in different solvents. Criss has found a relat ion for t h e 

entropy of an ionic species in a solvent X as compared t o t h a t in water:[140] 

30(Х) = а + Ь-8°{ЩО), (5 9) 

where α and b are c o n s t a n t s character is t ic of t h e solvent. T h i s relat ion gives for Δ 5 ° 
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Figure 5.3: A plot of AS?C against the solvent acceptor number for the Fc+/Fc couple. 
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and Δ S 0 : 

AS°rc(X) = b-ASn

rc(H20) (5.10) 

AS°(X) = b-AS0{H20) (5.11) 

The b values that arc known for acetonitrile (0.92), acetone (1.11), DMF (0.79), DMSO 

(0.92), and methanol (0.82) are very close. They imply a small variation in Δ5",, and 

Δ 5 0 values. Our data show that this is indeed true for Δ 5 0 but not for AS"C (Table 

5.3). 

It can be concluded that with one exception in all solvents the Δ 5 0 data for the 

Fe4S4(Cp)4, Fe4(CO)4(Cp)4 and Fe4S:¡(Cp)4 (14/0 , 2+ /1 + ) couples are equal within 

experimental precision. This shows that there are no strong specific interactions be

tween the cluster cores and the solvent, which is consistent with the conclusion drawn in 

chapter 4 that the influence of the solvent on E1/2 for these compounds is mainly brought 

about by weak acid-base interactions of the Lewis-type. In contrast to the potential data 

presented in chapter 4, the AS" data obtained in dichloromethane solution indicate the 

presence of ion-pairs. This illustrates the higher sensitivity of entropy measurements for 

differences in solute-solvent interactions. There is a constant difference between the Δ 5 ' ' 

values of the Fe4S4(MeCp)4 (l-H/O, 2-I-/1-I- and 3-I-/2-I-) couples and the corresponding 

Fe4S4(Cp)4 couples of 8 J m o l - 1 К - 1 . We ascribe this to an internal contribution to 

AS" arising from the rotation of the cyclopentadienyl rings. 

The arguments given in literature to neglect the effect of the thermal liquid junction 

on the outcome of AS°C measurements are not convincing. The discrepancies between 

AS°C values as obtained by different groups leave suspicion about the validity of the 

assumption that the contribution of the thermal liquid junction potential is neglectable. 

The information given by AS°C about the redox systems under consideration is not more 

elucidating than that obtained from Δ 5 0 . On the contrary the Δ 5 0 data are free from 

possible thermal liquid junction effects. It has been recommended to measure reaction 

entropies in the form of AS0 in an isothermal cell with either the F c l / 0 or the BCr+^0 

couple as reference.[141] The argument is that this procedure is much simpler than 

measurement in a non-isothermal cell. We agree with that and in this work we have 

shown that Δ5",. does not contain reliable information other than obtainable through 

AS". 



Chapter 6 

Solvent effects on half-wave 

potentials and reaction entropies for 

the redox reactions of the cluster 

compounds [Fe4S4(SR)4]2_ 

6.1 Introduction 

Four-iron ferredoxins are redox enzymes.[27-29] Their active sites contain a cubane-like 

[4Fe-4S] core that is linked to the polypeptide chain by the coordination of each iron 

atom by a cysteinyl thiolate group. An important aspect of the relationship between 

structure and function of 4-Fe ferredoxins is the modulation of the redox potential by the 

protein environment. Most potential data that are available for 4-Fe ferredoxins refer 

to active sites in which the cluster core switches between the 2+ and 1+ core oxidation 

levels ("Fd sites"). It has been established that for different proteins with Fd sites a 

small, but significant, variation of the redox potential exists.[41] The influence of the 

protein environment is also apparent from a comparison of the redox potentials of the 

proteins with those of synthetic analogues [РедЗ^ЗИ)^ 2 , in which R is a small organic 

group like -Ph, -Et and -о-СвЩОН. Holm et al [142] have determined the redox potential 

for the 2-/3- transition of the protein Clostridium pasteunanum ferredoxin and of the 

synthetic analogue [Fe4S4(S-(S)-Cys(Ac)NHMe)4]2- in DMSO/water mixtures under the 

same experimental conditions. They estimated that the shielding of the [4Fe-4S] cluster 

from the solvent by the polypeptide chain results in a potential shift of 0.06 to 0.12 V 

in positive direction. 

One of the factors that have been proposed to be of influence on the redox potential 
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of [Fe4S4(SR)4]2_ compounds is the local dielectric. Kassner and Yang have formulated 

a model to describe the effect of solvent and protein dielectric on the redox potentials 

of iron-sulfur clusters.[143] A( cording to this model the free enthalpy change for the 

reaction A2 + e «̂  Az~l is given by: 

AG-MA'->) = ^ - ~ + ί^Γ-ΚΣ f?)- - (Σ ^ U , (6 1) 
8nea e τA Аж(0 í e / / ^ 2dlJ ^ 2d4 

where N is the Avogadro constant, f0 the permittivity of free space and e the elementary 

charge. The first right-hand term is the Born free enthalpy change. The second right-

hand term accounts for the electrostatic free energy change within the cluster compound. 

The iron and sulfur atoms are treated as point charges q, at mutual distances d4 . For 

the calculation of the electrostatic potential energy in the oxidized and reduced species 

an effective dielectric constant eeff is used that depends on the dielectric constant of the 

medium e and on the dimensions of the cavity formed by these species in the solution. 

Equation (6.1) implies that the redox potential of a [Fe4S4(SR)4]2~ compound shifts in 

positive direction when going to a solvent with a higher dielectric constant. 

In our opinion the model of Kassner and Yang has various weak points. In order to 

account for the influence of the solute-solvent interactions upon Εχ/ζ the Born theory is 

used. As we have already shown in chapter 4, however, the Born model has a limited value 

in calculating the effects of solute-solvent interactions upon £1/2. In the second term 

the energy change is described by an electrostatic expression, although it is well-known 

from EPR. and other spectroscopic studies that the covalency in iron-sulfur clusters is 

considerable. Nevertheless the Kassner and Yang model is sometimes used to describe 

the effect of the protein and solvent dielectric on £1/2.[144, 145] This is the reason that 

we will pay some attention to it and will confront equation (6.1) with our experimental 

data in section 6.3. 

Another factor that possibly contributes to the redox potential of [Fe4S4(SR)4]2~ 

compounds is the presence of hydrogen bonds. The X-ray structural data that are 

available for 4-Fe ferredoxins indicate the presence of hydrogen bonds from amide groups 

in the polypeptide chain to both the inorganic sulfur atoms in the core and the thiolate 

sulfur atoms.[27] Studies performed on low-molecular-weight [Fe4S4(SR)4]2" compounds 

have shown that hydrogen bonds can cause a considerable shift of the redox potential. 

Maskiewicz and Bruice have determined the redox potentials for the 6-/7- transition of 

the compounds [Fe4S4(S(CH2)nC02)4]6~ (n = 2 and 3) in both water and methanol.[146] 

On the basis of a series of experiments they concluded that large part of the shift in 

redox potential of 0.3 V when going from methanol to water was due to the presence 

of hydrogen bonds in the latter solvent. Johnson et al have studied the spectroscopic 
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and electrochemical properties of the cluster compounds [Fe4S4(S-.r-CeH4Y)4]2" (x = 

o. p; Y = OH, OMe. and NH2).[147] They concluded that in DMF solution [Fe*84(8-

о-СбЬЦОН^]2" has intraligand hydrogen bonds and that this results in a shift of the 

redox potential for the 2-/3- transition of about 0.15 V in positive direction. Ueyama 

et al have studied the electrochemical behaviour of some [Fe4S4(SR)4]2 compounds 

with an oligipeptide as terminal ligand.[144, 145] For [Fe4S4(Z-Cyb-Gly-Ala-OMe)4]2" 

they observed a large temperature dependence of E1/2 in DC ( ^ я; -2 mV/K) and 

only a small temperature dependence of Ει 2 in DMF solution. They explained these 

observations by assuming that this compound shows hydrogen bonds (from N'H of the 

Ala residue to S of the Cys residue) in the low donor number solvent DC but not in 

DMF. 

In chapters 4 and 5 we have discussed the solvent dependence of the half-wave poten

tials and reaction entropies for the redox reactions of the cluster compounds [Fe4SI(Cp)4]z 

(x = 4, 5 and 6) and [Fe4S4(MeCp)4]c. These compounds are relatively stable, with the 

iron-sulfur cores well shielded from the influence of the solvent by the cyclopentadi

enyl rings. The thiolate compounds [Fe4S4(SR)4]2~ with R a simple organic group are 

chemically more reactive, with more exposure of reactive sites towards the solvent. Fur

thermore the redox reactions are between anions. As compared to the large amount of 

data for cationic systems available in literature Ещ and AS" data for anionic redox sys

tems are rather scarce. Whereas for most redox couples involving positively charged ions 

a correlation has been found between Ει*? and the donor number of the solvent, the Ei/2 

values for the [Fe(CN)o]3" / 4 and [Мп(СМ) 6] 3" / 4 " couples and for a number of metallo-

porphyrin (0/1-) and (1-/2-) couples have been reported to correlate with the acceptor 

number and with the solvent parameter ET (the Dimroth-Reichardt parameter).[91,98-

100] The scarce data for the porphyrin compounds do not yield a correlation between 

E1/2 and (l-2z)/r/i like we have found for a large number of cationic redox couples. For 

all these reasons we prefer a separate presentation of the electrochemical data for the 

iron-sulfur cluster compounds with a cyclopentadienyl group as terminal ligand and those 

with and a thiolate group. Here we present the half-wave potentials and the reaction 

entropies for the 2-/3- transition of the [ F C Í S Í Í S R ^ ] 2 - (R = -η-Pr, - C H Î C H J O H , -Ph, 

-о-СвЩОН, -CHjPh and -р-СеЩСІ) compounds as determined in a series of organic 

solvents. [148] 

6.2 Experimental section 

All compounds were synthesized according to the procedures in chapter 7. Source and 

ways of purification of solvents and electrolyte salts were as described in chapters 4 and 7. 
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Measurements of half-wave potentials and reaction entropies were carried out according 

to the procedures in chapters 4, 5 and 7. The same equipment and electrochemical cells 

were used as described in chapters 4 and 5. All measurements were carried out in a 

glovebox in which a dry and oxygen-free atmosphere was maintained. We estimate the 

experimental precision of the E112 data to be 0.01 V. The spread in AS°C values as 

expressed in the standard deviation was found to be less than 4 J mol" 1 К - 1 in most 

cases. 

6.3 Results and discussion 

6.3.1 Half-wave potentials 

In Table 6.1 the half-wave potentials as determined for the 2-/3- transition of the com-

coupl 

[Fe4S 

[Fe4S 

[Fe4S 

[Fe4S 

P 

(S-rc-PrW2- / 3 

(ЗСНзРЬ),] 2-/ 3-

(SPhW2- '3-

. ( S - Í V C A C I ) , ] 2 - / 3 -

AN 

-1.71 

-1.60 

-1.39 

-1.32 

BN 

-1.81 

-1.72 

-1.49 

-1.41 

ACN 

-
-1.72 

-1.49 

-1.42 

solvent 

DC 

-1.80 

-1.70 

-1.46 

-1.39 

DMF 

-1.85 

-1.74 

-1.52 

-1.43 

THF 

-
-1.69 

-1.47 

-1.41 

DMSO 

-1.67 

-1.57 

-1.36 

-1.28 

Table 6.1: Half-wave potentials (in V against the Fc1 + /0 couple) for some couples 

[Fe4S4(SR)4]2 / 3 - . 

pounds [Fe4S4(SR)4]2- (R = -η-Pr, -СНгРЬ, -Ph and -р-СбН4С1) are given. The half-

wave potentials of a number of [Fe4S4(SR)4]2~ compounds in both DMF and DC solution 

have been correlated with Taft and Hammett constants.[149, 150] As is clear from the 

data in Table 6.1 for the compounds [Fe4S4(SR)4]2" where R = -ті-Рг, -СНгРЬ, -Ph and 

-P-C6H4CI the effect of the substituent on E^/2 is independent of the solvent, e.g. the 

difference in Я 1 / 2 values between the [Fe4S4(SPh)4]
2- '*- and [Fe4S4(SCH2Ph)4]2- / 3 -

couples lies in all solvents between 0.21 and 0.24 V. 

In chapter 4 we found that the E1/2 value of the [Fe4(CO)4(Cp)4] ^ 1 " couple correlates 

with the donor number and that the coefficient аг from the equation E1/2 = ^i + 02 · DN 

nicely fits the correlation between 02 and (1-2ζ)/7\4 found for the cluster compounds with 

cyclopentadienyl ligands. This result is in contrast with the literature report that for 

anionic redox couples like [Fe(CN)6]3" / '4 and for a number of metalloporphyrin (0/1-) 

couples Ει μ does not correlate with DN, but instead with AN and ET-
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The half-wave potentials for the [Fe4S4(SR)4]2 ^3 couples increase in the order DMF 

< ACN=BN < T H F Ä D C < AN < DMSO. For each of the four compounds the differ

ences between the Ei,2 values for the solvents DMF. ACN, BN, DC and THF are small 

(less than 0.06 V). In comparison the Ε^μ values in AN and DMSO are remarkably 

positive. In spite of this clear trend there is no correlation between E1/2 and either AN, 

DN or e, e.g. DMF and DMSO both have a high donor number, a comparable (moder

ate) acceptor number and a relatively high dielectric constant, while the £1/2 values are 

lowest in DMF and highest in DMSO. 

In order to test the model of Kassner and Yang we have calculated for the cluster 

compound [Fe4S4(SPh)4]2_ the differences in half-wave potential between the different 

solvents with equation (6.1). In appendix Al the details of the calculations are given: the 

effective dielectric constants <>ƒƒ of the solvents used, the radii of the cluster compounds 

[Fe4S4(SR)4J2_ and [Fe4S4(SR)4]3" as obtained with the procedure described in chapter 

4 and the sums Σ,/] 2d~ ^ o r 'hese compounds as calculated with a charge of 2- on each 

inorganic sulfur atom, of 1- on each thiolate sulfur and of (3 + z/4) on each iron. The 

differences in E1/2 between different solvents as calculated with (6.1) and as observed for 

the [Fe4S4(SPh)4]2 ^ 3 - couple are given in Table 6.2. Kassner and Yang have calculated 

calculated 

observed 

solvent 

AN BN ACN DC DMF THF DMSO 

-0.33 -0.52 -2.15 0.00 -2.74 0.13 

-0.10 -0.10 -0.07 -0.13 -0.08 0.03 

Table 6.2: Differences Еу2 - £i/2(AN) for the [Fe4S4(SPh)4]2" /3' couple as observed 

and as calculated with equation (6.1). 

the E1/2 value of the [Fe4S4(S-Cys(Ac)NHMe)4]2~/3" couple to be 0.150 V more positive 

in DMSO than in DMF, which lies in between the reported differences of 0.060 and 0.157 

V (SCE as reference electrode). Our own calculations for the [Fe4S4(SPh)4]2-/3- couple 

give a difference Ei/2(DMSO) - .Ei/2(DMF) of 0.13 V, which is close to the observed value 

of 0.16 V (Fc + /Fc couple as internal reference). However, all other calculated differences 

do not agree at all with the observed differences. Even the order of magnitude does not 

agree. This shows that the model of Kassner and Yang fails in describing the effect of 

the local dielectric on the half-wave potential of [Fe4S4(SR)4]2~ compounds. 

The compounds [Fe4S4(SR)4]2- (R = -CHjCHjOH, - о - С ^ О Н ) have the ability to 

form intraligand hydrogen bonds. The solvent dependence of the half-wave poten-
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solvent 

[Fe4S4(S-n-Pr)4I
2- /*-

[Fe4S4(SCH2CH2OH)4]2- / 3 -

ДЯ?/і 
[Fe4S4(SPh)4]

2- ' 3 -

[Fe4S4(S-o-C6H4OH)4]
2-/3-

Δ ^ / 2 

AN 

-1.71 

-1.53 

0.18 

-1.39 

-1.24 

0.15 

BN 

-1.81 

-1.62 

0.19 

-1.49 

-1.36 

0.13 

ACN 
_c 

-1.67 

-

-1.49 

-1.38 

0.11 

DC 

-1.80 

-160 

0.20 

-146 

-1.34 

0.12 

DMF 

-1.85 

-1.72 

0.13 

-1.52 

-1.37 

0.15 

THF 
_ r 

-1.67 

-1.47 

-1.38 

0.09 

DMSO 

-1.67 

-1.59 

0.08 

-1.36 
_d 

-

Table 6 3: The half-wave potentials (in V against the Fc1 + /^0 couple) for the 

[Fe4S4(SCH2CH2OH)4]2- / 3 - and the ^ З ^ З - о - С в Щ О Н ^ ] 2 " / 3 - couple compared with 

the half-wave potentials of the [Fe4S4(S-n-Pr)4]2- / 3 - and the [Fe4S4(SPh)4]2 / 3 couple, 

respectively. 
а Em ([Fe4S4(SCH2CH2OH)4]2-/3-) - EV2 ([Fe4S4(S-n-Pr)4]2-/3-) 
ь ΕλΙ2 ([Fe4S4(S-^C 6H40H) 4] 2-/ 3-) - Ell2 ([Fe4S4(SPh)4]

2-Z3") 
c Low solubility 
d іь/і/ < 1.0 

tial is for these compounds somewhat different as for the other compounds (Table 

6.3). In the solvents AN, BN and DC the difference in half-wave potential between 

[Fe4S4(SCH2CH2OH)4]2- and [FeíSiíS-n-PrJí]2" is 0.18 to 0.20 V. In DMF and DMSO 

this difference is only 0.13 and 0.08 V, respectively. This could be the result of the pres

ence of intraligand hydrogen bonds in AN, BN and DC resulting in a shift of the redox 

potential in positive direction and the absence of such hydrogen bonds in the high donor 

number solvents DMF and DMSO. We will come back to this point when we discuss 

the Δ 5 0 data for this couple. The difference in redox potential between [Fe4S4(S-o 

CeH40H)4]2~ and [Fe4S4(SPh)4]2" shows a much smaller variation (from 0.15 V in AN 

and DMF to 0.09 V in THF), which is consistent with the conclusion by Holm et al 

based on a combination of spectroscopic and electrochemical evidence that [Fe4S4(S-o-

CeH40H)4]2~ even shows intraligand hydrogen bonds in the basic solvent DMF.[147] 

6.3.2 Reaction entropies Δ5° 

Table 6.4 lists the reaction entropies for the redox reaction [Fe4S4(SR)4]2~ + Fe î -

[Fe4S4(SR)4]3- + F c + , where R = -n-Pr and -Ph. All obtained Δ 5 0 values are strongly 

negative. Since in the reaction the absolute charges on both reactants increase, these 
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couple 

(Fc4S4(S-n-Pr)4]
2 3 

[Fe4S4(SPh)4]
¿ 3-

AN 

-136 

-129 

BX ACN 

-134 

-130 -121 

solvent 

DC DMF 

-126 -108 

-129 -134 

THF 

-117 

DMSO 

-96 

-89 

Table 6.4: Reaction entropies Δ 5 0 (in J ιηοΓ 1 К " 1 ) for the reaction [Fe4S4(SR),|]2" + 

Fc ^ [Fe4S4(SR)4]3- + Fc*, where R = -η-Pr and -Ph. 

ÎFe4S4(S-n-Pr)4]
2 3 -

[Fe4S4(SCH2CH2OH)4]2-/3-

Δ AS0" 

[Fe4S4(SPh)4]
2- "-

[Fe4S4(S-o-CeH4OH)4]
2- 4 -

Δ AS°b 

AN 

-136 

-76 

60 

-129 

-

-

BN 

-134 

-115 

19 

-130 

-126 

4 

ACN 

-67 

-121 

-111 

10 

solvent 

DC 

-126 

-147 

-21 

-129 

-133 

-4 

DMF 

-108~ 

-64 

44 

"-134" 

-

-

THF 

-

-63 

-

-117 

-82 

35 

DMSO 

-96 

-62 

34 

-89 

-

-

Table 6.5: Reaction entropies Δ 5 0 (in J m o l - 1 К " 1 ) for the reaction ¡Fe4S4(SR)4]2" 

+ Fc P- ^ S Í Í S R ) . , ] · 1 - + Fe*, where R = -CHjCHaOH and -o-C6H40H, compared 

with corresponding values for the [Fe4S4(SR)4]2 compounds where R is -η-Pr and -Ph, 

irelv. respectively. 
α A5o([Fe4S4(SCH2CH20H)4]2 

6 AS0([Fc4S4(S-o-CcH40H)4]2 

- /3-

/3 

)-A50([Fe4S4(S-n-Pr)4]2 

I- A50([Fe4S4(SPh)4]2 /3-

/з-

strongly negative values reflect the loss of orientational freedom of solvent molecules in 

the vicinity of the solute. There is a reasonable agreement between the observed Δ 5 0 

values and the values predicted by the empirical relation (5.6). Using a radius of 3.8 Â 

for Fc and a radius of 5.0 Â for [Fe4S4(SR)4]2" equation (5.6) gives a Δ5° value of -109 

J m o l - 1 К ' . All reaction entropies have about equal magnitude with the exception 

of both couples in DMSO and the [Fe4S4(S-n-Pr)4]2- / 3 - couple in DMF. Since DMSO 

has the highest donor number of the solvents used and DMF the second highest, the 

question arises whether there are strong specific interactions between these solvents and 

the iron-sulfur core. The £1/2 values of both cluster compounds are remarkably positive 

in DMSO. The E1/2 value of the [Fe4S4(S-n-Pr)4]2 / 3 - couple in DMF does not show 

this effect, however. 
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In Table 6.5 the reaction entropies for the redox reactions [Fe4S4(SR).i]2 + Fc <— 

[Fe4S4(SR)4]3- + Fc ( (R = -CH2CH2OH and -o-CßH^OH) are listed. Most Δ 5 0 data 

are available for the [FeíSí tSCI^CIbOH^] 2- / 3 - couple. The Δ 5 0 value for this couple 

in DC is somewhat smaller than the corresponding value of the [Fe4S4(S-n-Pr)4]2" / 3~ 

couple. In BN the Δ 5 0 value for the [Fe4S4(SCH2CH20H)4]2" / 3 couple is somewhat 

larger and in the other solvents much larger. Since DC and BN have the lowest donor 

numbers of the solvents used, this suggests that there is competition between intra- and 

intermolecular hydrogen bond formation. Hydrogen bonds between the OH-groups and 

the solvent can be expected to be stronger in the 2- state than in the 3- state and would 

therefore give a positive contribution to AS" . The Εχ -2 data show a positive shift of the 

redox potential, compared to the redox potential of the [Fe4S4(S-n-Pr)4]2 / 3 couple, 

of 0.18 to 0.20 V in the solvents AN, BN and DC, of 0.13 V in DMF and of 0.08 V in 

DMSO (Table 6.3). Intramolecular hydrogen bonds will cause the most positive shift of 

the redox potential due to an effective délocalisation of charge. Therefore both the Ei^ 

and the Δ 5 0 data are consistent with the presence of intramolecular hydrogen bonds in 

DC and the presence of hydrogen bonds between the OH groups and the solvent in DMF 

and DMSO. The combination of Εχι? and Δ 5 σ values obtained in BN and AN cannot be 

interpreted in the same straightforward way. It will be interesting to solve this problem 

in future research by use of spectroscopic methods. 

6.3.3 Reaction entropies AS°C 

Table 6.6 lists the entropies of reduction AS°C for the half-reactions [Fe4S4(SR)4]2~ + e ¿^ 

[Fe4S4(SR)4]3- (R = -η-Pr, -Ph, -СЕ2СЩОЕ and -о-СаЩОН) as determined in a non-

isothermal cell. The empirical relation (5.5) in which the solvent dependence of Δ ^ is 

couple 

[Fe4S4(S-7 l-Pr)4]
2-/3-

[Fe4S4(SPh)4l
2-/3-

[Fe.S.ÍSCHjCIbOH),]2-''3-

[Fe4S4(S-oCeH4OH)4]2- /3-

AN 

-97~ 

-90 

-37 

-

BN 

-110 

-106 

-91 

-102 

ACN 
-

-44 

+10 

-34 

solvent 

DC 

-77 

-80 

-98 

-84 

DMF 

-56 
-82 

-12 

-

THF 

-

-20 

+34 

+15 

DMSO 

-51 
-44 

-17 

-

Table 6.6: Reaction entropies AS°C (in J mol - 1 К - 1 ) for some [Fe4S4(SR)4]2~ 3~ couples 

and the corresponding values for the reaction [Fe4S4(SR)4]2" + Fc ¿^ [Fe4S4(SR)4]3~ + 

Fc+ (on the second line between parentheses). 
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expressed through the solvent parameter AN was mainly based on data for cationic redox 

couples. It only included two anionic couples: [Fe(CN)e]3~'"1_ and [Fe(CN)4(bpy)] 1 _ / 2 _, 

both in water. Our AS°C data only show a (very) weak correlation with AN: 

R = -7J-Pr best-fit straight line: scattering data, no correlation 

-CH 2 CH 2 OH bS?c = 91.5 - 7.7AN (с. с -0.69) 

-Ph Δ5Γ

0

Γ = 0.1 - 4.2AN (c.c. -0.60) 

-o-CeH4OH AS°C = 71.5 - S.7AN (с. с -0.86) 

This is not surprising since the Εχ/? and the Δ 5 0 data suggest that cluster species are 

involved in various types of interaction with the solvent. 

6.3.4 Concluding remarks 

In conclusion we can say that the £1/2 and Δ 5 0 data for the anionic [FeiS^SR),!]2 - / 3 _ 

redox couples contain a number of clear trends. These trends show that in contrast 

with the iron-sulfur cluster cyclopentadienyl compounds studied in chapters 4 and 5 the 

[Fe4S4(SR)4]2~ compounds do not behave like an inert sphere with a cluster core that 

is inaccessible for the solvent. The E1/2 values for the [Fe4S4(SR)4]2_ ^3~ (R = -n-Pr, -

СНгРЬ. -Ph and -р-СеЩСІ) compounds suggest that in AN and DMSO there are strong 

specific interactions between the iron-sulfur core and the solvent. The E1/2 and Δ 5 0 

values for the [Fe4S4(SCH2CH20H),i]2"/3 couple suggest that there is a competition 

between the formation of intramolecular (from OH to either an inorganic or a thiolate 

sulfur atom) and intermolecular (from OH to the solvent) hydrogen bonds. It is therefore 

not surprising that there are no simple empirical relations between Ey/2 and Δ 5 0 values 

and the solvent parameters AN, DN and e. The model of Kassner and Yang does not 

only fail in describing the influence of the solvent on £1/2, but also in giving the right 

order of magnitude for the differences in El/2. Equation (5.6) based on Weaver's empiri

cal relation for AS°C gives the right order of magnitude of Δ 5 0 for the [Fe4S4(SR)4]2_ ^3" 

couples. 



Chapter 7 

Basicity of the solvent as the main 
factor determining the stability of 
[Fe4S4(SR)4]1_ cluster ions in 
solution. 

7.1 Introduction 

Four-iron ferredoxins are redox enzymes, which one or two active sites that contain a 

cubane-like [4Fe-4S] cluster core.[27, 28, 151] Two kinds of active sites are distinguished 

according to the formal core oxidation levels that can be accommodated. In HP sites 

the 3+ and 2+ levels are used and in Fd sites the 2+ and 1+ levels. Since the iron-

sulfur cores in the low-molecular-weight cluster species [Fe4S4(SR)4]1 are isostructural 

and isoelectronic, they are considered to be models for HP 0 I sites (that is HP sites in 

oxidized state; see chapter 1). Likewise the cluster compounds [Fe4S4(SR)4]2_ are used 

as models for Fdox and HPr<,d sites, and the cluster compounds [Fe4S4(SR)4]3" as models 

for Fdred sites: 

HP: 

Fd: [4Fe-4S]1+ 

(Fdred)· 

[4Fe-4S]2+ 

(HP red) 

^ [4Fe-4S]2+ 

(Fdo.) 

^ [4Fe-4S]3+ 

(HP«) 

model: [FeíSí íSR^]3 - [Fe4S4(SR)4]2- [Fe4S4(SR)4]1-
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Studies of the model compounds are expected to provide information about the structure-

reactivity relationship. One of the main issues in these studies is the influence of 

the local protein environment on the stability of the [4Fe-4S] core in the 3+ oxida

tion state. X-ray crystallographic data indicate that the structural differences between 

the cluster cores in Fd O I and HP r Pd sites are minimal. Nevertheless H P 0 I sites con

tain a stable [4Fe-4S]:'+ core, while oxidation of the [4Fe-4S]2+ core in an Fd O I site 

leads to the loss of an iron atom and the formation of a 3-Fe cluster.[152] The X-

ray structural data suggest that the greater stability of the [4Ре-43]3+ core in HP 

sites is due to a hydrophobic protein environment and protection of the core from 

solvent attack.[31] In accord with this, the low-molecular-weight mono-anionic clus

ter species [Fe4S4(SR)4]1 , when generated in solution, are stabilized by sterically en

cumbered terminal ligands that create a hydrophobic core environment.[150,153-157] 

The only mono-anionic compound that has been isolated and structurally character

ized so far contains the bulky 2,4,6-tnisopropylbenzenethiolate ligand (tibt).[39] The 

stability of the cluster ions [Fe4S4(SR)4]1~ (R = alkyl, aryl) in solution is also strongly 

dependent on the solvent. On the CV time scale [Fe4S4(SPh)4]2_ shows a reversible 

2-/1- oxidation wave in the special solvent medium Bu4NBF4-3toluene,[158] but not 

in DMF. Millar et al[39] found the following order of stability for [Fe4S4(tibt)4]1": 

dichloromethane > acetonitrile » DMF. This variation in stability was attributed to the 

polarity of the solvent. A similar result was obtained by Ohno et al for three different 

solvents.[159] In order to examine more carefully the solvent dependence of the stability 

of the [Fe4S4(SR)4]1_ cluster ions in solution we have recorded cyclic voltammograms of 

the cluster compounds [Fe4S4(SPh)4]2~ and [Fe4S4(S-i-Bu)4]2_ in eight different solvents, 

i.e. acetonitrile(AN), benzonitrile(BN), acetone(ACN), dichloromethane(DC), N,N-

dimethylformamide(DMF), nitrobenzene(NB), tetrahydrofuran(THF), and dimethylsul-

foxide(DMSO), and cyclic voltammograms of the cluster compounds [Fe4S4(SR)4]2~ (R= 

-Et, -Ti-Pr, -CH 2Ph, -р-СвЩСІ, -p-C6H4Me, and -CHzCHjOH) in dichloromethane and 

benzonitrile.[160] 

7.2 Experimental section 

7.2.1 Preparations 

All manipulations were carried out under an inert nitrogen atmosphere. Solvents were 

degassed before use by means of the pump-freeze-thaw method. All solvents were pu

rified according to the procedures described in chapters 2 and 4. All thiols were pur

chased from Janssen Chimica. Ethanethiol (97%), 1-propanethiol (98%), 2-methyl-2-



7.2. Experimenta/ section 91 

propanethiol (99%), and benzylmercaptan (99%) were distilled from СаНг under nitro

gen and stored under nitrogen. Benzenethiol (99+%) and 2-hydroxyethanethiol (98%) 

were stored under nitrogen and used as received. p-Chlorobenzenethiol (98%) and p-

thiocresol (98%) were used as received. Sodium (Riedel de Haën 99.5%), lithium (Merck 

99+%), iron(III)chloride (Merck), benzoylchloride (Janssen Chimica 99%), tetrabuty-

lammonium bromide (Eastman Kodak), and tetraethylammonium chloride (Merck or 

Fluka) were used as received. Elemental sulphur (Gist-Brocades) was sublimed un

der vacuum before use. The [Fe4S4(SR)4]2~ compounds were prepared in the form of 

their tetrabutylammonium or tetraethylammonium salts. Most compounds were conve

niently synthesized as suggested by Wong et al.[161] by the ligand substitution reaction 

of the cluster [Fe4S4Cl4]2" with the appropriate thiolate. The Et4N+ and ВщМ"1" salts 

of [Fe4S4Cl4]2" were obtained as described[161] by the reaction of the corresponding salt 

of the [Fe4S4(S-t-Bu)4]2_ cluster ion with benzoylchloride. Usually the yield was 80 to 

90%. The products thus obtained were used in the ligand substitution reactions without 

further purification. A typical reaction is described. To a solution of 1.13 g (8.55 mmol) 

sodium benzenethiolate in a mixture of 100 mL of acetonitrile and a minimal amount 

of methanol 1.05 g (1.07 mmol) (Bu4N)2[Fe4S4Cl4] was added. The solution was stirred 

for 2 hrs and filtrated. After the addition of 50 mL of diethyl ether the solution was put 

at -20 "C overnight. The product was collected by filtration, washed with methanol and 

dried in vacuo. The yield of (Bu4N)2[Fe4S4(SPh)4]
2- was 0.75 g (55%). Anal. Caled 

for C5eH92Fe4N2S8: C, 52.83; H, 7.28; N, 2.20; S, 20.14. Found: C, 52.51; H, 7.30; 

N, 2.29; S, 20.12. Some compounds were prepared by direct tetramcr synthesis using 

elemental sulfur as the source of sulfide,[162] or by the ligand substitution reaction of 

[Fe4S4(S-i-Bu)4]2~ with the appropriate thiol.[163] 

7.2.2 Measurements 

The cyclic voltammetric experiments were performed in a glovebox in which a dry and 

oxygen-free atmosphere was maintained. A conventional three-electrode cell with plat

inum working and auxiliary electrodes and an appropriate reference electrode was used. 

The working electrode was always cleaned before use by polishing with finely grinded 

aluminum oxide and immersing in an ultrasonic bath during one minute. All voltam-

mograms were recorded in the first scan to prevent pollution of the working electrode. 

Solvents and electrolyte salts were purified according to procedures in chapter 4. The 

background electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (TBAH), 

unless indicated otherwise. The concentration of the electroactive species was always 

between 0.1 and 1.0 mM. The scan rate was 0.1 V/s. Ri compensation was applied in or-
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der to minimize uncompensated solution resistance. The equipment consisted of a PAR 

173 potentiostat, a PAR 17G iE converter, and a PAR 175 Universal Programmer, or a 

PAR 273 potentiostat. The recording device was either a Kipp BD30 or a Kipp BD90 

XY-recorder. All potentials are given against the ferricenium/ferroccne couple measured 

under the same conditions. 

7.3 Results and discussion 

The cyclic voltammograms of [Fe4S4(SPh)4]2_ are shown in Figure 7.1. In each voltam-

mogram the chemically fully reversible 2-/3- transition (¡¡,/ΐ/ = 1.0) has been included 

as reference. In nitrobenzene this transition lies outside the potentiell window. The bad 

quality of the voltammogram in THF іь due to the low solubility of the [Fe4S4(SPh)4]2" 

salts in this solvent. In DMF, DMSO, and AN the first oxidation that is observed is an 

ill-defined multi-electron process that can be associated with the total breakdown of the 

cluster structure. In ACN, BN, and THF the multi-electron process shifts to more pos

itive potentials and a more or less reversible one-electron wave becomes visible. In NB 

and DC the multi-electron process shifts to even more positive potentials, and the 2-/1-

transition is a fully reversible wave (i(,/i/ = 1.0) well resolved from subsequent oxidation 

waves. In these solvents also a second, though irreversible (іь/і/ = 0.0), oxidation wave 

is seen before the final multi-electron wave. Its peak current is equal to the peak current 

of the 2-/1- wave, indicating that also in this process one electron is involved. Therefore 

this wave can be attributed to oxidation to the neutral cluster ("the all-ferric state"). 

From the data assembled here it is clear that there exists no correlation between the 

dielectric constant of the solvent and the stability of the [Fe4S4(SPh)4]1~ ion (Figure 

7.1, Table 7.1). For instance NB and DMF both have a dielectric constant of about 

35, but [Fe4S4(SPh)4]1_ is only stable on the CV time-scale in NB. On the other hand 

a correlation does seem to exist between the (Lewis) basicity of the solvent and the 

stability of the monoanionic cluster species. The donor number (DN) has proven to 

be a useful measure of basicity.[91] In NB and DC, the solvents with the lowest donor 

numbers, [Fe4S4(SPh)4]1 is stable on the CV time scale. In all other solvents the 2-/1-

transition either is immediately followed by the multi-electron wave (ACN, BN, THF) 

or is not present as a discrete wave at all (AN, DMF, DMSO). These results strongly 

suggest that the first step in the decomposition of a monoanionic thiolate cluster is a 

nucleophilic attack by a solvent molecule on an iron atom in the core. This interpretation 

of the data also rationalizes the observation that [Fe4S4(SPh)4]1_ is relatively stable in 

THF, the solvent with the third highest donor number. Oxidation of the [4Fe-4S] core 

to the 3+ level increases the ferric character of the iron atoms, but due to the sulfide 
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Figure 7.1: Cyclic voltammograms of [Fe4S4(SPh)4]2" in eight different solvents. Cur

rent scales are arbitrary and can not be compared. Potentials are in Volt against the 

ferricenium/ferrocene couple. 
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Solvent 

dichloromethane 

nitrobenzene 

benzonitrile 

acetonitrile 

acetone 

tetrahydrofuran 

N, N-dimethylfonnamide 

dimethylsulfoxide 

Abbreviation 

DC 

NB 

BN 

AN 

ACN 

THF 

DMF 

DMSO 

DNa 

0.0e 

4.4 

11.9 

14.1 

17.0 

20.0 

26.6 

29.8 

еь 

9.09* 

35.73d 

25.22е 

37.45е 

21.19d 

7.54/ 

37.65е 

37.099 

Table 7.1: Donor numbers (DN) and dielectric constants (e) for the solvents used. 

a. Data were taken from refs. 91 and 107. b. At 293.15 К. с From ref. 110. 

d. From ref. 108. e. From ref. 109. f. From ref. 111. g. From ref. 112. 

ligands these iron atoms will still be relatively soft. According to the HSAB-principle 

[164, 165] ligand substitution of a benzene thiolate by a hard THF molecule will be less 

favourable. On the other hand [Fe4S4(SPh)4]1~ is somewhat less stable than expected 

from the solvent donor number in acetonitrile. Acetonitrile is a soft donor. Being soft, 

nitriles behave as relatively weak donors towards SbCls, the reference acceptor in the 

determination of the donor number, whereas they show a higher affinity towards soft 

ions like Ag1' and Cu' .[166] An additional reason for the high reactivity of this solvent 

could be the small size of the acetonitrile molecule. 

The cyclic voltammetric behaviour of the cluster [Fe4S4(S-i-Bu)4]2_ confirms the 

findings for [Fe4S4(SPh)4]2" . [Fe4S4(S-<-Bu)4]2~ shows a fully reversible 2-/1- transition 

in all solvents, but in the less basic solvents the voltage gap between this transition and 

the multi-electron process is much larger (Figure 7.2). 

The influence of steric protection from the solvent on the stability of the [4Fe-4S]3+ 

core is best visible when a moderately basic solvent like benzonitrile is used. The 

cyclic voltammograms of the compounds [Fe4S4(S-i-Bu)4]2~ , [Fe4S4(S-p-CeH4Me)4]2~ , 

[Fe4S4(SCH2Ph)4]
2" , and [Fe4S4(SEt)4]2- in this solvent are shown in Figure 7.3. The 

ratio ib/i/ for the 2-/1- transition gives information about the stability of the monoan-

ionic cluster species on the time scale of the experiment. For the cluster compounds 

[Fe4S4(SR)4]2" where R is ethyl or n-propyl and for [Fe4S4(SCH2Ph)4]2" this ratio lies 

in between 0.0 and 0.3, which is indicative for a high degree of chemical irreversibility. 

For the [Fe4S4(SR)4]2" compounds with R an aromatic group (R = Ph, -р-СеЩСІ, -ρ-

С в ^ М е ) and for [Fe4S4(S-í-Bu)4]2_ ц/ìf is equal to 1.0. The observation of a reversible 
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Figure 7.2:. Cyclic voltammograms of [Fe4S4(S-<-Bu)4]2- in DC, AN, and DMF. In AN 

and DMF 0.1 M tetraethylammonium Perchlorate (TEAP) was used as background 

electrolyte. Potentials are in Volt against the ferricenium/ferrocene couple. 

2-/1- transition for the compound [Fe4S4(S-t-Bu)4]2" in DMF was attributed before to 

the electron-releasing properties of the t-Bu substituent.[167] The order of stability of 

the [Fe4S4(SR)4]1" species, R = ethyl, n-propyl, -СНгРЬ < R = aryl, -i-Bu, suggests, 

however, that steric factors are at least as important, since the primary alkyl groups 

are more electron-releasing than the aromatic groups. Assuming that the first step in 

the decomposition of a monoanionic cluster species is a nucleophilic attack by a sol

vent molecule, this means that the activation barrier contains both steric and electronic 

contributions. 

A deviating cyclic voltammetric behaviour is exhibited by [Fe4S4(SCH2CH20H)4]2" . 

The first oxidation process that is observed in dichloromethane and benzonitrile is irre

versible (ib/i, = 0.0; Figure 7.4). So for ^SiiSCHsCHjOHM 2 - the use of a less basic 

solvent does not help in stabilizing the monoanionic cluster species. This suggests that 
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Figure 7.3: Cyclic voltammograms of the cluster compounds [Fe4S4(SR)4]2~ (R = -t-Bu, 

-р-СвЩМе, -СНгРЬ, and -Et) in benzonitrile. For the recording of the voltammogram 

of [Fe4S4(S-i-Bu)4]2~ 0.1 M TEAP was used as background electrolyte. Potentials are in 

Volt against the ferricenium/ferrocene couple. 
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Figure 7.4: Cyclic voltammograms of [РеіЗ^ЗСНгСНгОН),!]2- in dichloiomethane and 
benzonitrile. Potentials in Volt against the ferricenium/ferrocene couple. 

upon oxidation an intramolecular nucleophilic attack of the OH-function on the iron 
takes place, which ultimately leads to an irreversible oxidation and degradation of the 
cluster like in the case of nucleophilic attack by a basic solvent molecule. This point needs 
further attention in future research, however, since a recently reported cluster compound 
with both a tridentate thiolate ligand and a single deprotonated o-hydroxybenzenethiol 
ligand exhibits a fully reversible one-electron 2-/1- transition in DMSO solution.[168] 

The conclusion may thus be that the stability of the ^ S ^ S R ) « ] 1 - cluster species is 
determined by the basicity of the solvent rather than by its polarity. The influence of the 
solvent basicity is reduced when the substituent R. becomes more bulky. Intramolecular 
nucleophilic attack seems to be the cause of the instability of the [4Fe-4S]3+ core in 
[FeiS^SCHjCHüOH^]1-. Because of the basic properties of water, these results imply 
that a hydrophobic environment and protection from solvent attack are indeed essential 
factors for the stabilisation of the [4Fe-4S]3+ core in HP proteins. Another conclusion may 
be that a low-molecular-weight thiolate cluster when dissolved in a low-donor-number 
solvent like NB or DC can be regarded to be a good model system for a HP protein site. 
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Summary 

Reaction of [Fe(MeCp)(CO)2]2 wil h an excess of sulfur in refluxing toluene yields, apart 

from unreacted sulfur and a small amount of unidentified products, a mixture of the three 

tetranuclear compounds Fe4S4(MeCp)4. Fe4S5(MeCp)4 and Fe4Se(MeCp)4 (Chapters 2 

and 3). 

A reaction time of seven hours and application of suitable synthesis and purification 

steps gives the series of compounds [Fe4S4(MeCp)4](PFe)¡/ (y = 0, 1 and 2) (Chapter 

2). The X-ray molecular structure of Fe4S4(MeCp)4 is very similar to the molecular 

structure of the related compound Fe4S4(Cp)4. The X-ray molecular structure of the 

[Fe4S4(MeCp)4]+ ion on the other hand shows a cluster symmetry that clearly differs from 

the cluster symmetry of the [Fe4S4(Cp)4]f ion. The cluster symmetry of [Fe4S4(MeCp)4]* 

is only after an adjustment in accord with the MO scheme proposed by Dahl to account 

for the structures of the [Ре454(Ср)4]г (ζ = 0, 1+ and 2+) compounds. The necessity of 

this adjustment shows that the cluster symmetry is not only determined by the number 

of electrons, but also by quite subtle differences in the terminal ligand. 

A reaction time of one hour gives a mixture of compounds consisting for more 

than 50% of Fe4Se(MeCp)4 (Chapter 3). After application of a number of synthesis 

and purification steps, based on the conversion Fe4Se(MeCp)4 —• [Fe4S5(MeCp)4](PF6)2 

by oxidation with air oxygen in the presence of N ^ P F g , the series of compounds 

[Fe4S5(MeCp)4](PFe)y (y = 0,1 and 2) is obtained. Storage of a solution of Ге45б(МеСр)4 

in dichloromethane for a couple of days leads to the crystallization of the FeClJ - salt of 

[Fe4Se(MeCp)4]2+. The X-ray analysis of [Fe4S5(MeCp)4](PFe) shows that the disulfur 

group in the iron-sulfur cluster core is μ3 bonded with one sulfur atom coordinating to 

two iron atoms and the other sulfur atom to a third iron atom. This way of coordi

nation differs from the way of coordination of the S2 group in the related compound 

[Ре485(Ср)4][МоОСІ4(СНзСМ)], which is side-on bonded to one iron atom and end-on 

bonded to two other iron atoms. From 'H NMR and COSY spectra recorded at several 

temperatures in the range 208-302 К in aceton-d8 solution it is concluded that the iron-

sulfur core of the [Fe4S5(MeCp)4]2+ ion is rigid with the disulfur group coordinating two 

neighbouring iron atoms in an equivalent way and a third iron atom in a unique way. The 

"H NMR spectrum of ^ S s t M e C p ) * ] 0 recorded in CDCI3 at 319 К indicates that the 

iron-sulfur cluster is fluxional with the S2 group rotating around a pseudo three-fold axis. 

The half-wave potentials E1/2 and the reaction entropies Δ 5 0 of the cationic redox cou

ples Fe4S4(Cp)4, Fe4S4(MeCp)4 and Fe4S5(Cp)4 (all l-h/O, 2-I-/1+, 3+/2-I-) and of the 

redox couples Fe4(CO)4(Cp)4 (0/1-, 1-1-/0, 2-I-/1+) contain a number of clear trends that 
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indicate a ferrocene-like behaviour. Clear trends are also present in the E1/2 and Δ 5 0 

data for the anionic redox couples Fc iS^SR^ (2-/3-; R = -rc-Pr, -CH2CH2OH, -Ph, 

-o-CeH-iOH, -CHsPh and -pCeH4Cl), but these rather indicate the presence of strong 

spécifie interactions with the solvent (Chapters 4, 5 and 6). 

The half-wave potentials of the cationic redox couples Fe,iS,i(Cp),¡, Fe4S4(MeCp)4 

and Fe4S5(Cp)4 (all 1+/0, 2 f / l + , 3+ /2+) and Fe4(CO)4(Cp)4 (0/1-, 1+/0, 2-I-/1 + ), 

as measured against the Fc + /Fc couple in a series of organic solvents, correlate with 

the donor number of the solvent: £1/2 = αϊ + 02 · DN (Chapter 4). Such a trend has 

also been found before for other cationic redox couples. From an analysis of our own 

potential data and a great number of data from literature it surprisingly follows that 

for the iron-sulfur (carbonyl) cluster redox couples and a number of lanthanide (3+/2-I-) 

couples there exists a correlation between the coefficient аг and (1-2ζ)/τ·, where ζ is the 

charge of the oxidized member of the redox couple and τ the effective radius. We do not 

have an explanation at hand for this result. It is clear, however, that these redox couples 

have an uncomplicated one-electron transfer in common. Furthermore it is likely from 

the analysis of the potential data that the members of these couples only show weak 

specific interactions with the solvent. In the graph of аг against (l-2z)/r the points for 

a great number of other redox couples do not lie on the best-fit straight line obtained 

for the iron-sulfur (carbonyl) cluster couples and the lanthanide couples. In most of 

these cases, however, the members of the redox couple are involved in strong specific 

interactions with the solvent and/or the electron-transfer is coupled to a chemical step. 

The reaction entropies Δ 5 0 for the reaction A2 + Fc «̂ - A 1 - 1 + F c + where A* 

is [Fe4S4(Cp)4]* (z = 1 + , 2+), as determined in a non-isothermal cell in five organic 

solvents, are with one exception, equal within the experimental precision to the corre

sponding values for the [Fe4(CO)4(Cp)4]z and [Fe4S5(Cp)4]z series (Chapter 5). This 

is consistent with the conclusion drawn in chapter 4 that the iron-sulfur (carbonyl) core 

does not show strong specific interactions with the solvent. It also indicates that there 

is no contribution to Δ 5 0 due to internal degrees of freedom of the cluster core. The 

reaction entropies Δ 5 0 for the redox couples Fe4S4(MeCp)4 (l-b/O, 2-I-/1+, 3-I-/2+) are 

in 12 of the 13 cases where a comparison is possible 8±3 J m o l - 1 К - 1 larger than the 

corresponding values for the Fe4S4(Cp)4 couples. This is possibly due to ал internal 

contribution to Δ 5 0 arising from the rotation of the Cp rings. The Δ 5 0 values obtained 

in dichloromethane differ strongly from the values obtained in other solvents, which in

dicates the presence of ion-pairs. The Δ 5 0 values contain as much useful information as 

the corresponding AS?C values for the half reactions Az + e ^- A2'1, which are obtained 

by measuring dE/dT in a non-isothermal cell and making the assumption that the ther

mal liquid junction can be neglected. Because in literature only a weak justification for 
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this assumption is given and because there exist discrepancies between the Д5° с values 

obtained by different research groups, caution is necessary when interpreting AS°C data. 

The half-wave potentials of the Fe4S4(SR),i (2-/3-; R = -η-Pr, -СНзСНгОН, -Ph, -o-

СеЩОН, -СНгРІі and -p-CcH4Cl) couples, as measured against the F c + / F c couple in a 

series of organic solvents, and the AS° values for the redox reactions [Fe4S4(SR)4]2~ -I- Fc 

¿- [Fe4S4(SR)4]3- + Fc+ (R = -η-Pr, -CH 2CH 2OH, -Ph and -о-С6Н4ОП) show a number 

of clear trends (Chapter 6) The £1/2 and Δ 5 0 values suggest that in DMSO there 

are strong specific interactions between the iron-sulfur cores and the solvent. Further

more the data suggest that for the members of the Fe4S4(SCH2CH20H)4 (2-/3-) couple 

there is a competition between the formation of intramolecular (from OH to either an in

organic or a thiolate sulfur) and intermolecular hydrogen bonds (from OH to the solvent). 

The stability of the [Fe4S4(SR)4]1" cluster ions with R a simple organic group like -Ph, 

when generated in solution in a cyclic voltammetric scan, is determined by the (Lewis) 

basicity of the solvent as expressed in the Gutmann donor number DN rather than by 

the polarity as expressed in the static dielectric constant e (Chapter 7). This suggests 

that the first step in the decomposition of the cluster monoanion is a nucleophilic attack 

of the solvent on an iron atom in the core. Consistent with this idea are the observa

tions that the stability of the [Fe4S4(SR)4]1~ is also determined by the degree of steric 

protection from the solvent by the group R, the hardness of the solvent (according to 

the rules of Pearson) and the presence of an OH group in the ligand with the possibility 

of an intramolecular nucleophilic attack on a neighbouring iron atom. 
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Samenvatting 

Reactie van het dimeer [Fe(MeCp)(CO)2]2 met een overmaat Sg in refluxende tolueen, 

gevolgd door filtreren en afdampen van de tolueen, geeft, afgezien van ongereageerd 

zwavel en een kleine hoeveelheid niet-geidentificeerde verbindingen, een mengsel van 

de drie tetranucleaire ijzer-zwavel clusterverbindingen Fe4S4(MeCp)4, Fe4S5(MeCp)4 en 

Ре45б(МеСр)4 (Hoofdstukken 2 en 3). 

Een refluxtijd van 7 uur en toepassing van de juiste synthese- en zuiveringsstap-

pen levert de reeks verbindingen [Fe4S4(MeCp)4](PF6)î, (у = 0, 1 en 2) op (Hoofd

stuk 2). De röntgenanalytisch bepaalde moleculaire structuur van Fe4S4(MeCp)4 komt 

sterk overeen met de structuur van de verwante verbinding Fe4S4(Cp)4. De eveneens 

röntgenanalytisch bepaalde moleculaire structuur van het [Fe4S4(MeCp)4]+ ion vertoont 

daarentegen een clustersymmetrie die verschilt van die van het verwante [Fe4S4(Cp)4]+ 

ion. De clustersymmetrie van [Fe4S4(MeCp)4]+ wordt ook niet voorspeld door het door 

Dahl opgestelde МО-schema ter verklaring van de structuren van de [Ре484(Ср)4]г (ζ = 

О, 1+ en 2+) verbindingen. Een door een kleine aanpassing verkregen nieuw MO-schema 

verklaart wel de moleculaire structuur van zowel Fe4S4(MeCp)4 als [Fe4S4(MeCp)4](PFe). 

Het verschil in structuur tussen [Fe4S4(MeCp)4](PFe) en [Fe4S4(Cp)4](PFe) laat zien dat 

de clustersymmetrie niet alleen wordt bepaald door het aantal electronen op liet cluster, 

maar ook door het eindstandige ligand. 

Een refluxtijd van een uur geeft een mengsel van clusterverbindingen dat voor meer 

dan de helft uit Fe4Se(MeCp)4 bestaat (Hoofdstuk 3). Na de juiste synthese- en 

zuiveringsstappen, gebaseerd op de omzetting Ре43б(МеСр)4 —» [Fe4S5(MeCp)4](PF6)2 

door oxidatie met zuurstof uit de lucht in aanwezigheid van NI^PFe, wordt de reeks 

verbindingen [Fe4S5(MeCp)4](PFe)ï, (y = 0, 1 en 2) verkregen. Het enkele dagen laten 

staan van een dichloormethaan oplossing van Fe4Se(MeCp)4 leidt tot het uitkristalliseren 

van het [FeCU]2- zout van [Fe4Se(MeCp)4]2+. De röntgenkristallografische analyse van 

[Fe4S5(MeCp)4](PFe) toont aan dat de dizwavelgroep in de ijzer-zwavel clusterkern μ 3 

gebonden is, waarbij één zwavelatoom aan twee ijzers coördineert en het andere zwavel-

atoom aan een derde ijzer. Deze coördinatiewijze verschilt van die van de S2 groep 

in de verwante verbinding [Ре455(Ср)4][МоОСІ4(СНзСМ)] die side-on coördineert aan 

één ijzer en end-on aan twee andere ijzers. De bij enkele temperaturen in het bereik 

van 208 tot 302 К opgenomen Ή NMR en lU COSY spectra (500 MHz apparaat) van 

[Fe4S5(MeCp)4](PFe)2 in aceton-de oplossing duiden op een rigide ijzer-zwavel cluster

kern, waarin de S2 groep twee naburige ijzeratomen op equivalente wijze coördineert, 

en het derde naburige ijzeratoom uniek. Het bij 319 К opgenomen ' H NMR spec

trum van de neutrale verbinding [Fe4S5(MeCp)4]0 in CDCI3 oplossing wijst op een op 
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de NMR-tijdschaal fluxioneel ijzer-zwavel cluster, waarin de S2 groep roteert om een 

pseudo-drietallige as. 

De in een reeks van organische oplosmiddelen bepaalde halfwaardepotentialen E1/2 

en reactieëntropieën AS0 van de cationische redoxkoppels Fe4S4(Cp)4, Fe4S5(Cp)4 en 

Fe4S4(MeCp)4 (alle 1+/0, 2+ /1 + , 3+ /2+) en Fe4(CO)4(Cp)4 (0/1-, 1-I-/0, 2-I-/1-I-) 

bevatten duidelijke empirische trends die duiden op een ferroceenachtig redoxgedrag. 

Duidelijke trends zijn ook aanwezig in de Ei/? en Δ 5 0 waarden voor de anionische re

doxkoppels Fe 4S 4(SR) 4 (2-/3-; R = -n-Pr, -CHjCHjOH, -Ph, -o-CeH4OH, -CH 2Ph en 

-p-CeH4Cl), maar deze wijzen eerder op de aanwezigheid van sterke specifieke interacties 

met het oplosmiddel (Hoofdstukken 4, 5 en 6). 

Do halfwaardepotentialen van de cationische redoxkoppels Fe4S4(Cp)4, Fe4S5(Cp)4 

en Fe4S4(MeCp)4 (alle 1+/0, 2-I-/1-I-, 3+/2+) en Fe4(CO)4(Cp)4 (0/1-, 1-1-/0, 2 + / 1 + ) , 

zoals bepaald in een reeks van organische oplosmiddelen en gegeven t.o.v. het F e ' / F e 

koppel, voldoen aan de empirische relatie £1/2 = O] + aj · DN (Hoofdstuk 4). Reeds 

eerder is gevonden dat deze relatie de oplosmiddelafhankelijkheid van de halfwaardepo-

tentiaal van een groot aantal andere cationische redoxkoppels beschrijft. Uit een analyse 

van de eigen potentiaalgegevens en van gegevens uit de literatuur volgt verrassenderwijze 

dat voor de ijzer-zwavel (carbonyl) cluster redoxkoppels en een groot aantal lanthanide 

(34-/2+) koppels er een correlatie bestaat tussen de coëfficiënt 02 en (l-2z)/r, waarbij 

ζ de lading van het geoxideerde lid van het rcdoxkoppel is en r de effectieve straal. Er 

is geen duidelijke verklaring voor handen voor het bestaan van deze correlatie. Wel 

kan worden opgemerkt dat de ijzer-zwavel (carbonyl) cluster redoxkoppels en de lan

thanide (3-I-/2-I-) koppels een ongecompliceerde één-electronoverdracht gemeen hebben 

en dat het voorts op grond van de potentiaalgegevens aannemelijk is dat zowel de cluster-

als de lanthanideionen slechts zwakke zuur-base interacties van het Lewis-type met het 

oplosmiddel vertonen. In de grafiek van a? tegen (l-2z)/r liggen de punten van een groot 

aantal andere redoxkoppels niet op de voor de cluster- en lanthanidekoppels gevonden 

kleinste kwadraten rechte. In de meeste gevallen is er voor deze redoxkoppels echter 

sprake van sterke specifieke interacties tussen de leden van het redoxkoppel en het op

losmiddel en/of koppeling van het electronoverdrachtsproces aan een chemische stap. 

De reactieëntropieën AS" voor de reactie Az + Fe *^- A z _ 1 + Fc + waar Az 

[Fe4S4(Cp)4]z (z = 1+ and 2+) is, zoals bepaald door meting in een niet-isotherme cel 

in een vijftal organische oplosmiddelen, zijn met slechts één uitzondering binnen de ex

perimentele fout gelijk aan de overeenkomstige waarden voor de [Fe4(CO)4(Cp)4]z en 

[Fe4S5(Cp)4]z reeksen (Hoofdstuk 5). Dit is consistent met de conclusie in hoofdstuk 

4 dat de ijzer-zwavel (carbonyl) kern geen sterke specifieke interacties met het oplos-
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middel vertoont. Bovendien blijkt hieruit dat er geen bijdrage aan Δ 5 0 is ten gevolge 

van interne vrijheidsgraden van de clusterkernen. De reactieëntropieën AS" voor de re-

doxkoppels Fe4S4(MeCp)4 (1+/0, 2 + / l i , 3+ /2+) zijn in 12 van de 13 gevallen waar 

vergelijking mogelijk is 8±3 J mol - 1 K_ 1 groter dan de overeenkomstige waarden voor 

de Fe4S4(Cp)4 koppels. Dit is mogelijk het gevolg van een interne bijdrage aan Δ 5 0 af

komstig van de rotatie van de Cp ringen. De Δ 5 0 waarden verkregen in dichloormethaan 

wijken sterk af van de waarden verkregen in andere oplosmiddelen, hetgeen duidt op de 

aanwezigheid van ionparen. De AS" waarden bevatten evenveel nuttige informatie als 

de overeenkomstige А3°г waarden voor de half-reactie Аг + e ¿^ A* 1 die door meting 

in een niet-isotherme cel worden verkregen onder de aanname dat bijdrage van de ther

mische liquid junction potentiaal aan dE/dT verwaarloosbaar klein is. Omdat er slechts 

een magere rechtvaardiging wordt gegeven in de literatuur voor deze aanname en om

dat de verschillen in AS°C waarden gerapporteerd door verschillende onderzoeksgroepen 

groter zijn dan de geschatte experimentele nauwkeurigheid is voorzichtigheid geboden 

bij de interpretatie van AS°C waarden. 

De halfwaardepotentialen van de Fe4S4(SR)4 (2-/3-; R = -η-Pr, -CHjCHjOH, -Ph, 

-о-СеЩОН, -СНгРЬ en -р-СвЩС!) koppels, zoals gemeten t.o.ν. het F c + / F c koppel 

in een reeks van organische oplosmiddelen, en de Δ 5 0 waarden voor de redoxreactie 

[Fe4S4(SR)4]2- + Fe ¿- [FeíSííSR^]3" + Fc+ (R = -тг-Рг, -CH 2CH 2OH, -Ph en 

-о-СеЩОН) vertonen een aantal duidelijke trends (Hoofdstuk 6). De E1/2 en Δ 5 0 

waarden duiden er op dat in DMSO sterke specifieke interacties tussen de clusterkern en 

het oplosmiddel bestaan. Voorts suggereren de gegevens dat er voor de leden van het 

[Fe4S4(SCH2CH20H)4] (2-/3-) koppel sprake is van een competitie tussen de vorming van 

intramoleculaire (van OH naar hetzij een anorganisch hetzij een thiolaat zwavelatoom) 

en intermoleculaire waterstofbruggen (van OH naar het oplosmiddel). 

De stabiliteit van de [Fe4S4(SR)4]1 clusterionen met R een eenvoudige organische 

groep zoals -Ph, wanneer gegenereerd in oplossing in een cyclisch voltammetrische scan, 

wordt bepaald door de basiciteit van het oplosmiddel zoals uitgedrukt in Gutmann's 

donorgetal DN en niet door de polariteit zoals uitgedrukt in de statische dielektrische 

constante e (Hoofdstuk 7). Dit suggereert dat een nucleofiele aanval van het oplos

middel op een ijzeratoom de afbraak van het clusteranion inleidt. Consistent met deze 

gedachte zijn de waarnemingen dat de stabiliteit van de ^ 4 8 4 ( S R ^ ] 1 - ionen ook samen

hangt met de mate van sterische afscherming van het oplosmiddel door de groep R, de 

hardheid van het oplosmiddel (volgens de regels van Pearson) en de aanwezigheid van een 

OH-groep in het ligand met de mogelijkheid van een intramoleculaire nucleofiele aanval 

op een naburig Fe-atoom. 



114 

Appendix A l 

In equation (6.1) an effective dielectric constant (eff is used. This effective dielectric 

constant is calculated by using a formula derived by Ramachandran and Srimivasan 

(/rid. J. of Biochem. 1970, 7, 95.). They considered a spherical cavity with a diameter 

2a in a medium with dielectric constant e and showed that the effective dielectric con

stant between two point charges lying on a diameter of the cavity at a mutual distance 

2d is given by: 

7 i - = l - 2 ( e - l ) x E - ^ 7 ^ T T > (7-1) 
teff ( = 0 e + (¿/< + 1) 

where χ is the ratio 2d/2a. In the calculations of the eeff values we have used the bulk 

dielectric constant of the solvents. The results for different values of χ are given in Table 

7.2. The values for χ = 0.5 were used in the calculations. In Table 7.3 coulomb sums 

f 

X 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

AN 

37.45 

1.239 

1.599 

2.157 

3.054 

4.567 

7.272 

12.45 

22.88 

42.17 

BN 

25.22 

1.235 

1.586 

2.125 

2.978 

4.381 

6.788 

11.09 

18.76 

30.48 

ACN 

21.19 

1.233 

1.579 

2.108 

2.936 

4.280 

6.537 

10.43 

16.98 

26.24 

DC 

9.09 

1.214 

1.522 

1.969 

2.623 

3.581 

4.968 

6.899 

9.338 

11.86 

DMF 

37.65 

1.239 

1.600 

2.157 

3.055 

4.569 

7.277 

12.47 

22.94 

42.25 

THF 

7.54 

1.208 

1.502 

1.923 

2.524 

3.378 

4.563 

6.127 

7.987 

9.819 

DMSO 

46.70 

1.240 

1.604 

2.170 

3.086 

4.647 

7.487 

13.09 

25.09 

49.80 

Table Al. l : Values of eeff as function of χ for the solvents used. 

Σι?} 2^ are given for a number of [Fe4S4(SR)4]2_ and [Fe4S4(SR)4]3_ compounds. These 

values were calculated by making use of X-ray crystallographic data and formal charges 

of 2- on each inorganic sulfur atom, 1- on each thiolate sulfur and (3 + z/4) on each iron 

atom. The radii in Table 7.3 were obtained from the X-ray crystallographic data with 

the procedure described in chapter 4. 
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compound 

[Fe4S4(SPh)4p-
[Fe4S4(SPh)4]'-

[Fe4S4(SCH2Ph)4]
2-

[Fe4S4(SCH2Ph)4]
3-

[Fe4S4(S-i-Bu)4]
2-

[Fe4S4(S-i-Bu)4]2-
(Fe4S4(S-i-Bu)4]3 

ref. 

163 
169 
170 
171 
146 
146 
172 

effective 
radius ( Â ) 

5.0 
5.0 
5.2 
5.2 
4.9 
4.9 
4.9 

Coulomb 
ъхіт(к^) 

-13.22 
-11.44 

-13.29 
-11.44 
-13.24 
-13.28 
-11.44 

Table Al.2: Effective radii and coulomb sums for some compounds [Fe4S4(SR)4]2 and 

[Fe4S4(SR)4]3 . 
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