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Résumé  

La chimie bio-inorganique est un domaine en pleine expansion. Elle combine la recherche 

fondamentale académique et les problèmes sociétaux important en utilisant une approche 

i te dis ipli ai e. Il s agit de i e , via des complexes moléculaires modèles, la structure et/ou la 

fo tio  du site a tif d u e tallop ot i e d i t t entre autre à travers ses propriétés physico-

chimiques (propriétés électroniques, propriétés redox, réactivité). Ces complexes modèles 

permettent de comprendre les systèmes biologi ues pa  l a al se du a is e à l helle 

ol ulai e a a t isatio  d i te diai es a tio els  ai si ue le d eloppe e t de ou eau  

catalyseurs inspirés de ces systèmes biologiques. Dans ce contexte, les chimistes développent des 

séries de comple es da s le ut de o p e d e et d opti ise  leu  a ti it . E  tudia t es 

complexes modèles par des méthodes, analytiques, spectroscopiques et théoriques, ils peuvent ainsi 

déterminer les facteurs structuraux, électroniques, et redox nécessaires à la réactivité (efficacité, 

sélectivité, spécificité). Cette approche permet aussi de définir des sondes de références 

(spectroscopiques et théoriques) ainsi que des corrélations magnéto-structurales, utiles pour 

l ide tifi atio  d esp es ou elles telles ue des intermédiaires réactionnels. 

Certains éléments sont connus pour être essentiels pour la vie des plantes, des animaux et des 

bactéries. Seuls onze sont essentiels pour tous les organismes : hydrogène, carbone, azote, oxygène, 

sodium, potassium, calcium, magnésium, soufre et chlore. De plus, des ions métalliques, sous forme 

de trace, sont nécessaires à la survie de certaines espèces tels que : le vanadium, le chrome, le 

manganèse, le  fer, le cobalt, le nickel, le cuivre, le  zinc, le molybdène et le tungstène. Il a été estimé 

ue pa i toutes les p ot i es, plus de 0% d e t e elles so t des tallop ot i es, pou  les uelles, 

le métal est essentiel pour un certain nombre de réactions qui ont lieu au sein du site actif comme : 

le t a sfe t d le t o , l a ti atio  des liaiso s, le o t ôle de a tio s adi alai es, l a ti atio  de 

petites molécules (O2, H2, N2… , le t a sfe t d ato e d o g e et des a tio s o  edo . Les sites 

actifs peuvent être considérés comme des complexes inorganiques organisés et sophistiqués, dans 

le uel l io  talli ue est di e te e t li  à la p ot i e p i ipale e t pa  l i te diai e d u  

ato e d azote, d o g e et da s u e oi d e esu e, pa  des ato e de souf e issues des a ides 

aminés. Parmi les 20 acides aminés, seuls deu  d e t e eu  o tie e t des ato es de souf e sous 

forme de fonction thiolate (cystéine) et de thioéther (méthionine), la méthionine étant moins 

présente comme ligand dans les systèmes biologiques.  

La cystéine figure parmi les acides aminés les moins abondants et est souvent retrouvée an tant que 

résidu hautement conservé dans le site actif des protéines. Sous sa forme thiolate (pKa~8.5), on peut 

la retrouver soit en tant que ligand monodentate, ou bien sous forme de ligand pontant entre deux 
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centres métalliques. Cette fonction thiolate présente des propriétés particulières qui permettent de 

conférer au centre métallique les propriétés désirées pour la réactivité ciblée : (i) nucléophilicité, (ii) 

haute affinité pour les ions métalliques, et/ou (iii) capacité de former des ponts disulfures.   

Au ou s de e hapit e, ous allo s d i e, au  t a e s d e e ples p is, les p op i t s 

électroniques des liaisons métal-thiol. Dans un deuxième temps,  les propriétés redox  des systèmes 

métalliques les plus effi a es i pli u s da s le t a sfe t d le t o s, soit les o ple es de ui e-

thiolates et les clusters [Fe-S], seront discutées. La troisième partie traitera de la réactivité de ces 

liaisons et enfin nous décrirons des familles de métalloenzymes contenant des liaisons métal-thiol 

i pli u es  da s l a ti atio  de petites ol ules.  

Les atomes de soufre confèrent des propriétés électroniques uniques aux complexes métalliques de 

part une liaison métal-thiol hautement covalente. Ce degré de covalence implique différentes 

interactions orbitalaires, dont les trois orbitales de valence 3p du thiolate (Figure 1), avec une 

o t i utio  ajo itai e de  l o ital pseudo-σ. 

 

 

 

 

La covalence dépend également des propriétés électroniques du métal : sa configuration 3dn ainsi 

que sa charge nucléaire effective (Zeff) peuvent être estimées par différentes techniques 

spe t os opi ues o e le di h oïs e i ulai e ag ti ue MCD , l a so ptio  UV-Visible, la 

so a e ‘a a  ‘ , et la spe t os opie d a sorption des rayons X (XAS au seuil  K-du soufre). Au 

travers des séries de complexes A et B présentés sur la  Figure 2 et la Table 1, il a pu être montré que 

es o ple es p se taie t des a des d a so ptio s pa ti uli es et leu  att i utio  a des 

d a sorption de transfert de charge (LMCT) dans la région du visible) a été réalisée grâce à des 

études complémentaires en MCD et rR. Pour les séries A et B, le degré de covalence suit l o d e 

suivant: FeII –thiolate < CoII –thiolate < NiII –thiolate <CuII–thiolate. La liaison Cu-thiolate est la liaison 

la plus covalente, en accord avec une faible énergie et de haute i te sit  pou  la a de d a so ptio  

LMCT. D aut e pa t, il a t  o t  ue la liaiso  M-S était plus covalente pour les thiolates 

aromatiques (série A) que pour les alkyls thiolates (série B). 

 

π pseudo-σ σS-C

Figure 1. Orbitales de valence 3p du soufre impliquées dans une liaison métal-thiolate.
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Table 1. Valeu s des t a sitio s le t o i ues des spe t es d a so ptio  UV-Vis pour la  série B, 

[M(S
Me2

N4(tren)]
+
 (M = Mn, Fe, Co, Ni, Cu, et Zn) dans  MeCN.

1
 

 

 

 

 

 

 

Un autre aspect important de la liaison métal-thiol est so  i pli atio  da s  le t a sfe t d le t o s. 

Il s agit d u  p o essus iologi ue esse tiel essai e au  e t es atal ti ues edo . Les tau  de 

t a sitio  sta les à diff e ts deg s d o datio  ep se te t ai si de pa faits a didats. Les 

centres les plus effi a es da s le t a sfe t d le t o s o tie e t au oi s u e liaiso  M-thiolate. Il 

s agit des « blue copper» protéines, le site dinucléaire de cuivre CuA et les clusters [Fe-S].  

Les systèmes à base de cuivre sont divisés en deux familles : (i) les complexes mononucléaires de 

type T1 présents da s la plasto a i e e e ple d u e « blue copper » protéine) et (ii) les sites CuA 

présents dans la cytochrome c oxydase (CcO) et la N2O réductase (N2OR). Ces deux types de familles 

sont impliqués dans des t a sfe ts apides d le t o s et p se te t des liaiso s Cu-thiolates 

hautement covalentes.  

Figure 2.  “pe t es d a so ptio  UV-Vis des complexes [ML(SC6F5)], A (M = Mn, Fe, Co, Ni, Cu, Zn) dans le 
cyclohexane.

9
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Figure 3. Représentation schématique a) du site T1 de la plastocyanine et b) du site CuA présent dans 

CcO et N2OR.5 

Les chimistes se sont donc intéressés à reproduire ces sites biologiques et se sont notamment 

focalisés sur la modélisation des complexes dinucléaires de Cu, dans le but de comprendre quels 

taie t les fa teu s i pli u s da s e t a sfe t apide d le t o s et de o pa e  leu s s st es 

modèles aux systèmes biologiques (Figure 3).  

Les clusters [Fe-“] Figu e  so t p i ipale e t i pli u s da s le t a sfe t apide d le t o s ais 

o t d aut es fo tio s do t l a ti atio  de su st ats. Leu  effi a it  da s le t a sfe t d le t o s ie t 

de leur capacité à délocaliser  leur densité électronique entre les atomes de  Fe et de S. Il existe 

différentes familles de cluster [Fe-S] : les mononucléaires de Fe communément appelés rubrédoxines 

et les polynucléaires de Fe, les ferrédoxines : les clusters [2Fe-2S], [2Fe-2S] de la protéine Rieske, 

[3Fe-4S], [4Fe-4S], HiPiP [4Fe-4S] (High potential iron-sulfur protein) et le cluster [8Fe-7S] (Cluster P) 

composé de deux clusters [4Fe-3S] incomplets associé a un atome de soufre hexacoordonné (µ6-S),2  

présent dans les nitrogénases. La synthèse de tels luste s a pe is d o te i  des i fo atio s 

complémentaires sur les propriétés redox des systèmes biologiques. 

 

 

 

 

 

Figure 4. “t u tu es et deg s d o datio  des luste s [Fe-S].
23

 Le Fe est en rouge, N en bleu et S en jaune. Le 

cluster avec les deux atomes N correspond au cluster de la protéine Rieske. 

Il a t  d o t  ue l effi a it  du t a sfe t d le t o s entre  ces clusters est associé à : (i) une 

configuration électronique haut spin pour le FeII et le FeIII, ii  u e fai le a i e d a ti atio  au 

niveau de la sphère interne, et (iii) une conversion structural facile et rapide. Cela est dû aux 

propriétés de faible champ de ligand des thiolates et des soufres, ces derniers étant capables de 

rester à un degré d o datio  “2- e e  p se e d io s FeIII.  

n =1+, 0

[4Fe-4S]n

n = 3+, 2+, 1+, 0

[8Fe-7S]n

n =  4+, 3+, 2+n = 2+, 1+

[2Fe-2S]n [3Fe-4S]n[2Fe-2S]n
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La oo di atio  d u  alk l-thiolate à u  tal peut o dui e à l a ti atio  d u  ato e de souf e pou  

promouvoir différents types de réactions telles que la S-alkylation, la S-oxygénation, la S-nitrosylation 

et la formation de ponts disulfures. Alors que les trois premières réactions nécessitent un substrat 

additio el, est-à-dire, des dérivés alkyls, O2 et ses dérivés ou encore NO,  la formation de ponts 

disulfures à partir de thiolates coordonnés au métal ne nécessite que des processus intra- et inter-

edo . Da s la atu e, il a t  o t  ue l a ti atio  de petites ol ules d i s alk ls, O2 et ses 

dérivés ou encore NO) conduisent à des réactions centrées sur le soufre catalysées par le sites actifs 

sp ifi ues d e z es dont la méthionine synthase pour la S-alkylation), la nitrile hydratase ou la 

cystéine dioxygénase pour la S-oxygénation et des protéines héminiques ou des protéines de Cu de 

type I pour la S- it os latio . L app o he io-inspirée a été fondamentale dans la compréhension des 

facteurs qui gouvernent une telle richesse de réactivité. De plus la conversion thiolate/disulfure est 

impliquée dans de nombreux processus biologiques avec entre autres, le repliement des protéines 

ou le contrôle de leu  a ti it  e  ta t ue fa teu  de sig alisatio . L id e ue les io s talli ues 

puisse t joue  u  ôle  a tif da s ette o e sio  au sei  de es p o essus iologi ues est ue 

e te. Cepe da t, ette h poth se est pas e o e o pl te e t o prise à ce jour (voir 

Chapitre III). 

Les liaisons métal-thiol sont également impliquées dans le site actif de protéines responsables de 

l a ti atio  d aut es petites ol ules. Ce tai es e z es o t t e e gag es da s le le de l azote 

(la N2O réductase (N2OR), la nitrogénase), dans le cycle du carbone (la CO déshydrogénase (CODH), 

l a t l oenzyme A synthase (ACS)) Figu e  ou da s la du tio  des p oto s ou l o datio  de H2 

(les hydrogénases).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. ‘ep se tatio  des e z es i pli u s da s le le de l azote haut , du a o e milieu) et 

hydrogène (bas) : a) N2OR, b) nitrogénase, c) Mo/Cu CODH, d) Ni/Fe CODH e) ACS f) hydrogénase à [Fe-Fe], g) 

hydrogénase à [NiFe]. 

 

a b

c d e

f g
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La N2OR catalyse la réduction du N2O en N2 et la nitrogénase la réduction de N2 en ammoniac (NH3). 

En ce qui concerne la N2OR, la présence de soufre entre deux ions Cu du site actif va permettre (i) de 

d lo alise  l le t o  o t i ua t à u e fai le e gie de o ga isatio  au ou s du processus 

atal ti ue et ii  d opti ise  l a a ge e t g o t i ue des io s Cu pou  pe ett e au N2O de se 

lier aux ions métalliques. Quant à la nitrogénase, les soufres vont permettre la communication entre 

les diff e ts io s Fe de l e z e fa ilita t ainsi la rupture de la liaison N-N. Dans le cas de ces deux 

enzymes, des modèles moléculaires ont été nécessaires pour comprendre les phénomènes 

chimiques qui se déroulent au sein de leur site actif et comprendre les relations structures/activité. 

L o dation du CO en CO2 permet aux organismes de survivre sous atmosphère de CO, ce dernier 

ta t sou e de a o e et d e gie. Ce p o essus est assu  pa  la CODH p se te hez les 

bactéries aérobies (Mo/Cu CODH) et anaérobies (Ni/Fe CODH). La Ni/Fe CODH est souvent associée à 

l AC“ o ple e di u l ai e de Ni  da s u  luste  i-fonctionnel qui catalyse la formation de la 

liaison C-C à partir de groupements méthyles et de CO2 généré par la CODH. Cela génère ainsi un 

intermédiai e ta oli ue l , l a t lcoenzyme A. 

Le ôle des thiolates au sei  de la CODH est pas o pl te e t o p is. N a oi s, au i eau de 

la Mo/Cu CODH, la p se e d u  souf e po ta t e t e le Mo et le Cu fo e deu  liaiso s fo te e t 

covalentes. Il est proposé que ce soufre permette de fa o ise  la d lo alisatio  de l le t o  e t e les 

e t es talli ues. Il e iste o e t de o ple es od les de la CODH ais au u  d e t e eu  

est a tif e  p se e de CO. Qua t au  od les de l AC“, la plupa t d e t e eu  te te t de 

reproduire une a ti it  e t e su  le Ni o e da s l e z e. 

Quant aux hydrogénases, ces enzymes catalysent la réduction réversible des protons en H2. 

L h d og ase [NiFe] se a d ite da s l i t odu tio  du hapit e I. Qua t à l h d og ase [FeFe], sa 

particularit  est d t e o pos e de deu  io s Fe eli s e t e eu  pa  u  liga d azadithiolate. La 

sphère de coordination de ces deux ions métalliques est complétée par des ligands carbonyles et 

cyano. Un cluster [4Fe-4S] est lié à cette unité bimétallique par un résidu cystéine. Dû à son 

environnement de coordination peu commun, les chimistes se sont intéressés à reproduire le site 

actif de cet enzyme par la synthèse de modèles structuraux et/ou fonctionnels. A ce jour aucun 

d e t e eu  est apa le de i alise  a e  les pe fo a es de l e z e e  ati e de p odu tio  

de H2. 

Notons que dans ce chapitre, la réactivité des enzymes à porphyrine et les molibdoptérines ne sera 

pas abordée. 
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1.1. Introduction. 

Bio-inorganic chemistry is presently a field in expansion. It mixes fundamental academic research and 

important societal issues combining interdisciplinary approaches.3 It consists of mimicking via small 

synthetic metal complexes the structure or/and the function of the active site of a metalloprotein of 

interest through its physico-chemical properties (electronic properties, redox properties, reactivity). 

Model compounds allow the understanding of biological systems by investigating mechanism at a 

molecular scale (intermediate characterization) and also the development of new bio-inspired 

catalysts. In this context, chemists develop series of complexes with the aim of understanding and 

optimizing targeted properties. By studying these model complexes with analytical, spectroscopic 

and theoretical methods, the structural, electronic and redox factors required for the reactivity 

(efficiency, selectivity, specificity) are determined. This approach also allows the definition of 

reference probes (spectroscopic and theoretical) and thus magneto-structural correlations that are 

useful for the identification of unknown species such as highly reactive intermediate species.  

 

Fe  ele e ts i  hea th s ust appea  to e esse tial fo  pla ts, a i als a d i o ial life (Figure 1). 

Only eleven are essential in all known organisms and plants: hydrogen, carbon, nitrogen, oxygen, 

sodium, potassium, calcium, magnesium, sulphur and chlorine. Besides, metals, especially metal ions 

are needed by some species as trace elements: vanadium, chromium, manganese, iron, cobalt, 

nickel, copper, zinc, molybdenum and tungsten. It has been estimated that among all proteins, over 

50% are metalloproteins,4 for which the metal-based functional site is essential for promoting 

different kinds of reactions such as electron transfer, strong bond activation, controlled radical 

reaction, activation of small molecules (molecular dioxygen, hydrogen, and dinitrogen), oxo transfer 

and non-redox reactions. The active sites can be considered as well-organized and sophisticated 

inorganic complexes, in which the metal ion is directly bound to the protein mainly via nitrogen, 

Bulk biological
elements

Trace elements blieved
to be essential for bacteria, 
plants or anaimals

Possibly essential trace 
elements for some species

Figure 1. Elements essential for life.
79

  



Introduction 

11 

 

oxygen and to a lesser extent, sulphur donors issued from amino acid residues. Among the 20 amino 

acids, only two contain sulphur donor atoms: thiolate function for cysteine, and thioether for 

methionine (Figure 2),3,5 but methionine is less present as metal ligand in biology than cysteine. 

  

 

 

 

 

 

Cysteine is one of the least abundant amino acids and often found as a highly conserved residue in 

the functional site of proteins. In its thiolate form (pKa~8.5), it can act as monodentate or bridging 

ligand between two metal centers. It presents specialized properties, including high-nucleophilicity, 

high affinity for transition metal ions, and/or capacity to form disulphide bonds (by oxidation), to 

confer to the metal site the required properties for the targeted reactivity. The first part of the 

introduction will give an overview of the electronic properties of the metal-thiolate bond based on 

studies carried out on model complexes. Then, the redox properties of the most efficient natural 

metal-based electron transfer systems, i.e. copper-thiolate complexes and [Fe-S] clusters, will be 

discussed. While the third part will focus on the reactivity of the thiolate-metal bonds, the final one 

will deal with selected metalloenzymes containing active sites with thiolate metal complexes 

involved in the activation of small molecules. Note that the reactivity of porphyrin and molibdo-

pterin  proteins will not be discussed in this chapter.  

1.2. Electronic properties of complexes with metal-thiolate bonds 

Sulphur donor atoms give unique electronic properties of the corresponding metal complexes 

because of the high covalency of the M-thiolate bond. In metal-thiolate complexes, different orbital 

interactions are involved, implicating the three valence 3p orbitals of the thiolate. The carbon-

sulphu  σ o d σS-C) cannot interact with the metal in an efficient way, thus contributing poorly to 

the covalency of the M-thiolate bond (Figure 3, right).  

  

Figure 2. S- donor ligands from amino acids. 

S donor
Cysteine

S donor
Methionine
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 The two other orbitals are perpendicular to the S-C bond and influence the thiolate interaction with 

the metal center. The 3p orbital located out of the C-S-M pla e is i ol ed i  the π o di g Figu e , 

left), while the 3p pseudo-σ o ital i  the C-S-M plane binds to the metal. Because the C-S-M angle is 

usually greater than 90° (100-120°), the sulphur electron density is shifted to the S-M bond (Figure 3, 

middle), explaining the so- alled pseudo  te  fo  the latter orbital. The degree of covalency that 

can be estimated by different spectroscopic techniques (magnetic circular dichroism (MCD), UV-Vis 

absorption, Resonance Raman (rR), and S K-edge X-Ray absorption spectroscopy (XAS)), is also 

influenced by the electronic properties of the metal ion: its 3dn configuration and its effective nuclear 

charge (Zeff). 

The covalent character of the metal-thiolate bond has been investigated through series of metal 

complexes. For example, two series (Figure 4) are discussed below: models A ([MIIL(SC6F5)], where L = 

hydrotris(3,5-diisopropyl-1-pyrazolyl)borate anion) and M = Mn, Fe, Co, Ni, Cu and Zn characterized 

by X-ray crystallography)6-8,7,10 contain a monodentate aromatic thiolate, while for B 

([M(SMe2N4(tren)]+, tren = tris(2-aminoethyl)amine), M = Mn, Fe, Co, Ni, Cu and Zn)  the pentadentate 

ligand contains one alkyl thiolate.11 

 

 

 

 

 

 

 

 

π pseudo-σ σS-C

Figure 4. Series of metal aromatic thiolate A [ML(SC6F5)],
8,10

 and metal alkyl thiolate B [M(S
Me2

N4(tren)]
+
.
1
 (M

II 
 = 

Mn, Fe, Co, Ni, Cu and Zn complexes. 

Figure 3. Sulphur-based valence orbitals of a metal-thiolate bond.
5
 

A B

Aromatic Alkyl

+
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Both series of complexes display peculiar absorption transitions and their attribution is based on 

complementary spectroscopic investigations including MCD and resonance Raman. As an example, 

the absorption spectra of the A series are shown in Figure 5 and the spectroscopic data are reported 

in Table 1 for the B series. All metal-thiolate complexes display intense low energy Ligand to Metal 

Charge Transfer transitions (LMCT) (noted either as π or σ i  Figu e ) and low intensity d-d 

transitions at lower energies (except for d10 ZnII and high spin d5 MnII complexes because either the d-

orbitals are filled or the transitions are both Laporte- and spin-forbidden).7,1,8,9,10  

                                            

 

 

 

 

 

 

 

 

Table 1. Electronic absorption transition for the series B, [M(S
Me2

N4(tren)]
+
 (M = Mn, Fe, Co, Ni, Cu, and Zn) in 

MeCN. 

 

 

 

 

 

It can be observed that each complex (except for MnII and ZnII) displays LMCT transitions, attributed 

to a S-thiolate to metal transition in the visible region. The LMCT transitions shift to lower energy as 

the metal ion is changed from FeII to CuII and increase in intensity. Concerning the B series, the LMCT 

transitions are observed at higher energy with lower intensity with respect to the A series.1 This is 

consistent with a lesser covalency for the alkyl-thiolate complexes compared to the aromatic-thiolate 

Figure 5.  Electronic absorptions spectra of [ML(SC6F5)], A (M = Mn, Fe, Co, Ni, Cu, Zn) in cyclohexane.
9
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complexes. As an example, the Cu-thiolate bond in series B is less covalent compared to that in the 

series A as attested by higher energy (26315 cm-1) and lower extinction coefficient for the LMCT. 

Regarding the effect of the metal, the covalency follows the following trend for both series: FeII –

thiolate < CoII –thiolate < NiII –thiolate <CuII–thiolate. 

Resonance Raman is another probe to estimate the covalency of M-thiolate bonds. Covalency can be 

related to a dominant strong peak at 400-421 cm-1, associated with M-S stretching. A strong intensity 

of the signal is characteristic of a strong covalency. The CuII-thiolate bond presents the highest 

intensity in resonance Raman followed by the Ni-thiolate and the Co-thiolate consistently with the 

absorption properties of the complexes.  

Although MCD is mainly used to assign absorption bands in UV-visible spectra, it also can give more 

insights into the covalency of the M-thiolate bond. Indeed, the MCD intensity of a LMCT transition 

related to M-thiolate bond is directly related to its covalency: the more negative, the more covalent. 

Sulphur K XAS spectroscopy is certainly the most direct method to quantify the covalency of M-

thiolate bonds.  Two main regions can be observed in XANES spectra: the pre-edge and the edge. The 

sulphur K pre-edge corresponds to a transition from the 1s orbital of a sulphur atom to an 

unoccupied orbital bearing both S 3p and M 3d character. The pre-edge features are thus observed 

at lower energy with respect to the edge ones (between 2469.7-2471.4 eV and 2471.8-2272.8 eV, 

respectively for the A series as shown in Figure 6). The pre-edge energy is controlled by two factors: 

the ligand field and the Zeff of the metal ion. Its energy position varies in the following trend: CuII < NiII 

< CoII. Interestingly, the intensity of the S K-pre edge features provides an experimental measure of 

the thiolate covalency. In particular, the area of the pre-edge peak directly probes the M-thiolate 

covalency: the largest integrated area, the highest covalency. For the A series, the M-thiolate 

covalency follows this trend: FeII < CoII < NiII < CuII, in agreement with the other spectroscopic 

investigations (see above).  

The edge consists of a core 1s electron absorbing energy equal or greater than its binding energy (1s-

>4p). As observed for the pre-edge, S K-edge transitions shift to higher energy with the following 

trend: ZnII < MnII < FeII < CoII = NiII < CuII. This can be explained by a decrease in the negative charge on 

the sulphur atom resulting from a covalent donation from the thiolate to the metal 3d orbitals.  
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Sulphur K-edge XAS experiments also provide information on the oxidation state of the metal ions. In 

a simplified model, it is expected that the pre-edge transition shifts to lower energies when the 

oxidation state of the metal ion increases, because the M(3d) orbitals are stabilized in presence of a 

higher positive charge on M (the S(1s) energy remaining virtually unchanged).  

1.3. Metal-thiolate complexes for efficient electron transfer. 

Electron transfer is an essential biological process required for all catalytic redox centers which 

would be defunct without a steady, reliable and rapid supply in electron.11 Transition metals, 

involved in multiple oxidation states, are well suited to fulfill this role. The most efficient centers 

involved in electron transfer contain at least one M-thiolate bond i.e. the blue copper sites (in 

cupredoxins), the mixed valent binuclear CuA site and iron-thiolate sulphur complexes, also called 

iron-sulphur clusters (in ferredoxins).  
 

1.3.1. Copper-thiolate centers. 

Biological copper-based electron transfer centers are divided into two families depending on their 

geometric and spectroscopic properties: mononuclear type 1 (T1) copper complexes present in blue 

copper proteins (plastocyanin and azurin, for example)6  and dinuclear CuA found in cytochrome c 

oxidase (CcO) and in nitrous oxidase reductase (N2OR) (Figure 7).7,12,13 Both types are involved in 

rapid and efficient electron transfer and both present highly covalent copper-thiolate bond(s).7,11 The 

oxidation state of the T1 sites cycles between CuII and CuI, while that of the bis(µ-thiolato) dicopper 

CuA complex between Cu1.5Cu1.5 and CuICuI. 

 

 

 

 

Figure 7. Schematic representation of (a) the mononuclear copper site in plastocyanine and (b) the binuclear 
CuA centers in cytochrome c oxidase (CcO) and in nitrous oxide reductase (N2OR).

7
 

Figure 6.  Normalized S K-edge XAS spectra of [M-S(C6F5)], (M = Mn
II
, Fe

II
, Co

II
, Ni

II
, Cu

II
 and Zn

II
). 

1s HOMO

1s σ*(S-C)
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The higher electron self-exchange rates (k) for CuA
14 compared to plastocyanine15 (2.2 x 108 M-1.s-1  

and 1.5 x 105 M-1.s-1, respectively) demonstrate that the electron transfer is more efficient in the 

dinuclear CuA site than in the mononuclear T1 site.16,17 This has been rationalized by the fact that a 

better delocalization of the unpaired electron over the {Cu2S2}
+ core occurs in the oxidized state of 

CuA (due to thiolate bridges and to a direct Cu-Cu bond) with respect to the mononuclear T1 CuII 

site,13 implicating a lower reorganization energy in the case of CuA. Blue copper proteins have high 

reduction potentials, in the range of +0.15 to +0.80 V vs NHE,7 and the dinuclear CuA center a 

narrower redox potential range of +0.10 to + 0.42 V.13,18,19 

Even if both T1 and CuA sites have attracted the attention of chemists, I decided to focus more on the 

dinuclear mimics due to the uncommon structure and exceptional efficiency of the CuA as electron 

transfer. I  the 90 s, the Tol a s g oup epo ted the fi st complex with a {Cu2(µ-SR)2}
+core that 

mimics the structural and electronic properties of CuA. The low coordination number (<5), thiolate 

bridges and the atypical distorted trigonal geometry are factors that contributed to the stabilization 

of this delocalized mixed-valence compound.20 However, it could t be stabilized at the CuICuI redox 

state (Figure 8). 

 

 

 

 

 

 

 

(a)                                             (b) 

 

 

Duboc et. al. have isolated and characterized the first dicopper system with a {Cu2S2} core stable at 

the two oxidation states (I,I) and (1.5, 1.5) well mimicking the biological CuA site (Figure 9).17 They 

reported that the estimated k value of 1.37 x 106 M-1.s-1 indicates that the model could achieve 

electron transfer faster than the mononuclear T1 site such as that one in plastocyanin, but slower 

than CuA because of the lack of a Cu-Cu bond in the mixed valent state. The redox potential of -0.79 V 

vs Fc+/Fc of the Cu1.5Cu1.5/CuICuI redox system of the model complex is much lower than that of CuA, 

in accordance with weaker axial bonding interactions in the biological site due to the methionine 

ligand.21  

 

Figure 8. (a) Structure of the CuA center of CcO issued from Thermus thermophilus in the mixed-valence state.
20

 

(b) Mixed valence model with a {Cu
2
(µ-SR)

2
}

+
 core.

80
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They also reported a mononuclear Cu complex with the same dithiolate ligand, displaying a 

reversible CuII/CuI redox couple of -1.3 V vs Fc+/Fc.13 This low redox potential, compared to that of 

the dinuclear complex can be attributed to a difference in charge donation with two thiolate ligands 

per Cu in the case of the mononuclear complex vs only one thiolate ligand per Cu for the dimer 

(Figure 10).17 

 

 

 

 

(a)                                                                    (b) 

 

In order to evaluate the capability of both systems to transfer electrons (Figure 10), their 

reorganization energies () have been calculated (parameters related to the electron transfer 

kinetics). The calculated values of 43.5 and 169.0 kJ.mol-1 for the monomer and the dinuclear Cu 

complexes, respectively, are consistent with the fact that the mononuclear system is faster than the 

dinuclear one. Contrarily, in the biological system, it has been shown that the reorganization energy 

is larger for the blue copper proteins (21-81 kJ.mol-1) than for CuA (15-50 kJ.mol-1).22,23 The rigidity of 

the dithiolate ligand prevents important structural modifications allowing a faster electron transfer 

for the mononuclear Cu complex with respect to the dinuclear Cu complex. On the other hand, the 

notable increase of the Cu-Cu distance during the oxidation process of the dinuclear Cu complex 

delays the electron transfer.13 

1.3.2. [Fe-S] clusters. 

[Fe-S] clusters are ubiquitous and origin from ancient prosthetic groups required for fundamental life 

processes.24 These clusters are mainly involved in electron transfer, but also in substrate 

Figure 9. Representation with principal distances of the {Cu2S2} core of the dinuclear copper complex model.
17

 

Figure 10. (a) Mononuclear Cu complex and (b) a dinuclear Cu complex, models of Cu-based proteins.
13
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binding/activation, iron-sulphur storage and regulation of gene expression. Their efficiency to 

transfer electrons arises from their ability to delocalize electron density over both Fe and S atoms.  

These [Fe-S] clusters are composed of Fe ions and inorganic sulphide (S2-) with cysteinates generally 

completing tetrahedral coordination at each Fe site. The Fe-S bond is highly covalent and displays 

unexpected mechanical lability, i.e the Fe and S atoms can (de)coordinate very rapidly in 

physiological conditions. This lability can be quantified by the measure of the mechanical rupture 

force: the mechanical rupture force of the Fe-S bond (200 pN) is particularly low compared to the Au-

S bond (while the covalency of these two bonds are comparable) or to the S-S bond (> 1 nN) 

perceived as a weaker covalent bond.25 The clusters are generally bound to proteins via the 

cysteinate functions. There are two families of [Fe-S] centers: (i) the Fe monomers coordinated to 4 

cysteines, commonly named rubredoxins (Rd), which do not properly belong to [Fe-S] clusters but 

will be considered as such in the following, 26 and (ii) the [Fe-S] clusters, present in ferredoxin 

proteins and composed of at least two Fe ions and two inorganic sulphides. There are several types 

of clusters depending on the number of Fe ions and S2- ions, the coordination sphere of the Fe and 

the redox properties of the clusters: [2Fe-2S] and Rieske [2Fe-2S], [3Fe-4S], [4Fe-4S] and HiPiP [4Fe-

4S] (High potential iron-sulphur protein) and [8Fe-7S] (Cluster P) consisting of two incomplete [4Fe-

3S] cubane units linked by a six-coordinate sulphur atoms (µ6-S)2 present in nitrogenase (Figure 11). 

In all clusters, the oxidation state of the Fe ion cycles between +II and +III. 

 

 

 

 

 

 

 

There are two kinds of [2Fe-2S] clusters: (i) one with only S-donor atoms and (ii) one with two 

histidines instead of two cysteines leading to a N2S2 coordination sphere for one Fe site.27 The latter 

corresponds to the Rieske protein (Figure 11).  There are also two types of [4Fe-4S] clusters: the [4Fe-

4S] clusters in which three S2- can interact with the lateral peptidic chain via hydrogen bonding(s), 

and the more hydrophobic HiPiP [4Fe-4S] clusters.  

Figure 11. Structure, core oxidation states of crystallographically defined [Fe-S] clusters and their oxidation 

states. Iron is shown in red nitrogen in bleu and sulphur in yellow.
24

 (The [Fe-S] cluster with two nitrogen 

atoms, corresponds to the Rieske protein).  

n =1+, 0

[4Fe-4S]n

n = 3+, 2+, 1+, 0

[8Fe-7S]n

n =  4+, 3+, 2+n = 2+, 1+

[2Fe-2S]n [3Fe-4S]n[2Fe-2S]n
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4Fe cluster in [8Fe-7S]
Cluster P

Rubredoxins

2Fe cluster in [2Fe-2S] 

Ferredoxins

2Fe cluster in [2Fe-2S] 

Rieske

3Fe cluster in [3Fe-4S] Ferredoxins

4Fe cluster in [4Fe-4S] Ferredoxins 4Fe cluster in HiPiP

[Fe-S] clusters mainly provide specifically one-electron transfer, except the double cubane [8Fe-7S] 

cluster found only in nitrogenase (P cluster) that can act as a two-electron carrier due to the 

presence of two associated clusters.24,25 The electron transfer redox potential can vary from ~0.5 to 

~-0.7 V vs NHE including the all types of clusters (Figure 12).26 The redox potential range of clusters 

issued from the same families can be very large. Concerning the [2Fe-2S] clusters, the Rieske proteins 

display a higher redox potential range for [2Fe-2S]2+/+ (-0.1-(+)0.4 V vs NHE) compared to those in 

ferredoxins (-0.4-(-)0.2 V vs NHE). This difference comes from the presence of two histidines in the 

Rieske proteins coordinated the one Fe instead of two cysteines in the ferredoxins, modifying the 

electronic environment of the overall cluster. Two different types of [4Fe-4S] clusters present also a 

large range of redox potentials but they involve different oxidation states: HiPiP (High potential iron-

sulphur protein) [4Fe-4S]3+/2+, [4Fe-4S]2+/+ and thus share only one oxidation state, [4Fe-4S]2+. As HiPiP 

[4Fe-4S]3+/2+ clusters involved higher oxidation states, they are oxidized at higher redox potentials 

compared to [4Fe-4S]2+/+ (Figure 12). The performance of the P cluster to transfer electron remains 

unclear. It is proposed that the P cluster can undergo different physiological oxidation states (+4, +3, 

+2). The redox potential of [8Fe-7S]4+/3+ has been found to be pH dependent, while the redox 

potential of [8Fe-7S]3+/2+ remains unchanged with pH variation, demonstrating that the protonation 

has no effect on the  [8Fe-7S]3+/2+ oxidation states.28 

 

 

 

 

 

 

Synthesis of low nuclearity iron-sulphur clusters permits to get more insights into the protein sites 

through the investigations of original structures and the examination of their reactivity. By chemical 

models, it has been demonstrated that the efficiency of the electron transfer rate is related to (i) the 

high-spin electronic configuration in two accessible oxidation states, (ii) the low inner-sphere barriers 

to electron transfer, and (iii) the easy structural conversion. These abilities are due to the weak-field 

properties of thiolate and sulphide, sulphide having the capacity to maintain the effective S2- 

oxidation states even in the presence of one or several FeIII ions. 

The first synthetic models of the [FeS] proteins have been reported in the 1970s, especially with 

Figure 12.  Experimental range of reduction potential (vs HNE) of various subclasses of Fe-S proteins (Rd
3+/2+, 

[2Fe-2S]
2+/+

, HiPiP [4Fe-4S]
3+/2+

, [4Fe-4S]
2+/+

, [3Fe-4S]
+/0

, [8Fe-7S]
4+/3+

, [8Fe-7S]
3+/2+  

.
26,81,28

 



Introduction 

20 

 

mimics of rubredoxin. As an example, [Fe(SCH2CH2OH)4]
-/2- has a redox potential of -0.11 V in water, 

close to the 0.10 to –0.10 V range found of most native rubredoxin proteins.37 The Meyer s group 

reported the best synthetic analogue of the Rieske cluster that undergoes fast concerted proton and 

electron transfer at a rate of 9.5 1.2 104 M-1.s-1 (Figure 13). The Epc redox potential of this compound 

is -1.50 V vs Fc+/Fc (converted at -0.73 V vs NHE) in MeCN and is shifted to -1.27 V in the presence of 

protons confirming their roles in the Rieske proteins.38 

 

 

 

 

 

                                           (a)                                                                     (b) 

 

Models of the P cluster with different sizes and topologies have been synthesized in order to 

understand its peculiar properties.39 Among these mimics, the group of Tatsumi reported a series of 

[8Fe-7S] clusters composed of two or four thiolate ligands (Figure 14). The redox properties of these 

clusters reveal two quasi-reversible one-electron reduction processes. The oxidation states involved 

in these processes are the same than in the P cluster, i.e. 6FeII2FeIII for the oxidized form and 8FeII for 

the reduced one. This series exhibits two quasi-reversible one-electron processes: the redox 

potentials vary from -1.18 to -1.89 V vs Ag+/Ag for the first redox system and to -1.51 to -2.25 V for 

the second redox system, the potential shifts depending on the coordination sphere of the clusters.2 

The replacement of neutral thiourea by thiolate anion results in a negative shift, because the 

negative charge makes the reduction more difficult. On the contrary, the substitution of the thiolate 

 a ide liga d leads to a positi e shift att i uted to a st o g σ/π do atio  f o  the a ide ligand. 

 

 

 

 

 

Holm and co-workers reported a series of [4Fe-4S] clusters and evidenced the existence of the [4Fe-

Figure 13. (a) [Fe(SCH2CH2OH)4]
- 
complex,. Rubredoxin model.

37
 (b) Rieske model: differic cluster FeN

III
FeS

III
.
38

 

Figure 14. Examples of the P cluster models with two amides and two thiolates (left)  and four thiolates  (right).
2
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4S]0  oxidation state in the iron protein of nitrogenase, raising the issue of the physiological presence 

of such reduced state in proteins. However, the redox potentials of the synthetic [4Fe-4S]+/0 are 

much smaller than those of the [4Fe-4S] clusters found in nitrogenases ( -1.5 V vs NHE and -0.46 V 

vs NHE, respectively).40 

In the [NiFe] hydrogenase (see below), the active site formed by a NiFe complex site is close to an 

[4Fe-4S] cluster. Recently, a complete investigation including biochemical, electrochemical, 

spectroscopic and X-Ray crystallographic analysis on the O2 tolerant [NiFe] hydrogenase has been 

carried out to evaluate the role this [FeS] cluster on its O2 tolerance. It has been demonstrated that 

this proximal [FeS] cluster is notably different from the cluster present in the O2-sensitive [NiFe] 

hydrogenase. While conventional [4Fe-4S] clusters are coordinated to four cysteine residues, that in 

the O2 tolerant [NiFe] hydrogenase is ligated to six cysteine residues leading to an open and flexible 

cyst6[4Fe-3S] configuration. The peculiarity of such a cluster is its ability to provide two electrons, 

while in regular [4Fe-4S] cluster could only be involved in one electron transfer. This ability seems to 

be a crucial factor in detoxification of O2.
41 

1.4. Reactivity of thiolates in metal-thiolate complexes. 

The coordination of an alkyl thiolate to a metal can lead to the activation of the sulphur atom for 

promoting different types of reactions including S-alkylation, S-oxygenation, S-nitrosylation and 

disulphide formation. While the three first processes require an additional substrate, i.e. alkyl 

derivatives, O2 or derivative species and NO, respectively, the formation of metal-bound disulphides 

from metal-thiolate complexes only necessitates an intra- or intermolecular redox process. Therefore 

these t o t pes of ea ti it  ill e disti guished i  the follo i g pa t as “-reactions  a d 

disulphide fo atio .  

1.4.1. S-reactions. 

In Nature, it has been shown that the activation of small molecules such as alkyl derivatives, O2 and 

derivatives or NO lead to these S-reactions catalyzed by specific active sites of metalloenzymes: S-

alkylation42 by the Ada protein or methionine synthase for examples, S-oxygenation by nitrile 

hydratases (NHase) or cysteine dioxygenase43 and S-nitrosylation by haem proteins and type I Cu 

proteins (Figure 15). Interestingly, the activation of small molecules such as O2 and derivatives or NO 

by metal-thiolate complexes can lead to products that differ from those generated via S-reactions. As 

examples, Ni superoxide dismutase44 (SOD) or superoxyde reductase (SOR) react with the highly 

reactive O2°
- without altering the cysteine residue(s) bound to their respective metal, while the 

metal-bound thiolates in the active site of the nitrile hydratases are oxidized using O2 as oxidant. In 
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the same vein, NO can react with haem proteins possessing an axial cysteine to generate either 

metal-NO or metal-S(NO)-cysteine complexes.45 What are the factors that govern such reactivity? 

The bio-inspired approach has been very fruitful to give insights to this fundamental question. 

 

Figure 15. Active site and activity of enzymes discussed in this paragraph. 

1.4.2. Activation of O2 and derivatives.  

While the mechanism of the NiSOD, at a molecular level, is not fully established, especially on the 

controversial question of an inner versus outer sphere reactivity, the characterization of FeIII-

hydroperoxo (FeIV-oxo) species during the catalytic cycle of the SOR (mutant) unambiguously 

demonstrates that O2
°- is directly activated by the metal center (Figure 16).46 The biomimetic models 

of the SOR developed by Kovacs et al. have shown that the Fe-bound cysteine is protected against S-

oxygenation because the thiolate is located in a trans position with respect to the peroxo, promoting 

the protonation and release of H2O2 (Figure 16).47 The same reactivity is also observed for the 

cytochrome P450, which reacts with O2 and has an apical thiolate trans to the open coordination site 

(Figure 16). However the O-O cleavage promoted by the cysteinate is favored in the case of the 

CytP450, while for the SOR, the spin state of the FeIII-hydroperoxo leads to a preferential Fe-O 

cleavage (FeIII-hydroperoxo: S = 5/2 in SOR vs S = 1/2 in CytP450).  
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Figure 16. (left) Fe
III

-hydroperoxo intermediate in SOR characterized by X-ray diffraction;
46

 (middle) Fe
II
-trans-

thiolate SOR model; (right) Fe
II
-trans-thiolate SOR model.

47
 (cis and trans with respect to the vacant position) 

The chemistry of the NiSOD has been explored via the development of either metallopeptides-based 

or small Ni-based mimics.48–50 These works highlighted the role of the thiolates. In combination with 

the amine/amidate donor set, they tune the NiIII/NiII redox couple to a physiological window of the 

superoxide redox potentials. Besides, their protonation leads to a stabilization of the S-based orbitals 

and thus, to a global decrease of the S-reactivity (Figure 17). Furthermore, kinetic studies of mimics 

in the presence of H2O2 have revealed that the S-oxygenation is kinetically limited and thus inefficient 

in physiological conditions.44  

 

 

 

 

Figure 17. (left) Example of a Ni-based mimic of the NiSOD;
48–50

  (right) metallopeptide based mimic of the 

NiSOD with the proposed role of the protonation of one cysteine residue during the catalytic cycle.
48

  

NHase requires an activation process to be active towards the hydration of nitriles, involving the S-

oxygenation of two metal (Fe or Co)-bound cysteinates into sulphinate and sulphenate species, 

respectively. This unusual reactivity combined with the unprecedented structure of the 

corresponding active sites has attracted the attention of chemists.51,52,53 Based on these results, it is 

suggested that the final active complex is obtained after the sequential S- oxygenation of each of the 

cysteinate with an intermediate species containing one sulphinate and one thiolate (Figure 18). Such 

conclusion corroborates the current proposed mechanism for nitrile hydratation catalyzed by the 

NHases, in which the sulphenate is directly involved in the reaction as nucleophile agent, the O-atom 

of the SO- group being thus exchangeable (Figure 18).54,55 It was also evidenced that the oxidized 

thiolate ligands are crucial to maintain the low spin state of the metal, which is essential for the 

binding and activation of nitrile substrates. On the other hand, the S-oxygenation mechanism is still 
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not well understood because this complicated maturation process involves several protein partners 

and neither their role nor their intervention sequences are known.  

 

 

 

 

Figure 18. (left) Example of a Co-based mimic of the NHase highlighting the sequential S- oxygenation 

process,
52

 (right) proposed mechanism for the NHase evidencing the role of the sulphenate as nucleophile 

agent.
55

  

1.4.3. NO activation.  

NO is an important gasotransmitter involved in a variety of physiological processes. In particular, NO 

is implicated in dynamic post-translational regulation of proteins via S-nitrosylation that requires one 

electron oxidation of the complex formed between the thiol and NO. It has been proposed that redox 

active metals could act as electron acceptors. While the direct binding of NO to the metal before its 

subsequent reaction with the thiolate has been largely described as in the case of haem proteins, the 

reversible insertion of NO into a Cu-bound thiolate via the generation of the unprecedented [CuI](1-

N(O)SR) motif has been recently reported (Figure 19).56,57 This demonstrates that metal-bound 

thiolate could directly activate NO to form S-nitrosylated products. The reversibility of the process 

suggests physiological signaling action of NO to control the electron transfer at copper-thiolate redox 

center 

 

 

Figure 19. Reversible insertion of NO into a Cu-bound thiolate via the generation of the unprecedented 

[Cu
I
](1

-N(O)SR) motif.
56

  

1.4.4. S-alkylation. 

 In biology S-alkylation, mainly mediated by Zn-containing enzymes, is fundamental as it is involved in 

the biosynthesis of the methionine and in DNA repair, for instance. S-alkylation exploits the 

nucleophilicity of the thiolate sulphur atom and two different mechanisms can be envisaged with 

respect to the charge of the complex: (i) a dissociative pathway for anionic species, i.e. the metal-

sulphur bond is split, followed by a SN2 reaction and (ii) an associative pathway for neutral species, 

i.e. a SN2 reaction involving the metal-bound thiolate. The reactivity of synthetic metal-thiolate 
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complexes towards S-alkylation has been extensively investigated (see an example in Figure 20) 

especially to analyze the covalency of the metal-thiolate bond as it is directly related to the 

nucleophilicity of the thiolate in order to understand why the Nature preferably chooses ZnII for such 

reactivity. These studies have highlighted two points. First, in series of complexes, the kinetics of the 

reaction is always better or comparable with ZnII compared to other metals such as NiII, CoII, FeII, CuII. 

Second, the decoordination of the alkylated product rapidly occurs after S-alkylation predominantly 

with ZnII, while it remains bound to the other metals.13,58,59  

 

Figure 20. S-alkylation processes with a series of dithiolate complexes with M = Zn
II
, Co

II
 and Ni

II
.
13,58

 

1.4.5. Metal-based disulphide formation.  

Thiolate/disulphide interconversion is involved in many essential physiological processes including 

folding of proteins and control of the reactivity of a protein as a signaling factor. More recently, the 

idea that metal ions, especially Cu, can be involved in such a process has emerged. It has been 

evidenced that Sco proteins are implicated in the assembly of the CuA complex of the human 

mitochondrial cytochrome c oxidase but can also act as redox signaling and regulation of copper 

homeostasis in eukaryotes via a proposed CuII-thiolate/ CuI-disulphide interconversion.60 Besides, it is 

also argued that the -amyloid peptide i pli ated i  Alzhei e s disease p edo i a tl  i ds ) II in 

non-pathologic conditions leading to a normal concentration in reactive oxygen species owing to a 

transmetallation process. This process occurs via the interaction of a CuII--amyloid and a ZnII-

containing metallothionein generating a ZnII--amyloid and a CuI-containing metallothionein, in 

which the cysteine residues have been oxidized into disulphide in order to sequester Cu. Such 

biological observations and hypothesis pushed chemists to better understand the role of the metal 

and the external stimulus to control the thiolate /disulphide interconversion. Because part of the 

work presented in this thesis deals with a related project, this part is developed in the introduction of 

chapter III (see below).  
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1.5. Metal-thiolate/sulphide centers for the activation of small 

molecules. 

M-S (S= thiolate/sulphide) bond can be involved in the active site of enzymes responsible for the 

activation of small molecules, including enzymes implicated in the activation of O2 and derivatives  

(see above), of N2 by the nitrogenase or N2O by the N2O reductase, of CO and/or CO2 by the CO 

dehydrogenase (CODH) and acetyl CoA synthase (ACS), and of H2 and H+ by the hydrogenases (Figure 

21). While a short description of these enzymes is proposed below, the [NiFe] hydrogenase is 

introduced in chapter I in more details.   

 

 

 

 

 

 

 

 

 

Figure 21. Representation of the enzymes involved in the cycle of nitrogen (up), carbon (middle) and hydrogen 

(down): a) N2OR,
61

 b) nitrogenase,
62

 c) Mo/Cu CODH,
63

 d) Ni/Fe CODH,
63

  e) ACS,
64

  f) [Fe-Fe] hydrogenase
65

 and 

g) [NiFe] hydrogenase.
66

 

1.5.1. N2O and N2 reduction 

The different biochemical processes of the global nitrogen cycle are performed by bacteria in their 

effort to harvest energy or to accumulate useful forms of nitrogen for their growth. Among these 

transformations, two occur by means of metalloenzymes containing metal-thiolate/sulphide bonds in 

their active sites, i.e.: i) the reduction of nitrous oxide (N2O) to molecular nitrogen (N2) by nitrous 

oxide reductases (N2OR)) a d ii  the fi atio  of N2 into ammonia (NH3) by nitrogenases (Equation 1 

and 2, respectively) shown in Figure 21. 

N2O + 2H+ + 2e-  N2 + H2O               (Equation 1) 

N2 + 6H+ + 6e-  2NH3                             (Equation 2) 

N2OR contains two copper sites: a binuclear CuA electron transfer site, and an unprecedented 

tetranuclear copper sulphide- idged luste  alled CuZ , (Figure 21a) bound to seven His residues, 

which is believed to be the site of N2O binding and reduction. The presence of a sulphide in the active 

a b

c d e

f g
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site may be responsible for (i) promoting electron delocalization, which should stabilize the transient 

oxidized state, thus contributing to lower the reorganization energy of the redox processes 

accompanying catalysis and (ii) placing the coppers in a geometrical arrangement well adapted to 

favor the bent geometry of the bridged N2O molecule. Investigations on model complexes helped to 

get insights into catalytic intermediates of N2OR and to understand structure–function 

relationships.61,67    

The Mo-dependent nitrogenase68 (Figure 21b) is a two-component system: the MoFe protein 

o tai s the i o − ol de u  ofa to  FeMo o  as a  u p e ede ted [Fe7CS9Mo;homocitrate] 

cluster, identified as the catalytic site, and a P-cluster, which shuttles electrons from the Fe protein to 

FeMoco. The seven iron centers of the FeMoco are all 4-coordinated and their trigonal prismatic 

arrangement generates three open Fe4S4 faces, one of which is proposed to host the N2 binding and 

reduction site. The currently proposed mechanism for N2 binding and reduction to NH3 by FeMoco 

involves a key intermediate generated by a transient protonation of the sulphide ligands, so that they 

could act as proton relays assisting ammonia formation (Figure 22). Sulphides are also key players to 

assure a geometric and electronic communication between multiple Fe centers, which may facilitate 

cooperation between multiple Fe centers for labilizing and breaking the N-N bond. 

Only recently the first Fe model complexes containing sulphur ligands that are also able to bind and 

activate N2 have been described, with aryl thiolate being the best reported models for the sulphides 

of FeMoco (Figure 22).  

  

                              

 

 

 

 

                                (a)                                                       (b)                                                    (c) 

Figure 22. Thiolate−i o −N2 (or related) model complexes.39 

The fi st e a ple of a thiolate−i o −N2 species is the binuclear complex of Figure 22a, stable in three 

oxidation states, which generates ammonia after treatment with excess KC8 and [H(OEt2)2]BArF4. A 

terminal mononuclear Fe-N2 complex (Figure 22b) features partial coordination of an arene group, 

thus displaying close coordination of two S and one C: this is also a plausible N2 binding mode for 

FeMoco. Other thiolate-iron complexes, as the thiolate-bridged one of Figure 22c are able to activate 

a d edu e diaze e a d h d azi e, e e  if the  do t i d N2.  
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However, synthetic model chemistry is only in its first stages in the attempt of fully understanding 

the N2 binding and reduction process by FeMoco and of identifying reaction intermediates. 

 

1.5.2. CO2 and CO activation 

The oxidation of CO to CO2 (Equation 3) allows organisms to grow on CO atmosphere as a sole source 

of carbon and energy. This process is catalyzed, close to the thermodynamic potential, by two 

different forms of CO dehydrogenase (CODH), one present in aerobic bacteria (Mo/Cu-containing 

CODH), and the other one active in anaerobic bacteria (Ni/Fe-containing CODH) (Figure 21).69 

CO + H2O  CO2 + 2H+ + 2e-               (Equation 3) 

Anaerobic CODH is frequently associated to acetyl-CoA synthase (ACS) in a bifunctional cluster 

CODH/AC“  that atal zes C−C o d fo atio  f o  a eth l g oup a d the a o  o o ide 

generated from CO2 by CODH, generating the metabolic intermediate acetyl-CoA from the Coenzyme 

A (CoA) (Equation 4).64 

CO + CH3-Co + CoA  CH3-CO-CoA   (Equation 4) 

Remarkably, all these enzymes contain metal-bound thiolates and/or sulphides in their active sites. 

The bridging sulphide in the Mo/Cu CODH69 (Figure 21c) between the two metallic sites, is proposed 

to be the key player to achieve the high delocalization between the two metal centers forming 

strongly covalent Mo-S and Cu-S bonds. In the Ni/Fe CODH (Figure 21d), the thiolates and sulphides 

from the cubane may contribute to an apparent planar T-shaped geometry. In the active site of ACS, 

the A-cluster (Figure 21e), the nickel Nip center is thiolate-bridged to a Fe4S4 cluster and to the 

second nickel Nid site, forming a T-shaped tris-thiolate coordination capable of coordinating the CO 

substrate. Due to the three coordinated thiolates, NiP is in a favorable environment to coordinate CO 

and to activate it. 

Even if many structural models have been reported for aerobic CODH, no reactivity towards CO has 

been reported so far, and no functional models that include a sulphur-rich coordination 

environment. Concerning biomimetic chemistry of Ni/Fe-CODH, the obtaining of Ni-Fe heterometallic 

clusters has proven to be a big synthetic challenge. Few examples of NiFe3S4 cubane complexes are 

now reported in the literature, including the two most relevant examples that are shown in Figure 

23.64 However, all these clusters lack a pendant iron like that of the C-cluster. In addition, none of the 

reported model complexes has yet been reported to be active for catalytic interconversion between 

CO and CO2 
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Figure 23:  Most relevant structural models the Ni/Fe-CODH active site.
64

 

 

Biomimetic studies of the active site of ACS have focused on reproducing the Nip or the bimetallic 

Nip−Nid environment, omitting the [Fe4S4] complex.64 The ensemble of these studies confirms the 

chemical inertness of Nid
 and the high reactivity (substrate binding, reducibility) of the labile Nip. 

Among the reported model complexes, the dinuclear Ni complex of Figure 24a includes one nickel 

atom in a bis-amide/bis-thiolate environment that structurally mimics Nid, and a second Ni center (in 

a P2S2 coordination sphere) that reproduces in part the reactivity of Nip. Indeed, its reduced NiINiII 

form can bind CO and be further reduced to the Ni0NiII state. As a further step, the NiINiII complex of 

Figure 24b was shown to accept a methyl group from methylcobaloxime to generate a thioether 

upon reaction with CO, thus mimicking the reaction catalyzed by the acetyl-CoA synthase.70  

 

Figure 24. Most relevant structural/functional model of the ACS enzyme.
64,70 

1.5.3. H2 and H+ activation. 

Hydrogenases play a key role in microbial energy metabolism,71 since they catalyze the reversible 

reduction of protons into hydrogen (H2). The multiple classes of hydrogenases are divided into three 

main families, based on the metal content of their active site, namely the [Fe], [FeFe] and [NiFe] 

hydrogenases. This section will mainly focus on the [FeFe] hydrogenase, because the [Fe]-

hydrogenase [NiFe] hydrogenase will be fully described in the introduction part of chapter I. The [Fe] 

hydrogenase will be not further discussed in the context of this tutorial because it follows a complete 

different mechanism than that proposed for the two other families of hydrogenases. In the dinuclear 

Fe center (Figure 21), the two Fe ions are bridged by an unprecedented azadithiolate ligand in 

biology. The coordination sphere of both metallic ions is completed by carbonyl and cyanide ligands. 

A [4Fe-4S] cluster is linked to the diiron unit by a cysteinyl residue. Due to its uncommon 

a b
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coordination environment, this active site has attracted attention of chemists that have developed 

number of diiron dithiolate mimics with the following aims: (i) synthesis of structural models, (ii) 

development of bio-inspired electro- and photocatalysts for H2 production, (iii) investigation of the 

catalytic mechanism and (iv) biomimicry of intermediates such as hydride species.72 In 2001, 

Rauchfuss reported the first diiron dithiolate complex capable to reduce protons electrochemically. 

This has opened the path to the synthesis of structural and/or functional model complexes. 73 

 

Figure 25. First diiron dithiolate complex capable of producing H2, electrochemically.
73

 

 

Currently, all diiron dithiolate models require significantly larger driving force and display lower 

activity than the [FeFe] hydrogenases for electrochemical production of H2. This trend can be 

explained by differences between models and enzyme in structure and mechanism including (i) the 

replacement of CN- by CO or phosphine derivatives that lowers the basicity of the Fe ions and then 

the stability of hydride species and (ii) the lack of an [4Fe-4S] cluster at close proximity to the diiron 

site, raising the importance of such a unit in the efficiency of this enzyme.  

Plan of the thesis. 

The purpose of the work described in this thesis is the synthesis and the characterization of bio-

inspired molecular complexes containing metal-alkyl thiolate bonds for either modeling the active 

site of enzymes that activate small molecules, understanding the factors that influence the reactivity 

of the bound thiolates for thiolate/disulphide interconversion or defining the structural parameters 

that control the electronic and magnetic properties of the corresponding complexes. As described 

above, the synthesis of controlled nuclearity, low oxidation state complexes with alkyl-thiolate 

ligands is challenging due to their sensitivity to oxidation (S-oxygenation, disulphide bond formation). 

In this context, the tetradentate N2S2 (LS) ligand has been used (Figure 26) because it contains (i) the 

non-innocent bipyridine unit, well known to stabilize different oxidation states of a metal center, (ii) 

bulky substitutions on the -carbon of the thiolate donor atoms to protect them and (iii) alkyl 

thiolates to correctly reproduce the redox and electronic properties of the M-S bonds involving 

cysteines. 
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Figure 26. A schematic diagram of the ligand used in this thesis, LS 

Before my arrival, researches have been carried out using this LS ligand in our group, with CuII,13,17 

NiII,74,75 ZnII,76 Co17 and V77  derivatives. From these studies, the corresponding complexes were used 

as structural mimics for thiolate containing metalloproteins or to develop new catalysts. These 

compounds were able to mimic some specific properties such as electronic properties and reactivity.  

This thesis details the continuation and extension of the previously reported work with the activation 

of small molecules and the description of factors that influence the magnetic properties of such 

complexes. This manuscript is divided into four chapters. The two first chapters deal with activation 

of small molecules (H+ and O2, respectively), the third with the reactivity of metal bound thiolate 

toward disulphide formation, while the last reports on the magnetic properties of an unusual series 

of intermediate spin CoIII complexes. 

The first chapter reports on the synthesis and characterization of two NiIIFeII complexes, along their 

catalytic activity toward proton reduction. The goal of this chapter was to mimic the active site of the 

[NiFe] hydrogenase and to understand the mechanism of its catalytic activity. A mechanistic 

investigation, using electrochemistry, UV-Vis, EPR, NMR, Mossbauer spectroscopies and 

computational calculations, has been carried out on the intermediate species involved during the 

catalysis. The inhibition of the catalytic activity in the presence of CO has been also investigated for 

both complexes.  

Chapter II concerns the activation and the catalytic reduction of O2 by a dinuclear MnII-thiolate 

complex to understand which factors influence a 2-electron vs 4-electron reduction promoting the 

production of H2O2 or H2O, respectively. The O2 activation and reduction pathways, under both 

stoichiometric and catalytic conditions, have been investigated. Finally, different high valent 

complexes arising from O2 activation have been characterized and their role in the O-activation 

mechanism is discussed. 

Chapter III reports the synthesis and characterization of a new dinuclear disulphide-bridged MnII 

complex, isostructural to a CoII-parent compound.78 Its reactivity with halide anions (in particular 

with iodide) has been investigated. The coordination of the halide to the metal ion induces a 
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disulphide to thiolate conversion with the concomitant oxidation of the metal from MII to MIII, 

leading to mononuclear halide CoIII and MnIII complexes. In combination with theoretical calculations, 

the reactivity of the cobalt and manganese systems are compared and discussed. 

Chapter IV focuses on the magnetic properties of the penta-coordinated halide CoIII complexes 

described in chapter IIII. With the combination of experimental and calculations the intriguing 

magnetic behaviors of these intermediate S = 1 CoIII compounds have been rationalized and 

compared with the isostructural iodide MnIII complex, which display an S = 2 ground spin state. 

 

The crystallographic structures have been resolved by Jacques Pécaut (CEA Grenoble) and the 

structure of Ni
II
Fe

II
Cp* by Christian Philouze (Université Grenoble Alpes). All reported quantum 

chemical calculations have been carried out in collaboration with Maylis Orio (Université Aix-

Marseille, iSm2). In chapter II, the synthesis and the characterization of initial dinuclear MnII and MnIII 

complexes have been carried out by Marcello Gennari (Université Grenoble Alpes, DCM). In chapter I, 

Mossbauer measurements have been performed by the F a  Me e s g oup Ge a , Institute für 

Anorganische Chemie). The foot-of-the-wave analysis has been achieved by Nicolas Queyriaux and 

Vincent Artero (Université Grenoble Alpes, LCBM). XAS measurements for Mn
II

2SH, Mn
III

2OH have 

been performed by Serena DeBeer (Germany, MPI für Chemische Energiekonversion) and for 

Mn
IV

2(O)2 by Kallol.Ray.(Germany, Humboldt-Universität, Berlin) Magnetic measurements have been 

achieved by Rodolphe Clérac (Université de Bordeaux I) 
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Résumé 

Leà is ueàd’ puise e tàdesà essou esàfossilesàcombiné aux problèmes environnementaux (émission 

de CO2) témoigne du caractère non durable du modèle énergétique actuel. Dans un contexte où la 

demande en énergie est toujours oissa te,à ilà de ie tà essai eà d’o ie te à etteà t a sitio à

énergétique vers un nouveau modèle, impliquant deà ou ellesàsou esàd’ e gieàalte atives, pour 

stoppe àl’a tuelleàdépendance aux énergies fossiles, génératrice de pollution. 

L’h d og eà ol ulai eà H2) représente un vecteur énergétique idéal et plus spécifiquement dans le 

secteur des transports. Même si le pouvoir calorifique volumique de l’h d og e (H2) est trois fois 

moins grand que le gaz naturel (~13 contre 40 MJ.m-3),  sa densité énergétique massique est 2,2 fois 

plus grande (120 contre 50 Kj.g-1). Utilisé dans une pile à combustible, il permet la production 

d’ le t i it àdeà a i e propre et efficace. En effet, dans une pile à combustible sa réaction avec O2 

ne produit pas de sous-p oduitsàpollua ts,àl’eauà ta tàleàseulàd het.àN a oi s,à o t ai e e tàau à

énergies renouvelables ou fossiles, H2, sousà saà fo eà ol ulai eà duiteà ’est pas directement  

disponible dans la nature. Il ’està p se tà ueà sous forme oxydée comme dans H2O ou dans les 

molécules organiques de la biomasse. Ainsi, bie à ueà l’utilisatio à d’H2 pose de nombreuses 

problématiques comme son stockage ou sa distribution, sa production reste le problème majeur car 

des réservoirs « indirects » de H2 doivent être utilisés. De nos jours, 95 % d’H2 est produit par 

reformage des hydrocarbures (principalement le gaz naturel) :1a ce processus est le moins cher mais il 

produit du dioxyde de carbone (CO2 .àPa à o s ue t,à eàp o d à eàs’i s itàpasàda sàu às h aàdeà

développement durable et ne constitue pas une alternative à notre dépendance aux énergies 

fossiles. Une façon non polluante de produire H2 se fait par électrolyse de l’eau,à en utilisant 

l’ le t i it àqui p o ie tà deà essou esà d’ e gieà e ou ela les solai e,à olie e… .à Cepe da t,à leà

atal seu à leà plusà utilis à da sà lesà s st esà d’ le t ol seà à e a eà pol i ueà leà s st e 

actuellement le plus prometteur du fait de sa compacité, de bon rendements et adaptables aux 

énergies renouvelables intermittentes) est composé de platine, un métal noble dont les ressources 

sont limitées.2 Ce procédé est actuellement trop coûteux pour être utilisé à grande échelle. Dans ce 

contexte, la recherche de nouveaux catalyseurs qui ne contiennent pas de platine représente un défi 

majeur pour les chimistes. 

LaàNatu eàaàd elopp àdesà atal seu sàa tifsàpou à laàp odu tio àd’H2. Ce sont les hydrogénases. Il 

existe deux lassesàd’h d og ases, basées sur les métaux qui composent leur site actif :  les  [Fe-Fe] 

et les [Ni-Fe].2  les hydrogénases catalysent la réduction réversible des protons en H2 (Equation 1) à 

                                                           
1a

 Source : AFH2, Association Française de l’hydrogène. 
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des taux  atal ti uesà t sà le s,à jus u’ à . 4 cycles catalytiques par seconde à 30°C et à un 

pote tielàp o heàdeàl’ uili eà -400 mV vs NHE, pH = 7).  

                                                                                        

(Equation 1)  

 

áuà ou sà deà eà hapit eà seuleà l’h d og aseà à [NiFe] sera discutée. Notons que ses performances 

rivalisent avec celles des catalyseurs à base de platine. 

Laàp e i eàst u tu eàduàsiteàa tifàdeàl’h d og aseà[NiFe] a été caractérisée 1 en 1995 par Volbeda 

et al. Ilàs’agit un complexe hétérobimétallique original de NiFe o pos àd’un ion Fe coordonné à un  

ligand CO et deux CN- (Figure 1 ,à età d’u  ion Ni coordonné à quatre résidus cystéines dont deux 

forment un pont entre les deux métaux.  

  

 

 

 

 

 

Figure 1. “iteàa tifàdeàl’h d og aseà[NiFe]à a àetàleà leà atal ti ueàp opos à . 

áp sàplusieu sàd e iesàdeà e he hesài te si es,àilàaà t à o u e tàp opos à u’ilàe isteàt oisà

états intermédiaires actifs impliqués durant la catalyse (Figure 1), soit Ni-SIa (vert), Ni-R (rouge) et Ni-

C (violet).  Au cours de ce cycle, H2 se coordonne à l'état diamagnétique Ni-Sia, dans lequel les deux 

métaux sont à l'état d'oxydation + II et à l'état bas spin (S = 0). Cette activation entraîne le clivage 

hétérolytique de H2 et la formation concomitante de Ni-R, qui contient un ligand pontant hydrure 

déplacé vers l'ion NiII. L'oxydation à deux électrons de Ni-R5,6 régénère l'état Ni-Sia avec libération 

d’u àse o dàp oto .àL'esp eài te diai eàNi-C3,4 correspond à la forme mono-o d eàdeàl’ tatàNi-R 

et est attribué à un complexe NiIIIFeII hydrure. Cet état intermédiaire a été notamment caractérisé 

par spectroscopie RPE en raison de son caractère paramagnétique. Très récemment, en 2015, il a été 

montré qu'un quatrième état actif, Ni-L, était impliqué dans le mécanisme, en particulier pour 

l’o datio à d’H2.
8,9,47 L’ tatà pa a ag ti ueà Ni-L avait été précédemment décrit car il peut être 

généré à très basse température à partir de Ni-C par exposition à la lumière visible. Ni-L a été 

attribué comme une espèce formelle NiIFeII.9 Le centre nickel joue donc un rôle clé dans ce 

H2 2H+ + 2e-



Chapter I 

40 
 

mécanisme. Quant aux facteurs essentiels pour la libération de protons du centre actif et leur 

transfert à la surface de l'enzyme, ils ne sont pas encore clairement identifiés, bien que plusieurs 

modèles aient été proposés.  

Rep odui eàlaàst u tu eàetàlesàfo tio sàduàsiteàa tifàdeàl’h d og aseà[NiFe]àpa àdesà i esàa tifi ielsà

représente un réel intérêt pour les chimistes du fait de sa structure dissymétrique originale et de sa 

réactivité, notamment pour le d eloppe e tàd’appli atio àte h ologi uesàpou àlaàp odu tio àd’H2. 

Malgré les grandes avancées dans la conception de modèles moléculaires dont la réactivité est 

localisé sur le Fe,à ilà ’e isteà toujou sà pasà deà o ple es qui miment précisément la structure et la 

réactivité centrée sur le Ni duàsiteàa tifàdeàl’h d og aseà[Ni-Fe].10-13 Pour développer des complexes 

od lesà deà l’h d og aseà [NiFe] efficaces, la réactivité doit être localisée sur le Ni grâce à un 

environnement adéquat. La conception du ligand est donc primordiale dans le sens où il doit 

stabiliser  l’ion Ni à différents degrés d’o datio ,àtoutàe à ai te a tàu às st eàh t odi u l ai eà

sta le.à C’està pou uoià leà liga dà isp idi e-bisthiolate (LS) est particulièrement intéressant car il 

permet la formation de comple esà deà Nià sta leà au à t oisà deg sà d’o datio à duà Nià deà +Ià à +III.à

Parallèlement, le synthon {FeCpCO}+ a déjà été utilisé comme substitut pour mimer la partie 

{FeCO(CN)2}àdeàl’e z eàpou àlaà o eptio àdeà od les NiFe.29-31 

Dans ce chapitre, nous présentons la synthèse et la caractérisation de deux complexes 

hétérodinucléaires de NiFe [LSNiIIFeIICp(*)(CO)]+ (Ni
II
Fe

II
Cp et Ni

II
Fe

II
Cp*) qui miment le site actif de 

l’h d og aseà [NiFe]à età uià p oduisent H2 de manière catalytique. Ces composés présentent les 

meilleures performances en tant que modèle structural et fonctionnel parmi les systèmes reportés 

dans la littérature : constante catalytique du second ordre de 2.510-4 M-1s-1 pour Ni
II
Fe

II
Cp; fréquence 

de cycle catalytiques de 250 s-1 à 10 mM en concentration de H+) e àp se eàd’a ideàfai le. Basé sur 

des résultats expérimentaux associés à des calculs DFT, un mécanisme électrocatalytique a été 

proposé pour Ni
II
Fe

II
Cp. (Figure 2) Ni

II
Fe

II
Cp subit une réduction à un électron pour générer Ni

I
Fe

II
Cp. 

Cetteàesp eàestàe suiteà duiteàpou àdo e àl’esp eà adi alai eàLS

Ni

II
Fe

II
Cp, qui réagit ensuite avec 

u àp oto àpou àdo e à l’esp eàh d u eàNi
II
Fe

II
Cp(H).à L’esp eàh d u eà agità à ou eauàa e àdes 

protons pour produire H2 et régénérer le complexe initial Ni
II
Fe

II
Cp. Un tel mécanisme catalytique, 

i pli ua tàdesàt a sfe tsàd oupl sàdeàp oto sàetàd’ le t o s,àestàsi ilai eà à eà uiàestàp opos àpou à

l’e z e,àà l’e eptio à ueà leà t a sfe tà le t o /proton conduisant à Ni-R/ Ni
II
Fe

II
Cp(H) à partir de 

Ni-L/ Ni
I
Fe

II
Cp est inversé. Par conséquent, la formation de Ni

III
Fe

II
Cp(H), composé analogue à Ni-C 

est contournée dans notre système. Il est proposé que la protonation de Ni
I
Fe

II
Cp par Et3NH+ est soit 

the od a i ue e tà o à fa o a le,à soità t opà le teà pou à t eà o se eà à l’ helleà deà laà

voltammétrie cyclique.à Celaà peutà s’e pli uer par le faible caractère basique et nucléophile de 

Ni
I
Fe

II
Cp en comparaison à Ni-L du à (i) un environnement coordonnant moins donneur ({N2S2}

2- pour 
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NiI vs. {S4}
4- da sà l’e z eà e z e  ; (ii) une délocalisation partielle de la SOMO sur la partie 

ip idi eà L“ àetà iii àl’a se eàdeà elais de proton pour assister cinétiquement la protonation sur le 

centre NiI.  

 

 

 

 

 

 

 

 

Figure 2. Représentation du complexe Ni
II
Fe

II
Cp (gauche). Mécanisme électrocatalytique proposé pour le 

complexe Ni
II
Fe

II
Cp (droite). 

De plus, nous avons également démontré que le complexe parent Ni
II
Fe

II
Cp* représente un modèle 

deàl’ tatàNi-COàdeàl’h d og aseà[NiFe].àE àeffet,à àpa ti àd’ tudesà le t o hi i ues,àilàaà t à o t à

u’e àp se eàdeàp oto s etàdeàCO,à l’a ti it à atal ti ueàdeàNi
II
Fe

II
Cp* était inhibée alo sà u’a e à

Ni
II
Fe

II
Cp,àl’i hi itio à ’était que partielle. Co eàda sàl’e z e,àcette inhibition est réversible dans 

les deux cas. Cette différence de réactivité provient de la structure des espèces intermédiaires  

Ni
I
Fe

II : alors que le CO est en position terminale sur le Fe dans Ni
I
Fe

II
Cp*, il est pontant dans 

Ni
I
Fe

II
Cp, empêchant laà oo di atio àd’u eàdeu i eà ol uleàdeàCOàsu àleàcomplexe. 

 Ces deux complexes décrits dans ce chapitre représentent de bons modèles structuraux et 

catalytiques pour la production d’H2.à Toutà o eà da sà l’e z e,à leà e t eà Feà deà Ni
II
Fe

II
Cp est 

impliqué dans la modulation des propriétés électroniques du centre {N2S2} avec une modification en 

potentiel de 540 mV.à U eà telleà o lusio à està o fi eà pa à lesà e p ie esà d’ le t ol seà

(production d’H2 plusà i po ta teà e à te esà deà itesseà età d’effi a it à pa à appo tà auà o ple eà

mononucléaire de Ni, Ni
II
L àd o t a tàu àeffetà oop atifàduàFeàsu àlaà a ti it àdeàl’u it à{NiL“}. 

  

E

EC

C
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Introduction 

The risk of the fossil resources depletion combined with environmental issues testifies the non-

lasting character of the current energetic model. In a context of constant growth in demand in 

energy, it is of urgent necessity to orientate an energetic transition towards another model, implying 

the research of new alternative resources of energy, to end our dependence to fossil fuels, 

generating pollution.17  

In this context, molecular hydrogen (H2) is an ideal energetic vector, especially in the transport 

sector. Even if the calorific volume power of H2 is three times less big than the natural gas (~13 over 

40 MJ.m-3), its energetic mass density is 2.2 times higher (120 over 50 KJ.g-1). Used in a fuel cell, it 

allows the production of electricity with a good yield and in a lea à a .à Its reaction with O2 

does ’tàp odu eàpolluti gà -products, water being the only waste. However, unlike renewable or 

fossil energies, H2 is not directly available in nature. It exists in oxidized forms such as water (H2O) or 

in the organic molecules of the biomass.  Thus, H2 production becomes an issue since indirect 

reservoirs of H2 have to be used. Nowadays, 95 % of H2 is produced by reforming hydrocarbons 

(mainly natural gas): 1a this process is currently the less expensive one but releases carbon dioxide 

(CO2). Therefore, it a ’tà eà o side ed in the s he eà ofà sustai a leà de elop e tà a dà does ’tà

constitute an alternative to our dependence to fossil fuels. á othe à lea àst ateg àis to produce H2 

by water electrolysis, if the provided electricity comes from renewable resources (solar, wind 

power… .2 However, the most promising catalysts used in water electrolysis systems are based on 

platinum, a noble and expensive metal that is of limited resources.2 Such devices are thus too 

expensive to be used at a large scale. In this context, the research of new water reduction catalysts 

not implying platinum represents a major challenge. 

On the other hand, Nature developed active catalysts for H2 production, i.e. hydrogenases. The 

multiple classes of hydrogenases are divided into two main families, based on the metal content of 

their active site, namely the [FeFe] and [NiFe] hydrogenases.2  

[NiFe] and [FeFe] hydrogenases are organometallic enzymes that catalyze the reversible reduction of 

protons into hydrogen (Equation 1), with performances that rival those of platinum. However, the 

[Fe-Fe] hydrogenase is usually committed to H2 evolution. 

                                                                                      (Equation 1)  

 

Indeed, hydrogenases produce H2 at high catalytic rates (turnover frequencies, TOF, of up to 3.104 s-1 

at 30°C) at a marginal potential beyond equilibrium (-400 mV vs NHE, pH = 7),3 which is only matched 

by platinum. 

H2 2H+ + 2e-
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The first hydrogenase, for which the structure has been determined crystallographically was from the 

prevalent [NiFe] hydrogenase class.1 The structural elucidation in 1995 by Voldeba et al. revealed an 

original organometallic NiFe complex with CO and CN- ligands bound to the Fe site (Figure 1). The Ni 

site is bound to four cysteine residues, two of them bridging the two metal ions. It has been 

demonstrated that the nickel center plays the critical role in hydrogen binding/H+ activation and in 

redox chemistry occurring during the catalytic cycle.2  

 

 

 

 

 

 

 

 

 

 

Figure 1. Active site of [NiFe] hydrogenase (a) and proposed catalytic cycle (b). 

After two decades of intensive research, there is a general agreement that three different active 

states are involved during the catalysis, both in the case of H2 oxidation and reduction of protons, 

namely Ni-SIa, Ni-R and Ni-C (Figure 1). Considering H2 oxidation, H2 is activated through its binding to 

the diamagnetic Ni-SIa state, in which both metal are at the +II oxidation state and in low spin state (S 

= 0). This activation leads to the heterolytic cleavage of H2 and the concomitant formation of Ni-R, 

which contains a bridging hydrido ligand displaced toward the NiII ion. The two-electron oxidation of 

Ni-R5,6 regenerates the Ni-SIa state with the release of the second proton. The intermediate Ni-C3,4 

species corresponds to the one-electron oxidized form of Ni-R and is assigned to a NiIIIFeII hydrido 

complex, which has been fully characterized especially by EPR spectroscopy owing to its 

paramagnetic character. Very recently, in 2015, evidence has been accumulated that a fourth active 

state, Ni-L, is involved in the mechanism, especially for H2 oxidation.8,9,47 The paramagnetic Ni-L state 

was previously described since it can be generated at cryogenic temperature from Ni-C under visible 

light exposure. Ni-L was assigned as a formal NiIFeII species, and in 2013, it was proposed that Ni-L 

contains a metal-metal interaction with the unpaired spin density mainly localized on the Ni site.9 

The nickel centre is thus the key protagonist in this mechanism. 
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The residues essential for the proton release from the active center and their transfer to the surface 

of the enzyme are still not clearly identified, although several models have been proposed. 

Theoretical and mutational investigations as well as crystallographic evidence53 suggest that the 

proton is first transferred from one of the terminal cysteines bound the Ni site to a nearby glutamate 

residue. Then the protons are transferred to the surface via either a network of water molecules or a 

glutamate chain.65 A second hypothesis considers that protons are directly transferred to an arginine 

residue, which is located in an opposite position to the hydrido bridging ligand, and from there the 

protons can reach the surface via a histidine rich motif.66  

In contrast, the electron transfer chain has been clearly identified and involves three [FeS] clusters, 

whose structural, redox and spectroscopic properties have been explored in depth. More precisely, 

the proximal and distal [4Fe4S] and the medial [3Fe4S] clusters allow the electron transfer from/to 

the active NiFe center to the surface of the protein (Figure 2).67 While the distal cluster is exposed to 

the solvent region and is thought to be the final part of the electron transfer chain, the proximal 

cluster is proposed to have a key role during the catalysis. It has been recently shown that the redox 

state of this cluster controls the catalytic cycle, acting as a gate for the electron transfer flow from 

the NiFe active site to the redox partner.68-70  

 

 

 

 

 

 

Figure 2. Structure of the [NiFe] hydrogenase the active site and the electron transfer. (Yellow: S, orange: Fe, 

dark green: Ni, light green: Mg2+, red: oxygen, grey; carbon, bleu: N) 

Reproducing the structure and function of the active site of [NiFe] hydrogenase in artificial mimics 

has for many years been a key challenge for synthetic chemists motivated by its original 

dissymmetric structure, its peculiar reactivity and the possible technological applications of efficient 

hydrogen production catalysts that may be developed. Despite tremendous advances in the design of 

NiFe models, there is still no complex that accurately mimics the structure, function and reactivity of 

the active site of [NiFe] hydrogenase.10-13  

The first structural model was described by Darensbourg et. al. in 1996 (Figure 3A),31 a mono-thiolate 

bridged complex with the Fe being bound to four CO ligands and the Ni hosted in a {N2S2} 
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environment. The groups of Tatsumi71and Schröder30 have reported the first models with bridging 

dithiolate (Figures 3B and 3C, respectively) about 10 years later, illustrating the synthetic challenges 

in designing and isolating such systems. However, none of them displayed reactivity toward H+ or H2. 

 

 

 

 

 

 

 

 

 

Figure 3. Relevant structural (3A-3C) and both structural/functional models of the [NiFe] hydrogenase. 

From 2009 onwards, functional bio-inspired NiFe systems have been described that are active as H2 

evolution electrocatalysts. The most developed family of complexes reported by Rauchfuss & Stein is 

related to NiIIFeI complexes (Figures 3D & 3E)72-74 with the Ni site being located in a {P2S2} 

environment, while at least one CO is coordinated to the Fe site. Phosphine ligands have been often 

used to mimic the cyanide ligand in hydrogenases models. Mechanistic studies demonstrated that, in 

contrast to the enzyme, in all these active mimics the chemistry mainly occurs on the Fe site and not 

on the Ni site. Intermediates including a few metal-hydride species (Figure 4A and 4B)[16,21,23] have 

been isolated but the hydride ligand is strongly asymmetrically bound toward the Fe site or 

terminally bound to the Fe site.  

 

 

 

Figure 4. Ni-Fe hydride species (4A-4B). 

The main drawback of most active mimics is that their chemistry is mainly centered on the Fe site13 

or on M (M = Mn14,15 or Ru16-19) in heterodinuclear NiM models,20 but not on the Ni site as in the 

enzyme. For instance, Ogo and Rauchfuss have evidenced that the formation of metal-hydride 

species in synthetic heterodinuclear NiFe/NiRu complexes is feasible,16,21-23 but in all cases, including 

DFT-optimized models (DFT= Density Functional Theory),14,24 the hydride ligand is either 

bridging14,16,22-24 but displaced toward the Fe site, or terminal and bound to the Fe center.21,25 
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A family of catalysts described by Fontecave and Artero corresponds to Ni
II
M

II
 complexes with M 

being Fe, Mn or Ru (3F, 3G).14,17-19 In these catalysts, the Ni is hosted in {S4} environment and the M 

ion is in an organometallic environment. They have demonstrated that the production of H2 with the 

NiRu catalyst follows a similar mechanism to that of the enzyme, but the bridging metal hydride 

intermediates proposed for these systems based on theoretical calculations are still asymmetrically 

bound toward the Fe/Ru site. 

Finally, the model described by Lubitz et al (Figure 3H),75 in which a Ni-bound terminal thiolate is 

protonated, opens on the idea that terminal cysteine protonation is relevant with respect to a proton 

relay function. Besides, it has been demonstrated that the presence of potential protonated sites 

located at proximity to the catalytic metal center can drastically enhance the performance of a 

catalyst. In the special case of the [FeFe] hydrogenase for example, the pendant amine group plays a 

crucial function as it participates in proton exchange, facilitating proton reduction to H2.
76-77 

It has been shown that the [NiFe] hydrogenase can be inhibited by CO reversibly. X-Ray 

crystallography and Raman spectroscopy experiments evidenced that CO binds on the Ni site.83 Two 

different CO inhibited states have been observed with distinct properties and electronic structures 

(Figure 5). The formation of these two states depends on the oxidation state of the Ni site. The 

paramagnetic form is known as NiI-CO, whereas the EPR-silent form is a NiII species, known as 

NiIISCO.84 For both states, it has been shown that the CO can be photodissociated from the active site 

at near cryogenic temperature.  

 

 

 

 

 

 

 

 

Figure 5.  Inhibited catalytic mechanism of [NiFe] hydrogenase in the presence of CO. 

In this context, the reactivity needs to be relocated to the Ni center with the aim of developing 

mimics of the active site of [NiFe] hydrogenase with a better efficiency. Ligand design can thus be 

exploited to promote redox flexibility on the Ni site (rather than on the Fe site), while maintaining a 

stable dinuclear framework in various oxidation states. 
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The bipyridine-bisthiolate ligand LS is particularly interesting since it forms quite stable nickel 

complexes in all three oxidation states from +I to +III.27,28 Additionally, the {FeCpCO}+ and {FeCp*CO}+ 

units (Cp = cyclopentadienyl, Cp* = pentamethylcyclopentadienyl) have previously been used as a 

surrogate for the {FeCO(CN)2} moiety of the natural cluster for the successful design of synthetic 

mimics.29-31 (Figure 6)  

 

 

 

 

 

 

Figure 6. NiII and FeII complexes used as synthetic blocks for the synthesis of dinuclear NiFe models. 

Starting from the Ni
II
LS and Fe

II
Cp(*) precursors, we report on the synthesis and characterization of 

two heterodinuclear NiFe complexes, [(LS)NiIIFeIICp(CO)]+ and [(LS)NiIIFeIICp*(CO)]+ (Ni
II
Fe

II
Cp and 

Ni
II
Fe

II
Cp* ) (see below), that are models of the active site of [NiFe] hydrogenase and produces H2 

electrocatalytically at high rate. Intermediate species have been generated and characterized by 

different spectroscopic techniques in the case of Ni
II
Fe

II
Cp. Furthermore, the catalytic activity in the 

presence of CO for both NiIIFeII complexes has been investigated and is discussed.  

Part of this work has been recently published in Nature Chemistry: doi:10.1038/nchem.2575. 
 

Results and Discussion 

1.1. Synthesis. 

1.1.1. Synthesis of the bypiridine-bis-thiolate ligand. 

The tetradentate ligand, , ’- , ’-bipyridine- , ’-iyl)bis(1,1-diphenylethanethiolate) LS (Figures 7-9) 

has been synthesized by an adapted procedure from the Berg and Holm procedure.79  This LS ligand 

contain terminal alkyl thiolates groups each one protected by two bulky phenyl groups on the Cαàto 

limit the formation of disulphide bonds or complex polymerization. The bipyridine is well known as a 

good coordinating ligand because of its versatility in stabilizing high and low oxidation states (due to 

its ability to delocalize unpaired electrons on the aromatic rings of the bipyridine). This ligand was 

prepared via 3 steps: (i) synthesis of the thiol moiety, (ii) synthesis of the bipyridine moiety and (iii) 

condensation of the two synthons.  

 

R = H : Cp
R = CH3 : Cp*

NiIILS FeIICp(*) NiIIFeIICp(*)
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Synthesis of the thiolate moiety b. b has been synthesized in a two-step reaction as shown in Figure 

7; diphenylmethyl chloride was reacted with thiourea, and the product was then protected with 

tetrahydropyran. b will be used in step (vii). 

 

 

Figure 7. Synthesis of the thiol moiety: (i) thiourea, EtOH, reflux, NaOH; (ii) 2,3 dihydropyran, HCL 37%. 

Synthesis of the bipyridine moiety 4. Synthesis of the bipyridine moiety starts with step (iii) shown in 

Figure 8 which has been slightly modified from the published strategy.80 Compound 1 was prepared 

using a Ullman coupling of the 2,6-bromopyridine. It is initiated with a lithium halogen exchange, 

which is a methathesis between 2,6-bromopyridine and n-butyllithium. The copper-catalysed 

oxidative coupling of the aryllithium intermediate at low temperature allows to obtain 1. In the 

following step (iv) 1 is converted into the , ’-bis(methanoyl)- , ’-bipyridine via a further lithiation 

reaction followed by a formylation reaction with DMF. 2 is then reduced with NaBH4 toà ieldàtoà , ’-

bis(methanol)- , ’-bipyridine. The next step (v) leads to the bromination of the alcohol using HBr as 

the brominating agent.  

 

 

 

 

 

Figure 8. Synthesis of the bipyridine synthon: (iii) n-Buli 2.5 M at-78°C in Et2O, CuCl2, O2; (iv) n-Buli 2.5 M at-

78°C in THF, DMF; (v) NaBH4 in MeOH; (vi) HBr 33% reflux. 

Synthesis of the LS ligand. The synthesis of the LS (6) ligand begins with step (vii) as shown in Figure 9. 

In step (vii), 4 is coupled with b via a lithiation reaction in the presence of hexamethylphosphoramide 

(HMPA) to increase the basicity of n-BuLi. The final reaction consists of the deprotection of the 

thiolates which occurs in two steps. Firstly, the sulphurs of 5 are deprotected in the presence of the 

Lewis acid Ag+, which leads to the formation of a Ag-thiolate complex. In a second step, Ag+ is 

removed by protonation of the thiolates with H2S to form Ag2S. The compound 6 is thus obtained and 

handled under inert atmosphere due to its sensitivity to O2 (Figure 8). The global yield of this 

multistep synthesis is 20%. 

  

(i)
(ii)

a b
80% 80%

1
2

34

(iii) (iv)

(v)

(vi)

65% 95%

62%

67%
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LS NiIIL

 

 

 

 

Figure 9. Synthesis of LS ligand: (vii) b,HMPA, n-Buli 2.5 M at-78°C in Et2O, 4, THF; (viii) AgNO3/pyridine in 

MeOH/AcOEt, H2S. 

1.1.2. Synthesis of the NiII unit. 

From the LS ligand, which has been deprotonated with NaH, [NiII(LS)] (Ni
II
LS) complex was 

synthesized in the presence of NiCl2.6H2O in THF as shown in Figure 10. The NiII center displays a 

distorted square planar geometry. Ni
II
LS has been previously characterized by different techniques27, 

28 (X-Ray, UV-Vis absorption, and electrochemistry) by our group. 

 

  

 

Figure 10. Synthesis of Ni
II
LS. 

1.1.3. Synthesis of the FeII units. 

[CpFeII(CO)(MeCN)2]BF4 and [Cp*FeII(CO)(MeCN)2]BF4 (Fe
II
Cp and Fe

II
Cp*) were synthesized in three 

steps by slightly modified previously published procedures.(Figure 11).81  

 

 

 

 

 

 

 

 

 

Figure 11. Synthesis of the FeII complex. (ix) I2, Na2S2O3, CHCl3; (x) AgBF4, THF; (xi) h, MeCN. 

5 6

90%

(viii)

4

87%

(vii)
b

7 8

910

80%

65%

87%

[CpFeII(CO)(MeCN)2]BF4

(ix)

(x)

(xi)

R = H : Cp
R = CH3 : Cp*
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The only difference between the two complexes is the presence of a cyclopentadienyl (Cp) or a 

pentamethyl-cyclopentadienyl (Cp*) group coordinated to FeII. All the syntheses have been 

performed under inert atmosphere due to the sensitivity of Fe
II
Cp(*) to O2. 

Step (ix) consists of the oxidation of the commercial dinuclear FeI complex 7 with I2 leading to two 

monomeric FeII complexes [Cp(*)FeII(CO)2I], 8. The following step (x) was to substitute the iodide with 

a tetrahydrofuran (THF) ligand using AgBF4 and THF as solvent to obtain [Cp(*)FeII(CO)2THF]BF4, 9.61 In 

the last step (xi), the THF ligand and one carbonyl (CO) were replaced by two MeCN molecules, by 

exposure of a MeCN solution of the complex to a UV filtered Hg/Xe lamp to give 

[Cp(*)FeII(CO)(MeCN)2]BF4, 10. During this reaction the flask was placed under a slight vacuum to 

favor the removal of one CO. The presence of CO in [CpFeII(CO)(MeCN)2]BF4 and 

[Cp*FeII(CO)(MeCN)2]BF4 allows to follow the synthesis by IR spectroscopy. The final complexes 

[CpFeII(CO)(MeCN)2]BF4 and [Cp*FeII(CO)(MeCN)2]BF4 present, a CO vibration at 2008 and 1976 cm-1, 

respectively. The global yield is ~45% for both Cp and Cp* complexes. 

1.1.4. Synthesis of the NiIIFeIICp and NiIIFeIICp*complexes. 

[NiII(LS)FeII(CO)Cp]BF4 and [NiII(LS)FeII(CO)Cp*]BF4 (Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*) have been isolated from 

the reaction between the two corresponding mononuclear units (Figure 6), i.e. the dithiolate NiII 

complex [NiII(LS)] Ni
II
LS and the carbonyl FeII complex [Cp(*)FeII(CO)(MeCN)2]BF4 (Fe

II
Cp or Fe

II
Cp*) 

(Figure 12) with a yield of ~70% for both complexes. This reaction was performed at 293 K in CH2Cl2 

under inert atmosphere leading to a dark brown solution. Dark crystals were obtained after slow 

diffusion of diethyl ether and were characterized by X-ray crystallography. Once synthesized, both 

complexes are not sensitive to O2. The synthesis can be followed by IR spectroscopy observing the 

appearance of a CO vibration of 1929 and 1926 cm-1 for Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*, respectively. 

 

 

 

 

 

Figure 12. Synthesis of Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* complexes. 

1.2. Structural characterization of the heterodinuclear NiIIFeII 

complexes 

1.2.1. Structural characterization of the NiIIFeIICp complex. 

NiIILS NiIIFeIICp(*)



Chapter I 

51 
 

S1

S2

O1

N1

N2

Ni1

Fe1

X-ray suitable dark-brown crystals corresponding to Ni
II
Fe

II
Cp were obtained by slow diffusion of 

diethyl ether into a CH2Cl2 solution of the product at 293 K. The X-ray structure of Ni
II
Fe

II
Cp is shown 

in Figure 13 and selected bond distances are given in Table 1. The Ni
II
Fe

II
Cp complex crystallizes as 

two crystallographically independent molecules with similar geometries. Only one of these molecules 

will be described. 

 

 

 

 

 

 

                                               (a)                                                                                  (b) 

Figure 13. (a) Molecular structure of NiIIFeIICp.BF4
.1.5Et2O. (b) The {NiFeS2} core. The thermal ellipsoids are 

drawn at 50% probability level. All hydrogen atoms, anions and solvent molecules are omitted for clarity.  

The Ni
II
Fe

II
Cp cation consists in a dimercapto-bridged Ni-Fe heterodinuclear complex. Its structure 

contains a {NiFeS2} core which is not planar with an angle between the S2NiS1 and S2FeS1 planes of 

111.94(2)°, leading to a Ni...Fe distance of 2.91(7) Å, too long for a direct metal-metal interaction. Ni 

and Fe atoms display two different geometries. The Ni site presents a quasi-planar geometry with a 

small pseudotetrahedral twist angle of 5.47°, while the Fe site displays a tetrahedral geometry, with 

the CO occupying one of the fourth positions. The Fe centre is enclosed by a 18-electron shell, while 

a 16-electron shell encloses the Fe site of [NiFe] hydrogenase. The Ni-S and the Fe-S bond lengths 

implicated in the core (2.17-2.30 Å) are similar to those found in structurally related NiFe complexes 

with two bridging thiolates.22 The Ni-N distances are comprised in the range 1.898-1.904 Å, 

consistent with the NiII-N distances previously observed with bipyridine-derivatives.27, 28  
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Table 1. Selected bond lengths (Å) and angles (°) for Ni
II
Fe

II
CpBF4

.1.5Et2O for the two 
crystallographically independent units and for Ni

II
Fe

II
Cp*BF4

.0.7CH2Cl2
.0.15Et2O

.0.15H2O. 

Ni
II
Fe

II
Cp (1) 

 

Ni
II
Fe

II
Cp (2) 

 

Ni
II
Fe

II
Cp* 

 Ni(1)-N(1) 1.904(3) Ni(2)-N(51) 1.896(3) Ni(1)-N(1) 1.9050(17) 

Ni(1)-N(2) 1.898(3) Ni(2)-N(52) 1.897(3) Ni(1)-N(2) 1.9331(16) 

Ni(1)-S(1) 2.1745(9) Ni(2)-S(51) 2.1777(10) Ni(1)-S(1) 2.1652(7) 

Ni(1)-S(2) 2.1785(9) Ni(2)-S(52) 2.1719(9) Ni(1)-S(2) 2.1691(6) 

Fe(1)-C(46) 1.755(4) Fe(2)-C(96) 1.755(4) Fe(1)-C(46) 1.761(2) 

      
Fe(1)-C(Cp) 

2.074(4)-
2.117(4) Fe(2)-C(Cp) 

2.059(4)- 
2.101(4) Fe(1)-C(Cp*) 

2.101(2)- 
2.139(3) 

      Fe(1)-S(1) 2.3050(10) Fe(2)-S(51) 2.3035(9) Fe(1)-S(1) 2.3257(7) 

Fe(1)-S(2) 2.2975(9) Fe(2)-S(52) 2.3118(10) Fe(1)-S(2) 2.2995(10) 

O(1)-C(46) 1.149(5) O(51)-C(96) 1.147(5) O(1)-C(46) 1.149(2) 

Ni(1)-Fe(1) 2.9181(7) Ni(2)-Fe(2) 2.8421(7) Ni(1)-Fe(1) 3.396(6) 

      [(S1Ni1S2)(S1Fe1S2)
] 

111.92(4) [(S51Ni2S52)(S51Fe2S52)
] 

107.22(4) [(S1Ni1S2)(S1Fe1S2)
] 

152.52 (4) 

1.2.2. Structural characterization of the NiIIFeIICp* complex. 

X-Ray suitable dark-brown crystals corresponding to Ni
II
Fe

II
Cp* were obtained by slow diffusion of 

diethyl ether into a solution of the product in CH2Cl2 at 293 K. The X-ray structure of Ni
II
Fe

II
Cp is given 

in Figure 14 and selected bond distances and angles are shown in Table 1. Interestingly, the structure 

of this complex is notably different from its parent Ni
II
Fe

II
Cp complex. The structural difference of the 

{NiFeS2} core in both complexes arises from the bulkiness of Cp* with respect to Cp leading to an 

increase of the distance between the two metallic units (3.396 Å vs 2.918 Å for Ni
II
Fe

II
Cp). As the 

Ni
II
Fe

II
Cp, the Ni

II
Fe

II
Cp* cation consists in dimercapto-bridge Ni-Fe heterodinuclear complex. Its 

structure contains a planar {NiFeS2} core, (the NiFeS2 atoms deviate less than 0.18 Å from the mean 

plane that they formed) with an angle between the S2NiS1 and S2FeS1 plans of 152.52(2)° (vs 

111.94° for Ni
II
Fe

II
Cp).  

  

 

 

 

 

 

(a)                                                          (b) 

Figure 14. (a) Molecular structure of Ni
II
Fe

II
Cp*.BF4

.0.7CH2Cl2
.0.15Et2O.0.15H2O. (b) The {NiFeS2} core. The 

thermal ellipsoids are drawn at 50% probability level. All hydrogen atoms, anions and solvent molecules are 
omitted for clarity.  
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The Ni-Fe distance is notably longer than in the previous complex suggesting that this compound is 

less stable and more reactive. The other distances (Ni-S, Ni-N, Fe-S) remain approximately unchanged 

in comparison to those of Ni
II
Fe

II
Cp. The distorted square planar geometry around the Ni site is 

characterized by a pseudotetrahedral twist angle (13.87°), notably smaller than in the mononuclear 

Ni precursor (29.15°), but much larger than in Ni
II
Fe

II
Cp (5.47°), probably due to the bulkiness of the 

Cp* ligand. The iron site displays a similar geometry in both heterodinuclear NiFe complexes. 

1.2.3. Mössbauer characterization of the NiIIFeIICp and NiIIFeIICp * complexes. 

Mössbauer measurements have been recorded on powder for both complexes to validate the 

oxidation state and determine the spin state of the Fe center. The spectra are characteristic of low-

spin FeII ion, i.e doublets with isomer shift  = 0.39 mm∙s–1 for both complexes, and quadrupole 

splitting EQ = 1.82 mm∙s–1 and 1.96 mm∙s–1 for Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*, respectively as shown in 

Figure 15. 

 

 

 

 

 

Figure 15. Mössbauer spectra of (a) Ni
II
Fe

II
Cp and (b) Ni

I
Fe

II
Cp* recorded at 80 K obtained on solid 

samples. The red solid line through the experimental data (empty black circles) is a simulation using 
Lorentzian line doublets with the following parameters Ni

II
Fe

II
Cp: δ =à . à ∙s–1 a dà ∆EQ = 1.82 

∙s–1;  Ni
II
Fe

II
Cp*: δ =à . à ∙s–1  a dà∆EQ  = . à ∙s–1. 

  



Chapter I 

54 
 

1.2.4. Optimized structures of NiIIFeIICp and NiIIFeIICp*. 
 

The crystallographic structures have been optimized by DFT calculation for both complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. DFT-optimized structure of Ni
II
Fe

II
Cp (left) and Ni

II
Fe

II
Cp* (right), with the corresponding 

experimental (calculated) spectroscopic parameters and selected bond distances of Ni
II
Fe

II
Cpcalc and 

Ni
II
Fe

II
Cp*calc. 

 

For both complexes, Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*, the distances of the optimized structure (Figure 16) are 

well consistent with the ones measured from the crystallographic structure. The calculated infrared 

spectroscopic parameters (1937; 1940 cm-1) and the Mossbauer parameter ( = 0.48; 0.47 mm.s-1 and 

ΔE = 1.76; 1.71 mm.s-1)  for Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*, respectively,  are in agreement with experimental 

data (Figure 15). As the crystallographic structure and all spectroscopic parameters are reproduced 

by theoretical calculations performed on the optimized Ni
II
Fe

II
Cpcalc and Ni

II
Fe

II
Cp*calc structure using 

the DFT approach, this demonstrates the viability of our theoretical approach for further analysis.  

1.3. Solution properties of NiIIFeIICp and NiIIFeIICp*. 

The solution properties of Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* have been investigated by using different 

techniques. First of all, the dinuclear structure is maintained in solution. This has been attested by 

electrospray ionization mass spectrometry (ESI-MS; 785.2 m/z and 855.2 m/z, respectively). From 

Nuclear Magnetic Resonance (NMR) measurements and Electron Paramagnetic Resonance (EPR), 

both heterodinuclear NiFe complexes are diamagnetic. 

 d (Å) Ni
II
Fe

II
Cp Ni

II
Fe

II
Cpcalc 

Ni-Fe 2.9187(7) 3.034 

Ni-N1 1.904(3) 1.936 

Ni-N2 1.898(3) 1.936 

Ni-S1 2.1745(9) 2.213 

Ni-S2 2.1785(9) 2.211 

Fe-S1 2.3050(10) 2.384 

Fe-S2 2.2975(9) 2.382 

 d (Å) Ni
II
Fe

II
Cp* Ni

II
Fe

II
Cp*calc 

Ni-Fe 3.396(6) 3.400 

Ni-N1 1.9050(17) 1.919 

Ni-N2 1.9331(16) 1.977 

Ni-S1 2.1652(7) 2.202 

Ni-S2 2.1691(6) 2.230 

Fe-S1 2.3257(7) 2.352 

Fe-S2 2.2995(10) 2.309 

CO = 1929 cm-1 (1937 cm-1)
EQ = 1.79 mm.s-1 (1.76 mm.s-1)
= 0.44 mm.s-1 (0.48 mm.s-1 )

NiII FeII

N

N
S

S

O

NiII FeII

N

N
S

S

O

CO = 1926 cm-1 (1940 cm-1)
EQ = 1.96 mm.s-1 (1.71 mm.s-1)
= 0.39 mm.s-1 (0.47mm.s-1 )
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1.3.1. Redox properties of NiIIFeIICp and NiIIFeIICp*. 

The cyclic voltammogram (CV) of Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* and the UV-Vis spectra recorded in MeCN 

are shown in Figure 17). 

 

 

 

 

 

                                                  (a)                                                                                           (b) 

Figure 17. (a) Visible absorption spectra of Ni
II
LS (---) in CH2Cl2, Ni

II
Fe

II
Cp (___) and of Ni

II
Fe

II
Cp* (___) in MeCN (b) 

CVs of of Ni
II
LS (---), Ni

II
Fe

II
Cp (___) and Ni

II
Fe

II
Cp (___) (0.18 mM) in MeCN solution, 0.1 M n-Bu4NClO4, on a glassy 

carbon electrode at 100 mV s-1 vc Fc+/Fc 

Table 2. Redox potential (V) of Ni
II
Fe

II
Cp, Ni

II
Fe

II
Cp* and Ni

II
LS in MeCNvs Fc+/Fc (vs SCE). 

 
EpC

1  EpC
2  

Ni
II
Fe

II
Cp -1.29 (-0.91) -1.91 (-1.53) 

Ni
II
Fe

II
Cp* -1.46 (-1.08) -1.86 (-1.48) 

Ni
II
LS -1.86 (-1.48) 

  

The electronic absorption spectrum of the brown solution of Ni
II
Fe

II
Cp shows a broad band at 700 

nm, two shoulders at 500 and 450 nm and a transition at 400 nm while Ni
II
Fe

II
Cp* displays a unique 

transition at 403 nm, which extends to 600 nm. Both spectra notably differ to that of Ni
II
LS, which 

displays two main transitions at 503 and 556 nm. 

The CV of Ni
II
LS displays a reversible one-electron reduction NiII/NiI wave at Epc=-1.86 V.27 In 

comparison, the CV of Ni
II
Fe

II
Cp recorded in MeCN (Figure 17, b) displays two reversible and diffusion 

controlled one-electron reduction waves at Epc
1= –1.29 V and Epc

2=–1.91 V vs Fc+/Fc (-0.91 and -1.53 V 

vs SCE) (Table 2). These waves can be assigned to the successive reductions of the NiII ion to NiI 

(formation of Ni
I
Fe

II
Cp) and of the bipyridine moiety in LS (to form the radical form of the ligand). 

This attribution arises from DFT calculations (see below). (Equations 1 and 2)  

 

Ni
II
Fe

II
Cp + e-  Ni

I
Fe

II
Cp   (Equation 1) 

Ni
I
Fe

II
Cp + e-  LSNi

I
Fe

II
Cp                (Equation 2) 
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Concerning the redox properties of Ni
II
Fe

II
Cp*, its CV recorded in MeCN displays two one electron 

reduction processes (Figure 17). An irreversible peak is located at Epc
1 = -1.46 V vs Fc+/Fc, assigned to 

the reduction of NiII into NiI (see above). The corresponding Ni
I
Fe

II
Cp* complex undergoes a fast 

chemical reaction as evidenced by the appearance on the reverse scan of an irreversible reduction 

peak at Epa = -0.94 V. A quasi-reversible wave at Epc
2= -1.86 V is also observed, which can be 

tentatively assigned to the reduction of the bipyridine moiety in LS, leading to the formation of a 

LSNi
I
Fe

II
Cp*

 species (Equations 3 and 4).  This peak is twice intense than the peak of the first redox 

system. This can be explained by the fact that the diffusion rate of the double reduced species is 

slower than the first reduced species. Besides, the potential is identical to the redox system of the 

NiIILS complex, suggesting that there could be a mixture of the reduced species of Ni
I
Fe

II
Cp* and 

NiIILS resulting from partial degradation of Ni
I
Fe

II
Cp*. 

 

NiIIFeIICp* + e-  NiIFeIICp*   (Equation 3) 

NiIFeIICp* + e-  LSNiIFeIICp*   (Equation 4) 

 

This electrochemical behavior notably differs from that of Ni
I
Fe

II
Cp, for which the two reduction 

processes were reversible. Interestingly, while a cathodic shift of the NiII/NiI reduction process 

compared to Ni
II
Fe

II
Cp (EPc = –1.29 V) is observed, an anodic shift of the ligand based reduction 

process (Ni
II
Fe

II
Cp, E1/2 = –1.90 V) occurs. Cp* being a more electron donating ligand than Cp, the Ni-

bound thiolate ligands in Ni
II
Fe

II
Cp* bear a larger electron density leading to the expected cathodic 

shift observed on the first Ni-based reduction process. Regarding the anodic shift observed on the 

second reduction process and the irreversibility vs reversibility of the NiII/NiI redox process in 

Ni
II
Fe

II
Cp* and Ni

II
Fe

II
Cp, this could be due to the fact that the two one-electron reduced species are 

structurally different. Consequently, the redox potentials of the second reduction process cannot be 

directly compared. The different redox properties between these two complexes nicely illustrate how 

the organometallic iron unit can modulate the electronics of the nickel center, as in the [NiFe] 

hydrogenase. Indeed, the redox potential of the NiII/NiI couple of the mononuclear NiII complex, 

Ni
II
LS, is shifted from -1.86 V vs Fc+/Fc to -1.29 and -1.46 V  with a ΔE = 0.55 V and ΔE = 0.38 V for 

Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*, respectively. The Ni unit thus becomes more easily reducible, and the NiI 

oxidation state is stabilized by interaction with the Fe unit.  
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1.4. Electrocatalytic activity of NiIIFeIICp and NiIIFeIICp* for H2 

production. 

The electrocatalytic activity of both complexes for proton reduction has been investigated. Upon 

addition of Et3NHBF4 as a proton source (pKa = 18.6 in MeCN),37 a catalytic process (Ecat = –1.91 V and 

-1.86 V vs Fc+/Fc, measured at the half-wave) is developed on the top of the second reversible wave 

for Ni
II
Fe

II
Cp (Figure 18, left) and Ni

II
Fe

II
Cp* (Figure 18, right), respectively. 

 

 

 

 

 

 

 

 

Figure 18. CVs of Ni
II
Fe

II
Cp (left) . à M à efo eà aà a dàa’ à a dàafte à -g) addition of various amounts of 

Et3NHBF4 in MeCN solution, 0.1 M n-Bu4NClO4, on a glassy carbon electrode at 100 mV s-1: (b) 5 equiv.; (c) 10 
equiv.; (d) 15 equiv.; (e) 20 equiv.; (f) 25 equiv; (g) 30 equiv; CVs of Ni

II
Fe

II
Cp* (right): (b) 1 equiv.; (c) 5equiv.; 

(d) 10 equiv.; (e) 15 equiv.; (f) 20 equiv. 

Bulk electrolysis experiments performed at –1.85 V vs Fc+/Fc on Hg-pool cathode confirm 

electrocatalytic production of H2 (16 turnovers (TON) achieved, turnover frequency (TOF) = 10 h-1, 

70% conversion within 100 minutes) with faradic yields of 70% from Et3NHBF4 (50 equiv.) solution in 

the presence of Ni
II
Fe

II
Cp. In the same conditions, with Ni

II
Fe

II
Cp*, 17 TON were achieved with 72% 

conversion within 100 minutes (TOF = 11 h-1), with faradic yields of 76 % from Et3NHBF4 (50 equiv.) 

solution (Figure 19).  
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Figure 19. Dihydrogen production during bulk electrolysis at -1.86 V on Hg-pool cathode in the presence of 
Ni

II
Fe

II
Cp (___), Ni

II
Fe

II
Cp* (___) and Ni

II
L (0.20 mM) and Et3NHBF4 (50 equiv.) in MeCN solution, 0.1 M n-

Bu4NClO4. 

While the mononuclear FeII precursor, [CpFeII(CO)(MeCN)2]
+, displays no reactivity toward proton 

reduction under similar conditions, [NiIIL] produces H2 but with a minor activity (9 turnovers achieved 

within 100 minutes, TOF = 6 h-1). Both heterodinuclear NiFe complexes have comparable reactivities. 

In the following part, all experimental data have been carried out with Ni
II
Fe

II
Cp. 

  
When electrocatalytic studies are carried out on GC electrode, rinse test experiments and Scanning 

Electron Microscopy (SEM) has been performed. These experiments show that the CV profile of a 

solution of Et3NHBF4 (solution 2, second scan, ___) is analogous when the GC electrode was previously 

cycled into solution 1 (acid + catalyst, ___) after washing with CH2Cl2 or into the same solution 2 (acid 

only, first scan). 

 

 

 

 

Figure 20. CV of Ni
II
Fe

II
Cp (___, 1.0 mM) in the presence of Et3NHBF4, 20 equiv. in MeCN solution, 0.1 M n-

Bu4NClO4 (solution 1), compared to the CVs of Et3NHBF4, 20 equiv. (solution 2, first ___ and second --- scan, 
respectively) and of solution 2 after modifying the GC electrode by a CV scan into solution 1 followed by 
washing with CH2Cl2 (---). 

This electrochemical study confirms that there is no metal-based surface-confined species 

responsible for the observed catalytic activity (Figure 20). In the same vein, two glassy carbon 

electrodes have been analyzed by SEM: (i) after recording a CV in the presence of EtNHBF4 (20 equiv.) 

and washed with MeCN and (ii) after recording a CV in the presence of Et3NHBF4 (20 equiv.) and 
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washed with MeCN and CH2Cl2. On both pictures, no deposition is observed (Figure 21), confirming 

the absence of surface-confined species. 

 

 

 

 

Figure 21. Scanning electron micrographs of glassy carbon electrodes subjected to electrocatalysis in dry 
acetonitrile solution of Ni

II
Fe

II
Cp (0.20 mM), Et3NHCl (20 equiv.) and nBu4NClO4 (0.1 M) and further rinsed with 

MeCN and CH2Cl2: right and left, respectively)  

Kinectic rates associated to catalytic reactions is important for the comprehension of the efficiency of 

a catalyst. Therefore, electrochemical methods have been developed to extract such information. 

When the catalytic reaction speed rate is large enough, the establishment of a steady state is 

observed at which the diffusion of the electrogenerated species is compensated by its rapid reaction 

with the substrate. This happens in the so called pu eàki eti s à o ditio s. For a two-electron multi-

step catalytic reaction, such as proton reduction, the form of the catalytic wave is a sigmoid where a 

maximum is reached, called plateau current  (Figure 22).  This characteristic behavior has been 

explained by Savéant et al.38 However, secondary phenomena including deactivation of the catalyst, 

consumption of the substrate or passivation process at the electrode surface by the product modify 

the sigmoid shape of the CV. In this context, kinetic values given by the analysis of the plateau 

current are not easily accessible. The foot of the wave analysis (FOWA) has been thus developed. It is 

based on the fact that at the foot of the wave, the measured currents are mainly under the control of 

the catalyzed reaction, allowing the negligence of secondary phenomena for the determination of 

kinetic rates. 

 

 

 

 

 

Figure 22. Different behavior of electrocatalytic waves for a typical 

system:à sig oidà a eà i à pu eà ki eti s à o ditio sà leu ,à a dà
consumption of the substrate (green, red, yellow), v = 100 Mv.s-1, [C] 0 

=1 mM,.38 Note that in this figure, the reduction currents are positive. 
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To gain more insight into the kinetics of the electrocatalytic hydrogen production with Ni
II
Fe

II
Cp and 

Ni
II
Fe

II
Cp*, FOWA has been carried out38

 and allowed the determination of a second-order rate 

constant (kcat) of 2.5 ± 0.3 104 M–1.s–1 and 7.7 ± 0.4 103  M–1.s–1, respectively which rank both catalysts 

high in the series of H2-evolving systems for which such rate constants were measured (106 - 104 M-

1.s-1 range, the best being iron-porphyrin).14,39-41. 
Ni

II
Fe

II
Cp appears to be faster than the Ni

II
Fe

II
Cp* 

complex. This can be explained by a lack of stability of the latter complex  

Under the same conditions the mononuclear Ni
II
LS catalyst gives a kcat value of 2.2± 0.3 103 M–1.s–1, 

that is one order of magnitude lower than that of Ni
II
Fe

II
Cp. From these numbers and the conditions 

used for bulk electrolysis experiments ([EtNHBF4] = 1.10-2 M), turnover frequency (TOF) values of 250 

s-1 and 22 s-1 can be determined for Ni
II
Fe

II
Cp and Ni

II
LS, respectively. These values reflect the 

intrinsic activity of the catalysts. They are significantly larger than those tentatively derived from bulk 

electrolysis experiments (10 h-1 and 6 h-1 for Ni
II
Fe

II
Cp and Ni

II
LS, respectively). Such a discrepancy 

arises from the fact that not all the catalyst present in the bulk solution is active but only the fraction 

present in the convection-reaction layer at the immediate vicinity of the electrode. In addition, the 

current measured during bulk electrolysis experiments is limited by mass transport and consumption 

of the proton source. 

The experimentally determined kcat values can be translated into extrapolated TOFmax values in 1M 

acid solution (the standard condition proposed for a rational benchmark of performances of H2 

evolution catalysts using catalytic Tafel plot) assuming that the reaction remains first order in acid.39 

The TOFmax values of Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* of 2.5.104 s–1 and 7.7.103, respectively are larger 

especially for Ni
II
Fe

II
Cp compared to Ni

II
LS (TOFmax value o= 2.2.103 s–1). Based on an EECC mechanism 

(as proposed below, with E corresponding to an electron transfer step and C to a chemical reaction, 

here protonation) together with a Ecat value of –1.90 V vs Fc+/Fc for both NiFe complexes and an 

apparent equilibrium potential of the H+/H2 couple (–1.21 V vs Fc+/Fc),85 we could depict the red 

trace in the catalytic Tafel plot shown in Figure 23, relating turnover frequency and driving force of 

the reaction, i.e. the overpotential related to H2 evolution under the conditions used.39 Overpotential 

is defined as the difference between the applied and the tabulated values of the standard potential 

of H+/H2. 
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Figure 23. Catalytic Tafel plots relating turnover frequency and driving force of H2 evolution, and performances 

of  Ni
II
Fe

II
Cp with previously reported H2-evolving electrocatalysts: Ni

II
Fe

II
Cp (red); Ni

II
Fe

II
Cp* (purple);  Ni

II
LS 

(light green);  [Mn(mesbpy)(CO)3(MeCN)](OTf) es p = , ’-dimesityl- , ’- bipyridine) (dark green);6 

[Ni(xbsms)Mn(CO)3(H2O)]+ (xbsms2- a S4 donor ligand) (light green);41 FeTPP(black);14,39,62 [NiII(P2
PhN2

C6H4X)2]2+ 

(X= CH2P(O)) (orange);39 CoII(dmgH)2py (blue).39  

Although not rivaling with DuBois’à io-inspired Ni complexes,42 Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* complexes 

displays significant catalytic activity (log(TOF)/s-1)>1) for overpotential values larger than 500 mV and 

therefore compares well with other electrocatalysts based on non-noble metals,39,43 including 

FeTPP,40 a mononuclear Mn complex41 or a NiIIMnI mimic14 of the active site of [NiFe] hydrogenase.  

1.5. Investigation of the catalytic mechanism of NiIIFeIICp and 

comparison with the [NiFe] hydrogenase. 

With the aim of better understanding the electrocatalytic mechanism of H2 production, efforts have 

been carried out to generate and characterize potential intermediate species. This work has been 

only carried out with Ni
II
Fe

II
Cp, because the intermediates with Ni

II
Fe

II
Cp* are much less stable. 

1.5.1.  Characterization of NiIFeIICp, an active Ni-L model. 

The reaction between Ni
II
Fe

II
Cp and 1 equiv. of cobaltocene leads to the precipitation of a dark violet 

powder (Figure 24a). Suitable X- a à stalsà ould ’tà eà o tai edà e auseà ofà thei à i sta ilit à i à

solution, even at low temperature. However, this paramagnetic species has been assigned to one 

electron reduced species [(LS)NiIµ(CO)FeIICp], Ni
I
Fe

II
Cp, based on several spectroscopic results 

described below. Ni
I
Fe

II
Cp is only soluble in THF and has been characterized by UV-Vis spectroscopy 

(Figure 24b). Ni
I
Fe

II
Cp displays two transitions at 570 nm and at 800 nm. The transition at 800 nm 

suggests that there is delocalization of the charge through the two metallic centers. 
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(a)                                                                                            (b) 

Figure 24. (a) Synthesis of Ni
I
Fe

II
Cp from Ni

II
Fe

II
Cp in the presence of cobaltocene (b) Visible absorption spectra 

of Ni
II
Fe

II
Cp (---, 1 mM in MeCN, d = 2 mm) and of Ni

I
Fe

II
Cp (___, 1 mM in THF, d = 2 mm). 

The oxidation state of the Ni
I
Fe

II
Cp complex was attested by EPR and Mössbauer spectroscopy. The S 

= ½ EPR signature powder exhibits a characteristic axial signal of a NiI-based compound with a g// = 

2.168 and g = 2.060 (Figure 26). The Mössbauer doublet is characterized by  = 0.44 ∙s–1 a dàΔEQ 

= 1.79 ∙s–1 parameters, which are similar to those of the initial Ni
II
Fe

II
Cp (Figure 25) 

demonstrating that the Fe site remains a low spin FeII ion with a similar coordination sphere. 

  

 

 

 

 

                                 (a)                                                                                      (b) 
Figure 25. (a) Mössbauer spectrum of Ni

I
Fe

II
Cp recorded at 80 K obtained on solid samples. The red solid line 

through the experimental data (empty black circles) is a simulation using Lorentzian line doublets with the 
following parameters Ni

I
Fe

II
Cp: δ =à . à ∙s–1 a dà∆EQ =à . à ∙s–1; (b) X-band EPR spectrum of Ni

I
Fe

II
Cp 

(powder, 100 K). 

The CO vibration is shifted from 1929 cm-1 (Ni
II
Fe

II
Cp) to 1770 cm-1 in agreement with a bridging CO 

between the Fe and the Ni ions. It has been observed that in the course of bulk electrolysis 

experiments performed in wet MeCN ([H2O > 0.5 M] at -1.3 V) Ni
I
Fe

II
Cp adsorbs at the surface of GC 

electrodes. This species can indeed be redissolved in THF and displays the same spectroscopic 

properties that the powder obtained from the reaction of a MeCN solution of Ni
II
Fe

II
Cp with one 

equiv. of cobaltocene (Figures 24, 25).  

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

A

(nm)

NiIIFeIICp

NiIFeIICp

3000 3100 3200 3300 3400 3500

Field (G)

g = 2.060

g// = 2.168

NiIIFeIICp

NiIFeIICp



Chapter I 

63 
 

NiI

FeII

N

N S

S

O
H2O

CO = 1888 cm-1 (1849 cm-1)

During cobaltocene reduction of Ni
II
Fe

II
Cp, another minor side-product co-precipitates with Ni

I
Fe

II
Cp 

with a CO vibration at 1888 cm-1 (Figure 26). The relative intensity of this feature (1888 cm-1) can be 

slightly modulated as a function of several parameters including the amount of water. Based on this 

IR-vibration and on the fact that no additional feature can be observed by neither EPR nor 

Mössbauer spectroscopy, a theoretical structure has been calculated initiated from Ni
I
Fe

II
Cpcalc (see 

below), in which one water molecule has been added on the Ni site, Ni
I
Fe

II
Cp(OH2)calc.  

 

 

 

 

 

Figure 26. Infrared spectra (CO stretching region) of Ni
II
Fe

II
Cp before (---) and (___) after addition of 

cobaltocene. 

During the optimization process, the CO is shifted to a terminal position at the Fe site, and the 

predicted CO vibration (1849 cm-1) is consistent with the experimental 1888 cm-1 one. Furthermore, 

the Ni ion remains at the +I oxidation state in Ni
I
Fe

II
(H2O)calc and the iron site a low spin FeII (Figure 

26, 27). Consequently, the CO vibration (1888 cm-1) can be assigned to the [(LS)NiI(OH2)FeII(Cp)(CO)]+ 

complex,  Ni
I
Fe

II
Cp(OH2). 

 

  

 

  

 

 

 

Figure 27. DFT optimized structure of [(LS)NiI(OH2)FeII(Cp)(CO)]+, Ni
I
Fe

II
Cp(H2O)calc and selected bond distances 

of Ni
I
Fe

II
Cp(H2O)calc. 

 

d (Å) Ni
I
Fe

II
Cp-(H2O)calc 

Ni-Fe 3.308 

Ni-N1 1.949 

Ni-N2 1.957 

Ni-S1 2.235 

Ni-S2 2.256 

Fe-S1 2.338 

Fe-S2 2.338 

Ni-H2O 2.200 

2000 1950 1900 1850 1800 1750 1700

(cm
-1
)

1929 cm-1

1770 cm-1

1888 cm-1

NiIIFeIICp

NiIFeIICp
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The structure of Ni
I
Fe

II
Cp has been confirmed by DFT calculations. The CO ligand indeed bridges the 

Ni and the Fe sites. All calculated spectroscopic parameters on its optimized structure (Ni
I
Fe

II
Cpcalc) 

are in reasonable to excellent agreement with the experimental data (Figure 28).  

 

 

 

 

 

 

 

 

 

 

Figure 28. DFT-optimized structure of the one-electron reduced form, Ni
I
Fe

II
Cp, with the corresponding 

experimental (calculated) spectroscopic parameters and selected bond distances of Ni
I
Fe

II
Cpcalc. 

Upon reduction, the Ni…Fe distance is shortened to 2.52 Å likely due to the presence of the bridging 

carbonyl (Ni-CO: 2.064 Å and Fe-CO: 1.803 Å). The single occupied molecular orbital (SOMO, Figure 

29) is mainly centered on the Ni ion (76 and 1 % on the Ni and Fe sites, respectively, vs 81 and 15 % in 

Ni-SIa)
44 with partial delocalization on the bipyridine moiety of LS (7% on the N atoms). This confirms 

that the Ni is at its +1 oxidation state. 

 

 

 

 

 

 

 

SOMO composition: 76% Ni, 1% Fe, 12% S, 7% N and 4% remaining ligand 

Figure 29. Localized Singly Molecular Orbital (SOMO) of Ni
I
Fe

II
Cpcalc. 

  

d (Å) Ni
I
Fe

II
Cpcalc 

Ni-Fe 2.516 

Ni-N1 1.985 

Ni-N2 1.985 

Ni-S1 2.332 

Ni-S2 2.324 

Fe-S1 2.336 

Fe-S2 2.341 

Ni-CO 2.064 

CO = 1770 cm-1 (1788 cm-1)
EQ = 1.82 mm.s-1 (1.83 mm.s-1)
 = 0.39 mm.s-1 (0.46 mm.s-1)
g┴ = 2.05, g║ = 2.16
(gx = 2.06, gy = 2.07, gz = 2.15)

NiI

FeII

N

N
S

S O
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1.5.2. Characterization of NiIIFeIICp(H), an active Ni-R model. 

Our next attempt was focused on the detection of a metal-hydride species (Figure 30).  

 

Figure 30. Synthesis of Ni
II
Fe

II
Cp(H) from Ni

II
Fe

II
Cp in the presence of an excess of NaBH4 in MeCN. During this 

reaction, 85 % of Ni
I
Fe

II
Cp is produced. 

  

When an excess of NaBH4 (6 equivalents) is added to a MeCN solution of Ni
II
Fe

II
Cp, the IR spectrum 

of the solution displays a new CO vibration (1838 cm-1), in addition to those (1770 and 1888 cm-1) 

attributed to Ni
I
Fe

II
Cp and its aquo adduct, respectively. While the formation of Ni

I
Fe

II
Cp simply 

reflects the reducing nature of BH4
– ions, the new feature at 1838 cm-1, which shifts to 1844 cm-1 

when using NaBD4, can be confidently assigned to a hydride derivative (Figure 31). 

 

 

 

 

 

 

 

 

Figure 31. Infrared spectra (CO stretching region) of Ni
II
Fe

II
Cp before (---) and after addition of (___) CoCp2, (___) 

NaBH4, (___) NaBD4. 

In the 1H NMR spectrum (Figure 32), a sharp peak at –6.80 ppm is observed consistent with a 

diamagnetic species containing a metal-bound hydride ligand, named Ni
II
Fe

II
Cp(H) hereafter. Based 

on the relative intensity of this peak with those accounting for Ni
I
Fe

II
Cp, Ni

II
Fe

II
Cp(H) represents 

maximum 15% of the sample.  
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Figure 32. 1H (hydride region) NMR spectrum (400 MHz, d8-thf) of the product of reaction between Ni
II
Fe

II
Cp 

and NaBH4.  

The optimized Ni
II
Fe

II
Cp(H)calc structure indicates that the hydride ligand is terminally bound to the 

NiII site and that the CO ligand remains terminally bound to the FeII site (Figure 33). The optimized 

distance between the Ni and the Fe sites is of 3.336 Å, thus longer than the Ni-Fe distance in 

Ni
II
Fe

II
Cp. 

 

 

 

 

 

 

 

 

 

Figure 33. DFT-optimized structure of Ni
II
Fe

II
Cp(H), with the corresponding experimental (calculated) 

spectroscopic parameters and selected bond distances of Ni
II
Fe

II
Cp(H)calc. 

The DFT-predicted spectroscopic parameters (IR and NMR) agree well with the experimental data 

(Figure 33) validating the theoretical model. According to the Ni
II
Fe

II
Cp(H)calc optimized structure, the 

hydride is bound to the Ni site in a terminal position with Ni-H of 1.55 Å and the CO remains 

terminally bound to the Fe site. Both Ni and Fe ions are at the +II oxidation state.  

1.5.3. Towards NiIIIFeIICp(H), a Ni-C model. 

After the characterization of Ni
I
Fe

II
Cp and Ni

II
Fe

II
Cp(H), models of the Ni-L and the Ni-R states, 

respectively, the next target was to obtain a model of the Ni-C state. As no reaction is obvious from 

the CV recorded in the presence of Et3NH+, addition of a stronger acid was tested. Addition of HBF4 

(pKa = 0.1)37 to Ni
I
Fe

II
Cp in MeCN yields 0.40 equiv of H2 (80% yield, as determined by gas 

d (Å) Ni
II
Fe

II
Cp(H)calc 

Ni-Fe 3.336 

Ni-N1 1.866 

Ni-N2 1.928 

Ni-S1 2.297 

Ni-S2 2.179 

Fe-S1 2.321 

Fe-S2 2.287 

Ni-H 1.548 

NiII FeII

N

S

S

O
H

ON

CO = 1838 cm-1 (1866 cm-1)
1H NMR: -6.80 ppm (-3.90 ppm)
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chromatography analysis vs proton concentration) with the concomitant regeneration of Ni
II
Fe

II
Cp 

(Figure 34, Equation 2).  

 

 

 

 

Figure 34. Synthesis of Ni
II
Fe

II
Cp from Ni

I
Fe

II
Cp in the presence of 1 equiv. of HBF4 in THF. 

 

2 NiIFeIICp + 2 H+  2 NiIIFeIICp + H2                                   Equation 2 

 

Such a reactivity suggests the transient formation of the Ni
III

Fe
II
Cp(H) species under these conditions, 

which either evolves H2 in a homolytic bimolecular fashion, or reacts with a proton to produce H2 

heterolytically after in situ reduction to Ni
II
Fe

II
Cp(H) by a neighboring molecule of Ni

I
Fe

II
Cp. 

Nevertheless,àdespiteàst o gàeffo ts,à eàdid ’tàsu eedài àdetecting Ni
III

Fe
II
Cp(H). 

1.5.4. Identification of the two-electron reduced species of NiIIFeIICp. 

In the CV of Ni
II
Fe

II
Cp, the second reversible wave is attributed to the reduction of the bipyridine 

moiety to form LS

Ni

I
Fe

II
Cp (Figure 17). This is attested by a DFT optimized structure of the one-

electron reduced form of Ni
I
Fe

II
Cp that displays a strong radical character on the bipyridine ligand 

bound to the NiI site. This double-reduced species displays two unpaired electrons distributed in two 

SOMOs (Single Occupied Molecular Orbitals). The electronic density is mainly localized on the Ni for 

SOMO1, while the second electron is localized on the ligand at 89% for SOMO2 (Figure 35). 

 

 

 

 

SOMO1 composition: 59% Ni, 3% Fe, 16% S, 11% N and 11% remaining ligand 

SOMO2 composition: 6% Ni, 4% Fe, 1% S, 22% N and 67% remaining ligand 

Figure 35. Magnetic orbitals of LSNi
I
Fe

II 
Cp. 

1.6. Effect of CO on H2 production. 

1.6.1.  Electrocatalytic activity in the presence of CO. 

In a first attempt to characterize the effect of CO on both NiFe complexes, electrochemical studies 

were performed in the presence of CO (Figure 36, Table 3). The redox properties of both complexes 

THF

NiIIFeIICpNiIFeIICp

+ H2
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are influenced by the presence of CO, but in a different manner. With Ni
II
Fe

II
Cp (at -1.91 V), the 

second reduction process is mainly modified, while in the case of Ni
II
Fe

II
Cp* the first reducing system 

(at -1.29 V) becomes fully irreversible. This implies that CO interacts with Ni
I
Fe

II
Cp* and with 

LS

Ni

I
Fe

II
Cp. 

 

 

 

 

 

 

 

(a)                                                                                             (b) 

Figure 36. (a) CVs of Ni
II
Fe

II
Cp before CO (---) and after CO (___). (b) CVs of Ni

II
Fe

II
Cp* before CO (---) and after 

CO (___); [Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp*]= 0.2 Mm in MeCN. 

 

Table 3. Redox potential (V) of Ni
II
Fe

II
Cp, Ni

II
Fe

II
Cp* and Ni

II
LS in MeCNvs Fc+/Fc. 

 
Epc

1 Epc
2 

Ni
II
Fe

II
Cp -1.29  -1.91 

Ni
II
Fe

II
Cp* -1.46 -1.86 

Ni
II
Fe

II
Cp + CO -1.29  -1.91 

Ni
II
Fe

II
Cp* + CO -1.4 -1.86 

 

As described previously, both complexes present a catalytic effect at -1.91 V and -1.86 V for Ni
II
Fe

II
Cp 

and Ni
II
Fe

II
Cp*, respectively, in the presence of Et3NHBF4 (Figure 37a and 37b). 

  

 

 

 

 

 

 

(a)                                                                                  (b) 

 

Figure 37. (a) CV of Ni
II
Fe

II
Cp (____), in the presence of 15 equiv. of EtNHBF4 (____), and CO (____), CO removed 

(____).(b) CV of Ni
II
Fe

II
Cp* (____), in the presence of 15 equiv. of Et3NHBF4 (____), and CO (____), CO removed (___). 

[Ni
II
Fe

II
Cp(*)] = 0.2 mM. 

 

For Ni
II
Fe

II
Cp (Figure 37a), when CO is bubbled into the solution containing 15 equiv. of Et3NHBF4, 

only a partial inhibition is observed (CV in green) but the activity is fully recovered when CO is 
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replaced by argon (CV in purple). Unlike Ni
II
Fe

II
Cp, the activity Ni

II
Fe

II
Cp* (Figure 37b) is almost fully 

inhibited in the presence of CO and recovered when CO is removed from the solution. Consequently, 

CO inhibits the catalytic activity of Ni
II
Fe

II
Cp* in the presence of protons. 

1.6.2.  EPR spectroscopy of NiIIFeIICp* in the presence of CO. 

In order to get more insights into the inhibition mechanism by CO, EPR experiments have been 

carried out in the case of Ni
II
Fe

II
Cp* (Figure 38) for which a stronger effect of CO has been observed 

combined with a more pronounced modification of the first reduction process in the presence of CO. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                            (b) 
Figure 38. (a) X-band EPR spectra of Ni

I
Fe

II
Cp* (1 mM solution of Ni

II
Fe

II
Cp* was reduced with 1 equiv. of 

cobaltocene), (---) in MeCN and after CO bubbling in MeCN (___) (Zoom x 3) recorded at 100 K. Inset: X-band EPR 
spectrum of Ni

I
Fe

II
Cp (see Figure 26), (b) EPR spectra of the [NiFe] hydrogenase from D. vulgaris Miyazaki at 40 

K  for the Ni-CO state. 86
 

 

When the diamagnetic Ni
II
Fe

II
Cp* complex is reduced with one equiv. of cobaltocene, it gives a 

reduced species, characterized by EPR spectroscopy. This species is much less stable compared to 

Ni
I
Fe

II
Cp. This is attested by the fact that the spectrum of Ni

I
Fe

II
Cp* is ~30 times less intense than 

that of Ni
I
Fe

II
Cp, using a similar concentration of the starting Ni

II
Fe

II
Cp* complex (Figure 38). The S = 

1/2 EPR spectrum (Figure 38, dash line) displays a rhombic signal (g1 = 2.07, g2 = 2.05, g3 = 1.99), 

different from that recorded with Ni
I
Fe

II
Cp (Figure 25) which was axial. This means that the 

geometries between the two complexes are different. By using DFT calculations, we can attest that 

CO does ’tàbridge the Ni and the Fe sites. To get more insight about the structure of this reduced 

compound, DFT studies are still in progress. 

It has been observed that when CO is bubbled in a freshly prepared solution of Ni
I
Fe

II
Cp*, the 

resulting EPR spectrum is modified into a new rhombic signal with g values of g1 = 2.10, g2 = 2.08, g3 = 

1.99. The exogenous CO may bind the NiI site modifying its environment of coordination. DFT 

calculations are in progress to confirm these preliminary results. In addition, we can observe that the 

g1=2.13

g2=2.12
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Ni-Sia

dNi-FeCp ~ 2.92 Å
dNi-FeCp* ~ 3.39 Å

dNi-Fe ~ 2.8 Å

EPR spectrum of the Ni
I
Fe

II
Cp* with CO (Figure 38a, red line) is very closed to what is observed for 

the enzyme similar g values (g1 = 2.13, g2 = 2.08, g3 = 2.02)86 with a rhombic spectrum (Figure 38b). 

Interestingly, when CO was bubbled before the addition of cobaltocene, no reduction of Ni
II
Fe

II
Cp* 

was observed. This is consistent with what happens in the enzyme in which CO can bind to Ni-Sia (NiII 

state) and inhibits the catalytic cycle. Based on these preliminary experiments, Ni
I
Fe

II
Cp* in the 

presence of CO appears to be a good model of the Ni-CO state of the [NiFe] hydrogenase. 

1.7. Discussion. 

Based on all experimental data combined with DFT calculations, Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* complexes 

are proposed to be two structural models of the active site of the [NiFe] hydrogenase and more 

specifically of the Ni-Sia model (Figure 39). The  X-ray structure of Ni
II
Fe

II
Cp reveals a {NiFeS2} core 

identical to that of Ni-SIa state with the two thiolates bridging the NiII and FeII ions and a Ni…Fe 

distance (2.92 Å) close to that (~2.8 Å) determined for Ni-SIa through DFT calculations.32 

 

 

 

 

 

 

Figure 39. Ni
II
Fe

II
Cp(*), structural model of Ni-Sia (intermediate of [NiFe] hydrogenase). 

The Ni
II
Fe

II
Cp complex also displays spectroscopic signatures similar to those measured for Ni-SIa: (i) 

from Electron Paramagnetic Resonance (EPR) and Nuclear Magnetic Resonance (NMR) 

measurements, Ni
II
Fe

II
Cp is diamagnetic with both low-spin (S = 0) NiII and FeII ions as in Ni-SIa. 

Accordingly, the Ni-S and Ni-N bond distances are similar to those measured in the low-spin Ni
II
LS 

complex;28 (ii) the Mössbauer spectrum of Ni
II
Fe

II
Cp displays a doublet with isomer shift  = 0.39 

mm∙s–1 and quadrupole splitting EQ = 1.82 mm∙s–1 characteristic of a low-spin FeII ion, even though 

the isomer shift is higher than the value reported for Ni-SIa ( = 0.10 mm∙s–1, EQ = 1.60 mm∙s–1)33; (iii) 

the CO stretching vibration (  = 1929 cm-1, of the carbonyl ligand coordinated to the FeII center is 

in the same range as for Ni-SIa (1925-1956 cm-1).2,34 All these data highlight that the electronic 

properties of the Fe unit in Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* are close to those of the enzyme active site even 

if the coordination sphere is different (18-electron vs 16-electron shell for Ni
II
Fe

II
Cp(*) and [NiFe] 

hydrogenase, respectively). 

Concerning Ni
II
Fe

II
Cp*, it mimic less properly the Ni-SIa site, the Ni-Fe distance being of 3.396 Å. This 

is the consequence of the quasi planar {N2S2} core of the Ni
II
Fe

II
Cp* compared to Ni

II
Fe

II
Cp. 

n CO
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Despite some variations in the metal coordination spheres, the structural and spectroscopic 

properties of Ni
II
Fe

II
Cp losel à ese leàthoseàofàtheàe z e’sàa ti eàsite.àTheàt oàte i alàNi-bound 

thiolates have been replaced by a bipyridine unit providing rigidity and preorganization essential for 

active catalysis and acting as an electron reservoir (see below), thus mimicking the proximal [4Fe4S] 

cluster. Essentially, the LS ligand affords an unsaturated four-coordinated NiII site appropriate for Ni-

centered reactivity, as in the enzyme.  

Concerning Ni
I
Fe

II
Cp, CO bridges the Ni and Fe units, whereas in the Ni-L state, the CO is bound to the 

Fe in a terminal position. While a large g-anisotropy is found in Ni-L (gz = 2.046, gy = 2.118 and gx = 

2.296 with g = 0.25),3 g values in the range 0.09-0.16 are found in the model compounds,26,45 

including Ni
I
Fe

II
Cp. This discrepancy can be related to the different coordination spheres of the NiI 

ion. In Ni-L, the NiI ion is four-coordinate, while it is five-coordinate in the synthetic models. Stable 

four-coordinate NiI complexes are remarkably rare and require an appropriate ligand scaffold to 

avoid binding of a fifth ligand.46 In Ni-L second coordination sphere effects probably play a crucial 

role in favoring this arrangement. Despite this difference, Ni
I
Fe

II
Cp represents the first mimic of the 

Ni-L state characterized (Figure 40) in the context of a full catalytic cycle, which supports the fact that 

Ni-L is indeed an active intermediate for [NiFe] hydrogenase.9,47 

 

 

 

 

 

Figure 40. Ni
I
Fe

II
Cp, model of Ni-L (intermediate of the [NiFe] hydrogenase). 

Ni
II
Fe

II
Cp(H) has a composition and redox state analogous to the Ni-R state of NiFe hydrogenase. 

In Ni-R, the hydride bridges the two metals in a dissymmetrical manner and is displaced toward the 

Ni site as revealed by the Ni-H and Fe-H bond distances of 1.58 Å and 1.78 Å, respectively.6 

Interestingly, even if the hydride is terminally bound to Ni in Ni
II
Fe

II
Cp(H)calc, the calculated Ni-H bond 

distance is similar (1.55 Å) to that in Ni-R and in the range of Ni-H length values found in the 

literature for terminal hydride ligands (1.33-1.65 Å).48-50 Besides, the present model reproduces the 

notable dissymmetry observed in Ni-R between the two Ni-Sbridging bonds (2.54 and 2.21 Å in Ni-R and 

2.30 and 2.18 Å in Ni
II
Fe

II
Cp(H)calc). In the three previously isolated Ni-R models, the hydride ligand 

binds in either a terminal mode to the Fe site21 (Fe-H distance of 1.57 Å) or a dissymmetric bridging 

mode displaced toward the Fe ion (d (M-H) of 0.18 and 0.4 Å with Ni-H length of 1.64 and 1.89 Å, 

respectively) (Figure 41).22,23  

 

NiIFeIICp
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d Ni-H-Fe= 1.58 Å
d Ni-H-Fe= 1.64 Å

d Fe-H = 1.57 Å
(terminal H)

 

 

 

 

 

                                                       (a)                                      (b)                                       (c) 
 

Figure  41. (a) The [NiFe] active site in the Ni-R form,6 (b)22 and (c)23 two models of the Ni-R state. 

 
With this unprecedented structure, Ni

II
Fe

II
Cp(H) thus represents the best active mimic of the Ni-R 

state involved in H2 evolution catalysis to date (Figure 42). 

 

 

 

Figure 42. Ni
II
Fe

II
Cp(H), model of Ni-R (intermediate of the [NiFe] hydrogenase). 

The LSNi
I
Fe

II
Cp

 intermediate formed during the electrocatalytic pathway parallels the formation of a 

super-reduced state, implicated in the catalytic cycle of [FeFe] hydrogenase.35,51 In this natural super-

reduced state, the additional electron is located on the proximal [4Fe4S] cluster,52,53 while in 

LSNi
I
Fe

II
Cp

 the bipyridine moiety acts as the electron reservoir. Whether [NiFe] hydrogenase could 

also exist in such a super-reduced state is an interesting question, but the present mechanism clearly 

demonstrates how the sequence of the various electron and proton transfer steps can be controlled 

in synthetic NiFe mimics through fine-tuning the redox and electronic properties of the system. A 

similar redox behavior has previously been observed in a diiron mimic of the active site of the [FeFe]-

hydrogenase containing a bipyridine (Figure 43). They observed that at scan rates faster than 1 V.s-1, 

the reductive peak was split into two reductive features. The first peak was assigned to FeI/Fe0 and 

the second one to the bpy0/bpy-1.17 

  

NiIFeIICp(H) 
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              (a)                                                                    (b)                                                                  (c) 

Figure 43. Comparison of (a) LSNi
I
Fe

II
Cp, (b) [FeFe] hydrogenase super-reduced state35,51 and (c) a dinuclear 

iron model of the [FeFe] hydrogenase.17 
 

After the characterization of all these intermediates, the electrocatalytic mechanism shown in Figure 

44 can be proposed. Ni
II
Fe

II
Cp undergoes a one-electron reduction to generate Ni

I
Fe

II
Cp. This active 

species is further reduced to afford LSNi
I
Fe

II
Cp, which reacts with protons to yield Ni

II
Fe

II
Cp(H). The 

metal-hydride species further reacts with protons to produce H2, and to regenerate the initial 

Ni
II
Fe

II
Cp complex.  

 

 

 

 

 

 

 

 

 

 

Figure 44. Proposed catalytic pathway for H2 evolution mediated by Ni
II
Fe

II
Cp at the catalytic wave. 

Such a catalytic cycle, involving decoupled electron and proton transfers, is similar to that proposed 

for the enzyme, except that the electron/proton transfer sequence yielding Ni-R/ Ni
II
Fe

II
Cp(H) from 

the one-electron reduced form, Ni-L/ Ni
I
Fe

II
Cp is inverted. As a consequence, the formation of a 

Ni
III

Fe
II
Cp(H) species, analogous to Ni-C, is bypassed in our system. It is hypothesized that 

protonation of Ni
I
Fe

II
Cp by Et3NH+ is either thermodynamically unfavorable or too slow to be 

observed on the timescale of a CV experiment. This can be rationalized by the poor basic and 

nucleophilic character of Ni
I
Fe

II
Cp, compared to Ni-L, due to (i) a much weaker electronic donor, 

coordination environment ({N2S2}
2- for NiI vs. {S4}

4- in the enzyme); (ii) partial delocalization of the 

E

EC

C

[FeFe] hydrogenaseLS
.
NiIFeIICp (μ-pdt)Fe2(CO)4(κ2-bpy)
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SOMO on the bipyridine moiety of LS and (iii) the absence of any proton relay that could kinetically 

assist protonation of the NiI center. 

 
The reversible electrochemical behavior of Ni

II
Fe

II
Cp is unprecedented among NiFe mimics, which 

generally displayed irreversible reduction processes, indicating strong structural reorganization at the 

metal site(s) possibly accompanied by ligand degradation via radical processes. The large anodic shift 

(530 mV) of the NiII/NiI redox potential (Epc = -1.29 V) in Ni
II
Fe

II
Cp, compared to Ni

II
LS (Epc = -1.82 

V),21 nicely illustrates how the electronics of the nickel center can be modulated by the 

organometallic iron unit, in a similar fashion to the active site of [NiFe] hydrogenases. The presence 

of the Fe unit increases the efficiency of the NiIIFeII complex (16 -17 TON, TOF of 10-11 h-1) compared 

to the Ni
II
L complex (9 TON, TOF of 6 h-1) towards proton reduction. The linkage of the cationic Fe 

moiety bearing the strong -acceptor CO ligand withdraws electron density through thiolate ligands, 

which acquire thioether-like electronic properties.36 

Despite the fact that Ni
II
Fe

II
Cp* is a less good structural mimic of the [NiFe] hydrogenase, it displays a 

good catalytic activity towards proton reduction. Interestingly, CO bubbling on Ni
II
Fe

II
Cp* modifies 

the redox properties of the complex. The complete loss of chemical reversibility of the first reducing 

system can be explained by the possible coordination of one CO molecule on the Ni site, leading to a 

shift of the Epc potential from -1.46 V to -1.41 V vs Fc+/Fc. The potential of the second reduction 

system remains unchanged, suggesting that the reduction is still occurring on the bipyridine ligand.  

The complete loss of chemical reversibility of the first system is proposed to arise from coordination 

of a CO to Ni after reduction. Indeed, it is proposed that Ni
I
Fe

II
Cp* displays structural properties that 

allow the coordination of an exogenous CO on the Ni site, generating a terminally Ni bound CO, as CO 

cannot bridge between the NiI and the FeII (DFT calculation and EPR data). In the presence of protons, 

the electrocatalytic activity of Ni
II
Fe

II
Cp* is fully inhibited by CO bubbling and completely recovered 

by replacing CO by argon, as in the [NiFe] hydrogenase.  

On the contrary, the first reduction system of Ni
I
Fe

II
Cp is only slightly modified by CO bubbling. This 

can be rationalized by the fact that the presence of a bridging CO between the NiI and FeII sites 

prevents the coordination of an exogenous CO. On the other hand, the second reduction system 

loses part of its reversibility and the potential is shifted from -1.91 V to -1.87 V. The optimized double 

reduced species, LS

Ni

I
Fe

II
Cp shows that there is no longer bridging CO on the NiFe complex. 

Consequently, the coordination of an exogenous CO to the NiI site can be envisaged explaining the 

partial inhibition of the electrocatalytic activity of Ni
II
Fe

II
Cp toward proton reduction in the presence 

of CO: Competition between the reaction of LS

Ni

I
Fe

II
Cp with H+ or with CO occurs. The proposed 

inhibition mechanisms of H2 production for both Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* are illustrated in Figure 45. 
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Figure 45. (a) Proposed mechanism of the inhibition of H2 production in the presence of CO for Ni
II
Fe

II
Cp 

(competition between the fixation of H+ and CO) and (b) for Ni
II
Fe

II
Cp*. 

 

As the electrocatalytic activity of Ni
II
Fe

II
Cp* is inhibited in the presence of CO, it represents a good 

model of the [NiFe] hydrogenase towards CO reactivity. The reduced species obtained with 

cobaltocene in the presence of CO (see EPR spectrum of Figure 36) can be considered as a model of 

the Ni-CO state. Further experiments will be performed in order to investigate the structure of these 

reduced species and the quantity of H2 production in the presence of CO during electrocatalysis.  

Conclusion 

Ni
II
Fe

II
Cp displays the best performance of any reported [NiFe] hydrogenase mimics to date, with 

regards to electrocatalytic H2 production. It is also the first heterodinuclear mimic, whose reactivity 

occurs on the Ni site. As in the enzyme, the Fe site of Ni
II
Fe

II
Cp is involved in the modulation of the 

electronic properties of the {N2S2} core. Such a conclusion is further supported by electrolysis 

experiments (better H2 production performances in terms of both efficiency and kinetics of Ni
II
Fe

II
Cp 

vs Ni
II
L) demonstrating a cooperative effect of the Fe site on the reactivity of the {Ni(LS)} unit. In the 

presence of CO, the catalytic activity is partially inhibited and its reactivity is reversible when CO is 

removed from the solution. Despite a lack of accuracy in mimicking the {NiFeS2} core of the [NiFe] 

hydrogenase, Ni
II
Fe

II
Cp* complex shows a good catalytic activity comparable to Ni

II
Fe

II
Cp. Its catalytic 

activity is fully inhibited in the presence of CO and recovered when the solution is degassed with 

argon. Ni
II
Fe

II
Cp* thus represents a good model of the [NiFe] hydrogenase towards proton reactivity 

NiIFeIICp LSNiIFeIICp

(a)

NiI(H2O)FeIICp*

(b)
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especially considering its complete reversible inhibition in the presence of CO such as the Ni-CO state 

of the enzyme.  

Other electrocatalytic experiments using a strong acid (HBF4) are under investigation to test the 

reactivity of Ni
I
Fe

II
Cp. The preliminary results shows that there is a catalytic activity on the first 

reduced system suggesting that the mechanism may go through the formation of Ni
III

Fe
II
Cp(H), thus 

mimicking the mechanism of the [NiFe] hydrogenase going through a Ni-C state. 
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Résumé 

L’a ti atio  d’O2 représente une étape critique dans de nombreux processus biologiques 

fondamentaux. E  effet, l’o g e ep se te % des o posa ts de l’ai  ue l’o  espi e. Il est 

nécessaire à la survie de nombreuses espèces vivantes comme les animaux, les plantes, les bactéries 

a o ies pou  la p odu tio  d’ e gie ou le métabolisme, par exemple.1b 

 L’o g e p se t da s ot e at osph e est l’ l e t ui pe et la fo atio  d’u  g adie t 

d’ e gie espo sa le du ai tie  de la ie su  Te e à travers un processus biologique appelé 

photosynthèse. Les organismes photosynthétiques sta ilise t l’ e gie ph e o te ue da s u  

photon en rompant et formant des liaisons chimiques. Ces organismes génèrent O2 grâce à 

l’o datio  de l’eau. Les le t o s li s au ou s de e p o essus so t utilis s pou  dui e le 

carbone inorganique en carbone organique dans le but de générer de nouvelles molécules. Cette 

énergie redox stockée peut être libérée pa  l’o datio  des ou elles ol ules s th tis es, 

pe etta t ai si à l’o g e d’ t e duit à quatre électrons en présence de protons pour générer 

H2O (équation 1). Ce phénomène est communément appelé respiration aérobie O2 + 4e- +4H+  

2H2O                             (Equation 1) 

La du tio  d’O2 à quatre électrons est également impliquée pour la g atio  le t i ue d’ e gie 

dans les systèmes de piles à combustibles (Figure 1).6,7 Ces piles se divisent en deux compartiments 

(anode et cathode) reliés par des membranes ep se ta t l’ le t ol te. L’hydrogène, H2, oxydé à 

l’a ode (+) en protons traversent la membrane pour se retrouver du côté de la cathode (-). Les 

électrons, quant à eux, ne pouvant pas passer la membrane empruntent un circuit extérieur en 

générant un courant électrique. Ils vont ainsi se retrouver du côté de la cathode et ainsi participer à 

la du tio  d’O2 selon l’ uatio  . 

Il existe différents types de piles à combustible en fonction des o posa ts de l’ le t ol te o e le 

montre la Figure 1. 

 

 

 

 

 

Figure 1. Schéma de différentes piles à combustible.1b-82 
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O2 peut être également réduit à deux électrons générant ainsi H2O2, qui est un agent oxydant 

pol ale t et peu to i ue pou  l’e i o e e t (Equation 2).ref 8,9   

O2 + 2H+ + 2e-  H2O2                     (Equation 2) 

H2O2 se trouve être également un bon candidat comme vecteur énergétique dans les piles à 

combustible grâce à sa haute densité énergétique du fait de son état liquide à température 

a ia te. L’a a tage d’utilise  le pe o de d’h d og e o e e teu  e g ti ue est ue les 

sous-produits redox sont O2 et H2O. Il peut être considéré comme une alternative énergétique au 

pétrole ou H2.
10-13 

Par ailleurs, les métaux de transitions sont connus pour leur capacité à faciliter et à contrôler 

l’a ti atio  d’O2. Comment celui-ci peut être activé par des complexes métalliques demeure une 

question centrale pour les chimistes.14,15 Dans ce contexte, l’ tude de s st es ho og es à base de 

métaux de transitions est particulièrement intéressante pour clarifier les détails mécanistiques de 

l’a ti atio  d’O2.
16-25 Da s le as sp ifi ue de la du tio  atal ti ue d’O2, des études en solution 

sont essentielles pour obtenir des informations sur les facteurs qui contrôlent la compétition entre 

une réduction à deux ou quatre électrons.19,26, 27  

Parmi les métaux de transition, le M  p se te u e hi ie de l’o g e e t e e t riche. Un 

certain nombre de réactions vitales impliquant O2 et ses dérivés (O2
.-, H2O2 et H2O) sont gouvernées  

par des enzymes à Mn comme la lipoxygénase, la ribonucléotide réductase, la superoxyde dismutase, 

la catalase, ou bien le centre de dégagement de l’o g e du Photosystème II.28-33 Il existe également 

de nombreux complexes de Mn mimant la structure et/ou la réactivité de ces enzymes dans une 

approche de chimie bio-inspirée.32, 34-36 

Il a, de plus, été montré que la nature du ligand joue un rôle fondamental dans la réactivité des 

complexes vis-à- is d’O2. En effet, la coordination de ligands thiolates à l’io  talli ue peut 

p o ou oi  l’a ti atio  de l’o g e37 pour plusieurs raisons : (i) stabilisation des complexes  métal-

peroxo,38-40,-hydroperoxo,41-alkylperoxo,42-44 et –superoxo45 du fait du caractère donneur des 

g oupe e ts thiolates; ii  di i utio  de la a i e d’a ti atio  d’O2 montré par des calculs 

théoriques45,46; (iii) l’assista e d’O2 su  l’o datio  du tal e  di i ua t onsidérablement son 

potentiel redox47; (iv) augmentation de la basicité des substrats coordonnants e  duisa t l’a idit  

de Le is de l’io  talli ue48 générant ainsi des ligands oxo plus basique; et enfin (v)  la stabilisation 

de complexes MII présentant un site de coordination vacant avec la présence de ligands labiles en 

position trans des thiolates pour conduire à la libération des produits de manière concomitante.47  
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En plus de la nature du ligand et sa première sphère de coordination, le contrôle de la seconde 

sph e de oo di atio  d’u  o ple e joue un rôle crucial dans la synthèse de composés hautement 

fonctionnels et chimiquement sélectifs. En particulier la présence de groupements acides (ou 

basiques) est connue pour promouvoir la réactivité via des liaisons hydrogènes transitoires, agissant 

alors comme des relais de protons durant le processus catalytique, mais aussi pour moduler le 

potentiel redox du centre métallique.50 Ces o epts o t t  alid s da s le do ai e de l’a ti atio  

et de la du tio  d’O2. 
51-54 

Quels sont les facteurs qui influencent une réduction à 2 ou 4 électrons demeure une question 

centrale, et notamment quels sont les facteurs qui vont promouvoir la rupture de la liaison O-O ou 

M-O pour récupérer des équivalents oxydants ? 

Au cours de ce chapitre II, un nouvel exemple de complexe de Mn-thiolate apa le d’a ti e  

l’o g e ol ulai e O2  et de le dui e soit à uat e le t o s pou  p odui e de l’eau e  

o ditio s stœ hio t i ues, soit de le dui e de a i e atalytique, à deux électrons pour 

produire H2O2 est décrit. Le dimère de MnII-thiolate [MnII
2(LS)(LSH)]ClO4 (Mn

II
2SH)a été synthétisé à 

partir du ligand (2,2-bipyridine- , ’-diyl)bis-(1,1-diphenylethanethiolate) avec un sel de MnII. La 

p se e i ha ituelle d’u  thiol p oto  li  à u  des M II dans Mn
II

2SH a été observée que ce soit à 

l’ tat solide ou en solution. Le complexe Mn
II

2SH réagit avec O2 da s l’a to it ile o duisa t à la 

fo atio  d’u  a e o ple e di u l ai e de M III mono-µ-hydroxo [(MnIII
2(LS)2(OH)]ClO4 (Mn

III
2OH), 

dont la structure a été caractérisée par diffraction des rayons X. Quand Mn
II

2SH réagit ave O2 en 

p se e d’u e sou e de p oto  o e , -lutidi iu  t t afluo o o ate jus u’à  équivalents), 

une nouvelle espèce de Mn est formée. Il s’agit d’un complexe dinucléaire de MnIII bis-µ-thiolate avec 

deux thiolates terminaux (Mn
III

2). H2O2 est formé de manière concomitante jus u’à % e sus 

Mn
II

2SH. L’additio  d’u e ua tit  atal ti ue de Mn
II

2SH à une solution saturée en O2 contenant 

MenFc (n = 8 ou 10) et 2,6-lutidinium tetrafluoroborate résulte en une oxydation efficace et 

quantitative de MenFc (Figure 2). H2O2 est majoritairement produit dans ces conditions de réduction 

catalytique de O2 avec un taux de conversion de 80-84%, faisant de Mn
II

2SH un rare exemple de 

catalyseur pour la réduction de l’o g e à deux électrons. L’a ti atio  et la du tio  de l’o g e 

ont été étudiées e  o ditio s stœ hio t i ues et atal ti ues ous pe etta t d’a al se  uels 

sont les facteurs qui vont contrôler la compétition entre une réduction à deux vs quatre électrons  

(Figure 3). 
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Figure 2. Cha ge e t spe t al UV− is o se é pendant la réduction à 2 électrons catalysée par Mn
II

2SH avec 

MenFc ((a) n=8, (b) n=10) en présence de LutHBF4, CH3CN à 293 K (solution saturée en air, 2.0 mM MenFc, 15 

mM LutHBF4, 100 µM Mn
II

2SH, longueur de cuve 1 cm). L’i se t o t e le profil en fonction du temps pour la 

formation de MenFc+ (n=8 ou 10) (___), absorbances respectives à 750 and 778 nm. les profils correspondants 

aux blancs sont aussi montrés (sans catalyseur) (___). 

 

 

 

 

Figure 3. Schéma récapitulatif de la réactivité du complexe Mn
II

2SH. 

Dans une deuxième partie, des complexes dinucléaires de MnIV sont décrits: [MnIV
2(LS)2(O)2] 

Mn
IV

2(O)2 et [MnIV
2(LS)2(O)(OH)]ClO4 Mn

IV
2(O)(OH). Le mécanisme de formation de ces composés a 

été étudié montrant qu’e  fo tio  des o ditio s de synthèse, on peut obtenir soit Mn
IV

2(O)(OH) 

soit Mn
IV

2(O)2. Les propriétés acido-basiques de ces composés ont été étudiées et ces complexes 

caractérisés par spe t os opie d’a so ptio  UV-Visible (Figure 4).  

 

 

 

 

 

 

 

Figure 4. Profil UV-Vis de Mn
IV

2(O)2 (---  et ap s l’ajout de  ui . de LutHBF4 (___) 0°C (CH2Cl2, C b= 0.1mM, l = 

1 cm). 
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Introduction 

Dioxygen activation represents a critical step in numerous fundamental biological and industrial 

processes. Dioxygen represents 21% of the constituents of the air we breathe. It is mandatory to the 

survival of living species as animals, plants, aerobic bacteria for energy production, metabolism and 

their detoxification.89  

Dioxygen is an inert molecule in its triplet ground state that is represented on the molecular o ital’s 

diagram displayed in Figure 1.  

 

 

 

 

 

 

 

 

Figure 1. Molecular o ital’s diagram of the O2 molecule in its ground state. 

It is a bi-radical in which unpaired electrons are located in two distinct orbitals in such way that the 

spin multiplicity is equal to 3. O2 activation is a prerequisite for O2-promoted selective oxidation and 

oxygenation of organic substrates2,3 and for proton-assisted catalytic reduction of O2. The 4-electron 

O2 reduction process plays an essential role for sustaining life (aerobic respiration)4,5 and generating 

electrical energy (in fuel cells).6,7 (Equation 1) 

O2 + 4e- + 4H+                  2 H2O   (Equation 1) 

On the other hand, 2-electrons O2 reduction generates hydrogen peroxide, a versatile and 

environmentally benign oxidizing agent8,9 and also a promising candidate as an energy carrier in fuel 

cells.10-13 (Equation 2) 

O2 + 2e- + 2H+                  H2O2   (Equation 2) 

Transition-metal ions are known for their ability to facilitate and control O2 activation. In particular 

Fe-based systems especially with porphyrin ligands 74a such as the cytochrome P450, 74b have been 

largely developed and have displayed efficient reactivity. However, how dioxygen can be activated by 

metal complexes remains a central question for chemists.14,15 In this regard, systematic studies of 

homogeneous metal-based systems are particularly useful for the clarification of mechanistic details 

of the dioxygen activation process.16-25 In the specific case of catalytic O2 reduction, investigations in 

solution are essential to obtain insights into the factors that control the competition between a 4- 

and 2-electron reduction processes.19,26,27 
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The reactivity of metal complexes with O2 is mainly regulated by the nature of the transition metal 

ion, the donor atom set supplied by the supporting ligand, and finally by second coordination sphere 

effects. Among transition metals, manganese exhibits extremely rich oxygen chemistry, in both 

biological and synthetic systems. A number of vital reactions, involving dioxygen and its reduced 

derivatives (superoxide, peroxide and water) are promoted by Mn-dependent enzymes, including 

lipoxygenase,28,29 ribonucleotide reductase, for which an activating process requires O2 reduction,30 

superoxide dismutase,31 catalases,32 and the oxygen-evolving complex of Photosystem II (Figure 2).33  

 

 

 

 

 

 

 

(a)                                                (b)                                                     (c) 

Figure 2. (a) Dinuclear Mn cofactor of the rinonucleotide reductase from Escherichia Coli,30 (b)Dinuclear actives 
site of the Mn catalase from L. plantarum (adapted from PDB ID 1JKU) 36 and (c) structure of the Mn4CaO5 
cluster of the oxygen evolving center.33 

In addition, many synthetic Mn complexes mimic the structure and/or the reactivity of these 

enzymes based on a bio-inspired approach.32,34-36 (Figure 3) 

 

 

 

 

 

 

    

(a)        (b) 

Figure 3. Examples of manganese model complexes for (a) the active site of catalase36 and (b) the oxygen 
evolving center.90 

 

The nature of the supporting ligand also plays a key role in the reactivity of metal complexes with 

dioxygen. In particular, it has been shown that the coordination of thiolates to a metal ion can 

promote the activation of molecular oxygen37 for several reasons: i) stabilization of metal-peroxo,38-40 

-hydroperoxo,41 -alkylperoxo42-44 and -superoxo45 complexes, as a consequence of thiolate charge 

donation, ii) decrease of the activation barrier to O2 binding, as shown by theoretical studies,45,46 iii) 



Chapter II 

 

88 
 

assistance of metal oxidation by O2 by significantly lowering its redox potential,47 iv) increase of the 

basicity of bound substrates by reducing the metal ion Lewis acidity (to generate more basic oxo 

ligands for instance)48 and, finally v) stabilization of coordinatively unsaturated MII complexes with 

the concomitant labilization of the trans sites to the thiolate for promoting product release.47 This 

has been recently validated by the work of Kovacs et al. in the case of manganese complexes. They 

reported a series of mononuclear thiolate MnII complexes capable of activating and reducing O2 

stoichiometrically by generating mono-µ-oxo dinuclear MnIII species (Figure 4a).38,49 They also 

detected and characterized the first example of peroxo-bridged MnIII dinuclear complex (Figure 4b).38 

Among MnIII complexes, they recently reported a series of mononuclear alkylperoxo complexes 

including the first structure resolved by X-ray diffraction (Figure 4c). However, no catalytic studies 

(oxidation of substrates or dioxygen reduction) were performed on these systems.   

 

 

 

 

 

 

 

(a)                                                      (b)                                                            (c) 

Figure 4. Examples of ORTEP diagrams of Mn-thiolate dinuclear –oxo49(a), -peroxo38(b), -alkylperoxo43 (c) 
complexes. 

In addition to the nature of the metal ion and its first coordination sphere, the control of the 

secondary coordination sphere of a complex is also crucial to achieve highly functional compounds 

and high chemical selectivity. In particular, the presence of pendant acids (or bases) is known to 

promote reactivity via transient hydrogen bonding interactions, to act as proton relay during a 

catalytic process, but also to modulate the redox potential of the metal center.50 These concepts 

have also been validated in the domain of O2 activation and reduction.51-54 For instance, the group of 

Borovik, who,described FeIII and MnIII complexes, evidenced that the design of systems with rigid 

scaffold can play the same role of the second coordination sphere of a protein active site by 

positioning functional group to help the stabilization of oxygen-metal species via hydrogen bond 

(Figure 5).51 
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Figure 5. MIII (M=Fe, Mn) complexes obtained after exposition to ½ O2, stabilized by H-bonding.51 

What are the factors that influence a 2 versus 4 electron-reduction remains a central question and 

especially which are the factors that promote a O-O versus M-O cleavage to obtain oxydative agents? 

In this chapter, the synthesis and characterization of a new manganese-thiolate complex, 

[MnII
2(LS)(LSH)]ClO4 (Mn

II
2SH, Figure 6) bearing a pendant thiol group bound (in its -SH form) to one 

MnII ion is described. This complex is capable of activating dioxygen, and also acts as an active 

catalyst for selective 2-electron O2 reduction in the presence of a one-electron reducing agent and a 

proton source. The O2 activation and reduction pathways, under both stoichiometric and catalytic 

conditions, have been investigated and discussed here. 

 

 

 

Figure 6. Synthesis of Mn
II

2SH and Mn
III

2OH from the LS ligand. 

 

In a second part, high valent MnIV complexes [MnIV
2(LS)(O)2] and [MnIV2(LS)(O)(OH)]ClO4 (Mn

IV
2(O)2 

and Mn
IV

2(O)(OH), respectively) obtained from Mn
II

2SH are discussed (Figure 7). Their acid/base 

properties has been investigated and is discussed in this chapter.  

 

 

 

 

 

 

Figure 7. Synthesis of Mn
II

2(O)2 and Mn
IV

2(O)(OH). 
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This project was already started before my arrival in the laboratory and the Mn
II

2SH and Mn
III

2OH 

previously isolated and characterized by M. Gennari. Part of this work has been recently published in 

J. Am. Chem. Soc. 2015, 137, 8644–8653. 

Results and Discussion 

2.1.  Synthesis and structural properties of MnII
2SH and MnIII

2OH. 

2.2.1. Synthesis of MnII
2SH and MnIII

2OH. 

The synthesis of the LS ligand , ’- , ’-bipyridine- , ’-iyl)bis(1,1-diphenylethanethiolate))55 has 

been described in chapter I. The potassium salt of LS reacts with an excess (2.5 equiv.) of 

Mn(ClO4)2
.6H2O in THF at 293 K under inert atmosphere, leading to a pale orange precipitate (Figure 

6). The resulting powder corresponds to the dimercapto-bridged MnII dinuclear complex 

[MnII
2(LS)(LSH)]ClO4 (Mn

II
2SH), as shown by single crystal X-ray diffraction data (vide infra). 

Surprisingly, in this compound, one of the metal-bound thiolates is protonated (i.e. the thiol form). 

The Mn
II

2SH complex reacts with O2 in CH3CN, leading to the formation of a dark red-purple 

precipitate, corresponding to the mono-µ-hydroxo dinuclear MnIII complex [(MnIII
2(LS)2(OH)]ClO4 

(Mn
III

2OH), which has also been characterized by single crystal X-Ray diffraction. 

2.1.2. Structural characterization of MnII
2SH. 

X-Ray suitable orange-brown crystals corresponding to Mn
II

2SH were obtained by slow diffusion of 

diethyl ether into a solution of the product in acetonitrile at 293 K. The X-ray structure of Mn
II

2SH is 

shown in Figure 8 and selected distances are given in Table 1. The Mn
II

2SH cation consists of a 

dimercapto-bridged dinuclear MnII complex. Its structure contains a quasi-planar {Mn2S2} diamond 

core (deviation from the S2Mn1S52Mn2 plane less than 0.017 Å, angle between the S2Mn1S52 and 

S2Mn2S52 planes of 2.36°). The two Mn sites are not equivalent and each Mn center is 

pentacoordinated, surrounded by an N2S3 donor set in a distorted square pyramidal geometry. The 

Mn…Mn distance of 3.1738(6) Å is too long for a direct metal-metal interaction. The discrepancy 

between the Mn1-S1 and Mn2-S51 bond lengths (2.4399(10) Å and 2.6462(10) Å, respectively) 

reflects the fact that S51 is protonated (S51-H51S = 1.61(3) Å) in agreement with the presence of 

electronic density of a proton found by Fourier transform near S51 (coordinated were refined and 

isotropic displacement parameter was fixed at 1.2 times that of S51). Coherently, S and Mn K-edge X-

ray absorption spectroscopy (XAS) as well as magnetic susceptibility measurements (vide infra) 

demonstrate that both Mn ions are at the +II oxidation state. The S1…S51 distance of 3.772(3) Å is in 

agreement with a localized proton on one of the monodentate sulphur atoms in solid state. 
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(a)                                                                                          (b)     

Figure 8. (a) Molecular structure of Mn
II

2SH‧1.55CH3CN‧0.45CH3OH an (b) the {Mn2S2} core. The thermal 
ellipsoids are drawn at 30% probability level. All hydrogen atoms, except for H51S in Mn

II
2SH, anions and 

solvent molecules are omitted for clarity.  
 

In the Mn
II

2SH complex, the distorted square pyramidal geometry around each Mn center is defined 

by τ5 values of 0.35 and 0.25 for Mn1 and Mn2, respectively.91
 Each Mn is coordinated to five ligands 

and the geometry can be defined by τ5 values. τ corresponds to an angular structural parameter that 

is defined and proposed as an index of trigonality. It is used as a general descriptor of five-coordinate 

centric molecules (Figure 9). 

 

 

 

 

 

Figure 9. Definition of the angles in five-coordinated complex. 

In a five-coordinated system, such as represented above, an ideal square-pyramidal geometry is 

associated with α=β=180°, where A is the axial ligand. Trigonal systems are characterized by a α=120° 

and BMC becomes the principal axis. In most of the cases, M is displaced out of the BCDE plan 

towards A in a square-pyramidal geometry where α=β<180°. The geometry can be described by the 

value of (β-α) which is 0 for a C4v, and 60° for a D3h or trigonal-bipyramidal geometry. It has thus been 

defined the geometric parameter τ=(β-α)/60 which is applicable to five-coordinate structures as an 

index of the degree of trigonality. τ is equal to zero for a perfect tetragonal geometry whereas it 

becomes one for a perfectly trigonal-bipyramidal geometry.91 

The plane for Mn1(Mn2) is defined by the N1(51), N2(52) and S1(51) atoms, and the bridging 

aliphatic thiolate sulfur S52(2) atom. The axial position is occupied by the S2(52) atom. The Mn-N 
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distances are comprised in the range 2.172-2.229 Å, consistent with the MnII-N distances previously 

observed with bipyridine-derivatives. Concerning the Mn-S bonds, those implicated in the diamond 

core (2.4679-2.5075 Å) are similar to those found in structurally related complexes.82 The µ-S bonds 

are longer than the terminal unprotonated Mn1-S1 bond, which is comprised in the range values of 

Mn-SR terminal bonds found in other alkyl thiolate-ligated Mn(II) complexes (2.36-2.45 Å).82-85  

Table 1. Selected bond lengths (Å) for Mn
II

2SH‧1.55CH3CN‧0.45CH3OH and the two crystallographically 

independent units of Mn
III

2OH
#‧7.16CH3CN. 

 

Mn
II

2SH       Mn
III

2OH
#
              

Mn(1)-N(1) 2.172(2) Mn(1)-N(1) 2.061(4) Mn(3)-N(81) 2.101(4) 

Mn(1)-N(2) 2.255(2) Mn(1)-N(2) 2.082(4) Mn(3)-N(82) 2.057(4) 

Mn(1)-S(1) 2.4399(10) Mn(1)-S(1) 2.2916(15) Mn(3)-S(81) 2.2775(16) 

Mn(1)-S(2) 2.5075(9) Mn(1)-S(2) 2.2918(15) Mn(3)-S(82) 2.2782(15) 

Mn(1)-S(52) 2.4869(9) Mn(1)-O(1) 2.034(3) Mn(3)-O(2) 2.043(3) 

Mn(1)-Mn(2) 3.1738(6) Mn(2)-N(41) 2.097(4) Mn(4)-N(121) 2.058(3) 

Mn(2)-N(51) 2.181(2) Mn(2)-N(42) 2.056(4) Mn(4)-N(122) 2.089(4) 

Mn(2)-N(52) 2.229(2) Mn(2)-S(41) 2.2881(15) Mn(4)-S(121) 2.2881(13) 

Mn(2)-S(51) 2.6462(10) Mn(2)-S(42) 2.2754(15) Mn(4)-S(122) 2.2872(13) 

Mn(2)-S(52) 2.4759(9) Mn(2)-O(1) 2.041(3) Mn(4)-O(2) 2.036(3) 

Mn(2)-S(2) 2.4679(9)         

 

2.1.3. Structural characterization of MnIII
2OH. 

In order to obtain crystals of  Mn
III

2OH, 1.5 equivalent of dioxygen were added into a 0.9 mM solution 

of Mn
II

2SH in acetonitrile at -18°C, in the presence of 0.02 M Bu4NPF6, without stirring. After few 

days, X-Ray-suitable dark red single crystals of the product were obtained. The X-ray structure of 

Mn
III

2OH is shown in Figure 10 and selected distances are given is table 1. The Mn
III

2OH complex 

crystallizes as a mixed-salt, [(MnIIIL)2(OH)](PF6)0.81(ClO4)0.19 (Mn
III

2OH
#) with two crystallographically 

independent molecules with similar geometries. Mn
III

2OH is a rare example of a dinuclear MnIII 

complex with a unique hydroxo bridge and the first with thiolate ligands.56-59 Each manganese(III) ion 

is surrounded by an N2S2O donor set in a distorted square pyramidal coordination sphere. The MnIII-

S distances - with S being unprotonated - are shorter than those in Mn
II

2SH, in agreement with the 

increase of the Mn oxidation state from +II to +III. The Mn-O(H)-Mn angles of 146.56(17) and 

146.11(17)° and the Mn…Mn separation of 3.902(1) Å and 3.903(1) Å are in the range found in the 

other reported dinuclear µ-OH MnIII complexes (141°<Mn-O-Mn<160° and 3.87 Å <M …M  

distance<3.99 Å).56-59 A mono oxo-bridge can be excluded based on the Mn…Mn distance that is 

notably shorter in dinuclear mono µ-oxo MnIII complexes (3.4-3.6 Å).34,49,60 
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(a)                                                                (b) 

Figure 10. (a) Molecular structure of Mn
III

2OH
#‧7.16CH3CN and (b) the {Mn2O(H)} core. The thermal ellipsoids 

are drawn at 30% probability level. All hydrogen atoms, except for H10 in Mn
III

2OH
#, anions and solvent 

molecules are omitted for clarity. Only one crystallographically independent unit of Mn
III

2OH
# is displayed.  

The structure of Mn
III

2OH contains solvent accessible voids of 385 Å3, corresponding to 48.125 Å3 per 

complex unit. This can be attributed to the presence of an additional, completely disordered 

molecule of co-crystallized acetonitrile per Mn
III

2OH. The distorted square pyramidal geometry 

around each Mn center is defined by τ5 values in the range 0.27-0.40.86 The plane is defined by the 

four coordinated atoms of LS, which presents a N2S2 donor set. The axial position is occupied by the 

O atom of the hydroxo bridge. The Mn-N distances (2.056-2.101 Å) are consistent with MnIII-N 

distances previously observed with bipyridine-derivatives. The Mn-S bond lengths (2.2754-2.2918 Å) 

are comparable with those reported in other complexes with MnIII-SR bonds.85-87 

X-Ray diffraction data collection are given in the appendix for Mn
II

2SH  and Mn
III

2OH complexes. 
 

2.2. Mn and S K-Edge XAS absorption of MnII
2SH and MnIII

2OH . 

Absorption spectroscopy by X-Ray (XAS) by atoms is nowadays a very powerful tool for studying 

structural and physicochemical properties of chemical compounds including the local geometry of 

the absorber (EXAFS) and/or its electronic structure (XANES). This method can be applied for crystal, 

amorphous or liquid samples. XAS data are obtained by tuning the photon energy at which a core 

electron can be excited. The name of the edge depends on the core electron which is excited (K, L, 

M… . Regarding the XANES spectrum, 2 main regions can be observed: (i) the pre-edge, which 

correspond to the transition from a core electron to the lowest unoccupied state (1s->3d); (ii) the 

edge, at which a core electron absorbs the energy which is equal or greater than its binding energy 

(1s->4p). Consequently, the energy increases as the effective nuclear charge on the metal increases. 

The pre-edge will give information about the electronic structure, the ligand type and the covalency, 

whereas the edge gives information about the oxidation state, the symmetry site and the 

coordination number. 

S41

S1

S42

S2 O1
Mn2

Mn1

N1
N41

N42
N2

H1O
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Mn and S K-edge XAS experiments have been performed to assign the oxidation state of the Mn ions 

in both Mn
II

2SH
 and Mn

III
2OH complexes (Figure 11). Such investigation was crucial to indirectly 

confirm the protonation of one LS ligand in Mn
II

2SH and the hydroxo nature of the bridge present in 

Mn
III

2OH. 

  

 

 

 

 

 

 

 

Figure 11.  Mn and S K-edge XAS spectra recorded on powdered samples of Mn
II

2SH and Mn
III

2OH. 

It has been previously shown that the energy of the Mn K-edge (and pre-edge), corresponding to a 

Mn(1s) → Mn(4p) transition (and Mn(1s) → Mn(3d) transition), is sensitive to the oxidation level of 

the Mn ions, i.e. the lower the energy, the lower the oxidation state.61,62 This can be rationalized by 

considering that removing one electron from an atom that bears a higher positive charge is more 

difficult. In this specific case, the ~1.5 eV shift to lower energy of the edge inflection point measured 

for Mn
II

2SH with respect to that for Mn
III

2OH is consistent with a + II oxidation state in Mn
II

2SH vs +III 

in Mn
III

2OH. The same trend is observed for the much less intense Mn K pre-edge feature at ~6540 

eV.  

The sulfur K-edge XAS experiments also provide information on the oxidation level of the Mn ions. In 

a simplified model, the sulfur K pre-edge corresponds to a transition from the 1s orbital of a sulfur 

atom to an unoccupied orbital bearing both S 3p and Mn 3d character. It is thus expected that the 

pre-edge transition shifts to lower energies when the oxidation state of the Mn ion increases, as the 

Mn(3d) orbitals are stabilized in presence of a higher positive charge on Mn (the S(1s) energy 

remaining virtually unchanged). Accordingly, a sulfur K pre-edge is observed only in the case of 

Mn
III

2OH, at an energy of 2469.6 eV, while that of Mn
II

2SH is obscured by the edges above 2472 eV. 

For both complexes, the sulfur K-edge energies at approximately 2472 eV are consistent with 

reduced sulfurs as thiol or thiolate groups.  
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2.3.  Magnetic properties of MnII
2SH and MnIII

2OH . 

Variable-temperature magnetic susceptibility data were collected on powdered samples of Mn
II

2SH
 

and Mn
III

2OH in the 1.8 to 300 K temperature range at 1000 Oe (Figure 12).  

 

 

 

 

 

 

 

Figure 12. Temperature dependence of the χT product (where χ is the molar magnetic susceptibility equal to 

M/H per complex) measured at 1000 Oe for Mn
II

2SH‧1.55CH3CN‧0.45CH3OH () and Mn
III

2OH
#
‧7.16CH3CN 

(). The solid lines are the best fits of the experimental data to the models described in the text. 

For both systems, the steady decrease of χT product to nearly zero at 2 K suggests the presence of 

significant intra-complex antiferromagnetic exchange. Therefore, the magnetic data were analyzed 

by an isotropic spin-dimer Heisenberg model, H = -2JSASB, assuming that the two metal ions are high 

spin MnII (SA = SB = 5/2) in Mn
II

2SH, or high spin MnIII (SA = SB = 2) in Mn
III

2OH.63 Concerning Mn
II

2SH, 

the bridging thiolate ligands mediate antiferromagnetic interactions between MnII magnetic centers 

leading to a diamagnetic S = 0 ground state. The resulting best fit for Mn
II

2SH (solid blue line in Figure 

3) gives gA = gB = 2.05(8) and J = -22(1) cm-1 (-31(1) K). The magnetic coupling between two MnII ions 

is typically small (J =< 10 cm-1) regardless of the nature of the bridging ligand32,64 (We note that 

phenolato bridges are an exception).65 Therefore, the exchange interaction found in Mn
II

2SH
 is 

surprisingly high. In the literature, the number of polynuclear MnII complexes with thiolate bridge(s) 

is limited and, to the best of our knowledge, the magnetic properties have been reported only for 

one of those, i.e. a linear trinuclear MnII complex with a mono µ-thiolato bridge between each Mn 

ion, with a relatively strong antiferromagnetic interaction evaluated around -9.8 cm-1.66 Concerning 

Mn
III

2OH, the resulting best fit affords gA = gB = 2.00(5) and J = -19(1) cm-1 (-27(1) K; solid red line in 

Figure 12). The magnetic properties of only two other mono µ-hydroxo dinuclear MnIII complexes 

have been reported so far, both containing porphyrin-based ligands. In these two complexes, the 

antiferromagnetic exchange interaction is much larger, i.e. -71 cm-1 and -74 cm-1, consistent with 

larger Mn-O-Mn angle values (152.73° and 160.4°, respectively, vs 146.56°/146.11° for Mn
III

2OH).56,57 
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2.4.  Solution properties. 

The Mn
II

2SH compound has been studied in solution. We observed that the dinuclear solid-state 

structure is retained when it is dissolved in CH3CN. This has been attested by electrospray ionization 

mass spectrometry (ESI-MS; 1267.2 m/z). The redox properties of Mn
II

2SH in solution have been 

investigated by cyclic voltammetry (CV). 

 2.4.1. Redox properties of MnII
2SH. 

The cyclic voltammetry (CV) has been used to evidence the presence of the metal-bound SH group 

(Figure 13). A cathodic peak at -1.27 V vs Fc/Fc+ is observed only in the CV of Mn
II

2SH recorded on Pt 

working electrode, but not on glassy carbon, GC. The well-known ability of platinum to lower the 

overpotential for proton reduction leads to the assignment of this peak to the reduction of the Mn-

bound thiol proton into H2. 

 

 

 

 

 

Figure 13. CV of Mn
II

2SH (0.6 mM) in CH3CN, 0.1 M Bu4NPF6. Platinum working electrode (1 mm diameter), scan 
rate of 100 mV.s-1 (___). The proton (-SH) reduction peak at -1.27 V is shown. Carbon working electrode (3 mm 
diameter)(----). 

The CVs of Mn
II

2SH recorded both on Pt or GC electrodes show an irreversible anodic peak at Epa = -

0.01 V, assigned to a two-electron metal based oxidation, MnIIMnII → MnIIIMnIII. The redox potential 

associated with the MnIIIMnIII/MnIIMnII system suggests that Mn
II

2SH could be easily oxidized by O2, in 

analogy to the mononuclear MnII-thiolate complexes reported by Kovacs (for which E1/2 = +0.08 to 

+0.20 V vs Fc/Fc+ for the MnIII/MnII redox couples). The potential of the corresponding cathodic peak 

(Epc = -0.47 V) indicates that the electrochemically-generated MnIIIMnIII dinuclear complex (Mn
III

2SH) 

undergoes a fast chemical rearrangement, probably associated with the deprotonation of the thiol 

group to afford Mn
III

2. 

A different redox behavior was observed in the case of a related dinuclear CuI complex containing an 

analogous bis-µ-thiolato bridge. The latter displayed a one-electron reversible Cu1.5Cu1.5/CuICuI redox 

process, the mixed-valence species being stable and fully characterized.67 In the case of Mn
II

2SH, the 

generation of the mixed-valence species is prevented presumably due to the fact that the redox 

potential of the MnIIIMnII/MnIIMnII
 couple is too close to that of the MnIIIMnIII/MnIIIMnII

 couple. 
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During the oxidative electrolysis of Mn
II

2SH in CH3CN (at E = +0.05 V), the color of the solution turns 

from light orange to deep orange (Mn
III

2) and then evolves to light yellow (Mn
II

2SS) at 293 K (Figure 

14). This final species corresponds to a MnII
2-disulfide Mn

II
2SS complex that has been isolated and 

characterized and that is discussed in chapter III. This species can be obtained from Mn
III

2 after 

evolving with time (Figure 15). 

 

 

 

 

 

(a)                                                                                                   (b) 

Figure 14. (a) UV-Vis spectrum absorption of Mn
III

2 (___), Mn
II

2SH (___) and Mn
II

2SS (___) and (b) CV of Mn
II

2SH 
(0.7 mM) in CH3CN, 0.1 M Bu4NPF6, before (___) and after (---) electrolysis at +0.05 V. 

 

 

 

Figure 15. Obtention of Mn
II

2SS from Mn
III

2 evolving with time. 

On this basis, the deep orange intermediate species (that can be stabilized at 253 K) has been 

assigned to a bis µ-thiolato dinuclear MnIII complex with two terminal thiolate groups (Mn
III

2), the 

isoelectronic form of the Mn
II

2SS complex. The deep orange color is due to a broad absorption band 

at ~475 nm (~6400 M-1cm-1, Figure 14 a) and was assigned to ligand to metal charge transfer (LMCT) 

contributions to the lower-energy d-d transitions based on time dependent density functional theory 

(TDDFT) calculations. 
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2.4.2. Redox properties of MnIII
2OH. 

The solution properties of Mn
III

2OH have been investigated as well as the redox properties. When a 

light orange solution of Mn
II

2SH (1 mM) is exposed to air or to dry O2 (~1 mM) in CH3CN at 293 K, a 

dark red-purple solution is formed, containing the structurally characterized Mn
III

2OH complex as the 

main product (Figures 6 and 8). Based on the epsilon value of Mn
III

2OH at 527 nm (~3100 M-1cm-1) 

determined from the isolated product, about ~70% of Mn
III

2OH is generated under these conditions 

(Figure 16 a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                  (b) 

Figure 16. (top) Synthesis of Mn
III

2OH. (a) UV-Vis spectrum of Mn
II

2SH (0.35 mM) in CH3CN before (___) and after 
addition of 1 mM O2 (___) to generate Mn

III
2OH; 1 cm optical path length and (b) CV of a saturated solution of 

Mn
III

2OH in CH3CN (~0.6 mM), 0.1 M Bu4NPF6, at 253 K. Glassy carbon working electrode (3 mm diameter), scan 
rate of 100 mV.s-1. 

In agreement with its dinuclear structure, the CV of Mn
III

2OH displays two successive one-electron 

reduction processes at Ep = -0.60 V (ΔEp = 80 mV) and -0.75 V (ΔEp = 80 mV) corresponding to the 

stepwise reduction of the MnIII dinuclear complex into the corresponding MnII analogue (Figure 16 b). 

The low stability of the product at 293 K can explain the non-quantitative character of the process as 

well as the possible presence of weak absorbers as side-products. Based on TDDFT calculations, the 

527 nm absorption band has been assigned to a mixed d-d/intraligand charge transfer (ILCT) 

transition. 
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2.5.  Reactivity of MnII
2SH with dioxygen. 

2.5.1. Reactivity of MnII
2SH with dioxygen in stoichiometric conditions. 

In an attempt to identify O2 as the source of oxygen for the hydroxo bridge, 18O2 was used to 

generate Mn
III

2OH. Even though no labeled Mn
III

2
18

OH compound was observed by ESI-mass 

spectrometry, H2O has been excluded as the oxygen source in Mn
III

2OH based on the fact that no 

Mn
III

2OH is formed when Mn
III

2 is electrochemically-generated in the presence of H2O (Equation 3). 

The lack of 18O-labeling in Mn
III

2OH when 18O2 is used has been attributed to a fast exchange between 

the µ-18OH bridge and adventitious water as previously reported for a MnIII/IV
4-oxo complex of the 

photosystem II.68,69 Such exchange has been further evidenced by adding H2
18O to Mn

III
2OH in CH3CN 

(Equation 4) by using mass spectrometry (Figure 17) 

 

 

In Figure 17a, the mass spectrum of Mn
III

2OH is shown with a major peak of 1283.3 m/z for 

[(MnL)2OH]+. After the addition of H2
18O in the same sample, a two-unit shift is observed with the 

1285.2 m/z peak of Figure 17b that is characteristic of the presence of 18O instead of 16O. This is 

consistent with the 16O/18O exchange coming from the water.       

 

 

  

 

 

 

 

 

Figure 17. Molecular peak in the ESI-mass spectrum of a 0.8 mM solution of Mn
III

2OH in CH3CN (1283.3 m/z) 
before (a) and after (b) addition of 18O-water. 

In order to evaluate the potential catalytic activity of Mn
II

2SH for proton-assisted O2 reduction, the 

effect of proton addition during the oxygenation process has been monitored by visible absorption 

spectroscopy (Figure 18a) and CV (Figure 18b). 

 

(Equation 3)

(Equation 4)
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(a)                                                                                       (b) 
 
Figure 18. (a) UV-Vis spectrum of Mn

II
2SH (0.35 mM) in CH3CN before (__) and after addition of 1 mM O2 (__) to 

generate Mn
III

2OH. Mn
III

2 is obtained after the addition of 2,6-lutidinium tetrafluoroborate  (1 eq.) to Mn
III

2OH, 
spectrum (__); 1 cm optical path length. (b) CV of Mn

II
2SH (0.5 mM) in CH3CN, 0.1 M Bu4NPF6, before (---) and 

after sequential addition of air (__) + LutHBF4 (10 eq, __), followed by electrolysis at -0.7 V to partially regenerate 
the initial species (…., ~35% yield). Glassy carbon working electrode (3 mm diameter), scan rates of 100 mV.s-1. 

 

In a first step, Mn
III

2OH is generated from the reaction of Mn
II

2SH
 with O2. The following addition of 

2,6-lutidinium tetrafluoroborate (LutHBF4) instantaneously leads to the protonation of Mn
III

2OH with 

the simultaneous production of H2O as the main product and Mn
III

2 (Figure 19a). Subsequently, the in 

situ generated Mn
III

2 complex can be reduced by exhaustive electrolysis at E = -0.7 V vs Fc/Fc+, to 

partially recover the initial Mn
II

2SH complex, thus completing one stepwise cycle. The incomplete 

recovery of Mn
II

2SH (only ~35%, as estimated by the initial and final CVs) can be mainly ascribed to 

the poor stability of Mn
III

2 at 293 K (this species evolves to a MnII
2-disulfide complex, Chapter III) 

(Figure 18b). 

Coherently, when Mn
II

2SH reacts with O2 in the presence of LutHBF4 (up to 50 eq.), the direct 

formation of Mn
III

2 is observed (Figure 19b). Under such conditions, the concomitant production of 

H2O2, up to ~40% vs Mn
II

2SH, is attested by titration with the H2O2-specific Ti-TPyP reagent70,71 (see 

experimental section). 

 

 

 

 

 

 

Figure 19. Reactivity of Mn
II

2SH in the presence of dioxygen a) before and b) after the addition of LutHBF4. 
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Figure 20. Plot of the amount (%) of H2O2 detected by the Ti-TPyP method in a 0.8 mM solution of Mn
II

2SH in 

CH3CN after exposition to air in presence of different aliquots of LutHBF4 (H+). 

The amount of H2O2 generated depends on the relative concentration of acid versus Mn
II

2SH (Figure 

20): the higher isthe LutHBF4: Mn
II

2SH ratio, the larger the amount of H2O2 with a plateau for 20:1 

ratio corresponding to 40% of generated H2O2 (see below for the explanation). Production of 15% of 

H2O2 is detected in the absence of acid: this has been attributed to the fact that the Mn-bound 

pendant thiol can act as a proton source for a neighboring complex molecule. 

2.5.2. Reactivity of MnII
2SH with dioxygen in catalytic conditions. 

As a further step, we have investigated the catalytic activity of the Mn
III

2/Mn
II

2SH system for O2 

reduction using a sacrificial electron donor and protons.16,19,72,73 As one-electron reducing agents, we 

have selected octamethylferrocene (Me8Fc) and decamethylferrocene (Me10Fc), for their standard 

potential (E1/2 Me8Fc+/Me8Fc = -0.40 V, E1/2 Me10Fc+/ Me10Fc = -0.49 V) that should be suitable to 

reduce Mn
III

2 (Epc = -0.47 V). The addition of a catalytic amount of Mn
II

2SH (100 µM) to an air-

saturated CH3CN solution of MenFc (n = 8 or 10, 2 mM, 20 equiv.) and LutHBF4 (15 mM, 150 equiv.) at 

293 K results in the quantitative and efficient oxidation of the ferrocene derivatives by O2 to afford 

octamethylferricenium (Me8Fc+) and decamethylferricenium (Me10Fc+), respectively. Figure 21 shows 

the absorption spectral changes during the catalytic reaction and the corresponding time profiles for 

the generation of Me8Fc+ and Me10Fc+ (at 750 and 778 nm, respectively). In the absence of the 

catalyst, oxidation of the ferrocene derivatives occurs only to an insignificant extent.  
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Figure 21. UV− is spe t al ha ges o se ed du i g the -electron O2 reduction catalyzed by Mn
II

2SH with 

MenFc ((a) n=8, (b) n=10) in the presence of LutHBF4 in CH3CN at 293 K (air-saturated solution, 2.0 mM MenFc, 

15 mM LutHBF4, 100 µM Mn
II

2SH, 1 cm path length). The insets show the time profiles for MenFc+ (n=8 or 10) 

formation (___, absorbance at 750 and 778 nm, respectively); the profiles of the corresponding blank samples 

(no catalyst) are also shown (___). 

Under such conditions, the rate of electron transfer to Mn
III

2 follows pseudo-zero-order kinetics in 

the case of Me8Fc, whereas it becomes pseudo-first-order kinetics with Me10Fc. This could be 

rationalized by a difference of steric hindrance between both reducing agents. Me10Fc, which is the 

most hindered complex, limits its interaction with Mn
III

2 explaining this difference of reactivity. 

2.5.3. Characterization of the products of catalysis. 

The nature of the oxygen-reduction product and the selectivity of the catalytic process have been 

investigated. After the completion of catalysis (see above), 0.6 mM (~ 80%) concentration of H2O2 

was detected in the sample solution when the substrate was Me8Fc (titration with the Ti-TPyP 

reagent).70,71 In contrast, no H2O2 formation was observed in the case of Me10Fc. It has, however, 

been shown that H2O2 can spontaneously decompose, partially or completely, in the presence of 

ferrocene derivatives.19 We have estimated that under the present conditions about 30% of H2O2 

formed during the catalytic oxidation of Me8Fc is decomposed. By taking into account this correction, 

a ~43% yield of H2O2 vs Me8Fc is produced by O2 reduction at 293 K. In the case of Me10Fc, low-

temperature experiments have been carried out, in propionitrile and acetone at 223 K in order to 

prevent the direct oxidation of Me10Fc by H2O2 (Figure 22). 
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Figure 22. Time profile (absorbance at 778 nm) for catalytic oxidation of Me10Fc to Me10Fc+ by O2 in the 
presence of Mn

II
2SH in propionitrile solution (red line) and in acetone solution (black line) at 223 K (air-

saturated solution, 2.0 mM Me10Fc, 15.0 mM LutHBF4, 100 µM Mn
II

2SH, 1cm/0.5 cm path length, respectively). 

Under these conditions, a ~40% of H2O2 vs Me10Fc is produced in both solvents. Taking into account 

the stoichiometry of the 2-electron reduction of O2 by ferrocene derivatives (Equation 5), the amount 

of H2O2 detected corresponds to ~80-84% selectivity (we note that 50% H2O2 vs MenFc is expected for 

a completely selective process). 

O2 + 2 MenFc + 2H+ →  MenFc+ + H2O2 (Equation 5) 

In summary, in the presence of Mn
II

2SH as catalyst, both Me8Fc and Me10Fc are quantitatively 

oxidized by O2 to give the corresponding MenFc+ cations, with O2 selectively reduced to hydrogen 

peroxide corresponding to a 2-electron-reduction. 

2.6.  Reactivity of MnII
2S with dioxygen. 

2.6.1. Synthesis of MnII
2S. 

The Mn
II

2SH complex can be deprotonated by using NaH as a base to afford Mn
II

2S. This compound 

has not been characterized in its powdered form but it has been characterized by electrochemistry. 

Interestingly, the deprotonation induces a remarkable decrease of the oxidation potential of the MnII 

dinuclear complex (of ~300 mV, Figure 23), resulting from the lower donor ability of a thiol 

functionality with respect to a thiolate. 

 

 

 

 

Figure 23.  CVs of Mn
II

2SH (0.7 mM) in CH3CN, 0.1 M Bu4NPF6, before (__) and after addition of 30 eq of 2,6-
lutidine, (---) leading to Mn

II
2.  
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2.6.2. Synthesis and structural properties of MnIV
2(O)2 and MnIV

2(O)(OH). 

After the deprotonation of Mn
II

2SH into Mn
II

2S, the resulting brown suspension has been exposed to 

dioxygen leading to a dark brown precipitate corresponding to the bis-µ-oxo dinuclear MnIV complex 

[MnIV
2(LS)(O)2] (Mn

IV
2(O)2) (Figure 24) as shown by single crystal X-Ray diffraction (vide infra). 

 

 

 

 

 

 

 

Figure 24. Synthesis of Mn
II

2(O)2 and Mn
IV

2(O)(OH) from LS ligand. 

Single crystals of the Mn
IV

2(O)2 suitable for X-Ray diffraction were obtained by recrystallization of the 

corresponding powder in CH2Cl2 by slow diffusion of MeOH at -40°C under argon. The X-ray structure 

of Mn
IV

2(O)2 is shown in Figure 25 and the selected bond lengths and angle are reported in Table 2. 

The Mn
IV

2(O)2  complex consists of a di-µ-oxo dinuclear MnIV complex. Its structure contains a perfect 

planar {Mn2O2} core and the molecule is perfectly symmetric according to the C2 axes. The two Mn 

sites are equivalent and each Mn is hexacoordinated surrounded by an N2S2O2 donor set in an 

octahedral geometry. The Mn…Mn distance of 2.7820(3) Å is too long for a direct metal-metal 

interaction but it appears to be shorter than the Mn-Mn distance in Mn
II

2SH (3.1738(6) Å) and 

Mn
III

2OH (3.902 Å). The Mn-N distances are comprised in the range 2.069-2.187 Å, consistent with 

the MnIV-N distances previously observed with Salen-derivatives88 and closed to the distance for 

Mn
III

2OH (2.061-2.082). Concerning the Mn-S bonds, they are longer (in the range 2.3014-2.3554 Å) 

than those found in the structurally related Mn
III

2OH complex (in the range 2.2754-2.288). This is 

unexpected because of the +IV oxidation state of Mn. This can be explained by the trans effect of the 

oxo-bridges. O2Mn1O1 angle of 80.83(5)° and Mn1O2Mn1 angle of 100.50(7)° are consistent with 

the other MnIV di-oxo complexes (95.2° and 102.3°).88 
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(a)                                                                (b) 

Figure 25. (a) Molecular structure of Mn
IV

2(O)2‧0.64CH2Cl2.2.7H2O and (b) the Mn2 unit with its first 
coordination sphere. The thermal ellipsoids are drawn at 30% probability level. All hydrogen atoms, anions and 
solvent molecules are omitted for clarity for (a). 

Table 2. Selected bond lengths (Å) and angles (°) for Mn
IV

2(O)2‧0.64CH2Cl2‧2.71H2O. 

Mn(1)-N(1) 2.172(2)  Mn(1)- N(1)- Mn(1)  129.78(4) O(2)-Mn(1)- N(2) 92.99(4) 

Mn(1)-N(2) 2.255(2)    Mn(1)- N(2)- Mn(1)  95.60(5)  O(2)-Mn(1)-S2  91.24(5)  

Mn(1)-S(1) 2.3014(6) Mn(1)-O(1)-Mn(1) 41.08(4) O(2)-Mn(1)-S(1) 97.40(3) 

Mn(1)-S(2) 2.3584(6) Mn(1)-O(2)-Mn(1) 39.75(4) O(2)-Mn(1)-O()1 80.83(5) 

Mn(1)-O(1) 1.8453(11) Mn(1)- S(1)-Mn(1) 96.69(3) N(2)-Mn(1)-S(2) 85.54(4) 

Mn(1)-O(2) 1.8092(10) Mn(1)- S(2)-Mn(1) 130.986(16) N(2)-Mn(1)-S(52) 76.44(5) 

  
O(1)-Mn(1)- S2 172.03(3) N(2)-Mn(1)-S(52) 76.44(5) 

Mn(1)-Mn(1) 2.7820(13) O(1)-Mn(1)-S(1) 92.72(3) N(1)-Mn(1)-S(1) 94.46(4) 

  
 O(1)-Mn(1)-N(1) 89.70(5) N(1)-Mn(1)-S(2) 146.95(7) 

  
 O(1)-Mn(1)-N(2) 95.57(4) N(1)-Mn(1)-S(52) 98.23(4)  

  
S(1)-Mn(1)-S(2) 87.52(3) N(2)-Mn(1)-S(1) 167.62(3) 

    O(2)-Mn(1)-N(1) 165.12(5) N(2)-Mn(1)-S(2) 85.54(4) 

 

Depending on the experimental synthetic procedure, another complex has been isolated and 

characterized. The main difference between the two complexes concerns the crystallization 

procedure. Crystals of the second complex were obtained by diffusion of di-isopropyl ether into a 

dark brown solution of in situ prepared Mn
II

2S in the presence of O2 at -40°. In this case, no 

precipitation was observed during O2 bubbling. The new complex corresponds to the protonated 

form of Mn
IV

2(O)2, [MnIV
2(LS)(O)(OH)], Mn

IV
2(O)(OH). Mn

IV
2(O)(OH) represents the first µ-oxo-µ-

hydroxo dinuclear MnIV complex characterized by X-ray diffraction spectroscopy. This complex can 

also be obtained from Mn
IV

2(O)2 in the presence of one equiv. of HClO4 in MeCN by slow diffusion of 

di-isopropylether at -40°C In the literature, Pecoraro reported a series of MnIV di-µ-oxo, µ-oxo-µ-

hydroxo, di-µ-hydroxo dinuclear MnIV complexes, [MnIV
2(salpn)2(μ-O)2], [MnIV

2(salpn)2(μ-O)(μ-OH)]+ 
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and [MnIV
2(salpn)2(μ-OH)2]

2+, which were not characterized by X-ray crystallography but by EXAFS 

spectroscopy except for the [MnIV
2(salpn)2(μ-O)2] complex.88  

The crystallographic structure of (Mn
IV

2(O)(OH) is shown in Figure 26 and selected bond lengths and 

angles are reported in Table 3. 

 

 

 

 

 

 

(a)                                                                             (b) 

Figure 26. (a) Molecular structure of Mn
IV

2(O)(OH)‧ ClO4.5.68CH3CN.1.5H2O and (b) the {Mn2O(OH)} core. The 
thermal ellipsoids are drawn at 30% probability level for (a). All hydrogen atoms, anions and solvent molecules 
are omitted for clarity. 

The geometry of the Mn
IV

2(O)(OH) is different from Mn
IV

2(O)2 because of the hydroxo bridge. The 

Mn
IV

2(O)(OH) complex consists of µ-oxo-µ-hydroxo dinuclear MnIV complex. Its structure contains a 

quasi-planar {Mn2O2} core (deviation from O2Mn1H1Mn1 plane of 0.35°, angle between Mn1O1Mn2 

and Mn1O2Mn2 planes of 1.95°). The two Mn sites are not equivalent and each Mn is 

hexacoordinated, surrounded by N2S2(O)(OH) donor set in an octahedral geometry. The Mn…Mn 

distance of 2.9220(13) Å is too long for a direct metal-metal interaction and longer than in Mn
IV

2(O)2 

due to the presence of the hydroxo bridge responsible of the elongation. In the same vein, 

Mn1O1Mn2 (107.22(12)°) and Mn1O2Mn2 (96.15(12)°) angles are increased with respect to 

Mn
IV

2(O)(OH) and as also o se ed i  Pe o a o’s o pou d.88 Concerning the Mn-O(H) distances, 

they are about 10 pm longer (1.956(2)-1.969(3)Å) than the Mn-O distances (1.811(3)-1.819(4)Å) in  

Mn
IV

2(O)2. It can be noticed that the Mn-O an Mn-O(H) bonds in Mn
IV

2(O)2 and Mn
IV

2(O)(OH) display 

similar lengths than those calculated by DFT for the Pecoraro’s complexes (Figure 27).88  
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Figure 27. (a, b) DFT-opti ized dista es i  Å a d a’, ’  sele ted a gles °  o  M IV dimer core. Distances from 
EXAFS are given in italic and L represents the salpn ligand.88 

 

The Mn-N distances are in the same range of values for both MnIV complexes, (~2.1 Å). Regarding the 

Mn-S distances, those in Mn
IV

2(O)2 are shorter than in Mn
IV

2(O)(OH) (in the 2.2656(15)-2.2918(4) Å 

range). To compensate the longer Mn-O(H) bonds with respect to the Mn-O ones, a compression 

along the Mn-S bonds occurs.  

Table 3. Selected bond lengths (Å) and angles (°) for Mn
IV

2(O)(OH)‧ClO4.5.68CH3CN.1.5H2O. 

Mn(2)-S(4) 2.2782(13)  Mn(2)- S(4)- Mn(1)  129.87(5)  O(2)-Mn(2)-S(3) 93.24(10) 

Mn(2)-S(3) 2.2656(15)     Mn(2)- S(3)- Mn(1)  95.23(4) O(2)-Mn(2)-N(3) 165.12(12) 

Mn(2)-O(1) 1.958(2) Mn(2)-O(1)-Mn(1) 42.07(8) O(2)-Mn(2)-N(4) 96.32(14) 

Mn(2)-O(2) 1.819(3) Mn(2)-O(2)-Mn(1) 36.30(7) O(2)-Mn(1)- S(1) 93.45(10) 

Mn(2)-N(3) 2.065(3) Mn(2)- N(3)-Mn(1) 130.20(8)  O(2)-Mn(1)-S(2) 91.78(9) 

Mn(2)-N(4) 2.052(4) Mn(2)- N(4)-Mn(1) 96.22(9) O(2)-Mn(1)-N(1) 165.57(13) 

Mn(1)-S(1) 2.2918(14)     Mn(2)- N(1)- Mn(1)  130.26(9) O(2)-Mn(1)-N(2) 97.07(13) 

Mn(1)-S(2) 2.2832(13) Mn(1)-O(1)-Mn(2) 41.79(7) O(2)-Mn(2)-O(1) 78.35(11) 

Mn(1)-N(1) 2.103(3) Mn(1)-O(2)-Mn(2) 36.49(9) O(2)-Mn(1)-O()1 78.26(11) 

Mn(1)-O(1) 1.969(3) Mn(1)- S(1)-Mn(2) 96.21(4) S(3)-Mn(2)- S(4) 86.48(5) 

Mn(1)-O(2) 1.811(2) Mn(1)- S(2)-Mn(2) 128.23(4) S(2)-Mn(1)-S(1) 86.23(5)  

Mn(1)-N(2) 2.065(4) Mn(1)- N(2)-Mn(2) 96.03(9) N(3)-Mn(2)- S(4) 99.33(9) 

  
O(1)-Mn(2)- S(4) 171.58(9)  N(3)-Mn(2)-S(3) 94.89(11) 

Mn(1)-Mn(2) 2.9220(13)  O(1)-Mn(2)-S(3) 96.30(10) N(4)-Mn(2)-S(4) 86.61(9) 

  
O(1)-Mn(2)-N(3) 88.38(11) N(4)-Mn(2)-S(3) 168.53(10) 

  
O(1)-Mn(2)-S(4) 91.83(12) N(4)-Mn(1)- N(3) 77.23(14) 

  
O(1)-Mn(1)- S(1) 95.06(10) N(1)-Mn(1)-S(1) 94.32(10) 

  
 O(1)-Mn(1)-S(2) 170.01(8) N(1)-Mn(1)-S(2) 100.85(9) 

  
O(1)-Mn(1)-N(1) 88.94(11) N(2)-Mn(1)-S(1) 167.71(9) 

  
O(1)-Mn(1)-N(2) 93.30(13) N(2)-Mn(1)-S(2) 87.09(10) 

    O(2)-Mn(2)- S(4) 93.59(9) N(2)-Mn(1)-N(1) 76.83(13) 

 

Infrared spectroscopy has been a useful technique to distinguish the two complexes. As shown on 

Figure 28, the large triplet feature assigned for ClO4 at 1090 cm-1 is only present in the cationic 

Mn
IV

2(O)(OH), Mn
IV

2(O)2 being neutral. IR spectroscopy will thus be the appropriate tool to probe the 

protonation state of these dinuclear MnIV complexes. 

a

a’ b’

b
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Figure 28. Infra-red spectra of Mn
IV

2(O)2 (---) and Mn
IV

2(O)(OH) (___). 

 

2.7. Solution properties of MnIV
2(O)2. 

2.7.1. ESI-mass spectrometry. 

In the attempt to identify the source of oxygen for the two oxo-bridges, 18O2 was used to generate 

Mn
IV

2(O)2 in situ. Labeled Mn
IV

2(
18

O)2 compound was quantitatively observed by ESI-mass 

spectrometry with a characteristic 4-unit shift in CH2Cl2 as seen in Figure 29. This experiment 

demonstrates that the two oxo-bridges come from molecular oxygen. The simulated spectra are well 

consistent with the experimental ones either with 16O2 or 18O2. 

 

 

 

 

 

Figure 29. Experimental and simulated ESI-mass spectra of Mn
IV

2(O)2  with 16O2 and 18O2. 

However, with ESI-mass it is difficult to attest the presence of the hydroxo-bridge. In order to identify 

the protonation state of these complexes in solution, UV-Vis absorption studies have been 

performed (Figure 30).   

2.7.2. Acid/base properties.  

The electronic absorption spectrum of Mn
IV

2(O)2 in CH2Cl2 displays a band at 574 nm (Figure 30). At 

room temperature, the solution is completely decomposed in less than 15 minutes whereas at 0°C, 

the solution remains stable for few hours. Acid/base properties have been thus investigated at 0°C. 

In the presence of one equivalent of 2,6-lutidinium tetrafloroborate (LutHBF4) in CH2Cl2, two new 
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bands appear at 526 nm and 680 nm with the concomitant disappearance of that at 574 nm. These 

bands are proposed to be assigned to the Mn
IV

2(O)(OH) species. When 1 equiv. of strong bases 

(tBuOK and 18-crown-6/, n-Buli, LDA) are used, no deprotonation occurs, suggesting a very large pKa 

for Mn
IV

2(O)(OH).  

 

 

 

 

 

 

Figure 30. UV-Vis spectra of Mn
IV

2(O)2 at 0.1 mM  (---) and after the addition of 1 equiv. of LutHBF4 (___) at 0°C in 

CH2Cl2 (path length: 1 cm). 

2.7.3. Mn K-Edge XAS absorption of MnIV
2(O)2. 

Mn K-Edge XAS experiments have been performed on a solution sample made in situ from Mn
II

2S and 

O2 to assign the oxidation state of the Mn ion of Mn
IV

2(O)2. Such investigation was important to 

confirm the +IV oxidation state. As explained previously for the K-Edge region, the upper energy, the 

higher oxidation state. Regarding the energy of Mn
II

2SH, Mn
III

2OH and Mn
IV

2(O)2, a shift at higher 

energy is observed at 6654 eV for Mn
IV

2(O)2 compared to Mn
II

2SH, Mn
III

2OH (6648, 6551eV, 

respectively). Consequently, these Mn K-edge measurements are consistent with an increase of the 

oxidation states confirming the +IV oxidation state of Mn
IV

2(O)2 (Figure 31).  

It would have been interesting to compare the two MnIV complexes (Mn
IV

2(O)2 and Mn
IV

2(O)(OH)) by 

XA“ easu e e ts. I deed, the i estigatio  of the Pe o a o’s se ies has e ealed that µ-oxo/µ-

hydroxo bridges can be identified thanks to Mn K-Edge XAS measurements by analyzing the pre-edge 

region, while88 the edge is not sensitive to such structural modification (Figure 30). Such 

measurements are planned in the following months. 
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Figure 31. Mn K-edge XAS spectra recorded on solution samples of Mn
II

2SH, Mn
III

2OH and Mn
IV

2(O)2. 

 

2.9. Mechanistic investigation of O2 activation by MnII
2S. 

 
Under stoichiometric conditions, the reaction between Mn

II
2SH and O2 generates the µ-oxo dinuclear 

MnIII complex, Mn
III

OH while in the presence of Mn
II

2S, Mn
IV

2(O)2 is obtained after exposure to 

oxygen at room temperature in MeCN (Figure 32).  

 

 

 

 

 

 

 

 

 

Figure 32. Synthesis of Mn
III

2OH from Mn
II

2SH (top) and Mn
IV

2(O)2 from Mn
II

2S in presence of O2 at room 
temperature (RT).  

 

On the other hand, Mn
III

2OH is obtained as the main product when Mn
II

2S is exposed to O2 at -45°C 

instead at room temperature and when air is bubbled instead of O2. Another experiment shows that 

in dilute conditions Mn
II

2SH can, lead to Mn
IV

2(O)2 after exposition to O2.  

Interestingly, we were able to demonstrate that when Mn
IV

2(O)2 reacts with Mn
II

2SH (or Mn
II

2S) at 

room temperature, Mn2
III

OH is formed quantitatively according to a comproportionation reaction 

(Figure 33).92 
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Figure 33.  Comproportionation reaction between Mn
IV

2(O)2 and Mn
II

2SH  giving Mn
III

OH at room temperature. 

2.10.  Proposed mechanism for O2 activation and reduction. 

2.10.1. MnII
2SH: An unusual metal-thiol system. 

In coordination chemistry, although metal-bound thiolates (M-S) are very common; examples of 

metal bound thiols (M-SH) are relatively rare. Among the structurally characterized M-SH complexes, 

most examples are based on iron32,33 or ruthenium.34,35 The formation of transient metal-thiol bonds 

in the active sites of metalloenzymes, including  [NiFe]36 and [FeFe]37 hydrogenases, nitrogenase,38 

and their biomimetic models, is often proposed (and in some cases established) to be an influential 

factor in their reactivity. In these systems, metal-bound thiols can act as proton relay during the 

catalytic process, but are also capable of tuning the redox potential of the active metal centers. 

Concerning the O2 activation domain, one MnI complex containing a pendant thiol is reported to 

react with O2 leading to the formation of a mononuclear O2-side-on-bound MnIV complex.39 However, 

i  this ase the pe da t p oto  does ’t see  to take part to the reactivity of the system. 

In Mn
II

2SH, the presence of one coordinated thiol has been unambiguously demonstrated both in 

solid state (as evidenced by the Mn2-S51 distance in the X-ray structure and, indirectly, by magnetic 

and XAS measurements) and in solution (as shown by CV), with the hexaaqua Mn(II) as the most 

probable proton source. The uncommon stability of the terminal metal-bound thiol in solution could 

be attributed to an intramolecular SH…S-bond interaction between S1 and S51 (Figure 7).  

2.10.2. Proposed O2 reduction pathways with MnII
2SH under stoichiometric and 

catalytic conditions. 

As explained previously, the obtained products from the reaction between Mn
II

2SH and O2 are 

synthesized in different yields according to stoichiometric (H2O is the main product) or catalytic 

conditions (H2O2 is the main product). Two proposed O2 reductions pathways with Mn
II

2SH will be 

discussed. 

  

+
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Figure 34. Proposed mechanism for O2 activation and reduction by Mn
II

2SH in catalytic and stoichiometric 

conditions. 

A) Under stoichiometric conditions. 

Under stoichiometric conditions and in the absence of an external proton source (Figure 34, right), 

the reaction between Mn
II

2SH and dioxygen generates the µ-hydroxo complex Mn
III

2OH. In this case, 

the O-O bond reductive cleavage and full 4-electron reduction of O2 are achieved. Dioxygen 

activation is probably promoted by the fact that a coordination vacancy can be created on each Mn 

center of Mn
II

2SH by breaking the two µ-S bridges. It can then be proposed that the formation of 

Mn
III

2OH follows an oxygenation process parallel to those described for FeII porphyrins.74 In those 

systems, a FeIII
2-peroxo intermediate evolves into a µ-oxo FeIII dimer as a consequence of O-O bond 

cleavage via a bimolecular process. In this respect, Kovacs has recently isolated and crystallized the 

first example of peroxo-bridged MnIII dinuclear complex.38 (Figure 4b) 

Efforts to detect and characterize a similar intermediate are ongoing and computations are being 

pursued in order to assess its energetic accessibility. Nevertheless, a mechanism is proposed as 

explained in Figure 35. Mn
II

2SH reacts with O2 to give [MnIII
2(LS)2OO(H)]CLO4, Mn

III
-OO(H)-Mn

III
 as an 

intermediate species. The peroxo species is thus stabilized by a H-bonding coming from the pendant 

thiol.  

 

 

 

 

 

Figure 35. Proposed mechanism promoting the formation of Mn
III

2OH. 
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When protons (LutHBF4) are added on a freshly prepared Mn
III

2OH solution, its µ-hydroxo bridge is 

immediately protonated to afford Mn
III

2 and H2O (Equation 6). In the case of the dinuclear µ-oxo 

thiolate MnIII complexes described by Kovacs et al., concomitant addition of ROH is required to 

release water (Equation 7).75 In our system, the release of water is driven by the tendency of the 

complex to form µ-S bridges.  

MnIII
2OH + H+  MnIII

2 + H2O                           (Equation 6) 

MnIII
2O + ROH  MnIIIOR + H2O                       (Equation 7)75 

When a proton source (LutHBF4) is already present in the initial solution of Mn
II

2SH, an alternative 

reaction pathway can be followed (Figure 36). 

 

 

 

Figure 36. Reactivity of MnII
2SH in the presence of 1) H+ and 2) O2 to give MnIII

2. 

Under these conditions the postulated MnIII
2-(hydro)peroxo intermediate ([{MnIII(LS)}2(OOH)]+ (Figure 

34) reacts with protons promoting the cleavage of the Mn-O bond and the subsequent formation of 

hydrogen peroxide (up to 40% vs Mn
II

2SH (step 2 in Figure 34). This 2-electron O2 reduction pathway 

coexists with the reductive cleavage of the O-O bond leading to the same final Mn
III

2 product. Two 

key factors regulate the competition between O-O and M-O rupture in metal-peroxo complexes: (i) 

the intrinsic strength of the O-O and M-O bonds and (ii) the presence of a proton source. Regarding 

the first aspect, the O-O bond lengths of previously reported thiolate MnIII-peroxo and MnIII-

alkylperoxo complexes (1.431(5)-1.468(7) Å)38,42,43 fall in the high limit of those observed for metal-

peroxo complexes. These long bond distances are consistent with highly activated O-O bonds that 

are easy to cleave. On the other hand, regulation of proton delivery to a metal-peroxo species is also 

crucial in the competition between M-O vs O-O ruptures. As shown in the case of classical copper 

systems,76,77 and also for a side-on peroxo-MnIII mononuclear complex,78 more acidic media favor M-

O rupture, while in less acidic media, the O-O bond is cleaved. Our experimental data are in full 

agreement with previous findings: while the presence of thiolate ligands favors the O-O breaking, the 

addition of protons (LutHBF4) promotes the M-O rupture. 

A high valent Mn
IV

2(O)2 complex can also be generated from O2 activation and the formation of 

Mn
IV

2(O)2 vs Mn
III

2OH depends on the experimental conditions, i.e. protonation state of the initial 

MnII complex, temperature and concentration. Considering all experimental data, an activation 

pathway is proposed promoting either MnIV or MnIII dinuclear complexes as shown in Figure 37. 
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Figure 37.  Proposed pathway for O2 activation by Mn
II

2S in stoichiometric conditions. 

 

The kinetics of generation of Mn
IV

2(O)2 thus depends on the O2-activation rate with R2≥R1, the 

[MnIII
2(hydro)peroxide] being not accumulated in the process. The following proposed reaction is the 

comproportionation between generated Mn
IV

2(O)2 and Mn
II

2S(H) to give Mn
III

2OH. When the O2-

activation rate is higher than the comproportionation rate, Mn
IV

2(O)2 is mainly produced. On the 

other hand, when the comproportionation rate is higher than the O2-activation rate, Mn
III

OH is the 

main  product. When a diluted Mn
II

2SH solution in CH3CN is e posed to pu e O2 , the O2-activation 

rate is higher than the comproportionation rate, thus promoting the formation of Mn
IV

2(O)2. This is 

because the amount of Mn
II

2SH is not enough compared to O2 to react with generated Mn
IV

2(O)2. On 

the other hand, when the initial complex is exposed to air, the O2 concentration is too low to favor 

the formation of the Mn2
III

OH. At low temperature, the O2-activation process is probably slowed 

down more than the comproportionation step. Once Mn
IV

2(O)2 is produced, it has enough time to 

react with Mn
II

2SH which has not been able to react with O2.  

B) Under catalytic conditions. 

The catalytic O2 reduction process presented in this part, in which MenFc are used as monoelectronic 

sacrificial donors and Mn
II

2SH as catalyst, represents a rare example of manganese-based molecular 

catalyst for 2-electron reduction of O2 in homogeneous solution.79,80,81 

The proposed mechanism of H2O2 formation, depicted in Figure 37, is most likely the same as that of 

the stoichiometric reaction in acidic medium. When compared to the stoichiometric process, the 

higher selectively for H2O2 is consistent with the presence of a larger excess of acid (200 equiv. vs the 

Mn-catalyst) and higher dilution conditions (100 µM of Mn
II

2SH) that disfavor the bimolecular 

process proposed to generate Mn
III

2OH (Figure 37). Regeneration of the initial complex (step 3 in 

Figure 34) occurs by electron transfer from MenFc (n=8,10) to Mn
III

2. This process should be 

MnIV
2(O)2

MnIII
2OH

MnII
2S(H)

O2
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thermodynamically feasible in both cases (ΔG ≈ + .  eV a d  -0.04 eV for Me8Fc Me10Fc, 

respectively).16 The process is further driven by protonation of the reduced product to afford 

Mn
II

2SH. Even though Mn
III

2 is relatively unstable (as it slowly decays to a MnII
2-disulfide complex), 

under catalytic conditions the presence of an excess of MenFc (20 equivalents) permits its immediate 

reduction, thus circumventing its decomposition. It is worth noting that Mn
III

2 is not accumulated 

during the catalytic process, as the corresponding absorption band at ~475 nm is not observed during 

the catalysis (Figure 21). 

Conclusion 

In this chapter, we have described a new thiolate-bridged dimanganese(II) complex, 

[MnII
2(LS)(LSH)]ClO4 (Mn

II
2SH), which represents an unusual system with a metal-bound pendant thiol 

(M-SH). This complex is capable of binding and activating dioxygen. In particular, under 

stoichiometric conditions and in the absence of an external proton source, Mn
II

2SH reacts with 

dioxygen to generate a µ-hydroxo complex, [(MnIII
2(LS)2(OH)]ClO4 (Mn

III
2OH). In this case the 

reductive cleavage of the O-O bond is achieved, leading to a 4-electron O2 reduction process. 

Conversely, in the presence of a proton source and of a one-electron reducing agent, Mn
II

2SH 

selectively catalyzes the reduction of dioxygen to hydrogen peroxide. In this case, the rupture of the 

M-O bond in the putative manganese-peroxo intermediate is favored by the acidic medium, leading 

to 2-electron O2 reduction. The Mn
II

2SH complex represents a rare example of manganese-based 

molecular catalysts for selective 2-electron O2 reduction in homogeneous solution.79-81  

It has been also observed that depending on the experimental conditions (protonation state of the 

initial MnII complex, temperature and concentration), a high valent bis-µ-oxo dinuclear MnIV complex 

can be generated that has been fully characterized. The investigation of its acid/base properties 

allowed us to isolate and characterize the µ-oxo-µ-hydroxo dinuclear MnIV derivate. A proposed 

mechanism explaining the competition between the formation of the dinuclear MnIII and MnIV 

complexes during O2 activation has been proposed that can rationalize all experimental observations. 

Currently, theoretical calculations are performed in collaboration with the group of De Visser to 

validate this mechanism, especially the role of the Mn-bound SH. Besides, we have shown that only 

the bis-µ-oxo complex displays hydrogen atom transfer reactivity in the presence of phenol 

substrates. Kinetic studies will be performed in the presence of such substrates in order to get more 

insights into the mechanism of the HAT reaction.  

More recently, the group decided to study the role of the metal on the O2 activation and reduction 

processes by replacing the Mn by Fe ions, A dinuclear FeII complex, isostructural to the dinuclear MnII 

complex with the metal-bound SH, has been isolated and its reactivity toward O2 is currently under 

investigation.  
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Résumé  

La conversion redox thiolate/disulfure est impliquée dans de nombreux processus biologiques 

essentiels1 et notamment dans le repliement des protéines. Cette conversion joue un rôle important 

dans la régulation intracellulaire en agissant comme un interrupteur ON/OFF de la réactivité des 

p ot i es, ’est-à-dire en inhibant ou non leur activité. Différentes stratégies biologiques sont 

utilisées  pour contrôler précisément cette balance thiolate/disulfure : il a été récemment proposé 

que des ions métalliques, et plus particulièrement des ions cuivre, puissent réguler cette conversion 

thiolate/disulfure. De tels systèmes à base de cuivre semblent être impliqués dans la délivrance du 

cuivre, comme par exemple au niveau de la Cytochrome c oxydase, oxydoréductase de la chaine 

espi atoi e ui atal se l’o datio  e si le du to h o e  e  p se e d’O2 Celle-ci contient 

une protéine membranaire inte e S o , i pli u e da s l’asse lage du e t e CuA et qui est 

capable de fixer du Cu2+ ainsi que Cu+.2 (Figure 1) 

 

 

 

 

 

 

 

 
Figure 1. E e ple d’u  s st e i pli u  da s la deli e a e du Cu de la  Cytochrome c oxydase (Sco1) présent 
chez la bactérie Bacillus subtilis (i.e., BsSCO) .[2d] (DTT : dithiothreitol) 

 

Il est gale e t o u ue le ui e joue u  ôle da s la fo atio  d’esp es a ti es de l’o g e 

ROS pou  ea ti e o ge  spe ies  da s la aladie d’Alzhei e .3 Cette maladie est responsable 

d’u e eu od g atio  o duisa t à la d e e et se a a t ise pa  la d positio  de pla ues 

amyloïdes au niveau du cerveau.  Récemment, il a été mis en évidence que le Cu2+ une fois coordiné 

à l’a loïde β (Aβ)29 génèrent la production de ROS, conduisa t à la fo atio  d’ag gat et de 

pla ues Aβ espo sa le de la eu oto i it . Pa  o t e lo s ue le ) 2+ est oo di  au Aβ, il e p he 

la fo atio  de ROS, et do  de pla ues Aβ. E  p se e de ) 2+, le Cu2+ s’ ha ge au i eau de Aβ, 

jouant un rôle p ote teu  au i eau du e eau.  Cette gulatio  se ait as e su  l’i te o e sio  

thiolate/disulfure activée par le cuivre.3a Au cours du processus, quatre cystéines de la 

métallothionéine (MT) sont oxydées par quatre ions Cu2+, issus de Aβ, a e  la formation 

concomitante de deux ponts disulfures entrainant la libération de Zn2+ ui se oo di e alo s au Aβ.3e 
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Figure 2. E e ple iologi ue d’u e o e sio  thiolate/disulfu e à ase de Cu i pli u e da s la Maladie 
d’Alzhei e ’s. E ha ge Cu/)  e t e u e tallothio i e MT  à )  et le peptide a loïde β CuAβ . [3e] 

 

Ces récentes investigations suggèrent que le Cu2+ intracellulaire aurait un rôle protecteur dans la 

régulation des fibres Aβ via des interférences dans les différents processus de régulation.3b,30 Plus 

spécifiquement, des cultures cellulaires en présence de complexes de cuivre peuvent activer des 

oies de sig alisatio  ui o t e t ai e  u e aug e tatio  de l’e p essio  d’u e protéase impliquée 

dans la dégradation des plaques Aβ diminuant ainsi leur formation.3e 

 

La a ti it  des disulfu es ou des thiolates e  p se e d’u  io  talli ue a aussi atti  l’atte tio  

des chimistes comme un outil synthétique de choix pour la conception de molécules  fonctionnelles 

originales comprenant des architectures moléculaires à base de métaux.4 Les propriétés de 

coordination des soufres peuvent être employées pour la préparation de molécules variées. En 

p se e d’u  io  talli ue, u  po t disulfure peut (i) rester non coordonné, (ii) être impliqué dans 

des interactions faibles, ou (iii) subir des coupures réductrices de la liaison S-S. dans le dernier cas, les 

thiolates résultants peuvent agir comme ligand terminal ou pontant, générant ainsi des assemblages 

de molécules inorganiques avec un nombre de noyaux métalliques contrôlés ou infinis. 

Dans ce contexte, les propriétés électroniques et redox de ces complexes doivent être finement 

réglées pour générer les motifs métal-thiol ciblés et/ou de o t ôle  l’ uili e thiolate/disulfu e. 

Cepe da t, le ôle du tal ou du liga d souf  su  l’i te o e sio  thiolate/disulfu e e  fo tio  

’a ja ais t  tudi , es o e sio s ol ulai es de eu a t a es et ajo itai e e t li it es à 

des complexes de CuI-disulfure/CuII thiolate.5 

En 2014, notre g oupe a pu li  le p e ie  s st e e o te a t pas de Cu. Il s’agissait d’u  

complexe à base de cobalt capable de réaliser de manière propre et efficace une conversion CoII-

disulfure/ CoIII thiolate réguler pa  la oo di atio /d oo di atio  d’u  io  hlo u e. L’a a tage de 

e s st e est d’ t e a tif e  o ditio  a o ie et d’e iste  sous fo e de di e ou de o o e. 
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Il est donc i t essa t d’ te d e ette tude à d’aut es tau  de t a sitio  pou  o p endre leur 

impact sur de tels processus.6 (Figure 3)  

 

 

 

 

 

Figure 3. Interconversion MII disulfure/ MIII thiolate gul e pa  la oo di atio /d oo di atio  d’halog u es 
(M=Co, Mn), (X = Cl, Br, I).

6 

Dans ce sens, le manganèse est particulièrement intéressant, car il présente une plus faible affinité 

vis-à- is des souf es ue le o alt ou e o e ue le ui e. Si o  s’i t esse au  p op i t s 

électroniques des métaux de transitions, le caractère covalent de la liaison métal-thiol doit diminuer 

du CuII au MnII.   

Da s e o te te, e hapit e appo te la s th se et la a a t isatio  d’u  ou eau o ple e 

dinucléaire de MnII présentant un pont disulfure [MnII
2(LSSL)](PF6)2 (MnII

2SS), isostructural au 

complexe de CoII, [CoII
2(LSSL)](PF6)2 (CoII

2SS).[6] Ai si ette tude s’i t esse à l’effet du tal 

oo di a t M  su  les p op i t s d’i te upteu  ol ulai e Mn+-disulfure/ M(n+1)+-thiolate. Comme 

son parent isostructural de Co, CoII
2SS,6 ce nouveau complexe dinucléaire de MnII-disulfure, MnII

2SS, 

peut réaliser une interconversion MnII-disulfure/ MnIII-thiolate qui conduit au premier interrupteur 

moléculaire thiolate/disulfu e as  su  le M . E  pa ti ulie , la oo di atio  de l’iodu e su  l’io  

métallique stabilise la forme oxydée du manganèse, MnIII, alors que le disulfure stabilise sa forme 

réduite, MnII. Le processus inverse, qui implique la réduction de MnIII en MnII a e  l’o datio  

o o ita te des thiolates, essite la li atio  de l’iodu e. Le o ple e MnII
2SS réagit lentement 

avec Bu4NI dans CH2Cl2 pour donner le complexe mononucléaire de MnIIII. Le processus est beaucoup 

plus lent (16 h) et beaucoup oi s effi a e  % de e de e t , u’a e  le o ple e de CoII
2SS où 

la conversion CoII
2SS en CoIIII est instantanée et quantitative dans les mêmes conditions 

expérimentales (Figure 4). Dans les deux cas, le processus inverse, soit la réduction du complexe de 

MnIII en MnII a e  l’o datio  o o ita te des thiolates e  disulfu e est i sta ta e.  
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Figure 4. Spectres UV-Visi le illust a t l’i te conversion thiolate/disulfure, (gauche) MnII/MnIII, (droite) 
CoII/CoIII. 

Ce comportement distinct peut être rationalisé en considérant les différentes propriétés 

électrochimiques du Co et du Mn ainsi que par des calculs DFT nous permettant de comprendre  

quels facteurs sont impliqués dans cette conversion disulfure/thiolate.  Les énergies libres de Gibbs 

(ΔG° à  K  al ul es pou  les a tio s de l’ uatio   peu e t t e o sid es o e des 

premières  estimations de la force motrice pour la conversion MII-disulfure/MIII-thiolate, en sachant 

ue la oo di atio  de l’iodu e ’a pas les es effets su  le tal l’iodu e ’ ta t pas p is e  

compte pour ses estimations). 

[MII
2(LSSL)]2+ = 2[MIII(LS)]+   (Equation 1) 

Ces valeurs de ΔG°, en phase liquide (CH2Cl2) et en phase gaz sont présentées dans le tableau 1. 

Tableau 1. Energies libres de Gibbs (ΔG
0), calculées à  K, pou  les a tio s de l’ uatio  , e  phase li uide 

(CH2Cl2) et en phase gaz. 

 ΔG
0
 in vacuum ΔG

0
 in CH2Cl2 

(kcal.mol-1) (kcal.mol-1) 

[MnII
2(LSSL)]2+ = 2[MnIII(LS)]+ +3.6 +7.9 

[CoII
2(LSSL)]2+ = 2[CoIII(LS)]+ -31.0 -15.1 

 

La dissociation du CoII-disulfure en deux unités CoIII-thiolate est hautement exergonique (ΔG° = -15.1 

kcal.mol-1 dans le CH2Cl2). La relative haute stabilité des unités monomériques [CoIII(LS)], ainsi que 

celle du complexe dinucléaire de CoII, [CoII
2(LSSL)]2+, est en bon accord avec une conversion rapide et 

efficace, comme cela a pu être observé expérimentalement. Quant au complexe de Mn, les énergies 

libres calculées sont positives témoignant de la faible réactivité du système dinucléaire à base de Mn. 
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La oo di atio  de l’iodu e au M III stabilise la forme mononucléaire, ce qui favorise tout de même sa 

formation. 

Pou  ha u  des s st es de M  et de Co, l’i te o e sio  MII-disulfure/MIII-thiolate est réversible. 

Qua d l’iodu e est d oo di  du tal e  p se e d’Ag+, le complexe de MII
2SS est régénéré, bien 

ue de a i e plus le te pou  les o ple es de M  ue pou  eu  de Co. La oo di atio  de l’io  

iodure diminue le potentiel redox du couple CoIII/CoII de manière à ce que les ions CoII puissent 

réduire le pont disulfure en thiolate. Inversement, le potentiel redox du couple LSSL/2 LS pour le 

complexes de Mn est étonnamment plus bas que pour le complexe de Co (-1,17 et -0,74 V, 

espe ti e e t . Pa  o s ue t, la oo di atio  de l’io  iodu e e di i ue pas suffisa e t le 

potentiel redox du couple MnIII/MnII pour permettre une conversion efficace, contrairement aux 

complexes de Co. 

Nous d i o s i i deu  a es e e ples d’i te upteu s ol ulai es i pli u s da s la o e sio  

disulfure/thiolate et plus particulièrement, des complexes qui (i) ne sont pas à base de Cu mais de Co 

et de M , do t les p op i t s le t o i ues du tal joue t u  ôle su  l’effi a it  de ette 

i te o e sio . Ce t a ail o t e gale e t u’u  sti ulus e te e o e l’ajout d’u  io  iodu e  

peut conduire à un fin o t ôle des p op i t s le t o i ues de l’io  talli ue pe etta t ai si u  

d pla e e t de l’ uili e disulfu e/thiolate.  
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Introduction 

Thiolate/disulphide redox conversion is implicated in various essential biological processes1including 

the folding of most proteins. Thiolate/disulphide redox conversion also plays a key role in the 

intracellular regulation by acting as a switch that turns ON or OFF the reactivity of a protein by 

inhibiting or not its activity. Different biological strategies are employed to precisely control the 

thiolate/disulphide balance; it has been recently proposed that metal ions, especially copper, can 

mediate thiolate/disulphide interconversion. Such copper-based systems seem to be implicated in 

the delivery of copper from the human Sco1, an inner membrane protein involved in the assembly of 

the CuA center in the Cytochrome c oxidase (Figure 1), an enzyme of the respiratory chain that 

catalyzes the reversible oxidation of the cytochrome c in the presence of dioxygen.2 

 

Figure 1. Example of copper-based delivery system in the Cytochrome c oxidase of the Bacillus subtilis involving 

Sco1.2d (i.e., BsSCO); (DTT : dithiothreitol)) 

Copper-based systems are also involved in the protection of cells against reactive oxygen species 

ROS  su h i  Alzhei e ’s disease3. This disease is known to be a progressive neurodegenerative 

disease and involved in cause of dementia. This pathology is characterized by the deposition of 

cerebral amyloid plaques. It has been recently evidenced that once Cu2+ is oo di ated to A loid β 

Aβ , the CuII Aβ o ple  p odu es ROS that auses the Aβ agg egatio  i to pla ues at the o igi  of 

the neurotoxicity.29 On the other hand, when Zn2+ is oo di ated to Aβ, it p e e ts the fo atio  of 

ROS a d thus of Aβ pla ues. I  the p ese e of ) 2+, the Aβ-bound Cu2+ ion is exchanged, playing a 

protective role by preventing the toxicity of ROS produced by Cu2+. This regulation is based on a Cu-

based thiolate/disulphide interconversion involving a multifunctioning living system.3a During this 

process, four cysteine-thiolate of the metallothioneine (MT) are oxidized by 4 Cu2+ ions, originating 
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from Aβ, ith the concomitant formation of two disulphide bonds that leads to the release of Zn2+ 

that is then coordinated to Aβ(Figure 2).3e  

 

 

 

 

 

 

 
 
 
Figure 2. Biological example of a postulated thiolate/disulphide i te o e sio  i  Alzhei e ’s disease.3e Cu/Zn 
exchange between metallothionein (MT) and Cu2+-bonded amyloide peptide (Cu2+ Aβ o ple  

 

The reactivity of disulphides or thiolates in the presence of a metal ion has also attracted the 

attention of chemists as an interesting synthetic tool for the conception of functional materials and 

original metal-based molecular architectures, enrolling in the biomimetic area.4 Actually, the 

coordinating properties of sulphur display a remarkable versatility that can be employed for the 

preparation of various molecular assemblies. In the presence of a metal, the disulphide atoms could 

(i) remain uncoordinated, (ii) be involved in weak interactions, or (iii) undergo a reductive cleavage of 

the S-S bond. In the last case, the resulting thiolates could act as terminal or bridging ligands to 

generate many types of molecular inorganic auto-assemblages with controlled or infinite nuclearity.  

In this context, the electronic and redox properties of metal complexes should be accurately fine-

tuned to generate the targeted metal-sulphur motifs and/or to control the thiolate/disulphide 

equilibrium. The nature of the metal should play a key role in driving Mn+-disulphide/ M(n+1)+-thiolate 

interconversion. However, such investigation in thiolate/disulphide interconversion has never been 

reported. So far, these molecular switches remain rare and mainly limited to CuI disulphide/ CuII 

thiolate based systems (Figure 3).5  
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Figure 3. One example of Cu-based disulfide/thiolates switch implicated the coordination/release of chloride 

anions. 5 

 

In 2014, the group has reported the first system that does not contain copper, a Co-based switch 

implying a very clean, quantitative and reversible CoII disulphide/ CoIII thiolate interconversion 

implicated the coordination/release of chloride anions which acts under aerobic conditions and 

involves systems with different nuclearity.6 Interestingly, its extension to other transition metal ions 

is thus mandatory to better understand the impact of the metal ion on such fundamental processes 

(Figure 4). 

 

 

 

 

 

 

Figure 4.  MII disulphide/ MIII thiolate interconversion implicated the coordination/release of halide anions 

(M=Co, Mn), (X = Cl, Br, I). 

In this sense, manganese is very attractive, as it should have a notably lower sulphur affinity with 

respect to the late transition copper or cobalt metal ions, as well as very distinctive electronic 

properties due to a decrease of the covalent character of the metal-sulphur bond from CuII to MnII. 

The reactivity of thiolates in the presence of Mn complexes has only been investigated in the case of 

the anionic [MnI(CO)3(SPhS)]- complex (SPhS = 1,2 benzenedithiol) with aromatic thiolates, which is 

converted into a dinuclear [MnI
2(CO)6(SPhSSPhS)] in the presence of protons with the concomitant 

formation of H2 (Figure 5).7 
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Figure 5. MnI thiolate/ MnI dissulfide interconversion by the coordination/release of protons on the thiolates.7  

 

In this chapter III, the synthesis and characterization of a new dinuclear disulphide-bridged MnII 

complex, [MnII
2(LSSL)](PF6)2 (MnII

2SS) (Figure 4), isostructural to CoII-parent compound, 

[CoII
2(LSSL)](PF6)2 (CoII

2SS) are reported.6 The reactivity of MnII
2SS with halide anions (in particular 

with iodide) has been investigated. As in the case of CoII
2SS, coordination of the halide to the metal 

ion induces a disulphide to thiolate conversion and the concomitant oxidation of MII to MIII. Even 

though the process occurs in a much lower efficiency, the process remains reversible. With the help 

of theoretical calculations, the reactivity of the cobalt and manganese systems is finally compared 

and discussed. 

This work has been recently published in Chem. Eur. J., 2015, 21(51), 18770-18778 and Chem. Eur. J. 

2016, 22, 925-933.) 

Results and Discussion 

3.1. Synthesis and characterization of Mn and Co complexes. 

3.1.1. Synthesis of CoII
2SS and CoIIII. 

CoII
2SS has been synthesized from the potassium salt of the ligand H2L= 2,2′-(2,2′-bipyridine-6,6′-

diyl)bis(1,1-diphenylethanethiol)) complexes in THF in the presence of Co(BF4)2.6H2O leading to a 

dark brown precipitate corresponding to the mononuclear CoIIL complex which has been 

characterized by X-Ray spectroscopy. CoII
2SS can be electro-generated by an exhaustive electrolysis 

of CoIIL, carried out in CH2Cl2 at 0 V vs Fc+/Fc (Figure 6). 

 

 

 

 

 

Figure 6. Electro-synthesis of the described dinuclear CoII
2SS complex. 

Different synthetic methods have been reported for the synthesis of CoIIICl (chemical and 

electrochemical paths), including a procedure that can be generalized to potentially allow for the 

2H+ + + H2
Ox

Red
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synthesis of series of penta-coordinated mononuclear CoIII complexes (Figure 7). The reaction of the 

dinuclear CoII
2SS complex in the presence of two equivalents of Et4NCl leads to CoIIICl in a good yield 

of 72%.6 In this reaction, the coordination of one chloride anion on each CoII center in CoII
2SS leads to 

the reduction of the disulfide bridge and the concomitant oxidation of the CoII ions. Following the 

same procedure, addition of two equivalents of Et4NBr and Et4NI to CoII
2SS leads to the formation of 

[CoIIIL(Br)] (CoIIIBr) and [CoIIIL(I)] (CoIIII), in a good yield of 70% and 84%, respectively. 

 

 

 

 

 

Figure 7. Synthesis of the mononuclear CoIIIX complex (X = Cl, Br, I). 
 

The reactions which lead to CoIIIX are efficient and quantitative and will be studied in details. The 

differences of synthesis and especially the electronic properties between Mn and Co complexes will 

be explained chapter IV. 

3.1.2 Synthesis of MnII
2SS and MnIIII. 

The [MnII
2(LSSL)](PF6)2 complex (MnII

2SS) has been obtained from the oxidative electrolysis of 

[MnII
2(LS)(LSH)]ClO4 (MnII

2SH, containing a pendant thiol) in CH3CN at E = +0.05 V vs Fc+/Fc (Figure 8). 

The synthesis and the redox properties of MnII
2SH complex have been previously described in 

chapter II.  

 

 

 

 

 

 

 

 

 

Figure 8. Synthesis/ electrosynthesis of the described manganese sulphur complexes, (X = Cl, Br, I). 
 

During the oxidative electrolysis at +0.05 V of MnII
2SH, the color of the solution turns from light 

orange to deep orange, which corresponds to the formation of MnIII
2. Then, this species evolves to a 
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light yellow solution with time. This final complex has been isolated and identified as MnII
2SS, an 

isoelectronic form of MnIII
2, by single crystal X-ray diffraction (See below). MnII

2SS reacts with halides 

(X=Cl, Br, I) in CH2Cl2 (Figure 8) to mainly afford mononuclear MnIII complexes [MnIII(LS)X] (MnIIIX) 

after several hours. Only [Mn(LS)I] (MnIIII), as a dark violet species, has been fully studied thank to its 

particular stability among the series.  

3.1.3. X-Ray characterization of CoII
2SS and CoIIIX. 

A) X-Ray characterization of CoII
2SS. 

In order to obtain X-Ray suitable single crystals, diethyl ether was layered on a solution of CoII
2SS in a 

solution of CH2Cl2:CH3CN (9:1).  

The X-ray structure of CoII
2SS (Figure 9) displays a {Co2S2(SS)} core, with a disulfide binding the two 

CoII ions in a cis-µ-1,2 mode. The slightly shorter Co-N distances in CoII
2SS in are consistent with the 

+II oxidation state for both Co ions. A C2 axis is at the origin of the structural equivalence of the two 

CoII centers. Each CoII ion displays a highly distorted square-pyramidal geometry, with two N atoms 

and two µ-S atoms of the ligand forming the square planar base and one S atom of the disulphide 

bridge in axial position. As expected, the axial CoII-SS-S bond (2.5341(8) Å) is significantly longer than 

the basal CoII-(µ-Sthiolate) bonds (2.3796(8) and 2.3272(7) Å), the latter being in the expected range 

(2.21–2.39 Å).31 The long distance between the two Co ions (3.1188(5) Å) implies the absence of a 

direct metal–metal bond. Selected bond distances and angles are listed in Table 2. 

 

 

 

 

 

 
 
Figure 9: ORTEP-type views (thermal ellipsoids set at 30% probability, hydrogen atoms removed for clarity) of 
CoII

2SS (left) and the binuclear {N4Co2S2(SS)} core of CoII
2SS (right). 
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Table 2. Selected bond lengths (Å) and angles (°) of CoII
2SS. 

     CoII
2SS.(PF6)2.CH3CN     

  Bond  distances (Å)   Angle (°) 

Co(1)-N(1)  2.072(2)  N(1)-Co(1)-N(2) 78.92(9) 
Co(1)-N(2)  2.111(2)  N(1)-Co(1)-S(1) 91.80(6) 
Co(1)-S(1)  2.3795 (7)  N(1)-Co(1)-S(1)' 133.34(7) 
Co(1)-S(1)' 2.3272(8)  N(1)-Co(1)-S(2) 137.88 (6) 
Co(1)-S(2)  2.5342(8) N(2)-Co(1)-S(1) 144.91(6) 
S(1)-S(2)  2.0242(13) N(2)-Co(1)-S(1)' 113.77(6) 

  
N(2)-Co(1)-S(2) 83.90(6) 

  
S(1)-Co(1)-S(2) 81.41(3) 

    S(1)'-Co(1)-S(2) 88.78(3) 

B) X-Ray characterization of CoIIIX (X=Cl, Br, I). 

The X-ray structures of complexes CoIIICl, CoIIIBr and CoIIII (Figure 10 and Table 3) show that the three 

compounds are isostructural. In CoIIIBr and CoIIII as in the case of CoIIICl, the N2S2 coordination 

sphere insured by L2- is completed by the halide anion, leading to a distorted square pyramidal 

geometry around the CoIII ion. The two nitrogen and two sulfur atoms of L2- are located in the 

equatorial plane, whereas the halide ion occupies the axial position. The CoIII ion is shifted 

approximately 0.485 Å, 0.464 Å and 0.435 Å from the mean equatorial plane (formed by N2S2) 

toward the axial halide ligand in CoIIICl, CoIIIBr and CoIIII, respectively. The equatorial Co-N and Co-S 

bond lengths are not sensitive to the nature of the halide (less than 3.5 pm of difference), whereas 

the Co-X distance increases significantly from CoIIICl to CoIIII (2.3336(5) Å, 2.4888(7) Å and 2.6938(18) 

Å, respectively). The Co-S and the Co-N bond distances in all complexes are slightly shorter than 

those in CoII
2SS, consistent with the difference of the ionic radii for CoII and CoIII. The valence angles 

of the equatorial plane evidence strong distortions in the plane as attested by the S1-Co-N2 and S2-

Co-N1 angles of 142.15(4)° and 163.72(5)° in CoIIICl, 143.48(9)° and 164.65(9)° in CoIIIBr and 145.7(3)° 

and 165.6(3)° in CoIIII. From these two angles, the index of the degree of trigonality of a penta-

coordinated geometry can be determined by the τ5 which has been already described in chapter II. 

The τ5 values are 0.360, 0.353 and 0.332 for CoIIICl, CoIIIBr and CoIIII, respectively, in agreement with a 

distorted square pyramidal geometry in all cases. 
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Figure10. ORTEP-type views of (a) CoIIICl, (b) CoIIIBr, (c) CoIIII (thermal ellipsoids set at 30% probability, 
hydrogen atoms removed for clarity) 

Table 3. Structural properties of CoX with X = I, Br, Cl. 

  CoIIICla CoIIIBr CoIIII 

Co-S1 2.1957(5) 2.1898(10) 2.178(3) 

Co-S2 2.2056(5) 2.1984(9) 2.187(3) 

Co-N1 1.9915(14) 1.993(3) 1.984(8) 

Co-N2 2.0267(14) 2.022(3) 2.016(8) 

Co-X 2.3336(5) 2.4888(7) 2.6938(18) 

    

S1-Co-S2 78.427(19) 78.60(4) 78.91(12) 

S1-Co-N1 92.57(5) 93.01(9) 93.9(3) 

S1-Co-N2 142.15(4) 143.48(9) 145.7(3) 

S2-Co-N1 163.72(5) 164.65(9) 165.6(3) 

S2-Co-N2 97.73(4) 98.14(8) 98.2(3) 

N1-Co-N2 80.99(6) 80.88(11) 80.6(4) 

S1-Co-X 118.80(2) 118.34(3) 118.41(10) 

S2-Co-X 104.64(2) 103.25(3) 101.86(10) 

N1-Co-X 91.57(4) 92.03(8) 92.5(2) 

N2-Co-X 98.73(4) 97.93(9) 95.7(3) 
   a

data issued from
6
 

3.1.4 X-Ray characterization of MnII
2SS and MnIIII. 

 A) X-Ray characterization of MnII
2SS. 

The single crystal X-ray structures of MnII
2SS.2CH3CN and MnIIII are shown in Figure 11, while 

selected bond distances are collected in Table 4. X-Ray suitable orange-yellow single crystals have 

been obtained in the presence of few drops of acetonitrile in CH2Cl2 after slow diffusion of diethyl 

ether. The MnII
2SS complex (Figure 11, left) consists in a µ-1,2-dimercapto-bridged dinuclear MnII 

complex containing a rare example of {Mn2S2(SS)} core. Such of an arrangement has been previously 

found only in a few carbonyl disulphide MnI
2 complexes.[7, 9] This new complex is isostructural to the 

described CoII-parent compound, CoII
2SS, displaying the same symmetry.[6] As in the case of CoII

2SS, 

the disulphide remains coordinated to the metal ions despite the fact that only a weak interaction is 

expected between a disulphide and d5 MnII ions. The {Mn2S2} plane is quasi planar (deviation from 

the S M S ’M ’ pla e is less tha  .  Å and the angle et ee  the S M S ’ a d S M ’S ’ 

Co1

S1

S2

N1
N2

I1
Cl1

S2

S1

N1 N2

Co1

a b c
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planes is 8.53°). The Mn sites are equivalent because of a C2 symmetry axis, orthogonal to the 

average {Mn2S2} plane. The manganese ions are not involved in a direct metal-metal interaction 

M …M  dista e of .  Å). Each manganese site is penta-coordinated surrounded by an 

N S  do o  set i  a disto ted s ua e p a idal geo et  ith a τ5 value of 0.07.10  

 
While the plane is defined with the four donor-atoms of one LS- unit of LSSL, the axial position is 

occupied by the Sthiolate atom of the second LS- unit. A larger distortion from the square pyramidal 

geometry is observed in the isostructural Co complex with a τ5 value of 0.13. All metal-ligand 

distances are slightly longer in the Mn derivative (in the range 8 pm - 16 pm) in comparison with the 

Co analogue, in agreement with the periodic table trend, as well as the S-S bond (2.0357(17) Å vs 

2.0243(13) Å in the Co complex). MnII
2SS displays structural properties also similar to those of 

MnII
2SH, except the fact that the terminal Mn-bound sulphurs have been oxidized into a disulphide 

bridge in MnII
2SS. The short S2-S ’ dista e of .  Å is typical of a disulphide bond and is 

remarkably shorter than in the reported complexes containing a {MnI
2S2(SS)} core (between 2.206 Å 

and 2.224 Å).7, 9a, b The M ’ -S ’  o d le gths .  Å) are comparable to those of the 

Mn-S(H) bond found in MnII
2SH (2.6462(10) Å).  

 

 

 

 
 
 
 
 
 
 

Figure 11. Molecular structure of MnII
2SS‧2CH3CN (left) and MnIIII (right). The thermal ellipsoids are drawn at 

30% probability level. All hydrogen atoms, counter anions and solvent molecules are omitted for clarity. 
 

 B) X-Ray characterization MnIIII. 

X-Ray suitable dark-violet crystals were obtained in CH2Cl2 after slow diffusion of di-isopropylether. 

The X-ray structure of the mononuclear MnIIII complex (Figure 11, right) shows that the MnIII ion is 

penta-coordinated, centered around a distorted square pyramidal N2S2I coordination sphere with the 

two N and two S atoms of the LS ligand located in the equatorial plane and the I- ion occupying the 

axial position. Mononuclear penta-coordinated MnIII complexes are quite uncommon, and mainly 

obtained in the presence of salen,11 porphyrin12 or cyclam[13 supporting ligands. The MnIIII complex is 

isostructural to the previously described CoIII parent CoIIII,6 displaying the same symmetry. The MnIII 
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ion is shifted approximately 0.489 Å from the mean N2S2 plane toward the axial I ligand, slightly more 

than in the case of the Co analogue (0.435 Å). The valence angles of the equatorial N2S2 plane 

evidence strong distortions in the plane as attested by the S1-Mn-N2 and S2-Mn-N1 angles of 

144.21(12)° and 163.31(13)°. The corresponding τ5 value10 is 0.318, consistent with a slightly less 

distorted square pyramidal geometry with respect to the isostructural CoIIII o ple  τ5 =0.332).  

Table 4. Selected bond lengths (Å) for MnII
2SS.2CH3CN and MnIIII. 

Mn2SS.2CH3CN MnI 
Mn(1)-N(1) 2.151(3) Mn(1)-N(1) 2.059(4) 

Mn(1)-N(2) 2.194(3) Mn(1)-N(2) 2.091(4) 

Mn(1)-S(1) 2.4940(10) Mn(1)-S(1) 2.2792(16) 

Mn(1)-S(2) 2.6947(10) Mn(1)-S(2) 2.2846(15) 

Mn(1)-S ’ 2.4340(9) Mn(1)-I(1) 2.7450(12) 

    

Mn(1)-M ’ 3.1469(10)   

    

S(2)-S ’ 2.0357(17)   

    

3.2. UV-Vis spectroscopic properties. 

3.2.1. UV-Vis spectroscopy of CoII
2SS and CoIIIX complexes. 

The UV-visible absorption spectra of the three CoIIIX complexes recorded in CH2Cl2 display three main 

transitions 477-493 nm (1), 675-718 nm (2) and 804-857 nm (3) ranges (Figure 12 and Table 3). Both 

the energy and intensity of these features are sensitive to the nature of the axial halide in a similar 

manner. While their intensity notably increases from the chloride to the iodide derivative, their 

respective energy decreases. In particular, the energies of transitions (2) and (3) are noticeably more 

affected than that of (1) by the nature of the halide. TD-DFT calculations have been performed to 

assign these transitions (Table 5). A good agreement between the calculated and experimental data 

have been found and the observed tendencies have been reproduced. The two high-energy 

transitions (1 and 2) have been attributed to ligand to metal ion charge transfer transitions (LMCT), 

whereas the lower energy features (3) to a mixed d-d/intraligand charge transfer (ILCT) transition. 

Figure 12 clearly evidences the strong influence of the halide ligand on this last transition, with a 

larger contribution for the iodide with respect to the chloride or bromide.  
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CoIIICl, λ = 760 nm CoIIIBr, λ = 798 nm CoIIII, λ = 862 nm

 

 

 

 

 

 

 
 
 
Figure 12. UV/Vis spectra of CoIIIBr (---) and CoIIII (___), compared to that of CoIIICl (….)  (0.19 mM solutions in 
CH2Cl2, 1 cm path length, 20 °C, aerobic conditions). 
 
 

 

 

 

 

 

Figure 13. Difference electron density sketches of transition (3) for  CoIIII, CoIIIBr and CoIIICl (yellow = negative, 
red = positive).  

Table 5. Experimental and TD-DFT calculated UV-Visible absorption properties of CoIIIX with X = I, Br, Cl in 
CH2Cl2. 
 
 λexp in nm (εexp in M-1cm-1) λcalc in nm (fcalc ) 

CoIIICla 477 (5318)a 675 (1250)a 804 (875)a 472 (0.056) 690 (0.026) 760 (0.009) 

CoIIIBr 486 (6400) 688 (1860) 814 (1135) 489 (0.050) 710 (0.034) 798 (0.004) 

CoIIII 493 (6800) 718 (2250) 857 (1140) 508 (0.024) 741 (0.019) 862 (0.008) 

 adata issued from 
6 

3.2.2. UV-Vis spectroscopy of MnII
2SS and MnIIII complexes. 

The electronic absorption spectrum of the light yellow solution of MnII
2SS displays no visible band in 

CH2Cl2 whereas the electronic absorption spectrum of the violet solution of MnIIII shows a transition 

at   ε =  M-1.cm-1) in the visible region and second less intense broad band at 870 nm. The 

transition at 550 nm can be attributed to a charge transfer band due its large epsilon value, while the 

other one to d-d a t a sitio  e ause of its lo  epsilo  alue ε =  M-1.cm-1) involving both the 
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metal ion and the thiolate (Figure 14). Regarding MnIIIBr and MnIIICl, the UV-Vis absorption spectra 

are not available because of their lack of stability. 

 

 

 

 

 

Figure 14. Electronic absorption spectra of MnII
2SS and MnIIII complexes. (0.4 mM, solution in CH2Cl2, 1cm 

pathlength, 20°C, anaerobic conditions). 

3.3. Magnetic properties. 

3.2.1. MnII
2SS magnetic properties. 

The magnetic properties of a powdered sample of MnII
2SS were studied between 1.8-300 K at 1000 

Oe (Figure 15). 

 

 

 

 

 

 

Figure 15. Temperature dependence of the χT product (where χ is the molar magnetic susceptibility equal to 
M/H per complex) measured at 1000 Oe for MnII

2SS. The solid line is the best fit of the experimental data to 
the isotropic S = 5/2 spin dimer model described in the text. 

The steady decrease of χT product to nearly zero at 2 K suggests the presence of significant 

antiferromagnetic exchange occurring in the dinuclear complex, as in the case of the Co analogue, 

CoII
2SS. The magnetic data were analysed in the frame of an isotropic spin-dimer Heisenberg model 

with the following Hamiltonian: H = -2JSASB, assuming that the two metal ions are high spin MnII 

centres (SA = SB = 5/2). The resulting best fit for MnII
2SS is shown in Figure 15 with gA = gB = 2.02(5) and 

J = -23(2) cm-1 (-33(3)K). This value is in excellent agreement with the calculated J value (Jcalc
 = -23.5 

cm-1) for the optimized [MnII
2(LSSL)]2+ complex. Thus, the bridging thiolate ligands mediate an 
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antiferromagnetic exchange interaction between the two MnII centres leading to a diamagnetic S = 0 

ground spin state. Remarkably, the {Mn2S2} core in MnII
2SS and MnII

2SH (J = -22 (1) cm-1) leads to 

large magnetic couplings, such interactions between two MnII ions being generally low in magnitude 

(less than 15 cm-1).14 In the literature, the number of polynuclear MnII complexes with thiolate 

bridge(s) is limited and, to the best of our knowledge, the magnetic properties have been reported 

for only one of these, i.e. a linear trinuclear MnII complex with a mono µ-thiolato bridge between 

each Mn ion with a magnetic interaction estimated at -9.8 cm-1.15  

 
The magnetic susceptibility of MnII

2SS has been compared with the magnetic susceptibility of a 

powdered sample of CoII
2SS studied between 1.8-300 K at 1000 oe.6 The magnetic behaviour is 

consistent with the presence of two high spin CoII ions (S=3/2). A strong anti-ferromagnetic coupling 

is observed with a J = -286(5) cm-1, g = 2.37(5). The effective magnetic moment determined in CH2Cl2 

solution of 3.77 µB at °C o espo di g to a χT of .  3.K.mol-1 is consistent with the magnetic 

properties measured on the powder. Once again, the bridging thiolate ligands mediate an 

antiferromagnetic exchange interaction between the two CoII centres leading to a diamagnetic S = 0 

ground spin state. The magnetic properties of mononuclear MnIIII and CoIIIX complexes will be 

discussed in chapter IV. 

3.4. Reactivity with Iodide: disulphide/thiolate interconversion. 

The reaction of the MnII–disulphide complex MnII
2SS with Bu4NI gives a more stable MnIII-thiolate 

adduct, MnIIII, with respect to the chloride and bromide derivatives. We have thus thoroughly 

investigated this iodide-induced intramolecular redox process by UV-Vis absorption (Figure 16).  

At 20 °C, the MnII
2SS complex (clear yellow solution) slowly reacts with Bu4NI (2.5 eq.) in CH2Cl2 under 

argon to afford the MnIIII complex (dark violet solution). The formation of MnIIII is evidenced by the 

progressive increase in the absorbance of a visible band at 550 nm, a maximum amount of product 

being obtained after approximately 16 hours. MnIIII is generated only in a ~30% yield, based on the 

epsilon value of MnIIII at 550 nm (~2250 M-1cm-1). The further step was to investigate the backward 

process i.e. the possibility to regenerate the initial MnII
2SS complex by removing the iodide anion 

from MnIIII via its reaction with AgBF4.  
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Figure16. UV-Vis spectral evolution of: (b) a MnII
2SS solution (0.5 mM) in CH2Cl2 after the addition of Bu4NI (2.5 

eq) to afford MnIIII (0.5 cm path length); (c) a MnIIII solution (0.5 mM) in CH2Cl2 after the addition of AgBF4 (1.1 
eq, 0.1 M in MeCN), to recover MnII

2SS (1.0 cm path length). The experimental data are rationalized in (a). 

For MnIIII complex the process is completely reversible, as the addition of a stoichiometric amount of 

AgBF4 is sufficient to quantitatively regenerate the corresponding dinuclear MnII
2SS complex. This 

reversibility is attested by the complete disappearance of any feature typical of MIII ions in the 

respective final visible spectra and by the concomitant appearance of a vibration at ~558 cm-1 in both 

infrared spectra, assigned to the S-S vibrational stretching mode of MII
2SS (Figure 17). 

 

 

 

 

 

 

 

 

Figure 17. Infrared spectra of solid MnII
2SS (___) and MnIIII (___) complexes (zoom in the 500-600 cm-1 spectral 

range). 

The homologous process involving the isostructural CoII
2SS complex (Figure 18) is much more 

efficient. Under comparable conditions (2.0 eq. of Bu4NI in CH2Cl2 at 20 °C), the clear yellow solution 

of CoII
2SS is converted immediately and quantitatively into a dark brown solution containing the CoIII 

iodide species, similarly to what happens to CoII
2SS in the presence of chlorides.6 However, with X = I, 

it should be noted that partial aggregation of CoIIII is observed in solution. 
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Figure 18. UV-visible absorption spectra (b) of CoII
2SS (0.1 mM in CH2Cl2, 1.0 cm path length) recorded before 

(___) and (___) after the addition of Bu4NI (2.0 eq), affording CoIIII immediately and quantitatively. The complete 
reversibility of the process is attested by the subsequent addition of AgBF4 (1.1 equiv., 0.1 M in MeCN). The 
experimental data are rationalized in (a). 

The formation of CoIIII is evidenced by the immediate increase in the absorbance of two visible bands 

at 495 nm and 718 nm and its formation is quantitative. Besides, the conversion of CoIIII into CoII
2SS is 

direct and instantaneous in the presence of 1.1 eq of AgBF4. This work has also been performed for 

the two others Co complexes CoIIIBr and CoIIICl6. The backward process with AgBF4 is comparable for 

the three complexes, efficient and quantitative.  

It is not the case for MnIIII. In the conditions of Figure 16, the addition of AgBF4 to a solution of MnIIII 

leads to its conversion into a deep orange solution with a broad absorption band at ~475 nm in less 

than 5 seconds (step 2, Figure 16). This species corresponds to the previously described bis µ-thiolato 

dinuclear MnIII complex with two terminal thiolate groups, MnIII
2 (Figure 6).8 Then, MnIII

2 evolves in 

less than 6 minutes to its isoelectronic form, the dinuclear MnII
2SS complex (step 3, Figure 6), to fully 

complete the thiolate/disulphide cycle. 

To understand the differences between both systems (Mn vs Co), further investigations have been 

carried out and especially electrochemistry studies. 

 

3.5. Electrochemical properties. 
 
The redox properties of the different complexes have been investigated by cyclic voltammetry (CV, 

Figure 19 and Table 5) in order to get insights on the feasibility of the MIII-thiolate/MII-disulphide 

interconversion to occur for both the MnII
2SS/MnIIII and CoII

2SS/CoIIII systems. The CV of MnII
2SS 

displays an irreversible cathodic peak located at Epc = -1.17 V vs Fc+/Fc. This redox signature can be 

attributed to the two-electron reduction of the disulphide bridge. Note that in the CV recorded 

immediately after addition of Bu4NI (2.5 eq) to MnII
2SS, thus before its evolution into MnIIII, the Epc 
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value remains unchanged suggesting that the possible coordination of iodide(s) to MnII has a 

negligible effect on the redox stability of the S-S bridge.  

 

Figure 19. CVs of CH2Cl2 solutions (0.1 M Bu4NPF6) of (a) MnII
2SS (---, 0.5 mM) and MnIIII (___, 0.4 mM), 

compared to (b) CVs of CoII
2SS (---, 0.85 mM) and CoIIII (___, 1.4 mM). 

Remarkably, the disulphide/thiolate redox system for the homologous CoII
2SS complex is shifted 430 

mV more positively (Epc = -0.74 V),[6] when compared to MnII
2SS. This implies a remarkable impact of 

the metal ion on the redox stability of the disulphide, the disulphide form being more stabilized 

when coordinated to MnII than to CoII.  

The CVs of both MIIII complexes display an irreversible metal-based reduction process. The CV of 

MnIIII displays Epc = -0.68 V, promptly assigned to a one-electron MnIII/MnII reduction. The anodic 

peak located at Epa = -0.04 V in the backward process is attributed to the oxidation of iodide released 

after the MnIII → MnII reduction. The CV of CoIIII is more complicated. In this case, two reduction 

systems are observed, one at Epc = -0.66 V and one at Epc = -0.74 V. The ratio between the intensities 

of these two peaks varies with the concentration of complex, the first one slightly increasing under 

dilution. This is consistent with the presence of two species with different nuclearities in equilibrium, 

when CoIIII is dissolved in CH2Cl2. In this respect, two alternative equilibriums can be proposed: 

 

2[CoIII(LS)I] = [CoII
2(LSSL)]2+ + 2I-                                               (Equation 1)                          

2[CoIII(LS)I] = [CoIII
2(LS)2I]

+ + I- = [CoIII
2(LS)2I2]  (Equation 2) 
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 Equation 1 

 

                 Equation 2 

 

 

Figure 20. Illustration of equation 1 and equation 2. 

The scenario illustrated in Equation 1 can be excluded as two equivalents of Bu4NI are enough to fully 

convert [CoII
2(LSSL)]2+ into [CoIII(LS)I]. However, equilibrium described in Equation 2 is consistent with 

both the spectroscopic and redox properties of CoIIII complex. The peaks in the CV at Epc=-0.66 and -

0.74 V can be assigned to the one-electron reduction process of [CoIII(LS)] and the proposed 

[CoIII
2(LS)2I]

+/[CoIII(LS)2I2] species, respectively (Figure 20, Table 6). 

Table 6. Cathodic peak potentials (Epc) for the MII
2SS and MIIII complexes (M = Mn, Co), as determined from the 

corresponding CVs in CH2Cl2, 0.1 M Bu4NPF6. The anodic peak potentials (Epa) of the corresponding backward 
processes are also shown. 

  Epc (Epa) 

MnII
2SS -1.17 (-) 

CoII
2SS -0.74 (-0.10)[6] 

MnIIII -0.68 (-0.04) 

CoIIII -0.66, -0.74 (-0.10) 

 

3.6. Theoretical calculations. 

DFT calculations were performed as a further contribution in the attempt to rationalize the different 

behaviour of the Co and Mn systems for the MII
2-disulphide/MIII-thiolate conversion. Geometry 

optimizations were performed both on the [MII
2(LSSL)]2+ dinuclear complexes and on the 

corresponding monomers obtained by breaking the S-S bond, [MIII(LS)]+ (Figure 21). 

The resulting optimized geometries of [MnII
2(LSSL)]2+ and [CoII

2(LSSL)]2+ compare well with the 

crystallographic data (maximum discrepancy of 0.12 Å and 0.16 Å[6] for coordination distances in the 

MnII
2SS and CoII

2SS complexes, respectively,) thus validating our computational approach.  

Regarding the optimized theoretical monomers, the Loedwin spin populations, which represent the 

charge distributions, are +1.82 and +4.05 for the Co and Mn centres, respectively. These results are 

consistent with MIII-thiolate complexes, theoretical values of 2 (CoIII, S = 1, two unpaired electrons) 

and 4 (MnIII, S = 2, four unpaired electrons) being expected for isolated ions, respectively. On the 

other hand, the low Loedwin spin populations on the sulphur atoms (between -0.03and 0.09) are 

inconsistent with a thiolate radical character (Table 7). 
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[MnII
2(LSSL)]2+    (S=0)                                                        [MnIII(LS)]+ (S=2) 

Figure 21. DFT-optimized structures of [MnII
2(LSSL)]2+ (left) and [MnIII(LS)]+ (right). 

 

Table 7. Loedwin spin population analysis for the DFT-optimized structures of [MIII(LS)]+ and [MII
2(LSSL)]2+ (M = 

Mn, Co).† 

Complex M(1) M(2) S(1) S(2) S(3) S(4) 

 [MnIII(LS)]+ 4.05 - -0.03 -0.03 - - 

[MnII
2(LSSL)]2+ 4.79 -4.78 0.01 0.01 -0.01 -0.01 

[CoIII(LS)]+ 1.82 - 0.09 0.08 - - 

[CoII
2(LSSL)]2+ 1.036 -1.030 0.16 0.01 -0.16 -0.01 

†
S(1) and S(3) are bridging sulphurs in the dinuclear complexes, while S(2) and S(4) are involved in the S-S bond. 

These conclusions are confirmed by the analysis of the SOMOs of both complexes (Figure 22). The 

electronic spin density of the four SOMOs of (MnIIILS)+ is mainly localized on the metal from 87 % up 

to 95.6 %. In the same vein, the electronic spin density of the two SOMOs of (CoIIILS)+ is also mainly 

localized on the metal, but in a much less manner (from 77 % to 84.4 %). Besides, the percentage of 

the SOMO of the sulphurs is about 10 times higher in the mononuclear Co unit, with respect to the 

Mn one. All these data suggest a stronger radical character of the sulphur in the Co complex why the 

Co complex is capable to form CoII
2SS instantaneously in the presence of AgBF4, while the reaction is 

much slower with the Mn complex. 

The Gibbs free energy (ΔG
0 at 0 K) of the reaction in Equation 3 can be considered as a rough 

estimation of the driving force for MII
2-disulphide/MIII-thiolate conversion.  

[MII
2(LSSL)]2+ = 2[MIII(LS)]+   (Equation 3) 
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Figure 22. Localized SOMOs for [MnIII(LS)]+ (top) and [CoIII(LS)]+ (bottom). 

The computed values of ΔG
0 (0 K) are reported in Table 8, both in the gas-phase and in solution 

(CH2Cl2 medium) for M = Mn and Co. The dissociation of the CoII
2-disulphide into two CoIII-thiolate 

units is highly exergonic (ΔG
0 = -15.1 kcal.mol-1 in CH2Cl2). The relative high stability of the monomeric 

[CoIII(LS)] complex with respect to the corresponding dinuclear [CoII
2(LSSL)]2+ complex is in perfect 

agreement with the easy and efficient CoII
2-disulphide to CoIII-thiolate conversion experimentally 

observed. In contrast, the computed ΔG
0 for the parent Mn system is positive (ΔG

0 = +7.9 kcal.mol-1 

in CH2Cl2), in accordance with the low reactivity of the Mn-based system. Furthermore, the iodide 

coordination to the MnIII ion quite stabilizes the mononuclear complex to allow the process to occur. 

Table 8. Gibbs free energies (ΔG
0), computed at 0 K, for the reaction(s) in Equation 3, both in the gas-

phase and in CH2Cl2 solution. 

 ΔG
0
 in vacuum ΔG

0
 in CH2Cl2 

(kcal.mol-1) (kcal.mol-1) 

[MnII
2(LSSL)]2+ = 2[MnIII(LS)]+ +3.6 +7.9 

[CoII
2(LSSL)]2+ = 2[CoIII(LS)]+ -31.0 -15.1 

Mn,
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Conclusion 

In this Chapter, we report the first example of a reversible disulphide/thiolate interconversion, which 

involves manganese ions. As for the parent cobalt system, iodide coordination (or decoordination) to 

the metal ions induces disulphide to thiolate (thiolate to disulphide) conversion with concomitant 

metal oxidation (reduction). For both Mn and Co systems, the reversibility of the process seems to be 

favoured by the fact that the disulphide-bridge remains coordinated to the metal centres in MII
2SS. 

The conversion of MnII
2SS into MnIIII is clearly less efficient (it occurs in a few minutes and partially) 

when compared with the corresponding evolution of CoII
2SS into CoIIII, which is quantitative and 

instantaneous. The reverse reaction, initiated by removing the bound iodide, is also slower for the 

Mn complex. Indeed, the MnII
2-disulphide complex is not directly regenerated as in the case of 

CoII
2SS, but it arises from evolution of its isoelectronic MnIII

2 form.  

Due to the high structural similarity of the dinuclear Mn and Co complexes, the difference in 

reactivity (disulphide to thiolate conversion) between them should be related to their electronic 

and/or redox properties. With this respect, we have analysed and compared i) the electrochemical 

cathodic potential (Epc) values for MII
2SS and MIIII species (Table 2) and ii) the calculated dissociation 

energies of the MII
2-disulphide complexes into the corresponding MIII-thiolate monomers (Equation 

3). The cathodic peak of MII
2SS can be attributed to the reduction of the S-S bridge, while that of MIIII 

is assigned to the reduction of the metal ion (from MIII to MII). Although the Epc values do not contain 

any direct thermodynamic information on the system (lack of redox reversibility), they give an 

indication on the feasibility of the internal redox process. In particular, in order to achieve 

disulphide/thiolate interconversion, the Epc values of the LSSL/2LS and MIII/MII redox couples should 

be close enough to allow small structural modifications to address the direction of the internal 

electron transfer between the ligand and the metal ion. It is the case for the CoII
2SS/CoIIII pair (see 

Table 2), which results of an efficient switchable system. The coordination of iodide decreases the 

redox potential of the CoIII/CoII couple so that the CoII ions can reduce the disulphide into thiolates 

groups. On the other hand, the redox potential of the LSSL/2LS couple for the Mn-based system is 

surprisingly much lower than for the Co-based one (-1.17 V and –0.74 V, respectively). Consequently, 

coordination of iodide might not sufficiently decrease the redox potential of the MnIII/MnII couple: as 

a result, the disulphide/thiolate conversion cannot occur efficiently. 

Dissociation energies of the MII
2-disulphide complexes into the corresponding MIII-thiolate monomers 

calculated by DFT methods confirm the same trend. The process is exergonic for the Co system, 

whereas it becomes endergonic for the Mn system, confirming the higher stability of the disulphide 

bridge in MnII
2SS with respect to the Co analogue. The conversion of MnII

2SS to MnIIII with such 

unfavourable thermodynamics can be explained by the fact that iodide coordination to the MnIII-
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thiolate fragment strongly stabilizes MnIIII complex. In conclusion, this work represents an original 

contribution to improve the understanding of how the electronic and redox properties of the metal 

centres should be perfectly fine-tuned to allow a disulphide/thiolate (inter)conversion, mediated by 

metal ions, to occur efficiently.  
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Résumé 

Co p e d e les fa teu s ui o t ôle t les o d es de g a deu s et la s t ie de l’a isot opie 

magnétique devrait faciliter la conception de complexes métalliques mononucléaires dans le but de 

synthétiser des aimants moléculaires (Single-Molecular Magnets, SMMs), à haute température de 

blocage et avec de grandes barrières énergétiques.1 La température de blocage correspond à la 

te p atu e à la uelle le te ps p is pou  esu e  l’aimantation est égal au temps de relaxation. En 

dessous de ette te p atu e, l’ai a tatio  est o e lo u e à l’ helle de la esu e. 

Les SMMs peuvent être classés selon différents critères : (i) le bloc de la classification périodique du 

métal (bloc d ou f , ii  le o e d’io s métalliques et (iii), le type de ligand. Une des propriétés les 

plus i po ta tes des SMMs est l’a isot opie ag ti ue. Elle se d fi it o e le o e t 

ag ti ue d’u e seule ol ule o ie t e, e d pe da t pas d’u  ha p ag tique externe et 

conduisant à une magnétisation propre. Les propriétés magnétiques des SMMs peuvent disparaitre si 

l’o ie tatio  du o e t ag ti ue est i e s e. Pou  e p he  e ph o e, u e a i e 

énergétique thermique doit être surmontée (Ueff). Ueff sert à comparer les  différents SMMs : plus la 

barrière est grande, plus les propriétés magnétiques de ces molécules seront intéressantes pour des 

applications potentielles. Da s la plupa t des as, l’a isot opie est d te i e à pa ti  de la mesure 

de la susceptibilité magnétique χ  da s u  ha p ag ti ue.57 Ainsi, en 1993, une toute nouvelle 

aire de recherche a émergé après la découverte des propriétés exceptionnelles du fameux cluster 

[Mn12O12(CH3CO2)16(H2O)4]
1 qui se comporte comme une molécule aimant, premier SMM décrit dans 

la littérature. 

 

 

 

 

 

Figure 1. Structure moléculaire de [Mn12O12(OAc)16(H2O)4].
57 

Durant les premières décennies qui ont suivi cette découverte, le défi chimique était de concevoir et 

de synthétiser des SMMs avec les plus hautes températures de blocage possible (TB). TB est associée 

à la barrière énergétique (Ueff) qui doit être surmontée pour inverser le moment magnétique, avec 
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Ueff =|D|S
2 (S ta t le spi  de l’ tat fo da e tal et D l’ a t e  ha p ul ou ze o-field splitting (zfs) 

d fi i pa  l’Ha ilto ie  : H = DSz
2). 

D’i po ta ts effo ts e  hi ie th o i ue o t également été entrepris pour développer des 

méthodologies permetta t d’ alue  le  pa a t e zfs  d’u  s st e do  e  d te i a t les 

origines physiques de l’a isot opie ag ti ue. O  peut ai si o pa e  les p di tio s th o i ues 

aux résultats expérimentaux.15 Pour de telles investigations, il est nécessaire de calculer précisément 

les deux contributions du D : (i) le couplage spin-spin (DSS , ou l’i te a tion entre deux électrons non 

appariés, et (ii) le couplage spin-orbite (DSOC) qui provient du la ge e t e l’ tat fo da e tal et les 

états excités. Dans ce contexte, les calculs de la Théorie de la Fonctionnelle de la Densité  (DFT : 

density functional theory) o t t  utilis s pou  p di e le sig e et l’o d e de g a deu  de D. Bien que 

les valeurs calculées soient généralement sous-estimés,16-19 sauf dans le cas où des halogénures sont 

coordonnés au métal,20,21 de tels calculs sont essentiels pour comprendre les résultats expérimentaux 

en définissant les différents facteurs  qui contribuent à la valeur de D. D’aut es app o hes, o e la 

méthode CASSCF (Complete Active Space Self-Consistent Field)19,23-27 permet de calculer des valeurs 

de D cohérentes aux résultats expérimentaux mais cette approche est beaucoup plus couteuse en 

temps de calculs. En utilisant ces différentes approches théoriques, plusieurs travaux combinant des 

mesures expérimentales et des calculs théoriques ont été publiés utilisant différents métaux de 

transition tels que  MnII,28,29 MnIII,19 NiII,20,30-32 FeII,33 CoII,34 ou VIII.24  Toutes ces études nous montrent 

ue ha ue as doit t e t ait  i d pe da e t des aut es et u’au u e gle g ale e peut 

être appliquée pour définir la meilleure stratégie pour prédire D. Ainsi, pour chaque ion métallique, à 

diff e ts deg s d’o datio  et d’ tats de spi , des tudes s st ati ues doivent être menées sur 

une série de complexes de référence. 

Depuis u’il a t  d o t  ue DSOC représente la contribution la plus importante à la valeur de D 

pour des métaux de transition, les chercheurs se sont intéressés à la nature du ligand ai si u’à des 

métaux qui présentent un large couplage spin-orbite (SOC). En ce qui concerne les ligands, l’effet du 

SOC des halogénures a été très fortement étudié. Il a été souvent observé que la valeur de D 

augmente des dérivés chlorés au dérivés iodés : séries de complexes bas-spin spin CrII et CrIII,35 ou 

haut spin MnII,29,36 et CoII.37-40 Quant aux ions métalliques, les complexes de CoIII, majoritairement 

ceux en géométrie plan carré peuvent présenter un état de spin intermédiaire S = 1 particulièrement 

intéressants du à leur large D (jus u’à 1  -1) .41-43 Cependant, bien que les complexes penta-

coordonnés de CoIII ont généralement un spin S = 2, il existe une seule exception d’u  o ple e haut 

spin à géométrie bipyramide trigonale distordue qui présente une valeur de D de +107 cm-1.44 
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Dans le chapitre III, des complexes penta-coordonnés de CoIII, Co
III

Cl, Co
III

Br, Co
III

I ont été décrits 

(Figure 2). Au sein de ce chapitre, nous allons nous concentrer sur leurs propriétés magnétiques et 

comment celles-ci peuvent être rationnalisées par des calculs théoriques.  

Ces trois complexes, Co
III

Cl, Co
III

Br, Co
III

I, ont été synthétisés et leurs structures ont été caractérisées 

par diffraction des rayons X. Ces trois composés sont isostructuraux. Leur sphère de coordination 

pentacoordonnée présente une géométrie de type pyramide à base carrée, où l’halog u e est 

localisé en position axiale sur le CoIII. (Figure 2) 

 

 

 

 

Figure 2. Complexes de Co
III

X (X = Cl, Br, I) 

La susceptibilité magnétique pour les trois complexes est constante vers environ 30-50 K, ce qui est 

cohérent avec des complexes de CoIII de spin S = 1. A basse température, les valeurs de χT affichent 

u e ette di i utio , e pli u e pa  la p se e d’u  la ge zfs.  Des valeurs du facteur g largement 

supérieur à 2 (2.27(5), 2.17(5) and 2.28(5)), et des valeurs de D positives de 35(1) cm-1, 26(1) cm-1 et 

18(1) cm-1 ont été obtenues respectivement, pour Co
III

Cl, Co
III

Br et Co
III

I,  ce qui est contraire à ce qui 

est attendu. Les larges valeurs de g mettent en évidence une importante contribution spin-orbite, en 

a o d a e  la p se e d’u e forte anisotropie magnétique. Les propriétés magnétiques ont 

également été étudiées en solution par la méthode Evans et sont cohérentes avec les mesures de 

susceptibilité magnétique réalisées sur poudre. (Figure 3) 

 

 

 

 

 

 

Figure 3. Dépendance de la température de χT (où χ est la susceptibilité magnétique molaire égale à  M/H par 

complexe de cobalt) mesuré a 0.1 T pou Co
III

Cl (), Co
III

Br () and Co
III

I (). Les lignes en trait plein 

représentent les meilleures simulations des mesures expérimentales. 
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Pour essayer de rationaliser cette tendance, des calculs théoriques basés des méthodes DFT et sur 

des méthodes CASSCF ont été utilisées avec succès. A un certain niveau d’a al se, ous a o s t  

capables de mettre en évidence une corrélation magnéto-structurale. Co
III

Cl présente une géométrie 

pyramidale à base carrée qui est la plus disto due de la s ie τ5 élevé et un déplacement du métal en 

dehors du plan équatorial plus grand). Ceci conduit à une déstabilisation de la SOMO (orbitale 

moléculaire simplement occupée) et u e fai le diff e e d’ e gie a e  la VMO (orbitale 

moléculaire virtuelle), expliquant l’a essi ilit  à u  tat ui tuplet e  ta t ue p e ie  tat excité. 

De manière cohérente, pour le complexe de  Co
III

Cl, la diff e e d’ e gie e t e la SOMO et la 

DOMO (orbitale moléculaire doublement occupée), devient plus petite, favorisant la transition vers 

u  tat e it  de e tat de spi  αα et ββ  (Figure 4), contribution majoritaire à D pour 

Co
III

Cl. Contrairement à Co
III

Cl, le complexe de Co
III

I présente la géométrie la moins distordue et la 

DOMO la plus stabilisée, de telle sorte que la principale contribution à DSOC vient des contributions 

« spin-flip » αβ  conduisant au spin S-1. De manière cohérente, le premier état excité calculé 

correspond à un singulet. Co
III

Br représente un cas intermédiaire. (Figure 4) 

 

 

 

 

 

 

Figure 4. Contributions individuelles du zfs calculées par DFT pour les complexes Co
III

X avec  X=I, Br, Cl. 

Finalement, cette étude montre que les méthodes de DFT et de CASSCF sont des outils puissants 

pour non seulement prédire le signe mais aussi les valeurs de D pour des complexes de CoIII avec un 

spin S = 1. Par ailleurs, DFT est la méthode la plus appropriée pour déterminer les différentes 

contributions à D, ce qui est particulièrement intéressant pour obtenir des relations structure-

propriété. Il faut noter u’il ’e iste pas de gles g ales à e t apoler de cette étude. Il est 

essai e d’effe tue  des études systématiques pour chaque ion métallique, à chaque degré 

d’o datio  et d’ tat de spi  pou  ta li  l’app o he th o i ue la plus app op i e pou  p di e les 

paramètres zfs rendant la synthèse rationnelle de SMMs basés sur un seul métal difficile. 
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Introduction 

Understanding the factors that control the magnitude and symmetry of the magnetic anisotropy 

should facilitate the rational design of mononuclear metal complexes in the quest of single molecule 

magnets (SMMs), based on a single metal ion with high blocking temperatures and large energy 

barriers.1 The best strategy is to define magneto-structural correlations through investigation of 

series of metal complexes.  

SMMs can be classified according divers criteria such as the block of the periodic table, in which the 

paramagnetic metal belongs to f-block or d-block, the number of metal centers and the type of 

ligand. One of the most important properties of SMMs is the magnetic anisotropy. It is defined as the 

ag eti  o e t of a  i di idual ole ule ith a p efe ed o ie tatio , hi h does ’t depe d o  

the presence of an external magnetic field, leading to a net magnetization. The SMMs properties can 

be lost if the orientation of the magnetic moment is reversed. In order to prevent this phenomenon, 

a thermal energy barrier (Ueff ) must be raised above. The value of Ueff is one way to compare 

different SMMs: bigger the barrier, more prominent the SMMs properties are. In most of the case, 

the anisotropy barrier is determined from the magnetic susceptibility (χ) in a magnetic field. Another 

relevant point of SMMs is whether or not the field dependence of the magnetization shows 

hysteresis.57In 1993, an entire new area of research emerged after the discovery of the exceptional 

properties of the famous [Mn12O12(CH3CO2)16(H2O)4] complex,1 which displays single molecule 

magnet (SMM) behavior (Figure 1). 57  

 

 

 

 

 

 

Figure 1. Molecular structure of [Mn12O12(OAc)16(H2O)4].
57 

 During the first decade, the chemical challenge was to design and synthesize SMMs with the highest 

possible blocking temperature (TB), TB being related to the energy barrier (Ueff) that needs to be 

overcome for the reversal of the magnetic moment, with Ueff = lDlS2 (S being the spin ground state of 

the complex and D the axial zero-field-splitting parameter (zfs) characterizing the magnetic 
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anisotropy measurement, defined by the following Hamiltonian: H = DSz
2). Consequently, complexes 

with large nuclearities have been designed with the aim of reaching large S, using mononuclear 

complexes characterized by significant D magnitude as building blocks. However, this strategy has 

proven to be unsuccessful, the highest reported blocking temperature of such type of SMMs does 

not exceed a few kelvins up to now. In fact, Ueff is independent from the total spin, because D is 

inversely proportional to S2.2,3Alternative strategies have been developed, including the development 

of SMMs whose magnetic properties arise from a single metal ion in a ligand field. These 

mononuclear systems are mainly based on lanthanides that display the highest blocking 

temperatures and energy barriers.4-7  

By contrast, the number of such systems based on transition metal ions is still much more limited but 

reasonable energy barriers have been observed especially for several mononuclear CoII complexes 

and also for other 3d ions such as a few mononuclear MnIII, FeIII, FeII, FeI and NiI compounds.8-10 This 

family of systems has been recently extended to the 5d metal ions in the special case of mononuclear 

ReIV complexes.11,12 On the other hand, a recent theoretical investigation has shown that NiII could be 

potentially attractive candidate. This was later confirmed by an experimental study, which reports a 

NiII complex displaying field-induced slow magnetic relaxation.58, 59  

 

For a rational design of SMMs based on a single metal ion, an important aspect of the current 

research concerns the identification of the factors that govern the sign, symmetry and magnitude of 

the magnetic anisotropy in mononuclear complexes. Regarding the sign of D, the general belief was 

that it should be negative to observe SMM behavior. However, it has been recently shown that 

Kramers metal complexes (i.e. half integer spin systems) with positive D values can also present SMM 

properties.8,13  

In order to establish correlation between the structure and the zfs parameters, series of complexes 

have been synthesized and characterized by magnetic susceptibility measurements and/or 

spectroscopic techniques, high-field EPR spectroscopy leading to the most accurate data regarding 

the determination of the zfs parameters.14  

In parallel, important theoretical efforts have been undertaken to develop appropriate 

methodologies to evaluate the zfs parameters of a given system by determining the physical origin of 

the magnetic anisotropy and to compare these theoretical predictions with the experimental 

observations.15 For such investigations, it is necessary to precisely calculate the two contributions to 

D, i.e. the electron-electron spin-spin interaction (DSS) between unpaired electrons (to first order in 

perturbation theory) and the spin-orbit coupling (DSOC) of electronically excited states into the ground 

state (to second order in perturbation theory). In line with this approach, DFT calculations have been 

applied to predict both sign and magnitude of D, but the magnitude is generally underestimated 
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when compared to the experimental data16-19 with the exception of overestimated values in the case 

of complexes containing heavier halide ligand(s).20,21 However, such DFT calculations are very useful 

to help in the rationalization of experimental trends by properly defining the different contributions 

to the total D-value.22 Other methods including ab initio approaches, commonly give more 

satisfactory predictions of D. Several multi-determinantal methods especially the complete active 

space self-consistent field (CASSCF) approaches lead to calculated D values in perfect agreement with 

the experimental data,19,23-27 but are much more expensive with respect to DFT. Using these different 

theoretical approaches, several combined experimental and theoretical investigations have been 

reported on various transition metal ions, such as MnII,28,29 MnIII,19 NiII,20,30-32 FeII,33 low-spin CoII,34 or 

VIII.24 The main conclusion that can be drawn from these studies is that each case should be treated 

independently and no general rule can be applied to define the most adapted methodology to 

predict D. Therefore, for each metal ion, at the different oxidation and spin states, systematic studies 

should be carried out with series of benchmark complexes.  

Since it has been also demonstrated that DSOC is the main contribution to the final D value, particular 

focuses have been made both on ligands and metals characterized by large spin-orbit coupling (SOC). 

Concerning the ligands, the effect of the SOC contribution of halide on the magnetic anisotropy has 

been thoroughly investigated. 

It has been commonly observed that the D magnitude increases from the chloride to the iodide 

derivatives, including series of low spin CrII and CrIII,35 or high spin MnII,29,36 and CoII,37-40 complexes. 

Regarding the metal ion, intermediate spin S = 1 CoIII complexes, mainly found in square planar 

geometry, are attractive because of their remarkable large D magnitudes up to 145 cm-1.41-43 

However, although penta-coordinated CoIII complexes are usually S = 2, there is a unique exception of 

a distorted trigonal bipyramidal S = 1 system displaying a D value of +107 cm-1.44  

 

In chapter III, penta-coordinated CoIII complexes, Co
III

Cl, Co
III

Br, Co
III

I have been described. In this 

chapter, we will focus on their magnetic properties and how calculations can explain their magnetic 

behaviors. Their magnetic properties have been determined and compared within the three 

complexes. Magnetic measurements have revealed that the three complexes are intermediate S = 1 

spin systems. Theoretical calculations based on both DFT and CASSCF methods have been 

successfully carried out to rationalize the unexpected decrease of D from the chloride to the iodide 

derivatives.  Besides, the magnetic properties of these three complexes is also compared with Mn
III

I, 

which display an S = 2 ground spin state (Chapter III). Additional high field EPR experiments and 

calculations are in progress for this last complex and will not be discussed in this chapter. 

This work has been recently published (Chem. Eur. J. 2016, 22, 925-933.) 
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Results  

4.1. Synthesis, structures and characterizations. 

The synthesis and the structure of these Co and Mn mononuclear complexes have been already 

described in chapter III. As a reminder, the MIII
X complexes (M = Co or Mn) has been obtained from 

M
II

2SS in the presence of Et4NX (X = Cl, Br, I) as illustrated in Figure 2. 

 

 

 

 

 

Figure 2.  MII disulphide/ MIII thiolate interconversion implicated the coordination/release of halide (Cl, Br, I) 
anions (M=Co, Mn). 

These complexes have also been characterized by different techniques such as electronic absorption, 

infra-red spectroscopy and cyclic voltammetry. Chapter III also reports on their potential to act as 

molecular switch based on the interconversion thiolate/disulphur mediated by halide. 

4.2. Magnetic properties of MIIIX (M=Mn or Co, X= Cl, Br, I). 

4.2.1. Magnetic properties of MnIIII. 

The magnetic susceptibility of a powdered sample of Mn
III

I was measured between 1.8 and 300 K at 

1000 Oe. 

 

 

 

 

 

Figure 3. Temperature dependence of the χT product (where χ is the molar magnetic susceptibility equal to 
M/H per complex) measured at 1000 Oe for Mn

III
I. The solid line is the best fit of the experimental data to the 

isotropic S = 2 spin.  

High-spin MnIII leads to an integer ground spin state, S = 2. Because of Jahn-Teller effect, this ion is 

characterized by larger magnetic anisotropy with respect to MnII and MnIV, (|D| generally comprised 

in a small range 2.5 - 4.5 cm-1. The temperature dependence of the χT product of the complex is 
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shown in Figure 3.  The room temperature χT values of 3.01 cm3.K.mol-1 for the Mn
III

I is consistent 

with the expected value for S=2. The magnetic susceptibility remains constant until 10 K, as expected 

with magnetically isolated MnIII center. At lower temperature, the χT value decreases due to zfs 

estimated by fitting experimental data to D = -2.9(3) K, (D = -2.03 cm-1) and g = 2.01(5) (with H= DST,z
2) 

consistent with high spin MnIII.  The negative D value is consistent with an elongation along the 

tetragonal axis as observed in the X-ray structure of Mn
III

I (Mn-I; 2.7450(2) Å vs Mn-S; 2.2846(15)-

2.2792(16) and Mn-N; 2.059(4)-2.091(4)). Despite structural and electronic (+3 oxidation state and 

three possible spin states 0, 1 or 2) similarities between Co
III

I
 and Mn

III
I, the fundamental spin state 

are different S = 2 for Mn vs S = 1 for Co (see below).  

4.2.2. Magnetic properties of CoIIIX (X=Cl, Br, I). 

In this chapter, the magnetic properties of the three complexes, Co
III

Cl
45, Co

III
Br, Co

III
I in solid state 

and in solution are compared (Figure 4 and Table 1). The magnetic susceptibility for the powdered 

samples was measured as a function of temperature (1.8-300 K).  

 

 

 

 

 

 

Figure 4. Temperature dependence of the χT product (where χ is the molar magnetic susceptibility equal to 
M/H per cobalt complex) measured at 0.1 T for CoCl (), CoBr () and CoI (). The solid lines are the best fits 
of the experimental data. 

 

Table 1. Experimental determination of the spin states for CoX with X = I, Br, Cl. 

 Co
III

Cl
a 

Co
III

Br Co
III

I 

Powder    
χT (cm3 K/mol) 1.35 1.18 1.31 
 S 

 

1 1 1 

Solution    
 µeff (µB) at 20°C 2.44 2.63 2.94 
χT (cm3 K/mol) 0.74 0.86 1.07 
 S 1 1 1 

a
 data issued from 

45 
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The magnetic susceptibility for all complexes remains constant down to approximately 30-50 K, 

consistent with magnetically isolated CoIII centers. The room temperature χT for the three complexes 

are consistent with the expected values 2.83 µB for S = 1. At lower temperatures, the T values 

display a notable decrease, explained by the presence of large zfs. Considering the well separation of 

the CoIII complexes in the crystal structure and thus the absence of obvious inter-molecular magnetic 

interactions, a simple spin Hamiltonian including the D and the isotropic Zeeman interaction (g) have 

been considered to fit the experimental data with equation 1 (Table 1). 

 H = DSz
2 + gB0HS  (Equation 1) 

Together with g factors significantly larger than 2 (2.27(5), 2.17(5) and 2.28(5)), large positive D 

values of 35(1) cm-1, 26(1) cm-1 and 18(1) cm-1 have been found for Co
III

Cl, Co
III

Br and Co
III

I 

respectively. The large g-values found for Co
III

Cl, Co
III

Br and Co
III

I evidence important spin-orbit 

contributions in consistent with notable magnetic anisotropy in the complexes. 

In solution, the 1H NMR spectra of the three compounds Co
III

Cl
45  Co

III
Br and Co

III
I characterized by 

large signals and high chemical shifts are consistent with paramagnetic species (Figure 5, 6, 

respectively).  

 

 

 

 

 

 

 

 

 

Figure 5. 1H NMR spectrum of a d7-DMF solution of Co
III

Br (protons belonging to Co
III

Br are evidenced by 
a.). 
 

 

 

 

 

 

 

 

Figure 6. 
1H NMR spectrum of a d7-DMF solution of Co

III
I (protons belonging to Co

III
I are evidenced by 

a.). 
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The effective magnetic moments determined in DMF solutions by the Evans method52,53 evidence 

that the triplet state is conserved in solution for both complexes (Table 1), as in the case of Co
III

Cl. 

The Evans method is used for the determination of the spin state of paramagnetic compound in a 

diamagnetic solvent by measuring the magnetic susceptibility using precision-made coaxial tubes.  

These measurements also confirm that the mononuclear structures of Co
III

Br and Co
III

I are retained in 

solution as for Co
III

Cl. 

In order to obtain further information about the contribution of the halides on the zfs, calculations 

have been performed to determine which factors are responsible for this unexpected trend for D 

observed in this series of Co complexes. 

4.3. Quantum chemical calculations. 

4.3.1. Optimized structure of CoIIIX (X = Cl, Br, I). 

Calculations have been performed on optimized structures initiated from the respective X-ray data of 

the three complexes. The optimized structures are very close to the experimental ones with less than 

5 pm of difference in the metal-ligand bond distances. 

 

 

 

 

 

 

Figure 7. Optimized structures of CoI
II
X (X = Cl, Br, I). 

 

4.3.2. Prediction of the spin state of CoIIIX (X = Cl, Br, I). 

DFT calculations have been carried out in order to determine the ground spin state of the complexes 

but also the stability of the first excited spin states with respect to the ground state (Table 2). In all 

complexes, a triplet ground spin state is predicted in agreement with the experimental data. In the 

cases of Co
III

Cl and Co
III

Br, the first excited spin state is S = 2 with an energy gap from the triplet state 

increasing from 8.5 kcal/mol to 10.3 kcal/mol, respectively. Conversely, for Co
III

I, the first excited spin 

state is S = 0 with an energy gap of 8.5 kcal/mol with respect to the S = 1 ground state. The nature of 

the halide ligand, especially its SOC contribution notably affects the spin state energy spectrum with 

expected consequences on the zfs (vide infra). 

 

 

CoIIICl CoIIIBr CoIIII
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Table 2. Calculated Gibbs free energies for the singlet, triplet and quintet states of CoX with X = I, Br, 

Cl at 0 K. 

 Spin State E (Eh) Stability 
(kcal/mol) 

Favored species 

CoCl S = 0 −4213.839378850 +13.7 S = 1 > S = 2 > S = 0 
 S = 1 −4213.861225540 0 
 S = 2 −4213.847693219 +8.5 
     
CoBr S = 0 −6328.885087986 +14.0 S = 1 > S = 2 > S = 0 
 S = 1 −6328.907428921 0 
 S = 2 −6328.890987185 +10.3 
     
CoI S = 0 −10675.294858226 +8.5 S = 1 > S = 0 > S = 2 
 S = 1 −10675.308410866 0  
 S = 2 −10675.290704974 +11.1  
 

4.3.3. Electronic structure of CoIIIX (X = Cl, Br, I). 

Before calculating the zfs parameters, the electronic structures of the three complexes were 

investigated to help in the rationalization of the results. This study has been carried out based on the 

set of quasi-restricted orbitals (QROs), as this approach has been previously applied with 

success.18,28,47 In particular, we have defined the energy diagram of the five 3d metal-based MOs of 

the three complexes (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Graphical representation of the five 3d orbitals of Co
III

X with X=Cl. 
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These square pyramidal complexes present the typical scheme of a pseudo C4V symmetry with strong 

destabilization of the dx
2

-y
2 orbital, which corresponds to the unoccupied virtual molecular orbital 

(VMO). While the other four 3d metal ion-based orbitals are close in energy in Co
III

Cl, in Co
III

I the two 

singly occupied molecular orbitals (SOMOs), dz
2 and dxy,

 are well separated from the two doubly 

occupied molecular orbitals (DOMOs), dxz and dyz. The much larger energy splitting between the 

DOMOs and the VMO in Co
III

I than in Co
III

Cl (4.222 eV vs 2.397 eV, Figure 9) disfavors transitions to S 

= 2 excited states. This is in coherence with a singlet as first excited spin state for Co
III

I (large energy 

gap) and a quintet for Co
III

Cl (smaller energy gap).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Energy diagram of the five 3d-orbitals of CoX with X=I, Br, Cl. 

From Figure 9, it also clearly appears that the energy splitting between the SOMOs and the DOMOs is 

mainly dictated by the varying degrees of stabilization of the DOMOs. Consistently with the structural 

properties of the complexes, the more distorted the square pyramidal geometry is, the less the dxz 

and dyz orbitals are stabilized (5 = 0.360, 0.353 and 0.332 and metal shift out of the mean equatorial 

plane of 0.485 Å, 0.464 Å and 0.435 Å for Co
III

Cl, Co
III

Br and Co
III

I, respectively). Besides, it can be 

observed that both DOMOs have a main metal character in Co
III

I, whereas they become notably 

delocalized over the halide ligand in Co
III

Br and to more extent in Co
III

Cl (Figure 10). The larger 

delocalization of the electronic density on the chloride observed for the DOMOs in Co
III

Cl with 

respect to that on the iodide in Co
III

I suggests that the covalency of the Co-halide bond depends on 

the nature of the halide with Co-Cl being more covalent than Co-I. This is fully supported by the 

Mülliken analysis that shows an increase of the spin population found at the metal ion going from 

the chloride (1.89) to the iodide derivative (1.93) meaning that the radical character of the iodide is 

less strong than the other halide.  
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Figure 10. Representation of the two DOMOs of Co
III

X with X = Cl, Br and I. 

Concerning CoIII complexes, only one CoIII, containing two aromatic dithiolates complex, with S = 1 as 

spin ground state has been described so far reported by the group of Wieghardt.48 However, in this 

case, the authors cannot discriminate between a CoIII and CoII-radical species. In our case, the 

oxidation state of the three Co complexes can be unambiguously described as a CoIII. This is 

evidenced by the Mülliken analysis displaying values close to 2 (as expected for a species with two 

unpaired electrons). The difference between these two families of compounds (Co
III

X and 

Wiegha dt’s o ple  comes from the nature of the thiolate ligands: alkyl vs aromatic, respectively. 

Indeed, radical-based species can be strongly stabilized in the case of aromatic thiolates, while this is 

not the case for alkyl thiolates. A recent investigation on a series of NiII complexes containing one 

aromatic and one alkyl thiolate ligand has been reported. It has been shown that the one-electron 

reduction and oxidation processes mainly occur on the aromatic thiolate ligand, highlighting the 

difference of reactivity between these types of ligands.55 Furthermore, it has been previously 

demonstrated that the dialkylthiolate ligand LS can stabilize Ni-based complexes in a large range of 

oxidation states, i.e. (+III) to (+I).54  

4.3.2. Prediction of the zfs of CoIIIX (X = Cl, Br, I). 

 

The zfs parameters of the present CoIII complexes have been predicted with the DFT and the CASSCF 

method. The results are reported in Table 3. 

Interestingly, the experimental and the theoretical data are in very good agreement for the DFT in 

both the sign and the magnitude of D for all the compounds (Figure 11). The contribution of the spin-

spin dipolar interaction (DSS) is quite small, below 5% of the total contribution, and the magnitude is 

between 0.64 and 0.94 cm-1.   
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Table 3. Experimental vs. DFT- and CASSCF- calculated D-values and their individual contributions for 

Co
III

X with X = I, Br, Cl. 

 Co
III

Cl
 

Co
III

Br Co
III

I Co
III

Cl(I)
b
 

Experimental     

g  2.27(5)a 2.17(5) 2.28(5)  
Dexp (cm-1) +35(1)a +26(1) +18(1)  
DFT-calculated     

Dcalc (cm-1) +32.49  +25.72 +17.17 +24.62 
DSS (cm-1) +0.94  -0.75 +0.63 +0.91 
DSOC (cm-1) +31.56  +26.48 +16.50 +23.79 
DSOC(cm-1) +11.63  +4.01 -0.30 + 3.69 

DSOC(cm-1) +21.80  +10.38 -4.29 + 10.86 

DSOC(cm-1) -3.01  +12.63 +21.37 + 9.04 

DSOC(cm-1) +1.15  -0.53 -0.27 + 0.17 
CASSCF-calculated     

Dcalc (cm-1) +31.64  +21.98 +16.27  
DSS (cm-1) +0.59  -0.72 +2.21  
DSOC (cm-1) +31.37  +21.98 +13.93  
DS=1 (cm-1) +33.94 +13.70 -2.49  
DS=0 (cm-1) -2.57 +8.28 +16.42  
a
data issued from 

45
; 

b
Co

III
Cl(I) is a theoretical complex corresponding to the optimized structure of 

Co
III

I, in which the iodide ligand has been replaced by a chloride ligand. 

 

Regarding the different contributions to the spin-orbit coupling (DSOC), three main types of transitions 

are involved which are the two types of spin-conserving excitation from i) the DOMOs to the SOMOs 

ββ  , ii  the SOMOs to the VMO αα  a d spi -flip e itatio s et ee  the t o SOMOs αβ . 

The values of each contribution to DSOC evolve steadily as a function of the nature of the halide from 

the chloride to the iodide. Concerning the spin-flip αβ o t i utio , the t e d is diffe e t f o  the 

spin- o se i g αα a d ββ fo  the th ee o ple es. I deed, the αβ t a sitio s represent the 

main contribution to DSOC in Co
III

I, whereas they become negligible for Co
III

Cl, for which the main 

contribution to DSOC comes from both spin-conserving excitations. The Co
III

Br complex represents an 

intermediate case. 

To check the reliability of these results, ab initio calculations using CASSCF approach, which 

corresponds to a higher level of theory compared to DFT were performed. The CASSCF-computed 

parameters compare well with those obtained by DFT. Indeed, both the CASSCF-calculated triplet 

(DS=1) and singlet (DS=0) contributions, which are related to the spin-conserving and the spin-flip 

excitations, respectively, are consistent with DFT calculations. In the case of Co
III

Cl the main 

contribution to DSOC arises from the triplet states, whereas for Co
III

I it originates from the singlet 

states. Consequently, it can be concluded that both CASSCF and DFT methods are appropriate to 

predict the zfs parameters of these intermediate spin CoIII halide complexes (Table 3).  
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Figure 11. Individual contributions to the DFT-calculated zfs parameters of Co
III

X with X=I, Br, Cl. 
 

In an attempt to further rationalize the origin of the discrepancy in D between the three complexes, 

especially the impact of structural effects on DSOC with respect to the nature of the halide, DFT 

calculations have been performed on a theoretical complex, corresponding to the optimized 

structure of Co
III

I, in which the iodide ligand has been replaced by a chloride without any further 

optimization procedure. The resulting D-value (Dcalc
(I)Cl) of +24.63 cm-1 is in between Dcalc

Cl and Dcalc
I 

(+32.49 cm-1 and +17.17 cm-1, respectively), with all contributions to D following the same tendency 

(Table 3). The increase from Dcalc
(I)Cl to Dcalc

Cl implies the intrinsic effect of the structure on the DSOC 

contribution, whereas the increase from Dcalc
I
 to Dcalc

(I)Cl shows that of the nature of the halide. 

Discussion and conclusion 

A series of mononuclear penta-coordinated halide CoIII complexes displaying an intermediate S = 1 

spin state has been investigated. It has been experimentally evidenced that the magnetic anisotropy 

of these complexes is sensitive to the nature of the halide, but in an unexpected way: the largest D-

value has been measured for the chloride compound and the smallest for the iodide one. In the 

literature, examples of such reported behavior are still very limited to: (i) two S = 2 pseudo-

tetrahedral CoI complexes, in which the D value decreases from +6.00 cm-1 to +3.89 cm-1 from the 

chloride to the bromide derivative;21 (ii) an S = 2 MnIII iodide complex that displays an unexpected 

small positive D values of +0.604 cm-1 in an elongated octahedral environment;49 and (iii) a series of S 

= 1 pseudo-tetrahedral NiII complexes, in which D fluctuates from +3.9 cm-1to -22.8 cm-1 from the 

chloride to the iodide derivative.20 ,31 Conversely, in most of previous studies, it has been observed 

that the D magnitude increases from the chloride to the iodide metal complexes.29,35-40 This 

previously reported trend was tentatively correlated to the magnitude of the SOC contribution of the 
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halide that can override the SOC contribution of the metal ion center. However, using theoretical 

MnII,29 and FeIII,50 models, it was also demonstrated that the main contribution to the final D values 

results from a balance between the metal ion and halide SOC contributions, which are proportional 

to the MnX product, (Mn/X being the metal ion/ligand SOC constant). Therefore, depending on the 

metal ion and the halide, the SOC contribution of the heavier ligand and the metal ion can 

compensate each other leading to an inverse tendency, as in the present case.  

At a further level of analysis, we have been able to define magneto-structural correlation. Co
III

Cl 

displays the more distorted square pyramidal geometry within the series (the higher 5 parameter 

and larger metal displacement out of the equatorial plane), leading to a destabilization of the 

DOMOs and to a smaller energy gap with the VMOs explaining the accessibility of a quintet as first 

excited state. Coherently, in the more distorted Co
III

Cl complex, the SOMOs - DOMOs energy gap 

becomes smaller which favor the spin-conserving excitations that mainly contribute to the zfs 

parameters of Co
III

Cl. In contrast, Co
III

I presents the less distorted geometry and the most 

energetically stabilized DOMOs such as the main contribution to DSOC arises from spin-flip excitations 

() and the first excited spin state is a singlet. In any case, other contributing factors to D should 

be taken into account including the SOC contribution of the ligands and the covalency of the Co-

halide bond. However, it is difficult to identify the weight of each of these factors; the overall data 

demonstrates that all of them affect the final D-values in a balanced manner. 

Finally, this investigation evidences that both DFT and CASSCF are powerful tools to predict both the 

sign and magnitude of D for S = 1 CoIII complexes. However, it should be noted that DFT is the most 

appropriate method to determine the different contributions to D, which is particularly useful to 

obtain structure-property relationship. It also remains clear that no general rule can be extrapolated 

from the present case: for each metal ion, at each oxidation and spin state, benchmark investigations 

are required to define magneto-structural correlations and to establish the most appropriate 

theoretical method to predict the zfs parameters, rendering rational synthesis of SMMs based on a 

single metal ion still very challenging. 

Concerning Mn complexes, the investigation is still in progress. Currently, only the iodide derivate is 

available. Synthetic effort will be carried out to isolate the bromide and chloride derivates. It will be 

interesting to see how the halides will affect the spin state and the magnetic anisotropy of these 

compounds.  
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Résumé 

L’o je tif de a th se tait d’a lio e  les o aissa es su  le ôle des liaiso s tal-thiolates au 

sein des métalloenzymes en utilisant une approche bio-i spi e pa  l’ tude des propriétés 

structurales, électroniques et/ou magnétiques de modèles chimiques ainsi que de leur réactivité.  

Dans une approche bio-inspirée, les projets développés au cours de ma thèse ont traité de 

complexes od les de l’h d og ase [NiFe], de atal seu s à ase de M  pou  la réduction d’O2 et 

de systèmes à base de Mn et de Co impliqués dans la conversion disulfure/thiolate. 

Da s le ad e de l’h d og ase [NiFe], deux modèles structuraux et fonctionnels de Ni
II
Fe

II
 ont été 

étudiés. Ces complexes présentent les meilleures performances pour la production 

électrocatalytique d’H2, par rapport aux autres modèles déjà décrits dans la littérature. Ils 

représentent également les premiers modèles hétérodinucléaires de NiFe pour lesquels la réactivité 

est localisée sur le centre Ni. Comme da s l’e z e, le e t e Fe des o ple es Ni
II
Fe

II
Cp et 

Ni
II
Fe

II
Cp* est impliqué dans la modulation des propriétés électroniques et redox du œu  {N2S2} et 

de sa réactivité. Un des points forts de notre étude a été la caractérisation de deux intermédiaires 

dont un complexe Ni
II
Fe

II
 hydrure, tous deux mimant ceux proposés dans le cycle catalytique de 

l’e z e. Cependant, contrairement à l’h d og ase [NiFe], les complexes de NiFe doivent subir 

deux réductions successives avant de pouvoir réagir avec les p oto s. E  p se e de CO, l’a tivit  

catalytique est partiellement inhibée pour le complexe Ni
II
Fe

II
Cp. Ce phénomène est réversible 

lo s ue le CO est e pla  pa  de l’a go . E  eva he, l’a tivit  atal ti ue du o ple e Ni
II
Fe

II
Cp* 

est complètement inhibée en présence de CO, et également de manière réversible. Ni
II
Fe

II
Cp* 

représente do  u  o  od le de l’h d og ase [NiFe] pour la réduction des protons et son 

inhibition en présence de CO (intermédiaire Ni-CO de l’e z e . Les perspectives de ce travail sont 

multiples. A court et  moyen termes, des efforts vont être poursuivis pour caractériser un complexe 

de Ni
III

Fe
II
 h d u e, i te diai e l  de l’e z e e o e ja ais o se v  ave  des od les. Bas es 

sur le fait que Ni
I
Fe

II
Cp puisse produire H2 e  p se e d’u  a ide fo t, des expériences 

d’ le t o atal se e  p se e d’a ide fo t HBF4  so t e  ou s d’ tude. Les sultats p li i ai es 

montrent une activité catalytique sur le premier système redox suggéra t la fo atio  d’u  ouvel 

intermédiaire réactionnel, soit Ni
III

Fe
II
Cp(H).  

Dans le chapitre II, un nouveau complexe dinucléaire de Mn
II
, Mn

II
2SH, où un thiol protoné est 

oo do  à l’u  des deu  M II
 est décrit Ce o ple e est apa le d’a tive  l’o g e. E  pa ti ulie , 

e  o ditio s stœ hio t i ues Mn
II

2SH réagit avec O2 pour générer un complexe µ-hydroxo, 

Mn
III

2OH. Dans ce cas, on observe une coupure réductrice de la liaison O-O, conduisant à une 

réduction de O2 à uat e le t o s. I ve se e t, e  p se e d’u e sou e de p oto s et d’u  age t 
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réducteur à un électron, Mn
II

2SH catalyse sélectivement la réduction de O2 e  pe o de d’h d og e. 

Dans ce cas, la coupure de la liaison M-O de l’i te diai e a ga se-peroxo présumé est 

favorisée en milieu acide, conduisant à une réduction à deux électrons. Mn
II

2SH représente un rare 

exemple de catalyseur moléculaire à base de manganèse, sélectif pour une réduction de O2 à deux 

électrons en milieu homogène. En fonction des conditions expérimentales (état de protonation du 

complexe de Mn
II
 initial, température ou concentration), un complexe à hauts deg s d’o datio , un 

dinucléaire de Mn
IV

 bis-µ-oxo, a pu être généré et caractérisé. L’ tude de ses p op i t s a ido-

asi ues ous a pe is d’isole  et de a a t ise  u  a e di u l ai e de M IV
 µ-oxo-µ-hydroxo. Un 

mécanisme e pli ua t la o p titio  e t e la fo atio  d’u  di u l ai e de M III
 et de Mn

IV
 lors de 

l’a tivatio  d’O2 e  atio alisa t l’e se le des do nées expérimentales a été proposé. 

A tuelle e t, des al uls th o i ues so t e  ou s d’a al se e  olla o atio  ave  le g oupe de De 

Visse  pou  o p e d e les diff e ts a is es i pli u s da s l’a tivatio  de O2 avec les 

complexes de Mn
II
, et plus particulièrement, le rôle de la liaison Mn-SH. Par ailleurs, nous avons 

montré que seul le complexe de Mn
IV

 bis-µ-oxo tait apa le de t a sf e  des ato es d’h d og e 

en présence de dérivés phénoliques. Des études cinétiques sont envisagées pour mieux comprendre 

le mécanisme impliqué. A plus long terme, il serait intéressant de comprendre le rôle du métal dans 

les p o essus d’a tivatio  et de du tio  d’O2 avec des complexes thiol/thiolate similaires. Dans ce 

cadre un complexe de Fe
II
 isostructural au complexe de Mn

II
, possédant une liaison métal-SH a déjà 

t  isol . L’ tude de ses p op i t s et de sa a tivit  est e  ou s. 

Le chapitre III a p se t  le p e ie  e e ple d’u  s st e ve si le i pli u  da s la o ve sio  

disulfure/thiolate à base de manganèse. Comme le complexe parent à base de cobalt, la coordination 

d’u  iodu e ou la d oo di atio  au tal i duit la o ve sio  du po t disulfu e e  thiolate 

thiolate e  po t disulfu e  ave  l’o datio  du tio  o o ita te du tal. Pou  les s stèmes à 

base de Mn et de Co, la réversibilité du processus semble être favorisée par le fait que le pont 

disulfure reste coordonné au centre métallique. La conversion de Mn
II

2SS en Mn
III

I est beaucoup 

moins efficace (réaction en quelques minutes et réactivité partielle) e  o pa aiso  ave  l’ volutio  

de Co
II

2SS en Co
III

I, ui est ua titative et i sta ta e. La a tio  i ve se, i iti e pa  l’ li i atio  de 

l’iodu e li  au tal, est aussi plus le te pou  le o ple e de M . E  effet, Mn
II

2SS ’est pas 

directement généré  comme dans le cas de Co
II

2SS, ais p ovie t de l’ volutio  de sa fo e iso-

électronique, Mn
III

2. Ce travail représente une contribution originale permettant de mieux 

o p e d e o e t les p op i t s le t o i ue et edo  d’u  centre métallique peuvent finement 

moduler une conversion disulfure/thiolate, régulée par des ions métalliques et de manière plus ou 

moins efficace. 
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Dans le chapitre IV, les p op i t s ag ti ues d’une série de complexes mononucléaires de Co
III 

penta-coordonnés avec un halogénure, ont été étudiées. Tous les complexes présentent un rare spin 

intermédiaire S = 1, et leur anisotropie magnétique est sensible à la nature de l’halogénure, mais de 

manière inattendue : une plus grande valeur de D a été mesurée pour le composé chloré et une plus 

petite valeur pour le complexe iodé. Basé sur des calculs de chimie quantique, il a été montré que les 

valeurs de D p ove aie t d’u e ala e e t e diff e tes o t i utio s, et ue de o eu  fa teu s 

dont des diff e es de st u tu e et des o t i utio s va ia les de l’halog u e devaie t t e p is e  

compte pour expliquer la tendance observée. De cette étude, il apparaît aussi u’il ’est pas possi le 

d’e t apole   de gles g ales de ette étude : pour chaque ion métallique,  pour chaque degré 

d’o datio  et tat de spi , des études de référence sont nécessaires pour définir des corrélations 

magnéto-structurales et pour établir la méthode théorique la plus appropriée pour prédire les 

paramètres de zfs, rendant ainsi la synthèse rationnelle de SMM sur la base d'un seul ion métallique 

diffi ile. E  e ui o e e les o ple es de M , l’ tude de leurs propriétés magnétiques est 

particulièrement intéressante et toujours en cours. E  effet, l’io  M III
 est généralement trouvé dans 

un environnement octaédrique combiné à état de spin S= 2.  Actuellement, seul le dérivé iodure a 

put être étudié. Même si ce composé présente un état de spin S = 2, des calculs théorique prédisent 

un état excité S = 1 très proche en énergie. Ainsi, des efforts vont été menés pour isoler les dérivés 

bromé et chloré. Il serait également intéressant de voir si les différents halogénures ont un effet sur 

l’ tat de spi  et l’a isot opie ag ti ue de es o pos s.  
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Conclusion 

The aim of my thesis was to improve the knowledge on the role of metal-thiolate bonds in 

metalloenzymes using a bio-inspired approach by investigating the structural, electronic and/or 

magnetic properties of chemical models as well as their reactivity. In this context, the projects 

developed during my PhD focused on models of [NiFe] hydrogenase, Mn-thiolate catalysts for O2 

reduction and Mn/Co–based molecular switches involving disulfide/thiolate interconversion.  

Chapter I described the synthesis and characterization of two Ni
II
Fe

II
 complexes. These complexes 

display the best performance of any reported [NiFe] hydrogenase mimics to date with regards to 

electrocatalytic H2 production. They are also the first heterodinuclear mimics, whose reactivity 

occurs on the Ni site. As in the enzyme, the Fe site of Ni
II
Fe

II
Cp and Ni

II
Fe

II
Cp* is involved in the 

modulation of the electronic and redox properties of the Ni site as well as its reactivity. An important 

aspect of this work was the characterization of two intermediates including a Ni
II
Fe

II
 hydride species, 

both mimicking those present during the catalytic cycle of the enzyme. However, unlike the [NiFe] 

hydrogenase, must undergo two successive reductions (and not only one) before reacting with 

protons. In the presence of CO, the catalytic activity is partially inhibited for Ni
II
Fe

II
Cp and its 

reactivity is recovered when CO is removed. Interestingly, the catalytic activity of Ni
II
Fe

II
Cp* is fully 

inhibited in the presence of CO and recovered when CO is removed. Ni
II
Fe

II
Cp* thus represents a 

good model of the [NiFe] hydrogenase as it shows proton reduction activity that is inhibited in the 

presence of CO in analogy to the Ni-CO state of the enzyme. There are many perspectives of this 

work. In the short to medium term, synthetic efforts will be pursued to characterize a Ni
III

Fe
II
 hydride 

species, a key intermediate of the enzyme, never isolated with models. Based on the fact the 

Ni
I
Fe

II
Cp could produce H2 in the presence of a strong acid, electrocatalytic experiments using HBF4 

and Ni
II
Fe

II
Cp are currently under investigation. The preliminary results are promising since the 

electrocatalytic activity occurs on the first reduction system suggesting that the mechanism may go 

through the formation of a Ni
III

Fe
II
(H) species, thus perfectly mimicking the mechanism of [NiFe] 

hydrogenase.  

Chapter II described a new thiolate-bridged dimanganese(II) complex, which represents an unusual 

system with a metal-bound pendant thiol (M-SH). This complex is capable of binding and activating 

dioxygen. In particular, under stoichiometric conditions and in the absence of an external proton 

source, it reacts with dioxygen to generate a µ-hydroxo Mn
III

 dinuclear complex. In this case, the 

reductive cleavage of the O-O bond is achieved, leading to a 4-electron O2 reduction process. 

Conversely, in the presence of a proton source and of a one-electron reducing agent, the dinuclear 

Mn
II
 complex selectively catalyzes the reduction of dioxygen to hydrogen peroxide. In this case, the 



Conclusion  

177 

 

rupture of the M-O bond in the putative manganese-peroxo intermediate is favored by the acidic 

medium, leading to 2-electron O2 reduction. This Mn
II 

complex represents a rare example of 

manganese-based molecular catalysts for selective 2-electron O2 reduction in homogeneous solution. 

As a function of the experimental conditions (protonation state of the initial dinuclear Mn
II
 complex, 

temperature and concentration), a high valent bis- µ-oxo Mn
IV

 complex could be generated and 

characterized. The investigation of its acid/base properties allowed us to isolate and characterize a 

rare dinuclear µ-hydroxo  µ-oxo Mn
IV

 complex. A mechanism explaining the competition between the 

formation of a dinuclear Mn
III

 and Mn
IV

 complex and rationalizing all experimental data has been 

proposed. Currently, theoretical calculations are performed in collaboration with the group of De 

Visser to fully understand the different mechanisms involved in O2 activation with this Mn
II
 complex, 

especially the role of the Mn-bound SH. We have also shown that only the bis-µ-oxo complex displays 

hydrogen atom transfer reactivity in the presence of phenol substrates. Kinetic studies are envisaged 

to better understand the involved mechanism. 

In a long term, it would be interesting to understand the role of the metal in the O2 activation and 

reduction processes with similar thiol/thiolate complexes. In this context, a dinuclear Fe
II
 complex, 

isostructural to the Mn
II
 one, containing a Fe-bound SH has been isolated. The investigation of its 

physical-chemical properties and reactivity is in progress. 

Chapter III reported the first example of a reversible disulphide/thiolate interconversion involving 

manganese ions. As for the parent cobalt system, iodide coordination (or decoordination) to the 

metal ion induces disulphide to thiolate (thiolate to disulphide) conversion with concomitant metal 

oxidation (reduction). For both Mn and Co systems, the reversibility of the process seems to be 

favored by the fact that the disulphide-bridge remains coordinated to the metal centers.The 

conversion of Mn
II

2SS into Mn
III

I is clearly less efficient (it occurs in a few minutes and partially) when 

compared with the corresponding evolution of Co
II

2SS into Co
III

I, which is quantitative and 

instantaneous. The reverse reaction, initiated by removing the bound iodide, is also slower for the 

Mn complex. Indeed, the Mn
II

2-disulphide complex is not directly regenerated as in the case of 

Co
II

2SS, but it arises from evolution of its isoelectronic Mn
III

2 form. This work represents an original 

contribution to improve the understanding of how the electronic and redox properties of the metal 

centers should be fine-tuned to allow a disulphide/thiolate (inter)conversion, mediated by metal 

ions, to occur efficiently.  

 

In chapter IV, the magnetic properties of the series of mononuclear penta-coordinated halide-Co
III

 

complexes have been investigated. They all display a rare intermediate S = 1 spin state and their 

magnetic anisotropy is sensitive to the nature of the halide in an unexpected way: the largest D-value 

has been measured for the chloride compound and the smallest for the iodide one. Based on 
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theoretical calculations, it has been shown that the resulting D values originate from a balance of 

several contributions, and that many factors, including differences in their structural properties and 

in the contribution of the halide, should be taken into account to explain the trend of D in this series 

of complexes. From this study, it also remains clear that no general rule can be extrapolated from the 

present case: for each metal ion, at each oxidation and spin state, benchmark investigations are 

required to define magneto-structural correlations and to establish the most appropriate theoretical 

method to predict the zfs parameters. Concerning the Mn
III

 complexes, the investigation of their 

magnetic properties is of great interest and still under progress. Indeed, Mn
III

 is generally found in an 

octahedral environment combined with an S = 2 spin state. Currently, only the iodide derivate is 

available. Even if this compound displays an S = 2 spin state, theoretical calculations predict a first S = 

1 excited state very close. Therefore synthetic efforts will be carried out to isolate the bromide and 

chloride derivates. It would be interesting to see how the halides will affect the spin state and the 

magnetic anisotropy of these compounds. 
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I. Chapter I 

Material and methods. 

Physical methods. The infrared spectra were recorded on a Thermo Scientific Nicolet iS10 FT-IR 

spectrometer (equipped with ATR accessory) as neat solids. 
1
H NMR spectra were recorded on 

Bruker Avance III 400 and 500 MHz spectrometers. The elemental analyses were carried out with a C, 

H, N analyzer (SCA, CNRS). The ESI-MS spectra were registered on a Bruker Esquire 3000 Plus ion trap 

spectrometer equipped with an electrospray ion source (ESI). The samples were analyzed in positive 

ionization mode by direct perfusion in the ESI-MS interface (ESI capillary voltage= 2kV, sampling cone 

voltage= 40 V). The electronic absorption spectra were recorded on a Varian Cary 300 absorption 

spectrophotometer in quartz cells (optical path length: 2 mm). X-band EPR spectra were recorded on 

a Bruker EMX, equipped with the ER-4192 ST Bruker cavity and an ER-4131 VT at 100 K. 

Electrochemical measurements. Electrochemical measurements were carried out in MeCN 

solution, 0.1 M Bu4NClO4, under argon (cyclic voltammetry) or nitrogen (bulk electrolysis) 

atmosphere at 20 °C using a SP300 Bio-Logic potentiostat/galvanostat. A standard three-electrode 

electrochemical cell was used for cyclic voltammetry experiments. Potentials were referred to an 

Ag/0.01 M AgNO3 reference electrode in MeCN + 0.1 M Bu4NClO4 and measured potentials were 

calibrated through the use of an internal Fc/Fc
+
 standard. The working electrode was a vitreous 

carbon disk (3 mm in diameter) polished with 2 m diamond paste (Mecaprex Presi; Epa, anodic peak 

potential; Epc, cathodic peak potential; E1/2 = (Epa + Epc)/2; Ep = Epa - Epc). The auxiliary electrode 

was a Pt wire in MeCN + 0.1 M Bu4NClO4 solution. Bulk electrolyses and coulometry were carried out 

in a three-electrode electrochemical cell using a mercury pool cathode. An Ag/0.01 M AgNO3 

reference electrode closed by a Vycor frit was dipped directly into the solution. A titanium wire 

counter electrode was placed in a separate compartment connected by a glass-frit and filled with 0.1 

M solution of Bu4NClO4 in degassed CH3CN. The compartment of the working electrode is 

continuously flushed by N2 as a carrier gas, where the rate is fixed through a Bronkhorst mass flow at 

5 mL.min
–1

. The output gas is analyzed with a Perkin-Elmer Clarus 500 gas chromatograph equipped 

ith a porapa k Q /  olu  ’ /  ther ostated at  °C a d a TCD dete tor ther ostated 

at  °C. The GC is ou ted i  a o ti uous flo  ode i  hi h the arrier gas strea  fills an 

injection loop of 100 µL in the GC. The contents of the injection loop have fed every 2.01 minutes 

into the GC, where gases (H2 and O2) are separated and areas under peaks computed. A control 

calibration was performed via a chronopotentiometric experiment at a cathodic current of –1 mA, in 

which a platinum mesh was used as the working electrode to evolve hydrogen from a 0.1 M sulfuric 

acid solution at pH 0.94.  
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Mössbauer spectroscopy. Mössbauer spectra were recorded with a 
57

Co source in a Rh matrix 

using an alternating constant acceleration Wissel Mössbauer spectrometer operated in the 

transmission mode and equipped with a Janis closed-cycle helium cryostat. The isomer shift is given 

relative to iron metal at ambient temperature. Simulation of the experimental data was performed 

with the Mfit program using Lorentzian line doublets (E. Bill, Max-Planck Institute for Chemical 

Energy Conversion, Mülheim/Ruhr, Germany. E-mail: eckhard.bill@cec.mpg.de; webpage: 

http://www.cec.mpg.de/research/molecular-theory-and-spectroscopy/moessbauer-mcd.html?L=1). 

X-ray Crystallography. Single-crystal diffraction data were collected on an Oxford-Diffraction 

XCalibur S Kappa geometry diffractometer (Mo-K radiatio , graphite o o hro ator,  . Å . 

The CrysAlisPro program package (Agilent Technologies) was used for cell refinements and data 

reductions. An absorption correction (CrysAlisPro) was applied to the data. The molecular structures 

were solved by charge flipping method (Superflip)
4
 a d refi ed o  F   full atri  least-squares 

techniques using SHELXLT
5
 in OLEX 2.1.65 software environment.

6
 All non-hydrogen atoms were 

refi ed a isotropi all . All h droge s ere pla ed at their al ulated positio s a d refi ed ith a 

riding model. Two crystallographically independent molecules are present in the asymmetric unit 

containing one ordered and one disordered BF4
-
 anions, as well as two ordered and one disordered 

solvent molecules (Et2O). 

DFT calculations. All theoretical calculations were performed with the ORCA program package.
7
 

Structure optimizations (Supplementary Table 3) were performed using the resolution of the identity 

(RI)
8
 approximation. The GGA functional BP86

9-11
 was employed in combination with the def2-

TZV/P
12,13

 basis set, and the corresponding def2-TZVP/J auxiliary basis set. Increased integration grids 

and tight SCF convergence criteria were used. To ensure that the resulting structures converged to a 

local minimum on the potential energy surface, numerical frequency calculations were performed 

and resulted in only positive normal vibrations. Electronic structures and spectroscopic parameters 

(Supplementary Table 4) were calculated with the hybrid functional B3LYP
14,15

 in conjunction with the 

RIJCOSX
16

 approximation, the def2-TZVP basis set, and the def2-TZV/J auxiliary basis set. The 

magnetic properties were evaluated from single point calculations based on the Broken Symmetry 

(BS) approach using the B3LYP functional and the TZV/P basis set.
17-19 

NBO analysis was performed 

with inclusion of the 3-center bond option in the search algorithm.
20,21

 Mossbauer parameters were 

obtained using an expanded CP(PPP) basis set for iron.
22

 Isomer shifts were evaluated using the 

calibration curve for the B3LYP functional.
23 

For g-tensor calculations
 
the triply polarized core 

property basis set CP(PPP) was applied for the metal center while the EPR-II
24

 basis set was used for 

all remaining atoms. Special care was also taken to ensure accurate results by increasing the size of 

the integration grid.
25

 Chemical shift tensors were obtained using the IGLO-II
26,27

 basis set. The 

http://www.cec.mpg.de/research/molecular-theory-and-spectroscopy/moessbauer-mcd.html?L=1
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calculated shielding tensors were transformed to relative chemical shifts by subtracting the 

calculated chemical shift of TMS. Geometries, molecular orbitals and electronic densities were 

visualized with the Chemcraft program.
28

  

Synthesis. 

Ni
II
L was prepared according to a previously reported procedure.

29
 [CpFe(CO)(MeCN)2]BF4 was 

prepared from [CpFe(CO)2(thf)]BF4,
2 

 as reported in the Supplementary Information. All other 

reagents were used as received. All solvents were dried and distilled prior to use according to 

conventional methods. All reactions and manipulations were performed under inert atmosphere 

(argon, in a glove box or in Schlenk tubes).  

Synthesis of Diphenylmethanethiol (a).
30

 Diphenylmethylchloride (13.0 g, 64.14 mmol) and 

thiourea (4.5 g, 58.69 mmol) was refluxed in ethanol (30 mL) for 2 h. After which the solution was 

cooled to room temperature. Upon the addition of NaOH (4 g, 3 M aq.) a precipitate forms and 

refluxing is continued for a further 2 h. The reaction mixture was then cooled to ambient 

temperature and the oil was separated. To the aqueous phase H2SO4 (1 mL in 10 mL of water) was 

added, the aqueous phase was then extracted with EtO2. After reducing the volume under vacuum to 

10 mL, the mixture was stored at-18°C overnight. The resulting mixture was filtered to remove 

impurities, and the filtrate was reduced to the product as an oil (10.0 g, 79 %). 
1
H NMR (400 nm, 

CDCl3 :  .  H, t, J = 8 Hz, H- ip   .  H, d, J = 8 Hz, H-bip   .  H, s, CH2) 

 

Synthesis of 2-[(Diphenylmethyl)thiol]tetrahydro-2H-pyrane (b).
31

 HCl (1 mL, 37%) was 

added dropwise to a stirring solution of a (10.0 g, 50 mM) and 2,3-dihydropyrane, giving a colour 

change from light yellow to dark brown. After 3 h of stirring, Et2O (200 mL) was added and the 

mixture was then washed wit Na2CO3 (sat. aq. 2 x 100 mL). The organic phase was extracted and 

washed with NaCl (sat. aq. 2 x 50 mL). Organic phases were then combined and dried over Na2SO4, 

filtered and reduced to give an orange oil. The orange oil was was purified by column 

chromatography (SiO2, AcOEt:Pentane; 1:9). 
1
H NMR (400 MHz, CDCl3):  7.71 (1H,d, Ph), 7.41-7.20 

(8H, m, Ph), 5.36 (1H, s, Ph2CH), 4.63 (1H, m, H-THP), 3.53-3.46 (1, m, H-THP), 1.92 (2H, m, H-THP), 

1.53 (6H, m, H-THP). 

 

Synthesis of 6,6’-Dibromo-2,2’-bipyridine (1).
32

  This procedure was modified from the 

reported procedure of Artaud et. al.  A solution of 44.43 ml of 2M of n-BuLi (88.83 mmol, 1.05 eq) 

was dropped slowly to a solution of 2,6-dibromo-pyridine (84,43 mmol, 20 g, 1 eq) in dry Et2O (300 

mL) over 30 min at - ˚C. After 45 min of stirring,  anhydrous CuCl2 (42.32 mmol, 5.69 g, 0.527 eq) 

was added with keeping the temperature at - ˚C. By warming from -78°C to -50°C dioxygen was 
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gently bubbled through the solution for 1 h with vigorous stirring. Then, the mixture was hydrolyzed 

with 210 ml of 1.2N HCl under -50˚C. The crude product was recrystallized in EtOH (300 mL).The 

residue was filtered, dried in vacuous with P2O5 and collected as a white powder (7.3 g, 55%). 
1
H 

NMR ,  CDCl3): 7.50 (d, 2H J = 7.9 Hz,), 7.67 (t, 2H J = 7.8 Hz), 8.37 (d, 2H J = 7.8 Hz). Anal. Calcd. for 

C10H6Br2N2: C, 38.25; H, 1.93; N, 8.92. Found: C, 38.43; H, 2.08; N, 8.88. 

 

[2,2’-bipyridine)]-6,6’-dicarbaldehyde (2).
33

 This procedure was modified from the reported 

procedure of Parks et. al. 1 (7.3 g, 22.93 mmol) was dissolved in THF (180 mL) and slowly added to a 

solution of n-BuLi (2.5 M in hexane, 10.5 mL, 26.74 mmol) in THF (80 mL) at -78 °C. After 45 min at -

78 °C, DMF (6.3 mL, 80.3 mmol) was added dropwise to the mixture. After 1 h at-78 °C the dark violet 

mixture was warmed to -30 °C and quenched with HCl 4 M (90 mL). It was basified with Na2CO3 (aq, 

sat) and concentrated under vacuum to remove the organic solvent. The aqueous suspension was 

extracted with CHCl3 (5 × 100 mL). The organic layers were mixed and dried with Na2SO4. After 

removing the solvents under vacuum, the residual solid was washed with methanol (45 mL) and 

diethyl ether and dried in vacuo, yielding b2 as a pale yellow powder (3.147 g, 14.83 mmol, 65 %). 
1
H 

NMR (400 MHz, CDCl3 :  .  , H, CH   .  dd, Jorto = 7.2 Hz, Jmeta = 2.0 Hz, 2H, CH para-CHO   

10.19 (2H, s, CHO). 

 

Synthesis of [2,2’-bipyridine)]-6,6’-diyldimethanol (3).
33

 This procedure was modified from 

the reported procedure of Parks et. al. 2 (3.2 g, 14.83 mmol) and NaBH4 (1.40 g, 37.1 mmol) in 

methanol (165 mL) were stirred at ambient temperature for 2 h. HCl 1.2 M (52 mL) was added to the 

solution and stirring was continued, after 10 min the mixture was basified with Na2CO3 (aq, sat) and 

concentrated under vacuum to remove the organic solvent. The aqueous suspension was extracted 

with CHCl3 (5 × 100 mL). The organic layers were mixed and dried with Na2SO4. After removing the 

solvents under vacuum, the residual solid was washed with methanol (45 mL) and diethyl ether and 

dried in vacuo, yielding 3 as a pale cream powder (3.15 g,  14.2 mmol, 95 %). 
1
H NMR (400 MHz, 

CDCl3 :  .  t, J = .  Hz, H, OH , .  d, J = .  Hz, H, CH2), 7.27 (d, 2H, CH), 7.84 (d, J = 7.8 Hz, 

2H, CH para-N), 8.36 (d, J = 4.3 Hz, 2H, CH para-CH2OH). 

 

Synthesis of 6,6’-Bis-(bromomethyl)- 2,2’-bipyridine (4).
32

  HBr (33 % in acetic acid, 90 mLl) 

was added to 3 (3.15 g, 14.1 mmol). The mixture was refluxed for 3 h. After cooling to room 

temperature and stirring at room temperature for 14 hours, it was basified with K2CO3 (aq, sat, 

excess). The precipitate was filtered, and washed with water (6 x 100 mL) and EtOH (2 x 20 mL). The 

crude product was  recrystallized in EtOH (100 mL). the powder was filtered, dried collected and 
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sonicated during 15 minyielding a pale white powder 4 (2.84 g, 8.34 mmol, 63 %).
1
H NMR (300 MHz, 

CDCl3): 4.62 (s, 4H, CH2), 7.47 (d, J = 7.8 Hz, 2H, CHmeta-N py), 7.82 (t, J = 7.8 Hz, 2H, CHpara-N py), 8.38 

(d, J = 8.1 Hz, CHmeta-N py). 

 

Synthesis of 6,6’-Bis[2,2-diphenyl-2-(tetrahydropyran-2-ylsulfanyl)ethyl]-2,2’-bipyridine 

(5).
31

 A solution of b (4.94 g, 18.48 mmol) in distilled diethyl ether (80 mL) was cooled to -  ˚C, a d 

n-BuLi (6.9 mL, 2.5 % in hexanes) was added dropwise. The solution was then allowed to warm to 

ambient temperature over 1 h. This solution was then cooled again to -  ˚C a d a solutio  of 4 (2.84 

g, 8.34 mmol) and HMPA (17.5 mL) in distilled THF (180 mL) was added. This solution was then 

allowed to warm to ambient temperature over 4 h, after which the reaction solution was quenched 

with water (200 mL) and the organic phase was separated. The aqueous phase was then extracted 

with EtOAc (3 × 100 mL). The organic fractions were then combined and dried over Na2SO4, filtered 

and reduced to an orange oil. The resulting oil was then dissolved in minimal amount of acetone and 

left in the fridge overnight. The insoluble fraction was filtered and washed with acetone (3 × 20 mL) 

and Et2O (3 × 20 mL) yielding a white solid (4.1 g, 5.56 mmol, 67 %).
1
H NMR (400 MHz, CDCl3 :  .  

(s, 4H, CH2), 7.47 (d, J = 7.8 Hz, 2H, CH meta-N), 7.82 (d, J = 7.8 Hz, 2H, CH para-N), 8.38 (d, J = 8.1 Hz, 

2H, CH meta-N). 

 

Synthesis of 2,2′-(2,2′-bipyridine-6,6′-diyl) bis -(1,1-diphenylethanethiol) LS (6).
31

 To a 

suspension of compound 5 (4.1 g, 5.56 mmol) in ethyl acetate (125 mL) and methanol (95 mL) was 

added a solution of AgNO3 (2.35 g, 2.5 eq) in pyridine (1.4 mL) and methanol (160 ml). The solid 

material dissolved immediately and the solution became yellow. After 5 h at room temperature the 

solvent was removed under vacuum yielding a yellow powder. The material was dissolved in 

deaerated dichloromethane (70 mL) and H2S bubbled through the solution until the solution became 

colorless. The black precipitate was filtered off and washed thoroughly with dichloromethane (500 

mL). The combined filtrates were washed with NaHCO3 (aq, sat) and the aqueous layer extracted with 

CH2Cl2. The combined organic layers were dried over Na2SO4, the solvent was removed under vacuum 

and the residual solid was washed with MeOH (3x15 mL) to yield 2.83 g (90%) of the product as a 

white powder 6. 
1
H NMR, (400 MHz, (CD3)2SO):  7.72 (2H, d, J = 7.5, H bipy, H), 7.55 (2H, t, J = 7.5 Hz, 

Hbipy), 7.45–7.3 (8H, m, o-H of Ph), 7.3–7.15 (12 H, m, m- and p-H of Ph), 6.79 (2H, d, H bipy), 4.1 

(2H, br s, 2 SH) and 4.05 (4H, s, CH2
7
, CH2

’
). The resonance at  4.1 disappeared upon addition of 

D2O. 

 

Synthesis of [Cp(*)Fe(CO)(MeCN)2]BF4. [CpFe(CO)(MeCN)2]BF4
1,2 

was prepared according to 
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the following new method. [Cp(*)Fe(CO)2(thf)]BF4
3
 (1.01 g, 3.0 mmol) was placed in an oven-dried 

photolysis flask and dissolved in MeCN (15 mL) to give a red solution. The flask was carefully placed 

under a partial vacuum and exposed to a UV filtered Hg/Xe lamp, resulting in the evolution of gas 

bubbles. The reaction was monitored by FTIR (before exposure for [CpFe(CO)2(thf)]BF4: 2073 cm
-1

, 

2026 cm
-1

, 2253 cm
-1

; after exposure: 2008 cm
-1

;  before exposure for [Cp*Fe(CO)2(thf)]BF4: 2054 cm
-

1
, 2006 cm

-1
; after exposure: 1976 cm

-1
) and UV-Vis spectroscopy, and after 10 days the mixture was 

filtered via celite loaded cannula, layered with Et2O (40 ml) and cooled overnight (-26 ºC) to give 

[CpFe(CO)(MeCN)2]BF4 as a light brown powder (0.84 g, 87%). IR (cm
-1

, MeCN): 2008 (CO). NMR and 

microanalytical data correspond to those previously reported for [CpFe(CO)(MeCN)2]BF4.
1
   

Synthesis of [(LS)Ni
II

Fe
II

(Cp(*))(CO)]BF4 (Ni
II

Fe
II

Cp(*). Solid Ni
II
L ( 0.157 mmol) was added 

to a solution of [Cp(*)Fe(CO)(MeCN)2]BF4 ( 0.157 mmol) in CH2Cl2 (10 mL) under stirring at 20 °C. The 

color of the resulting solution slowly turned to dark brown. After 48 hours, diethyl ether was allowed 

to slowly diffuse into the reaction solution. After few days, X-ray suitable dark brown crystals, 

corresponding to Ni
II
Fe

II
Cp(*)BF4 were obtained.  

Ni
II
Fe

II
Cp. Crystals were filtered, washed with diethyl ether and dried (0.130 mmol, 83%). IR (cm

-1
): 

3055w, 3027w, 2350w, 1929vs (CO stretching), 1604m, 1488m, 1442m, 1425w, 1265w, 1053s, 1030s, 

810m, 803w, 753m, 695s. 
1
H NMR (400 MHz, CD3CN :  .  d, J = .  Hz, H, CH p , .  t, J = .  

Hz, 2H, CH bpy), 7.56 (s br, 4H), 7.38 (m, 10H), 7.20 (m, 6H), 6.70 (d, J = 7.4 Hz, 2H, CH bpy), 4.11 (d, J 

= 13.4 Hz, 2H, CH of diastereotopic CH2), 3.86 (d, J = 13.4 Hz, 2H, CH of diast. CH2), 3.52 (s, 5H, CH Cp). 

ESI-MS (5
.
10

-5
 M, MeCN, m/z, I%): 785.2 100 [M]

+
. Anal. Calcd. for C44H35FeN2NiOS2BF4

.
0.5Et2O

.
0.9H2O 

(926.51): C, 59.63; H, 4.55; N, 3.02; Found: C, 59.69; H, 4.38; N, 3.19. 

Ni
II
Fe

II
Cp*; Crystals were filtered, washed with diethyl ether and dried (0.130 mmol, 83%). IR (cm

-1
): 

3055w, 3027w, 2350w, 1926vs (CO stretching), 1604m, 1488m, 1442m, 1425w, 1265w, 1053s, 1030s, 

810m, 803w, 753m, 695s. 
1
H NMR (500 MHz, CD3CN :  8.20 (s, br, 2H, Harom), 7.49 (m, 10H, Harom), 

7.28 (t, J =7.23 Hz, 4H, Harom), 7.11 (q, 6H, Harom), 7.03 (t, J =7.04 Hz, 2H, Harom), 6.93 (m, 2H, Harom), 

4.14 (d, br, 4H, CH of diastereotopic CH2), 0.71 (s, 15H, CH3, pentamethylcyclopendienyl). ESI-MS 

(5
.
10

-5
 M, MeCN, m/z, I%): 855.0 100 [M]

+
. Anal. Calcd. for C49H45FeN2NiOS2BF4

.
0.2Et2O

.
0.1H2O 

(959.99): C, 62.31; H, 4.96; N, 2.92; Found: C, 62.54; H, 4.96; N, 3.10. 

 

Synthesis of [(LS).Ni
I
Fe

II
(Cp)(CO)] (Ni

I
Fe

II
Cp). A solution of bis(cyclopentadienyl)cobalt(II) 

(7.2 mg, 0.038 mmol) in MeCN (2 mL) was added to a solution of Ni
II
Fe

II
Cp (30.0 mg, 0.034 mmol) in 

MeCN (2 mL) at 20 °C, yielding a black precipitate. After 15 min, it was filtered, washed with MeCN (1 

mL), dried and collected as a black powder (18.0 mg, 67%). IR (cm
-1

): 3056w, 1889w (minor species, 
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assigned to [(LS)Ni
I
(OH2)Fe

II
(Cp)(CO)], 1770vs (CO stretching), 1593w, 1487m, 1440m, 1418w, 1390m, 

1080w, 1032w, 804w, 786w, 751m, 701s, 670m. 

Reaction of Ni
II

Fe
II

Cp with NaBH4. When a solution of NaBH4 in  EtOH (freshly distilled over 

CaH2, 5-20 equiv.) was added to one of Ni
II
Fe

II
Cp (10 mM) in MeCN, a black precipitate was formed. 

After 3 min, it is filtered, dried and analysed by IR spectroscopy. The infrared spectrum showed a 

mixture of three products: Ni
I
Fe

II
Cp (main product, CO peak at 1770 cm

-1
), [(LS)Ni

I
(OH2)Fe

II
(Cp)(CO)] 

(CO peak at 1888 cm
-1

), and [(LS)Ni
II
(H)Fe

II
(Cp)(CO)] (Ni

II
Fe

II
(H), CO peak at 1838 cm

-1
).

 
Ni

II
Fe

II
(H) can 

be identified (and quantified) also by the presence of a singlet at -6.81 ppm (H-Ni) in the 
1
H NMR 

spectrum in d
8
-thf. up to a ~15% of Ni

II
Fe

II
(H) could be detected under the present conditions. 
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II. Chapter II 
 

Material and Methods. 

 

X-ray Crystallography. Single-crystal diffraction data of Mn
II

2SH‧1.55CH3CN‧0.45CH3OH were 

measured on an Oxford-Diffraction XCalibur diffractometer with a Sapphire 3 CCD detector (MoK 

radiatio , graphite o o hro ator,  . Å  at  K. The CrysAlisPro program package 

(Agilent Technologies) was used for cell refinements and data reductions. For both complexes an 

absorption correction (CrysAlisPro) was applied to the data. Single-crystal diffraction data of 

Mn
III

2OH
#‧7.16CH3CN were collected at beamline proxima1 of the Soleil synchrotron (Saint-Aubin, 

Fra e  usi g a De tris Pilatus M dete tor  = .  Å  at  K. I de atio , a sorptio  orre tio  
and scaling of the data were performed using XDS Package.

1
 The molecular structures of all the 

o ple es ere sol ed  dire t ethods a d refi ed o  F2
 by full matrix least-squares techniques 

using SHELXTL package.
2
 All non-h droge  ato s ere refi ed a isotropi all  for oth o ple es. I  

the case of Mn
II

2SH‧1.55CH3CN‧0.45CH3OH, all hydrogen atoms were found by Fourier 

tra sfor atio  a d refi ed ith i di idual isotropi  displa e e t para eters, e ept those o  
solvent molecules. For the Mn

III
2OH

#‧7.16CH3CN, hydrogen atoms were placed at their calculated 

positions. The structure of Mn
II

2SH‧1.55CH3CN‧0.45CH3OH contains partially occupied solvent 

molecules (CH3CN, CH3OH), whereas the structure of Mn
III

2OH
#‧7.16CH3CN contains partially 

occupied anions (PF6
-
, ClO4

-
) and solvent molecules (CH3CN). Two crystallographically independent 

molecules are present in the asymmetric unit of Mn
III

2OH
#‧7.16CH3CN. The structure of the 

Mn
IV

2(O)2‧0.64CH2Cl2‧2.71H2O.complex contains molecule of solvents (CH2Cl2 and H2O). 

 

Magnetic measurements. Magnetic measurements were performed on polycrystalline samples of 

Mn
II

2SH‧1.55CH3CN‧0.45CH3OH and Mn
III

2OH
#‧7.16CH3CN with mass of 14.2 and 16.75 mg 

respectively. Magnetic measurement for Mn
IV

2(O)2 are still under investigation. Samples were sealed 

in polyethylene bags (3  0.5  0.02 cm; 21.90 and 23.23 mg) in order to collect data in the 

temperature range of 1.8 to 300 K at 1000 Oe. Magnetic measurements were obtained with the use 

of a Quantum Design SQUID magnetometer MPMS-XL functioning between 1.8 and 400 K for direct-

current (dc) applied fields ranging from -7 to +7 T. Prior to the experiments, the field-dependent 

magnetization was measured at 100 K on each sample in order to prove the absence of any bulk 

ferromagnetic impurities. On the other hand, when fitting the magnetic data, it was necessary to 

introduce in the magnetic model a paramagnetic Curie impurity that was assumed to be a 

mononuclear Mn
II
 species (S = 5/2) for Mn

II
2SH‧1.55CH3CN‧0.45CH3OH and a mononuclear Mn

III
 

species (S = 2) for Mn
III

2OH
#‧7.16CH3CN. Their amount was estimated at 0.5(2) and 3.0(5) % 

respectively. All magnetic data were corrected for the sample holder and diamagnetic contributions. 
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XAS spectroscopy. Manganese K-edge X-ray absorption spectra were recorded in transmission 

mode at beamline 7-3 of the Stanford Synchrotron Radiation Lightsource (SSRL) with ring conditions 

of 3 GeV and 350 mA.  Energy selection was achieved using a double crystal Si(220) monochromator 

and an upstream Rh-coated mirror provided harmonic rejection (together with 25% detuning) and an 

energy cutoff of 9 keV.  Samples were prepared in an argon atmosphere glovebox by diluting the 

solid compounds with boron nitride, grinding to a fine powder, and packing into a 1 mm think 

aluminum sample cell sealed with 38 m Kapton tape. During measurement, samples were 

maintained at 10 K in an Oxford CFI208 liquid helium flow cryostat.  Data were normalized with 

respect to the incident beam using an upstream N2-filled ion chamber and the energy was calibrated 

using the first inflection point of a Mn foil (6539.0 eV).  Sulfur K-edge XAS experiments were 

performed at SSRL beamline 4-3 under identical ring conditions.  Samples were prepared in an argon 

atmosphere glovebox by grinding the compounds together with boron nitride and then dispersing as 

thinly as possible on 38 m Kapton tape.  A window of 5 m polypropylene was applied over the 

samples to prevent exposure to air during sample changes.  All samples were measured at room 

temperature in a He atmosphere in fluorescence mode using a Lytle detector.  The incident energy 

was selected with a Si(111) double crystal monochromator and calibrated using the pre-edge of 

Na2S2O3 • 5 H2O (2472.02 eV).  All data were calibrated and averaged using EXAFSPAK
3
 (3-5 scans for 

each spectrum) and normalized to an edge jump of one using Blueprint XAS.
4
 

 

Electrochemistry. Electrochemical experiments were performed in acetonitrile solution under an 

argon-saturated (in a glove box or by argon purging) atmosphere. Tetrabutylammonium 

hexafluorophosphate (NBu4PF6) was used as received and stored in glove box. Cyclic voltammetry 

and controlled potential electrolysis experiments were carried out by using a SP300 Bio-Logic 

potentiostat/galvanostat. A standard three-electrode electrochemical cell was used. Potentials were 

referred to an Ag/0.01 M AgNO3 reference electrode in CH3CN + 0.1 M Bu4NClO4 and measured 

potentials were calibrated through the use of an internal Fc/Fc
+
 standard. The working electrode was 

a vitreous carbon disk (3 mm in diameter) polished with 2 m diamond paste (Mecaprex Presi) for 

cyclic voltammetry (Epa, anodic peak potential; Epc, cathodic peak potential; E1/2 = (Epa + Epc)/2; Ep = 

Epa - Epc). Exhaustive electrolyses were carried out on reticulated vitreous carbon electrode 45 PPI 

(the electrosynthesis Co. Inc.; 1 cm
3
). The auxiliary electrode was a Pt wire in CH3CN + 0.1 M 

Bu4NClO4.  

 

Synthesis 

 
LS was prepared according to a reported procedure as described in experimental section, chapter I.

22
 

All other reagents and solvents were used as received. THF was distilled over Na/benzophenone prior 

to use. Acetonitrile (99.9+ %, extra dry) was distilled over CaH2 prior to use. The synthesis of the 

complexes was performed under argon (in a glove box with less than 5 ppm of O2 for Mn
II

2SH, and in 
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a Schlenk tube for Mn
III

2OH). Caution! Perchlorate salts of metal complexes are potentially explosive. 

Only small quantities of material should be prepared and the samples should be handled with care. 

The elemental analyses were carried out with a C, H, N analyzer (SCA, CNRS). The ESI-MS spectra 

were registered on a Bruker Esquire 3000 Plus ion trap spectrometer equipped with an electrospray 

ion source (ESI). The samples were analyzed in positive ionization mode by direct perfusion in the 

ESI-MS interface (ESI capillary voltage= 2kV, sampling cone voltage= 40 V). The electronic absorption 

spectra were recorded on a Varian Cary 300 absorption spectrophotometer in quartz cells (optical 

path length: 1 cm).  

 

Synthesis of [Mn
II

2(LS)(LSH)]ClO4 (Mn
II

2SH). Solid KH (30% in mineral oil, 150 mg, 1.122 

mmol) was added to a solution of H2L (200 mg, 0.344 mmol) in THF (10 mL). After 20 min, the excess 

of KH was filtered off and a solution of Mn(ClO4)2
.
6H2O (310 mg, 0.856 mmol) in THF (5 mL) was 

slowly added to the yellow solution under stirring. During the addition, the color of the solution 

turned to dark brown, and subsequently to orange. After few minutes, a pale orange precipitate was 

formed. After 1 hour, this solid was separated from the mother liquid by filtration and extracted with 

dichloromethane (3  5 mL). The solvent was removed in vacuo, and the residual solid was washed 

with THF (3 mL), dried and collected as a pale orange powder (Mn
II

2SH, 182 mg, 0.133 mmol, 77%). 

ESI-MS (5
.
10

-4
 M, CH3CN, m/z, I%): 633.2, 100 [MnL]

+
 + [Mn2L(LH)]

2+
; 1267.2, 95 [Mn2L2]

+
. Anal. Calcd. 

for C76H61N4S4Mn2ClO4 
.
0.5KClO4 (1437.19): C, 63.51; H, 4.28; N, 3.90; Found: C, 63.40; H, 4.36; N, 

3.79. Absorption spectrum in CH3CN (max, nm (, M
-1

 cm
-1

)): 309 (~25000). X-ray suitable orange-

brown single crystals corresponding to Mn
II

2SH‧1.55CH3CN‧0.45CH3OH were obtained by slow 

diffusion of diethyl ether onto a solution of the product in acetonitrile at 293 K. 

 

Synthesis of [Mn
III

2(LS)2(OH)]ClO4 (Mn
III

2OH). A suspension of Mn
II

2SH (30 mg, 0.021 mmol) 

in acetonitrile (10 mL) in presence of 0.2 M Bu4NClO4 was cooled to 0 ºC. Dry air (10 mL, 293 K, 0.086 

mmol O2) was added, yielding a dark red-violet solution. Note that, when vigorous bubbling of O2 is 

carried out on a Mn
II

2SH solution, Mn
III

2OH is not the main product of the reaction but Mn
IV

2(O)2 (see 

below). After few minutes, a dark red-purple precipitate was formed. After stirring for 1 h at 0 ºC, 

this solid was filtered, washed with acetonitrile (2  2 mL), dried and collected as a dark red-purple 

powder (Mn
III

2OH, 18 mg, 0.013 mmol, 62%). ESI-MS (6.5
.
10

-5
 M, CH3CN, m/z, I%): 633.3, 16 [MnL]

+
 + 

[Mn2L(LH)]
2+

; 1283.5, 100 [(MnL)2OH]
+
. Anal. Calcd. for C76H61N4S4Mn2OClO4 (1383.92): C, 65.95; H, 

4.44; N, 4.05; Found: C, 66.06; H, 4.57; N, 3.91. Absorption spectrum in CH3CN ( max, nm ( , M
-1

 cm
-1

)): 

311 (~27500), 530 (~4300). Mn
III

2OH crystallizes from the following procedure: 1.5 equiv of dioxygen 

were added into a 0.9 mM solution of Mn
II

2SH in acetonitrile at -18 ºC, in presence of 0.02 M Bu4PF6, 
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without stirring. After few days, X-ray suitable dark red single crystals of the product were obtained, 

corresponding to [(Mn
III

L)2(OH)](PF6)0.81(ClO4)0.19) (Mn
III

2OH
#
)‧7.16CH3CN. 

 

Synthesis of [Mn
IV

2(LS)2(O)2] (Mn
IV

2(O)2). Solid NaH (10 mg, 0.25 mmol, excess) was added to 

a suspension of Mn
II

2SH (30 mg, 0.021 mmol) in acetonitrile (4 mL). The suspension was stirred for 30 

min under argon. After removing the solvent under vacuum the residual brown solid was extracted 

with dichloromethane (10 mL) giving a brown solution. CH2Cl2was removed under vacuum and then 

acetonitrile was added to give a brown suspension. Dry dioxygen was bubbled vigorously for 2 min 

into this suspension to give a dark brown mixture. The obtained suspension was sonicated for 10 min 

in order to complete the precipitation of the dark brown solid. The solid was filtered, washed with 

acetonitrile (2 X 2 mL), dried and collected as a dark black powder (Mn
IV

2(O)2, 16mg, 0.012 mmol, 

60% ). Anal. Calcd. for C76H61N4S4Mn2O2.3CH2Cl2. 2.1MeCN.2H2O. (1632.86): C, 59.6; H, 4.67; N, 4.2; 

Found: C, 59.53; H, 4.57; N, 4.2.  Mn
IV

2(O)2 crystallizes from the following procedure: after layering 

MeOH on a solution of CH2Cl2 containing Mn
IV

2(O)2 at -40°C, X-ray suitable crystal were obtained. 

 

Catalytic experiments. The oxidation of MenFc (n = 8,10) by O2 in the presence of a catalytic 

amount of Mn
II

2SH and an excess of 2,6-lutidinium tetrafluoroborate (LutHBF4) was monitored by 

visible absorption spectroscopy in CH3CN at 293 K for both Me8Fc and Me10Fc, and in propionitrile 

and acetone at 233 K for Me10Fc. In a typical experiment, an air-saturated solution of LutHBF4 (25 µL, 

2.0 M) was added to an air-saturated solution of MenFc (2.225 mL, 2.24 mM), in presence of air (1 

atm, 0.21 atm O2), in a septum-sealed 1 cm quartz cuvette kept at 293 K, or at 233 K by a cryostat. 

After stirring for 5 s, an Ar-saturated solution of Mn
II

2SH (250 µL, 1.0 mM) was added to the sample 

under stirring (air-saturated, 2.0 mM Fc*, 15.0 mM LutHBF4, 100 µM Mn
II

2SH). The increase in the 

absorbance of a band at 750 or 778 nm (corresponding to the formation of the MenFc
+
 ion for Me8Fc 

and Me10Fc, respectively) was monitored with time, by using a MCS 501 UV-NIR (Carl Zeiss) 

photodiode-array spectrophotometer (Δt = 1 s). The corresponding blank experiment was performed 

in the same conditions, by adding degassed solvent (250 µL) instead of the Mn
II

2SH solutio . The  

values for the absorption maxima of MenFc
+
, required to determine the concentration of formed 

MenFc
+
 in the samples, were estimated by the electron-transfer oxidation of MenFc with AgBF4 (ε750 

Me8Fc
+
 = 383 M

−1
 cm

−1
, ε778 Me10Fc

+
 = 495 M

−1
 cm

−1
). All the experiments were repeated 3 times, 

obtaining highly reproducible data (in the 5% range). 
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Detection of H2O2 by the Ti-TPyP reagent. 
 
a) Stoichiometric conditions. A series of sample solutions was prepared, containing Mn

II
2SH (0.8 mM) 

in CH3CN, in presence of different equivalents (0, 5, 10, 20, 30, 40, 50) of LutHBF4, prepared under 

argon (glove box) and stirred to air for 3 min before analysis.  

b) Catalytic conditions. Samples were prepared as described above (air-saturated solution, 2.0 mM 

MenFc, 15.0 mM LutHBF4, 100 µM Mn
II

2SH), at 293 K in CH3CN (Me8Fc and Me10Fc) and at 233 K in 

propionitrile or acetone (Me10Fc), and analyzed after reaction completion.  

c) Method. The amount of produced hydrogen peroxide in the samples was determined by 

spectroscopic titration with an acidic solution of [TiO(tpypH4)]
4+

 complex (Ti-TPyP reagent).
23 

 

Detailed procedure for the detection of H2O2 by the Ti-TPyP reagent. The Ti-TPyP reagent (~4.5
.
10

-5
 

M) was prepared by dissolving 3.44 mg of the [TiO(tpyp)] complex (≥90%, from TCI) in 100 mL of 0.05 

M HCl(aq) and stored at 277 K. A small portion (15 L) of each sample solution was added to a 

mixture of Ti-TPyP reagent (250 µL), 4.8 M perchloric acid (250 µL) and water (235 µL). The resulting 

solution was then allowed to stand for 5 min at 293 K. After dilution to 2.5 mL with water in a 1 cm 

pathlength UV-vis cuvette, the absorbance at  = 433 nm was measured. A blank solution was 

prepared in a similar manner by adding the corresponding solvent (15 µL) instead of sample 

solutions. All the experiments were repeated 3 times, obtaining highly reproducible data (in the 2% 

range). A decrease in the absorbance from the blank value is expected if the sample contains H2O2. In 

particular, H2O2 concentration in the sample is related to ΔAsample(i) = Ablank – Asample(i). The method was 

calibrated by replicating the same procedure using aqueous solutions of H2O2 (in the 0-5 µM range, 

prepared by dilution of a 0.105 M standard solution), instead of the sample solutions. The obtained 

ΔA values (ΔAcal(i)) were plotted against H2O2 concentration in the final sample, [H2O2]final sample (µM), 

giving the following calibration equation (Equation 1): 

 

[H2O2]final sample = ∆A+0.0035) / 0.1488    (1) 

 

Based on this equation, the amount of hydrogen peroxide in the different final samples (Asample(i)) was 

determined. The concentration of H2O2 in the original samples (i.e. before addition to the Ti-TPyP 

reagent solution) is determined by taking into account the dilution factor (Equation 2): 

[H2O2]original sample (µM)=[H2O2]final sample 
.
2500/15   (2) 

 

Note. The amount of H2O2 lost by decomposition during catalytic oxidation of Me8Fc in CH3CN at 293 

K was roughly estimated by performing the Ti-TP P test, oth at t =  s  a d at t =  s, o  a stirred 
1 mM solution of H2O2 (corresponding to the maximum expected amount of H2O2) in the presence of 

2.0 mM MenFc, 15.0 mM LutHBF4, 100 µM Mn
II

2SH under Ar atmosphere. 
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Computational details. Density functional theory calculations employed the crystallographic 

structures of Mn
II

2SH and Mn
III

2OH and were carried out with ORCA.
11

 Broken-symmetry geometry 

optimizations on the antiferromagnetic potential energy surface used the hybrid B3LYP functional,
12

 

D3 dispersion correction with the Becke-Johnson damping,
13

 and the zero-order regular 

approximation (ZORA) Hamiltonian.
14, 15

 The ZORA recontracted version of the def2-TZVP basis set 

was used for all atoms, except hydrogen and carbon for which it was reduced to the ZORA version of 

the def2-SVP.
16, 17

 The RIJCOSX approximation to Coulomb and exact exchange used increased 

i tegratio  grids, Grid  a d GridX  i  ORCA onvention, to accurately describe the metal 

centers.
18

 The conductor-like screening model (COSMO) with appropriate parameters described the 

acetonitrile solvent.
19

 Absorption spectra calculation used the range-separated CAM-B3LYP 

functional,
20

 and was similar for the additional computational details with the geometry 

optimizations. Natural transition orbitals (NTOs) simplified the analysis of the individual electronic 

transitions.
21
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III. Chapter III 
 

Material and Methods 

 

[Mn
II

2(LS)(LSH)]ClO4 (Mn
II

2SH)
1
 (described in chapter II) and [Co

II
2(LSSL)](PF6)2 (Co

II
2SS)

2
 were prepared 

according to reported procedures. The syntheses/electrosynthesis of [Mn
II

2(LSSL)](PF6)2 (Mn
II

2SS) and 

[Mn
III

(LS)I] (Mn
III

I) were performed under argon, while the corresponding work-up was carried out 

under air atmosphere. The infrared spectra were recorded on a Magna-IR TM 550 Nicolet 

spectrometer as KBr pellets. The elemental analyses were carried out with a C, H, N analyser (SCA, 

CNRS). The ESI-MS spectra were registered on a Bruker Esquire 3000 Plus ion trap spectrometer 

equipped with an electrospray ion source (ESI). The samples were analysed in positive and negative 

ionization mode by direct perfusion in the ESI-MS interface (ESI capillary voltage= 2kV, sampling cone 

voltage= 40 V). The electronic absorption spectra were recorded on a Varian Cary 300 absorption 

spectrophotometer or on a MCS 501 UV-NIR (Carl Zeiss) photodiode-array spectrophotometer in 

quartz cells (optical path length: 0.5-1.0 cm). 

 

Electrochemical measurements. Tetrabutylammonium hexafluorophosphate (NBu4PF6) was used 

as received and stored in glove box. Acetonitrile (99.9+ %, extra dry) and dichloromethane (99.99%) 

were degassed with argon prior to use. Electrochemical experiments were performed under argon, in 

a glove box with less than 5 ppm of O2, by using a SP300 Bio-Logic potentiostat/galvanostat. A 

standard three-electrode electrochemical cell was used. Potentials were referred to an Ag/0.01 M 

AgNO3 reference electrode in CH3CN + 0.1 M Bu4NClO4 and measured potentials were calibrated 

through the use of an internal Fc/Fc
+
 standard. The working electrode was a vitreous carbon disk (3 

mm in diameter) polished with 2 µm diamond paste (Mecaprex Presi) for cyclic voltammetry (Epa, 

anodic peak potential; Epc, cathodic peak potential). Exhaustive electrolysis was carried out on 

reticulated vitreous carbon electrode 45 PPI (the electrosynthesis Co. Inc.; 1 cm
3
).  The auxiliary 

electrode was a Pt wire in CH3CN + 0.1 M Bu4NPF6. 

 

X-ray Crystallography. A summary of data collection and structure refinement for 

Mn
II

2SS‧2CH3CN and Mn
III

I is reported in chapter III. Selected bond distances and angles are provided 

in chapter III. CCDC 1412558 and CCDC 1412559 contain the supplementary crystallographic data for 

Mn
III

I and Mn
II

2SS‧2CH3CN, respectively. Single-crystal diffraction data for Mn
II

2SS‧2CH3CN were 

measured on an Oxford-

radiatio , graphite o o hro ator,  = . Å  at  K. The CrysAlisPro program package 

(Agilent Technologies, Version 1.171.37.35) was used for cell refinements and data reductions. An 

empirical absorption correction (CrysAlisPro) was applied to the data. Single-crystal diffraction data 

for Mn
III

I were measured on a Bruker-AXS-Enraf-Nonius KappaCCD diffractometer with a CCD area 
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detector and an Incoatec high brilliance microfocus source (MoK radiation, Multilayers mirrors 

o o hro ator,  . Å  at  K. The OLEX2 program package was used for cell refinements 

and data reductions.
3
 An absorption correction (SADABS) was applied to the data. For both 

complexes, the ole ular stru ture as sol ed  harge flippi g or dire t ethods a d refi ed o  F2 

by full matrix least-squares techniques, using the SUPERFLIP
4
 and SHELXTL packages

5
 for 

Mn
II

2SS‧2CH3CN and Mn
III

I, respectively. In both cases, all non-h droge  ato s ere refi ed 

anisotropically and all hydrogen atoms were placed at their calculated positions. 

 

Magnetic measurements. Magnetic measurements were performed on a polycrystalline sample of 

Mn
II

2SS‧2CH3

in order to collect data in the temperature range of 1.8 to 300 K at 1000 Oe. Magnetic measurements 

were obtained with the use of a Quantum Design SQUID magnetometer MPMS-XL functioning 

between 1.8 and 400 K for direct-current (dc) applied fields ranging from -7 to +7 T. Prior to the 

experiment, the field-dependent magnetization was measured at 100 K on the sample in order to 

prove the absence of any bulk ferromagnetic impurities. On the other hand, when fitting the 

magnetic data, it was necessary to introduce in the magnetic model a paramagnetic Curie impurity 

that was assumed to be a mononuclear Mn
II
 species (S = 5/2). Its amount was estimated at 0.5(1)%. 

The magnetic data were corrected for the sample holder and diamagnetic contributions. 

 

Computational details. All theoretical calculations were based on the Density Functional Theory 

(DFT) and were performed with the ORCA program package.
6
 Full geometry optimizations were 

carried out for all complexes using the hybrid functional B3LYP
7-9

 in combination with the TZV/P
10

 

basis set for all atoms and by taking advantage of the resolution of the identity (RI) approximation in 

the Split-RI-J variant
11

 with the appropriate Coulomb fitting sets.
12

 Increased integration grids (Grid4 

in ORCA convention) and tight SCF convergence criteria were used.  Vibrational frequency 

calculations were performed to ensure that each geometry optimization converged to a real 

minimum. Solvent effects were accounted for according to the experimental conditions. For that 

purpose, we used the acetonitrile solvent (= 9.08) within the framework of the conductor like 

screening (COSMO) dielectric continuum approach.
13

 The relative energies were obtained from 

single-point calculations using the B3LYP
14, 15

 functional together with the TZV/P basis set. They were 

computed from the gas-phase optimized structures as a sum of electronic energy, thermal corrections 

to free energy, and free energy of solvation. The Heisenberg isotropic exchange coupling constants J 

were evaluated from single point calculations based on the Broken Symmetry (BS) approach
16-18

 using 

the B3LYP functional and the TZV/P basis set. The Yamaguchi formula
19, 20

 was used to estimate the 
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exchange coupling constants J based on the Heisenberg–Dirac–van Vleck Hamiltonian: H = –2JS1S2.
21-

24
 

Synthesis 

 
Electrosynthesis of [Mn

II
2(LSSL)](PF6)2 (Mn

II
2SS). In a standard three-electrode 

electrochemical cell, an exhaustive electrolysis was carried out at controlled potential (+0.05 V vs 

Fc/Fc
+
) on a pale orange suspension of Mn

II
2SH

.
0.5KClO4 (53.0 mg, 0.037 mmol) in CH3CN 0.1 M 

Bu4NPF6 (6 ml). During the electrolysis the mixture turned deep orange, and the formation of a 

yellow precipitate was successively observed. The experiment was stopped when the current was 

seen to decay to about 5% of its initial value. Under these conditions, the passed charge reached 6.3 

C (corresponding to 1.76 electrons for Mn
II

2SH). The resulting mixture was left to stand overnight and 

then stored at -18 °C for 8 hours. The obtained solid was filtered and extracted with CH2Cl2 (a big 

excess). The volume was then reduced to ~20 ml, and few drops of CH3CN were added. After slow 

diffusion of diethyl ether, X-ray suitable orange-yellow single crystals were obtained (28 mg, 0.017 

mmol, 46%), corresponding to Mn
II

2SS‧2CH3CN. IR (cm
-1

): 3058 (w), 1598 (s), 1570 (m), 1491 (m), 

1480 (m), 1465 (m), 1443 (s), 1287 (w), 1210 (w), 1187 (w), 1155 (w), 1087 (s br), 1022 (w), 1016 (w), 

847 (vs), 754 (s), 743 (s), 697 (s), 558 (s, S-S stretching). ESI-MS (5
.
10

-5
 M, CH2Cl2, m/z, I%, M = 

[Mn
II

2(LSSL)] unit): 633.2, 55 [M]
2+

; 1311.3, 100 [M(HCOO)]
+
 (positive ion mode); 1557.2, 25 

[M(PF6)2(H)]
-
; 1601.4, 80 [M(PF6)2(HCOO)]

-
; 1655.2, 65 [M(PF6)2(ClO4)]

-
; 1701.2, 100 [M(PF6)3]

-
 

(negative ion mode). Anal. Calcd. for C76H60F12Mn2N4P2S4.0.5CH3CN.4H2O  (1650.05): C, 56.05; H, 4.25; 

N, 3.82; Found: C, 56.20; H, 4.12; N, 3.73. 

 

Synthesis/electrosynthesis of [Mn
III

(LS)I] (MnIIII). (A) Bu4NI (260 ml, 0.1 M solution in CH2Cl2, 

0.026 mmol) was added to a yellow suspension of Mn
II

2SS‧2CH3CN (19.0 mg, 0.012 mmol) in CH2Cl2 (5 

ml) under stirring. After 40 hours, the resulting dark violet mixture was filtered to remove traces of 

unreacted Mn
II

2SS. After removing under vacuum the solvent from the filtrate, the resulting dark 

violet solid was washed with CH3CN (3 ml) and dried. X-ray suitable dark violet crystals, 

corresponding to Mn
III

I, were obtained by slow diffusion of diisopropyl ether onto a CH2Cl2 solution 

of the product (6.1 mg, 0.008 mmol, 33%). (B) Alternatively, Mn
III

I was obtained in higher yields by 

carrying out the following procedure. In a standard three-electrode electrochemical cell, an 

exhaustive electrolysis was carried out at controlled potential (-0.15 V vs Fc/Fc
+
) on a pale orange 

suspension of Mn
II

2SH
.
0.5KClO4 (60.0 mg, 0.045 mmol) in CH3CN 0.1 M Bu4NPF6 (7 ml), in the 

presence of Bu4NI (188.1 mg, 0.509 mmol). During the electrolysis the mixture turned dark brown-

violet, and the formation of a violet precipitate was successively observed. The experiment was 

stopped when the passed charge reached 9.5 C (corresponding to ~2.2 electrons for Mn
II

2SH). The 

obtained solid was filtered and extracted with CH2Cl2 (in a big excess). The solvent was removed 
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under vacuum and the resulting solid was washed with CH3CN (2 × 5 ml), filtered, dried and collected 

as a dark violet powder (36.0 mg, 0.047 mmol, 52%), corresponding to Mn
III

I. IR (cm
-1

): 3046w, 

2922m, 2852.70w, 2363w, 1598s, 1568m, 1484s, 1484m, 1466m, 1441s, 1421w, 1260m, 1183w, 

1154w, 1080s br, 1017m,  743m, 693m, 597m. ESI-MS (5
.
10

-5
 M, CH2Cl2, m/z, I%, M = [Mn

III
(LS)] unit): 

633.2, 100 [M]
+
; 1002.3, 60 [(Bu4N)MI]

+
; 1393.2, 50 [M2I]

+
 (positive ion mode); 887.0, 100 [MI2]

-
; 

1647.0, 50 [M2I3]
-
 (negative ion mode). Anal. Calcd. for C38H30MnN2S2I

.
0.1CH2Cl2 (769.17): C, 59.49; H, 

3.96; N, 3.64; Found: C, 59.39; H, 3.99; N, 3.82. 

 

Synthesis of [Co
III

L(X)] (CoX, X=Cl, Br or I). Solid tetrabutylammonium halide (0.940 mmol) 

was added to a solution of Co2SS(PF6)2 (96 mg, 0.060 mmol) in CH2Cl2 (10 mL). After stirring for 15 

min, the solvent was removed under vacuum. The dark brown residue was washed with acetonitrile 

(3 x 10 ml), dried and collected. 

Co
III

Cl (87 mg, 0.129 mmol, 72%). IR (cm
-1

): 3052m, 3027w, 1958w, 1890w, 1809w, 1602s, 1570m, 

1488s, 1469m, 1443s, 1266w, 1184w, 1157w, 1126m, 1084m, 1060m, 1034m, 793m, 754m, 747m, 

697vs. 
1
H NMR (400 MHz, CD2Cl2):  -12.41 (s, 2H), -6.30 (br, 2H), -4.15 (s, 2H), 2.37 (s, 2H), 3.26 (s, 

4H), 7.25 (s, 4H), 7.45 (s, 2H), 8.43 (s, 4H), 11.95 (s, 4H), 12.30 (s, 2H), 27.46 (s, 2H). ESI-MS (0.15 mM, 

CH2Cl2, m/z, I%): 637.2, 95 [CoL]
+
; 774.2, 100 [CoLCl]

+.
H2O

.
CH2Cl2; 1310.2, 20 [CoLCl][CoLH]

+
. Anal. 

Calcd. for C38H30N2S2CoCl (673.14): C, 67.80; H, 4.49; N, 4.16 Found: C, 67.44; H, 4.71; N, 4.32. 

Absorption spectrum in CH2Cl2 (max,  nm  (, M
-1

 cm
-1

)): ~795 (~700), 675 (~1100), 477 (~6200), 373 

(~6600). 

Co
III

Br (60 mg, 0.084 mmol, 70% yield). IR (cm
-1

): 3052m, 3027w, 1958w, 1890w, 1809w, 1602s, 

1570m, 1488s, 1469m, 1443s, 1266w, 1184w, 1157w, 1126m, 1084m, 1060m, 1034m, 793m, 754m, 

747m, 697vs, 534m, 522m. 
1
H NMR (400 MHz, CD2Cl2 :  -16.20, -11.36, -10.66, -4.19, 7.39, 7.55, 

11.91, 12.12, 12.36, 26.13, 28.27. ESI-MS (5
.
10

-5
 M, CH3CN, m/z, I%): 637.2, 77 [CoL]

+
; 757.1, 56 

[CoLBr
.
MeCN]

+
; 1355.2, 100 [Co2L2Br]

+
 1473.1, 90 [Co2L2Br2

.
MeCN]

+
 (positive ion mode); 797.1, 37 

[CoLBr2]
-
; 1513.4, 100 [Co2L2Br3]

-
 (negative ion mode). Absorption spectrum in CH2Cl2 max,  , M-1

 

cm
-1

)): 822 (~1100), 683 (~1900), 475 (~6400), 380 (~6900). 

Co
III

I (77 mg, 0.101 mmol, 84%). IR (cm
-1

): 3052m, 3027w, 1958w, 1890w, 1809w, 1602s, 1570m, 

1488s, 1469m, 1443s, 1266w, 1184w, 1157w, 1126m, 1084m, 1060m, 1034vs, 793m, 754m, 747m, 

697vs. 
1
H NMR (400 MHz, CD2Cl2):  -22.51, -16.21, -11.35, -4.20, -3.72, 7.37, 7.55, 11.90, 12.11, 

12.36, 22.88, 26.12, 28.25. ESI-MS (5
.
10

-5
 M, CH3CN, m/z, I%): 637.2, 100 [CoL]

+
; 1401.2, 50 [Co2L2I]

+
 

(positive ion mode); 891.0, 16 [CoLI2]
-
; 1655.2, 100 [Co2L2I3]

-
 (negative ion mode). Absorption 

spectrum in CH2Cl2 max,  , M-1
 cm

-1
)): 859 (~1200), 726 (~2200), 490 (~6800), 377 (~8200). 

X-ray suitable dark brown single crystals of CoX (X = Cl Br, I) were obtained by slow evaporation of a 

solution of the corresponding complex in toluene: CH2Cl2 1:1. 
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IV. Chapitre IV 

Material and Methods. 

 

All reagents and solvents were used as received. Co
II

2SS has been synthesized according to a reported 

procedure.
1
 

1
H NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer using 

standard Bruker pulse sequences. Chemical shifts are reported in ppm referenced to residual solvent 

protons (d7-DMF). UV-Vis experiments were performed on a Perkin-Elmer Lambda 650 using quartz 

cells. The cell dimension (i.e. optical path length) has been chosen to obtain an absorption in the 

linear region of Beer-Lambert plot. 

 

Magnetic Measurements. The magnetic susceptibility measurements performed on powdered 

samples were obtained with the use of MPMS-XL Quantum Design SQUID magnetometer. This 

magnetometer works between 1.8 and 400 K for dc applied fields ranging from 7 to 7 T. 

Measurements were performed on polycrystalline samples of de Mn
III

X (10.2, 8.40, 10.8 and 15.6 mg 

for Mn
III

I, Co
III

Cl,  Co
III

Br and Co
III

I respectively, introduced in a polyethylene bag (3  0.5  0.02 cm; 

of about 30 mg) and covered with mineral oil (typical 8-10 mg). The ac susceptibility measurements 

were measured with an oscillating ac field of 3 Oe with frequency between 1 to 1500 Hz. It is worth 

noting that no out-of-phase ac susceptibility signal has been detected above 1.8 K in zero dc field. 

The magnetic data were corrected for the sample holder (plastic bag) and the diamagnetic 

contribution.  

Magnetic susceptibility measurements on solutio  sa ples ere perfor ed follo i g E a s’ 

method
2,3

 using precision-made coaxial tubes. Cyclohexane (5% by volume) was used as internal 

standard in CD2Cl2. Molar susceptibilities were calculated according to: 

 ≈ M (0 + 3000/40cM) 

where 0 is the mass susceptibility of the pure solvent (cgs units),  is the paramagnetic shift (Hz), 0 

is the operating RF frequency of the spectrometer (Hz), c is the concentration (mol
.
l
-1

) of the 

paramagnetic molecule and M is its molecular weight. The values were corrected for the ligand 

dia ag eti  sus epti ilit  deri ed fro  Pas al’s o sta ts, gi i g corr
. The magnetic moments (eff) 

have been then calculated from: 

eff = (8T)
1/2

 

where T = 293 K. 

 

Computational details. All theoretical calculations were performed with the ORCA program 

package.
4
 Full geometry optimizations were carried out for all complexes using the GGA functional 
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BP86
5-7

 in combination with the TZV/P
8
 basis set for all atoms and by taking advantage of the 

resolution of the identity (RI) approximation in the Split-RI-J variant
9
 with the appropriate Coulomb 

fitting sets.
10

 Increased integration grids (Grid4 in ORCA convention) and tight SCF convergence 

criteria were used. Solvent effects were accounted for according to the experimental conditions. For 

that purpose, we used the CH2Cl2 (= 9.08) solvent within the framework of the conductor like 

screening (COSMO) dielectric continuum approach.
11

 The relative energies were obtained from 

single-point calculations using the B3LYP
12,13

 functional together with the TZV/P basis set. They were 

computed from the gas-phase optimized structures as a sum of electronic energy, thermal corrections 

to free energy, and free energy of solvation. Optical properties were predicted from additional single-

point calculations using the same functional/basis set as employed before. Electronic transition 

energies and dipole moments for all models were calculated using time-dependent DFT (TD-DFT)
14-16

 

within the Tamm-Dancoff approximation.
17,18

 To increase computational efficiency, the RI 

approximation
19

 was used in calculating the Coulomb term and at least 30 excited states were 

calculated in each case.  For each transition difference density plots were generated using the 

orca_plot utiliy program and were visualized with the Chemcraft program.
20

 

Zero Field Splitting (ZFS) parameters were obtained from single-point calculations using the B3LYP 

fu tio al. Dire t spi −spi  ““  a d spi −or it ouplings (SOC) were taken into account. For the 

estimation of the SOC effects, the mean-field approximation (SOMF), including both the spin-own-

orbit and spin-other-orbit interactions in the exchange term as well as coupled-perturbed approach 

(CP), was carried out. The spin-spin contribution to the ZFS was calculated from the equation of 

McWeeny and Mizuno
21

 in which the spin density matrix is obtained on the basis of the spin-

unrestricted natural orbital (UNO) determinant.
22,23

 Scalar relativistic effects were included using the 

scalar relativisitc zero-order regular approximation (ZORA)
24

 and the scalar relativistically 

recontracted (SARC)
25,26

 version of the def2-TZVP(-f) basis set
27

 together with the decontracted def2-

TZVP/J Coulomb fitting basis sets for all atoms. Increased integration grids (Grid4 and GridX4 in ORCA 

convention) and tight SCF convergence criteria were used in the calculation. ZFS parameters were 

alternatively obtained from ab initio calculations based on the complete active space self-consistent 

field (CASSCF) approach. The spin-orbit coupling was calculated within a quasi-degenerate 

perturbation theory formalism where the SOC operator is diagonalized in a basis of 

multiconfigurational wave functions obtained from a full configuration interaction (CI) calculation in a 

limited set of active electrons and orbitals that were obtained from a preceding CASSCF calculation.
25

 

The active space was chosen to consist of 6 active electrons occupying the five 3d-based molecular 

orbitals CAS(6,5). The SOC matrix was diagonalized on the basis of all possible triplet (35) and singlet 

(45) states. The spin-spin (SS) contribution to the ZFS was calculated on the basis of single root 

CASSCF (12,7) wave function.
28
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Summary of X-ray crystallographic data for NiIIFeIICpBF4
.1.5Et2O                                                                  

and NiIIFeIICp*BF4
.0.7CH2Cl2

.0.15Et2O
.0.15H2O 

Empirical formula C50H50BF4FeN2NiO2.50S2 C50H48BF4FeN2NiO1.30S2Cl1.39 
Formula weight 984.52 1016.44 

Colour, habit Dark brown, irregular Black,needle 

Crystal size, mm 0.56  0.35  0.16 0.5  0.44  0.1 

Crystal system Triclinic Monoclinic 

Space group P -1 c-2yc 

a, Å 14.2066(7) 25.286(5) 

b, Å 17.4343(11) 23.295(5) 

c, Å 22.2493(12) 20.693(4) 

deg. 67.734(5) 90.00 

, deg. 71.474(5) 127.48(3) 

deg. 71.906(5) 90.00 

V, Å3 4720.6(5) 9673(3) 

Z 4 
 

8 

T, K 150(2) 200 

(calc), Mg/m3 1.385 1.396 

, mm-1 0.853 0.907 

  range, deg. 2.92 to 30.51 2.21to 27.54 

No.of rflcn/obsv 55577 / 28388 63313 / 11047 

GooF 1.031 1.260 

R1 0.0671 0.0698 

wR2 0.1491 0.1692 

 

Summary of X-ray crystallographic data for NiIIFeIICp (CCDC 1438146) 
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Summary of X-ray crystallographic data for MnII
2SH‧1.55CH3CN‧0.45CH3OH and MnIII

2OH#‧7.16CH3CN. 

 MnII
2SH MnIII

2OH# 

Empirical formula C79.55H67.45ClMn2N5.55O4.45S4 C90.33H82.50Cl0.19F4.86Mn2N11.16O1.76P0.81S4 

Formula weight 1445.93 1714.86 

Colour, habit Orange-brown, plate Dark red, plate 

Crystal size, mm 0.44  0.23  0.03 not measured 

Crystal system Monoclinic Monoclinic 

Space group P 21/c P 21/c 

a, Å 15.9886(3) 31.840(4) 

b, Å 17.4199(4) 33.121(8) 

c, Å 25.8842(6) 17.559(9) 

deg. 90 90 

, deg. 107.741(2) 91.04(4) 

deg. 90 90 

V, Å3 6866.4(3) 18514(11) 

Z 4 
 

8 
 

T, K 150(2) 293(2) 

(calc), Mg/m3 1.399 1.230 

, mm-1 0.586 0.443 

  range, deg. 3.37 to  24.71 0.71 to  24.39 

No.of rflcn/obsv 39673 / 11662 161400 / 22621 

GooF 0.801 1.530 

R1 0.0399 0.0922 

wR2 0.0753 0.3107 
 

Summary of X-ray crystallographic data for MnII
2SH (CCDC 1417371) and MnIII

2OH (CCDC 

1417372). 
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Summary of X-ray crystallographic data for CoIIIBr and CoIIII. 

 Co
III

Br Co
III

I 

Empirical formula C38H30CoN2S2Br C38H30CoN2S2I 

Formula weight 717.60 764.59 
 Color, habit Dark brown, plate Dark brown, plate 

Crystal size, mm 0.62x0.26x0.01 0.27x0.22x0.01 

Crystal system Monoclinic Monoclinic 

Space group P 21/c P 21/c 

a, Å 14.5871(8) 14.783(2) 

b, Å 14.9087(5) 14.9433(7) 

c, Å 15.9418(8) 16.0542(14) 

deg. 90 90 

, deg. 113.697(6) 113.108(4) 

deg. 90 90 

V, Å3 3174.6(3) 3261.9(7) 

Z 4 
 

4 

T, K 150(2) 150(2) 

(calc), Mg/m3 1.501 1.557 

, mm-1 1.962 1.631 

  range, deg. 3.07 to 30.51 2.91 to 26.37 

No.of rflcn/obsv (Rint) 33301 / 9677 (0.1000) 27360 / 6665 (0.1822) 

GooF 1.000 1.024 

R1 0.0604 0.0985 

wR2 0.0970 0.1871  
 

Summary of X-ray crystallographic data for CoIIII (CCDC 1471930), CoIIIBr (CCDC 1471931) 
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Summary of X-ray crystallographic data for MnII
2SS.2CH3CN and MnIIII. 

 MnII
2SS.2CH3CN MnIIII 

Empirical formula C80H66F12Mn2N6P2S4 C38H30IMnN2S2 

Formula weight 1639.44 760.60 

Colour, habit Orange, triangle prism Violet, plate 

Crystal size, mm 0.44  0.22  0.20 0.74  0.43  0.38 

Crystal system Monoclinic Monoclinic 

Space group C 2/c P 21/c 

a, Å 19.9121(15) 14.460(3) 

b, Å 17.3032(8) 15.448(3) 

c, Å 22.1976(17) 16.028(3) 

,deg. 90 90 

, deg. 111.524(9) 112.40(3) 

deg. 90 90 

V, Å3 7114.7(9) 3310.5(11) 

Z 8 4 

T, K 150 200 

(calc), Mg/m3 1.531 1.526 

, mm-1 0.601 1.487 

  range, deg. 3.375 to  26.372 2.09 to  26.00 

No.of rflcn/obsv 31113 / 7266 36752 / 6418 

GooF 0.887 1.188 

R1 0.0523 0.0427 

wR2 0.1053 0.0931 

 

Summary of X-ray crystallographic data for MnII
2SS (CCDC 1412559) and MnIIII (CCDC 1412558). 
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Summary of X-ray crystallographic data for MnIV
2(O)(OH)‧ClO4.5.68CH3CN.1.5H2O X-ray crystallographic 

data for MnIV
2(O)2‧0.64CH2Cl2‧2.71H2O. 

 MnIV
2(O)(OH)  MnIV

2(O)2 

Empirical formula C76H61Mn2N4S4O2.ClO4  C76H60Mn2N4S4O2 

Formula weight 1399.5  1299.40 

Colour, habit Black, Block  Black, Block 

Crystal size, mm 0.42  0.32  0.24  0.25  0.22  0.22 

Crystal system Triclinic  Monoclinic 

Space group 2-P1  C 2/y 

a, Å 13.706(3)  22.009(4) 

b, Å 17.254(4)  14.268(3) 

c, Å 19.02(4)  15.679(3) 

,deg. 107.57(3)  90 

, deg. 90.10(3)  130.38(3) 

deg. 95.85(3)  90 

V, Å3 3750.5(13)  3750.5(13) 

Z 2  4 

T, K 200  200 

(calc), Mg/m3 1.334  1.334 

, mm-1 0.485  0.596 

  range, deg. 2.12 to  25.00  2.86 to  27.50 

No.of rflcn/obsv 65705 / 7584  28113 / 7439 

GooF 1.045  1.100 

R1 0.1175  0.0415 

wR2 0.2900  0.1112 
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Abstract. 

The aim of my thesis was to improve the knowledge on the role of metal-thiolate bonds in metalloenzymes 

using a bio-inspired approach by investigating the structural, electronic and/or magnetic properties of chemical 

models as well as their reactivity.  

In this context, we report the synthesis and analysis of two heterodinuclear NiFe complexes, structural and 

functional models of the active site of [NiFe] hydrogenase, which produce H2 electrocatalytically at high rates. 

Intermediate species have been generated and characterized by different spectroscopic techniques. The 

reversible inhibition of the catalytic activity by CO has been also investigated and discussed. 

We also describe the synthesis and characterization of a new manganese-thiolate complex, bearing a pendant 

thiol group bound (in its -SH form) to one Mn
II
 ion. This complex is capable of activating dioxygen, and is an 

active catalyst for selective 2-electron O2 reduction in the presence of a one-electron reducing agent and a 

proton source. The O2 activation and reduction pathways have been studied under both stoichiometric and 

catalytic conditions. Several high valent Mn complexes resulting from O2 activation have been isolated and 

characterized and their reactivity toward hydrogen or oxygen atom transfer (HAT or OAT, respectively) has 

been evaluated. 

A series of pentacoordinated metal-halide complexes M
III

X (M = Co and Mn ; X =  Cl, Br, I) has been investigated 

with the aim of understanding the role of the metal ion in disulphide/thiolate interconversion. While such 

conversion is reversible in the presence of both Co and Mn, the process becomes much faster and quantitative 

for the Co–based system with respect to the Mn one. Besides, this work has allowed improving the 

understanding of how the electronic and redox properties of the metal centers should be fine-tuned to permit 

a disulphide/thiolate (inter)conversion, mediated by metal ions, to occur efficiently.  

Finally, the magnetic properties of the series of mononuclear Co
III

X complexes have been investigated. They 

display a rare intermediate S = 1 spin state and their magnetic anisotropy is sensitive to the nature of the halide 

in an unexpected way: the largest D-value has been measured for the chloride compound and the smallest for 

the iodide one. This behavior has been rationalized through a theoretical study. 

 

Résumé 

L’o je tif de a th se tait d’a lio e  les o aissa es su  le ôle des liaiso s tal-thiolates au sein des 

métalloenzymes en utilisant une approche bio-i spi e pa  l’ tude des propriétés structurales, électroniques 

et/ou magnétiques de modèles chimiques ainsi que de leur réactivité.   

Dans ce contexte, nous avons synthétisé deux complexes de NiFe, modèle structuraux et fonctionnels de 

l’h d og ase [NiFe], capables de produire H2 efficacement de manière électrocatalytique de H2. Des espèces 

intermédiaires ont été synthétisées et caractérisées par différentes techniques spectroscopiques. L’i hi itio  
ve si le de l’a tivit  atal ti ue de es atal seu s e  p se e de CO a été étudiée et discutée.  

Nous décrivons également un nouvel exemple de complexe de Mn-thiolate, do t l’u  des thiolates oo do  
à u  M  est p oto . Ce o ple e est apa le d’a tive  l’o g e ol ulai e O2) et de le réduire de manière 

catalytique par un processus à deu  le t o s e  p se e d’u e sou e de p oto s et d’u  age t de du tio . 
L’a tivatio  et la du tio  de l’o g e ont été étudiées e  o ditio s stœ hio t i ues et atal ti ues. Des 
complexes de Mn à hauts deg s d’o datio  sulta t de l’a tivatio  d’O2 ont été isolés et caractérisés. Leur 

réactivité vis-à-vis de l’h d og e HAT  et de l’o g e OAT  a t  valu e. 
Une série de complexes métal-halogénure pentacoordinés, M

III
X (M = Mn ou Co ; X = Cl, Br, I) a été étudiée 

pour comprendre le rôle du métal dans la conversion disulfure/thiolate. Il a été montré que cette conversion 

est réversible pour les deux ions métalliques mais que le processus est plus rapide et quantitatif dans le cas du 

système à base de Co par rapport à celui du Mn. Ce travail nous a permis de comprendre comment les 

p op i t s edo  et le t o i ues du tal peuve t i te ve i  su  l’effi a it  de ette i te o ve sio .  
Enfin les propriétés magnétiques de la série des complexes de Co

III
 contenant un halogénure ont été étudiées. 

Ces complexes présentent un spin S = 1 intermédiaire et leur anisotropie magnétique est sensible à la nature 

de l’halog u e de a i e i atte due : la plus grande valeur de D a été mesurée pour le complexe chloré et la 

plus petite pour le o pos  iod . Ce o po te e t a t  atio alis  au t ave s d’u e tude th o i ue. 
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