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SUMMARY  
 

Based on the experience of our group in the synthesis of metallic complexes with 

transition metals and their subsequent application in catalysis, in this thesis we present 

the synthesis and characterization of two different carboranylcarboxylate ligands and the 

study of their coordination chemistry towards different transition metals, as well as the 

performance of the synthesized complexes in oxidation reactions.  

The first ligand synthesized was 1-CH3-2-CO2H-1,2-closo-C2B10H10. In chapter III we 

described the coordination of this ligand to copper(II) affording a series of mono- and 

binuclear complexes which have been fully characterized and their main physical and 

chemical properties have been studied experimental and theoretically. We also pay 

attention to the magnetic behaviour of the binuclear complexes; these findings are 

corroborated by electronic-structure calculations. In chapter IV we described the 

coordination of this ligand to manganese(II), obtaining a new polymeric structure; the  

stability of this coordination polymer in solution  was studied along with its reaction with 

chelating pyridyl ligands producing a series of mono-, bi-, tri- and polynuclear complexes 

that have been thoroughly characterized. We also studied the magnetic behaviour of the 

binuclear and polymeric compounds. Moreover, in chapter V we have also investigated 

the coordination of the carboranylcarboxylate ligand to iron(II) and cobalt (II) affording, 

in all cases, compounds of different nuclearity. These compounds have been fully 

characterized.  

The second ligand synthesized was the 1-CO2H-1,2-closo-C2B10H11 in which the methyl 

group bonded to the carbon of the carborane cluster was replaced by a hydrogen atom. 

In Chapter VI we described the coordination of this new ligand to copper(II) and 

manganese(II) ions to study the structural and chemical differences between these two 

family of compounds containing different carboranylcarboxylate ligands. 

Finally, in chapter VII, we have studied catalytic activity of some of the manganese(II) 

and cobalt(II) complexes with regard to the epoxidation of alkenes and the water 

oxidation. 
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RESUM  
 

Basats en l’experiència del grup de recerca en la síntesi de compostos metàl·lics amb diferents 

metalls de transició i la seva posterior aplicació en catàlisi, en aquesta tesis es presenta la síntesi i 

caracterització de dos lligands diferents de tipus carboranilcarboxilat i l’estudi de la seva química 

de coordinació amb diferents metalls de transició, així com l’activitat dels complexos sintetitzats 

en reaccions d’oxidació. 

El primer lligand sintetitzat va ser el 1-CH3-2-CO2H-1,2-closo-C2B10H10. Al capítol III, es descriu la 

coordinació d’aquest lligand a l’ió coure(II) que condueix  a una sèrie de complexos mono- i 

polinuclears els quals han estat caracteritzats exhaustivament mitjançant les diferents tècniques 

de caracterització; tanmateix les seves principals propietats físiques i químiques han sigut 

estudiades experimental i teòricament. També vam incidir  en l’estudi del comportament 

magnètic dels complexos binuclears, els resultats dels quals van ser corroborats mitjançant 

estudis teòrics.  Al capítol IV es descriu la coordinació d’aquest lligand a l’ió manganés(II), 

obtenint un nou compost polimèric del qual es va estudiar la seva estabilitat en dissolució així 

com la seva reactivitat davant de lligands de tipus piridil. Els compostos resultants varen ser 

estudiats i caracteritzats. Pel que fa al capítol V, s’ha estudiat la coordinació del lligand 

carboranilcarboxilat amb ferro(II) i cobalt(II) observant en tots els casos compostos de diferent 

nuclearitat que han sigut àmpliament caracteritzats.  

El segon lligand sintetitzat va ser el lligand 1-CO2H-1,2-closo-C2B10H11 en el qual el grup metil 

unit al clúster del carborà va ser substituït per un àtom d’hidrogen. Al capítol VI, es descriu la 

coordinació d’aquest nou lligand als ions coure(II) i manganés(II) amb la finalitat d’estudiar les 

diferències estructurals i químiques entre aquests nous complexos sintetitzats i els seus anàlegs 

amb el lligand 1-CH3-2-CO2H-1,2-closo-C2B10H10 contenint diferents lligands de tipus 

carboranilcarboxilat.  

Finalment, al capítol VII, l’activitat catalítica d’alguns dels complexos de manganés(II) i 

cobalt(II) ha estat descrita respecte les reaccions d’epoxidació d’alquens i oxidació d’aigua.  
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RESUMEN 
 

Basándonos en la experiencia del grupo de investigación en la síntesis de compuestos con 

diferentes metales de transición y su posterior aplicación en catálisis, en esta tesis se presenta la 

síntesis y caracterización de dos ligandos diferentes de tipo carboranilcarboxilato y el estudio de 

su química de coordinación con diferentes metales de transición, así como la actividad de los 

complejos sintetizados en reacciones de oxidación. 

El primer ligando sintetizado fue el 1-CH3-2-CO2H-1,2-closo-C2B10H10. En el capítulo III, se 

describe la coordinación de este ligando al ión cobre(II) dando lugar a una serie de complejos 

mono- y polinucleares, los cuales han sido caracterizados exhaustivamente mediante las 

diferentes técnicas de caracterización y cuyas principales propiedades físicas y químicas han sido 

estudiadas experimental y teóricamente. También hemos evaluado el comportamiento 

magnético de los complejos binucleares cuyos resultados han sido corroborados mediante 

estudios teóricos. En el capítulo IV se describe la coordinación de este ligando al ion 

manganeso(II), obteniendo un nuevo compuesto polimérico del cual se estudió su estabilidad en 

disolución así como su reactividad frente a diferentes ligandos de tipo piridílico. Los compuestos 

resultantes fueron estudiados y caracterizados. Por lo que respecta al capítulo V, se ha estudiado 

la coordinación del ligando carboranilocarboxilato con hierro(II) y cobalto(II), observando en 

todos los casos compuestos de diferentes nuclearidades que han sido ampliamente 

caracterizados.  

El segundo ligando sintetizado fue el ligando 1-CO2H-1,2-closo-C2B10H11 en el cual el grupo 

metilo unido a uno de los carbonos del clúster del ligando carborano fue sustituido por un átomo 

de hidrógeno. En el capítulo VI se describe la coordinación de este nuevo ligando a los iones 

cobre(II) y manganeso(II) con la finalidad de estudiar las diferencias estructurales y químicas 

entre estas familias de compuestos conteniendo diferentes tipos de ligandos de tipo 

carboranilcarboxilato.  

Finalmente, en el capítulo VII, se ha estudiado la actividad catalítica de algunos de los 

complejos de manganeso(II) y cobalto(II) respecto a las reacciones de epoxidación de alquenos y 

oxidación de agua.   
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I.1. Historical background 

Alfred Stock discovered and characterized most of the well-known boranes between 1912 

and 1933.[1] Beginning around 1930, H.I. Schlesinger and co-workers made countless important 

contributions to the development of borane chemistry.[2] Stock was the first to prepare and 

characterize boron-hydrogen-bonded species although this work was expanded by Schlesinger 

and co-workers in 1942.[2b] In 1946, immediately following the World War II, were initiated 

studies on the use of boranes as potential fuels for air-breathing engines. Hence, the discovery 

by Schlesinger and co-workers of practical methods of diborane synthesis and the 

development around 1950,[3] at the General Electric Company, of pilot-plant procedures for 

the preparation of higher boranes from diborane, immeasurably aided the growth of borane 

chemistry. It should be emphasized the studies carried out by William Lipscomb on “the 

structure of boranes illuminating problems of chemical bonding”[4]for which was awarded with 

the Nobel Prize in Chemistry in 1976.[5]  

In the latter part of 1957 a significant discovery in borane chemistry was made by Reaction 

Motors, Inc. by the synthesis of an extremely stable organoborane (B10H10C2H)CHCH2.
[6] The 

parent compound and its derivatives exhibited surprisingly high stability toward oxidation, 

hydrolysis and thermal decomposition. The name “carborane” has been used as the specific 

trivial name for the moiety B10H10C2H2 but it wasn’t until April 28, 1959,[7] this name was agreed 

upon as the trivial name for this moiety due to the name carborane was coined by an Olin-

Mathieson group in early 1958[8] for a series of compounds with general formula BnC2Hn+2 

where n had values of 3, 4, 5 and 8. Finally, the term “carborane” was used both as a specific 

trivial name for B10H10C2H2 as well as a class name for the empirical series BnC2Hn+2.[9] However, 

the subcommittee on boron nomenclature of the Inorganic Division of the American Chemical 

Society recommended the systematic name 1,2-dicarvaclovododecaborane(12) for the original 

B10H10C2H2 isomer and the use of the trivial name “carborane” as a class name for boranes with 

a few skeletal carbon atoms. 

I.2. Boranes and carboranes 

Boron clusters chemistry is currently contemplate as a bridge between organic, inorganic 

and organometallic chemistry, with some theoretic chemistry, polymers and medicine 

influences. Boranes are neutral or anionic compounds with empirical formula [BnHn]x-. Their 

structure is based on triangular face polyhedral with a B-H unit in each vertex. There are a 

large number of boranes in which one or more of the boron vertexes have been substituted by 

heteroatoms such as C, P, Al or S giving rise to a variety of compounds called heteroboranes. 
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[10] The most studied among them are the carboranes in which one or two of the boron atoms 

have been replaced by carbon atoms. The empiric formula of these compounds is: 

[CnBmHn+m+p]x- = [(CH)n(BH)mHp]x, where n represents the number of C atoms within the vertices 

of the cluster, m is the number of B atoms within the cluster and p the number of bridging H 

(bridge H). 

The electronic requirements of boranes were studied by Wade, MIngos, Rudolph and 

Williams and obey the classic Wade’s rules.[11] These electron-counting rules allow the 

prediction of the shape of the cluster structure taking into account the number of occupied 

vertices and the number of electron pairs required to form the cluster skeleton. Thus, being n 

the number of polyhedral vertexes (B atoms or different heteroatoms), if the number of 

electrons joining the cluster is n+1, the compound presents a closo structure; if it is n+2, the 

compound is nido  and if it is n+3 the cluster is arachno. To make the skeletal electron counts is 

considered that each B-H unit gives two electrons to the cluster, from the boron atom; each C-

H ó C-R unit contribute with three electrons from the carbon atom and each bridge hydrogen 

atom provides one electron to the cluster.  

Figure 1 shows the structural relationship 

between closo, nido and arachno boranes as well 

as hetero-substituted boranes.[11b] The diagonal 

lines connect species that have the same number 

of skeletal electron pairs. Hydrogen atoms except 

those of the B-H framework have been omitted 

for clarity. Thus, when one vertex of the closo 

structure is removed (red atom in Figure 1), the 

nido is obtained and if a second vertex is 

removed of this structure (green vertex in Figure 

1), the arachno cluster is obtained. 

As can be observed, the boron clusters are 

electron deficient due to their peculiar molecular 

architecture and type of bond (3 centres-2 

electrons),[12] which provide to the cluster 

particular properties that cannot be found in 

their organic analogous.[13] 

The most studied boranes are the carboranes 

and among them, the more known are the 
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icosahedral clusters that possesses two carbon atoms, named dicarba-closo-dodecaboranes, 

which corresponds to the empirical formula C2B10H12.  

I.3. Closo-carboranes 

The dicarba-closo-dodecarboranes, closo-C2B10R12, are the most studied of all the carboranes 

due to their high thermic stability [13a, 14] and their high chemical resistance.[10a, 10d] These 

properties are because of the electronic delocalization present in the structure.  

Depending on the relative position of the carbon atoms in the cluster there are three 

isomers (Figure 2. : 1,2-dicarba-closo-dodecaborane (o-carborane), 1,7-dicarba-closo-

dodecaborane (m-carborane) and 1,12-dicarba-closo-dodecaborane (p-carborane). The o-

carborane is stable till temperatures around 460 ᵒC, over this temperature it isomerizes 

becoming m-carborane and that one, between 600 and 700 ᵒC, turns into p-carborane.[10a, 15] 

As can be seen, the thermal isomerization process gives rise to the more stable isomer, which 

is the one with the carbon atoms opposite within the cluster.[16]  

 

Figure 2. Positional isomers of the dicarba-closo-dodecaborane, closo-C2B10H12 

 

These dicarba-closo-dodecaborane compounds are really interesting due to their facility to 

change their behaviour according to the exo-cluster groups bond to the boron or carbon 

atoms.   

The 1,2-dicarba-closo-dodecarborane, with the carbon atoms in adjacent position also 

known as ortho, has been the isomer used in this doctoral thesis (Figure 3).  
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Figure 3. I.U.P.A.C numbering of the closo o-carborane cluster 

 

I.4. Chemical reactivity of o-carborane 

Although o-carborane shows high chemical stability in certain reaction conditions, it also 

exhibits a high synthetic versatility. Thus, the chemical reactivity of the o-carborane has been 

widely studied been four the most important reactions: 1) deprotonation of C-H vertexes and 

subsequent substitution; 2) substitution at boron by electrophilic reagents; 3) partial 

deboronation of the cluster by elimination of one B-H vertex using a base; 4) reduction 

reaction. 

1) Deprotonation of C-H vertexes and subsequent substitution 

The hydrogen atoms bond to the carbon atoms in the cluster are more acidic than those 

bond to the boron atoms as a consequence of the polarity induced by the major 

electronegative of the carbon atoms in comparison with the boron ones (2.5 and 2.0 

respectively, according to Pauling scale). Actually, the hydrogen atoms bond to the boron can 

be seen as hydride instead of protons. The relative acidity of these hydrogen atoms allows 

their easy substitution by alkaline and alkaline-earth metals, in the presence of strong bases 

such as, n-BuLi or NaH, or Grignard reagents in organic solvents leading to the generation of C-

metallated derivatives that, in turn, react with a wide variety of reagents to give C-substituted 

clusters having as a substituents organic groups, heteroatoms or metals. [16-17]  

 

Figure 4. Obtaining of C-derivatives of the o-carborane 
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2) Substitution at boron by electrophilic reagents 

The B-H hydrogen atoms in carboranes present low polarity due to the low electronegativity 

of boron, so that the BH hydrogen atoms exhibit almost no acidic character toward even the 

strongest proton acceptors, for instance, they are inert to the attack by organolithium  and 

Grignard reagents. Nevertheless, the electron-delocalized of the o-carborane cage allow them 

to be attack by electrophiles.  

Besides, the boron vertexes of the o-carborane present different reactivity depending on 

their relative position respect the carbon atoms (Figure 5). Consequently, the boron atoms 

bond directly to the carbon atoms (B3 and B6) present a higher positive charge density than 

the others so that, whereas the remaining eight BH vertexes can react with electrophiles, that 

two vertexes are susceptible to the attack of nucleophiles. 

To functionalize them, usually an electrophilic substitution is performed on the vertexes 

located further from the carbon atoms due to these ones present the most negative electronic 

density. Thus, the B9 and B12 positions followed by B8 and B10 are the most susceptible to an 

electrophilic attack on the cluster and, for this reason, the halogenation in these positions is 

known from the 60s[18] whilst the halogenation on the positions B3 and B6, directly bond to the 

carbon atoms, was not  achieved until the past decade.[19] 

 

 

Figure 5. Reactivity of the different vertexes in the o-carborane. The  susceptibility of the BH vertexes 

to a electrophilic attack decreases with theirs electronic density: B(9,12) > B(8,10) > B(4,5,7,11) >> B(3,6) 

3) Partial deboronation of the cluster by elimination of one B-H vertex using a 

base 

The partial deboronation of the 1,2-dicarba-closo-dodecaborane to 7,8- dicarba-nido-

undecaborane(-1) by elimination of one B-H vertex was discovered by Hawthorne and co-

workers at 1964.[20]  This partial deboronation of the cluster (Figure 6) implies the use of strong 

bases such as  EtO- or MeO-, which can remove one boron atom of the cluster (B3 or B6 due to 

the higher positive charge density over them because of their direct bond to the carbon 
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atoms) and, consequently, lead to a eleven vertexes new cluster, the 7,8- dicarba-nido-

undecaborane(-1), which contains nine vertexes occupied by boron atoms and two for carbon 

atoms. 

 

Figure 6. O-carborane partial deboronation reaction 

The new cluster has the same number of hydrogen atoms that its precursor because the 

initial species has formally lost one B+ fragment, so that the hydrogen atom previously bonded 

to the removed B+ is now located in the open pentagonal face, C2B3, as a bridge between B9-

B10 and B10-B11 atoms (Figure 7). X-ray diffraction studies[21] show that this Hbridge is stronger 

bonded to B10 than to B9 or B11 and that it maintains itself equidistant to these last two. 

Moreover, this Hbridge is enough acidic to be removed by a strong base leading to the 

dicarbollide dianion [C2B9H11]
-2 (Figure 8).[20, 22] 

 

Figure 7. 7,8- dicarba-nido-undecaborane (-1) anion 

 

 

Figure 8. Diagram of the formation of the dicarbollide dianion  
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This carbollide anion is similar structurally and electronically to the ciclopentadienile anion 

(C5H5)
- and by coordination to metals, it gives rise to the sandwich-type  metallacarboranes.[23]  

4) Reduction reaction 

The reduction reaction of the o-carborane was used for first time in 1963[24] and consists of 

the opening of the polyhedral due to the addition of two electrons which break the C-C bond 

in the cluster to form the corresponding nido specie, remaining the initial vertexes. The 

reducing agents used in this reaction are alkaline metals being the Na and K the most common 

although, recently, reactions with Mg[25] has been carried out, thus decreasing the threat of 

the reaction due to the use of Na or K.  

 In the reduction reaction is possible the obtaining of two isomers: the thermodynamic [µ-

(9,10-CHR’)-R-7-nido-CB10H10]
- and the kinetic, [7,9-nido-C2B10H13]

- (Figure 9). The most studied 

of both is the kinetic isomer, which can be complexed by metals without any necessity of 

isolating.[26] 

 

Figure 9. A) Thermodynamic and B) kinetic isomers of the nido type obtained by reduction of the o-

carborane 

The main interest of this reaction lies in the possibility of the cluster expansion obtaining 14 

vertexes clusters, which are considered the most stable after the ones with 12 vertexes.[27]  

I.5. Applications of the o-carboranes 

The 1,2-dicarba-closo-dodecaboranes, 1,2-closo-C2B10H12, and its derivatives are clusters 

with structures that present uncommon characteristics such as low nucleophilicity, chemical 

inertness,[10a, 10d] thermal stability,[28] electron-withdrawing properties,[29] and stability and low 

toxicity in biological systems[30] that have stimulated the development of a wide range of 

potential applications based on a molecular approach for the preparation of materials[31] such 

as, polymer synthesis,[32] ceramic precursors,[32] nonlinear optics,[33]  selective ion-exchange 
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sensors,[34] microelectrodes[35] and gold nanoparticles monolayers modification,[36] as well as 

applications in catalysis,[37] medicine and in wastewater treatment for nuclear power plants. 

In the medicine field, the main use of the boron clusters is in the cancer treatment by 

electron capture therapy or BNCT (Boron Neutron Capture Therapy) which is based on the use 

of complexes with a large content of the 10B isotope[38] thus, looking for complexes with a large 

number of clusters which afford to have a molecule with a large number of boron atoms per 

molecule.[13a, 39] Moreover, other applications of boron clusters are seen such as the use of 

iodinated boron clusters as contrast agents in the X-Ray technic[40] or the use of cobalt 

metallacarboranes as proteins inhibitors.[41]  

Besides their use in medicine, the metallacarboranes can be applied in the treatment of 

wastewater of nuclear power plants[42] due to their high selectivity in the extraction of metals 

such as Cs+, Sr+2 or Eu+3, and as catalysts[43] in such diverse reactions as alkene 

hydrogenation,[37a, 44] hydrosilylation,[45] cyclopropanation[46] and polymerization of alkenes.[47] 

Finally, the rigid geometry and the relative ease of derivatization at the carbon vertexes of 

the carborane cluster[48] allow the preparation of a wide number of compounds potentially 

useful as precursors of more complex materials.[49] Furthermore, the use of carboranes in 

supramolecular chemistry is a topic that raises great interest for their particular properties [50] 

that may induce unexpected behaviour in the supramolecular structures in which they are 

inserted.  

I.6. Dihydrogen bonds 

The hydrogen bond has gained wide attention in the last decades because they are an 

interesting bonding systems which have been studied from the theoretical point of view,[51] 

throughout a biological point of view due to their implication in enzymatic catalysis, [52] as well 

as for their study as tools for crystal engineering due to their application in building up of 

supramolecular structures.[53] The conventional hydrogen bond is an analogous interaction X-

H···A formed by a strongly polar group Xδ-–Hδ+on one side, and atom Aδ- with a lone pair of 

electrons on the other side.[54] 

Unconventional hydrogen bonds (H-bond) are often a subject of investigation[55] being 

Known four different ones: those with unconventional donors (particularly C–H bonds),[56] 

those with unconventional acceptors (π bonded systems or C-atoms),[55a, 57] C–H···C or C–H···π 

bonds with unconventional donors and acceptors [58] and dihydrogen bonds.[59] 

Focusing in the dihydrogen bonds, they are usually represented as E-Hδ-··· δ+H-X, where E and 

X are more electropositive and electronegative than hydrogen, respectively.[59b, 59c, 60] Usually, 

X-H is the typical proton-donating bond such as O-H or N-H and E designates a transition metal 
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or boron.[59c, 61] One characteristic feature of the dihydrogen bonds are the H···H distance 

which are of less than 2.4 Å (sum of the Van der Waals radii).[62] These interactions have been 

characterized structural and energetically by IR and NMR spectroscopy in solution,[63] by X-ray 

or neutron diffraction in the solid state,[64] and by theoretical calculations in the gas phase. 

Thus, with similar strength and directionality to conventional hydrogen bonding,[65] these 

bonds can influence in the structure, reactivity and selectivity of compounds in gas and 

condensed phases, having a potential application in catalysis, crystal engineering and material 

chemistry.[59b, 66] For example, in polyhydride complexes, an alteration in the quantum 

exchange couplings[67] has been seen upon dihydrogen-bond formation.[68] 

These dihydrogen bonds have been also observed in compounds containing carboranes. 

Thus, dyhidrogen bond type S-H···H-B, Si-H···H-Cc or C-H···H-Cc have been observed in 

metallacarboranes, [69] which have an important role in the structure of the reported 

complexes. Moreover, other dihydrogen bonds have been observed such as C-H···H-Pt in a 

platinum complex with two carboranes cages;[70] C-H···H-B in the solid-state structure of 

carboranes such as o-carboranyl alcohols bearing N-aromatic rings[71] or 1-Ph-1,2-C2B10 H11
[70]

 

(Figure 10).  Finally, it has been recently reported by Teixidor and co-workers the role of the 

interactions C-H···H-B in establishing rotamer configurations in metallabis(dicarbollide) 

systems, observing also the presence of interactions B-H···H-B in these systems.[72] 

 

 

Figure 10.
[70]

 Interaction C-H···H-B in the solid-state structure of 1-Ph-1,2-C2B10 H11 

 

I.7. Characteristics and applications of carboxylate complexes  

Carboxylate anions exhibit a versatile coordination behaviour displaying distinct bonding 

modes toward metal cations such as monodentate, bidentate, chelate, and so on (Figure 
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11. ).[73] This property leads to the formation of a great variety of acetate complexes with 

different structural units such as mononuclear, binuclear or polynuclear.[73d, 74] 

The design and study of new coordination polymers and metal organic frameworks 

(MOFs)[75] to generate supramolecular structures is receiving increasing attention due to the 

structural and chemical diversity of such species together with their attractive applications, 

among which are their uses as sensors, catalysts, or H2-storage devices.[76] The successful 

behaviour of these structures depends on the use of adequate building blocks whose 

coordination chemistry, and chemical and physical properties are well described. Thus, the use 

of carboxylate groups as a bridging ligands and rigid N-donor ligands as linkers is one of the 

most extensively studied association used for the design of these supramolecular architectures 

which possess interesting structures and topologies.[77]  

 

 

Figure 11. Coordination modes of the carboxylate anion. 

Usually, when carboxylate ligands react with a copper (II) cation, binuclear tetracarboxylate 

copper (II) compounds, [Cu2(RCO2)4L2], paddle-wheel type are obtained in which L is an apical 

ligand usually bond to metal through an oxygen or nitrogen atom.[73a, 78] 
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Binuclear and polynuclear copper(II) carboxylates have received great interest in the studies 

of exchange-coupling interactions between adjacent metal centres,[73c, 73d, 79] which are based 

on chemist and structural effects to control these interactions between paramagnetic centres 

through monoatomic and polyatomic bridges.[80] With this aim, a large number of binuclear 

carboxylate copper(II) paddle-wheel adducts, have been reported in an effect to clarify the 

factors influencing the magnitude of the intramolecular magnetic exchange interaction 

between two Cu(II) ions.[81] 

Recently, molecular nanomagnets have been proposed as candidates for the manipulation 

and codification of qubits (quantum bits). Winpenny et al.[82] have experimentally shown that 

the molecular spins of the clusters can be chemically bonded between them and that their 

coupling may be controlled using the suitable linker. Binuclear copper (II) compounds type 

paddle-wheel are promising candidates for the design of such materials. 

On the other hand, copper complexes have been studies for many years for their special 

bioactive and biocatalytic functions.[83] They constitute an important number of active sites in 

proteins and enzymes that catalyse many biological functions including oxygen transport and 

activation, electronic transfer and iron metabolism. Specifically, binuclear copper (II) 

compounds have been subject of extensive studies on the structure of the active centres of 

Type-3 binuclear copper enzymes as catechol oxidase,[84] tyrosinase[85] and hemocyanin.[86] A 

characteristic of these Type-3 proteins is a binuclear antiferromagnetic coupled active centre. 

In particular, acetate copper compounds functionally act as the monooxygenase tyrosinase in 

the regiospecificity of the phenol to catechol o-hydroxylation as well as in the oxidation of 

catechol to o-benzoquinone.[87] 

Moreover, Cu(II) ion is one of the most common transition metals used in supramolecular 

chemistry due to its potential use in magnetic materials, having an important role both, in 

experimental and theoretical studies.[88] However, its diverse and unpredictable coordination 

chemistry makes it difficult to incorporate such ions into designed assemblies with 

predetermined topology and connectivity. Despite this fact, numerous coordination polymers 

or metal-organic frameworks containing copper(II) and carboxylate ligands have been 

reported.[89]  

Apart from these applications, the research to design, characterize and apply organic 

semiconductors (ScOs) has increased in recent years.[90] One of the most attractive 

characteristics of the organic semiconductors is the ability to modify their optical, electronic 

and morphological properties by  chemical transformations as well as their direct use in liquid 

phase processes such as printer ink or spin coating which should allow deposit organic layers 

onto bulky and flexible substrates in an economic way. Most of the semiconductor species 
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known so far are from an organic nature, there are few examples of inorganic molecular 

semiconductors and those with hybrid nature mainly have organic composition. In this field, 

binuclear copper(II) complexes are also promising candidates. 

For Mn (II), polynuclear manganese complexes are of great interest and represent an active 

area of coordination chemistry because of their rich biochemistry and by their remarkable 

magnetic properties. For instance, manganese complexes can be used as models to mimic the 

active site of metal-enzymes such as manganese superoxide dismutase,[91] manganese 

ribonucleotide reductase,[92] manganese peroxidase[93] or photosystem II (PS II)[94]. Actually, 

Umena and co-workers[95] have recently reported the crystal structure of the oxygen-evolving 

centre in photosystem II in which water molecules are bonded to the Mn4CaO5 cluster. 

Manganese carboxylate complexes with nitrogen donors ligands such as 2,2’-bpy or 1,10-

phenantroline have been synthesised and study in order to mimic amino acid sites, obtaining 

polynuclear complexes of different nuclearities.[96] 

It is known that single-molecule magnets (SMMs) have attracted considerable attention in 

the last decade[97] due to the significant progress they represent in the miniaturization of 

memory storage devices.[98] In this field, polynuclear manganese carboxylate compounds have 

been widely studied [99] being the most studies those containing twelve manganese atoms.[100]  

Apart from these applications polynuclear manganese complexes attract great interest 

owing to the supramolecular chemistry and crystal engineering due to their remarkable 

magnetochemical properties.[101] Besides, the low cost and toxicity of these compounds are 

increasing their use in homogeneous catalysis[102] such as oxidation catalysis.[94c, 103] 

Concerning iron complexes, polynuclear Fe(II) and Fe(III) ion complexes have been widely 

studied due to their importance in the active centres of some enzymes. [104] Between them, 

carboxylate-bridged diiron(II) complexes have a great importance as models of active sites of 

carboxylate-bridged diiron metalloproteins such as monooxygenases.[74f, 105] However, Fe(II) 

carboxylate ligands present strong tendency to form species of higher nuclearity,[106] in 

particular, trinuclear oxo-centred iron carboxylate complexes have been known for long.[107] 

Most of the M3O clusters present the general formula [FeIII
3O(O2CR)6L3].nS or [FeIII

2 

FeIIO(O2CR)6L3].nS in which L is a monodentate ligand and S is a solvent molecule of 

crystallization and have been broadly studied due to their interesting physical properties,[74e, 

108] their structural relevance to mimic the active sites of some metalloenzymes and ferritin[106a, 

109] as well as, their potential use in oxidation catalysis such as alkene epoxidation[110] or 

oxidation of unsaturated lipids.[111] 

Besides, electron transfer reactions are one of the most studied processes in coordination 

chemistry.[112] In this area, mixed-valence trinuclear complexes are broadly studied due to the 
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metal-metal interactions present in their cluster, especially, the intermolecular electron 

transfer process.[74e, 113] The understanding of these processes is fundamental for the synthesis 

of new coordination clusters which can be precursors for clusters of higher nuclearity showing 

interesting magnetic properties that can act as new magnetic materials such as single molecule 

magnets (SMMs).[114] SMMs are currently of great interest due to their potential applications in 

quantum computing, high-density information storage and biomedicine.[115] 

Finally, the use of cobalt as component in nanomaterials has a great interest due to its size 

as well as its electrical, magnetic, optical and catalytic properties.[116] Focusing on cobalt(II) 

carboxylate compounds, they present a great number of structural motifs, among them there 

are four common different types (Figure 11).[74g, 74h, 117] As can be observed in Figure 12, the 

type I compounds are structurally analogous to the above commented paddle-wheel copper(II) 

carboxylates, while type II, III and IV present bridging aqua molecules. 

 

Figure 12.
[117d]

 Structural types of binuclear cobalt(II) carboxylates 

 

Binuclear high-spin carboxylate-bridged cobalt(II) compounds are involved in many 

enzymatic but non-redox active processes,[118] for example, they are analogous to 

metalloenzymes such as xylose glucose isomerase, aminopeptidase, hydroxylase or urease. [119] 

Furthermore, these carboxylate compounds have great interest as frameworks for building 

up supramolecular structures (MOF’s) which are of great interest for applications in fields 

related to porous materials such as storage, separation and catalysis as well as in biomedical 

applications or their use as sensor materials.[77, 120] 
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I.8. Oxidation catalysis 

Metal-catalysed oxidation reactions are one of the most significant transfer reactions in 

chemistry and biology.[121] In the chemical industry, the selective oxidation of raw materials has 

a great importance due to its application in the conversion of fossil hydrocarbons (olefins, 

alkanes and aromatics) to oxygenated derivatives  avoiding the complete conversion to carbon 

dioxide. [121a, 122] Examples of industrials processes include the gas phase oxidation of methanol 

to formaldehyde and the ethylene to ethylene oxide,[123] as well as the liquid phase catalytic 

oxidation of propylene to produce propylene oxide.[124] 

Last decade, the use of catalytic oxidations in chemical industry was focused on the 

preparation of fine chemicals[125] and, although selective oxidation used to be an obstacle in 

this area, it started to change with the introduction of an alcohol group in a drug precursor 

cleanly in the same manner as enzymes. 

It is possible to find lots of enzymes in nature which can catalyse oxidation reaction in living 

organisms. [126] For instance, multi-enzymatic systems in nature are able to perform mono-

oxygenation reactions efficiently by introducing one oxygen atom of molecular oxygen within a 

defined substrate and eliminating the second oxygen atom from O2 as a water molecule. For 

this reason, investigations based on the mimic of metalloenzyme-catallyzed oxidation have 

been carried out in the last three decades using metal complexes associated with different 

oxidants.  [121c] However, many difficulties have been found due to side reactions; one of the 

steps to improve these catalysis is the use of single oxygen atom donors such as PhIO, NaOCl 

or H2O2 being the last one the most desire due to the only secondary product obtained after 

the oxidation reaction is water. 

I.8.1. Epoxidation reaction 

Epoxides are important intermediates widely employed in organic synthesis.[127] Thus, 

epoxidation is an important methodology for the synthesis of highly functionalized organic 

species. Moreover, many natural products possess epoxide units as essential structural 

moieties for their biological activities.[128]  

For these reasons, alkene epoxidation is an important field which has received considerable 

interest from academics and industry purposes.  One of the most important class of epoxides 

are the enantiomerically pure ones which form versatile building blocks really useful in organic 

synthesis to obtain more elaborated chemical products in organic synthesis itself and in 

industrial production of bulk and fine chemicals.[129] As commented above, epoxides are really 

important intermediates due to their easy transformation in several functionalized products, 
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for instance, by reduction, by rearrangements or by ring-opening reactions of epoxides with 

various nucleophiles can be formed ketones, allylic alcohols, diols, amino alcohols, polyethers 

and so on (Figure 13).[130] 

 

Figure 13. Alkene epoxidation and versatility of epoxides for further conversions. 

 
As a result, the development of new methods for the direct synthesis of epoxides from low 

cost starting materials has received a steady interest in the last decades [121] and, although a 

great number of methods have been developed, it is necessary new stable and available 

catalysts in order to understand the metal-mediated oxygen processes. With this objective, the 

selective olefin epoxidation is an important field of research in industry and academia. 

For industrial purposes, manganese catalysts are preferable since manganese is a relatively 

non-toxic metal and presents superior selective values in alkene epoxidation reactions than 

other non-toxic metals such as iron. Moreover, manganese shows fewer side reactions than 

iron complexes. One of the most manganese catalysts studied in this reaction have been the 

manganese(III) complexes with Schiff-bases of N2O2 coordination spheres, called Salen 

complexes and derivatives. [131] Many studies with these compounds have been reported 

making them genuine competitors of enzymes.[103b, 130e, 132]  The epoxidation of olefins 

catalysed by manganese Salen complexes are carried out using mostly PhIO or NaOCl as 

oxidant agent.[132e] 

In the last decade, Stack and co-workers reported a method based on a manganese complex 

containing [CF3SO3]
- and bi-, tri- or tetradentate nitrogen ligands which used peracetic acid as 

oxidant, thus generating acetic acid as side product and being a good and “green” oxidising 

agent.[103c, 133] It was seen that these systems performed higher activity, rapidity and efficiency 
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in alkene epoxidation reactions than those with Schiff base ligands, however, their 

stereoselectivity was poor.  Therefore, closer studies show that trinuclear manganese 

complexes with the structure [Mn3(L)2(OAc)6], where L is a neutral bidentate nitrogen ligand, 

are highly efficient catalysts in the epoxidation of alkenes using peracetic acid.[103d] In spite of 

this find, few studies of manganese complexes containing carboxylate groups as catalyst have 

been reported.  

I.8.2. Water oxidation reaction 

The research in the water oxidation reaction to molecular oxygen has received an increase 

interest in the last decade not only for its biological importance (to mimic the oxidation 

mechanism in the photosynthesis) but also for its significance in the development of artificial 

synthetic systems which can be used as power generators.[134] 

The energetic demand of our society is increasing sharply and, currently the major energy 

sources are derived from fossil fuels, some of which are rapidly dropping off,[135]
 and their 

consumption produces CO2, contributing to the global warming.[136]
 Thus, the necessity of find 

a carbon-free, sustainable, renewable and cost-effective energy source has been one of the 

most important challenges in the last years. Nowadays, hydrogen is considered a clean fuel, 

being an attractive energy carrier for further energy requirements.[136-137]  Moreover, it can be 

produced by splitting water into O2 and H2 using the abundant energy of sunlight.[138]
  

Water splitting is a two-step process combining water oxidation (1) and hydrogen formation 

(proton reduction) (2): 

 

It is noteworthy that although we are living on a planet dominated by the presence of water, 

in nature, there is only one oxidation reaction in which water is the substrate,  its oxidation  to 

molecular oxygen (reaction 1 above). This reaction is part of a complex sequence of reactions 

in the photosynthesis,[139] and it takes place in the water oxidising complex (WOC) of 

Photosystem II (PSII) which compromises a Mn4CaOx cluster that is preserved in all oxygenic 

photosynthetic organisms (all cyanobacteria, algae and higher plants).[140] The crystal structure 

of this cluster at an atomic resolution has been recently reported by Umena et al.,[95, 141] and in 

this structure metal ions, one calcium and four manganese, are bridged by five oxygen atoms. 



 
 

21 
 

Four additional water molecules were also seen which were suggested as the substrates of 

water oxidation (Figure 14). 

 

Figure 14.
[141]

 Structure of the Mn4CaO5 cluster determined at 1.9 Å resolution. The bond distances are 

shown in Å and hydrogen bonds are depicted as dashed lines. 

In the last years, the development of catalysts for water oxidation has commanded 

considerable attention aimed at mimicking the WOC of PSII. So far, high catalytic activities 

have been achieved with mono- and binuclear ruthenium,[142] iridium- ,[143] cobalt-,[144] iron-,[145] 

and manganese-based catalysts. [142c, 146] However, complexes containing manganese ions have 

received particular attention not only motivated by the approach of modelling the reactivity of 

natural metalloenzymes but also because manganese is both low cost and environmentally 

friendly.[94c, 147] 

I.9. Molecular magnetism 

I.9.1. Magnetization and magnetic susceptibility[148] 

The study of the magnetic properties of the metal transition complexes has received 

considerable attention since the 30’s when Pauling postulated the existence of a relationship 

between the magnetic properties and the bond of the metal ion in the compound.  

The paramagnetism is a property of substances which contain one or more unpaired 

electrons. These unpaired electrons can attract a magnetic field due to the electron’s magnetic 

dipole moment so that, when a paramagnetic substance is exposed to a magnetic field H, that 

becomes magnetized with a magnetization M. The magnetic field inside the substance then is 

the sum of the external magnetic field and the magnetic field generated by itself and is called 

magnetic induction, B. In Gaussian units it is represented as: 
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However, in SI units this relationship is given using the magnetic constant or permeability of 

free space, μ0, which is a measure of the amount of resistance encountered when forming a 

magnetic field in a classical vacuum with a value of 4π x 10-7 H.m-1 : 

           

The units of B are G (Gauss) in Gaussian-cgs system and T (tesla) in SI units with a conversion 

of 1G = 10-4T. 

Magnetization, M, is defined in classical mechanics as the variation of the internal energy of 

a sample when it is perturbed by a magnetic field: 

    
  

  
 

Nevertheless, following the quantum mechanics, a microscopic magnetization can be 

defined for each n discrete energy level: 

    
   

  
 

Thus, the global magnetization is the sum of the n microscopic magnetizations which, 

weighted following a thermic distribution (given for the Boltzmann distribution factors, Pn) 

among the different states, can be calculated as: 

   ∑       
∑       ⁄           ⁄

 

∑         ⁄
  

 

where k = Boltzmann constant, and N = Avogadro number. 

 

It can be considered that inside the substrate each mol of compound presents a particular 

magnetization, MM, which is originated by the difference in the population between levels with 

different magnetic quantum number and which is associated to the magnetic field H through 

the molar magnetic susceptibility χM by: 

   
   

  
 

which units are emu·mol-1·Oe-1
 in Gaussian-cgs units and m3·mol-1 in SI units.  

Considering the relationship between the molar magnetic susceptibility and the 

magnetization, the expression corresponding to χM can be written as: 
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∑       ⁄           ⁄

 

∑         ⁄
 

 

In 1932, Van Vleck[149] lead a simplification of the last expression supposing the magnetic 

susceptibility always independent of the magnetic field H, and expressing the energy of each 

level as a sequence of H powers, according to: 

      
   

   
    

    
    

     

where En
(0) is the energy in the zero field, and En

(1) and En
(2) are the first- and second-order 

Zeeman terms. 

Thus, the Van Vleck equation is: 

     
∑     

   
    ⁄     

   
       

   
   ⁄

 

∑      
   

   ⁄
 

 

This equation can be simplified to mononuclear or polynuclear complexes when their ions 

no present orbital contribution (En
(2) = 0 ): 

   
     

 

   
 
∑                   

   
   ⁄

  

∑             
   

   ⁄
 

     

where S is the total spin of each energy state ES
(0)

 , μB is the Bohr magneton and g is the 

Landé factor.    

I.9.2. Magnetic properties of polynuclear transition metal complexes 

Polynuclear transition metals compounds containing diamagnetic bridges present some 

overlap between the metallic orbitals with unpaired electrons. It is known as superexchange 

mechanism and it consists in a strong magnetic coupling between two next-to-nearest 

neighbour metallic centres (cations) through a non-magnetic anion (bridge ligand) so that the 

ligand frontier orbitals are involved.  

  If we suppose a binuclear complex in which the metallic centres are paramagnetic with one 

unpaired electron each one and overlap between the two centres exists, two molecular 

orbitals will be generated with different spin. Then, two different distributions of the electrons 

are possible: both to the lower energy orbital leading to a resulting total spin ST=0 (singlet) or 

one electron to each orbital leading to a total spin ST=1 (triplet). Thus, when the ground state is 

the singlet, the coupling is antiferromagnetic, whilst when it is the triplet, the coupling is 

ferromagnetic. The difference in energy between the singlet and triplet states is known as the 

coupling constant J. (see Figure 15 for further details). 
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Figure 15. Different possible distributions of the electrons in a binuclear compound with 

paramagnetic metal centres. 

The isotropic magnetic interaction between binuclear compounds with two ions A and B, 

with spins SA and SB can be described by the HDVV Hamiltonian, which was originally suggests 

by Heisenberg, Dirac and Van Vleck[149-150]: 

         

where J is the coupling constant between A and B. As S = SA + SB, S2 = SA
2 + SB

2 + 2SASB then, 

SASB = (S2 – SA
2 – SB

2)/2. Thus,  

   
 

 
       

     
   

Being the exact quantum solution for this Hamiltonian: 

             
 

 
                            

Making a change in the origin of the potential energy and considering [SA(SA+1) - SB(SB+1)] as 

the zero, the energy for each value of S can be calculated as:  

       
 

 
          

An expression for χM as a function of the temperature could be found for any binuclear 

compound if the last expressions is applied to each spin of the system from |      | to 

|      | and is combined with the simplified Van Vleck equation. 

However, to determinate the energies of the spin-states for trinuclear compounds, Kambe’s 

method has to be used due to the no totally equivalence of the interacting anions. Thus, 

assuming as important the coupling between the nearest neighbour ions the Hamiltonian can 

be written as:  
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I.9.3. Binuclear copper(II) complexes 

Binuclear copper(II) complexes containing bridged ligands are constituted by two 

paramagnetic centres with an unpaired electron each one, that interact between them 

through the ligands leading to excited states of the molecule accessibles by thermic energy (≤ 

1000 cm-1). The resultant magnetic behaviour will be ferromagnetic if the ground state has 

total spin S=1 (unpaired electrons) or antiferromagnetic if the total spin S=0 (paired electrons), 

(see Figure 15 above).  

When a magnetic field is present, the total spin state S=1 is unfolded in the corresponding 

sublevels with Ms= -1, 0, +1, as seen in Figure 16 for an antiferromagnetic system. If 

temperature is decreased, the population in the spin total level S=0 will be increased due to 

that level has lower energy. 

 

Figure 16. Split of the states in a system with ST = 1 in the corresponding sublevels due to the 

magnetic field effect 

 
Inside the paddle-wheel carboxylate copper(II) complexes, one of the most studied is the 

[Cu2(OAc)4(H2O)2] having an antiferromagnetic behaviour with a J value of -296 cm-1.[151] 

Moreover, several magnetic studies changing the nature of the bridge molecules or the axial 

ligand has been reported.[88a, 152] Computational studies of this compound has been also 

performed giving an idea about the parameters that affect the coupling between the two 

copper centres involved, such as the electron-withdrawing power of the ligands or the 

structure distortions among others.[153] Thus, it has been established that as higher is the 

electron-withdrawing property of the carboxylate, stronger is the interaction between the 

metallic centres.[88a, 151-154]  

As seen in Figure 16, in a binuclear copper(II) complex the four possible energy states have, 

taking the S=1 state as the reference and Ms=0 (E|1,0›= 0), the corresponding energy values:[150d] 
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E|1,-1›= -gβH E|1,0›= 0 E|1,1›= gβH E|0,0›= J 

If this values are replaced in the Van Vleck equation, the Bleaney-Bowers[151] equation is 

obtained which allows to calculate the magnetic susceptibility in binuclear copper(II) 

compounds :  

M = 1
22

)]/exp(-3[2  kTJ
kT

gNA     

I.9.4. Manganese(II) complexes  

Electronic and magnetic properties of polynuclear manganese(II) complexes bridged by 

organic or inorganic ligands have been widely studied. One of the most studied complexes are 

those containing carboxylates ligands [155] which can adopt different coordination modes 

leading to several magnetic systems.[156]
 The interest in this compounds leads in the fact that 

although they usually present weak antiferromagnetic coupling, depending of the distortion of 

the coordination polyhedron around the manganese(II) ion, ferromagnetic coupling is 

possible.[157]
  

The simplified Van Vleck equation to calculate the magnetic susceptibility in binuclear 

manganese(II) compound where SA = SB = 5/2 is: 

   
     

 

  
 
                               

                            
 

where       . 
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This thesis symbolized the introduction of a new research line to the existing ones in the 

research group and it has been developed centred in the study of coordination chemistry of 

two carboranylcarboxylate ligands with different metals of the first transition series, with the 

idea to generate different polynuclear compounds. These ligands present a fundamentally 

inorganic composition but simultaneously keep the properties and possibilities offered by 

organic molecules. In the previous chapter we have presented the important properties and 

possibilities offered by the carboxylate and acetate ligands, however, very few 

carboranylcarboxylate bridged metal (II) complexes have been previously synthesized, and 

their coordination chemistry, together with their physical and chemical properties, have 

remained mostly unexplored. 

The ligands used in this work are the 1-CH3-2-CO2H-1,2-closo-C2B10H10], LH and the [1-CO2H-

1,2-closo-C2B10H10], L’H, showed in Chart 1.  

a) 

 

b) 

 

Chart 1. Ligands a) 1-CH3-2-CO2H-1,2-closo-C2B10H10 (LH) and b) 1-CO2H-1,2-closo-C2B10H10 

(L’H) 

The main objectives of this thesis are: 

 Copper complexes with carboranylcarboxylate ligands 

 The synthesis of a new family of copper(II) complexes containing the 

carboranylcarboxylate ligands [1-CH3-2-CO2-1,2-closo-C2B10H10]
- or [1-CO2H-1,2-closo-

C2B10H10]
- and THF, water or pyridyl ligands (py, p-CF3-py, p-CH3-py, o-(CH3)2-py, pz, or 

4,4’-bpy ) as terminal ligands, as well as their full characterization through elemental 

analysis , structural, spectroscopic (NMR, IR, UV-visible, ESI-MS), electrochemical and 

magnetic techniques  

 To study the stability of the synthesized complexes containing the ligand LH and THF or 

H2O, against polipyridyl ligands through UV-visible spectra and magnetic studies while 
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employing electronic-structure calculations; also evaluating the electronic and steric 

effects of these ligands on the stability of the resulting compounds. 

 To study the differences among the synthesized compounds containing 

carboranylcarboxylate ligand LH and the analogous -acetate to establish the 

structural and chemical differences such as their behaviour in nucleophilic solvents or 

their solubility. 

 To establish structural and chemical differences between the synthesized compounds 

containing the ligand LH and the analogous ones containing the ligand L’H, where a 

hydrogen atom instead of a methyl group is present as a substituent on the carbon of 

the cluster. 

 Manganese complexes with carboranylcarboxylate ligands 

 The synthesis and characterization of a series of new manganese(II) complexes 

containing the carboranylcarboxylate [1-CH3-2-CO2-1,2-closo-C2B10H10]
- or [1-CO2-1,2-

closo-C2B10H10]
- ligands and their full characterization by chemical analysis, structural, 

spectroscopic (NMR, IR, UV-visible, ESI-MS), electrochemical and magnetic techniques. 

 To study the reactivity of the synthesized manganese complexes and the influence in 

their structure of the chelating polipyridyl ligands 2,2’-bpy and 2,2’-bpm and the full 

characterization of the resultant products through structural, analytical, 

spectroscopic , electrochemical and magnetic techniques.  

 To establish structural and chemical similarities and differences between the 

synthesized manganese compounds due to the two different carboranylcarboxylate 

ligands used.  

 To study the stability of a polynuclear manganese complex in solution through 

microscopic (Cryo-TEM), dynamic light scattering (DLS) and X-Ray scattering (SAXS and 

WAXS) techniques. 

 To study the catalytic activity of the complexes containing the carboranylcarboxylate 

LH in two oxidation reactions: i) the epoxidation of representative terminal and 

internal double bonds of aliphatic and aromatic alkenes using commercial peracetic 

acid (32%) as oxidant, making a comparison with the acetate compound 

Mn3(OAc)6(bpy)2; and ii) the water oxidation reaction. 
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 Iron and cobalt complexes with carboranylcarboxylate ligands 

 The synthesis and full characterization through structural, analytical and spectroscopic 

techniques of a series of new polynuclear cobalt and iron(II) complexes containing the 

carboranylcarboxylate [1-CH3-2-CO2-1,2-closo-C2B10H10]- unit.  

 To study the catalytic activity of a cobalt (II) complex in the epoxidation of 

representative terminal and internal double bonds of aliphatic and aromatic alkenes 

using commercial peracetic acid (32%) as oxidant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 



CHAPTER III. Cu(II) complexes containing the carbora-
nylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10. 
Study of their steric and electronic effects. 

 

 

 
A series of new mononuclear and binuclear copper(II) compounds containing the 1-CH3-2-

CO2H-1,2-closo-C2B10H10 carborane ligand (LH) has been synthesized and fully characterized 

through analytical, spectroscopic (NMR, IR, UV-visible, ESI-MS) and magnetic techniques. X-ray 

structural analysis revealed for the binuclear compounds a paddle-wheel structure with the 

two copper (II) atoms holding together through four carboxylate bridges in syn–syn mode and 

square pyramidal geometry around each copper ion. The mononuclear complex obtained with 

the o-(CH3)2-py ligand presents a square-planar structure, in which the carboranylcarboxylate 

ligand adopts a monodentate coordination mode. Magnetic studies of the binuclear 

compounds have been carried out showing, in all cases, a strong antiferromagnetic coupling. 

Computational studies based on hybrid density functional methods have been used to study 

the magnetic properties of the complexes and also to evaluate their relative stability on the 

basis of the strength of the bond between each Cu(II) and the terminal ligand. 
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III.1.  Introduction  

Investigations of the design, characterization, and applications of organic semiconductor 

devices have attracted increasing attention in recent years.[1] Particularly remarkable is the 

special relevance that these materials have as constituents of flat electroluminescent devices. 

This growing interest has attracted the attention of industry and thus has made possible their 

introduction into the commercial market. One of the features that make them attractive is the 

possibility of altering their optical, electronic, and morphological properties through chemical 

modification and also the fact that they can be applied to the direct use of liquid-phase 

processing such as ink printing or spin coating. This method should, in principle, allow the 

deposition of organic layers over flexible and large substrates in a cheap way. 

Most of the semiconductor species known to date are of an organic nature, whereas 

inorganic molecular semiconductors are scarcely described and those of a hybrid nature are of 

a predominantly organic composition. 

In recent years, molecular nanomagnets have been proposed as suitable candidates for 

qubit encoding and manipulation. Winpenny et al.[2] experimentally demonstrated that 

molecular spin clusters can be chemically linked to each other and that the coupling between 

their spins can be tuned by choosing an adequate linker. Bimetallic CuII paddle-wheel moieties 

are promising candidates with regard to the design of single- and two-qubit gates in bipartite 

systems.  

The assembling of complexes in two or three dimensions (metal–organic frameworks 

(MOFs))[3] to generate supramolecular structures is receiving increasing attention due to the 

structural and chemical diversity of such species together with their attractive applications, 

among which are their use as sensors, catalysts, or H2-storage devices.[4] The successful 

behaviour of these structures depends on the use of adequate building blocks whose 

coordination chemistry, and chemical and physical properties are well described. 

The 1,2-dicarba-closo-dodecaborane, 1,2-closo-C2B10H12, and its derivatives are clusters with 

structures that present uncommon characteristics such as low nucleophilicity, chemical 

inertness,[5] thermal stability,[6] electron-withdrawing properties,[7] and stability and low 

toxicity in biological systems[8] that have stimulated the development of a wide range of 

potential applications based on a molecular approach for the preparation of materials.[9] 

Moreover, the rigid geometry and the relative ease of derivatization at the carbon vertexes of 

the carborane cluster[10] allow the preparation of a wide number of compounds potentially 

useful as precursors of more complex materials.[11] Besides, the use of carboranes in 

supramolecular chemistry is a topic that raises great interest for their particular properties [12] 
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that may induce unexpected behaviour in the supramolecular structures in which they are 

inserted.  

In this chapter we aim to partially focus our investigations on molecules potentially 

applicable to these uses that present a fundamentally inorganic composition but that 

simultaneously keep the properties and possibilities offered by organic molecules. 
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III.2. Objectives 

Very few carboranylcarboxylate bridged dicopper (II) complexes have been previously 

synthesized and their coordination chemistry, together with their physical and chemical 

properties, has remained mostly unexplored. 

 

The main goal of this chapter was the synthesis, characterization and study of the main 

physical and chemical properties of new mono- and binuclear copper(II) complexes containing 

the ligand carboranylcarboxylate [1-CH3-2-CO2-1,2-closo-C2B10H10]-. 

 

 

 

  Chart 1. 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand (LH) 

 

First of all, binuclear Cu(II) starting materials complexes having water or THF molecules as 

terminal ligands were synthesized and fully characterized. Another goal was to study the 

performance of these starting materials with different pyridyl ligands and fully characterize the 

resulting complexes through structural, analytical and spectroscopic (IR, UV-visible, NMR) 

techniques, together with the study of the magnetic properties of the binuclear complexes. 

We were also interested in studying the relative stability of the complexes and their 

magnetic properties employing electronic-structure calculations. 

 Finally, we have proposed to establish differences among the synthesized compounds and 

the analogous -acetate compounds regarding their behaviour in nucleophilic solvents or their 

solubility, as a consequence of the presence of the carboranylcarboxylate groups in these 

compounds.  
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Chart 2. Binuclear compounds with the ligand carboranylcarboxylate [1-CH3-2-CO2-1,2-closo-

C2B10H10]
- 
 and water or THF molecules as terminal ligands 
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III.3. Results and discussion 

III.3.1. Synthesis and characterization 

The synthetic strategy for the preparation of the ligand LH and the Cu(II) complexes A1-A8, 

containing the carboranylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10 (LH) and different 

terminal ligands, Lt, is outlined in Scheme 1. 
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Scheme 1. Synthetic strategy for the preparation of LH and Cu(II) complexes A1-A8 

The binuclear copper compound [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2], A1, was 

obtained by neutralization of carboranylcarboxylic acid, LH, with NaOH followed by reaction 

with CuSO4 in ethanol/H2O and subsequent extraction in THF.[13] Compound [Cu2(1-CH3-2-CO2-

1,2-closo-C2B10H10)4(H2O)2], A1’, was obtained by reaction of a suspension of carborane ligand 

LH with CuCO3 in water. This last synthesis is a new, easy and clean method to obtain the 

wanted starting material. 

Compounds A1 and A1’ were used as starting materials that were subsequently reacted with 

different monodentate and bidentate nitrogen containing heterocyclic aromatic ligands, Lt (Lt = 

py, p-CF3-py, p-CH3-py, o-(CH3)2-py, pz, or 4,4’-bpy), with the aim to examine and study the 

electronic and steric effects of the terminal ligands on the stability of the binuclear copper 

core, and also to study and characterize the new compounds obtained. Both A1 and A1’ 

present the same reactivity with respect to the pyridylic ligands used in this chapter.  

When the corresponding ligands Lt dissolved in CH2Cl2 are added to a solution of complex A1 

in CH2Cl2 (with a ligand:complex ratio of 2:1), blue-green solutions are formed that after slow 
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evaporation lead, in most cases, to the precipitation of binuclear complexes of general formula 

[Cu2(L)4(Lt)2] as main products. In the case of the binuclear compounds A2 and A4, obtained 

upon addition of pyridine and p-methylpyridine respectively, we have observed the parallel 

formation of other mononuclear and tetranuclear compounds in lower yield (complexes A2', 

A4' and A4", see experimental section and Figure S1 in the supporting information section).  

These compounds are obtained by manual separation from a mixture of compounds in 

crystalline form by separating crystals of different morphologies. In the case of the pyrazine 

complex A6, together with the binuclear compound we have obtained an insoluble compound 

not yet identified. Finally, the addition of 2,6-lutidine as axial Lt ligand leads to the exclusive 

formation of the mononuclear complex A5 (Scheme 1).  This diverse synthetic behaviour can 

be rationalized on the basis of the apical ligand basicity as it will be described below from 

spectrophotometrical experiments performed under an excess of Lt ligand and also from the 

electronic structure calculations. 

However, when the terminal ligand 4,4’-bpy is used in a ratio ligand:complex of 1:1 an 

insoluble polymer, A8,  is obtained (see experimental section and Scheme 1) . 

Crystallographic data and selected bond distances and angles for compounds A1-A6 and A8 

are presented in Table S1 (see supporting information section) Table 1 and Table 2, 

respectively (the corresponding data for compounds A2’, A4’ and A4’’ are gathered in the 

supporting information section, Table S2 and Table S3). ORTEP plots with the corresponding 

atom labels for the X-ray structures of all compounds are presented in Figure 2. and Figure S1.
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[Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2], (A1) 

 

[Cu2(1-CO2-1,2-closo-C2B10H10)4(py)2], (A2) 

 

[Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(p-CF3-Py)2], (A3) 

 

 

[Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4 (p-CH3-Py)2], 

(A4) 

 

 

[Cu(1-CH3-2-CO2-1,2-closo-

C2B10H10)2(o-(CH3)2-py)2], (A5) 

 

 

[Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4 (pz)2] , 

 (A6) 

 

 

 

 

[Cu(1-CH3-2-CO2-1,2-closo-C2B10H10)2(EtOH)2 

(4,4’-bpy)], (A8) 

Figure 2. X-ray structures (ORTEP plots with ellipsoids at 40% probability level) and labelling scheme for complexes A1- A6 and A8.  
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Table 1. Selected bond lengths (Å) and angles (°) for complexes A1, A2, A3, A4, A6 and A8.  

 A1 A2 A3 A4 A6 A8 

Cu(1)-O(1) 1.956(2) 1.956(3) 1.965(3) 1.970(3) 1.964 (2) 1.975(2) 

Cu(1)-O(2)#1 1.959(2) 1.953(3) 1.975(3) 1.964(3) 1.973(2)  

Cu(1)-O(1)#1      1.975(2) 

Cu(1)-O(1s)      2.471(3) 

Cu(1)-O(5) 1.972(2) 1.957(2) 1.971(3) 1.970(4) 1.965(2)  

Cu(1)-O(6) 1.973(2) 1.956(2) 1.965(3) 1.965(4) 1.963(2)  

Cu(1)-O(9) 2.114(2)      

Cu(1)-N(1)  2.104(3) 2.118(3) 2.104(4) 2.144(3) 1.999(3) 

Cu(1)-N(2)#2      2.014(3) 

Cu(1)-Cu(1)#1 2.672(2) 2.6937(9) 2.733(15) 2.7166(13) 2.7221(7)  

O(1)-Cu(1)-Y 167.20(7) 165.64(10) 165.23(12) 165.20(16) 165.73(9) 177.27(12) 

O(1)-Cu(1)-O(1s)      90.26(10) 

O(1)#1-Cu(1)-O(1s)      89.90(10) 

O(1)-Cu(1)-O(5) 89.52(9) 89.09(13) 90.13(15) 88.65(19) 89.19(11)  

O(2) #1-Cu(1)-O(5) 88.50(9) 88.45(13) 87.74(15) 89.28(15) 89.71(11)  

O(1)-Cu(1)-O(6) 89.85(8) 89.60(13) 88.22(15) 88.5(2) 
89.85(10) 

 

 

O(2)#-Cu(1)-O(6) 89.30(9) 89.24(14) 90.11(16) 89.79(16) 
87.72(10) 

 

 

O(5)-Cu(1)-O(6) 167.30(6) 165.47(10) 165.14(13) 165.20(17) 165.71(10)  

O(1)-Cu(1)-X 98.44(8) 98.15(10) 96.22(14) 97.28(16) 97.48(10) 91.36(6) 

Y-Cu(1)-X 94.31(9) 96.20(11) 98.53(14) 97.50(16) 96.72(10) 91.36(6) 

N(1)-Cu(1)-O(1s)      86.75(8) 

N(2)#2-Cu(1)- O(1s)      93.25(8) 

O(1)-Cu(1)-N(2)#2      88.64(6) 

O(1)#1-Cu(1)-N(2)#2      88.64(6) 

N(1)-Cu(1)-N(2)#2      180.00(1) 

O(5)-Cu(1)-X 93.69(12) 98.09(10) 95.37(14) 94.90(16) 100.19(10)  

O(6)-Cu(1)-X 98.94(11) 96.42(10) 99.49(14) 99.86(17) 94.07(10)  

O(1)-Cu(1)- Cu(1) #1 83.46(7) 83.48(8) 83.23(10) 84.56(12) 84.19(7)  

O(2)#-Cu(1)- Cu(1) #1 83.75(8) 82.18(8) 82.01(10) 80.64(11) 81.55(7)  

O(5)-Cu(1)-Cu(1) #1 82.83(11) 82.69(8) 82.76(11) 82.34(12) 82.89(8)  

O(6)-Cu(1)-Cu(1) #1 84.50(10) 82.78(8) 82.38(11) 82.94(12) 82.82(8)  

X-Cu(1)-Cu(1) #1 176.05(5) 178.19(8) 178.04(10) 176.66(11) 176.48(7)  

X= O(9), complex A1; X = N(1), complexes A2-A6 and A8; Y= O(2) #1, complex A1-A4 and A6; Y= O(1) #1 complex A8 
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Table 2. Selected bond lengths (Å) and angles (°) for complex A5. 

 A5  A 5 

Cu(1)-O(1) 1.9418(16) O(1)#-Cu(1)-N(1)# 91.15(7) 

Cu(1)-O(1)# 1.9418(16) O(1)-Cu(1)-N(1)# 88.85(7) 

Cu(1)-N(1) 2.0222(19) O(1#)-Cu(1)-N(1) 88.85(7) 

Cu(1)-N(1)# 2.0222(19) O(1)-Cu(1)-N(1) 91.15(7) 

O(1)#-Cu(1)-O(1) 180.00(10) N(1) #-Cu(1)-N(1) 180.00(8) 

 

Binuclear compounds A1-A4 and A6 display a similar structure with the two copper (II) 

atoms held together through four syn,syn 1: 1: µ2-carboxylate bridges acting as equatorial 

ligands for each Cu(II) environment. The square pyramidal geometry around each metal ion is 

completed by the oxygen donor atom of a THF molecule in A1, a H2O molecule in A1’ and by 

the nitrogen donor atom of different pyridylic terminal ligands in A2-A4 and A6. The overall 

geometry of the complexes corresponds to a binuclear paddle-wheel cage type structure. 

The structures are centrosymmetric with the symmetry centre located between the two 

copper atoms. The Cu-O (carboxylic) bond distances are similar and comparable to other 

similar coordinated carboxylates, [14] and are in the range 1.95-1.97 Å. For complex A1, the 

apical distance Cu-OTHF of 2.11 Å is longer than the basal distances, but it is within the range 

observed for other similar carboxylate structures with water as axial ligand.[15] The apical Cu-Lt 

bond distances in the pyridyl complexes follow the trend Lt= pz > p-CF3-py > p-CH3-py  py, an 

order that could be related to the basic strength of the ligands. The Cu···Cu distances, in the 

range 2.67-2.73 Å, are similar to other carboranylcarboxylate compounds[13] but somewhat 

longer than those of other centrosymmetric structures with water as apical ligand.[16] 

The distortion of the coordination polyhedron is evidenced by the trans O-Cu-O angles, 

which range from 165.1 to 167.3°. Also, each copper atom is displaced out of the mean plane 

towards the corresponding apical ligand (the bond angles involving the apical ligand, O-Cu-

O/N, range from 94.3 to 100.2°, and the distances from each Cu atom to its mean basal plane 

vary between 0.214 and 0.253 Å for the set of binuclear complexes). For complexes A2-A4 and 

A6, with N-pyridine molecules as apical ligands, this displacement is more pronounced than for 

complex A1, containing THF. The cis O-Cu-O angles around the copper atoms show slight 

differences with regard to the 90° ideal value and are in the range 88.5-90.1°.  

The X-ray crystallography performed on the mononuclear complex A2’ ([Cu(-

CH3COO)2(py)2(H2O)], Figure S1) reveals a five-coordinate Cu atom described as having a 

square pyramidal geometry, where the equatorial plane is occupied by two nitrogen atoms 

from the monodentate pyridine ligands and two oxygen atoms from the carboranylcarboxylate 
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ligands displaying a monodentate coordination mode. The oxygen atom O(5) from a water 

molecule is in the axial position. The two pyridine rings are markedly tilted with regard to the 

mean basal plane, 43.98° for pyN1 and 35.84° for pyN2. Compared to the ideal square 

pyramid, the angles between the axial and the basal positions show significant distortions with 

deviations from the theoretical value of 90°: O(5)-Cu(1)-O(3), 88.69°; O(5)-Cu(1)-O(1), 98.41°; 

O(5)-Cu(1)-N(1), 99.99°; O(5)-Cu(1)-N(2), 90.67°, with the Cu metal centre placed at 0.152 Å 

from the mean basal plane. The structural packing (see Figure S2f) shows that each water 

ligand of a given complex is involved in an intramolecular O-H···O hydrogen bonding with the 

O2 oxygen atom of the same molecule and with another oxygen atom (O4) from a 

neighbouring molecule, leading to a 2D double chain architecture. The analogous mononuclear 

complex A4' (see Figure S1b supporting information) displays similar square-pyramidal 

geometry, also with the p-methylpyridine ligands planes tilted (by 25.85° for CH3-pyN1 and 

56.58° for CH3-pyN2) with regard to the mean basal plane. 

The mononuclear complex A5 shows a centrosymmetric square planar structure, where the 

copper atom is coordinated by two nitrogen atoms from the lutidine ligands and by two 

oxygen atoms from the two carboranylcarboxylate ligands that adopt a monodentate 

coordination. It is also of interest to discuss the packing structure of this mononuclear complex 

which is displayed in Figure 3. . Each O atom not coordinated of the carborane ligand forms 

two C-H···O hydrogen bonds: one intramolecular, involving the methyl group of one of the 

lutidine ligands, and another intermolecular, with one of the aromatic H atoms of a 

neighbouring molecule, leading to a 1D single zigzag architecture. 

 

Figure 3. Packing diagram for the X-ray diffraction structure of complex A5. 
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Finally, the X-ray structure of complex A8 discloses a polymer with a structure in which, each 

copper atom is coordinated by two carboxylate groups from two carboranylcarboxylate ligands 

that adopt a monodentate coordination mode,  two ethanol molecules and two nitrogen 

atoms from different 4,4’-bipyridine ligands, showing an octahedral geometry (Figure 2. ). The 

4,4’-bpy ligand acts as linker, connecting the copper(II) centres leading a 1D polymer chain. 

Very few examples of copper (II) polymeric structures with carboxylate groups and 4,4’-bpy 

acting as linker has been found in the literature.[17] The O(1)-Cu(1)-N(1) (91.36°), O(1)-Cu(1)-

N(2)# (88.64°), O(1s)-Cu(1)-N(1) (86.75°) and O(1s)-Cu(1)-N(2)# (93.25°) bond angles produce 

significant differences in the coordination sphere with respect to regular octahedral 

coordination. The bond distances lengths are in the range observed for similar complexes 

described in the literature.[17] It is worth mentioning that the two rings of 4,4’-bpy are not in 

the same plane, with a distortion between them of 21.30°. Besides, each O atom not 

coordinated of the carborane ligand forms one intramolecular C-H···O hydrogen bond (see 

Figure S2g), involving the coordinated ethanol molecule. It is interesting to observe the 

packing structure of this polymer in which the carboranylcarboxylate ligands of two adjacent 

1D polymeric chains are alternated in the space filling the gaps between the Cu(II) ions 

provided for the 4,4’-bpy ligands (See Figure S2 at the Supporting information).  

The collection of binuclear complexes presented here displays, as described above, 

structural parameters similar to the well-known, paddle-wheel copper acetate, [Cu2(-

CH3COO)4(H2O)2], and its derivatives. The reactivity of copper acetate with regard to the 

replacement of the apical H2O or THF ligands by pyridyl ligands (as shown in Scheme 1 for A1 

and A1') has been tested and it follows similar trends (see Figure S3 and Table S4 at the 

supporting information for the X-ray structure and the crystallographic data and selected bond 

distances and angles of the analogous p-CF3-py binuclear derivative, [Cu2(-CH3COO)4(p-CF3-

py)2]). However, the presence of the carboranylcarboxylate groups in A1-A4 and A6 induces 

particular electronic and structural properties that establish remarkable differences with the 

analogous -acetate compounds such as their behaviour in nucleophilic solvents (see below) 

or their solubility (complex A1 is readily soluble in dichloromethane, diethyl ether or toluene, 

where copper acetate is completely insoluble). 

III.3.2.   Electrochemical properties 

Complex A1, the analogous µ-acetate complex [Cu2(-CH3COO)4(THF)2] and the free 

carboranylcarboxylic ligand LH were studied by cyclic voltammetry (CV).  

The CV of the free LH ligand is shown in Figure 4 (yellow line) and displays two redox 

processes centred at +1.04 and -0.56 V (Epc= +0.91V, Epa = +1.17V for the former and Epc= -
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0,73V, Epa = -0.40V for the latter). On the other hand, the CV registered for both Cu complexes 

(also gathered in Figure 4. ) display parallel electrochemical behaviour as expected from their 

analogous structures, however, slight differences are observed in the cathodic region between    

-0.2 and -1 V which probably arises from the presence of the carboranylcarboxylate ligand in 

A1.  

For complex A1 (blue line), two electrochemically irreversible redox waves appear at        

E1/2= -0.31 V (Epc= -0.53 V, Epa = -0.09 V) and E1/2= -0.52 V (Epc= -0.84 V, Epa = -0.20 V) that can be 

assigned respectively to CuII/CuI and CuI/Cu0 redox pairs, together with other ligand-centred 

processes. A similar behaviour is observed for the copper acetate complex (Figure 4. , red line) 

where the corresponding  CuII/CuI and CuI/Cu0 redox couples appear respectively at E1/2= -0.25 

V (Epc= -0.36 V, Epa = -0.15 V) and E1/2= -0.45 V (Epc= -0.65 V, Epa = -0.25 V), cathodically shifted 

with regard to complex A1 in accordance with the higher electron-withdrawing character of 

the carboranylcarboxylate ligands relative to acetate. The reduction to Cu0 should almost 

certainly involve the rupture of the binuclear structure in the compound and indeed,  

coulometry performed at a fixed potential of E1,2= -1.1 V for 3 minutes leads to the formation 

of a Cu0 metallic deposit clearly visible on the working electrode surface. 

 

 Figure 4. Cyclic voltammetry recorded for complexes A1 , (          ), [Cu2(-CH3COO)4(THF)2], (          ), and 

free carborane ligand, LH , (        ) in acetonitrile. 
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III.3.3.   Spectroscopic properties 

The IR spectra of all complexes described display typical (B-H) absorption at frequencies 

above 2590 cm-1, characteristic of closo carborane derivatives,[18] difference between the 

frequencies of the symmetric and antisymmetric stretches lies between the ranges quoted for 

bidentate bridging ligands.[19] The 1H{11B}-, 11B-, 11B{1H }- and 13C{1H}-NMR spectra of these 

compounds are in complete agreement with the solid structures confirmed by X-ray 

crystallography. It can be observed that the 1H{11B }- spectra exhibit resonances around δ= 2 

ppm attributed to the Cc-CH3 protons and the resonances of the protons bonded to the B 

atoms appear as broad singlets over a wide chemical-shift range in the region from δ= 0 to +5 

ppm. The 11B1H-NMR resonances for all the complexes featured similar patterns in the range 

from δ= 2 to -15 ppm that agree with a closo cluster.[20] 

The binuclear pyridyl compounds are stable in THF and CH2Cl2 solutions but are unstable in 

CH3OH because a copper metallic mirror is observed after keeping the complex in CH3OH 

solution for several hours. Figure 5. displays the appearance of a solution of complex A3 (left) 

and [Cu2(-CH3COO)4(THF)2] (right) after keeping them at room temperature for 18 hours. The 

formation of a metallic copper mirror is clearly evidenced in the case of complex A3 in sharp 

contrast with the analogous -acetate complex. 

 

Figure 5. 1 mM solutions of complex A3 (left vial) and [Cu2(-CH3COO)4(p-CF3-py)2] (right vial) in 

methanol after 18 h of preparation in which the formation of a Cu
0
 metallic mirror is observed only for 

the carboranylcarboxylate complex A3.  

To know more about the stability of the closo cluster of the binuclear [Cu2(L)4(Lt)2] 

complexes in methanol, the 11B{1H} NMR spectrum of a fresh solution of complex A3 in 

methanol was run, initially observing its resonances at δ= -3.1 (2B), -6.2 (4B) and -7.3 ppm (4B). 

A new 11B{1H} spectrum was run after 12 hours and it clearly displays the presence of two 
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compounds. The major resonances at δ= -1.5 (1B), -5.5 (1B) and -9.3 ppm (8B) correspond to 

the free ligand LH and the resonances at δ= -15.7, -16.8, -18.6, -33.2 and -35.7 ppm are 

characteristic of a nido-[7,8-C2B9H10]
- species.[20-21] An extra resonance at δ= +19.2 ppm, not 

coupled to any H, was also present that is the consequence of the removed BH vertex. It is 

known for years that the partial degradation reaction on o-carborane derivatives is driven by a 

nucleophilic attack that can remove one of their BH units (B3 or B6), formally as BH2+, leaving 

nido-shaped [7,8-C2B9H10]- or [7,8-C2B9H9]
2- anions. Several nucleophiles such as alkoxides, [22] 

amines,[23] fluorides[24] or phosphanes[25] have been used. According to the literature,[26] the 

chemical shift for B(OCH3)3 appear at δ= +17.2,[27] 17.6,[28] or 18.1 ppm.[29] Having determined 

the fate of the extracted BH2+, we turned to the question of how the B(OCH3)3 was formed. Our 

explanation on why the partial degradation reaction of 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand 

takes place is based on the fact that, once the complex is dissolved in CH3OH, there is free p-

CF3-py ligand in the solution. Then, the pyridyl ligand[30] establishes an acid-base equilibrium 

with methanol, and as a consequence R-pyridinium methoxide is present in the reaction 

medium, sufficient enough to slowly and smoothly produce mild conditions that lead to partial 

cluster deboronation. The BH2+ removed from the 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand 

oxidizes to B(OCH3)3 reducing the CuII to Cu0 while the closo cluster is transformed to nido. 

Figure 6 shows the 11B{1H}-NMR spectra that proves that the dimeric complex A3 is unstable 

in CH3OH, thus leading to the free ligand, a nido-shaped [7,8-C2B9H10]
- species and B(OCH3)3. 

 

 

Figure 6. Top:
  11

B
1
H-NMR spectrum of a solution of free carborane ligand in CH3OH. Bottom:  

11
B

1
H-NMR spectra of complex A3 freshly prepared (– – –) and after 12 h in solution (       ). 
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To complement the NMR spectroscopy data, the ESI-MS spectrum (Figure S4 Supporting 

Information) of a solution of complex A3 in methanol after 18 hours of preparation was 

recorded. The molecular-ion peak of A3 was not detected and the ionic peak that had the 

highest m/z value with the right isotopic distribution for a Cu complex was observed at m/z 

467.3 (although in very weak intensity), which corresponds to the monomeric L2Cu complex. 

The peak at m/z 403.4 (maximum intensity) corresponds to the dimeric form of the ligand [1-

CH3-2-CO2H-1,2-closo-C2B10H10]2 in which two ligand units form two hydrogen bonds between 

themselves (calculated energy 7 KJmol-1bond) as it has been reported.[29] The peak found at 

m/z 157 (70.3%) corresponds to 1-CH3-1,2-C2B10H11. The weak intensity ionic peaks at 201.1 

and 191.1 correspond, respectively, to the free ligand, [1-CH3-2-CO2-1,2-closo-C2B10H10]
- and to 

the nido-[7-CH3-8-CO2H-7,8-C2B9H10]
- species. 

The electronic UV-vis spectra of the complexes A1-A6 are shown in Figure 7. The spectra 

show two characteristic bands, one in the range 380-420 nm and the other in the range 700-

800 nm. The transitions have been analysed with the help of time-dependent DFT calculations 

and they correspond to the transfer of one electron to the empty dx
2

-y
2

 orbitals of the CuII 

cations. Hence, there are eight d-d bands above 600 nm. The transition from the dz
2 orbital to 

the dx
2

-y
2 usually appears above 1000 nm (out of the selected window). Thus, the lower energy 

bands of the spectra correspond to d-d transitions from the dxz, dyz and dxy orbitals. The higher-

energy transition can be assigned to LMCT bands from π orbitals of the carboxylate ligands to 

the empty dx
2

-y
2 orbitals of the CuII cations. 

 

 

Figure 7. UV-vis spectral for complexes A1-A6. 
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As mentioned earlier in the description of the synthesis, addition of the terminal Lt pyridine-

based ligands to the starting binuclear complex A1 leads in some cases (when Lt = py, p-CH3-py 

or o-(CH3)2-py) to a mixture of compounds with different nuclearity. In order to have a better 

understanding of this synthetic behaviour, we have investigated the UV-visible spectral 

changes of the starting material upon the progressive addition of four equivalents of pyridine, 

p-trifluoromethylpyridine or o-(CH3)2-py (2,6-lutidine) ligands to a solution of complex A1 in 

dichloromethane. The initial UV-visible spectrum of A1 is modified by the addition of two 

equivalents of pyridine (Figure 8a). The resulting spectrum exhibits a band at higher 

wavelenghts (771 nm) with an increase in absorbance in the range 540-610 nm, probably 

indicating the presence of a binuclear compound together with a mononuclear one. This is 

confirmed by comparison with the UV-visible spectra of both pure compounds A2 and A2’. The 

further addition of two equivalents of pyridine induces a drastic change in the UV-visible 

region with the disappearance of the band at 771 nm and the formation of a new absorption 

band at 667 nm. Slow evaporation at room temperature of the final solution leads to the “in 

situ” formation of the mononuclear compound A2’. On the other hand, the spectrum of A1 is 

initially modified in an analogous way by the addition of two equivalents of p-CF3-py (with the 

band also shifted to higher wavelength, 768 nm, Figure 8b), but the spectrum is maintained 

after the successive addition of two more equivalents of ligand, which indicates the stability of 

the Cu2(-O2CR)4 core in the presence of this terminal ligand. The spectrum of the compound 

obtained “in situ” is coincident with that of complex A3 isolated from the synthetic process. 

Finally, for the 2,6-lutidine ligand, the addition of either two, three or four equivalents to 

complex A1 leads to a shift of the maximum wavelength towards lower values thus revealing 

the direct formation of a monomer complex, with a spectrum fully coincident with that of the 

synthesized compound A5 (Figure 8c).  

 
a) 
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b) 
 

 

 
c) 

 

 

 
Figure 8. UV-vis spectral changes for complex A1 obtained by the addition from one to four equivalents 

of a) pyridine, b) p-trifluoromethylpyridine and c) 2,6-lutidine 

 

Addition of p-methylpyridine also breaks the paddle-wheel cage structure of the binuclear 

complex A1 as confirmed by the X-ray structures obtained for the mononuclear and 

tetranuclear complexes A4' and A4" (see Figure S5 atthe Supporting Information).  

Then we investigated whether the behaviour of 2,6-lutidine (which leads directly to the 

rupture of the binuclear moiety and the formation of the mononuclear complex) was governed 

by steric or electronic (basicity) factors. An equimolar mixture of 2,6-lutidine and p-CF3-py was 

slowly added to a solution of complex A1 in dichloromethane and the subsequent spectral 

changes were followed by UV-visible spectroscopy. The shift of the maximum wavelength to 

lower values (as previously seen by addition of 2,6-lutidine itself) clearly demonstrated the 
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immediate formation of the mononuclear complex A5. Thus, the competition between the two 

pyridyl Lt ligands shows that the highly basic character of 2,6-lutidine is the key factor 

governing its reactivity since otherwise the coordination of the less encumbered p-CF3-py 

would have occurred preferentially. 

III.3.4. Magnetic properties 

Compounds A1, A3, A4, and A6 are the latest additions to the well-established family of 

binuclear paddle-wheel copper(II) complexes, with general formula [Cu2(-O2CR)4L2] in which 

the apical position is normally occupied by a solvent molecule or a monocoordinated ligand.[31] 

Among this group of complexes, one of the best characterized compounds is [Cu2(-

O2CMe)4(H2O)2] that presents antiferromagnetic behaviour with a J value of -296 cm-1.[31b] 

Several magnetic studies have been performed varying the nature of such bridging molecules 

as well as the axial ligands (Lt).
[31a, 32] In addition, computational calculations of the exchange 

coupling have provided insight on the parameters that affect the interactions between the two 

copper centres involved, such as the electron-withdrawing power of the carboxylates or 

structural distortions, among others.[33] All together, it has been established that the unpaired 

electron on each copper atom occupies the dx
2

-y
2 orbital and that it is oriented toward the 

oxygen atoms of the four carboxylate groups. Also, it is well known that the short Cu···Cu 

distance in the core (between 2.60 and 2.75 Å) does not significantly affect the J value it is, 

however, extremely sensitive to the electron density on the carboxylate of the bridging ligands 

(superexchange mechanism), where the greater the electron-donor ability of the carboxylate 

is, the stronger the exchange interaction appears.[31-33] 

One of the novelties of this study resides in the nature of the R group of the carboxylic 

ligand; in this case, carborane (R = 1-CH3-closo-C2B10H10). Following previous premises, a 

decrease of the coupling constant values with respect to the acetate analogue was already 

expected due to the electron-withdrawing character of the ligand 1-CH3-2-CO2H-1,2-closo-

C2B10H10. In addition, a variety of axial ligands “L” were used. This way, complex A1 has two 

THF molecules as terminal species and compounds A3, A4 and A6 contain p-

trifluoromethylpyridine, p-methylpyridine and pyrazine molecules, respectively.  

In the present work, solid-state, variable-temperature (2.0-300.0 K) direct-current (dc) 

magnetic susceptibility data using a 1.0 T field were collected on polycrystalline samples of 

complexes. Their magnetic behaviours are depicted in Figure 9 and Figure S6 ( see Supporting 

Information section) as plots of MT vs T. Table 3 shows a comparison of the average 

dimensions in all four compounds. 
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Figure 9. Fitting of the MT vs T of A1, between 2.0 and 300.0 K. The experimental data is shown as 

black spheres and the red line corresponds to the theoretical values 

 

Table 3. Comparison of the average structural parameters for the complexes studied 
[a]

. 

 

 A1 A3 A4 A6 

Cu…Cu [Å] 2.672 2.721 2.717 2.722 

Cu—L [Å]
[b] 

2.114 2.137 2.104 2.144 

Cu—O [Å] 1.956 1.945 1.964 1.963 

O—C—O [°] 127.6 127.3 126.9 127.4 

              [a] L = THF (A1), p-CF3-py (A3), p-CH3-py (A4) and pz (A6). 

           [b] The smallest values were taken for distances and angles. 

  

For all species under study, the experimental curve show the typical features for strong, 

antiferromagnetic coupling between two CuII ions, where MT values drop faster upon cooling. 

For complex A1, the MT value decreases abruptly from 0.52 cm3mol-1K at 300.0 K to 0.06 

cm3mol-1K at 50.0 K reaching a plateau that continues almost without variation until 2.0 K. In 

the case of complex A6, the MT value at 300.0 K was 0.59 cm3mol-1K decreasing towards 

values close to zero at the lowest temperatures. Upper values for complexes A3 and A4, 

respectively, were 0.76 and 0.56 cm3mol-1K, with the lower for both being 0.02 cm3mol-1K at 

2.0 K.  

The experimental magnetic data were fitted using the equation for binuclear copper(II) 

complexes with the Hamiltonian in the form Η = -JS1S2 in which the exchange parameter J is 
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negative for antiferromagnetic and positive for ferromagnetic interaction.[31a] The magnetic 

data were fitted to the Bleaney-Bowers equation[31b] and the best-fit parameters for all the 

studied molecules are shown in Table 4, where ρ is related to magnetic impurities and NA, g, β, 

k and T have their usual meanings.  

Table 4. Magnetic parameters for the studied molecules
[a]

 

 

 A1 A3 A4 A6 

J (cm
-1

) -261 ± 2 -255 ± 3 -241 ± 2 -249 ± 1 

g 2.10± 0.01 2.19 ± 0.01 2.13 ± 0.007 2.17 ± 0.004 

ρ ()
[b]

 < 0.01 0.5 0.3 1.7 

R 2·10-4 8·10-4 4·10-4 2·10-4 

         [a]Temperature independent parameter (TIP) = 12·10
-5 

, fixed for 2 Cu
2+

. [b] ρparamagnetic impurity. 

 

The parameter J is in the range of the values observed for binuclear paddle-wheel copper(II) 

cage structures containing acetates (above 280-300 cm-1). In fact, as we expected, the lower 

numbers are due to the electron-withdrawing nature of the ligand 1-CH3-2-CO2H-1,2-closo-

C2B10H10. By comparing this new addition of carborane paddle-wheel copper(II) compounds     

(J  -250 cm-1) with analogues[34] (in which R = SiH3, CH3, CF3 and CCl3) we may conclude that 

the electron-withdrawing behaviour of our compounds (R =[1-CH3-2-CO2-1,2-closo-C2B10H10]
-) is 

in between of those with R = CF3 and R = CCl3
[34] (Table 5). 

Table 5. Parameter J for binuclear Cu
II
 acetates R-COO

- [a]
. 

 

R = SiH3 H CH3 CF3 C2B10H10-CH3- CCl3 

J (cm
-1

) -1000 -550 -300 -300 -250 -200 

    

[a] The J parameters indicated in this table are average, experimental values from compounds with slightly different           

geometries and/or axial ligands. Data obtained from reference 
[35]

. 

Most of the published works agree with the difficulties quantifying the effect of the axial 

ligand Lt, being normally small and not necessarily connected to the superexchange pathway. 

Basicity may be also implicated in the process but in all cases, detailed analyses are needed to 

establish the real mechanism.[34, 36] Here, in a qualitative way and following just the results on 

Table 4 we observe that the trend of J values follows, to a certain extent, the basic strength of 

the terminal ligands (Lt) although the differences are too small to consider this as the only 

factor involved. In addition, the bulky properties of the ligand seems to prevent the formation 
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of polymeric structures that normally appear from the intermolecular interactions between 

the second lone pair of each oxygen atom of the carboxylate in a paddle-wheel unit with a 

metal ion of another unit or through the ligand of the axial position.[37] 

EPR spectra for compound A4 were recorded in the solid state at 300, 200 and 130 K, 

respectively, from 0 to 6000 Gauss (Figure 10). All three spectra show two bands at 450 and 

4700 Gauss typical for a triplet state (Hz1 and H┴, S = 1). The central band (around 3300 Gauss) 

corresponds to mononuclear CuII species. These impurities are frequent in bulky samples and 

easy to observe when temperature decreases. Also, at the lowest temperatures it is possible to 

observe the splits of the Hz1, due to hyperfine interactions of the unpaired electron with the 

two CuII nuclei. Similar spectra have been observed for other paddle-wheel binuclear CuII 

complexes in the past.[38] Simulation on the EPR data at the highest temperature  (Figure 11. ) 

provided an estimated zero-field splitting parameter (D) of 0.36 cm-1, which is in the range of 

literature values for these type of species (between 0.26 to 0.40 cm-1).[36, 38c] 

 

Figure 10. EPR spectra of A4 in the solid state at A) 300 K, B) 200 K and C) 130 K, respectively.  
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Figure 11. EPR spectra of A4 (black) and simulation (blue) in the solid state at 300 K.  

 

III.3.5. Electronic Structure Calculations 

The electronic structure calculations have been carried out with two different goals. The first 

goal was to analyse the strength of the bond between the CuII cations and the axial ligands 

(THF, py and so on) while the second one was to calculate the exchange coupling constants for 

this family of copper complexes. The results are collected in Table 6. The calculated Cu-X axial 

bond energies confirm the stronger stability of the pyridine complexes over the THF complex, 

as we have seen experimentally through the UV-visible spectra. The relatively low calculated 

bond energies are consistent with the interaction of two fully occupied orbitals, that is, the dz
2 

orbital of the CuII cation interacting with the lone pair of the pyridine. The weakness of such 

axial bonds will be confirmed for the easy loss of the axial ligands in the thermal gravimetric 

analysis (TGA) experiments (next section). Despite the fact that the Cu-X axial interaction must 

be predominantly  between the lone pair of the nitrogen of the pyridine ligand and the CuII 

cation, we found a correlation between the calculated energy bond value and the Hammett 

parameter of the substituents of the pyridine ligands. Thus, the energy bond is higher for 

electron-donating groups, like methyl, whereas for electron-withdrawing substituents the 

bond is weaker. Considering that the Hammett parameter is related with the electron density 

of the π system of the aromatic ring, this correlation should indicate some participation of 

such π system in the Cu-N bond. This participation has been confirmed by the orbital mixing 

between the dxz copper orbital and one bonding π orbital of the axial pyridine ligand.  
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Concerning the calculated exchange coupling constants, the values confirm the fitted values 

obtained from the experimental magnetic susceptibility, indicating a relatively strong 

antiferromagnetic coupling. The theoretical results also confirm that the presence of methyl 

groups in the axial pyridine groups reduces the strength of the exchange interaction. There is 

not a clear correlation between the calculated J values and the Hammett parameters because 

the J value remains almost unchanged for the substitution of one hydrogen atom by a 

withdrawing CF3 group (see Table 6).  

 

Table 6. Calculated Cu-X axial bond energies [Kcal·mol
-1

] and exchange coupling constants. 

Experimental J values are provided for comparison. 

. 

 A1 A2 A3 A4 

E(Cu-X)
[a]

 -9.8 -13.5 -11.7 -15.4 

Jcalc (cm
-1

) -202 -204 -203 -180 

Jexp (cm
-1

) -261 ± 2 - -255 ± 3 -241 ± 2 

                [a] L = THF (A1), py (A2), p-CF3-py (A3) and p-CH3-py (A4)  

 

III.3.6. Thermal decomposition  

Data obtained by TGA are compiled in Table 7. Heating A1 to 166°C leads to a weight loss of 

13% that almost certainly corresponds to two axial THF molecules. At 222° a weight loss of 

41% suggests two carboranyl ligands LH and one CO2 molecule, and a later loss of 15% 

corresponds to 1-CH3-1,2-closo-C2B10H11. 32% of weight remains as residuum that corresponds 

to one LH and two Cu. This last residuum is found at the end of the experiments in all the 

samples. A similar behaviour has been observed in other binuclear paddle-wheel copper (II) 

complexes.[13, 39] 

 

Table 7 .Thermal gravimetric analysis (TGA) data. 

 

Compound % weight loss (T [°C]) 

A1 13(166); 41(222); 15(255) 

A3 23(211); 34(235); 12(305) 

A6 8.4(177); 50(207) 

A7 19.5(168); 42(260) 
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For the pyridyl binuclear complexes, higher temperatures are needed to reach the loss of 

the axial ligands compared to A1 (see Figure S7 at the supporting information section). In some 

cases, such as for complex A7, the first weight loss corresponds to a molecule of axial ligand 

together with CO2 molecules originating from the breaking of carboranyl ligands. Later mass 

loss at high temperatures corresponds to carboranyl molecules, methyl groups, or CO2 

molecules arising from the rupture of these molecules.  
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III.4. Conclusions 

A family of new mononuclear and binuclear copper(II) complexes containing the 

carboranylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10, LH, have been synthetized an 

fully characterized by X-Ray diffraction, spectroscopic methods (IR, UV-vis, NMR, ESI-MS) as 

well as through thermal gravimetric analysis (TGA). Magnetics measurements of the binuclear 

complexes were performed showing in all cases strong antiferromagnetic interactions 

between the copper atoms. 

Compounds A1-A4 and A6 display an overall geometry corresponding to a binuclear paddle-

wheel structure where each copper ion is coordinated by four oxygen atoms one of each of the 

four syn,syn 1: 1: µ2-carboxylate bridge and one donor atom (oxygen or nitrogen) of the 

different terminal ligands displaying a square pyramidal geometry. Mononuclear complex A5 

shows a square planar structure, where the copper atom is coordinated by two nitrogen atoms 

from two lutidine ligands and by two oxygen atoms from the two carboranylcarboxylate 

ligands that adopt a monodentate coordination. Finally, the X-ray structure of complex A8 

disclosed a 1D polymer chain in which, each copper ion adopt a distorted octahedral geometry 

coordinated by four oxygen atoms (two from two carboranylcarboxylate ligands and two from 

two ethanol molecules) and two pyridyl nitrogen atoms.  

It was experimentally demonstrated that the electronic effects govern the reactivity toward 

the rupture of the binuclear structure, a conclusion that has been corroborated by electronic-

structure calculations. The calculated Cu-X axial bond energies confirm a stronger interaction 

of the pyridyl axial ligands with the copper metal centre in comparison with the THF ligand, 

thus leading in some cases to the de-coordination of the carboranylcarboxylate bridging ligand 

and the subsequent formation of secondary products with different nuclearities.  

We have also found a correlation between the calculated bond-energy value and the 

Hammett parameter of the substituents of the pyridine terminal ligands. Thus, the bond 

energy is higher for electron-donating groups, like methyl, whereas for electron-withdrawing 

substituents the bond is weaker. The calculated exchange coupling constants confirm the 

fitted values obtained from the experimental magnetic susceptibility. 

Besides, the stability of the binuclear compounds was studied in different solvents observing 

that these compounds are stable in THF and CH2Cl2 whereas a partial degradation of the 1-CH3-

2-CO2H-1,2-closo-C2B10H10 ligand, LH, takes place in CH3OH. The partial degradation reaction of 

the LH ligand is due to a nucleophilic attack, which leads to the removal of a BH2+ from the 1-

CH3-2-CO2H-1,2-closo-C2B10H10 ligand that oxidizes to B(OCH3)3 reducing the CuII to Cu0 while 

the closo cluster is transformed to nido. 
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Finally, similarities and differences between the collection of binuclear complexes presented 

here and the well-known, paddle-wheel copper acetate, [Cu2(-CH3COO)4(H2O)2], have been 

found concluding that, although the reactivity of copper acetate with regard to the 

replacement of the apical H2O or THF ligands by pyridyl ligands follows similar trends, the 

presence of the carboranylcarboxylate groups induces particular electronic and structural 

properties that establish remarkable differences with the analogous -acetate compounds 

such as their behaviour in nucleophilic solvents or their solubility. 
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III.5. Experimental section 

III.5.1. Instrumentation and measurements 

FT-IR spectra were taken in a Mattson-Galaxy Satellite FT-IR spectrophotometer containing a 

MKII Golden Gate Single Reflection ATR System. Elemental analyses were performed using a 

CHNS-O Elemental Analyser EA-1108 from Fisons. UV-Vis spectroscopy was performed on a 

Cary 50 Scan (Varian) UV-Vis spectrophotometer with 1 cm quartz cells or with an immersion 

probe of 5 mm path length. ISE-MS spectra have been performed on a Navigator LC/MS 

chromatograph from Thermo Quest Finnigan. NMR spectra have been recorded with a Bruker 

ARX 300 or a DPX 400 instrument equipped with the appropriate decoupling accessories (1H 

and 1H{11B} NMR (300.13/400.13 MHz), 13C{1H} NMR (75.47/100.62 MHz) and 11B and 11B{1H} 

NMR (96.29/128.37 MHz) spectra were recorded in d6-acetone, CDCl3  and CH3OH . Chemical 

shift values for 11B NMR spectra were referenced to external BF3OEt2 and those for 1H, 

1H{11B} and 13C{1H} NMR spectra were referenced to SiMe4. Chemical shifts are reported in 

units of parts per million downfield from reference, and all coupling constants in Hz. 

Deconvolution of 11B{1H} spectra has been performed with the software OriginPro 8 SR0, v. 

8.0724. Cyclic Voltammetric (CV) experiments were performed in a IJ-Cambria IH-660 

potentiostat using a three electrode cell. A Pt (2 mm diameter) or graphite (3 mm diameter) 

electrodes were used as working electrode, platinum wire as auxiliary and SCE as the reference 

electrode. Measurements were recorded in acetonitrile solutions at scan rate of 100 mV.s-1, 

using 0.1 M TBAH as supporting electrolyte. All cyclic voltammograms presented in this work 

were recorded under nitrogen atmosphere. All E1/2 values estimated from cyclic voltammetry 

were calculated as the average of the oxidative and reductive peak potentials (Epa+Epc)/2 at a 

scan rate of 100 mV/s. Thermal decomposition was performed using a Mettler Toledo 

TG/SDTA 851e system (25-600°) heating rate 10° min-1.  

X-ray structure determination: measurement of the crystals were performed on a Bruker 

Smart Apex CCD diffractometer using graphite-monochromated Mo Kα radiation (λ = 

0.71073Å) from an X-Ray tube. Data collection, Smart V. 5.631 (BrukerAXS 1997-02); data 

reduction, Saint+ Version 6.36A (Bruker AXS 2001); absorption correction, SADABS version 2.10 

(Bruker AXS 2001) and structure solution and refinement, SHELXTL Version 6.14 (Bruker AXS 

2000-2003).  

Magnetic Susceptibility Studies: magnetic susceptibility measurements between 300 – 2 K 

were carried out in a SQUID magnetometer Quantum Design Magnetometer, model MPMP at 

the “Unitat de Mesures Magnètiques” (Universitat de Barcelona). Susceptibility measurements 
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were performed using a field of 1.0 T. Pascal’s constants were used to estimate the 

diamagnetic corrections for the compound. The fit was performed by minimizing the function 

R = Σ(MT)exp – (MT)calc]
2/Σ(MT)exp]2.  

Electronic Structure Calculations: Since a detailed description of the computational strategy 

adopted in this work to calculate the exchange coupling constants can be found elsewhere[35, 

40] we will only briefly sketch its most relevant aspects here. Using a phenomenological 

Heisenberg Hamiltonian 21
ˆˆˆ SSJH  to describe the exchange coupling in a binuclear complex, 

where J is the exchange coupling constant, and S1 and S2 the local spins on centres 1 and 2, 

respectively. It has been found that, when using DFT-based wavefunctions, a reasonable 

estimate of the exchange coupling constants can be obtained from the energy difference 

between the state with highest spin, EHS and the low spin wavefunction, ELS (traditionally called 

broken-symmetry solution) obtained just flipping one of the spins through the following 

equation: 

 

   
        

         
      

 

This equation does not include the spin projection as the originally proposed by 

Noodlemann et al.[41]The presence of the self-interaction error in the exchange-correlation 

functional includes an unspecified amount of non-dynamic correlation energy resulting in the 

fact that the monodeterminantal solution corresponding to the low spin wavefunction 

provides an energy value close to that corresponding to the low spin state.[35] The hybrid, DFT-

based B3LYP functional[42] has been used in all calculations as implemented in Gaussian-03,[43] 

mixing the exact exchange with Becke's expression for the exchange functional[44] and using 

the Lee-Yang-Parr correlation functional.[45]The all electron triple- basis set 6-311G(d,p) was 

employed. The calculated axial Cu-X bond energies were obtained as the difference with 

system with the Cu-X distance for one of the axial substituents of the molecules increased until 

a value of 5 Å.  

III.5.2. Materials 

All reagents used in the present work were obtained from Aldrich Chemical Co and were 

used without further purification. Reagent grade organic solvents were obtained from SDS and 

high purity de-ionized water was obtained by passing distilled water through a nano-pure Mili-

Q water purification system. 1-CH3-1,2-closo-C2B10H11 was purchased from Katchem.  
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III.5.3. Preparations 

All synthetic manipulations were routinely performed under ambient conditions. 

Synthesis of 1-CH3-2-CO2H-1,2-closo-C2B10H10 , LH.  

The 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand was prepared according to literature 

procedures[46] with small modifications. 

 To a stirred solution of 1-CH3-1,2-closo-C2B10H11 (1.08 g, 6.84 mmol) in diethyl ether (12 ml) 

at 0 ᵒC was added dropwise 1.1 equivalents of n-BuLi (4.7 mL, 7.52 mmol). The solution was 

allowed to warm to room temperature, at which point dry ice was bubbled through the 

solution for about 20–30 min. The milky solution thus formed was hydrolysed with 2M HCl and 

transferred to a separating funnel. The ethereal layer plus ethereal washings of the aqueous 

layer were dried over MgSO4 and then filtered. Removal of solvent afforded a white solid 

which was recrystallized in dichloromethane to obtain a white microcrystalline solid of LH. 

Yield: 1.30 g, 94%. 1H{11B} NMR (400.13 MHz, CDCl3, 25˚C): = 7.18 (s; COOH), 2.39 (br s; B-H), 

2.19 ppm (br s; B-H), 2.17 (s; CH3) ppm. 13C{1H} NMR (100.62 MHz, CDCl3, 25˚C): = 165.10 

(COOH), 75.91 (Cc), 71.62 (Cc), 24.78 (CH3) ppm. 11B{1H} NMR (128.37 MHz, CDCl3, 25˚C): = 0.6 

(1J(B,H)= 142 Hz, 1B), 5.5 (1J(B,H)= 153 Hz, 1B), (-9.5 (1J(B,H)= 151 Hz), -10.4 ppm), 8B. IR:  ̅= 

721(B-C), 903, 1011, 1270, 1409 (COO-)sim, 1721(COO-)as, 2531-2649  (B-H), 2845, 2971 

cm-1.  Elemental analysis calcd (%) for C4H14O2B10: C 23.75, H 6.98; found: C 23.70, H 6.80. 

Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2], A1. 1-CH3-2-CO2H-1,2-closo-

C2B10H10 , LH, (0.2 g, 0.99 mmols) in  ethanol (1.5 mL) was neutralized with a 0.1 M aqueous 

NaOH solution with phenolphthalein as indicator at room temperature and immediately mixed 

with a solution of  CuSO4·5H2O (0.12 g, 0.489 mmols)  in  water (1.5 mL). The temperature of 

the blue solution gradually rose to 30C. After 2h the solvent was removed under vacuum, the 

solid residue was redissolved in THF (30 mL) and again dried under vacuum. The last process 

was repeated three times. The obtained residue was once more dissolved in THF, the solution 

was filtrated to remove solid Na2SO4 and the solvent was again removed under vacuum. The 

resulting solid was recrystallized in CH2Cl2. Yield: 0.24 g (88%). 1H{11B} NMR (300.13 MHz, 

acetone-d6, 25˚C): = 3.85 (s; O-CH2), 2.93 (br s; B-H), 1.90 ppm (s; CH2). 
13C{1H} NMR (75.47 

MHz, acetone-d6, 25˚C): = 113.14 (COO-), 92.48 (Cc), 78.61 (Cc), 69.44 (O-CH2), 25.72 (CH2) , 

24.33 ppm (CH3).
 11B{1H} NMR (96.29 MHz, acetone-d6, 25˚C): = -1.6 (1J(B,H)= 150 Hz, 1B), -4.3 

(1B), -5.7 (1B),  -6.9 ppm (1J(B,H)= 130 Hz, 7B). IR:  ̅= 727, 783, 914, 1038, 1386, 1443, 1621, 

1665, 2588 cm-1. UV-Vis (CH2Cl2, 1.10-3M) max ()= 742 nm (361 M-1cm-1). Elemental analysis 

calcd (%) for C24H68O8B40Cu2 ·0.3THF: C 27.57, H 6.46; found: C 27.77, H 6.39.   
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Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(H2O)2], A1’. LH (0.069 g, 0.343 mmols) 

dissolved  in water (3 mL)  was mixed with a suspension of  CuCO3·Cu(OH)2 (0.019 g, 0.0859 

mmols) in water (2.5 mL). The resulting mixture was stirred for 3 h and the temperature was 

kept at 40C. Afterwards the blue solution was filtered and the solvent was removed under 

vacuum. The resulting solid was recrystallized in diethyl ether. Yield: 0.032 (39%). Elemental 

analysis calcd (%) for C16H56O10B40Cu2: C 19.85, H 5.83; found: C 19.81, H 5.80 

Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(py)2] ,A2. A solution of pyridine (9.16 µl, 

0.114 mmols) in CH2Cl2 (2.5 ml) was added to a solution of A1 (0.060 g, 0.056 mmols) in CH2Cl2 

(12 mL). The resulting blue solution was stirred for 20 min at room temperature. Afterwards 

the solution was concentrated to 6 mL and a blue solid was precipitated upon the addition of 

pentane. The resulting solid was recrystallized by slow diffusion of pentane into a diethyl ether 

solution. After several days, air-stable, green crystals of A2 suitable for X-ray diffraction 

analysis were obtained, together with other blue crystals, that correspond to the monomer 

compound [Cu(1-CH3-2-CO2-1,2-closo-C2B10H10)2(py)2(H2O)], A2’. Yield of A2: 0.050 g (80%). 

1H{11B} NMR (300.13 MHz, CDCl3 , 25˚C): = 24.92 (br s, 3H; Caryl-H), 14.72 (br s, 2H; Caryl-H), 3.87 

(b s, 1H; B-H), 3.30, 3.05 (br s, 6H; B-H), 2.52, 2.44, 2.34, 2.29 (br s, 3H; B-H), 2.19 ppm (s, 3H; 

CH3).
 13C{1H} NMR (75.47 MHz, CDCl3, 25˚C): = 137.38 (s; N-Caryl), 126.50 (s; Caryl), 126.22 (s; 

Caryl), 119.92 (COO-), 22.85 ppm (CH3). 
11B{1H} NMR (96.29 MHz, CDCl3, 25˚C): = 1.9 (1J(B,H)= 

108 Hz), -6.6 (1J(B,H)= 105 Hz), -8.4 (1J(B,H)= 239 Hz), -9.2 ppm (1J(B,H)= 117 Hz). IR:  ̅= 694, 

781, 1366, 1448, 1449, 1607, 1661, 2578 cm-1.  UV-Vis (CH2Cl2, 1.10-3M) max (): 796 nm (287 

M-1cm-1). Elemental analysis calcd (%) for C26H62O8B40Cu2N2: C 28.60, H 5.73, N 2.57; found: C 

28.40, H 5.20, N 2.50.   

Compound A2’: 1H{11B} NMR (400.13 MHz, CDCl3 , 25˚C): = 3.39 (br s; B-H), 2.93 (br s; B-H), 

2.17 ppm (s; CH3). 
13C{1H} NMR (75.47 MHz, CDCl3, 25˚C): = 24.29 ppm (CH3). 

11B{1H} NMR 

(128.37 MHz, CDCl3, 25˚C): = -1.7 (1J(B,H)= 145 Hz; 1B), -6.4 ppm (1J(B,H)= 137 Hz; 9B). 

Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(p-CF3-Py)2], A3. This compound was 

prepared following a method analogous to that described for A2 starting from compound A1 

(0.060 g, 0.056 mmols) and 4-trifluoromethylpyridine (13.4 µL, 0.112 mmols) to afford air-

stable green crystals of A3, suitable for X-ray diffraction analysis. Yield: 0.034 g (50%). 1H{11B} 

NMR (300.13 MHz, CDCl3 , 25˚C): = 3.98 (br s; 1H, B-H), 3.31 (br s; 1H, B-H), 3.15 (br s; 4H, B-

H), 2.99 (br s; 4H, B-H), 2.23 ppm (s; CH3). 
13C{1H} NMR (75.47 MHz, MeOH, 25˚C): = 161.27 (s; 

N-Caryl), 151.01 (s; Caryl), 146.48 (s; Caryl), 119.91 (COO-), 82.36 (Cc), 76.28 (Cc), 24.17 ppm (CH3). 

11B{1H} NMR (96.29 MHz, MeOH, 25˚C): = -3.1 (1J(B,H)= 146 Hz, 2B), -6.2 (1J(B,H)= 128 Hz, 4B), 
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-7.3 ppm (1J(B,H)= 123 Hz, 4B). IR:  ̅= 671, 832, 1065, 1115, 1323, 1384, 1418, 1666, 2583 cm-1. 

UV-Vis (CH2Cl2, 1.10-3 M) max (): 768 nm (446 M-1cm-1). Elemental analysis calcd (%) for 

C28H60O8B40N2F6Cu2: C 27.43, H 4.93, N 2.28; found: C 27.41, H 4.75, N 2.52.   

Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(p-CH3-Py)2], A4. This compound was 

prepared in a similar manner to the method described for A2 starting from compound A1 

(0.060 g, 0.056 mmols) and 4-methylpyridine (10.8 µL, 0.112 mmols) to afford blue, air-stable 

crystals of A4 after several days, together with other crystals corresponding to a monomer 

(A4’) and a tetramer (A4”) compounds. Yield of A4: 0.034 g (50%). 1H{11B} NMR (300.13 MHz, 

CDCl3 , 25˚C): = 4.07 (br s; B-H), 3.25 (br s; B-H), 3.11 (br s; B-H), 2.19 (s; CH3), 1.26 ppm (s; 

CH3). 
13C{1H} NMR (75.47 MHz, CDCl3, 25˚C): = 29.98 (CH3), 24.55 ppm (CH3). 

11B{1H} NMR 

(128.37, CDCl3, 25˚C): = -3.7 (1J(B,H)= 133 Hz, 3B), -5.3 (br s, 1B), -7.2 ppm (1J(B,H)= 139 Hz, 

6B).   IR:  ̅= 725, 782, 1384, 1444, 1624, 1666, 2584, 2821, 2920 cm-1.  UV-Vis (CH2Cl2, 1.10-3 M) 

max (): 778 nm (203 M-1cm-1). 

Synthesis of [Cu(1-CH3-2-CO2-1,2-closo-C2B10H10)2(o-(CH3)2-py)2], A5. This compound was 

prepared analogously to the method described for A3 starting from compound A1 (0.060 g, 

0.056 mmols) and 2,6-lutidine (21.86 µL, 0.186 mmols) to afford blue-violet air stable crystals 

of A5. Yield: 0.54 g (85%). 1H{11B} NMR (400.13 MHz, CDCl3 , 25˚C): = 3.82 (br s; B-H), 3.50 (br 

s; B-H), 3.09 (br s; B-H), 2.75 (br s; B-H), 1.26 (s; CH3), 0.88-0.84 ppm (m; CH3).
13C{1H} NMR 

(75.47 MHz, MeOH, 25˚C): = 23.70 ppm (CH3). 
11B{1H} NMR (128.37 MHz, MeOH, 25˚C): = -

4.3 ( 9B), -7.4 ppm (11B). IR:  ̅= 724, 780, 1331, 1472, 1611, 1659, 2580 cm-1. UV-Vis (CH2Cl2, 

1.10-3 M) max (): 574 nm (50 M-1cm-1). Elemental analysis calcd (%) for C22H44O4B20 N2Cu: C 

38.80, H 6.52, N 4.12; found: C 38.60, H 6.34, N 3.85.   

Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(pz)2], A6 . A solution of pyrazine (0.009 g, 

0.111 mmols) in CH2Cl2 (3 ml) was added to a solution of A1 (0.060 g, 0.056 mmols) in CH2Cl2 

(30 mL).  The resulting solution was stirred for 20 minutes at room temperature. An 

unidentified blue solid was formed which was removed by filtration. The solution was then left 

to slowly evaporate at room temperature. After several days, air-stable, green-blue crystals of 

A6, suitable for X-ray diffraction analysis, were obtained. Yield: 0.49g (40%). 11B{1H} NMR 

(96.29 MHz, MeOH, 25˚C): = -2.7 (1J(B,H)= 144 Hz, 2B), -6.0 (1J(B,H)= 79 Hz, 2B) and -7.2 ppm 

(1J(B,H)= 129 Hz, 6B).  IR:  ̅= 727, 780, 1150, 1355, 1444, 1672, 2583 cm-1. UV-Vis (diethyl ether, 

1.10-3 M) max (): 372 nm (117 M-1cm-1), 774 nm (127 M-1cm-1). Elemental analysis calcd (%) for 

C20H60O8B40N4Cu·1.4 THF: C 29.80, H 6.01, N 4.70; found: C 29.69, H 6.27, N 4.45.   
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Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(4,4’-bpy)2], A7. This compound was 

prepared in an analogous manner to that described for A3 starting from compound A1  ( 0.060 

g, 0.056 mmols) and 4,4’-bipyridine (0.018 g, 0.113 mmols) to afford a blue solid. Yield: 0.031 g 

(45%). IR:  ̅= 726, 814, 1222, 1340, 1386, 1650, 1669, 2579 cm-1. Elemental analysis calcd (%) 

for C36H68O8B40N4Cu2·0.5CH2Cl2: C 34.06, H 5.40, N 4.35; found: C 33.86, H 5.49, N 4.22. 

Synthesis of [Cu(1-CH3-2-CO2-1,2-closo-C2B10H10)2(4,4’-bpy) (EtOH)2], A8. Addition of 0.093g 

(0.058 mmols) of 4,4’-bipyridine to a solution of 0.063 g (0.058 mmols) of A1 in CH2Cl2 quickly 

generates a blue precipitate. After filtering and drying the sample, the reaction yield is 0.044 g 

(69%) but no crystals suitable for X-ray analysis are obtained by this method due to the 

insolubility of the product. Using an H-tube with 0.048 g (0.044 mmol) of A1 dissolved in a few 

millilitres of ethanol in one side, 0.007g (0.044 mmol) of 4,4’-bipyridine dissolved in few 

millilitres of ethanol on the other side, and filling the H-tube with ethanol blue crystals of A8 

were grown after a few weeks. IR:  ̅= 725, 783, 812, 1222, 1386, 1611, 1665, 2581 cm-1.  
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CHAPTER IV. Mn(II) complexes containing the carbora-
nylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10: 
a water soluble Mn(II) polymer with aqua metal 
bridges and its derivatives. 

  

 

 

The first water soluble and crystallographically determined polynuclear Mn(II) complex has 

been synthetized utilizing the carboranylcarboxylate ligand, 1-CH3-2-CO2H-1,2-closo-C2B10H10. It 

has been obtained in water with total atom economy and has been fully characterized by 

analytical, spectroscopic (NMR, IR, UV-visible, ESI-MS), electrochemical, magnetic, microscopic 

(Cryo-TEM) and scattering (DLS, SAXS) techniques. Besides, its reactivity in coordinating 

solvents and with chelating ligand such as, 2,2’-bpy or 2,2’-bpm, has been studied leading to 

the formation of compounds with different nuclearities (mononuclear, binuclear, trinuclear 

and polymeric). The crystallographic structure of all of them has been obtained by X-Ray 

diffraction. DLS studies have demonstrated that the polymeric structure is preserved to a 

certain extent in water and the structure is broken in diethyl ether solution. The magnetic 

properties of the compounds studied show, in all cases, a weak antiferromagnetic coupling.    
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IV.1. Introduction 

Chemical transformations, as well as other industrial productive processes, are experiencing 

a profound transformation to meet sustainability criteria, moving from old methods to new 

ones developed in agreement with green chemistry principles.[1] Water has been much under-

investigated as a solvent for chemical transformations basically because of poor solubility of 

organic molecules; however, water is the “ideal solvent”[2] being economic, non-toxic, non-

inflammable and compatible with the environment. Substitution of organic solvents by water 

is desirable, but it becomes especially suited for those chemical transformations in which 

water is one of the reagents. 

Coordination polymers are currently of great interest and represent an active area of 

coordination chemistry because of their special role in multiple fields such as ion exchange, gas 

storage, chemical separation, sensor technology, magnets, energy conversion and storage, 

optoelectronics, and catalysis.[3] Also, polynuclear manganese complexes attract great interest 

owing to their relevance in many important naturally occurring processes.[4]  

Concerning organic spacers, carboxylic ligands are frequent choices for metal-organic 

networks, among other reasons due to their rich modes of coordination.[5] With 

monocarboxylate ligands, binuclear complexes with the [Mn2(-OH2)(1,3-O2CR)2]
2+ core have 

been reported[6] and trinuclear compounds have also been described;[7] being the latter either 

linear or triangular.[7] On the other hand, the search in the Cambridge Structural Database 

(CSD) of the motif “[Mn3(1,3-O2CR)6]” provides a large number of trinuclear clusters “Mn3”, 

few dodecanuclear “Mn12” and tetranuclear “Mn4” complexes and, in much less ratio 

hexanuclear “Mn6” and henicosanuclear “Mn21” species. Regarding the trinuclear systems, the 

most part are linear. Complexes with µ2-oxo, -hydroxo or aqua bridges have not been found in 

any of the structures studied. Therefore, no nuclearities higher than 21 incorporating the 

scrutinized motif “[Mn3(1,3-O2CR)6]” have been found; hence no coordination polymers with 

this motif have been described until now. 

The use of carboranes in supramolecular chemistry is a topic that raises great interest for 

their particular properties[8] that may induce unconventional characteristics in the 

supramolecular structures in which they are inserted. In earlier works with [1-CO2-1,2-closo-

C2B10H11]
- ligand and ZnII, CuII, NiII and MoII ions, the geometrical features found in the resulting 

complexes were not distinctive to conventional monocarboxylate ligands.[9] Our vision of the 

carboranyl substituent, however, is that it provides good space filling, hydrophobicity and 

electron withdrawing properties, suggesting the possibility of inducing distinct geometrical 

behaviour in polynuclear complexes. If the expected structural change had not been observed, 
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it could be due to the metal ions studied, and their dominant prevalence for a specific 

nuclearity and arrangement. MnII is a metal ion that offers different structural possibilities and 

has never been studied with this kind of ligands. 
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IV.2. Objectives 

In the previous Chapter, the coordination complexes of the carboranylcarboxylate, [1-CH3-2-

CO2-1,2-closo-C2B10H10]
-, L, with Cu2+ have been reported. In most of them, the 

monocarboxylate ligand was bridging two Cu2+ ions leading to a paddle-wheel structure. If 

structural changes had not been observed in these complexes could be due to the prevalence 

of the CuII ions for a specific nuclearity and arrangement with monocarboxylate ligands. 

However, as it has been shown in the introduction, the motif “[Mn3(-O2CR)6] offers different 

structural possibilities with the carboxylate ligands, moreover, the reactivity of this metal with 

this kind of ligand has been unexplored. 

With this in mind, the main goal of this chapter was the synthesis and characterization of a 

series of new polynuclear and mononuclear manganese(II) complexes containing the 

carboranylcarboxylate [1-CH3-2-CO2-1,2-closo-C2B10H10]-
. 

First of all, a water soluble polymeric manganese(II) complex was synthesized and fully 

characterized through structural, analytical, spectroscopic, microscopic and magnetic 

techniques. 

 

 

Chart 1. Polymeric structure of [Mn(µ-H2O)(µ-1-CH3-2-CO2-1,2-closo-C2B10H10.)2]n· (H2O)n, B1. 

We were also concerned in evaluate the influence and reactivity of chelating polipyridylic 

ligands over the polymeric structure of this starting material. With this aim bidentate 2,2’-

bipyridine and tetradentate 2,2’-bipyrimidine were chosen. The resulting products were fully 

characterized through structural, analytical, spectroscopic, electrochemical and magnetic 

techniques. 
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IV.3. Results and discussion 

IV.3.1. Synthesis and structure 

The synthetic strategy for the preparation of the Mn(II) water soluble polymer, B1, as well as 

the Mn(II) complexes B2-B5, containing the carboranylcarboxylate ligand 1-CH3-2-CO2H-1,2-

closo-C2B10H10 (LH) and 2,2’-bipyridine or 2,2’-bipyrimidine is outlined in Scheme 1 

 
 

 
Scheme 1. Synthetic strategy for the preparation of Mn(II) complexes B1-B5 
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The strategy used to obtain the water soluble polymer, B1, consists in mixing a suspension 

of the carboranylcarboxylic acid 1-CH3-2-CO2H-1,2-closo-C2B10H10 ,LH, and MnCO3 in a 1:1 ratio, 

in water at 40 °C and stirring for 2h. Afterwards, the solvent was removed and the white 

polymer [Mn(µ-H2O)(µ-1-CH3-2-CO2-1,2-closo-C2B10H10.)2]n·(H2O)n, B1, was obtained.  

The polymeric structure of B1 is broken in coordinating solvents such as diethyl ether 

leading to the first linear trinuclear Mn(II) compound [Mn3(H2O)4(1-CH3-2-CO2-1,2-closo-

C2B10H10)6(C4H10O)2], B2. 

Compound B1 was used as starting material and was reacted with two different nitrogen 

containing heterocyclic aromatic ligands, 2,2’-bipyridine and 2,2’-bipyrimidine, with the aim to 

examine the stability of the polymeric structure in front of this coordinating ligands, as well as 

to study and characterize the new compounds obtained. 

When the bidentate ligand 2,2’-bpy dissolved in ethanol is added to an ethanolic solution of 

complex B1, with a ligand/complex ratio of 1:1 (see Scheme 1) a slightly yellow solution was 

formed that after slow evaporation leads to colourless crystals of the binuclear complex 

[Mn2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(bpy)2], B3. On the other hand, when the ratio 

ligand/complex was 2:1 the solution was become bright yellow and after slow evaporation 

yellow crystals suitable for X-Ray diffraction of the mononuclear complex [Mn(1-CH3-2-CO2-

1,2-closo-C2B10H10)2(bpy)2] , B4, were obtained. 

Finally, the addition of the tetradentate ligand 2,2’-bipyrimidine (bpm) as a coordinating 

ligand in CH2Cl2 leads to the formation of the yellow polymer [Mn(1-CH3-2-CO2-1,2-closo-

C2B10H10)2(bpm)]n, B5, (Scheme 1). 

Crystallographic data and selected bond distances and angles for compounds B1-B5 are 

presented in Table S1 (see supporting information section) and Table 1. and Table 2, 

respectively. ORTEP plots with the corresponding atom labels for the X-ray structures of all 

compounds are presented in Figure 1. and Figure 5.  
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[Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n ·(H2O)n , 

(B1) 

  

[Mn3(µ-H2O)4(1-CH3-2-CO2-1,2-closo-C2B10H10)6 

(C4H10O)2], (B2) 

Figure 1. X-ray structures (ORTEP plots with ellipsoids at 40% probability level) and labelling scheme 

for complexes B1 and B2. 

Polymer B1 displays an unusual feature in 1D oligomer Mn(II) complexes with a nuclearity 

higher than 2 that is the existence of water molecules bridging each two Mn centres. Each of 

the Mn(II) centres possesses a distorted octahedral geometry and the ligands are disposed in a 

zigzag fashion through the chain. The bulky nature of the ligand prevents intermolecular 

interactions among these lineal arrays. Each Mn(II) atom is coordinated by four carboxylate 

oxygen atoms and two aqua oxygen atoms and is bridged to other Mn atoms by two 

carboranylcarboxylate ligands and by an aqua ligand. The two µ1,3-carboxylate groups are 

similar, with comparable Mn-Ocarb distances. The bridging aqua was identified on the basis of 

the Mn-O distances, Mn(1)-O(5), 2.338(13) Å and Mn(1)-O(5)#1, 2.302(11) Å, which are 

significantly longer than those in µ-O-Mn2
III compounds (1.78-1.81Å),[10] in the  (µ-OH-MnIII)n 

polymer (1.89Å)[11] and those in previous µ-OH-Mn2
II molecular systems (2.05-2.09Å).[10] The 

non-bridging water molecules are situated in the cavity formed by the carboranylcarboxylate 

ligands, and are linked through hydrogen bonds to the coordinated aqua ligand (O-H, 1.938Å 

and 2.485Å) (Figure 2). It is remarkable the packing structure of this polymer that displays 

polymeric chiral chains because the methyl group of the carboranylcarboxylate ligand is shifted 

respect to the centre of the coordinated carboxylate group. Then, two different conformations 

for these chains (lambda and delta) can be found (Figure 3a). In this figure each methyl group 

is oriented toward the methyl group of a neighbouring ligand, with a C····C distance of 2.66 Å. 

Moreover, the orientation of all methyl groups is the same within a chain, and opposite to the 

methyl groups from a different chain. The imaginary helical path defined by the positions of 

the methyl groups along each polymeric chain allows to assign them either  or  

conformation. The chains are spatially arranged in the network so that they define a sort of 
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"chiral layers" conformed by adjacent chains having the same conformation. Figure 3b shows 

the packing structure of these “chiral layers” that lead to a 2D structure. It can be concluded 

that this polymer is formed by a sequence of chiral chains due to the orientation of the methyl 

groups from the carboranylcarboxylate ligands. 

 

Figure 2. X-ray structure of B1 showing the polymeric chains and hydrogen bonds connecting the 

hydration water with the polymeric chain. 
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Table 1. Selected bond lengths (Å) and angles (°) for complexes B1 and B2. 

 B1  B2  B2 

Mn(1)-O(2) 2.108(9) Mn(1)-O(1) 2.129(2) Mn(2)-O(2) 2.1528(18) 

Mn(1)- O(4) 2.119(9) Mn(1)- O(3) 2.136(2) Mn(2)-O(4) 2.1179(19) 

Mn(1)-O(3) 2.176(9) Mn(1)-O(5) 2.151(2) Mn(2)-O(9) 2.228(2) 

Mn(1)-O(1) 2.201(9) Mn(1)-O(7) 2.157(2) Mn(2)-O(2)#1 2.1528(18) 

Mn(1)-O(5)#1 2.312(13) Mn(1)-O(8) 2.194(2) Mn(2)-O(4)#1 2.1179(19) 

Mn(1)-O(5) 2.344(13) Mn(1)-O(9) 2.346(2) Mn(2)-O(9)#1 2.228(2) 

O(2)-Mn(1)-O(4) 92.9(4) O(7)-Mn(1)-O(8) 92.72(9) O(4)-Mn(2)-O(4)#1 180.00(13) 

O(2)-Mn(1)-O(3) 89.5(4) O(1)-Mn(1)-O(9) 90.16(8) O(4)-Mn(2)-O(2) 90.79(9) 

O(4)-Mn(1)-O(3) 177.0(5) O(3)-Mn(1)-O(9) 90.95(9) O(4)#1-Mn(2)-O(2) 89.21(9) 

O(2)-Mn(1)-O(1) 177.2(6) O(5)-Mn(1)-O(9) 84.69(8) O(4)-Mn(2)-O(2)#1 89.21(9) 

O(4)-Mn(1)-O(1) 87.3(4) O(7)-Mn(1)-O(9) 87.03(9) O(4)#1-Mn(2)-O(2)#1 90.79(9) 

O(3)-Mn(1)-O(1) 90.2(4) O(8)-Mn(1)-O(9) 176.93(8) O(2)-Mn(2)-O(2)#1 180.00(12) 

O(2)-Mn(1)-O(5)#1 82.6(4) O(1)-Mn(1)-O(3) 92.64(9) O(4)-Mn(2)-O(9)#1 85.76(9) 

O(4)-Mn(1)-O(5)#1 88.7(4) O(1)-Mn(1)-O(5) 173.32(8) O(4)#1-Mn(2)-O(9)#1 94.24(9) 

O(3)-Mn(1)-O(5)#1 89.7(4) O(3)-Mn(1)-O(5) 91.70(9) O(2)-Mn(2)-O(9)#1 91.10(8) 

O(1)-Mn(1)-O(5)#1 94.5(4) O(1)-Mn(1)-O(7) 87.95(9) O(2)#1-Mn(2)-O(9)#1 88.90(9) 

O(2)-Mn(1)-O(5) 97.0(4) O(3)-Mn(1)-O(7) 177.89(9) O(4)-Mn(2)-O(9) 94.24(9) 

O(4)-Mn(1)-O(5) 91.2(4) O(5)-Mn(1)-O(7) 87.54(9) O(4)#1-Mn(2)-O(9) 85.76(9) 

O(3)-Mn(1)-O(5) 90.5(3) O(1)-Mn(1)-O(8) 92.89(9) O(2)-Mn(2)-O(9) 88.90(8) 

O(1)-Mn(1)-O(5) 85.8(4) O(3)-Mn(1)-O(8) 89.28(9) O(2)#1-Mn(2)-O(9) 91.10(8) 

O(5)#1-Mn(1)-O(5) 179.6(5) O(5)-Mn(1)-O(8) 92.24(8) O(9)#1-Mn(2)-O(9) 180.0 
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a) 

                          

 

b) 

                        

Figure 3. a) X-ray structure of B1 showing different conformations for the polymeric chains; b) 

packing diagram for the “chiral layers“ of polymer B1. 

 

It was observed, that the polymeric structure of B1 is broken in coordinating solvents such 

as diethyl ether, leading to the first linear trinuclear Mn(II) complex, B2, with water bridging 

entities. The structure of this compound (Figure 1. ) consists in a linear array of three Mn(II) 

ions. The central Mn(2), which is located on a crystallographic inversion centre, is coordinated 

octahedrally by four carboxylate oxygen atoms and two aqua oxygen atoms, similar to the 

Mn(II) atoms in B1. The Mn(2) is bonded to both terminals Mn(1) by two 

carboranylcarboxylate ligands and by an aqua ligand. The two terminal Mn(II) ions are 

hexacoordinated and their coordination is completed by one monodentate carboxylate, one 

terminal aqua ligand and one oxygen atom from one diethyl ether molecule. It is worth 

noticing the existence of two intramolecular hydrogen bonds between the non-coordinating 

oxygen atom of the carboxylate (O6) and the H9A and H9B of the bridging aqua (H9A-O6, 

1.445Å; H9B-O6, 2.714Å). Another intramolecular weak hydrogen bond is observed between 

H9B and O7 of the terminal aqua ligand, H9B-O7, 2.799Å. Two additional intermolecular H-
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bonds are formed between the two hydrogen atoms of the terminal aqua ligand and two 

oxygen atoms from two molecules of diethyl ether solvent (H7D-O1Y , 1.895Å; H7C-O1V , 

2.075Å) (see Figure S1 at the supporting information section). 

The clean cleavage of B1 by Et2O to yield B2 is shown in Figure 4. In this process only Et2O 

and H2O participate, whereas follow up cleavage of bridging carboxylates leads to 

monodentate ligands. Interestingly, terminal Mn atoms in each oligomer keep coordinated to 

one of the two originally shared (in the polymer structure) carboranylcarboxylate ligands. This 

clean process of generating oligomers can easily be reversed since removal of the diethyl ether 

solvent quantitatively restores the original polymer in the solid state; this could explain the 

solubility properties of this Mn polymer in diethyl ether by an easy assembling/disassembling 

process. This reversible process has also been evidenced in solution when using water as 

solvent, as will be described below.  

 

Figure 4. Cleavage of B1 by Et2O to yield B2. 

 

Recently, Unema et al.[12] have reported the crystal structure of the oxygen-evolving centre 

in photosystem II in which water molecules are bound to the Mn4CaO5 cluster. The process 

described here may provide the opportunity for further design and construction of new 

supramolecular assemblies as models of the oxygen-evolving centre (OEC) and also understand 

the role of the water molecules in the catalytic process of water splitting.  
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Figure 5. X-ray structures (ORTEP plots with ellipsoids at 30% probability level) and labelling scheme for 

complexes B3-B5. 

Binuclear compound B3 is a novel binuclear Mn(II) cluster which displays a centrosymmetric 

structure with the symmetry centre located between the two manganese atoms. These Mn(II) 

ions are holding together through four syn,syn 1: 1: µ2-carboxylate bridges in which each 

Mn(II) ion displays an almost perfect N2O4 trigonal prismatic geometry that is completed by the 

two nitrogen donor atoms of the 2,2’-bipyridine ligand (see Figure 6. . Compound B3 is the first 

example of a binuclear Mn(II) compound with carboxylate bridges found in the literature, 

where the manganese atoms are displaying a trigonal prismatic geometry. Only one example 

has been described in the literature of a binuclear compound displaying similar coordination 

environment with two manganese atoms bridged by four carboxylate anions and two 1,10-

phenanthroline ligands but a distorted octahedral geometry around the metal centres was 

described.[13] O-Mn-N/O angles are in the range 82.04(11)-85.88(1)° for adjacent atoms and in 

 

[Mn2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(bpy)2], (B3) 
 

[Mn(1-CH3-2-CO2-1,2-closo-C2B10H10)2(bpy)2], (B4)
 

 

[Mn(1-CH3-2-CO2-1,2-closo-C2B10H10)2(bpm)]n, (B5)
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the range 130.00(9)-141.74(9)° for the angles formed between the manganese atom and the 

atoms that described the diagonal of the rectangular faces of the prism. These angles totally 

agree with a prismatic trigonal geometry.[14] Mn-O bond lengths are in the range 2.148(2)-

2.168(2)Å and are shorter than distances Mn-N (average of 2.286(2)Å). The packing structure 

displays π···π stacking interactions among the aromatic rings of 2,2’-bpy ligands of two 

neighbouring molecules.(Figure S2 supporting information section). 

 

Figure 6. Trigonal prismatic geometry in detail of B3 

The X-ray crystallography performed on the mononuclear complex B4, Mn(1-CH3-2-CO2-1,2-

closo-C2B10H10)2(bpy)2], reveals a six-coordinate Mn atom whit a distorted octahedral 

geometry. The Mn(II) ion is coordinated by two chelating 2,2’-bipyridine ligands and two 

monodentate carboranylcarboxylate oxygen atoms, both adopting a cis configuration  around 

the metal. The distances Mn-O (2.099(3) and 2.135(3) Å) and Mn-N (in the range 2.247(4)-

2.298(4) Å) are similar and comparable to other Mn compounds with 2,2’-bpy and carboxylate 

ligands[15] as well as to the binuclear complex B3. Compared to the ideal octahedral geometry, 

the angles show significant distortions with deviations from the theoretical value of 90°.  

Finally, the structure of the complex B5, [Mn(1-CH3-2-CO2-1,2-closo-C2B10H10)2(bpm)]n, is a 

novel 1D Mn (II) assembly where the metallic ions are linked by 2,2´-bipyrimidine groups in a 

zigzag manner (Figure 5. ). Each Mn(II) ion coordinates to two [1-CH3-2-CO2-1,2-closo-C2B10H10]
- 

ligands in a monodentate mode completing this way the distorted octahedral geometry of the 

metal centres. The two carboranylcarboxylate ligands adopt a cis-configuration around the 

metal. No other example of a manganese compound containing 2,2’-bpm and carboxylate 

ligands displaying similar features has been found in the literature. However, similar structures 

containing water, chlorine or cyanate as monodentate ligands have been previously 

reported.[16] It is observable than the Mn-O distance(2.075(3) and 2.095(3)Å) are shorter than 

the Mn-O distances found for similar complexes with 2,2’-bpm and water ligands (d(Mn-OH2O)= 
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2.161(3) Å).[16a] Nevertheless, Mn-N distances (average of 2.313 Å) are in the range found in 

other 2,2’-bpm-bridged manganese (II) complexes.[16] The longest Mn-N in relation to the Mn-

O bond distances and the small bite angle at the 2,2’-bpm ligands (71.24(12)ᵒ for N(1)-Mn(1)-

N(2)) and 71.77(12)ᵒ for N(5)-Mn(1)-N(6)) leads to the main distortions of the ideal octahedral 

geometry around each metal atom. The two bpm ligands are planar but the manganese atom 

is 0.137 and 0.459Å out of these planes. The dihedral angle between two adjacent 2,2’-bpm 

ligands is of 90.43°. The molecule crystallizes with an ethanol molecule of crystallization which 

is hydrogen-bonded to the non-bond oxygen atom of one of the two carboranylcarboxylate 

ligands likely stabilizing the zigzag chain structure (see further details in Figure S3 at the 

Supporting Information Section). Finally, the packing structure of the B5 (Figure S2) shows an 

alternated distribution of the carboranylcarboxylate ligands of different chains in the space 

along the a axis.  
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 Table 2. Selected bond lengths (Å) and angles (°) for complexes B3-B5. 

 

IV.3.2. Electrochemical properties 

The redox potentials of complexes B1, B3 and B4 were determined by cyclic voltammetry 

(CV) in water + 0.1 M KPF6 at pH 4.9, MeOH + 0.1M NH4ClO4 and CH2Cl2 + 0.1 M TBAH, 

respectively. Cyclic voltammograms obtained for B3 and B4 are shown in Figure S4 atthe 

supporting information section.  

The cyclic voltammetry of a solution of complex B1 at pH= 5 is shown in  Figure 7; around 

Eap= 1 V vs SCE , there is a oxidation peak corresponding to the oxidation of Mn(II) to Mn(III) 

 B3  B4  B5 

Mn(1)-O(5) 2.148(2) Mn(1)-O(1) 2.099(3) Mn(1)-O(1) 2.075(3) 

Mn(1)- O(2)#1 2.154(2) Mn(1)- O(3) 2.135(3) Mn(1)-O(3) 2.095(3) 

Mn(1)-O(6) 2.155(2) Mn(1)-N(3) 2.247(4) Mn(1)-N(5) 2.279(4) 

Mn(1)-O(1) 2.168(2) Mn(1)-N(2) 2.256(4) Mn(1)-N(1) 2.294(3) 

Mn(1)-N(1) 2.295(2) Mn(1)-N(1) 2.293(4) Mn(1)-N(6) 2.335(4) 

Mn(1)-N(2) 2.277(2) Mn(1)-N(4) 2.298(4) Mn(1)-N(2) 2.344(3) 

O(5)-Mn(1)-O(2)#1 85.88(11) O(1)-Mn(1)-O(3) 97.04(14) O(1)-Mn(1)-O(3) 96.21(15) 

O(5)-Mn(1)-O(6) 141.74(9) O(1)-Mn(1)-N(3) 90.07(15) O(1)-Mn(1)-N(5) 84.38(12) 

O(2)#1-Mn(1)-O(1) 141.73(9) O(3)-Mn(1)-N(3) 104.82(14) O(3)-Mn(1)-N(5) 107.03(13) 

O(6)-Mn(1)-O(1) 85.24(12) O(1)-Mn(1)-N(2) 96.01(13) O(1)-Mn(1)-N(1) 93.77(13) 

O(5)-Mn(1)-N(2) 131.24(9) O(3)-Mn(1)-N(2) 87.50(15) O(3)-Mn(1)-N(1) 87.69(13) 

O(2)#1-Mn(1)-N(2) 130.00(9) N(3)-Mn(1)-N(2) 165.53(14) N(5)-Mn(1)-N(1) 165.27(12) 

O(6)-Mn(1)-N(2) 82.40(8) O(1)-Mn(1)-N(1) 94.39(13) O(1)-Mn(1)-N(6) 154.20(13) 

O(1)-Mn(1)-N(2) 83.30(8) O(3)-Mn(1)-N(1) 156.95(15) O(3)-Mn(1)-N(6) 81.96(13) 

O(5)-Mn(1)-N(1) 85.52(8) N(3)-Mn(1)-N(1) 95.09(14) N(5)-Mn(1)-N(6) 71.77(12) 

O(2)#1-Mn(1)-N(1) 83.14(8) N(2)-Mn(1)-N(1) 71.41(15) N(1)-Mn(1)-N(6) 111.81(12) 

O(6)-Mn(1)-N(1) 131.54(9) O(1)-Mn(1)-N(4) 161.54(17) O(1)-Mn(1)-N(2) 109.35(14) 

N(2)-Mn(1)-N(1) 70.53(7) O(3)-Mn(1)-N(4) 86.07(17) O(3)-Mn(1)-N(2) 147.43(15) 

O(5)-Mn(1)-O(1)               82.16(10) N(3)-Mn(1)-N(4) 71.58(18) N(5)-Mn(1)-N(2) 95.54(12) 

O(1)-Mn(1)-N(1) 131.54(9) N(2)-Mn(1)-N(4) 102.31(17) N(1)-Mn(1)-N(2) 71.24(12) 

N(2)-Mn(1)-N(1) 70.53(7) N(1)-Mn(1)-N(4) 89.39(13) N(6)-Mn(1)-N(2) 83.25(12) 
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and an increased background water oxidation is observed above 1.4 V. The redox process at 1 

V is quasi-reversible, E= 200 mV, which implies that there is slow interfacial electron transfer, 

a subsequent chemical process which occurs following oxidation, or that there are 

contributions of multiple species to the voltammetry. The reductive peaks at Ecp= 0.8 V and -

0.09V are attributed to two reduction processes. After bulk electrolysis carried out at Eap= 1.1 

V where 0.8 electrons per manganese were consumed, a slight black solid was observed. All 

these facts together with other studies described in the literature,[17] lead us to postulate the 

following mechanism, 

MnII
MnIII +e- 

MnIII
MnII  +MnIV 

MnIV + H2O MnO2 + 4 H+ 

The Mn3+species generated after oxidation can undergo disproportion leading to MnII  and 

MnIV species and subsequent formation of  MnO2 after the reaction of MnIV with  H2O. 

The cathodic peak at Ecp= 0.8 V is attributed to the reduction of MnIV  to MnIII  which is 

reducted to MnII at Ecp= --0.09 V. 

 

Figure 7. Cyclic voltammetry recorded for complexes B1 in water, (black), and background, (grey). 

Electrochemistry of compound B3 was carried out in MeOH using NH4ClO4 as supporting 

electrolyte due to the low solubility of this compound. The cyclic voltammogram for B3 (Figure 

S4a) shows a series of irreversible broad ill-defined oxidative peaks between 0.67 V and 1.30 V 

and also a reductive peak at 0.10 V, these peaks are associated with the formation of 

unidentified products. However, an exhaustive electrolysis of a solution of B3 at 0.9 V 
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consumes 1.3 electrons per molecule and leads to a brown solution that could be correspond 

to the formation of a dimanganese (II,III) complex unstable on the time scale of the 

electrolysis.  

The cyclic voltammogram of complex B4 (Figure S4b at the supporting information section), 

exhibits two oxidation peaks at 1.08 and 1.47 V respectively; the shape of the VC is similar to  

others Mn acetate complexes described in the literature. [18] The one oxidation peak at 1.08 V 

could be assigned to the metal oxidation process together with a subsequent dimerization of 

the product species to generate a MnIII,III compound (eq. 1 below) that is formed as a result of 

the metal oxidation. This compound is proven by the presence of  a new peak around 1.47 V 

involving the generation of a new dimeric compound where this last peak could be associated 

probably to a one electron oxidised unstable form (eq.2) follow to a chemical reaction with 

residual water of the solvent (eq.3). No distinguishable reduction peaks are detected on the 

cathodic sweep which can be assigned also to the formation of binuclear species.[18] The 

monoelectronic nature of the first wave was confirmed by controlled-potential electrolysis at 

1.06 V where one electron per initial amount of B4 has been consumed .[19] We have 

tentatively proposed the following electrochemical behaviour but more studies related to the 

electrochemistry are being developed in our laboratory to confirm this behaviour. 

2[MnII(bpy)2(OCB)2] + H2O       [Mn2
III,III(-O)( -OCB)2(bpy)2(OCB)2] + 2bpy + 2H+ + 2e-            (1) 

[Mn2
III,III(-O)( -OCB)2(bpy)2(OCB)2]     [Mn2

III,IV(-O)( -OCB)2(bpy)2(OCB)2] + +  e-                    (2) 

[Mn2
III,IV(-O)( -OCB)2(bpy)2(OCB)2]+ + H2O  [Mn2

III,IV(-O)2( -OCB)(bpy)2(OCB)2] + HOCB + H+ (3) 

IV.3.3. Spectroscopic and microscopic properties 

The IR spectra of all complexes described display typical (B-H) absorption at frequencies 

above 2590 cm-1, characteristic of closo carborane derivatives.[20] Differences between the 

frequencies of the symmetric and antisymmetric stretches for the carboxylate ligands lies 

within the ranges quoted for bidentate bridging ligands.[20b]  

The study of the polymeric structure, B1, in water solution has been performed by 1H{11B }-,  

11B{1H }- NMR, ESI-MS spectroscopy, Cryo-TEM microscopy and Dynamic Light Scattering (DLS). 

For the remainder complexes 11B{1H }-NMR and ESI-MS were carried out. The 1H{11B }- and 

11B{1H }-NMR spectra of B1 fully agree with the solid structure confirmed by X-ray 

crystallography (Figure S6 at the supporting information section). It can be observed that the 

1H{11B }-spectrum exhibits a resonance at δ= 1.93 ppm attributed to the Cc-CH3 protons. The 

resonances of the protons bonded to the B atoms appear as broad singlets over a wide 

chemical shift range in the region from δ= 0 to +3 ppm. The 11B{1H }-NMR resonances for 
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complexes studied featured similar patterns in the range from -4.1 to -11 ppm that agree with 

a closo cluster.[20a] ESI-MS spectrum of the polymer B1 in water in the scan region 100 m/z to 

2000 m/z shows different peaks that could be assigned to the {[Mn(L)2(H2O)]4 + H+} fragment 

(m/z 1902.4) and {[Mn(L)2(H2O)]3 + LH+ H+} fragment (m/z 1628.7) together with other peaks of 

less intensity corresponding to the {[Mn(L)2(H2O)]2 – (L) + 2H+} fragment (m/z 795.4) and 

{[Mn(L)2(H2O)]2 – (LH) + Na+} fragment (m/z 772.4). For complex B3, the ESI-MS spectrum in 

methanol in the scan region 400 m/z to 1500 m/z shows two main peaks assigned to the 

{[Mn2(L)4(bpy)2] + Na+} fragment (m/z 1250.2) and {[Mn2(L)4(bpy)2] –(L)}+ fragment (m/z 

1026.5) and a lower intensity peak corresponding to {[Mn2(L)4(bpy)2] + H+} fragment (m/z 

568.6) . In case of complex B4, the ESI-MS in the scan region 100 m/z to 1000 m/z reveals two 

low intensity peaks assigned to {[Mn (L)2(bpy)2] –(L) + H2O}+  fragment (m/z 577.1) and {[Mn 

(L)2(bpy)2] –(L)}+ fragment (m/z 569.2). (Figure S7 in supporting information). 

Cryo-TEM microscopy 

Cryo-TEM microscopy analysis of a water solution of B1 corroborated that either a 

polymeric or aggregate structure exists in solution. The micrographies show a wide range 

of aggregates with some morphological differences as is shown in Figure 8. Motifs with 

different lengths (300-700 nm) are indicative that a polymer structure or aggregates exist in 

solution. 

 

Figure 8. Cryo-TEM micrograph of a solution of B1 in water 
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Dynamic Light Scattering (DLS)  

The sample studied was a white powder forming colourless solutions in water, diethyl ether 

and wet dichloromethane. However, aqueous solutions at the highest concentrations (around 

100 g/L) were very slightly yellowish with intensive opalescence due to the presence of 

nanoparticles capable to scatter the light.  

No nanoparticles were detected by DLS in diethyl ether solutions meaning that the polymer 

has been cleaved into small particles with dimensions less than few nanometres. This is in 

agreement with the trinuclear species described in previous section. A relatively low fraction of 

nanoparticles with hydrodynamic radius, RH, around 130 nm in wet dichloromethane were 

observed. Nevertheless, the structures of these aggregates are difficult to estimate because 

the preferential sorption of water or stabilization of small droplets of water by surface-active 

carborane molecules may take also place; the systems have not been therefore further 

studied. 

Aqueous solutions were analysed in detail by means of light scattering. First, samples of 

different concentration were measured (Figure 9). It is clear that the self-assembly of polymer 

in water strongly depends on concentration. In very diluted samples (c < 0.1 g/L), the infinite 

polymer structure is completely broken with fragments smaller than 1 nm. At concentrations 

higher than 0.1 g/L, which can be regarded as so called critical aggregation concentration 

(CAC), nanoparticles with RH in range 200-800 nm were observed. The detection of CAC is quite 

surprising, because it is not usually the case for other carboranes in water.[21] The distribution 

of RH is always monomodal but fairly broad at the highest concentrations (Figure 10. ). The 

worth noticing is the fact that dimensions of nanoparticles increase with concentration 

especially at c > 10 g/L. It means that the process does not obey the so called closed 

association typical for polymeric micelles and surfactants.[22] The probable explanation is as 

follows: the further addition of polymer leads to the elongation of worm-like structures 

observed by Cryo-TEM (see Figure 8) by merging of small domains with the larger 

supramolecular structure. The existence of such small domains in water was unambiguously 

proven by ESI-MS spectrum (mentioned above). This effect is pronounced at the highest 

concentrations resembling a transition of surfactant micelles to more complex morphologies 

like cylinders or lamellae.[23] 

In order to reveal the inner structure of the nanoparticles, we studied aqueous solutions 

with weight fractions of 1.0%, 2.8% and 9.0% by means of X-ray scattering (SAXS and WAXS), 

which is sensitive to the presence of a periodic structure. Unfortunately, we did not prove the 

infinite structure in solution, which was otherwise determined by X-ray diffraction in solid 
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state. Thus, the layers are probably somehow distorted by swelling with water. Nevertheless, 

the self-assembly in solution should be at least comparable to the situation in crystal. The 

nanoparticles have worm-like structure that is probably pre-determined by the 1D manganese 

polymeric structure. The dimensions of nanoparticles (Figure 9 and Figure 10. ) are much larger 

than the thickness of periodic layers in the crystal, and [Mn(L)2(H2O)]n units have to be 

therefore present inside the aggregates as indirectly shown by ESI-MS. 

 

Figure 9. Concentration dependence of hydrodynamic radius of nanoparticles in aqueous solutions of 

“polymer” measured at scattering angle 90deg 

 

Figure 10. Distribution of hydrodynamic radii of nanoparticles in aqueous solutions of “polymer” at 

scattering angle 90deg for different concentrations as indicated in graph. 

 
It can be concluded then that the infinite polymeric structure of the sample does not exist in 

diethyl ether solution. However, it is preserved to a certain extent in water. We can assert that 

increasing the concentration of polymer in water leads to reassembling of smaller oligomer 
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units initially generated upon dissolution. By light scattering, the nanoparticles with radii of 

several hundreds of nanometres at concentrations above CAC (0.1 g/L) were observed. Their 

shape is quite loose and worm-like. Since the light scattering is an indirect method and 

SAXS/WAXS experiments were not successful, the exact inner structure of the nanoparticles 

could not be determined. The formation of the fairly large associates is most probably driven 

by hydrophobicity of carborane clusters and complexation of [1-CH3-2-CO2-1,2-closo-C2B10H10]
- 

to MnII . The structure is probably swelled by water. However, it still retains its organized 

structure comparable to that in solid state and can be imagined as the merging of small 

[Mn(L)2(H2O)]n units into worm-like nanoparticles. 

IV.3.4. Magnetic properties 

Magnetic structural correlations were performed for compounds B1, B3 and B5. As 

described above, B1 is a novel 1D MnII assembly, in which the metallic ions are linked by two 

[1-CH3-2-CO2-1,2-closo-C2B10H10]
- ligands and one H2O molecule. In the crystal, all Mn···Mn 

distances are equivalent, therefore the system could be magnetically described just using one 

exchange coupling, J. Plots showing the thermal evolution of the magnetic molar susceptibility, 

M and MT are shown in Figure 11a. These solid-state, variable-temperature (2.0- 300 K) data 

were collected on polycrystalline samples using 0.02 T (from 2 to 30 K) and 0.3 T (from 2 to 300 

K) fields. 

The MT data at room temperature (4.47 cm3 mol-1 K) agrees well with the spin-only value 

expected for a high-spin MnII ion (4.375 cm3 mol-1 K when g = 2). The magnetic answer 

decreases continuously from 300 K down to 50 K, and then rapidly upon further cooling. This 

behaviour is indicative of a weak antiferromagnetically coupled system and it is also portrayed 

in the M vs T graph. The magnetic molar susceptibility displays a maximum at 5 K and 

decreases very quickly afterwards (Figure 11a). The interaction through the triple bridge was 

evaluated by the modified expression for a classical Heisenberg chain, derived by Fisher, based 

on the exchange Hamiltonian H = -JΣSiSi+1.
[24] The best fit parameters were found for J = -0.91 

cm-1, g = 2.01, TIP of 80×10-6 cm3 mol-1 and R = 8×10-5.  

The water bridge and syn-syn arrangement of the two carboxylate ligands lead the magnetic 

answer of this new array providing a good overlap of magnetic orbitals and therefore 

displaying antiferromagnetic behaviour. The weakness of the coupling has been already 

observed in similar aqua-bridged MOFs[25] and binuclear complexes, where Mn-OH2O and 

MnII···MnII distances are relatively long and the Mn-(OH2)-Mn angle is always higher than 108 ° 

(Table 3). The coupling through the water bridge has been proven even weaker than the 
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coupling observed for OH- and OR-bridged species (strength order: O2
- > OH- > H2O).[6c, 26]

Table 

3. Crystallographic and magnetic comparison between complex B1 and previous literature works.  

 
 
 
 
 
                                
 
 
 
 
 
 
 
                       
 
 
 
 
 
 
 

* H = -2JSiSi+1. ** Number B1 corresponds to this work where H = -JSiSi+1. 

 

a)  

 

b)  

 

Figure 11. Experimental data including χM vs T (y axis on the left side) and χMT vs T (y axis on the right 

side) between 2.0 and 300.0 K. The experimental points are shown as black squares and the red and 

blue lines correspond to the theoretical values, also in that order of a) B1, b) B3. 

Compound B3 is a novel binuclear MnII cluster, where the metallic ions are linked by four [1-

CH3-2-CO2-1,2-closo-C2B10H10]
- ligands, in a so-called paddle-wheel arrangement. The bulky 

nature of the ligand prevents intermolecular interactions among neighbouring molecules. Plots 

showing the thermal evolution of the magnetic molar susceptibility, M, and MT are shown in 

Figure 11b. These solid-state, variable-temperature (2.0K - 300.0K) data were collected on 

polycrystalline samples using 1.0 T field. The MT data of 8.17 cm3 mol-1 K at room temperature 

is closer to the expected value for two isolated MnII atoms. Magnetic susceptibility data 

decreases continuously from 300K up to 100K, and then rapidly to 0.05 cm3 mol-1 K upon 

 

0 50 100 150 200 250 300
0.00

0.05

0.10

0.15

0.20

0.25

0

1

2

3

4

5


M
T

 /
 c

m
3
 m

o
l-1

 K
 

 


M
 /

 c
m

3
 m

o
l-1

 

Temperature / K

 

 

0 50 100 150 200 250 300
0.00

0.02

0.04

0.06

0.08

0.10

0

2

4

6

8


M
T

 /
 c

m
3
 m

o
l-1

 K

 


M
 /
 c

m
3
 m

o
l-1

Temperature / K

 

 
B1*

* 
2 3* 4 5 * 6 * 7 * 8 

         

Mn…Mn (Å) 
3.78

5 

3.51

2 

3.77

7 

3.75

6 

3.59

5 

3.62

1 

3.61

8 
3.77 

Mn-(OH2)-

Mn(°) 

109.

6 
- 

114.

4 

114.

9 

110.

2 

110.

0 

108.

3 

114.

4 

Mn-OH2 (Å) 

2.32

1 

2.30

9 

2.26

2 

2.24

6 

2.22

7 

2.18

2 

2.20

3 

2.21

5 

2.20

5 

2.25

2 

2.11

1 

2.24

6 

 

G 2.01 - 1.97 - 
1.93

9 

2.01

2 
2.0 - 

J (cm
-1

) 
-

0.91 
- -1.26 - -2.73 

2.95
2 

-1.0 - 



 
 

98 
 

further cooling. This behaviour is indicative of a weak antiferromagnetically coupled system 

and it is also portrayed in the M vs T graph. The magnetic molar susceptibility displays a 

maximum at 25 K and decreases very quickly afterwards (Figure 11b). The interaction through 

the triple bridge was evaluated by the modified expression for a classical Heisenberg based on 

the exchange Hamiltonian H = -JΣSiSi+1 modified to take into account the presence of impurities 

().[24b] The equation used was described for a binuclear system with S1 = S2 = 5/2 and applied 

to fit the experimental MT vs T plot by means of a least-square method. The best fit 

parameters were found for J = -6.58 ± 0.04 cm-1, g = 2.02± 0.003, = 0.2 %, a constant TIP 

value of 60×10-6 cm3 mol-1 and R = 1.2×10-5.  

Finally, compound B5 is also a novel 1D MnII assembly, where the metallic ions are linked by 

2,2´-bipyrimidine groups and each MnII ion coordinates to two [1-CH3-2-CO2-1,2-closo-

C2B10H10]
- ligands in a monodentate mode completing this way the octahedral geometry of the 

metal centres. Here, the carboxylate group does not get involved in the magnetic exchange 

but assist separating the chains among each other. In the crystal, all the manganese distances 

are equivalent and magnetically the system could be described just using one exchange 

coupling, J. 

Plots showing the magnetic molar susceptibility, M (inset), and MT are shown in Figure 12. 

These solid-state, variable-temperature (2K - 300K) data were collected on polycrystalline 

samples using 0.02 T (from 2 to 30K) and 0.3 T (from 2 to 300K) fields. The MT data of B5 at 

room temperature (4.43 cm3 mol-1 K) agrees well with the spin-only value expected for a high-

spin MnII ion (4.38 cm3 mol-1 K when g = 2.0). The magnetic answer remains practically 

unchanged from the highest temperatures until 100 K providing a plateau that decreases then 

rapidly upon further cooling (2K). This behaviour is indicative of a weak antiferromagnetically 

coupled system indicative of not strong magnetic exchanges through the 2,2´-bipyrimidine 

groups. This fact is also indicated in the magnetic molar susceptibility that displays a maximum 

at 5K and decreases very quickly afterwards (Figure 12, inset). In addition, the plot of the 

reduced magnetization vs. field does not follow the Brillouin function due to the small AF 

exchange among the MnII within the chain (Figure 13).  

The interaction through the 2,2´-bipyrimidine bridge was evaluated by the modified 

expression for a classical Heisenberg chain derived by Fisher based on the exchange 

Hamiltonian H = -JΣSiSi+1.[24] The best fit parameters were found for J = -0.70 cm-1, g = 2.01, TIP 

of 780×10-6 cm3 mol-1 and R = 1×10-4.  
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Overall, it can be concluded that the bridging ligands do provide weak antiferromagnetic 

interactions among the MnII centres and that each chain is well-isolated to the neighbours 

thanks to the [1-CH3-2-CO2-1,2-closo-C2B10H10]
- ligands. 
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Figure 12.Experimental data including MT vs T and M vs T (inset) of B5 between 2.0 and 300.0 K. The 

experimental points are shown as black squares and the red line corresponds to the theoretical fitting. 
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Figure 13. Experimental data including χMT vs T and χM vs T (inset) of B5 between 2 and 300 K. The 

experimental points are shown as black squares and the red line corresponds to the theoretical fitting.
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IV.4. Conclusions 

A family of new manganese (II) complexes containing the ligand [1-CH3-2-CO2-1,2-closo-

C2B10H11], LH, has been synthetized and thoroughly characterized by analytical, spectroscopic 

(IR, NMR, UV-vis, ESI-MS), electrochemical, microscopic (Cryo-TEM) and scattering (DLS, SAXS) 

techniques. Magnetics measurements were carried out of polynuclear compounds showing in 

all cases weak antiferromagnetic interactions between the manganese atoms. The X-Ray 

structure of all complexes has been obtained showing uncommon nuclearities. Besides, 

Mn···Mn bridging water units have been observed for the first time.  

The X-Ray structure of compound B1 disclosed an unusual 1D manganese(II) polymer chain 

in which each of the Mn(II) ions is coordinated by four carboxylate oxygen atoms and two aqua 

oxygen atoms displaying a distorted octahedral geometry. The manganese centres are bridged 

by two carboranylcarboxylate and one aqua ligands. 

The polymeric nature of B1 can be easily fragmented with coordinating solvents, e.g. diethyl 

ether or by reaction with chelating ligands such as 2,2’-bpy or 2,2’-bpm.  

Trinuclear compound B2 displays a structure in which the inner Mn···Mn pairs maintain the 

precise picture found in B1 with the bridging water unit and the two bridging carboxylate 

ligands while the terminal Mn ions evidence their origin as a result of fragmenting the 

polymer. Terminal Mn centres in the oligomers contain one monodentate 

carboranylcarboxylate ligand, one terminal water molecule and one terminal fragmenting 

solvent, Et2O in this case. The clean way of fragmentation of the polymer enables a reverse 

process, allowing the regeneration of the polymer structure. This easy assembling 

disassembling process is, most probably, what endows B1 its notorious solubility properties, 

and its aggregation concentration dependent ability as shown by the DLS studies.  

It was observed that, when B1 reacts with the ligand 2,2’-bpy the result product is 

depending of the ligand/complex ratio. When the ligand/complex ratio is 1:2, the binuclear 

complex B3 is obtained in which each manganese(II) atom is coordinated by four oxygen atoms 

one of each of the four syn,syn 1: 1: µ2-carboxylate bridge and two nitrogen atoms of one 

2,2’-bpy ligand displaying  trigonal prismatic geometry. Nevertheless, if the ligand/complex 

ratio is 1:1 the mononuclear compound B4 is synthesized which shows a distorted octahedral 

structure where the Mn(II) atom is coordinated by two oxygen atoms from two monodentate 

carboranylcarboxylate ligands and four nitrogen atoms from two 2,2’-bpy ligands. Finally, 

when complex B1 reacts with the tetradentate ligand 2,2’-bpm, a novel 1D Mn(II) polymeric 

structure, B5, is obtained consisting of neutral zigzag chains of manganese (II) ions linked by 
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2,2’-bpm. Each Mn(II) ion coordinates to two L ligands in a monodentate mode completing this 

way the distorted octahedral geometry of the metal centres.   

Cyclic voltammogram of complexes in general exhibits oxidation waves corresponding to the 

oxidation of Mn(II) to Mn(III). In the case of polymer B1 an increased background water 

oxidation is also observed above 1.4 V. For the mononuclear compound B4, the CV exhibits 

two anodic peaks that could be assigned to a metal oxidation process together with chemical 

reactions leading to the formation of binuclear species. 
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IV.5. Experimental section 

V.5.1. Instrumentation and measurements 

Instrumentation and Measurements. FT-IR spectra were taken in a Mattson-Galaxy Satellite 

FT-IR spectrophotometer containing a MKII Golden Gate Single Reflection ATR System. 

Elemental analyses were performed using a CHNS-O Elemental Analyser EA-1108 from Fisons. 

ESI-MS spectra have been performed in a Thermo Quest Finnigan Navigator LC/MS 

cromatograph. UV-Vis spectroscopy was performed on a Cary 50 Scan (Varian) UV-Vis 

spectrophotometer with 1 cm quartz cells or with an immersion probe of 5 mm path length. 

NMR spectra have been recorded with a Bruker ARX 300 or a DPX 400 instrument equipped 

with the appropriate decoupling accessories 1H{11B} NMR (300.13/400.13 MHz), and 11B{1H} 

NMR (96.29/128.37 MHz) spectra were recorded in D2O and CH3OD. Chemical shift values for 

11B NMR spectra were referenced to external BF3OEt2 and those for 1H{11B} spectra were 

referenced to SiMe4. Chemical shifts are reported in units of parts per million downfield from 

reference, and all coupling constants in Hz. Cyclic Voltammetric (CV) experiments were 

performed in a IJ-Cambria IH-660 potentiostat using a three electrode cell. A Pt (2 mm 

diameter) or graphite (3 mm diameter) electrodes were used as working electrode, platinum 

wire as auxiliary and SCE as the reference electrode. Measurements were recorded in water 

solutions using 0.1 M KPF6 as supporting electrolyte, dichloromethane solutions, using 0.1 M 

TBAH as supporting electrolyte or methanol solutions using NH4ClO4 as supporting electrolyte 

at scan rate of 100 mV.s-1. All cyclic voltammograms presented in this work were recorded 

under nitrogen atmosphere. All E1/2 values estimated from cyclic voltammetry were calculated 

as the average of the oxidative and reductive peak potentials (Epa+Epc)/2 at a scan rate of 100 

mV/s. 

Magnetic Susceptibility Studies. Magnetic susceptibility measurements between 2.0 and 

300.0 K were carried out in a SQUID magnetometer Quantum Design Magnetometer, model 

MPMP. Susceptibility measurements were performed using a field of 1.0 T. Pascal’s constants 

were used to estimate the diamagnetic corrections for the compound. The fit was performed 

by minimizing the function R = Σ(MT)exp – (MT)calc]2/Σ (MT)exp]2.  

Microscopy Studies (Cryo-TEM). The studies were performed by using a Jeol JEM-1400 

electron microscope operating at 120 kV and equipped with a CCD multiscan camera (Gatan). 

The microscope was equipped with a Gatan cryoholder and the samples were maintained at -

177ºC during imaging. Micro drops (2 μL) of the water solutions of amphiphiles were blotted 

onto holey carbon grids (Quantifoil) previously glow discharged in a BAL-TEC MSC 010 glow 
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discharger unit, which were immediately plugged into liquid ethane at -180 ºC using a Leica EM 

CPC cryoworkstation. 

Scattering Studies: Dynamic Light Scattering (DLS) and Static Light Scattering (SLS). In the 

Dynamic Light Scattering (DLS) and Static Light Scattering (SLS) studies the light scattering 

setup (ALV, Langen, Germany) consisted of a 633 nm He-Ne laser, an ALV CGS/8F goniometer, 

an ALV High QE APD detector, and an ALV 5000/EPP multibit, multitau autocorrelator. DLS data 

analysis was performed by fitting the measured normalized intensity autocorrelation function 

g2(t) = 1 + |g1(t)|
2, where g1(t) is the electric field correlation function, t is the lag-time and  

is a factor accounting for deviation from the ideal correlation. An inverse Laplace transform of 

g1(t) with the aid of a constrained regularization algorithm (CONTIN) provides the distribution 

of relaxation times, A(). Effective angle- and concentration-dependent hydrodynamic radii, 

RH(q,c), were obtained from the mean values of relaxation times, m(q,c), of individual diffusive 

modes using the Stokes-Einstein equation. The SLS data were treated by the standard Zimm or 

Berry method. As the refractive index increment is unknown, SLS scattering curves were used 

only for calculation of radius of gyration Rg. Samples for DLS measurements were dissolved in 

deionized water in concentration range 0.0169 – 24.8 g/L, where solutions of lower 

concentrations were typically prepared by dilution of the stock solution by filtered water. 

Solutions in diethyl ether and dichloromethane with concentrations about 1 g/L were also 

prepared. In case of dichloromethane, few droplets of water had to be added in order to 

obtain a clear solution. For combined SAXS/WAXS experiments, aqueous solutions with weight 

fractions of the sample 1.0%, 2.8% and 9.0% were prepared. 

X-ray structure determination. Measurement of the crystals were performed on a Bruker 

Smart Apex CCD diffractometer using graphite-monochromated Mo Kα radiation (λ = 

0.71073Å) from an X-Ray tube. Data collection, Smart V. 5.631 (BrukerAXS 1997-02); data 

reduction, Saint+ Version 6.36A (Bruker AXS 2001); absorption correction, SADABS version 2.10 

(Bruker AXS 2001) and structure solution and refinement, SHELXTL Version 6.14 (Bruker AXS 

2000-2003).  

V.5.2. Materials 

All reagents used in the present work were obtained from Aldrich Chemical Co and were 

used without further purification. Reagent grade organic solvents were obtained from SDS and 

high purity de-ionized water was obtained by passing distilled water through a nano-pure Mili-

Q water purification system. 1-CH3-1,2-closo-C2B10H11 was purchased from Katchem.  
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V.5.3. Preparations 

The 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand was prepared according to literature 

procedures[27] with some modifications as described in Chapter III. All synthetic manipulations 

were routinely performed under ambient conditions. 

 Synthesis of [Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n . (H2O)n, B1. To a suspension of 

0.249 g (1.233 mmols) of 1-CH3-2-CO2H-1,2-closo-C2B10H10, LH,  in 20 mL of water was added 

0.142 g (1.233 mmols) of MnCO3 in 5 mL of water. The solution was stirred and heated to 40˚C 

for 2h. Afterward, the solution was filtered and the solvent was removed under vacuum to 

obtain a white solid. The latter was crystallized by slow evaporation of a dichloromethane 

solution. Yield: 0.274g (94%). 1H{11B} NMR (400.13 MHz, D2O , 25˚C): = 2.33 (br s, B-H), 2.20 

(br s, B-H), 2.10 (br s, B-H), 2.03 (br s, B-H), 1.96 (br s, B-H), 1.93 (s, CH3). 
11B{1H} NMR (128.37, 

D2O, 25˚C): = -4.1 (1J(B,H)= 148.9, 2B), -7.0 (1J(B,H)= 150.3, 2B), -10.10 (1J(B,H)= 118.1, 3B), -

10.93 (1J(B,H)= 142.5, 3B). IR:  ̅= 3632, 3379 (OH), 3201 (CH3), 2627, 2583  (B-H), 1619, 

1568 (COO-)as,  1381 (COO-)sim, 1196, 1149, 844 (O-H), 725 (B-C) cm-1. Anal. Found (calcd.) 

(%) for C8H28O5B20Mn: C 20.24(20.21); H 5.81(5.94). 

Synthesis of [Mn3(H2O)4(1-CH3-2-CO2-1,2-closo-C2B10H10)6(C4H10O)2], B2. By recrystallization 

of B1 in a diethyl ether solution and then slow diffusion of pentane into this solution, 

colourless needles suitable for X-ray diffraction were obtained corresponding to complex B2. 

Synthesis of [Mn2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(bpy)2], B3. To a solution of 0.063 g 

(0.132 mmols) of [Mn(µ-H2O)(µ-Me-COO-C2B10H10)2]n ,B1, in 2 mL of ethanol was added 0.021 g 

(0.132 mmols) of 2, 2’-bipyridine in 1 mL of ethanol. The solution pale yellow was stirred for 30 

min and filtered. Afterward the volume of the resulting solution was reduced to 1 ml, 

obtaining a precipitate that was washed with diethyl ether. The resulting solid was 

recrystallized in EtOH. Yield: 0.060g (74%). 11B{1H} NMR (128.37, CH3OD, 25˚C): = -3.3 (6B), -

6.4 (2B), -7.8 (2B).IR:  ̅= 2577  (B-H), 1692 (COO-)as, 1597, 1577, 1474, 1440, 1362 (COO-)sim, 

1017, 845, 758 (B-C), 735 cm-1. UV-Vis (CH2Cl2, 1.10-4 M) max (): 470 nm (307 M-1cm-1), 650 

nm (134 M-1cm-1). Anal. Found (calcd.) (%) for C36H68O8B40N4Mn2: C 35.06(35.23); N 4.40(4.57); 

H 5.56(5.58). 

Synthesis of [Mn(1-CH3-2-CO2-1,2-closo-C2B10H10)2(bpy)2], B4. This compound was prepared 

following a method analogous to that described for B3 using 0.06 g (0.127 mmols) of B1 and 

0.04 g (0.254 mmols) of 2,2’-bipyridine as starting materials to afford air-stable yellow crystals 

of B4, suitable for X-ray diffraction analysis. Yield: 0.060 g (62 %). IR:  ̅= 3329, 2576  (B-H), 

1693 , 1664 (COO-)as,  1598, 1576, 1474, 1439, 1363 (COO-)sim, 1016, 831, 760 (B-C), 736 
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cm-1. UV-Vis (CH2Cl2, 1.10-4 M) max (): 772 nm (7 M-1cm-1). Anal. Found (calcd.) (%) for 

C28H42O4B20N4Mn: C 43.65(43.69); H 5.37(5.50); N 7.40(7.28). 

Synthesis of [Mn(1-CH3-2-CO2-1,2-closo-C2B10H10)2(bpm)]n, B5. Addition of a solution of 2,2’-

bipyrimidine (0.017 g, 0.105 mmols) in CH2Cl2 (2 ml) to a solution of B1 (0.049 g, 0. 103 mmols) 

in CH2Cl2 (3 mL) quickly generates a yellow precipitate.  The resulting solid was recrystallized in 

EtOH. After several days, air-stable, yellow crystals of B5, suitable for X-ray diffraction analysis, 

were obtained. Yield: 0.055 g (88 %). Anal. Found (calcd.) (%) for C16H32O4B20N4Mn. 0.35 CH2Cl2: 

C 30.40(30.43); H 5.20(5.11); N 8.38(8.68). IR(cm-1): = 3403, 2975, 2592, 2579  (B-H),  1651 

(COO-)as, 1629, 1572, 1409, 1353 (COO-)sim, 1342, 1276, 1047, 1019, 725 (B-C), 690, 666.   
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CHAPTER V. Study of the reactivity of the carboranyl-
carboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10 
with Fe and Co. 

 

                

 

Four new polynuclear complexes containing the carboranylcarboxylate ligand, 1-CH3-2-

CO2H-1,2-closo-C2B10H10 and iron or cobalt atoms have been synthesized and thoroughly 

characterized by analytical and spectroscopic (NMR, IR, UV-visible) techniques. X-ray 

crystallographic structure of all complexes has been resolved showing trinuclear oxo-centred 

mixed valence carboxylate bridged complexes for iron ion and bi- and trinuclear complexes for 

cobalt ion, in which the metal ions are held together through two carboranylcarboxylate 

ligands and one aqua molecule.     
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V.1. Introduction 

Systems with polynuclear transition-metal complexes are widely seen in nature and their 

study spread fields from biology to photophysics.[1] It is known that in the active centres of 

enzymes, the transition metal atoms are often joined by aquo, hydroxo or oxo bridges.[2] In this 

systems, iron is one of the most essential elements, different biological activities of Fe(II) and 

Fe(III) are well known;[3] for example, in the oxidation of methane to methanol, proteins with 

oxo-bridged iron aggregates in the active centre are involved.[1] Tetracarboxylate-bridged 

diiron(II) complexes have been investigated to model enzyme active sites of carboxylate-

bridged diiron metalloproteins.[4] However, Fe(II) carboxylate ligands present strong tendency 

to form species of higher nuclearity.[1, 5] In particular, trinuclear mixed-valence iron complexes 

oxo-centred and carboxylate-bridged type [FeIII
2 FeIIO(O2CR)6L3].nS in which L is a monodentate 

ligand and S is a solvent molecule of crystallization, have been broadly studied due to their 

simplicity, their potential use in oxidation catalysis and their interesting physical properties.[6]  

Moreover, this type of complexes can be used as frameworks to study metal-metal 

interactions in clusters, especially, they have been of considerable interest to study 

intramolecular electron transfer processes.[6a, 7] The understanding of these processes is 

fundamental for the synthesis of new coordination clusters which can be precursors for 

clusters of higher nuclearity showing interesting magnetic properties than can act as new 

magnetic materials such as single molecule magnets (SMMs).[8] SMMs are currently of great 

interest due to their potential applications in quantum computing, high-density information 

storage and biomedicine.[9] 

Carboxylate-bridged cobalt(II) compounds are also involved in many enzymatic but non-

redox active processes.[10] Binuclear high-spin cobalt(II) complexes are analogous to 

metalloenzymes such as xylose glucose isomerase, aminopeptidase,  hydroxylase or urease. [11] 

Besides, cobalt(II) is a good precursor to generate supramolecular structures (MOF’s) which 

are of great interest for applications in fields related to porous materials such as storage, 

separation and catalysis as well as in biomedical applications or their use as sensor 

materials.[12] Furthermore, use of cobalt as component in nanomaterials has a great interest 

due to their size as well as their electrical, magnetic, optical and catalytic properties.[13]  

Synthesis and characterization of complexes containing the [1-CO2-1,2-closo-C2B10H11]
- ligand 

and the transition metals ZnII, CuII, NiII and MoII ions were previously performed. [14]  However, 

the coordination of FeII and CoII ions to carboranylcarboxylate ligands has never been studied 

instead of their relevance in significant biological processes and their multiple potential uses in 

biomedicine or in synthesis of new nanomaterials among others.  
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V.2. Objectives 

As discussed above, carboranylcarboxylate ligands have not been studied ever with metals 

such as iron(II) or cobalt(II) and it is why we were interested in the behaviour of the 

carboranylcarboxylate ligand [1-CH3-2-CO2-1,2-closo-C2B10H10]-, LH, against  its coordination to 

transition metals such as iron or cobalt. 

 

The main goal of this chapter was therefore, the synthesis and fully characterization of the 

resulting complexes through structural, analytical and spectroscopic (IR, UV-visible, RMN) 

techniques.  

 

 

  Chart 1. 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand (LH) 

 

The first goal was to coordinate the ligand LH to the iron salt Fe(CF3SO3)2 and characterize 

the resulting complexes. The coordination of this ligand to iron atoms will provide complexes 

with potential applications in catalytic processes.   

 

Another goal was the study of the reactivity of LH ligand with two different cobalt(II) salts 

with the idea of studying and characterize the compounds obtained and thus can also make 

comparisons with Cu and Mn compounds obtained in the previous chapters.  

 



 
 

116 
 

V.3. Results and discussion 

V.3.1. Synthesis and structure 

V.3.1.1. Iron complexes 

The synthetic strategy for the preparation of the trinuclear iron complexes, C1 and C2 

containing the carboranylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10 (LH) and THF or  

py molecules is outlined in Scheme 1.  

  
Scheme 1. Synthetic strategy for the preparation of mixed Fe(II), Fe(III) complexes C1 and C2. 

Two different strategies shown in Scheme 1. were used leading in all cases mixed valence 

carboxylate bridged iron complexes. The trinuclear complex [Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-

C2B10H10)6(THF)3], C1, was obtained by neutralization of carboranylcarboxylic acid, LH, with 

NaOH followed by reaction with Fe(CF3SO3)2 in THF. This method is similar to the one used in 

Chapter III[14a] to obtain the compound A1, [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2]. 

Synthesis of trinuclear iron complex [Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-C2B10H10)6(py)3], C2, lies in 

the neutralization of carboranylcarboxylic acid, LH, with Et3N followed by reaction with 

Fe(CF3SO3)2 in CH2Cl2.and subsequent reaction with pyridine ligand in a ratio metal:ligand of 

1:1. [15] This method was used expecting a binuclear compound, however, a trinuclear iron 
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complex similar to C1 was obtained but containing py instead of THF. In both cases, all the 

manipulations were performed under nitrogen atmosphere. 

Crystallographic data and selected bond distances and angles for compounds C1 and C2 are 

presented in Table 1. and Table 2. , respectively. ORTEP plots with the corresponding atom 

labels for the X-ray structures of both compounds are presented in Figure 1.  

 

[Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-C2B10H10)6(THF)3], (C1) 

 

[Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-C2B10H10)6(py)3], (C2) 

Figure 1. X-ray structures (ORTEP plots with ellipsoids at 20% probability level) and labelling scheme for 

complexes C1 and C2.  

Compound C1 crystallizes in the space group P63/m and the structure consists in a planar 

Fe3(µ3-O) core, six carboxylate groups acting as bidentate syn,syn bridges linking pairs of iron 

atoms in the cluster and three THF molecules which complete the distorted octahedral sphere 

around each iron atom (Figure 1). The electroneutrality of these complexes indicates that the 

compound is formed by two Fe(III) and one Fe(II) leading to a mixed valence complex. 

However, it is remarkable observed that in this compound the three iron ions are 

crystallographically indistinguishable. This fact is due to the collocation of the central µ3-oxo 

atom on a special position on the crystallographic 3-fold rotation axis and is attributed to a 

dynamic disorder induced by a rapid internal electron transfer.[16] An evidence of this fact is 

that the central Fe3O atoms form a perfect equilateral triangle with distances Fe(1)-Fe(1)#1 of 

3.303 Å and angles Fe(1)#1-Fe(1)-Fe(1)#2 of 60°. The Fe-O distances are 2.0298(16) Å and 

2.0353(15) Å for Fe-OCarbox, 2.118(2) Å for Fe-OTHF and 1.9073(4) Å for Fe-(µ-O). These distances 

are in total agreement with the only two structures reported in the literature for similar 

complexes.[17] The Fe atoms present a deviation from the equatorial plane of their octahedra 

formed by the four oxygen atoms of the carboranylcarboxylate ligands of 0.186 Å toward the 

µ3-O atom (see Figure S1 at the supporting information section). It is observable than the 

planes of the THF ligands are perpendicular to the Fe3(µ3-O) core plane with a dihedral angle of 
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90°. The octahedral geometry around each iron atom is not ideal with angles in the range from 

84.38° to 95.35°.   

There are two noteworthy packing arrangements in this compound along the b and the c 

axis (see Figure 2b). It is observable along the b axis that the Fe3O complexes are forming 

parallel layers in which the six carboranylcarboxylate ligands are placed three in the right side 

of the molecule and three in the left one leaving a cavity between them where are seated  the 

THF molecules. Besides, the carboranylcarboxylate ligands belonging to different chains are 

stacked one upon another.  A different vision of the packing arrangement for this molecule can 

be observed along the c axis ( 

Figure 2b). It is notice than the six bridged carboranylcarboxylate ligands of each molecule 

are overlapped in pairs and alternated in the space with the THF molecules. It is also observed 

than the methyl groups of all the carboranylcarboxylate ligands are orientated towards the 

central µ-oxygen atom of the Fe3O core. All these arrangements allow the formation of a 

perfect hexagon with average distances between the central oxygen atom (O(1)) of the 

different molecules of 14.377 Å (see Figure 3). It is remarkable that the presence of the 

carboranylcarboxylate ligands in the cavity of the hexagon leads to the existence of a 

hydrophobic environment in this cavity.  

(a)                                                                                  (b) 

       
 

Figure 2. Packing diagram of complex C1 along the b axis (a) and the c axis (b). 
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Figure 3. Details of the hexagon formed for six adjacent molecules of the complex C1 in the packing 

arrangement along the c axis. 

 
Table 1. Crystal Data for X-ray structures of C1 and C2. 

 

 C1 C2 

Empirical formula C36H102B60O16Fe3 C39H93B60O13N3Fe3 

Formula weight 1607.37 1628.31 

Crystal system Hexagonal Monoclinic 

Space group P63/m C2/c 

a [Å] 17.938(2) 19.572(3) 

b [Å] 17.938(2) 20.342(3) 

c [Å] 19.943(5)) 23.179(3) 

 [º] 90 90 

 [º] 90 94.871(2) 

 [º] 120 90 

V [Å
3
] 5557.4(16) 9195(2) 

Formula Units/Cell 2 4 

calc. [g cm
-3

] 1.265 1.176 

 [mm
-1

] 0.723 0.516 

R1
[a]

, [I > 2(I)] 0.0570 0.0717 

wR2
[b]

 [all data]
 

0.1679 0.2555 

   

   [a] R1 = Fo - Fc/Fo 

   [b] wR2 = [{w(Fo
2
-Fc

2
)

2
} /{w(Fo

2
)

2
}]

½
,where w = 1/[

2
(Fo

2
) + (0.0042P)

2
] and P=(Fo

2
+2Fc

2
)/3 
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Table 2. Selected bond lengths (Å) and angles (°) for complexes C1 and C2. 

 
 C1  C2  C2 

Fe(1)-O(1) 1.9073(4) Fe(1)-O(1) 2.014(4) O(2)#1-Fe(1)-O(2) 174.5(2) 

Fe(1)-O(3) 2.0298(16) Fe(1)-O(4) 2.100(4) O(1)-Fe(1)-N(1) 180.000(1) 

Fe(1)-O(3)#1 2.0298(16) Fe(1)-O(4)#1 2.100(4) O(4)-Fe(1)-N(1) 86.93(10) 

Fe(1)-O(4) 2.118(2) Fe(1)-O(2) 2.101(4) O(4)#1-Fe(1)-N(1) 86.93(10) 

Fe(1)-O(2) 2.0353(15) Fe(1)-O(2)#1 2.101(4) O(2)-Fe(1)-N(1) 87.26(10) 

Fe(1)-O(2)#1 2.0353(15) Fe(1)-N(1) 2.176(7) O(2)#1-Fe(1)-N(1) 87.26(10) 

O(1)-Fe(1)-O(3) 95.14(5) Fe(2)-O(1) 1.866 (2) O(1)-Fe(2)-O(3) 98.30(13) 

O(1)-Fe(1)-O(3)#1 95.14(5) Fe(2)-O(5)#1 2.009(3) O(1)-Fe(2)-O(5)#1 95.91(13) 

O(3)#1-Fe(1)-O(3) 90.75(13) Fe(2)-O(6) 2.042(3) O(5)#1-Fe(2)-O(3) 93.14(15) 

O(1)-Fe(1)-O(2) 95.35(4) Fe(2)-O(3) 2.015(3) O(1)-Fe(2)-O(6) 94.09(13) 

O(3)#1-Fe(1)-O(2) 169.52(7) Fe(2)-O(7) 2.054(3) O(5)#1-Fe(2)-O(6) 88.35(16) 

O(3)-Fe(1)-O(2) 88.17(9) Fe(2)-N(2) 2.202(4) O(3)-Fe(2)-O(6) 167.29(14) 

O(1)-Fe(1)-O(2)#1 95.35(4) O(1)-Fe(1)-O(4) 93.07(10) O(1)-Fe(2)-O(7) 96.08(13) 

O(3)#1-Fe(1)-O(2)#1 88.17(9) O(1)-Fe(1)-O(4)#1 93.07(11) O(5)#1-Fe(2)-O(7) 167.93(15) 

O(3)-Fe(1)-O(2)#1 169.52(7) O(4)-Fe(1)-O(4)#1 173.9(2) O(3)-Fe(2)-O(7) 86.49(14) 

O(2) -Fe(1)-O(2) #1 90.99(12) O(1)-Fe(1)-O(2) 92.74(10) O(6)-Fe(2)-O(7) 89.43(16) 

O(1)-Fe(1)-O(4) 179.61(6) O(1)-Fe(1)-O(2)#1 92.74(10) O(1)-Fe(2)-N(2) 175.99(11) 

O(3)#1-Fe(1)-O(4) 85.13(6) O(4)-Fe(1)-O(2) 87.18(15) O(5)#1-Fe(2)-N(2) 82.85(14) 

O(3)-Fe(1)-O(4) 85.13(6) 
O(4)#1-Fe(1)-

O(2)#1 
87.18(15) O(3)-Fe(2)-N(2) 85.59(14) 

O(2)-Fe(1)-O(4) 84.38(6) O(4)-Fe(1)-O(2)#1 92.53(15) O(6)-Fe(2)-N(2) 82.07(14) 

O(2)#1-Fe(1)-O(4) 84.38(6) O(4)#1-Fe(1)-O(2) 92.53(15) O(7)-Fe(2)-N(2) 85.10(14) 

 
Complex C2 crystallizes in space group C2/c and displays a similar structure to C1 with a 

central planar Fe3(µ3-O) core, six carboxylate groups and three pyridine molecules completing 

the distorted octahedral sphere for each iron atom. In contrast, to compound C1, C2 presents 

only two of the three iron atoms equivalents leading to an isosceles triangle for the central 

Fe3O unit, with one short distance Fe(2)-Fe(2)#1 of 3.273 Å and two longer distances Fe(1)-

Fe(2)/Fe(2)#1 of 3.340 Å. Two different angles have also been observed two larger Fe(1)-Fe(2)-

Fe(2)#1 and Fe(2)-Fe(2)#1-Fe(1), 60.66° and one smaller Fe(2)-Fe(1)-Fe(2)#1 ,58.68°. In the 

same way than for C1, the electroneutrality of the complex indicates that the compound is 

formed by two Fe(III) and one Fe(II) leading to a mixed valence complex. It is well known[7b, 7c, 
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18] that the bond distances Fe-(µ-O) and the angles (µ-O)-Fe-Ocarbox are depending on the 

valence states of the iron ions, being d(Fe
II
-O) > d(Fe

III
-O) and α(O-Fe

II
-Ocarbox) < α (O-Fe

III
-Ocarbox). It is also 

known that the distances Fe-Ocarbox present the same dependency[18c] being d(Fe
II
-Ocarbox) > d(Fe

III
-

Ocorbox). Although this fact was not observed for C1, it is clearly evidenced in C2 in which Fe(1)-

O(1) bond distance (2.014(4) Å) is longer than Fe(2)/Fe(2)#-O(1) distances (1.866(2) Å); also the 

angle O(1)-Fe(1)-Ocarbox (average 92.91°), is shorter than O(1)-Fe(2)/Fe(2)#-Ocarbox angles 

(average 96.10°) and averaged distance Fe(1)-Ocarbox (2.1005 Å) is longer than Fe(2)/Fe(2)#-

Ocarbox
 (2.030 Å) ones. With this evidences, it can be concluded that in compound C2, Fe(1) ion 

presents a Fe(II) oxidation state whereas Fe(2) and Fe(2)# are in an Fe(III) state. 

It is observable in compound C2 than the shortest metal-pyridine bond distances are 

opposite to the longest metal-central oxygen bonds (d(Fe(1)-O(1))= 2.014(4) Å) and d(Fe(1)-N(1)) = 

2.176(7) Å) and vice versa, d(Fe(2)/Fe(2)#-O(1))= 1.866(2) and d(Fe(2)-N(2)) = 2.202(4) Å. This behaviour 

has been observed in similar mixed-valence complexes containing carboxylate and pyridine 

ligands.[7c] Besides, the coordinated pyridines bonded to Fe(1) and Fe(2)/Fe(2)# present 

different orientation with respect to the plane formed for the three iron atoms. The planes of 

the two py ligand bonded to Fe(2) and Fe(2)# are nearly perpendicular (dihedral angle, 88.17ᵒ), 

while the plane of the third py ligand presents an angle of 66.07ᵒ respect the plane defined for 

the three iron atoms. 

Packing diagram of C2 along b axis displays diagonal chains in which pyridine and 

carboranylcarboxylate ligands located in the diagonal are overlapped and the remaining 

carboranylcarboxylate ligands are stacked one upon another. Along c axis, C2 presents a 

pattern packing in which the carboranylcarboxylate ligands of the same molecule are in pairs 

and alternated with the pyridine ligands. Besides, two of the three methyl groups of these 

carboranylcarboxylate ligands are oriented towards the central µ-oxo atom. One of the 

pyridine ligands from each molecule is overlapped by a pair of carboranylcarboxylate ligands of 

the adjacent molecule. (see Figure S2 at the supporting information section) 

V.3.1.2. Cobalt complexes 

The synthetic strategy for the preparation of the Co(II) complexes, C3 and C4, containing the 

carboranylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10 (LH) and THF, aqua or diethyl 

ether ligands is outlined in Scheme 1.  
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Scheme 2. Synthetic strategy for the preparation of Co(II) complexes C3 and C4. 

The binuclear cobalt compound [Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)4], C3, was 

obtained by neutralization of carboranylcarboxylic acid, LH, with NaOH followed by reaction 

with CoCl2.6H2O in ethanol/H2O and subsequent extraction in THF.[14a] This method was used in 

Chapter III to obtain the binuclear compound A1, [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2]. 

Compound [Co3(µ-H2O)2(1-CH3-2-CO2-1,2-closo-C2B10H10)6(H2O)2(C4H10O)2], C4, was obtained by 

recrystallization of the compound C5 in diethyl ether. Compound C5, was synthesized by 

reaction of a suspension of the carboranylcarboxylic acid 1-CH3-2-CO2H-1,2-closo-C2B10H10 ,LH, 

with CoCO3 in water.  

Complex C5 was not possible to crystallize but its X-ray powder diffraction (XRD) was 

performed and compared with the calculate XRD for C4 complex (Figure S2 at the supporting 

information section). It was observed that both diagrams are not similar. We propose that 

complex C5 presents a polymeric structure similar to complex B1, [Mn(µ-H2O)(µ-1-CH3-2-CO2-

1,2-closo-C2B10H10.)2]n·(H2O)n, where the Co(II) ions are bonded by two carboranylcarboxylate 

ligands and by one aqua ligand. More evidences to this fact were found in the elemental 
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analysis of compound C5, which totally agree with the proposed compound (see experimental 

section). 

Crystallographic data and selected bond distances and angles for compounds C3 and C4 are 

presented in Table 3 and Table 4, respectively. ORTEP plots with the corresponding atom labels 

for the X-ray structures of both compounds are presented in Figure 4.  

 

[ Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)4],  
C3. 

 

[Co3(µ-H2O)2(1-CH3-2-CO2-1,2-closo-C2B10H10)6(H2O)2 
(C4H10O)2], C4. 

Figure 4. X-ray structures (ORTEP plots with ellipsoids at 40% probability level) and labelling scheme 

for complexes C3 and C4. 

Binuclear compound C3 displays a structure with the two cobalt(II) atoms held together 

through two syn,syn 1: 1: µ2-carboxylate bridges and one bridged aqua molecule as shown 

in Figure 4. The distorted octahedral geometry around each metal ion is completed by one 

additional monodentate carboranylcarboxylate ligand and two oxygen donor atoms from two 

THF ligands leading to a local cis-Co(OTHF)2(Ocarboxy)4 coordination. Although there are several 

reported cobalt(II) complexes with a similar environment,[19] compound C3 is the first one 

containing carboxylate groups, one µ2-bridged aqua molecule and THF molecules. The 

molecule is located in a crystallographically imposed two-fold axis which passes through the 

oxygen O(10) belonging to the µ2-bridged aqua molecule. The hydrogen atoms of the bridged 

aqua molecule are involved in intramolecular O(10)-H···O hydrogen bonds with the 

uncoordinated O atoms of the monodentate carboranylcarboxylate ligands (O(10)-

H(10C)···O(2), 1.607Å) (see Figure 5). The bond length Co(1)-O(10)w distance is 2.083(17) Å 

while the corresponding Co(1)-O(10)-Co(1)#1 angle is 117.82(14)ᵒ. This bond distance is 

shorter and the angle is larger than those for similar carboxylate compounds containing py in 

spite of THF.[19c-e] This fact could be due to the strong electron-withdrawing character of the py 

versus THF. The Co-OTHF bond length corresponding to the THF molecule in trans position to 

the bridged aqua oxygen atom is significantly shorter (2.083Å) than the Co-OTHF distance for 
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the THF molecule trans to the bridged carboranylcarboxylate oxygen atom (2.092Å) due to the 

well-known trans influence.[20] 

The structural packing of this complex (Figure S3 at the supporting information section) 

along the a axis shows parallels chains of molecules in which the carboranylcarboxylate ligands 

of one molecule are placed close to the THF ligands of the parallel molecule.     

 

Figure 5. X-ray structure of C3 showing the intramolecular hydrogen bonds. 

The X-ray diffraction of compound C4 discloses a trinuclear cobalt complex with aqua 

bridged entities which consists in a linear array of three Co(II) ions with a crystallographic 

inversion centre located on the central Co(2). Each Co(II) ion is hexacoordinated; the central 

Co(2) is coordinated by four carboxylate and two aqua oxygen atoms. This Co(2) is bonded to 

both terminal Co(1) by two carboranylcarboxylate ligands and by an aqua ligand. The 

coordination of the two terminal Co(II) ions is completed by one monodentate carboxylate, 

one terminal aqua ligand and one oxygen atom from one diethyl ether molecule. The cobalt 

centres display a tetragonal distortion; for the terminal Co(1) the equatorial Co(1)-O(1), Co(1)-

O(3) and Co(1)-O(5) distances  to the carboranylcarboxylate ligand present an average of 2.06 

Å; the equatorial Co(1)-O(7) distance to the non-bridged water is 2.021 Å, while the axial 

distance to the diethyl ether molecule, Co(1)-O(9), is 2.111 Å, and the axial distance to the 

bridging water, Co(1)-O(8), is 2.217 Å; for Co(2), the average of the four equatorial Co-O 

distances is 2.06 Å, whereas the two axial are 2.13 Å defining a tetragonally distorted 

octahedron. Distances Co-OCarbox are in the range 2.021-2.099 Å for Co(1) and 2.052-2.072 Å for 

Co(2). Distance Co-Ow are 2.217(4) Å for Co(1) and 2.134(4) Å for Co(2). The Co(1)-O(8)-Co(2) 

angle found is 114.21(17)These Co-O bond distances and the angle Co-Ow-Co agree with thus 

reported for similar trinuclear cobalt(II) complexes containing bridged carboxylate groups.[21] It 

is worth noticing the existence of two intramolecular hydrogen bonds between the 
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uncoordinated oxygen atom of the monodentate carboxylate (O(2)) and the H8A and H8B of 

the bridged aqua (H(8A)-O(2), 1.666Å; H(8B)-O(2) 2.955Å). Another intramolecular weak 

hydrogen bond is observed between H7B of the terminal aqua ligand and O(9) of the terminal 

diethyl ether molecule, H(9B)-O(7), 2.891Å (Figure 6). 

The packing arrangement of compound C4 along c axis present parallel lineal chains where 

the terminal diethyl ether ligands of adjacent molecules from the same chain are facing each 

other (see Figure S3 at the supporting information section). 

 

Figure 6. X-ray structure of C4 showing the intramolecular and intermolecular hydrogen bonds. 

The synthetic strategy followed to obtain complexes C3 and C4 was the same to the strategy 

followed to obtain A1, [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2], and B2, [Mn3( µ-H2O)4(1-

CH3-2-CO2-1,2-closo-C2B10H10)6(C4H10O)2], presented in previous chapters. In both cases 

binuclear compounds were obtained in which the metal atoms are held through syn,syn 1: 

1: µ2-carboxylate bridges. However, whereas compound A1 presents a paddle-wheel type 

structure in which each copper atom displays a square pyramidal geometry completed by one 

oxygen atom from a THF molecule; in compound C3 the cobalt(II) ions are held through two 

bridged carboranylcarboxylate and one aqua ligands and each cobalt atom shows an additional 

carboranylcarboxylate ligand in a monodentate mode and two THF molecules completing a 

distorted octahedral geometry around each metal ion..  

The strategy used to obtain compounds C4 and B2 was also the same and in both cases 

trinuclear compounds were obtained, in which the metal ions are linked each other through 

two bridged carboranylcarboxylate ligands and one bridged aqua ligand. In both compounds 

the terminal metal atoms present one monodentate carboranylcarboxylate ligand, one aqua 
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ligand and one diethyl ether molecule. The structures of both complexes present octahedral 

geometry around each metal ion and an inversion centre located in the central metal atom. 

Table 3. Crystal Data for X-ray structures of C3 and C4. 

 C3 C4 

Empirical formula C32H86B40O13Co2 C48H146B60O22Co3 

Formula weight 1229.27 1901.04 

Crystal system Orthorhombic   Triclinic 

Space group Pccn  P-1 

a [Å] 12.392(5) 14.420(9) 

b [Å] 22.830(10) 14.806(10) 

c [Å] 23.802(10) 15.656(10) 

 [º] 90 63.006(12) 

 [º] 90 73.533(13) 

 [º] 90 67.443(11) 

V [Å
3
] 6734(5) 2726(3) 

Formula Units/Cell 4 1 

calc. [g cm
-3

] 1.212 1.158 

 [mm
-1

] 0.542 0.506 

R1
[a]

, [I > 2(I)] 0.0636 0.0979 

wR2
[b]

 [all data]
 

0.2183 0.2603 

   

   [a] R1 = Fo - Fc/Fo 

   [b] wR2 = [{w(Fo
2
-Fc

2
)

2
}/{w(Fo

2
)

2
}]

½
,where w = 1/[

2
(Fo

2
) + (0.0042P)

2
] and P=(Fo

2
+2Fc

2
)/3 
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Table 4. Selected bond lengths (Å) and angles (°) for complexes C3 and-C4. 

 
 C3  C4  C4 

Co(1)-O(3) 2.039(2) Co(1)-O(1) 2.099(5) Co(2)-O(6) 2.052(4) 

Co(1)-O(6) 2.083(2) Co(1)- O(3) 2.059(5) Co(2)-O(4) 2.072(4) 

Co(1)-O(10) 2.0832(17) Co(1)-O(5) 2.027(5) Co(2)-O(8) 2.134(4) 

Co(1)-O(5) 2.092(2) Co(1)-O(7) 2.021(5) Co(2)-O(6)#1 2.052(4) 

Co(1)-O(4) 2.092(2) Co(1)-O(8) 2.217(4) Co(2)-O(4)#1 2.072(4) 

Co(1)-O(1) 2.121(2) Co(1)-O(9) 2.111(5) Co(2)-O(8)#1 2.134(4) 

O(3)-Co(1)-O(6) 90.64(10) O(7)-Co(1)-O(8) 88.09(16) O(4)-Co(2)-O(4)#1 180.0(2) 

O(3)-Co(1)-O(10) 91.76(8) O(1)-Co(1)-O(9) 90.96(19) O(4)-Co(2)-O(6) 91.91(19) 

O(6)-Co(1)-O(10) 176.61(9) O(3)-Co(1)-O(9) 89.45(19) O(4)#1-Co(2)-O(6) 88.09(19) 

O(3)-Co(1)-O(5) 178.25(10) O(5)-Co(1)-O(9) 88.78(18) O(4)-Co(2)-O(6)#1 88.09(19) 

O(6)-Co(1)-O(5) 88.23(10) O(7)-Co(1)-O(9) 92.40(19) O(4)#1-Co(2)-O(6)#1 91.91(19) 

O(10)-Co(1)-O(5) 89.42(8) O(8)-Co(1)-O(9) 178.67(19) O(6)-Co(2)-O(6)#1 180.0(1) 

O(3)-Co(1)-O(4) 90.10(10) O(1)-Co(1)-O(3) 175.49(19) O(4)-Co(2)-O(8)#1 90.43(17) 

O(6)-Co(1)-O(4) 89.01(9) O(1)-Co(1)-O(5) 92.1(2) O(4)#1-Co(2)-O(8)#1 89.57(17) 

O(10)-Co(1)-O(4) 93.39(8) O(3)-Co(1)-O(5) 92.42(19) O(6)-Co(2)-O(8)#1 84.84(16) 

O(5)-Co(1)-O(4) 88.54(9) O(1)-Co(1)-O(7) 87.08(19) O(6)#1-Co(2)-O(8)#1 95.16(16) 

O(3)-Co(1)-O(1) 90.37(10) O(3)-Co(1)-O(7) 88.4(2) O(4)-Co(2)-O(8) 89.57(17) 

O(6)-Co(1)-O(1) 88.95(9) O(5)-Co(1)-O(7) 178.56(18) O(4)#1-Co(2)-O(8) 90.43(17) 

O(10)-Co(1)-O(1) 88.63(8) O(1)-Co(1)-O(8) 87.83(16) O(6)-Co(2)-O(8) 95.16(16) 

O(5)-Co(1)-O(1) 90.95(9) O(3)-Co(1)-O(8) 91.79(16) O(6)#1-Co(2)-O(8) 84.84(16) 

O(4)-Co(1)-O(1) 177.91(8) O(5)-Co(1)-O(8) 90.71(16) O(8)#1-Co(2)-O(8) 180.0(1) 

V.3.2. Spectroscopic properties 

The IR spectra of all complexes described typical (B-H) absorption at frequencies above 

2590 cm-1, characteristic of closo carborane derivatives.[22] Differences between the 

frequencies of the symmetric and antisymmetric stretches for the carboxylate ligands lies 

within the ranges quoted for bidentate bridged ligands.[22b]  

The electronic UV-vis spectra of complexes C1, C2, C3 and C5 are shown in Figure 7 and  

Figure 8, respectively. Spectra of the trinuclear iron complexes, C1 and C2, show three 

characteristic bands at 351 nm, 479 nm and 554 nm for C1 and 352 nm, 490 nm and 558 nm 

for complex C2. Both complexes are orange-brown so it is expect than the bands observed in 
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the near IR are due to transitions in the iron (III) atoms. The absortions at 479 nm and 490 nm 

have been tentatively assigned to MLCT transitions,[23] the lower energy absortions (554 nm 

and 558 nm) to d-d  transitions [24] while the higher energy ones (351 nm and 352 nm) have 

been attributed to an O  Fe(III) charge-transfer transition.[25]  

a)                                                                                                                        b)                  

        
 

Figure 7. UV-vis spectra for complexes a) C1, b) C2 

For cobalt(II) complexes, UV-vis spectra of octahedral Co(II) complexes show two 

characteristic bands, one in the range 300-400 nm and the other in the range 420-570 nm. The 

pink binuclear compound C3 revealed two bands at 353 nm and 534 nm respectively, whereas 

that the spectrum for the pink solid C5 presents one band at 510 nm, and two shoulders at 356 

and 472 nm, respectively ( 

Figure 8). The higher energy bands observed in C3 and C5 can be assigned to LMCT 

transitions.[26] Absorptions in the visible region at 534 nm for C3 and at 472 and 510 nm for C5 

are assigned to the two spin-allowed d-d transitions, 4T1g(F)4A2g(F) and 4T1g(F)4T1g(P). [19b, 

19e, 27] 

a)                                                                                                  b) 

     
 

Figure 8. UV-vis spectra for complexes a) C3, b) C5 

The 1H{11B}-, 11B-, 11B{1H }- and 13C{1H}-NMR spectra of these complexes were performed. It 

can be observed that the 1H{11B }- spectra exhibit resonances around δ= 2 ppm attributed to 
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the Cc-CH3 protons and the resonances of the protons bonded to the B atoms appear as broad 

singlets over a wide chemical-shift range in the region from δ= 0 to +5 ppm. The 11B1H-NMR 

resonances for all the complexes featured similar patterns in the range from δ=2 to -15 ppm 

that agree with a closo cluster.[22a]  
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V.4. Conclusions 

Four new complexes  containing the ligand  [1-CH3-2-CO2-1,2-closo-C2B10H11], LH, and iron(II) 

or cobalt(II) ions has been synthetized and thoroughly characterized by analytical, and 

spectroscopic techniques as well as through X-Ray structure. 

 For iron complexes, two different synthetic strategies were carried out, obtaining in both 

cases  trinuclear mixed valence iron(III,II) complexes with a Fe3(µ3-O) core. The structure of 

these complexes consist in a planar trigonal Fe3O core, six syn,syn bridged carboxylate ligands 

and three THF (C1) or py (C2) molecules completing the distorted octahedral sphere for each 

iron atom. It was observed that in compound C1 the three iron atoms are crystallographically 

indistinguishable probably due to the dynamic disorder induced by a rapid internal electron 

transfer whereas than in C2 the oxidation state of each iron atom could be assigned according 

to the bond distances Fe-(µ-O) and Fe-Ocarbox and to the angles(µ-O)-Fe-Ocarbox. 

UV-visible spectra of both compounds were performed and three characteristic bands were 

observed around 350 nm, in the range 479-490 nm and the third one around 555 nm. These 

bands were tentatively assigned to LMCT , MLCT and d-d transitions, respectively.  

For cobalt complexes, two different nuclearity compounds, C3 and C4, were obtained 

dependent on the cobalt(II) salt used as starting material, the solvent medium and the 

synthetic strategy followed. Although both compounds display different nuclearity, binuclear 

for C3 and trinuclear for C4, in both structures the cobalt atoms are held together through two 

carboranylcarboxylate and one aqua ligands. Besides, terminal cobalt atoms from both 

complexes present a monodentate carboranylcarboxylate ligand and two additional oxygen 

atoms from the solvent medium leading to an octahedral geometry around each cobalt atom.     

Compound C4, was obtained by recrystallization of complex C5 in diethyl ether, whose 

structure has been propose as a polymer of stoichiometry [Co(µ-H2O)(µ-1-CH3-2-CO2-1,2-closo-

C2B10H10.)2]n·(H2O)n. 

UV-visible spectra of compounds C3 and C5 were performed and characteristic bands for 

both complexes were observed. The higher energy bands were assigned to LMCT transitions, 

and the other bands to the two spin-allowed d-d transitions, 4T1(F)4A2(F) and 

4T1g(F)4T1g(P). 
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V.5. Experimental section 

V.5.1. Instrumentation and measurements 

Instrumentation and Measurements. FT-IR spectra were taken in a Mattson-Galaxy Satellite 

FT-IR spectrophotometer containing a MKII Golden Gate Single Reflection ATR System. 

Elemental analyses were performed using a CHNS-O Elemental Analyser EA-1108 from Fisons. 

UV-Vis spectroscopy was performed on a Cary 50 Scan (Varian) UV-Vis spectrophotometer 

with 1 cm quartz cells or with an immersion probe of 5 mm path length. NMR spectra have 

been recorded with a Bruker ARX 300 or a DPX 400 instrument equipped with the appropriate 

decoupling accessories (1H and 1H{11B} NMR (300.13/400.13 MHz), 13C{1H} NMR (75.47/100.62 

MHz) and 11B and 11B{1H} NMR (96.29/128.37 MHz) spectra were recorded in d6-acetone, 

CD2Cl2  and D2O . Chemical shift values for 11B NMR spectra were referenced to external 

BF3OEt2 and those for 1H, 1H{11B} and 13C{1H} NMR spectra were referenced to SiMe4. 

Chemical shifts are reported in units of parts per million downfield from reference, and all 

coupling constants in Hz. Deconvolution of 11B{1H} spectra has been performed with the 

software OriginPro 8 SR0, v. 8.0724.  

X-ray structure determination. Measurement of the crystals were performed on a Bruker 

Smart Apex CCD diffractometer using graphite-monochromated Mo Kα radiation (λ = 

0.71073Å) from an X-Ray tube. Data collection, Smart V. 5.631 (BrukerAXS 1997-02); data 

reduction, Saint+ Version 6.36A (Bruker AXS 2001); absorption correction, SADABS version 2.10 

(Bruker AXS 2001) and structure solution and refinement, SHELXTL Version 6.14 (Bruker AXS 

2000-2003).  

V.5.2. Materials 

All reagents used in the present work were obtained from Aldrich Chemical Co and were 

used without further purification. Reagent grade organic solvents were obtained from SDS and 

high purity de-ionized water was obtained by passing distilled water through a nano-pure Mili-

Q water purification system. 1-CH3-1,2-closo-C2B10H11 was purchased from Katchem.  

V.5.3. Preparations 

The 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand was prepared according to literature 

procedures[28] with some modifications as was described in Chapter III of the present thesis. 

The synthetic manipulations for iron complexes were routinely performed under inert 

atmosphere and for cobalt complexes under ambient conditions. Synthesis of Fe(CF3SO3)2 was 

performed following the literature preparation[29] with some modifications.  



 
 

132 
 

Synthesis of [Fe(CF3SO3)2]. A small excess of CF3SO3H (3.63mL, 40.767 mmol) was dropwise 

and carefully added, as the reaction is highly exothermic, into an aqueous suspension of Fe 

powder (1.034 g, 18.51 mmol). The resulting suspension was stirred at ambient temperature 

for 2 days. Then, the unreacted iron powder was filtrated and the solvent was removed under 

vacuum obtaining a paleblue powder. Finally, the contained water was completely removed by 

heating the paleblue powder at 250 °C, obtaining a white powder of Fe(CF3SO3)2. Yield: 5.758 g 

(88%) Anal. Found (calcd.) (%) for C2F6O6S2Fe: C 6.63 (6.79), H 0.00 (0.00). IR:  ̅= 630-889 

(CF3)st, 1024, 1170-1223(S=O)st, 1391 (R-SO2-OR)st, 1430, 1535, 1614, 1632, 1655, 1740, 

3459 cm-1. 

Synthesis of [Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-C2B10H10)6(THF)3], C1. 1-CH3-2-CO2H-1,2-closo-

C2B10H10 , LH, (0.103 g, 0.51 mmols) in ethanol (1 mL) was neutralized with a 0.1 M aqueous 

NaOH solution with phenolphthalein as indicator at room temperature and then the solvent 

was removed under vacuum. Then, under inert atmosphere, 5 mL of THF were added and the 

resulting solution was immediately mixed with a solution of Fe(CF3SO3)2 (0.09 g, 0.255 mmols) 

in THF (5 mL). After stirring overnight, the solvent was removed under vacuum obtaining a 

brown solid that was recrystallized by slow diffusion of pentane into a dichloromethane 

solution to affor, air-stable, brown crystals of C1 suitable for X-ray diffraction analysis. Yield: 

0.61 g (45%). 1H{11B} NMR (400.13 MHz, CD2Cl2, 25˚C): = 3.98 (s; O-CH2), 3.22 (br s; B-H), 2.04 

(s, CH3), 1.99 ppm (s; CH2). 
13C{1H} NMR ( MHz, CD2Cl2, 25˚C): = 30.25 (CH2), 29.92 (CH2) , 23.26 

ppm (CH3).
 11B{1H} NMR (128.37 MHz, CD2Cl2, 25˚C): =-1.4, -4.5, -8.6, -10.0, -13.5. IR:  ̅= 2963, 

2584  (B-H), 1749, 1647 (COO-)as, 1445, 1371 (COO-)sim, 1261, 1192, 1148,1092, 1015, 943, 

913, 870, 845, 802, 772, 724, 680 cm-1. UV-Vis (CH2Cl2, 1.10-3M) max ()= 554 nm (311 M-1cm-1), 

479 nm (398 M-1cm-1), 352 nm (3750 M-1cm-1). Elemental analysis calcd (%) for C36H102B60O16Fe3 

·0.6THF: C 27.94, H 6.52; found: C 28.16, H 6.16.   

 Synthesis of [Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-C2B10H10)6(py)3], C2. A solution of LH ( 0.075 g, 

0.38 mmols) and Et3N (52.5 μL, 0.37 mmols) in CH2Cl2 (1 mL) was added dropwise to a solution 

of Fe(OTf)2 (0.082 g, 0.231 mmols) in CH2Cl2 (1 mL), all under N2 atmosphere. Pyridine (18.2 μL, 

0.23 mmols) was added to this mixture and the solution was allowed to stir for 16 h. Then, the 

solution was concentrate to dryness. The resulting brown product was extracted into diethyl 

ether, filtered and exposed to pentane vapour diffusion. After several days, brown crystals of 

C2, suitable for X-ray diffraction analysis, were obtained. Yield: 0.071g (70%). IR:  ̅= 2583  (B-

H), 1649 (COO-)as,  1371 (COO-)sim, 1015, 695, 675, 619, 515 cm-1. UV-Vis (CH2Cl2, 1.10-3M) 

max ()= 558 nm (182 M-1cm-1), 490 nm (244 M-1cm-1),.352 nm (1840 M-1cm-1). Anal. Found 

(calcd.) (%) for C39H93B60O13N3Fe3: C 26.03(26.05); N 1.61(1.79); H 5.76(5.78). 
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Synthesis of [Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)4], C3. 1-CH3-2-CO2H-1,2-

closo-C2B10H10 , LH, (0.2 g, 0.99 mmols) in ethanol (1.5 mL) was neutralized with a 0.1 M 

aqueous NaOH solution with phenolphthalein as indicator at room temperature and 

immediately mixed with a solution of  CoCl2·6H2O (0.12 g, 0.490 mmols) in water (1 mL). The 

temperature of the pink solution gradually rose to 40C. After 2 h the solvent was removed 

under vacuum, the solid residue was redissolved in THF (30 mL) and again dried under vacuum. 

The last process was repeated three times. The obtained residue was once more dissolved in 

THF, the solution was filtrated to remove solid Na2SO4 and the solvent was again removed 

under vacuum. The resulting pink solid was recrystallized by slow diffusion of pentane into a 

diethyl ether solution to afford, air-stable pink crystals of C3 suitable for X-ray diffraction 

analysis . Yield: 0.28 g (93%).1H{11B} NMR (400.13 MHz, acetone-d6, 25˚C): = 4.70 (s, µ-H2O), 

2.30 (br s, B-H), 2.23 (br s, B-H), 2.13 (s, CH3).  
11B{1H} NMR (128.37 MHz, acetone-d6, 25˚C): = 

-1.4 (1B), -2.5(1B), -3.7(1B), -6.9 (2B),  -9.6(1B), -10.5(1B), -11.1(1B), -12.8 (2B) ppm . IR:  ̅= 

2985(OH), 2894, 2581 (B-H),   1677(COO-)as, 1443, 1361(COO-)sim, 916, 871(O-H), 761, 

725(B-C) cm-1. UV-Vis (CH2Cl2, 1.10-3M) max ()= 353 nm (134 M-1cm-1), 534 nm (97 M-1cm-1). 

Elemental analysis calcd (%) for C32H86B40O13Co2 ·0.3 THF: C 31.88, H 7.12; found: C 31.77, H 

7.34. 

Synthesis of [Co(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n.(H2O)n, C5. To a suspension of 

0.093 g (0.458 mmols) of 1-CH3-2-CO2H-1,2-closo-C2B10H10, LH,  in water (20 mL) was added 

0.055 g (0.458 mmols) of CoCO3 in water (5mL). The solution was stirred and heated to 40 ˚C 

for 2h. Afterward, the solution was filtered and the solvent was removed under vacuum to 

obtain a palepink solid. The resulting product was recrystallized by slow diffusion of pentane 

into a diethyl ether solution. After several days, pink crystals suitable for X-ray diffraction were 

obtained corresponding to [Co3(µ-H2O)4(1-CH3-2-CO2-1,2-closo-C2B10H10)6(C4H10O)2], C4. Yield: 

0.103g (94%). 1H{11B} NMR (400.13 MHz, D2O , 25˚C): = 2.19 (br s, B-H), 2.10 (br s, B-H), 1.96 

(br s, B-H), 1.90 (br s, B-H), 1.79 (s, CH3). 
11B{1H} NMR (128.37, D2O, 25˚C): = -4.0 (1J(B,H)= 

148.9, 1B), -6.9 (1J(B,H)= 151.5, (1B), -10.09 3B), -10.91 (1J(B,H)= 147.6, 5B). IR:  ̅= 3585, 3556 

(OH), 2583  (B-H), 1618(COO-)as,  1376 (COO-)sim, 1149, 1015, 846 (O-H), 772, 725 (B-C) 

cm-1. UV-Vis (H2O, 1.10-3M) max ()= 356 nm (5 M-1cm-1),  472 nm (4 M-1cm-1), 510 nm (5 M-1cm-

1). Anal. Found (calcd.) (%) for C8H28O5B20Co ·1H2O: C 19.52(19.32); H 6.17(6.08). 
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CHAPTER VI. Cu(II) and Mn(II) complexes containing 
the carboranylcarboxylate ligand 1-CO2H-1,2-closo-
C2B10H11.  

 

 

 
 
 

A series of new mono- and polynuclear copper(II) and manganese(II) compounds containing 

the 1-CO2H-1,2-closo-C2B10H11 carborane ligand (L’H) has been synthesized and fully 

characterized through analytical, spectroscopic (NMR, IR, UV-visible) and electrochemical 

techniques. X-ray structural analysis has been performance of all compounds. A comparison of 

these compounds with the analogous containing the carboranylcarboxylate ligand [1-CH3-2-

CO2-1,2-closo-C2B10H11], LH, revealed in most cases a similarity in the structure of the 

compounds. However, some differences were found in these compounds arising from the 

presence of different substituents on the carboranylcarboxylate ligands. An evaluation of this 

behaviour is presented in this chapter. 
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VI.1.  Introduction  

As commented in Chapter III and IV, mono- and polynuclear copper(II) and manganese(II) 

compounds have great interest due to their multiple applications in different fields such as 

molecular semiconductors, nanomagnets, ions exchange, chemical separation, sensor 

technology, energy conversion, optoelectronics or catalysis[1], as well as for their potential use 

as frameworks for the assembling of complexes in two or three dimensions to generate 

supramolecular structures (MOFs)[2] which have attractive applications among which are their 

use as sensors, catalysts, or H2-storage devices.[3] 

Synthesis and characterization of complexes containing the carboranylcarboxylate ligand, [1-

CH3-2-CO2-1,2-closo-C2B10H10]
-, and copper[4] or manganese[5] atoms has been reported and 

presented in Chapter III and IV. Most of the copper(II) complexes reported display a binuclear 

paddle-wheel structure whereas than for Mn(II) complexes,  mono-, bi- and polynuclear 

compounds have been described. Moreover, copper compounds containing the 

carboranylcarboxylate ligand present notable differences respect the analogous -acetate 

compounds such as their behaviour in nucleophilic solvents (carboranylcarboxylate complexes 

are unstable in MeOH whereas the analogous -acetate complex. are stable) or their solubility 

(complexes containing the carboranylcarboxylate ligand are readily soluble in 

dichloromethane, diethyl ether or toluene, where copper acetate is completely insoluble).[4] 

On the other hand, complexes containing the [1-CO2-1,2-closo-C2B10H11]
- ligand and the 

transition metals ZnII, CuII, NiII and MoII ions have been found in the literature,[6] however, the 

coordination of MnII ions to this carboranylcarboxylate ligand has never been studied.  

In this chapter we focused our investigations on the differences that the substitution of a 

methyl group by a hydrogen atom on the cluster of the carboranylcarboxylate ligand can 

produce in the reactivity of this ligand in front of Cu(II) and Mn(II). 
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VI.2. Objectives 

In previous chapters we have synthesized complexes with Cu(II) and Mn(II) both containing 

the carboranylcarboxylate ligand [1-CH3-2-CO2-1,2-closo-C2B10H10]-, in this chapter, we expect 

that the substitution of the methyl  group by a hydrogen atom on this carboranylcarboxylate 

ligand could lead to a different reactivity of this new ligand with these metals.  

 

With all this in mind, the main goal of this chapter was the synthesis, characterization and 

study of the main  chemical properties of new mono- and polynuclear copper(II) or 

manganese(II) complexes containing the ligand carboranylcarboxylate [1-CO2-1,2-closo-

C2B10H11]
-. 

 

 

  Chart 1. 1-CO2H-1,2-closo-C2B10H10 ligand (L’H) 

 

First of all, a binuclear Cu(II) starting material complex having THF molecules as terminal 

ligands was synthesized and fully characterized. The reactivity of this starting material with 

respect to different pyridyl ligands was also studied.  

Secondly, a Mn(II) starting material complex was synthesized and fully characterized through 

structural, analytical and spectroscopic techniques. We were also concerned in evaluate the 

influence and reactivity of the bidentate chelating ligand 2,2’-bipyridine over the structure of 

this starting material.  

Finally, we have proposed to establish structural and chemical differences among the 

synthesized compounds and the analogous ones containing the carboranylcarboxylate ligand 

LH, where a methyl group instead a hydrogen atom is presented. 
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VI.3. Results and discussion 

VI.3.1. Synthesis and characterization of copper complexes 

The synthetic strategy for the preparation of the ligand L’H and the Cu(II) complexes D1-D5, 

containing the carboranylcarboxylate ligand 1-CO2H-1,2-closo-C2B10H11 (L’H) and different 

terminal ligands, Lt, is outlined in  

Scheme 1. 

Binuclear copper(II) compound [Cu2(1-CO2-1,2-closo-C2B10H11)4(THF)2], D1, was obtained by 

neutralization of carboranylcarboxylic acid, L’H, with NaOH followed by reaction with CuSO4 in 

ethanol/H2O and subsequent extraction in THF.[6a]  

Compound D1 was used as starting material and it  was reacted with monodentate and 

bidentate pyridylic ligands, Lt, (Lt = py, p-CF3-py, p-CH3-py and o-(CH3)2-py), which were also 

used in Chapter III.  

When the corresponding ligands Lt dissolved in CH2Cl2 are added to a solution of complex D1 

in CH2Cl2 (with a ligand:complex ratio of 2:1), blue-green solutions are formed that after slow 

evaporation lead, in most cases, to the precipitation of binuclear complexes of general formula 

[Cu2(L’)4(Lt)2] as main products. In the case of the binuclear compounds D2 and D4, obtained 

upon addition of pyridine and p-methylpyridine respectively, we have also observed the 

parallel formation of other binuclear compounds with general formula [Cu2(L’)4(Lt)4] in lower 

yield (complexes D2’ and D4’, see experimental section and Figure S1 at the supporting 

information section) with a ratio D2:D2’ of 0.55:0.45 and D4:D4’ of 0.90:0.10. Finally, the 

addition of 2,6-lutidine as axial Lt ligand leads to the formation of the mononuclear complex 

D5 as main product. 

Crystallographic data and selected bond distances and angles for compounds D1-D5 are 

presented in Table S1 (see supporting information section), Table 1. and Table 2, respectively 

(the corresponding data for compounds D2’, D4’ and D5’ are gathered in the supporting 

information section, Table S2 and Table S3). ORTEP plots with the corresponding atom labels 

for the X-ray structures of all compounds are presented in Figure 1 and Figure S1.  
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Scheme 1. Synthetic strategy for the preparation of L’H and Cu(II) complexes D1-D5 
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[Cu2(1-CO2-1,2-closo-C2B10H10)4(THF)2], (D1) 

 

[Cu2(1-CO2-1,2-closo-C2B10H10)4(py)2], (D2) 

 

 

[Cu2(1-CO2-1,2-closo-C2B10H10)4(p-CF3-py)2], (D3) 

 

 

 

[Cu2(1- CO2-1,2-closo-C2B10H10)4 (p-CH3-py)2], (D4) 

 

 

[Cu(1-CO2-1,2-closo-C2B10H10)2(o-(CH3)2-py)2], 

(D5) 

Figure 1. X-ray structures (ORTEP plots with ellipsoids at 40% probability level) and labelling scheme for complexes D1-D5.  
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Table 1. Selected bond lengths (Å) and angles (°) for complexes D1-D4. 

 D1 D2 D4  D3  D3 

Cu(1)-O(1) 1.959(2) 1.962(4) 1.922(4) Cu(1)-O(1) 1.986(2) Cu(2)-O(2) 1.941(2) 

Cu(1)-O(2)#1 1.960(2) 1.957(4) 1.913(3) Cu(1)-O(3) 1.953(2) Cu(2)-O(4) 1.965(2) 

Cu(1)-O(3) 1.959(2) 1.972(4) 2.139(4) Cu(1)-O(5) 1.973(2) Cu(2)-O(6) 1.952(2) 

Cu(1)-O(4) 1.960(2) 1.967(4) 2.040(4) Cu(1)-O(7) 1.959(2) Cu(2)-O(8) 1.977(2) 

Cu(1)-X 2.100(2) 2.113(3) 2.060(5) Cu(1)-N(1) 2.126(2) Cu(2)-N(2) 2.127(2) 

Cu(1)-Cu(1)#  2.6786(6) 2.7308(12) 3.009(2) Cu(1)-Cu(2)  2.7439(5) O(2)-Cu(2)-O(6) 167.88(10) 

O(1)-Cu(1)-O2# 166.83(10) 165.07(17) 175.10(16) O(1)-Cu(1)-O(5) 161.41(9) O(2)-Cu(2)-O(4) 88.92(12) 

O(1)-Cu(1)-O(4) 89.09(12) 89.30(18) 89.21(18) O(1)-Cu(1)-O(7) 89.35(11) O(6)-Cu(2)-O(4) 89.95(11) 

O(2) #1-Cu(1)-O(4) 88.84(12) 89.0(2) 91.16(18) O(5)-Cu(1)-O(7) 88.71(11) O(2)-Cu(2)-O(8) 88.53(13) 

O(3)-Cu(1)-O(1) 89.88(11) 88.60(2) 89.26(18) O(3)-Cu(1)-O(1) 88.06(11) O(6)-Cu(2)-O(8) 88.86(12) 

O(3)-Cu(1)-O(2)# 89.17(11) 89.4(2) 87.42(18) O(3)-Cu(1)-O(5) 89.79(12) O(4)-Cu(2)-O(8) 162.16(10) 

O(3)-Cu(1)-O(4) 166.79(9) 166.04(18) 141.66(15) O(3)-Cu(1)-O(7) 167.32(10) O(6)-Cu(2)-N(2) 94.16(9) 

O(1)-Cu(1)-X 99.38(9) 99.82(16) 92.06(17) O(1)-Cu(1)-N(1) 96.49(9) O(4)-Cu(2)-N(2) 99.49(9) 

O(2)#-Cu(1)-X 93.75(10) 95.07(16) 92.04(17) O(5)-Cu(1)-N(1) 102.09(9) O(8)-Cu(2)-N(2) 98.35(9) 

O(3)-Cu(1)-X 98.24(9) 93.29(17) 99.48(16) O(3)-Cu(1)-N(1) 98.58(9) O(2)-Cu(2)-N(2) 97.93(10) 

O(4)-Cu(1)-X 94.92(10) 100.66(16) 118.86(7) O(7)-Cu(1)-N(1) 94.05(9) O(6)-Cu(2)-Cu(1)  83-17(6) 

O(1)-Cu(1)- Cu(1)#  83.83(7) 82.36(13) 89.20(12) O(1)-Cu(1)- Cu(2)  79.83(6) O(4)-Cu(2)-Cu(1) 80.73(7) 

O(2)#-Cu(1)-Cu(1)#  83.02(7) 82.71(12) 86.27(13) O(5)-Cu(1)-Cu(2)  81.59(7) O(8)-Cu(2)-Cu(1) 81.45(7) 

O(3)-Cu(1)-Cu(1)#  83.26(7) 82.40(13) 69.83(11) O(3)-Cu(1)-Cu(2)  83.75(7) O(2)-Cu(2)-Cu(1) 84.74(7) 

O(4)-Cu(1)-Cu(1)#  83.54(7) 83.64(13) 71.85(12) O(7)-Cu(1)-Cu(2)  83.57(6) N(2)-Cu(2)-Cu(1) 177.32(7) 

X-Cu(1)-Cu(1)#  176.44(7) 175.15(11) 169.22(13) N(1)-Cu(1)-Cu(2)  175.60(6)   

                                        X= O(5), complex D1; X = N(1), complexes D2, D4; 

 

Table 2. Selected bond lengths (Å) and angles (°) for complex D5. 

 D5  D5 

Cu(1)-O(1) 1.9409(14) O(1)#-Cu(1)-N(1)# 92.23(7) 

Cu(1)-O(1)# 1.9409(14) O(1)-Cu(1)-N(1)# 87.77(7) 

Cu(1)-N(1) 2.0288(16) O(1#)-Cu(1)-N(1) 87.77(6) 

Cu(1)-N(1)# 2.0288(16) O(1)-Cu(1)-N(1) 92.23(6) 

O(1)#-Cu(1)-O(1) 180.00(1) N(1) #-Cu(1)-N(1) 180.00(13) 

 

Binuclear compounds D1-D4 display a similar structure with the two copper (II) atoms held 

together through four syn,syn 1: 1: µ2-carboxylate bridges acting as equatorial ligands for 

each Cu(II) atom. The square pyramidal geometry around each metal ion is completed by the 

oxygen donor atom of a THF molecule in D1 or by the donor nitrogen atom of the different 
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pyridylic terminal ligands in D2-D4. The overall geometry of the complexes corresponds to a 

binuclear paddle-wheel cage type.  

The structures are centrosymmetric with the symmetry centre located between the two 

copper atoms. The Cu-Ocarboxy bond distances are similar and comparable to other similar 

coordinated carboxylates,[4, 7] and are in the range 1.91-2.14 Å.  

For complex D1, the apical distance Cu-OTHF is 2.11 Å and is longer than the basal distances, 

but it is within the range observed for other similar carboxylate structures with water as axial 

ligand.[8] The Cu-Lt bond distances in the pyridyl complexes follow the trend Lt= p-CF3-py (2.13 

Å ) > py (2.11 Å) > p-CH3-py (2.06 Å) an order that could be related to the basic strength of the 

ligands, the lower basicity of the pyridylic ligands increases the distance Cu-Lt observed in 

these complexes. The Cu···Cu distances, in the range 2.68-3.00 Å, are similar to the complexes 

synthesized in Chapter III as well as to other carboranylcarboxylate compounds reported in the 

literature.[6a]  

The distortion of the coordination polyhedron in compounds D1-D4 is evidenced by the 

trans O-Cu-O angles, which range from 161.4 to 175.1°. Moreover, each copper atom is 

displaced out of the mean plane towards the corresponding apical ligand (the bond angles 

involving the apical ligand, O-Cu-O/N, range from 92.1 to 102.1°, and the distances from each 

Cu atom to its mean basal plane range between 0.225 and 0.380 Å for the set of binuclear 

complexes). For complexes D2-D4, with N-pyridines as apical ligands this displacement 

(average of 0.298 Å) is more pronounced than for complex D1, containing THF (0.225 Å). Also, 

in these compounds D1-D4 the displacement of the copper atom towards the terminal ligand 

observed in compounds D1-D4 is slightly higher than the observed for similar complexes 

[Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2], A1, [Cu2(1-CO2-1,2-closo-C2B10H10)4(py)2], A2, 

[Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(p-CF3-Py)2], A3, [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4 (p-

CH3-Py)2], A4, synthesized in chapter III (range from 0.214 to 0.253 Å). The cis O-Cu-O angles 

around the copper atoms in D1-D4 show slight differences with regard to the 90° ideal value 

and are in the range 87.4-91.2°. Intramolecular C-H···O hydrogen bonds between the hydrogen 

atoms bond to the carbon atom in the carborane and the oxygen atoms of the 

carboranylcarboxylate ligand are observed for all complexes. 

It is noteworthy to comment the arrangement of the molecules of complex D4 along a axis, 

which are displaying vertical layers in which two of the four carboranylcarboxylate ligands are 

opposite to two carboranylcarboxylate ligands from two adjacent molecules leading a helix 

form along each pair of chains. The other two carboranylcarboxylate ligands are alternated to 

another pair from an adjacent chain. The solvent water molecules are sandwiched between 
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two p-CH3-py ligands fulfilling the cavities between molecules along the c axis. (Figure S2 at the 

supporting information section). 

The X-ray crystallography diffraction performed on complex D2’ ([Cu2(1-CO2-1,2-closo-

C2B10H10)4(py)4], Figure S1a, reveals a centrosymmetric binuclear copper (II) complex in which 

the two cooper atoms are held through two syn-anti carboranylcarboxylate bridges acting as 

axial ligand (O2) and equatorial ligand (O1), respectively. The square pyramidal geometry 

around each copper atom is completed by one oxygen atom from a monodentate 

carboranylcarboxylate and two nitrogen atoms from two pyridine molecules in the equatorial 

plane. It is noteworthy the existence of Cc-H···H-B interactions between monodentate and 

bridged carboranylcarboxylate ligand, C-H(3)···H(11)-B, d=3.054 Å, and C-H(6)···H(9)-B,  

d=2.721 Å. These interactions probably are responsible of the asymmetry observed in the 

bridged ligands (Figure 2. ). Due to this asymmetry, two intramolecular C-H···O hydrogen-

bonds are observed, one between the substituent hydrogen from the bridged carborane and 

the oxygen atom coordinated to the metal, from the monodentate ligand (C(3)-H(3B)···O(5); d= 

2.279 Å) and another between the same hydrogen atom and its own oxygen anti (C(3)-

H(3B)···O(2); d= 2.534 Å), (see Figure S3 at the supporting information section). This last 

oxygen atom, O(2), present the longest distance Cu-O, (dCu-O2=2.288(5) Å), in comparison with 

the other two Cu-O bond distances (dCu-O1=1.954(4) Å and dCu-O5=1.977(5) Å). It is observed that 

the plane containing pyN1 is 26.40ᵒ tilted with regard to the plane containing pyN2. The angles 

between the axial and the equatorial positions show significant distortions in comparison to 

the ideal square pyramid, with deviations from the theoretical value and are in the range 

85.72°- 109.93°, it is remarkably that the carboranylcarboxylate oxygen displaying the longest 

Cu-O distance is involved in the angles with the highest deviations. Binuclear compound D4' 

(see Figure S1b at the supporting information section) displays a similar structure, where 

minor distortions are observed.  
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Figure 2. Interaction C-H···H-B on complex D2’ 

Mononuclear complex D5 displays a centrosymmetric square planar structure, in which the 

copper atom is coordinated by two nitrogen atoms from the lutidine ligands and by two 

oxygen atoms from the two carboranylcarboxylate ligands that adopt a monodentate 

coordination mode. It is also noteworthy the existence of two hydrogen bonds one 

intramolecular involving the methyl group of one of the lutidine ligands and the non-

coordinated oxygen atom of the carboranylcarboxylate ligand and other intermolecular with 

the methyl group of a neighbouring molecule which leads to the packing shown in Figure 3. 

Compound D5 crystallizes together with compound D5’ (Figure S1c in supporting information 

section). D5’ consists in a copper(II) ion coordinated by four oxygen atoms of four 

carboranylcarboxylate ligands in a monodentate mode, leading to a square planar geometry. 

The molecule presents an inversion centre located in the copper atom. Cu-O distances are 

similar (1.919(2) Å and 1.926(2) Å) and the O-Cu-O angles are quite similar to the ideal value 

for a square planar geometry (89.52(11)ᵒ and 90.49(11)ᵒ). It is noteworthy the packing 

structure of compound D5’ (Figure S3), molecules of D5’ are arranged in chains in which two 

2,6-lutidine molecules are located between adjacent molecules of compound D5’. Besides, 

carboranylcarboxylate ligands from molecules of different chains are alternated occupying the 

space fulfilled by the 2,6-lutidine ligands from the other chain. Each molecule of D5’ present 

four O-H···N bonds between the four uncoordinated oxygen atoms of the monodentate 

carboranylcarboxylate ligands and two solvent 2,6-lutidine molecules. 



 
 

150 
 

 

Figure 3. Packing diagram for the X-ray diffraction structure of complex D5 showing the intramolecular 

and intermolecular hydrogen bonds. 

X-ray crystallographic structure of compounds D1-D5 provided a collection of binuclear and 

mononuclear compounds really similar to their analogous compounds A1-A4 reported in 

Chapter III. No important differences are observed in the starting materials compounds 

obtained with both carboranylcarboxylate ligands, [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4 

(THF)2], A1, and [Cu2(1-CO2-1,2-closo-C2B10H11)4(THF)2], D1. It is probably due to the prevalence 

of the Cu(II) ions for a specific nuclearity and arrangement with the monocarboxylate 

ligands.[6a, 9] Moreover, the behaviour of this starting material with the pyridylic ligands is also 

similar for both ligands leading to binuclear compounds as a main product when py, p-CH3-py 

or p-CF3-py are used as terminal ligands and a mononuclear compound with o-(CH3)2-py. 

However, important differences are found in the side products obtained with the pyridylic 

ligands py and p-CH3-py; compound A1, containing 1-CH3-2-CO2-1,2-closo-C2B10H10 ligand, LH, 

leads to the formation of mononuclear side products whereas that compound D1 with the 1-

CO2-1,2-closo-C2B10H11 ligand, L’H, presents binuclear compounds as a side products. This 

difference has been attributed to the above commented short contacts Cc-H···H-B between 

neighbouring carborane ligands, which probably are the responsible for keeping the binuclear 

structures avoiding the evolution to the mononuclear compounds. This H···H short contacts 

are mainly hydrogen interactions between the acidic Cc-H protons and the B-H hydrides atoms 

and could be considered as dyhidrogen bonds[10] and/or H-H bonding interactions.[11] These 

interactions has been previously observed in carborane groups and their role in establishing 

rotamer configurations has been previously reported by Teixidor et al.[12] It should be point out 

that these interactions has not been observed for compounds with the ligand LH, , where only 
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mononuclear compounds as side products were observed, as in the case of A2 and A4, also 

probably due to the steric encumbrance of the methyl groups that could hinder the prevalence 

of the binuclear structures. Other consequence of these Cc-H···H-B interactions could be the 

proportion in the isolated products; thus, for compounds obtained with pyridine ligand, when 

the ligand used was L’H, a comparable ratio of the corresponding compounds were obtained 

(ratio D2:D2’ of 0.55:0.45), however, when the ligand was LH, is mainly obtained the binuclear 

compound A2 and only traces of mononuclear compound are detected.  

VI.3.2. Electrochemical properties 

Electrochemical properties of complexes D1-D5 were studied by cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV). The cyclic voltammograms of these complexes in 

acetonitrile (0.1 M TBAH) at room temperature, with a scan rate of 100 mV.s-1 are reported in 

Figure 3. and Figure S5). The CV display similar electrochemical behaviour as expected from 

their analogous structures, though no differences in the potential values are observed in 

accordance with the electron character of the pyridylic terminal ligands. All complexes present 

electrochemically irreversible redox waves that can be assigned to the CuII/Cu0. One reduction 

wave in the cathodic sweep of the CV curve was observed (Epc= -0.49 V for D1-D3 and D5 and 

Epc= -0.48 V for D4) that probably correspond to reduction of CuII to Cu0, and in the anodic 

sweep two successive oxidation waves at Epa= -0.27 and -0.21 V for D1; Epa= -0.26 and -0.20 V 

for D2; Epa= -0.24 and -0.15 V for D3; Epa= -0.23 and -0.16 V for D4 and Epa= -0.27 and -0.20 V 

for D5 were observed and were assigned to the Cu0/CuI and CuI /CuII redox processes, 

respectively. The reduction to Cu0 should almost certainly involve the rupture of the binuclear 

structure in the compound and indeed, coulometry performed at a fixed potential of Epa= -0.8 

V for 3 minutes leads to the formation of a Cu0 metallic deposit clearly visible on the working 

electrode surface.   

 

Figure 4. Cyclic voltammetry recorded for complex D1 in acetonitrile. 



 
 

152 
 

Differential pulse Voltammetry (DPV) of these complexes were studied in acetonitrile (0.1 M 

TBAH) at room temperature in the range corresponding to the oxidation processes, with the 

initial idea of finding the relationship between the compound mixtures (D2/D2’, D4/D4’ and 

D5/D5’). However, a great similarity in the DPV of all compounds was observed, probably due 

to the similar potential oxidation values of these mixtures of compounds (see Figure 5 and 

Figure S6).   

 

 

Figure 5. DPV voltammograms for complexes D1 and the mixture D2/D2’ in acetonitrile (0.1 M TBAH). 

Starting scan at -0.6V.  

VI.3.3. Spectroscopic properties   

The IR spectra of all complexes described display typical (B-H) absorption at frequencies 

above 2580 cm-1, characteristic of closo carborane derivatives[13] difference between the 

frequencies of the symmetric and antisymmetric stretches lies between the ranges quoted for 

bidentate and monodentate bridged ligands.[14] The 1H{11B}-, 11B-, 11B{1H }- and 13C{1H}-NMR 

spectra of these compounds are in complete agreement with the solid structures confirmed by 

X-ray crystallography. It can be observed that the 11B1H-NMR resonances for all the 

complexes featured similar patterns in the range from δ= 2 to -15 ppm that agree with a closo 

cluster.[15] The 1H{11B }- spectra exhibit the resonances of the protons bonded to the B atoms as 

broad singlets over a wide chemical-shift range in the region from δ= 0 to +5 ppm and 

resonances  attributed to the Cc-H protons appear in the range δ= 3.42 to 4.40 ppm.  

It was observed for all complexes that the aromatic protons were not observed in the 

1H{11B}-NMR at 298K. With the aim to observe these aromatic protons, 1H and 1H{11B}-NMR 

spectra of complex D3 were carried on at 273 K. Aromatic protons were then observed. 

Moreover, it is worthy of mention that the 1H-NMR chemical shifts of the protons bonded to 

the boron atoms change to higher frequencies when decreasing temperature (see Figure S9b 

at the supporting information section). The chemical shift range for these protons is from 2.12 

to 3.11 ppm at 298 K whereas it moves from 2.54 to 3.65 ppm at 260K. This probably can be 
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related to intermolecular interactions B-H···H-B between several B-H vertexes that are 

observed in the crystal structure.[12, 16] (Figure S10 at the supporting information section) 

The electronic UV-vis spectra of complexes D1-D5 are shown in Figure 6. The spectra show 

one characteristic band in the range 600-800 nm. These transitions can be assigned to d-d 

transitions from the dxz, dyz and dxy orbitals. .[4] 

 

Figure 6. UV-vis spectral for complexes D1-D5. 

VI.3.4. Synthesis and characterization of manganese complexes 

The synthetic strategy for the preparation of the Mn(II) complexes D6-D8 containing the 

carboranylcarboxylate ligand 1-CO2H-1,2-closo-C2B10H10 (L’H) and H2O or 2,2’-bipyridine 

molecules is outlined in Scheme 2.  
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Scheme 2. Synthetic strategy for the preparation of Mn(II) complexes D6-D8 

The strategy used to obtain the polymer D6, consists in mixing a suspension of the 

carboranylcarboxylic acid 1-CO2H-1,2-closo-C2B10H10 ,L’H, and MnCO3 in a 1:1 ratio, in water at 

40 °C and stirring for 2h. Afterwards, the solvent was removed and a white solid was obtained 

corresponding to the water soluble polymer [Mn(H2O)(µ-1-CO2-1,2-closo-C2B10H10.)2]n .2H2O, 

D6, together with a mononuclear compound, [Mn(1-CO2-1,2-closo-C2B10H10)2(H2O)4], D6’. 

Compound D6 was used as starting material and was reacted with 2,2’-bipyridine with the 

aim to examine its reactivity in front of this chelating ligand, as well as to study and 

characterize the new compounds obtained. 

When the bidentate ligand 2,2’-bpy dissolved in dichloromethane is added to a 

dichloromethane solution of complex D6, with a ligand/complex ratio of 1:1 (see Scheme 2. ) a 

slightly yellow solution was formed that after slow evaporation leads to colourless crystals of 

the binuclear complex [Mn2(1-CO2-1,2-closo-C2B10H10)4(bpy)2], D7. On the other hand, when 

the ratio ligand/complex was 2:1 the solution was become bright yellow and an insoluble 

yellow precipitate of [Mn(1-CO2-1,2-closo-C2B10H10)2(bpy)2], D8, was obtained.  

Crystallographic data and selected bond distances and angles for compounds D6-D8 are 

presented in Table S4 (see supporting information section), 
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Table 3. and Table 4,respectively. ORTEP plots with the corresponding atom labels for the X-

ray structures of all compounds are presented in Figure 7 and Figure 9. 

 

 

[Mn(H2O)(µ-1-CO2-1,2-closo-C2B10H10.)2]n .2H2O, D6 

 

Mn(1-CO2-1,2-closo-C2B10H10)2(H2O)4], D6’ 

Figure 7. X-ray structures (ORTEP plots with ellipsoids at 40% probability level) and labelling scheme for 

complexes D6 and D6’. 

The X-ray structure of the complex D6 discloses an unusual 1D polymeric structure in which 

water molecules are coordinated to each Mn(II) centre acting as a terminal ligand. A square 

pyramidal geometry is observed around each Mn(II) ion where three carboxylate oxygen 

atoms and one aqua oxygen atom occupy the equatorial position and a fourth carboxylate 

oxygen atom acts as axial ligand. Mn(II) atoms are bridged by two carboranylcarboxylate 

ligands, one of them in a syn-syn conformation and the other one in a syn-anti conformation. 

The carboranylcarboxylate ligands together with the metal are disposed in a zig-zag fashion 

through the chain. No similar compounds have been found in the literature.  

The conformation of the carboxylate ligands is probably due to the existence of dihydrogen 

bonds Cc-H···H-B between the hydrogen atom from the carbon in the carboranylcarboxylate in 

syn-anti and the H-B from an adjacent carboranylcarboxylate in syn-syn, (C-H(3)···H(12)-B, d= 

2.999 Å and C-H(3)···H(13)-B, d= 2.338 Å), (Figure 8). These contacts are also responsible of the 

orientation of the hydrogen substituents on the cluster, which are describing a circle around 

the metal centre and the terminal water molecule, leading to a zig-zag distribution of the Mn 

atoms along the polymeric chain. These H···H short contacts are the same commented above 

for copper complexes and have been previously observed in the literature.[12] It is remarkable 

that these interactions are not observed when the carboranylcarboxylate presents a syn-syn 

conformation, however, an intramolecular hydrogen bond is observed then between the H(5B) 

from the terminal aqua ligand and the O(3) atom from the carboxylate in syn-syn (H(5B)-O(3), 
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d= 2.919 Å) which probably is the responsible of the different distances Mn-O in this syn-syn 

ligand (Mn-O(3), d= 2.112 Å and Mn-O(4) d=2.080 Å). An additional H-bond is observed 

between the H5A from the terminal aqua ligand and the O(1) atom from the carboxylate in 

syn-anti (H5A-O(1), 1.872Å) (see Figure 7). The Mn-O distances for the carboranylcarboxylate 

bridge ligand in a syn-syn conformation are shorter than the ones for the ligand in syn-anti 

conformation (average 2.096 Å and 2.143 Å, respectively). The bond distance for Mn-Ow is 

2.124(3) Å. The trans O-Mn-O angle for the carboranylcarboxylate bridge ligand in syn-syn 

conformation is higher than that for the ligand in syn-anti conformation (175.4° and 105.0°, 

respectively). The displacement of one of the oxygen atoms from the bridged 

carboranylcarboxylate ligands in syn-anti conformation respect the plane form by the other 

oxygen atom and the two Mn atoms is 0.832 Å and 0.691 Å for O(2)#1 and O(3), respectively 

(Figure S11 at the supporting information section). The cis O-Mn-O angles around the 

manganese atoms show slight differences with regard to the 90° ideal value and they are in 

the range 89.6-94.0°. It is also noteworthy the existence of two more B-H···O bonds between 

the B-H closer to the carbon atoms in the cluster and the oxygen atoms of the bridge 

carboxylate (d(H(1)-O(2))= 2.749 Å and d(H(4)-O(1))= 3.048 Å). The molecules of compound D6 

along b axis (Figure S3 at the supporting information section) are arranged in layers in which 

the carboranylcarboxylate ligands are alternated. It is also observable in this packing diagram 

the two different conformation of the carboranylcarboxylate ligand (syn-syn and syn-anti) 

previously commented. 

 

 

Figure 8. X-ray structure of D6 showing the interactions C-H···H-B and the hydrogen bonds in the 

polymeric chain. 
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Mononuclear compound D6’ reveals a six-coordinated Mn atom displaying a distorted 

octahedral geometry. The Mn(II) ion is coordinated by four oxygen atoms from four water 

molecules and by the donor oxygen atoms from two carboranylcarboxylate ligands that are 

coordinated to the metal in a monodentate mode, both adopting a cis configuration around 

the metal centre. This compound crystallise with one solvate molecule of water. The Mn-

Ocarboxyl bond distances are 2.165(13) and 2.121(13) Å whereas the average Mn-Ow bond 

distances is 2.203 Å. These Mn-O distances are in the range for other similar compounds 

containing Mn, aqua and carboxylate ligands.[17] Compound D6’ presents one intramolecular 

H···O hydrogen bond involving the uncoordinated O atom of one of the monodentate 

carboranylcarboxylate ligands and the H atom of the closest aqua ligand (O(8)-H(8A)···O(2), 

2.680Å). Moreover, it is noteworthy to observed the existence of nine intermolecular 

hydrogen bond with the neighbour molecules of complex D6’ and with the solvent water 

molecule located between adjacent layers (Figure S10 at the supporting information section). 

A comparison of D6 and the polymer [Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n·(H2O)n, 

B1, allow us to establish differences between the carboranylcarboxylate L’H and the ligand LH 

in the reactivity with manganese(II) ion, where the Cc-H···H-B interactions present only in D6 

are responsible of the observed differences. The first great difference is the geometry around 

the central metal (square pyramidal for D6 and octahedral for B1) and the coordination of the 

aqua molecule in both complexes (bridge in B1 and terminal in D6). Moreover, although in 

both complexes Mn(II) ions are bridged by two carboranylcarboxylate ligands, in compound B1 

both are in a syn-syn conformation whilst for D6 one of them is in a syn-syn conformation and 

the other one is in a syn-anti conformation which is also a consequence of the mentioned 

interactions. Furthermore, complex B1 presents solvent water molecules not seen for D6 

which are linked through hydrogen bonds to the coordinated bridge aqua ligand. Another 

important difference is the packing structure of both complexes, complex B1 displays 

polymeric chiral chains due to the methyl group of the carboranylcarboxylate ligand is shifted 

respect to the centre of the coordinated carboxylate group, thus observing two different 

conformations for these chains (lambda and delta), however, in complex D6 the hydrogen 

substituents in the clusters have the same disposition in the different chains, fact that makes 

that the packing arrangement displays polymeric chains with the same conformation 

preventing any chirality between them (Figure S13 at the supporting information section). 

 

 

 

 



 
 

158 
 

Table 3. Selected bond lengths (Å) and angles (°) for complexes D6 and D6‘. 

 

 D6  D6’ 

Mn(1)-O(4)#1 2.080(3) Mn(2)-O(1) 2.165(13) 

Mn(1)- O(3) 2.112(3) Mn(2)- O(3) 2.121(13) 

Mn(1)-O(2)#1 2.115(3) Mn(2)-O(5) 2.221(16) 

Mn(1)-O(5) 2.124(3) Mn(2)-O(6) 2.159(16) 

Mn(1)-O(1) 2.170(3) Mn(2)-O(7) 2.171(15) 

O(4)#1-Mn(1)-O(3) 175.35(14) Mn(2)-O(8) 2.261(13) 

O(4)#1-Mn(1)-O2)#2 90.90(12) O(3)-Mn(2)-O(6) 94.10(7) 

O(3)-Mn(1)-O(2)#2 91.07(12) O(3)-Mn(2)-O(1) 104.09(6) 

    O(4)#1-Mn(1)-O(5) 90.47(13) O(6)-Mn(2)-O(1) 85.34(6) 

O(3)-Mn(1)-O(5) 84.88(13) O(3)-Mn(2)-O(7) 165.25(7) 

O(2)#2-Mn(1)-O(5) 113.25(13) O(6)-Mn(2)-O(7) 87.28(7) 

O(4)#1-Mn(1)-O(1) 94.02(13) O(1)-Mn(2)-O(5) 174.80(6) 

O(3)-Mn(1)-O(1) 89.54(13) O(1)-Mn(2)-O(7) 90.66(7) 

O(2)#2-Mn(1)-O(1) 105.03(11) O(3)-Mn(2)-O(5) 80.48(6) 

O(5)-Mn(1)-O(1) 141.37(13) O(6)-Mn(2)-O(5) 96.89(8) 

  O(7)-Mn(2)-O(5) 84.76(7) 

  O(3)-Mn(2)-O(8) 90.92(6) 

  O(6)-Mn(2)-O(8) 172.04(6) 

  O(1)-Mn(2)-O(8) 87.46(5) 

  O(7)-Mn(2)-O(8) 89.43(6) 

  O(5)-Mn(2)-O(8) 90.02(7) 

 

Figure 9. X-ray structures (ORTEP plots with ellipsoids at 40% probability level) and labelling scheme 

for complexes D7 and D8. 

 

[Mn2(1-CO2-1,2-closo-C2B10H10)4(bpy)2],(D7) 
 

[Mn(1-CO2-1,2-closo-2B10H10)2(bpy)2],(D8)
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Binuclear compound D7 is a novel binuclear Mn(II) cluster which displays a centrosymmetric 

structure with the symmetry centre located between the two manganese atoms. These Mn(II) 

ions are holding together through four syn,syn 1: 1: µ2-carboxylate bridges in which each 

Mn(II) ion displays a trigonal prismatic geometry that is completed by the two nitrogen donor 

atoms of the 2,2’-bipyridine ligand (see Figure 10. ). O-Mn-N/O angles are in the range 

81.30(13)-85.85(16)°for adjacent atoms and in the range 129.66(14)-142.20(14)° for the angles 

formed between the manganese atom and the atoms that describe the diagonal of the 

rectangular faces of the prism. These angles agree with the ideal 90ᵒ and 135.4ᵒ for prismatic 

trigonal geometry.[18] Mn-O bond lengths are in the range 2.144-2.175 Å and are shorter than 

distances Mn-N (average of 2.271 Å). The packing structure displays π···π stacking interactions 

among the aromatic rings of 2,2’-bpy ligands of two neighbouring molecules (Figure S2 

supporting information section).  

 

Figure 10. Trigonal prismatic geometry in detail of D7 

 

The X-ray crystallography performed on the mononuclear complex D8, [Mn(1-CO2-1,2-closo-

C2B10H10)2(bpy)2], reveals a six-coordinate Mn atom with a distorted octahedral geometry. The 

Mn(II) ion is coordinated by four nitrogen atoms from two chelating 2,2’-bipyridine ligands and 

two oxygen atoms from two monodentate carboranylcarboxylate ligands, both adopting a cis 

configuration around the metal. The distances Mn-O (2.093(2) and 2.138(2) Å) and Mn-N (in 

the range 2.255(2)-2.295(3) Å) are similar and comparable to other Mn compounds with 2,2’-

bpy and carboxylate ligands[19] as well as to the mononuclear complex B4, [Mn(1-CH3-2-CO2-

1,2-closo-C2B10H10)2(bpy)2], described in Chapter IV. Compared to the ideal octahedral 

geometry, the angles show significant distortions with deviations from the theoretical value of 

90° and are in the range 88.2-103.1°.  

It is noteworthy to observe that compound D7 display the same geometry than compound 

B3, [Mn2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(bpy)2], from Chapter IV containing the methyl group 

in the carboranylcarboxylate ligand, however, the packing diagram for both complexes is 
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different due to the different arrangement  of the substituents in the carboranylcarboxylate 

ligands; in the case of the hydrogen atoms, all of them are directed toward the 2,2’-bpy 

ligands, whereas that methyl groups display different arrangement probably due to increased 

steric encumbrance of these methyl groups (see Figure S13b at the supporting information 

section). 

 

Table 4. Selected bond lengths (Å) and angles (°) for complexes D7 and D8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 D7  D8 

Mn(1)-O(1) 2.147(3) Mn(1)-O(1) 2.138(2) 

Mn(1)- O(2)#1 2.144(3) Mn(1)-O(3) 2.093(2) 

Mn(1)-O(3) 2.175(3) Mn(1)-N(1) 2.287(2) 

Mn(1)-O(4) 2.147(3) Mn(1)-N(2) 2.255(2) 

Mn(1)-N(1) 2.280(3) Mn(1)-N(3) 2.269(3) 

Mn(1)-N(2) 2.262(3) Mn(1)-N(4) 2.295(3) 

O(4)-Mn(1)-O(2)#1 85.85(16) O(1)-Mn(1)-O(3) 90.29(9) 

O(1)-Mn(1)-O(4) 83.24(14) O(1)-Mn(1)-N(3) 88.24(9) 

O(2)#1-Mn(1)-O(1) 141.58(13) O(3)-Mn(1)-N(3) 98.43(11) 

O(2)#1-Mn(1)-O(3) 81.30(13) O(1)-Mn(1)-N(2) 103.05(9) 

O(1)-Mn(1)-O(3) 85.14(14) O(3)-Mn(1)-N(2) 92.90(10) 

O(4)-Mn(1)-O(3) 142.20(14) N(3)-Mn(1)-N(2) 163.98(9) 

O(4)-Mn(1)-N(2) 131.44(15) O(1)-Mn(1)-N(1) 83.00(8) 

O(2)#1-Mn(1)-N(2) 129.66(14) O(3)-Mn(1)-N(1) 161.33(11) 

O(1)-Mn(1)-N(2) 83.24(13) N(3)-Mn(1)-N(1) 98.75(9) 

O(3)-Mn(1)-N(2) 82.29(13) N(2)-Mn(1)-N(1) 71.86(8) 

O(4)-Mn(1)-N(1) 83.70(13) O(1)-Mn(1)-N(4) 159.26(10) 

O(2)#1-Mn(1)-N(1) 84.45(13) O(3)-Mn(1)-N(4) 96.16(10) 

O(1)-Mn(1)-N(1) 130.40(13) N(3)-Mn(1)-N(4) 71.34(9) 

O(3)-Mn(1)-N(1) 129.68(13) N(2)-Mn(1)-N(4) 96.31(9) 

N(2)-Mn(1)-N(1) 70.72(12) N(1)-Mn(1)-N(4) 96.20(9) 
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VI.4. Conclusions 

A family of new mononuclear and binuclear copper(II) complexes containing the 

carboranylcarboxylate ligand 1-CO2H-1,2-closo-C2B10H10, L’H, have been synthetized an fully 

characterized by X-Ray diffraction, spectroscopic methods (IR, UV-vis, NMR) and 

electrochemistry (CV and DPV).  

Cu(II) complexes D1-D4 present an overall geometry corresponding to a binuclear paddle-

wheel structure where each copper ion is coordinated by four oxygen atoms one of each of the 

four syn,syn 1: 1: µ2-carboxylate bridge and one donor atom (oxygen or nitrogen) from the 

different terminal ligands displaying a square pyramidal geometry. Mononuclear complex D5 

shows a square planar structure, where the copper atom is coordinated by two nitrogen atoms 

from two lutidine ligands and by two oxygen atoms from the two carboranylcarboxylate 

ligands that adopt a monodentate coordination.  

Not important differences have been observed in the structure of the starting material, in 

the main products and in the reactivity with pyridylic ligands for compounds containing the 

carboranylcarboxylate ligand L’H or the ligand [1-CH3-2-CO2H-1,2-closo-C2B10H10], LH; however, 

important differences have been found in the side products obtained with the pyridylic ligands 

py and p-CH3-py. First of all, for compounds containing the ligand LH, mononuclear complexes 

were obtained as secondary products, whilst for compounds containing the ligand L’H, 

binuclear compounds have been got. This fact has been attributed to the existence of 

dyhidrogen bonds Cc-H···H-B between neighbouring carborane ligands in complexes containing 

the ligand L’H. These interactions are probably responsible for keeping the binuclear structures 

avoiding the formation of the mononuclear compounds and also, of the ratio of isolate 

products obtained with pyridine ligand. Whereas with ligand LH, the binuclear compound A2 is 

mainly obtained and only traces of mononuclear compound were detected, with ligand L’H, a 

comparable ratio of the corresponding compounds has been obtained. 

It has been observed for complex D3 that the 1H-NMR chemical shifts of the proton bonded 

to the boron atoms in the carboranylcarboxylate ligand change to higher frequencies when 

decreasing the temperature, which might be due to the existence of intermolecular B-H···H-B 

interactions between several B-H vertexes.    

The electronic UV-vis spectra of complexes D1-D5 show one characteristic band in the range 

600-800 nm, assigned to d-d transitions from the dxz, dyz and dxy orbitals. 

CV of compounds D1-D5 show irreversible redox processes that can be assigned respectively 

to CuII/CuI and CuI/Cu0 redox pairs. We have not observed a noticeable shift in the potential 

values with the different electron-withdrawing character of the pyridylic ligands present in 
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these compounds. Moreover, it was observed a great similarity in the DPV of all compounds 

probably due to the similar potential oxidation values of these mixtures of compounds. 

For Mn(II) compounds, it was observed that compound D6 discloses an unusual 1D 

manganese(II) polymer in which each of the Mn(II) ions is coordinated by four carboxylate 

oxygen atoms from two bridge carboranylcarboxylate, one in a syn-syn and another in a syn-

anti conformation, and one aqua oxygen atom displaying a square pyramidal geometry. This 

difference in the polymeric structure by respect to that obtained with the ligand [1-CH3-2-

CO2H-1,2-closo-C2B10H10], LH; has been attributed to the existence of dyhidrogen Cc-H···H-B 

bonds, interactions that are not present in the polymer B1. A possible consequence of these 

interactions is also the presence of chiral layers in compound B1 containing the ligand LH, 

which are not observed in compound D6 containing the ligand L’H. 

It was observed that, when D6 reacts with the ligand 2,2’-bpy in a 1:2 ligand/complex ratio, 

a binuclear complex, D7, was obtained where four syn,syn 1: 1: µ2-carboxylate bridges join 

the two manganese(II) centres, whereas than if the ligand/complex ratio is 1:1 a mononuclear 

compound, D8, is obtained, where two carboranylcarboxylate ligands are coordinated to the 

manganese ion in a monodentate mode.  

In general, it could be conclude that important differences in the reactivity with Mn(II) and 

Cu(II) ions have been observed due to the presence of a hydrogen atom instead of a methyl 

group in the carboranylcarboxylate ligand. 
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VI.5. Experimental section 

VI.5.1. Instrumentation and measurements 

FT-IR spectra were taken in a Mattson-Galaxy Satellite FT-IR spectrophotometer containing a 

MKII Golden Gate Single Reflection ATR System. Elemental analyses were performed using a 

CHNS-O Elemental Analyser EA-1108 from Fisons. UV-Vis spectroscopy was performed on a 

Cary 50 Scan (Varian) UV-Vis spectrophotometer with 1 cm quartz cells or with an immersion 

probe of 5 mm path length. NMR spectra have been recorded with a Bruker ARX 300 or a DPX 

400 instrument equipped with the appropriate decoupling accessories (1H and 1H{11B} NMR 

(300.13/400.13 MHz), 13C{1H} NMR (75.47/100.62 MHz) and 11B and 11B{1H} NMR 

(96.29/128.37 MHz) spectra were recorded in d6-acetone, CDCl3  and CH3OH . Chemical shift 

values for 11B NMR spectra were referenced to external BF3Oet2 and those for 1H, 1H{11B} and 

13C{1H} NMR spectra were referenced to SiMe4. Chemical shifts are reported in units of parts 

per million downfield from reference, and all coupling constants in Hz. Deconvolution of 

11B{1H} spectra and DPV voltammograms has been performed with the software OriginPro 8 

SR0, v. 8.0724. Cyclic Voltammetric (CV) and Differential Pulse Voltammetry (DPV) experiments 

were performed in a IJ-Cambria IH-660 potentiostat using a three electrode cell. A Pt (2 mm 

diameter) electrode was used as working electrode, platinum wire as auxiliary and SCE as the 

reference electrode. Measurements were recorded in acetonitrile solutions at scan rate of 100 

mV.s-1 for CV and pulse amplitude of 0.05 V, pulse width of 0.05 s, sampling width of 0.02 s, 

and pulse period of 0.5 s for DPV,  using 0.1 M TBAH as supporting electrolyte. All cyclic 

voltammograms presented in this work were recorded under nitrogen atmosphere.  

X-ray structure determination: measurement of the crystals were performed on a Bruker 

Smart Apex CCD diffractometer using graphite-monochromated Mo Kα radiation (λ = 

0.71073Å) from an X-Ray tube. Data collection, Smart V. 5.631 (BrukerAXS 1997-02); data 

reduction, Saint+ Version 6.36A (Bruker AXS 2001); absorption correction, SADABS version 2.10 

(Bruker AXS 2001) and structure solution and refinement, SHELXTL Version 6.14 (Bruker AXS 

2000-2003).  

VI.5.2. Materials 

All reagents used in the present work were obtained from Aldrich Chemical Co and were 

used without further purification. Reagent grade organic solvents were obtained from SDS and 

high purity de-ionized water was obtained by passing distilled water through a nano-pure Mili-

Q water purification system. o-C2B10H11 was purchased from Katchem.  
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VI.5.3. Preparations 

All synthetic manipulations were routinely performed under ambient conditions. 

Synthesis of 1,2-Dicarba-closo-dodecaborane-1-carboxylic Acid, L’H.  

The 1-CO2H-1,2-closo-C2B10H10 ligand was prepared according to literature procedures[20] 

with small modifications. 

 To a stirred solution of o-C2B10H11 (1.66 g, 11.61 mmol) in diethyl ether (170 ml) at -80 ᵒC 

was added dropwise 1.20 equivalents of n-BuLi (11.2 mL, 13.89 mmol) and stirring was 

continued for 1 hour at the same temperature. Dry ice was bubbled through the solution for 

about 2.5 hours and then was warmed to room temperature. Diethyl ether was removed by 

rotatory evaporator and the resulting solid was sublimated to eliminate o-carborane residues. 

The desired product was then hydrolysed with 3 M HCl, transferred to a separating funnel and 

extracted with hexanes. Combined extracts were dried over MgSO4 and then filtered. Removal 

of solvent afforded a white microcrystalline solid of L’H. Yield: 1.59 g, 73%. 1H{11B} NMR 

(400.13 MHz, CDCl3, 25˚C): = 1.42-2.99 (br ; B-H), 4.06 (s; 1H) ppm. 13C{1H} NMR (100.62 MHz, 

CDCl3, 25˚C): = 165.34 (COOH), 68.04 (Cc), 57.01 (Cc) ppm. 11B{1H} NMR (128.37 MHz, CDCl3, 

25˚C): = -2.4 (1J(B,H)= 149 Hz, 2B), -9.2 (1J(B,H)= 149 Hz, 2B), (-11.9, -13.6 (1J(B,H)= 157 Hz), -

10.4 ppm), 6B. IR:  ̅= 710(B-C), 893, 1010, 1194, 1277, 1426(COO-)sim, 1719(COO-)as, 2398-

2628(B-H), 2862, 3079(Cc-H) cm-1. Elemental analysis calcd (%) for C3H12O2B10: C 19.14, H 

6.43; found: C 19.64, H 6.49.   

Synthesis of [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)2], D1. 1-CO2H-1,2-closo-C2B10H10, 

L’H, (0.2 g, 1.18 mmols) in  ethanol (2 mL) was neutralized with a 0.1 M aqueous NaOH 

solution with phenolphthalein as indicator at room temperature and immediately mixed with a 

solution of  CuSO4·5H2O (0.15 g, 0.59 mmols)  in  water (1 mL). The temperature of the blue 

solution gradually rose to 40C. After 2 h the solvent was removed under vacuum, the solid 

residue was redissolved in THF (40 mL) and again dried under vacuum. The last process was 

repeated three times. The obtained residue was once more dissolved in THF, the solution was 

filtrated to remove solid Na2SO4 and the solvent was again removed under vacuum. The 

resulting solid was recrystallized in CH2Cl2. Yield: 0.2 g (67%). 1H{11B} NMR (300.13 MHz, 

acetone-d6, 25˚C): = 3.71 (s; Cc-H) , 2.58 (br s; B-H), 1.83 (s; CH2) ppm. 11B{1H} NMR (96.29 

MHz, acetone-d6, 25˚C): = 2.3 (1J(B,H)= 131 Hz, 2B), -7.4 (1J(B,H)= 128 Hz, 2B),  -11.5 (1J(B,H)= 

126 Hz, 5B),  -17.3 (1B),  ppm . IR:  ̅= 631, 683, 719(B-C), 782, 839, 881, 910, 1015, ,1036, 

1062, 1095, 1401(COO-)sim, 1671(COO-)as, 2581(B-H), 2601, 2891, 2984, 3079(Cc-H) cm-1. 
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UV-Vis (CH2Cl2, 1.10-3M) max ()= 740 nm (85 M-1cm-1). Elemental analysis calcd (%) for 

C20H60O10B40Cu2: C 23.55, H 5.93; found: C 23.46, H 5.79.   

Synthesis of [Cu2(1-CO2-1,2-closo-C2B10H10)4(py)2] ,D2. To a solution of D1 (0.049 g, 0.048 

mmols) in CH2Cl2 (8 mL) was added a solution of pyridine (7.81 µl, 0.096 mmols) in CH2Cl2 (2 

ml).  The resulting blue solution was stirred for 20 minutes at room temperature. Afterwards 

the solution was concentrated and a blue solid was appeared. The resulting solid was 

recrystallized by slow diffusion of pentane into a dichloromethane solution. After several days, 

air-stable, green crystals of D2 suitable for X-ray diffraction analysis were obtained, together 

with other blue crystals, that correspond to the compound [Cu2(1-CO2-1,2-closo-

C2B10H10)4(py)4], D2’. The separation of the two compounds was not possible. Yield: 0.041 g. 

1H{11B} NMR (400.13 MHz, CDCl3 , -13˚C): = 7.82 (br s; Caryl-H), 7.59 (br; Caryl-H), 7.52 (br s; Caryl-

H), 6.99 (br s; Caryl-H), 4.40 (br s; Cc-H),  4.10 (br s; Cc-H), 4.04 (br s; B-H), 3.49 (br s; B-H), 3.48 

(br s; B-H), 3.05 (br s; B-H), 2.97 (br s; B-H), 2.93 (br s; B-H) ppm. 11B{1H} NMR (128.37 MHz, 

CDCl3, 25˚C): = -2.7, -5.8, -9.0, -15.5 ppm. IR:  ̅= 693, 717(B-C), 755, 776, 840, 881, 908, 1015, 

1046, 1072, 1089, 1156, 1220, 1260, 1361(COO-)sim, 1451, 1489, 1609, 1640, 1661(COO-)as, 

2576(B-H), 2851, 2924, 2963, 3037, 3079(Cc-H) cm-1. UV-Vis (CH3CN) max (): 690 nm. 

Elemental analysis calcd (%) for C26.5H58.5O8B40Cu2N2.9 (0.55·D2+0.45·D’2): C 28.80, H 5.33, N 

3.67; found: C 28.68, H 5.41, N 3.62.   

Synthesis of [Cu2(1-CO2-1,2-closo-C2B10H10)4(p-CF3-Py)2], D3. This compound was prepared 

following a method analogous to that described for [Cu2(1-CO2-1,2-closo-C2B10H10)4(py)2], 

starting from compound D1 (0.083 g, 0.081 mmols) and 4-trifluoromethylpyridine (18.8 µl, 

0.162 mmols) to afford air-stable green crystals of D3, suitable for X-ray diffraction analysis. 

Yield: 0.041 g (43%). 1H{11B} NMR (400.13 MHz, acetona-d6 , -13˚C): = 9.72 (br; Caryl-H), 8.70 

(br s; Caryl-H), 7.60 (br; Caryl-H), 6.75 (br s; Caryl-H), 6.17 (br s; Caryl-H), 5.67 (br; Caryl-H), 4.77 (br; 

Cc-H), 3.65 (br s; Cc-H), 3.45 (br s; B-H), 3.20 (br s; B-H), 2.85 (br s; B-H) ppm. 11B{1H} NMR 

(128.37 MHz, CDCl3, 25˚C): = 0.53 (1J(B,H)= 141 Hz) -2.2 (1J(B,H)= 107 Hz ), -7.1 (1J(B,H)= 127 

Hz), -9.2 (1J(B,H)= 177 Hz), -10.7 ppm. IR:  ̅= 671, 724(B-C), 783, 833, 1022, 1065, 1090, 1145, 

1173, 1226, 1323, 1385(COO-)sim, 1423, 1666(COO-)as, 2579(B-H) cm-1. UV-Vis (CH2Cl2, 1.10-3 

M) max (): 794 nm (347 M-1cm-1). Elemental analysis calcd (%) for C24H52O8B40N2F6Cu2.0.5 

pentane: C 27.78, H 5.07, N 2.24; found: C 27.74, H 5.17, N 2.33.   

Synthesis of [Cu2(1-CO2-1,2-closo-C2B10H10)4(p-CH3-py)2], D4. This compound was prepared 

in a similar manner to the method described for D2 starting from compound D1 (0.076 g, 0.075 

mmols) and 4-methylpyridine (14.8 µl, 0.149 mmols) to afford green, air-stable crystals of D4 
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after several days, together with other blue crystals corresponding to the complex [Cu2(1-CO2-

1,2-closo-C2B10H10)4(p-CH3-py)4], D4’. The separation of the two compounds was not possible. 

Yield: 0.048 g .1H{11B} NMR (400.13 MHz, CDCl3 , -13˚C): =  4.31 (br s; Cc-H), 3.99 (br s; B-H), 

3.37 (br s; B-H), 2.96 (br s; B-H). 11B{1H} NMR (128.37, CDCl3, 25˚C): = -3-3, -1.7, -5.8, -8.2, -9.1, 

-11.4, -12.8, -16.6  ppm. IR:  ̅= 717, 781(B-C), 805, 839, 909, 1015, 1071, 1092, 1218, 1231, 

1364(COO-)sim, 1435, 1508, 1623, 1666(COO-)as, 2578(B-H), 3077(Cc-H)  cm-1.  UV-Vis 

(CH2Cl2) max (): 776 nm. Elemental analysis calcd (%) for C26.4H60.8O8B40Cu2N2.4 

(0.90·D4+0.10·D’4): C 28.00, H 5.54, N 2.85; found: C 28.21, H 5.56, N 2.99.   

Synthesis of [Cu(1-CO2-1,2-closo-C2B10H10)2(o-(CH3)2-py)2], D5. This compound was prepared 

analogously to the method described for D3 starting from compound D1 (0.060 g, 0.059 

mmols) and 2,6-lutidine (27.26 µL, 0.234 mmols) to afford blue-violet air stable crystals of D5 

together with some blue crystals corresponding to the complex D5’. The separation of the two 

compounds was not possible.  Yield: 0.036 g. 1H{11B} NMR (400.13 MHz, CDCl3 ,-13˚C): = 8.03 

(br; Caryl-H), 7.38 (br s; Caryl-H),  4.39 (br s; B-H), 3.81 (br s; B-H), 3.42 (s; Cc-H), 2.86 (br s; B-H), 

2.32 (br s; B-H) ppm. 11B{1H} NMR (128.37 MHz, CDCl3, 25˚C): = -2.3 , -5.7, -8.2, -10.1, -12.8, -

18.5 ppm. IR:  ̅= 715, 731, 779(B-C), 840, 908, 1012, 1041, 1084, 1112, 1166, 1254, 

1339(COO-)sim, 1377, 1406, 1470, 1584, 1610, 1660(COO-)as, 2564(B-H), 2598(B-H), 2630, 

3081(Cc-H)  cm-1. UV-Vis (CH2Cl2) max (): 804 nm. Elemental analysis calcd (%) for C20H40O4B20 

N2Cu.0.1CH2Cl 2: C 36.54, H 6.13, N 4.24; found: C 36.42, H 6.32, N 4.23.  

Synthesis of [Mn(H2O)(1-CO2-1,2-closo-C2B10H10)2]n .2H2O, D6. To a suspension of 0.192 g 

(1.024 mmols) of 1-CO2H-1,2-closo-C2B10H10, L’H, in 30 mL of water was added 0.0589 g (0.512 

mmols) of MnCO3 in 10 mL of water. The solution was stirred and heated to 40˚C for 2h. 

Afterward, the solution was filtered and the solvent was removed under vacuum to obtain a 

white solid. The latter was recrystallized by slow diffusion of pentane into a dichloromethane 

solution. After several days, air-stable, colourless crystals of D6 suitable for X-ray diffraction 

analysis were obtained, together with other colourless crystals, that correspond to the 

compound, [Mn(1-CO2-1,2-closo-C2B10H10)2(H2O)4], D6’. The separation of the two compounds 

was not possible. Yield: 0.271 g. 11B{1H} NMR (128.37, D2O, 25˚C): = -6.1 (1J(B,H)= 138.6, 1B), -

7.3 (1J(B,H)= 150.2, 1B), -12.1 (1J(B,H)= 142.5, 2B), -14.2 (1J(B,H)= 119.4, 4B), -16.2 (1J(B,H)= 

161.7, 2B). IR:  ̅= 587, 597, 631, 725(B-C), 844, 863, 914, 941, 1015, 1148, 1190, 1380(COO-

)sim, 1443, 1567, 1598, 1619(COO-)as, 1644, 2569(B-H), 2579(B-H), 3631 cm-1. Anal. Found 

(calcd.) (%) for C6H30O8B20Mn.2H2O: C 14.62(14.91); H 5.95(5.84). 
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Synthesis of [Mn2(1-CO2-1,2-closo-C2B10H10)4(bpy)2], D7. To a solution of 0.067 g (0.148 

mmols) of [Mn(H2O)(1-CO2-1,2-closo-C2B10H10)2]n, D6, in 3 mL of CH2Cl2 was added 0.024 g 

(0.151 mmols) of 2, 2’-bipyridine in 1 mL of CH2Cl2. The solution pale yellow was stirred for 30 

min and filtered. Afterward the volume of the resulting solution was reduced to 1 ml, 

obtaining a precipitate that was washed with pentane. The resulting solid was recrystallized in 

EtOH to afford colourless, air-stable crystals of D7 after several days, together with other 

yellow crystals corresponding to the complex [Mn(1-CO2-1,2-closo-C2B10H10)2(bpy)2], D8. Yield: 

0.065g. IR:  ̅= 718, 736, 761(B-C), 841, 884, 908, 1013, 1059, 1083, 1157, 1178, 1187, 1242, 

1326(COO-)sim, 1437, 1472, 1493, 1577, 1596, 1663(COO-)as, 1681, 2264, 2568(B-H), 

2599(B-H), 2617, 3078, 3197 cm-1.  Anal. Found (calcd.) (%) for C32H60O8B40N4Mn2.1.1CH2Cl2: C 

31.44(31.44); N 4.62(4.43); H 4.89(4.96). 

Synthesis of [Mn(1-CO2-1,2-closo-C2B10H10)2(bpy)2], D8. This compound was prepared 

following a method analogous to that described for D7 using 0.083 g (0.186 mmols) of D6 and 

0.059 g (0.373 mmols) of 2,2’-bipyridine as starting materials obtaining an insoluble yellow 

precipitate. Yield: 0.093 g (67 %). IR:  ̅= 718, 736, 760(B-C), 771, 844, 908, 1013, 1059, 1082, 

1157, 1177, 1246, 1326(COO-)sim, 1438, 1472, 1577, 1596, 1664(COO-)as, 1683, 2550(B-H), 

2567(B-H), 2591(B-H), 2628, 3022, 3074 cm-1. Anal. Found (calcd.) (%) for 

C26H38O4B20N4Mn.0.5CH2Cl2 : C 40.50(40.59); H 7.16(7.14); N 4.97(5.01). 
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CHAPTER VII. Catalytic activity of Mn(II) and Co(II) 
compound containing the carboranylcarboxylate 
ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10  

 
 

 

The reactivity of some of the new manganese (II) and cobalt(II) complexes synthesized in 

previous chapters has been tested with regard to the epoxidation of aromatic and aliphatic 

alkenes with peracetic acid as oxygen donor in dichloromethane. In general, manganese 

complexes show good catalytic activity, however, this activity is moderate for the binuclear 

cobalt complex [Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)4] studied. Catalytic activity 

of polymeric manganese(II) complex [Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n·(H2O)n has 

been tested regarding the oxidation of water to molecular oxygen. 
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VII.1. Introduction 

Metal-catalysed oxidation reactions are one of the most significant electron transfer 

reactions in chemistry and biology.[1] Epoxides are an important class of functional groups that 

are widely employed in organic synthesis as many natural products possess epoxide units as 

essential structural moieties for their biological activities.[2] Thus, the study of efficient metal-

catalysed olefin epoxidation procedures is still receiving considerable attention due to the use 

of epoxides as building blocks in organic synthesis as well as in material science.[3]  

Epoxidation of olefins is usually carried on with organic peracids or with a combination of a 

transition metal catalyst and a co-oxidant such as H2O2, t-BuOOH, NaOCl or even oxygen. For 

this reason, although several methods have been developed,[4] there is still an increasing need 

for more efficient and selective routes using stable and easily accessible catalyst under mild 

and neutral conditions.[5]  

Manganese complexes of tetradentate N2O2 Schiff-base ligands, Salen and derivatives, have 

been extensively studied as catalysts in epoxidation reactions.[6] However, in the last decade, 

Stack and co-workers reported a method based on an in-situ synthesized mononuclear 

manganese(II) complexes by mixing Mn(CF3SO3)2 and bi-, tri- or tetradentate nitrogen ligands 

and peracetic acid as oxidant, which generates acetic acid as side product being a good and 

clean oxidising agent.[7] These systems presented higher activity, rapidity and efficiency in 

alkene epoxidation reactions than manganese complexes with Schiff base ligands, however, 

their stereoselectivity was poor. Few studies of manganese complexes containing carboxylate 

groups as catalyst have been reported, among them there are trinuclear manganese 

complexes with the structure [Mn3(L)2(OAc)6], where L is a neutral bidentate nitrogen ligand, 

which are highly efficient catalysts in the epoxidation of alkenes using peracetic acid.[8]  

Another important oxidation reaction is the water oxidation reaction to molecular oxygen. 

This is an important process for the life on the earth and, in nature, it takes place in the 

photosystem II (PSII) using solar energy according to the redox reactions:  

 

The complex responsible of this reaction in the PSII consists in a tetranuclear Mn cluster 

associated with Ca+2 by oxo bonds, Cl- and a redox-active tyrosine which is responsible of the 

coordination of seven amino acid side chains , mostly carboxylate, to the metal atoms.[9]  
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The use of water splitting as a way of converting solar energy to chemical energy holds 

promise for supplying future energy needs.[10] This fact has contributed to an intensively 

research in the last decade of inexpensive and efficient catalysts for the solar-driven oxidation 

of water.[11] Indeed, the most studied catalysts for this reaction are ruthenium[12] and iridium[13] 

complexes, being the manganese[12b, 14] and cobalt[15] complexes less studied in this area.  
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VII.2. Objectives 

Complexes containing carboranylcarboxylate ligands have not ever been studied in metal-

catalysed oxidation reactions. For this reason, the main goal of this chapter was to study the 

reactivity of some of the manganese and cobalt complexes described in previous chapters 

towards the epoxidation of some aromatic and aliphatic alkenes using peracetic acid as the 

oxidant. 

We were also interested in the study of the reactivity of the trinuclear acetate manganese(II) 

complex Mn3(OAc)6(bpy)2 containing 2,2’-bpy with the aim to make comparisons. 

With this aim, catalytic activity of manganese and cobalt complexes presented in the Chart 

1, together with the corresponding Mn3(OAc)6(bpy)2, were tested in the epoxidation reaction 

of different alkenes.  

 

 

[Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-
C2B10H10)2]n·(H2O)n, B1 

 

[Mn2(1-CH3-2-CO2-1,2-closo-

C2B10H10)4(bpy)2], B3 

 
 

[Mn(1-CH3-2-CO2-1,2-closo-

C2B10H10)2(bpm)]n, B5 

  

[Mn(1-CH3-2-CO2-1,2-closo-

C2B10H10)2(bpy)2], B4 

 

[ Co2(µ-H2O)(1-CH3-2-CO2-1,2-
closo-C2B10H10)4(THF)4], C3 

 

 

 

 

Mn3(OAc)6(bpy)2 

Chart 1. Complexes tested in the epoxidation reaction 

 

We were also interested in the study of the role of the carboranylcarboxylate ligand [1-CH3-

2-CO2-1,2-closo-C2B10H10]
-, LH, in these reactions. With this aim, catalytic activity of ligand LH 

was tested using styrene as a substrate.  
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Another goal was to test the behaviour of the polymeric manganese(II) complex [Mn(µ-

H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n·(H2O)n, B1, with regard to the water oxidation reaction 

as a preliminary study.   
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VII.3. Results and discussion 

VII.3.1. Catalytic epoxidation of alkenes 

The catalytic activity of the manganese compounds B1, B3-B5 and the cobalt (II) complex C3 

presented in Chart 1 was investigated in the epoxidation of representative terminal and 

internal double bonds of aliphatic and aromatic alkenes using commercial peracetic acid (32%) 

as oxidant. We were also interested in the catalytic behaviour of the acetate compound 

Mn3(OAc)6(bpy)2, in the catalytic conditions used for our compounds, for comparison purpose. 

With this aim, Mn3(OAc)6(bpy)2 was synthesized and characterized by X-ray diffraction (See 

Figure S1 and Table S1 at the supporting information section), although  this compound has 

been previously synthesized  and reported in the literature. [8, 16]  We have also studied the 

catalytic activity of the carboranylcarboxylate ligand LH in the same conditions of the catalysis. 

No epoxidation occurred on the substrates in presence of Mn(II) or Co(II) salts  or in the 

absence of catalyst. Table 1 reports the conversion, the epoxide yield and selectivity values for 

the epoxide product using styrene as substrate, for manganese, cobalt complexes and ligand 

LH . All complexes were tested under analogous conditions (catalyst:substrate: peracetic acid, 

1:100:200). In all cases, benzaldehyde was detected as a side product of the oxidation 

reaction.  

Table 1. Catalytic oxidation of styrene by Mn and Co complexes and LH using CH3CO3H as oxidant.
a
  

 
Entry Compound Conversion (%) Epoxide yield (%) Selectivity (%)

a 
Time (min) 

1 B1 96 58 61 4 

2 B1 100 77 77 30 

3 B3 100 44 44 4 

4 B4 100 44 44 4 

5 B5 100 76 76 4 

6 Mn3(OAc)6(bpy)2 99 58 58 4 

7 C3 21 12 56 4 

8 C3 39 9 23 30 

9 LH 10 0 2 4 

10 LH 25 6 23 30 

11 LH 29 16 55 120 
 
Conditions (see experimental section for further details): catalyst (2.6 μmol), substrate (260 μmol), CH2Cl2 (2.5 
mL). Peracetic acid 32% (520 μmol) added at 0ºC, then reaction at RT.  
a
Calculated as [epoxide yield/substrate conversion] x 100.  
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A quick glance to Table 1 suggests that for Mn compounds, conversions over 95% are found 

after 4 minutes of reaction together with moderate and high selectivity values. However, in 

the case of Co compounds moderate conversions and selectivities are observed with low 

epoxide yields that steadily decrease after 30 minutes of reaction. Catalytic activity of ligand 

LH was also tested with regard to the styrene substrate. Entries 10-12 show that after 4 

minutes of reaction the epoxide was not detected whilst after 2 hours an increase was 

observed. Based in these results we can assert that the catalytic activity of the metallic 

compounds under study after 4 minutes is due to the coordination of the 

carboranylcarboxylate ligand to the metal.  

It can be observed that the two polymeric complexes B1 and B5 show the highest selectivity 

values; in the case of B1, this value increase after 30 minutes of reaction. Entries 2 and 3 show 

that binuclear B3 and mononuclear B4 compounds, exhibit the same performance regarding 

the conversion of styrene with moderate values of selectivity (44%). Thus, we can conclude 

that the polymeric manganese structures present better conversion and selectivity than 

mononuclear and binuclear complexes containing 2,2’-bpy as ligands. Epoxidation reactions of 

aromatic olefins are known to be sluggish, leading to significant amounts of secondary 

products especially when the metal systems of Jacobsen[17] or Stack, [7a, 7b] are employed. 

A comparison of the catalytic activity of complex Mn3(OAc)6(bpy)2 with our complexes  

indicates that they display similar conversion values with a slight increase of selectivity values 

for the trinuclear complex Mn3(OAc)6(bpy)2 over the binuclear B3 and mononuclear B4, but 

with lower values with respect to polymeric compounds B1 and B5. 

Based on the good results obtained with styrene as subtract, we decided to test our 

complexes in the epoxidation of other olefins maintaining the reaction times at 4 minutes. The 

results are gathered in Table 2. As there is observed, high conversions and selectivities for the 

epoxide product are obtained in most of the cases. 

When catalytic activity is studied with 4-vinyl-1-cyclohexene, it is noticed that the reaction is 

regiospecific for epoxidation of the ring double bond. Moreover, it is observed that complexes 

containing pyridylic ligands, B3-B5, and acetate, Mn3(OAc)6(bpy)2 , show high conversion values 

but moderate selectivity. However, excellent selectivity is achieved by the polymeric complex 

B1, where only Mn(II), water and carboranylcarboxylate ligands are present. 

 For cis-β-methylstyrene, all complexes containing the carboranylcarboxylate ligand show 

high conversion and selectivity values. It is remarkable that the epoxidation of cis- β-

methylstyrene, is highly stereospecific for the formation of the cis-epoxide with all these 

compounds. However, when the trinuclear complex Mn3(OAc)6(bpy)2 is used as the catalyst the 

process is less stereospecific and  also lower values of conversion and selectivity are observed. 
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According with these results it could be said that if a radical mechanism was involved in the 

epoxidation pathway, the radical intermediate species containing the carboranylcarboxylate 

ligand must be shorter-lived than those containing the acetate ligand in order to exert a 

significant influence on the stereoselectivity of the reaction.[7a, 18] Thus, it could also be said 

that the carboranylcarboxylate ligand plays an important role in the stereospecificity of this 

reaction greater than polipyridylic ligands since less percentage of cis epoxide is obtained 

when Mn3(OAc)6(bpy)2, is used as catalyst, which only contains acetate and bipyridine groups.  

In the case of trans-β–methylstyrene, all complexes display good performance and 

selectivity, presenting high values that in some cases are close to 100% .The catalytic activity 

was also tested with the aliphatic substrate 1-octene which usually tends to be the least 

reactive olefin in metal-catalysed epoxidation. [19] In this case 1-octene was readily epoxidized 

with our compounds providing good conversion values and moderate selectivities. It is again 

remarkable the selectivity of B1.   

Finally, excellent conversion and good selectivity values were obtained for complexes B1-B3 

and B5 using trans-stilbene as a substrate, conversely, B4 displayed moderate selectivity and 

epoxide conversion values.  
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Table 2. Epoxidation tests performed with manganese complexes B1-B5 and Mn3(OAc)6(bpy)2 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Conditions (see experimental section for further details): catalyst (2.6 μmol), substrate (260 μmol), CH2 

Cl2 (2.5 mL). Peracetic acid 32% (520 μmol) added at 0ºC, then reaction  
     at RT.  
      a

Calculated as [epoxide yield/substrate conversion] x 100. 
b
c/t represents the percentage of cis isomer obtained. 

c 
Epoxidation exclusively at the cyclohexene ring.  

 

 B1 B3 B4 B5 Mn3(OAc)6(bpy)2 

Substrate Product Conv. (%) Select. (%)
a 

Conv. (%) Select. (%)
 a

 Conv. (%) Select. (%)
 a

 Conv. (%) Select. (%)
 a

 Conv. (%) Select. (%)
 a

 

  

96 61 100 44 100 44 100 76 99 58 

  

70
 

91
c 

89 40
c 

100 45
c 

100 55
c 

97 68
c 

  

90 75 

c/t=79%
b 

99 80 

c/t=88%
b
 

98 82 

c/t=87%
b
 

100 66  

c/t=94%
b
 

75 75 

c/t=67%
b
 

  

95 80 100 97 100 88 100 95 100 100 

  
61 72 95 41 98 54 83 46 83 56 

  

86 70 100 63 100 48 100 74 100 83 
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Finally, we focuse our attention on the cobalt complex [Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-

C2B10H10)4(THF)4], C3. Its catalytic activity was studied with styrene, cis-β-methylstyrene and 4-

vinyl-1-cyclohexene as substrates. Results are gathered in Table 3. It is observed that this 

compound presents, in general, moderate performance and selectivity for all substrates 

tested. Moreover, it is noteworthy that these results improve after 30 minutes of reaction in 

the case of cis-β-methylstyrene and 4-vinyl-1-cyclohexene, however, in the case of styrene 

these values decrease. 

Table 3. Epoxidation tests performed with cobalt complex C3 

 C3 

Substrate Product Conv. (%) Select. (%)
a 

  

21
c 

56
c 

39
d 

23
d 

  

16
c
 

46
c
 

c/t=49%
b 

42
d
 

45
d
 

c/t=62%
b
 

  

41
c
 55

c
 

67
d
 70

d
 

Conditions (see experimental section for further details): catalyst (2.6 μmol), substrate (260 μmol), CH2Cl2 (2.5 

mL). Peracetic acid 32% (520 μmol) added at 0ºC, then reaction at RT.  
 a

Calculated as [epoxide yield/substrate conversion] x 100. 
b
 c/t represents the percentage of cis isomer obtained. 

c 
Aliquot taken after 4 minutes of reaction. 

d 
Aliquot taken after 30 minutes of reaction  

 

The complexes under study are the first examples, to the best of our knowledge, of 

complexes containing carboranylcarboxylate ligands tested in alkene epoxidation catalysis. 

A study of the stability of the ligand LH in the acid medium has been carried out by NMR and 

IR techniques. The 11B- and 11B{1H }-NMR spectra of ligand LH in peracetic acid in the ratio 

1:200 (same condition than in the catalysis) are shown in  

Figure 1.  . Spectra show that the ligand LH remains unaffected after reaction with peracetic 

acid. No signals of nido-shaped [7,8-C2B9H10]
- or [7,8-C2B9H9]

2- anions or B(OCH3)3  has been 

observed after reaction with peracetic acid. 

We have also studied the behaviour of ligand LH after addition of commercial peracetic acid 

by IR spectrometry, two ratios LH:oxidant were tested 1:1 and 1:200 (Figure 2); we did not 

observe changes in the typical (B-H) absorption at frequencies above 2590 cm-1, 

characteristic of closo carborane derivatives[20] or in the frequencies of the symmetric and 

antisymmetric stretches , above 1270 and 1720 cm-1, respectively, of the carboxylate groups of 
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the LH ligand. We can conclude from these experiments that the carboranylcarboxylate ligand 

LH, remains unaltered after reaction with commercial peracetic acid 32%. 

As a general conclusion, it may be said that the coordination of the carboranylcarboxylate 

ligand to the metal ion is crucial in the performance of the compounds as catalysts. Moreover, 

it has been observed that the catalytic activity also depends of the metal considered. Thus, 

when manganese is present in the complex, high catalytic activity is observed, however, when 

cobalt(II) ion is the metal centre, the compound shows very low catalytic activity in any case.  

 

a) 

 

 

 

b) 

 

 

 

 

Figure 1.  a) 
11

B{
1
H}-RMN and  b) 

11
B-RMN spectra of ligand LH after reaction with peracetic acid in 

H2O/D2O (right side) and pure ligand LH in CDCl3 (left side). 
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a) 

 

 

 

 

b) 
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c) 

 

 

Figure 2. IR spectra of ligand LH a) pure, b) 1:1 ratio LH: peracetic acid 32% c) 1:200 ratio LH: peracetic 

acid 32% 

VII.3.2. Water oxidation  

Recently, the crystal structure of the oxygen-evolving centre in photosystem II has been 

reported by Umena et al.[9b] and it has been seen that water molecules are bound to the 

Mn4CaO5 cluster.  We are of the opinion that our polymer B1 may provide a good example for 

further design and construction of new supramolecular assemblies as models of the oxygen-

evolving center (OEC) and also to understand the role of the water molecules in the catalytic 

process of water splitting. All this, prompted us to study the catalytic activity of the 

manganese(II) complex  [Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n·(H2O)n, B1 towards the 

oxidation of water to molecular oxygen.  

Our investigation of the catalysis of water oxidation by complex B1, was carried out using 

spectroscopic methods, and GC-MS. A solution of complex B1 was added to an aqueous 

CF3SO3H solution (initial pH 1.0), containing excess of CeIV; generation of oxygen was 

immediately detected and was monitored by GC-MS. We could observe that the catalytic 

water oxidation reaction is completed in less than 2 minutes (Figure 3). No generation of CO2 

was detected.   
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Figure 3. Kinetic plots of oxygen formation by B1 versus time (conditions: CF3SO3H aqueous solutions 

(2.0 ml) containing Ce
IV 

(0.204 mmol) and catalyst (1.02x
 
10

-3
 mol)). 

 
With the aim to learn if the generation of O2 is due to the breaking of ligand LH, the stability 

of the latter was tested by 11B and 11B{1H}-NMR spectra. Similarly as for complex B1, to an 

aqueous CF3SO3H solution (initial pH 1.0), containing excess of CeIV, a solution of ligand LH was 

added. The resulting solution was dried under vacuum and extractions with D2O and CDCl3 

were carried on. Then, 11B and 11B{1H}-NMR of the two extractions were performed (see Figure 

4. ). No signals of nido-shaped [7,8-C2B9H10]
- or [7,8-C2B9H9]

2- anions or B(OCH3)3  were 

observed after water oxidation reaction, being the initial and final NMR spectra 

indistinguishable. Thus, it can be concluded that that the generated O2 is not due to the 

degradation of the closo to nido cluster of the ligand.  
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a) 

 

 

 

b) 

 

 

 

c) 

 

 

 

Figure 4. 
11

B-RMN (right) and 
11

B{
1
H}-RMN (left) of ligand LH a) pure in CDCl3,  b) extraction with CDCl3 

and c) extraction with D2O after same conditions than water oxidation reaction.  

As seen, these preliminary studies suggest that the polymer B1 is readily capable to oxidize 

water to oxygen, however, these are preliminary results and more studies are required to 

quantify the generated O2. 

 



 
 

189 
 

VII.4. Conclusions 

The catalytic activity of the manganese compounds [Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-

C2B10H10)2]n·(H2O)n, B1, [Mn2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(bpy)2], B3, [Mn(1-CH3-2-CO2-1,2-

closo-C2B10H10)2(bpy)2], B4, [Mn(1-CH3-2-CO2-1,2-closo-C2B10H10)2(bpm)]n, B5, the cobalt 

complex, [Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)4], C3, has been tested regarding 

the epoxidation of representative terminal and internal double bonds of aliphatic and aromatic 

alkenes epoxidation. 

Catalytic activity of ligand LH was also tested with regard to the epoxidation of styrene as 

substrate. No epoxide was detected after 4 minutes of reaction, leading us to conclude that 

the coordination of the carboranylcarboxylate ligand to the metal is necessary to observe 

catalytic activity under the conditions studied. 

Manganese complexes have shown good efficiency even after 4 minutes of reaction and 

revealed to be specific for the cis epoxide, when cis-β-methylstyrene is used as substrate and 

regiospecific in the epoxidation of the ring double bond with 4-vinyl-1-cyclohexene. Moreover, 

with the aliphatic substrate 1-octene, good conversion values and moderate selectivities were 

achieved despite its tendency to be the least reactive olefin in metal-catalysed epoxidation, 

even with the polymeric compound B1 which only contains carboranylcarboxylate and aquo 

ligands.  

In order to make comparisons with our manganese complexes, Mn3(OAc)6(bpy)2 was 

synthetized and characterized by X-ray diffraction and its catalytic activity was also assessed in 

the commented epoxidation reactions. It was observed that although conversions values of all 

manganese complexes tested are similar, the selectivity values for most substrates under 

study are higher for the complexes containing the carboranylcarboxylate ligand than for the 

trinuclear complex containing the acetate. 

Catalytic activity of cobalt complex showed moderate performance and selectivity for all 

substrates tested, with values that improve in some cases after 30 minutes of reaction. It thus 

can be concluded that manganese complexes are the ones exhibiting the highest catalytic 

activity.  

It was confirmed by spectroscopic techniques (IR and NMR) that the carboranylcarboxylate 

ligand LH is stable after reaction with commercial peracetic acid 32%. Thus, it was resolved 

that the coordination of the carboranylcarboxylate ligand to the metal ion is critical in the 

catalytic activity of these compounds as well as the metal considered, being compounds 

containing manganese(II) more efficient that those containing cobalt(II). 
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Finally, manganese(II) complex [Mn(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)2]n(H2O)n, B1, was 

preliminarily tested in the oxidation of water to molecular oxygen, showing catalytic activity. 

Moreover, the carboranylcarboxylate ligand LH was stable under the water oxidation reaction 

thus concluding that the generated O2 is not produced by the degradation of the closo to nido 

cluster in the ligand. 
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VII.5. Experimental section 

VII.5.1. Instrumentation and measurements 

Instrumentation and Measurements. GC measurements were taken in a  Shimadzu GC-2010 

gas chromatography apparatus equipped with an Astec CHIRALDEX G-TA column and a FID 

detector. Water oxidation measurements were taken in an OmnistarTM GSD 301 C (Pfeiffer) 

quadrupole mass spectrometer. FT-IR spectra were taken in a Mattson-Galaxy Satellite FT-IR 

spectrophotometer containing a MKII Golden Gate Single Reflection ATR System. NMR spectra 

have been recorded with a Bruker ARX 300 or a DPX 400 instrument equipped with the 

appropriate decoupling accessories (1H and 1H{11B} NMR (300.13/400.13 MHz), 13C{1H} NMR 

(75.47/100.62 MHz) and 11B and 11B{1H} NMR (96.29/128.37 MHz) spectra were recorded in d6-

acetone, CD2Cl2  and D2O . Chemical shift values for 11B NMR spectra were referenced to 

external BF3OEt2 and those for 1H, 1H{11B} and 13C{1H} NMR spectra were referenced to 

SiMe4. Chemical shifts are reported in units of parts per million downfield from reference, and 

all coupling constants in Hz.  

X-ray structure determination. Measurement of the crystals were performed on a Bruker 

Smart Apex CCD diffractometer using graphite-monochromated Mo Kα radiation (λ = 

0.71073Å) from an X-Ray tube. Data collection, Smart V. 5.631 (BrukerAXS 1997-02); data 

reduction, Saint+ Version 6.36A (Bruker AXS 2001); absorption correction, SADABS version 2.10 

(Bruker AXS 2001) and structure solution and refinement, SHELXTL Version 6.14 (Bruker AXS 

2000-2003).  

VII.5.2. Materials 

All reagents used in the present work were obtained from Aldrich Chemical Co and were 

used without further purification. Reagent grade organic solvents were obtained from SDS and 

high purity de-ionized water was obtained by passing distilled water through a nano-pure Mili-

Q water purification system.  

VII.5.3. Preparations 

The Mn3(OAc)6(bpy)2 complex was prepared according to literature procedures[16, 21]. All the 

water oxidation manipulations were performed under inert atmosphere.  

VII.5.4. Catalytic epoxidation 

A CH2Cl2 (2.5 mL) solution of alkene (260 μmol), catalyst (2.6 μmol) and biphenyl (250 μmol, 

internal standard) was prepared in a 5 mL flask and cooled in an ice bath. Afterwards, 32 % 
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peracetic acid (110 μmol) was slowly added via syringe under stirring at 0ºC. The reaction 

vessel was then taken out of the ice bath (this is taken as the starting point of the catalysis) 

and allowed to progressively warm to RT. Each aliquot of the reaction taken for analysis was 

filtered through a basic alumina plug and was analysed in a Shimadzu GC-2010 gas 

chromatography apparatus equipped with an Astec CHIRALDEX G-TA column and a FID 

detector. Quantification was achieved from calibration curves. 

NMR study 

To an ethanolic solution of 0.006 g (0.030 mmols) of ligand LH, 1.25 mL (6.0 mmols) of 

peracetic acid 32% were added. Solution was stirring for 1 hour and then solvent was removed 

under vacuum. Solid was dissolved in CDCl3 and the 11B- and 11B{1H }-NMR spectra of the 

solution was carried on (see Figure 1 above). 

IR study 

Two portions of LH ligand were dissolved in dichloromethane and were reacted with 

peracetic acid in different ratio LH:oxidant (1:1 and 1:200). After 1 hour of reaction the 

solution was dried under vacuum and IR spectra of both experiments were registered. (Figure 

2 above) 

VII.5.5. Water oxidation  

The water oxidation measurements were carried out by GC-MS. To a flask containing 112 mg 

(0.204 mmols) of Ce (NH4)2 (NO3)6 under stirring and inert atmosphere, were added 2 mL of an 

aqueous solution of CF3SO3H (pH 1.0). Once the CeIV was dissolved, 0.51 mL of a solution 2mM 

of catalyst B1 in water or ligand LH in dichloromethane was injected to the above solution 

under stirring and under nitrogen atmosphere. Immediately, measurements of the evolution 

of O2 vs time were recorded. 
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This chapter attempts to provide a link between the proposed general objectives (Chapter II) 

and the reported experimental results (Chapters III-VII), being an adequate way to enter in the 

final chapter of this thesis, the general conclusions.  

Three main closely projects were defined as objectives of this thesis considering the nature 

of the transition metal  to be reacted with the two carboranylcarboxylate ligands. Here on, the 

results obtained and previously presented as separate chapters will be discussed, in a more 

compact way, for each metal ion described.  

First of all, the carboranylcarboxylate ligands [1-CH3-2-CO2-1,2-closo-C2B10H10]
-, L, or [1-CO2-

1,2-closo-C2B10H11]
- , L’, were chosen due to the interesting properties presented by the 1,2-

dicarba-closo-dodecaborane and its derivatives, which make them potentially applicable in the 

preparation of materials.[1] Then, transition metals CuII, MnII, CoII and FeII were selected based 

on their multiple applications in different fields such as molecular semiconductors, 

nanomagnets, ions exchange, chemical separation, sensor technology, energy conversion, 

optoelectronics or catalysis[2], as well as for their potential use as frameworks for the 

assembling of complexes in two or three dimensions to generate supramolecular structures 

(MOFs).[3] Moreover, it was known that only the coordination of the carboranylcarboxylate 

ligand [1-CO2-1,2-closo-C2B10H11]
- to the transition metals ZnII, CuII, NiII and MoII had been 

previously reported,[4] making the study  of carboranylcarboxylate ligands to generate 

polynuclear compounds and their potential applications a new and interesting topic of 

research.  

VIII.1. Cu(II) complexes  

As commented, few carboranylcarboxylate complexes containing copper (II) as metal have 

been previously synthesized; moreover, their coordination chemistry, together with their 

physical and chemical properties, have remained mostly unexplored. For this reason, a new 

family of mono- and polynuclear copper(II) complexes containing the carboranylcarboxylate 

ligands L and L’ have been synthesised and fully characterized. Besides, the difference in 

reactivity due to the substitution of the methyl group in LH by a hydrogen atom on this 

carboranylcarboxylate ligand has been studied. 

The first step was the synthesis of the starting compounds [Cu2(1-CH3-2-CO2-1,2-closo-

C2B10H10)4(THF)2], A1, [Cu2(1-CH3-2-CO2-1,2-closo-C2B10H10)4(H2O)2], A1’, and [Cu2(1-CO2-1,2-

closo-C2B10H11)4(THF)2], D1,  which were subsequently reacted with different pyridyl ligands, Lt 

(Lt = py, p-CF3-py, p-CH3-py, o-(CH3)2-py, pz, or 4,4’-bpy) obtaining, in most cases binuclear 

paddle-wheel cage type complexes of general formula [Cu2(CB)4(Lt)2] as main products, where 
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CB= L, when A1 or A1’ is used as starting material or L’when D1 is the starting compound 

(Scheme 1). 

 

 

 

 

Scheme 1. Synthetic strategy for the preparation of Cu(II) complexes. 
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X-Ray diffraction of all complexes was performed, showing for the binuclear compounds a 

similar structure with the two copper (II) atoms held together through four syn,syn 1:1:µ2-

carboxylate bridges acting as equatorial ligands for each CuII. The square pyramidal geometry 

around each metal ion is completed by the oxygen donor atom of a THF or a H2O molecule in 

the starting compounds or by the nitrogen donor atom of the different pyridyl terminal 

ligands. 

In the case of the binuclear compounds obtained upon addition of pyridine, A2 and D2, and 

p-methylpyridine, A4 and D4, we have observed the parallel formation of other compounds in 

lower yield, however, whilst mononuclear or tetranuclear compounds were obtained with 

ligand LH, binuclear compounds were obtained with ligand L’H. A representative example is 

shown in Figure 1. These differences in the reactivity have been attributed to the existence of  

dihydrogen bonds Cc-H···H-B between neighbouring carborane ligands in complexes containing 

the ligand L’H, which have not been observed in compounds with the ligand LH. These 

interactions might be responsible of the binuclear structures avoiding the formation of the 

mononuclear compounds as well as responsible of the ratio between the main and secondary 

products obtained. 

a) 

 

A2’ 

b) 

 

D2’ 

Figure 1. X-ray structures for a) A2’, b) D2’ showing the Cc-H···H-B interactions. 

It was seen that the IR spectra and the 1H{11B}-, 11B-, 11B{1H }- and 13C{1H}-NMR spectra of all 

complexes agree with the solid structures confirmed by X-ray crystallography. Besides, it was 

observed for complex D3 that the 1H-NMR chemical shifts of the proton bonded to the boron 

atoms in the carboranylcarboxylate ligand changed to higher frequencies when decreases the 

temperature, which was attributed to the existence of intermolecular B-H···H-B interactions 

between several B-H vertexes. (Figure 2) 
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Figure 2. Structure of D3 showing the B-H···H-B interactions and comparison of its 
1
H{

11
B}-RMN spectra 

in chloroform at 298K (purple) and in acetone at 260K (black). 

Additionally, electrochemical properties of complex A1, the analogous µ-acetate complex 

[Cu2(-CH3COO)4(THF)2] and complexes D1-D5, were studied by cyclic voltammetry (CV) and, in 

the case of complexes D1-D5, containing the L’H ligand, differential pulse voltammetry (DPV) 

were also performed. CV of all complexes showed irreversible redox processes that can be 

assigned to CuII/CuI and CuI/Cu0 redox pairs, respectively. On the one hand, a comparison of 

complex A1 with the analogous containing acetate ligands leads to observe that the latter is 

cathodically shifted with regard to complex A1 in accordance with the higher electron-

withdrawing character of the carboranylcarboxylate with respect to acetate ligand (Figure 3). 

On the other hand, for the complexes containing the ligand L’H, no noticeable shift in the 

potential values has been observed with the different electron-withdrawing character of the 

pyridyl ligands present in these compounds.  
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Figure 3. Cyclic voltammetry recorded for complexes [Cu2(-CH3COO)4(THF)2] (red), A1 (black) 

and LH (green) in acetonitrile. 

The electronic UV-vis spectra of complexes A1-A6 and D1-D5 were also performed, showing 

one characteristic band in the range 600-800 nm, assigned to d-d transitions from the dxz, dyz 

and dxy orbitals in all complexes; a second band is also observed for the complexes containing 

the ligand LH around 380-420 nm assigned to LMCT bands from π orbitals of the carboxylate 

ligands to the empty dx
2

-y
2 orbitals of the CuII cations. (Figure 4) 

 

Figure 4. UV-vis spectral for complexes A1-A6. 

 

In order to have a better understanding of these compounds, we have investigated the UV-

visible spectra of A1 upon the progressive addition of four equivalents of the terminal ligands 
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py, p-CH3-py or o-(CH3)2-py. It has been seen that the initial UV-visible spectrum of A1 is 

modified by the addition of two equivalents of pyridine exhibiting a band at higher 

wavelenghts, probably indicating the presence of a binuclear compound together with a 

mononuclear one which was confirmed by comparison with the UV-visible spectra of both 

pure compounds A2 and A2’. Also, the spectrum of A1 was initially modified in an analogous 

way by the addition of two equivalents of p-CF3-py (with the band also shifted to higher 

wavelength), but the spectrum is maintained after the successive addition of two more 

equivalents of ligand, indicating the stability of the Cu2(-O2CR)4 core in the presence of this 

terminal ligand. The spectrum of the compound obtained “in situ” is coincident with that of 

complex A3 isolated from the synthetic process. Finally, for 2,6-lutidine ligand, the addition of 

either two, three or four equivalents to complex A1 leads to a shift of the maximum 

wavelength towards lower values thus revealing the direct formation of a monomer complex, 

with a spectrum fully coincident with that of the synthesized compound A5. 

We then investigated whether the behaviour of 2,6-lutidine (which leads directly to the 

rupture of the binuclear moiety and the formation of the mononuclear complex) was governed 

by steric or electronic (basicity) factors. An equimolar mixture of 2,6-lutidine and p-CF3-py was 

slowly added to a solution of  A1 and the subsequent spectral changes were followed by UV-

vis. The shift of the maximum wavelength to lower values (as previously seen by addition of 

2,6-lutidine itself) clearly demonstrated the immediate formation of the mononuclear complex 

A5. Thus, the competition between the two pyridyl Lt ligands evidences that the highly basic 

character of 2,6-lutidine is the key factor governing its reactivity since, otherwise, the 

coordination of the less encumbered p-CF3-py would have occurred preferentially (Figure 5). 
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Figure 6. UV-vis monitoring of the addition of an equimolar mixture of 2,6-lutidine and p-CF3-py to a 

solution of compound A1 in dichloromethane. 

This conclusion was also corroborated by electronic-structure calculations in which, the 

calculated Cu-N/O axial bond energies confirmed the stronger interaction of the pyridyl axial 

ligands with the copper metal centre in comparison with the THF ligand, thus leading in some 

cases to the decoordination of the carboranylcarboxylate ligand and the subsequent formation 

of secondary products with different nuclearities. A correlation between the calculated bond-

energy value and the Hammett parameter of the substituents of the pyridine terminal ligands 

was also found being the bond energy higher for electron-donating groups, like methyl, than 

for electron-withdrawing substituents.  

Besides, the stability of the binuclear compounds containing the ligand LH was studied in 

different solvents observing that these compounds were stable in THF and CH2Cl2 whereas a 

partial degradation of the 1-CH3-2-CO2H-1,2-closo-C2B10H10 ligand, LH, took place in CH3OH due 

to a nucleophilic attack, which lead to the removal of a BH2+ from the [1-CH3-2-CO2H-1,2-closo-

C2B10H10] ligand; this became oxidized to B(OCH3)3 reducing the CuII to Cu0 while the closo 

cluster was transformed to nido (Scheme 2). These results were confirmed by NMR and ESI-MS 

techniques observing clearly the signals corresponding to the nido species. 

 

Scheme 2. Global reaction of the degradation of the ligand L from closo to nido 
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Finally, magnetic measurements of the binuclear complexes containing LH were performed 

showing, in all cases, strong antiferromagnetic interactions between the copper atoms whose 

coupling constant values, J, were in the range of those observed for binuclear paddle-wheel 

copper(II) cage structures containing acetates (above 280-300 cm-1). Exchange coupling 

constants were also calculated in the electronic structure calculations commented above, 

confirming the fitted values obtained from the experimental magnetic susceptibility. 

VIII.2. Mn(II) complexes  

Two new water soluble polymeric Mn(II) complexes were synthesized with the 

carboranylcarboxylate ligands LH and L’H. The polymeric compounds [Mn(µ-H2O)(µ-

L)2]n·(H2O)n, B1 and [Mn(H2O)(µ-L’)2]n .2H2O, D6 were used as starting compounds to study 

their reactivity towards coordinating solvents and ligands such as 2,2’-bpy or 2,2’-bpm.  

The polymeric structure of B1 was broken in coordinating solvents such as diethyl ether 

leading to the first linear trinuclear Mn(II) compound [Mn3(H2O)4(L)6(C4H10O)2], B2, with water 

bridging units and where the central manganese atom maintains the same coordination as in 

the polymer structure. The reactivity of polymers B1 or D6 with chelating ligands such as 2,2’-

bpy was tested observing the formation of binuclear compounds with general formula 

[Mn2(CB)4(bpy)2] or mononuclear compounds [Mn(CB)2(bpy)2], depending of the 

ligand:complex ratio used (CB= L, when B1 is used as starting material or L’ when D6 is the 

starting compound). Finally, when complex B1 reacted with the tetradentate ligand 2,2’-bpm, 

a novel 1D Mn(II) polymeric structure, [Mn(L)2(bpm)]n, B5, is obtained (Scheme 3).  
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Scheme 3. Synthetic strategy for the preparation of Mn(II) complexes. 

 

Important differences were observed in the X-Ray structure of the polymeric compounds, B1 

and D6 such as, the geometry around the Mn(II) ions (square pyramidal for D6 and octahedral 

for B1) or the conformation of the bridged carboranylcarboxylate ligands L and L’, syn-syn in 

B1 for the two carboxylate ligands and syn-syn and syn-anti in D6 for every carboxylate ligands. 

Furthermore, in B1 a coordinated bridged aqua ligand is observed whilst in D6 the aqua ligand 

is acting as a terminal ligand. An important difference was observed in the packing diagram of 

both complexes;  complex B1 displayed polymeric chiral chains due to the methyl group of the 

carboranylcarboxylate ligand was shifted respect to the centre of the coordinated carboxylate 

group. This fact lead to two different conformations for these chains (lambda and delta); 

however, in complex D6, the hydrogen substituents in the clusters have the same disposition 

in the different chains, fact that makes that the packing arrangement displayed polymeric 

chains with the same conformation preventing any chirality between them (see Figure 6). All 

these differences have been attributed to the existence of Cc-H···H-B dihydrogen bonds in D6 



 
 

208 
 

a) 

 

b) 

 

Figure 6. Packing arrangement of complexes a) B1 and b) D6 showing the structural differences 

between them.  

The binuclear complexes B3 and D7 containing the ligand 2,2’-bpy display a similar structure 

with a trigonal prismatic geometry around each manganese(II) centre; however the 

mononuclear compounds B3 and D8 containing the same ligand, display a distorted octahedral 

structure , where two monodentate carboranylcarboxylate ligands are coordinated to the 

metal , both adopting a cis configuration around the metal (Figure 7). 

IR spectra and 1H{11B}-, 11B- and 11B{1H }-NMR spectra of these compounds were in complete 

agreement with the solid structures confirmed by X-ray crystallography, as well as ESI-MS 

spectra of the complexes.  

 

a) 

 

b) 

 

Figure 7. X-ray structure of complexes a) B3 and b) D8. 

Electrochemical properties of complexes containing the ligand LH were studied by cyclic 

voltammetry (CV) observing that all complexes exhibited waves corresponding to the oxidation 

of Mn(II) to Mn(III). For the polymer B1, it was also observed an increased background water 

oxidation above 1.4 V. In the case of the mononuclear compound B4, the CV exhibited two 
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anodic peaks that could be assigned to a metal oxidation process together with chemical 

reactions leading to the formation of binuclear species. 

Additionally, the stability of the polymeric structure of B1 in solution was studied by Cryo-

TEM microscopy, Dynamic Light Scattering (DLS) and X-ray scattering (SAXS and WAXS) 

techniques. On the one hand, Cryo-TEM microscopy analysis of a water solution of complex 

B1 showed a wide range of aggregates with motifs with different lengths (300-700 nm) which 

were an indicative that a polymer structure or aggregates existed in solution (Figure 8a). On 

the other hand, DLS studies of compound B1 were carried out concluding that the infinite 

polymeric structure was preserved to a certain extent in water but this structure did not exist 

in diethyl ether solution because the polymer was cleaved into small particles each one less 

than few nanometres, which was in agreement with the trinuclear compound B2 obtained 

experimentally. Moreover, it was observed that the self-assembly of the polymer in water 

strongly depends on concentration, noting that the dimensions of the nanoparticles increase 

with the concentration (Figure 8b). The probable explanation is as follows: the further addition 

of polymer leads to the elongation of wormlike structures observed by cryo-TEM by the 

merging of small domains with the larger supramolecular structure. This effect is pronounced 

at the highest concentrations resembling a transition of surfactant micelles to more complex 

morphologies like cylinders or lamellae.[5] Finally, SAXS/WAXS experiments were not successful 

so that we did not prove the infinite structure in solution, nevertheless, it was concluded that 

the self-assembly in solution should be at least comparable to the situation in crystal. 

a) 

 

 

b) 

 

Figure 8. a) Cryo-TEM micrograph of a solution of B1 in water; b) concentration dependence of 

hydrodynamic radius of nanoparticles in aqueous solutions of “polymer” measured at scattering angle 

90deg 

Magnetic measurements of compounds B1, B3 and B5 were performed, showing in all cases 

weak antiferromagnetic interactions between the manganese atoms;in B1 the responsible of 

the weak antiferromagnetic interactions between the Mn(II) centres is the bridging water 
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molecule and the syn-syn arrangement of the two carboxylate ligands whereas  for B5 is the 

2,2’-bpm bridging ligands . 

The catalytic activity in oxidation reactions of compounds B1, B3-B5 was tested regarding 

the epoxidation of alkenes using commercial peracetic acid (32%) as oxidant. In order to make 

comparisons with these complexes, Mn3(OAc)6(bpy)2 was synthesized and characterized by X-

ray diffraction and its catalytic behaviour was also assessed in the commented epoxidation 

reactions. Moreover, the catalytic activity of the ligand LH was tested with regard to the 

epoxidation of styrene concluding that the coordination of the carboranylcarboxylate ligand to 

the metal is necessary to observe catalytic activity under the conditions tested.  

A quick glance to Table 1 suggests that when styrene was the substrate, for Mn compounds, 

conversions over 95% were found after 4 minutes of reaction together with moderate and high 

selectivity values. It could be observed that the polymeric manganese structures B1 and B5 

presented better conversion and selectivity than mononuclear and binuclear complexes 

containing 2,2’-bpy as ligands, B4 and B3, respectively. 

When catalytic activity is studied with 4-vinyl-1-cyclohexene, it was noticed that the reaction 

was regiospecific for epoxidation of the ring double bond. Moreover, it was observed that 

complexes containing pyridyl ligands, B3-B5, and acetate, Mn3(OAc)6(bpy)2 , showed high 

conversion values but moderate selectivity. However, excellent selectivity was achieved by the 

polymeric complex B1, where only Mn(II), water and carboranylcarboxylate ligands were 

present. 

For cis-β-methylstyrene, all complexes containing the carboranylcarboxylate ligand showed 

high conversion and selectivity values with high stereospecificity for the formation of the cis-

epoxide. These values were larger than those obtained with the trinuclear complex 

Mn3(OAc)6(bpy)2  for which the process was also less stereospecific. Based on these results it 

may be said that if a radical mechanism was involved in the epoxidation pathway, the radical 

intermediate species containing the carboranylcarboxylate ligand must be shorter-lived than 

those containing the acetate ligand in order to exert a significant influence on the 

stereoselectivity of the reaction.[6] Thus, it could also be said that the carboranylcarboxylate 

ligand plays  an important role in the stereospecificity of this reaction in larger extent than 

polipyridyl ligands since a lower  percentage of cis epoxide was obtained when 

Mn3(OAc)6(bpy)2, was used as catalyst, which only contains acetate and bipyridine groups.  

In the case of trans-β–methylstyrene, all complexes displayed good performance and 

selectivity, presenting high values that in some cases are close to 100% .The catalytic activity 

was also tested with the aliphatic substrate 1-octene which usually tends to be the least 

reactive olefin in metal-catalysed epoxidation. [7] In this case 1-octene was readily epoxidized 
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with our compounds providing good conversion values and moderate selectivities. The 

selectivity of B1 is remarkable.   

Finally, excellent conversion and good selectivity values were obtained for complexes B1-B3 

and B5 using trans-stilbene as a substrate, however, B4 displayed moderate selectivity and 

conversion.  

Table 1. Epoxidation tests performed with manganese complexes B1-B5 and Mn3(OAc)6(bpy)2 

 

Conditions: catalyst (2.6 μmol), substrate (260 μmol), CH2Cl2 (2.5 mL). Peracetic acid 32% (520 μmol) added at 0 
ᵒC, then reaction at RT.  
a 

Calculated as [epoxide yield/substrate conversion] x 100. 
b
c/t represents the percentage of cis isomer obtained. 

c 
Epoxidation exclusively at the cyclohexene ring.  

Additionally, a study of the stability of ligand LH in the peracetic acid medium was carried 

out through NMR and IR techniques, showing that the ligand LH remained unaffected after 

reaction with commercial 32%. Thus, it confirmed that the coordination of the 

carboranylcarboxylate ligand to the metal ion is relevant in the catalytic activity of these 

compounds. 

Finally, catalytic activity of polymeric manganese(II) complex B1 was tested regarding the 

oxidation of water to molecular oxygen, showing generation of oxygen (Figure 10). The 

stability of ligand LH was also tested by NMR under the same conditions as the water oxidation 

reaction concluding that the closo cluster is not degraded  to nido  and the generated O2 is due 

to the compound B1 containing the carboranylcarboxylate.  
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Figure 10. Kinetic plots of oxygen formation by B1 versus time. 

 

VIII.3.  Fe (II) complexes 

Two trinuclear mixed-valence iron(III,II) complexes containing the carboranylcarboxylate 

ligand [1-CH3-2-CO2-1,2-closo-C2B10H11], LH, were synthesized and characterized by elemental 

analysis, spectroscopic and X-Ray diffraction techniques.  

Two different synthetic strategies were carried out to synthesize the complexes, obtaining in 

both cases trinuclear mixed valence iron(III,II) complexes. The X-ray structure of these 

compounds revealed a planar trigonal Fe3O core, with six syn,syn bridged carboxylate ligands 

and three THF ([Fe3(µ-O)(L)6(THF)3], C1) or py ([Fe3(µ-O)(L)6(py)3], C2) molecules completing the 

distorted octahedral sphere around each iron atom. Furthermore, it was seen that the three 

iron ions in complex C1 were crystallographically indistinguishable, probably due to the 

dynamic disorder induced by a rapid internal electron transfer whereas in C2 there are two 

iron (III) and one iron (II) which could be assigned according to the bond distances Fe-(µ-O) and 

Fe-Ocarbox and to the angles(µ-O)-Fe-Ocarbox. (Scheme 4) 
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Scheme 4. Synthetic strategy for the preparation of Fe(II) complexes. 

It is notable the packing arrangement along c axis in  C1 which allowed the formation of a 

perfect hexagon with similar distances between the central oxygen atom of the different 

molecules. Moreover, carboranylcarboxylate ligands are located in the cavity of the hexagon 

leading to the existence of a hydrophobic environment in this one (Figure 10).  

 

Figure 10. Packing diagram of complex C1 showing the hexagons formed. 
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The IR and the 1H{11B}-, 11B-, 11B{1H }- and 13C{1H}-NMR spectra of  C1 were performed and 

agree with the solid structure confirmed by X-ray crystallography. Moreover, UV-visible 

spectra of both compounds were performed and three characteristic bands were observed 

around 350 nm, in the range 479-490 nm and around 555 nm, which were tentatively assigned 

to LMCT[8] , MLCT[9] and d-d transitions, [10] respectively.  

VIII.4. Co(II) complexes  

Two different polynuclear cobalt(II) complexes containing the carboranylcarboxylate ligand 

LH were synthesized and characterized by chemical analysis, spectroscopic and X-Ray 

diffraction techniques. 

It was seen that depending on the cobalt(II) salt used as starting material, the solvent 

medium and the synthetic strategy utilized, the binuclear compound [Co2(µ-H2O)(L)4(THF)4], 

C3, or the polymeric compound [Co(µ-H2O)(L)2]n.(H2O)n, C5, was obtained. It was also seen that 

polymeric structure of compound C5 was broken in diethyl ether leading to the trinuclear 

compound [Co3(µ-H2O)2(L)6(H2O)2(C4H10O)2], C4. (Scheme 5)  

 

Scheme 5. Synthetic strategy for the preparation of Co(II) complexes. 

Concerning the X-Ray structures of complexes C3 and C4, it was noticed that, although both 

compounds displayed different nuclearity, in both structures the cobalt atoms were held 

together through two carboranylcarboxylate and one aqua ligands. Besides, terminal cobalt 
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atoms in both complexes presented a monodentate carboranylcarboxylate ligand and two 

additional oxygen atoms from the solvent medium leading to an octahedral geometry around 

each cobalt atom. X-Ray structure of compound C5 was not performed; however, their 

structure was confirmed by X-ray powder diffraction (XRD). 

The IR spectra and the 1H{11B}-, 11B-, 11B{1H }- and 13C{1H}-NMR spectra of these complexes 

were carried out and agreed with the solid structure confirmed by X-ray crystallography. 

Besides, UV-visible spectra of compounds C3 and C5 were performed and two characteristic 

bands, one in the range 300-400 nm and another in the range 420-570 nm were observed and 

assigned to LMCT transitions,[11]  and to the two spin-allowed d-d transitions, 4T1(F)4A2(F) 

and 4T1g(F)4T1g(P). ),[12] respectively. 

Finally, catalytic activity of compound C3 was tested in the epoxidation of alkenes using 

styrene, cis-β-methylstyrene and 4-vinyl-1-cyclohexene as substrates. In general, this complex 

presented moderate performance and selectivity for all the substrates tested after 4 minutes 

of reaction, with values that improve in some cases after 30 minutes (see Table 2 for further 

details). 

Table 2. Epoxidation tests performed with cobalt complex C3 

 

 C3 

Substrate Product Conv. (%) Select. (%)
a 

  

21
c 

56
c 

39
d 

23
d 

  

16
c
 

46
c
 

c/t=49%
b 

42
d
 

45
d
 

c/t=62%
b
 

  

41
c
 55

c
 

67
d
 70

d
 

Conditions (see experimental section for further details): catalyst (2.6 μmol), substrate (260 μmol), CH2Cl2 (2.5 

mL). Peracetic acid 32% (520 μmol) added at 0ºC, then reaction at RT. 
a
Calculated as [epoxide yield/substrate conversion] x 100 . 

b
 c/t represents the percentage of cis isomer obtained. 

c 
Aliquot taken after 4 minutes of reaction. 

d 
Aliquot taken after 30 minutes of reaction 

 

If we compare the catalytic activity of this compound with manganese complexes it could be 

concluded that manganese(II) compounds present higher catalytic activity in the epoxidation 

of alkenes than the cobalt(II) compound C3, containing the same kind of ligands.
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In this thesis, new compounds containing carboranylcarboxylate ligands with relevant metal 

ions of the first transition series have been synthesized and characterized and their catalytic 

activity for different oxidation reactions, such as alkene epoxidation and water oxidation have 

been tested.  

Even though conclusions obtained from this research have been included in each chapter, a 

summary of the main conclusions are listed below:  

1. A series of new mononuclear and carboranylcarboxylate-bridged binuclear copper(II) 

complexes containing the 1-CH3-2-CO2H-1,2-closo-C2B10H10 carborane ligand (LH)  have been 

synthesized. 

a. Reaction of different copper salts with LH at room temperature, leads to binuclear 

compounds of general formula [Cu2(-L)4(Lt)2] (Lt=THF, A1; Lt=H2O, A1’). The reaction of 

A1 and A1’ with different terminal pyridyl ligands gives rise to the formation of a series 

of structurally analogous complexes by substitution of the terminal ligand THF or H2O 

(Lt= py, A2; p-CF3-py, A3; p-CH3-py, A4 and pz, A6), which maintain the structural Cu2(-

O2CR)4 core in the majority of the cases except for o-(CH3)2-py, where a mononuclear 

compound (A5) is exclusively obtained and for 4,4’-bpy, where a polymeric compound 

(A8) is seen. 

b. These compounds have been characterized by elemental analysis, spectroscopic 

(NMR, IR, UV/vis, ESI-MS) and magnetic techniques. X-Ray structural analysis revealed a 

paddle-wheel structure for the binuclear compounds, with a square pyramidal geometry 

around each copper ion and the carboranylcarboxylate ions bridging two copper atoms 

in a syn-syn mode. The mononuclear complex obtained with the o-(CH3)2-py ligand 

presents a square planar structure, where the carboranylcarboxylate ligand adopts a 

monodentate coordination mode. The polymeric compound displays a 1D chain in which 

each copper ion adopts a distorted octahedral geometry and the carboranylcarboxylate 

ligand is in a monodentate coordination mode. 

c. Binuclear compounds are stable in THF and CH2Cl2 whereas a partial degradation of 

the ligand, L, takes place in CH3OH due to a nucleophilic attack, which leads to the 

removal of a BH2+ from the L ligand that oxidizes to B(OCH3)3 reducing the CuII to Cu0 

while the closo cluster is transformed to nido. 

d. Reactivity of A1 and A1’ with py or p-CH3-py leads to the parallel formation of 

mononuclear compounds together with the binuclear compounds A2 and A4. It was 

experimentally demonstrated that the electronic effects govern the rupture of the 



 
 

220 
 

binuclear structure, a conclusion that has been corroborated by electronic-structure 

calculations. The calculated Cu-X axial bond energies confirm the stronger interaction of 

the pyridyl axial ligands with the copper metal centre in comparison with the THF ligand, 

thus leading in some cases to the de-coordination of the carboranylcarboxylate bridging 

ligand and the subsequent formation of secondary products with different nuclearities. 

e. A correlation between the calculated bond-energy value and the Hammett 

parameter of the substituents of the pyridine terminal ligands has been also found. 

Thus, the bond energy is higher for electron-donating groups, like methyl, whereas for 

electron-withdrawing substituents the bond is weaker.   

f. Complex A1 exhibits irreversible electrochemical redox processes that can be 

assigned respectively to CuII/CuI and CuI/Cu0 redox pairs.  

g. Reactivity of the analogous µ-acetate copper(II) complexes with regard to the 

replacement of the apical H2O o THF ligands by pyridyl ligands follow similar trends to 

those observed with complexes A1 and A1’, however, the presence of the 

carboranylcarboxylate groups induces particular electronic and structural properties 

that establish remarkable differences with the analogous -acetate compounds such as 

their behaviour in nucleophilic solvents or their solubility.  

h. The electronic UV-vis spectra of complexes A1-A6 show two characteristic bands 

assigned to d-d transitions from the dxz, dyz and dxy orbitals and to LMCT bands from π 

orbitals of the carboxylate ligands to the empty dx
2
-y

2 orbitals of the CuII cations. 

i. The magnetic properties of the binuclear compounds A1, A3, A4, and A6 show a 

strong antiferromagnetic coupling in all cases (A1, J= -261 cm-1; A3, J= -255 cm-1; A4, J= -

241 cm-1; A6, J= -249 cm-1). Computational studies based on hybrid density functional 

methods have been used to study the magnetic properties of the complexes and also to 

study their relative stability on the basis of the strength of the bond between each Cu(II) 

and the terminal ligand. 

2. A new water soluble manganese polymer containing the ligand [1-CH3-2-CO2-1,2-closo-

C2B10H10]
-, L, has been synthesized and fully characterized: [Mn(µ-H2O)(µ-L)2]n·(H2O)n, B1. 

a. Polymer B1 displays an unusual feature in 1-D oligomer Mn(II) complexes with a 

nuclearity higher than 2 that is the existence of water molecules bridging each two Mn 

centres. Each of the Mn(II) centres possesses a distorted octahedral geometry and the 

ligands are disposed in a zig-zag fashion through the chain. The bulky nature of the 
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ligand prevents intermolecular interactions among these lineal arrays. Each Mn(II) atom 

is coordinated by four carboxylate oxygen atoms and two aqua oxygen atoms, and is 

bridged to other Mn atoms by two carboranylcarboxylate ligands and by an aqua 

ligand. Packing diagram revealed two different conformations within adjacent chains 

(lambda and delta) due to the orientation of the methyl groups from the 

carboranylcarboxylate ligands, thus leading to polymeric chiral chains.  

b. The polymeric structure of B1 is broken in coordinating solvents such as diethyl 

ether giving rise to the first linear trinuclear Mn(II) compound [Mn3(H2O)4(L)6(C4H10O)2], 

B2, which maintains the precise picture found in B1 but the terminal Mn ions evidence 

their origin as a result of fragmenting the polymer. 

c. The clean way of fragmentation of the polymer enables a reverse process, allowing 

the regeneration of the polymer structure. This easy assembling disassembling process 

is, most probably, what endows B1 its notorious solubility properties, and its 

aggregation concentration dependent ability as shown by DLS studies.   

d. The reactivity of the polymeric structure of B1 towards chelating ligands as 2,2’-bpy 

or 2,2’-bpm leads to the binuclear complex [Mn2(L)4(bpy)2], B3, when ligand:complex 

ratio is 1:2 or to the mononuclear compound [Mn(L)2(bpy)2], B4 when the ratio is 1:1 

with 2,2’-bpy. However, the reactivity towards the ligand 2,2’-bpm leads to the 

formation of a different Mn(II) polymeric structure, [Mn(L)2(bpm)]n, B5.  

e. The X-Ray structure of complex B3 displays a binuclear compound in which each 

manganese(II) atom is coordinated by four oxygen atoms from four bridging 

carboranylcarboxylate ligands and two nitrogen atoms of one 2,2’-bpy ligand displaying 

a trigonal prismatic geometry. In the mononuclear compound B4, the manganese ion is 

coordinated by four nitrogen atoms from two chelating 2,2’-bipyridine ligands and two 

oxygen atoms from two monodentate carboranylcarboxylate ligands, both adopting a cis 

configuration around the metal displaying a distorted octahedral structure. Compound 

B5 consists of neutral zigzag chains of manganese (II) ions linked by 2,2’-bpm in which, 

each Mn(II) ion coordinates to two L ligands in a monodentate mode completing the 

distorted octahedral geometry of the metal centres. 

f. Complexes B1, B3 and B4 exhibit electrochemical oxidation waves corresponding to 

the oxidation of Mn(II) to Mn(III). Moreover, polymer B1 presents an increase 

background water oxidation above 1.4 V and mononuclear compound B4 exhibits two 
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anodic peaks assigned to a metal oxidation process together with chemical reactions 

leading to the formation of binuclear species. 

g. It has been corroborated by Cryo-TEM microscopy analysis that the polymeric 

structure of B1 exists in solution. Moreover, DLS studies have demonstrated that the 

self-assembly of polymer in water strongly depends on concentration and the infinite 

polymeric structure of the sample does not exist in diethyl ether solution because the 

polymer is cleaved into small particles each less than few nanometres.  

h. The magnetic properties of the binuclear compounds B1, B3 and B5 show a weak 

antiferromagnetic coupling in all cases (B1, J= -0.91 cm-1; B3, J= -6.58 cm-1 and B5, J= -

0.70 cm-1). 

i. Complexes B1 and B3-B5 have been tested in the epoxidation of representative 

terminal and internal double bonds of aliphatic and aromatic alkenes, showing good 

efficiency and selectivity.  When cis-β-methylstyrene is used as substrate, these 

complexes showed specificity for the cis epoxide, and regiospecificity in the epoxidation 

of the ring double bond with 4-vinyl-1-cyclohexene. These complexes show good activity 

in the epoxidation of the aliphatic substrate 1-octene despite the tendency of the latter 

to be the least reactive olefin in metal-catalysed epoxidation.  

j. Catalytic behaviour of the acetate compound Mn3(OAc)6(bpy)2 has been also tested 

for comparison purposes concluding that the selectivity values for most of the 

substrates under study are higher for the complexes containing the 

carboranylcarboxylate ligand than for the trinuclear complex with the acetate . 

k. Complex B1 presents catalytic activity regarding the oxidation of water to molecular 

oxygen, where the ligand LH is stable under the catalytic conditions; it can be concluded 

that the generated O2 is not due to the degradation of the closo to nido cluster.  

3. Two new trinuclear mixed-valence iron (II, III) complexes containing the 

carboranylcarboxylate ligand [1-CH3-2-CO2-1,2-closo-C2B10H11], LH, [Fe3(µ-O)(1-CH3-2-CO2-

1,2-closo-C2B10H10)6(THF)3], C1, and ([Fe3(µ-O)(1-CH3-2-CO2-1,2-closo-C2B10H10)6 (py)3], C2 , 

have been synthesized and characterized by elemental analysis, spectroscopic and X-Ray 

techniques. 

a. Both complexes have been characterized by X-ray diffraction and their structures 

consist of a planar trigonal Fe3O core, with six syn,syn bridged carboxylate ligands and 

three THF, C1, or py, C2, molecules completing the distorted octahedral sphere around 

each iron atom. Besides, it has been concluded that the three iron ions in complex C1 
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are crystallographically indistinguishable whereas in C2 there are two iron (III) and one 

iron (II). 

b. The electronic UV-visible spectra of both complexes exhibit three characteristic 

bands, one around 350 nm, one in the range 479-490 nm and one around 555 nm, 

assigned to LMCT, MLCT and d-d transitions, respectively. 

4. Two new polynuclear cobalt(II) complexes containing the carboranylcarboxylate ligand 

LH, [Co2(µ-H2O)(1-CH3-2-CO2-1,2-closo-C2B10H10)4(THF)4], C3, and [Co(µ-H2O)(1-CH3-2-CO2-

1,2-closo-C2B10H10)2]n.(H2O)n, C5, have been synthetized and characterized by chemical 

analysis, spectroscopic and X-Ray diffraction techniques.  

a. The polymeric structure of compound C5 was broken in diethyl ether leading to the 

trinuclear compound [Co3(µ-H2O)2(1-CH3-2-CO2-1,2-closo-C2B10H10)6(H2O)2(C4H10O)2], C4. 

b. The X-ray structure of compounds C3 and C4 reveal that, although both complexes 

display different nuclearity, in both structures, cobalt atoms are held together through 

two carboranylcarboxylate and one aqua ligand and the terminal cobalt atoms present a 

monodentate carboranylcarboxylate ligand and two additional oxygen atoms from the 

solvent medium leading to an octahedral geometry around each cobalt atom. 

c. The electronic UV-visible spectra of complexes C3 and C5 exhibit two characteristic 

bands, one in the range 300-400 nm and the other in the range 420-570 nm assigned to 

LMCT transitions and to the two spin-allowed d-d transitions, 4T1(F)4A2(F) and 

4T1g(F)4T1g(P), respectively. 

d. Compound C3 has been tested in the epoxidation of styrene, cis-β-methylstyrene and 

4-vinyl-1-cyclohexene observing that in general this complex presented moderate 

performance and selectivity for all the substrates tested after 4 minutes of reaction, 

with values that improve in some cases after 30 minutes. 

e. A comparison of the catalytic activity of cobalt and manganese complexes permits to 

conclude that: compounds containing manganese(II) are more efficient that those 

containing cobalt(II), however, in both cases  the coordination of the 

carboranylcarboxylate ligand to the metal ion is central  for the catalytic activity of our 

compounds. 

5. A series of new mononuclear and carboranylcarboxylate-bridged binuclear copper(II) 

complexes containing the 1-CO2H-1,2-closo-C2B10H10carborane ligand (L’H) have been 

synthesized.  
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a. Reaction of CuSO4 salt with L’H at room temperature, leads to binuclear compound 

of general formula [Cu2(-L)4(THF)2], D1. The reaction of D1 with different terminal 

pyridyl ligands gives rise to the formation of a series of structurally analogous complexes 

by substitution of the terminal ligand THF by Lt (Lt= py, D2; p-CF3-py, D3; p-CH3-py and 

D4), which maintain the structural Cu2(-O2CR)4 core except for the ligand o-(CH3)2-py, 

where a mononuclear compound (D5) is obtained.  

b. These compounds have been characterized through elemental analysis and 

spectroscopic (RMN, IR, UV/vis) techniques. X-Ray structural analysis revealed a paddle-

wheel structure for the binuclear compounds, with a square pyramidal geometry around 

each copper ion and the carboranylcarboxylate ions bridging two copper atoms in a syn-

syn mode. The mononuclear complex obtained with the o-(CH3)2-py ligand presents a 

square planar structure, where the carboranylcarboxylate ligand adopts a monodentate 

coordination mode. 

c. Reactivity of D1 with py or p-CH3-py leads to the parallel formation of binuclear 

compounds of general formula ([Cu2(L’)4(Lt)4], where Lt= py for D2’ or p-CH3-py for D4’, 

together with compounds D2 and D4. It has been concluded that the existence of 

dihydrogen bonds Cc-H···H-B between neighbouring carborane ligands in complexes 

containing the ligand L’ are responsible for maintaining the binuclear structures, 

avoiding the formation of the mononuclear compounds obtained for complexes 

containing the ligand L. These interactions are responsible for the nuclearity of the 

secondary products obtained.  

d. It has been observed by 1H-NMR that the chemical shifts of the proton bonded to the 

boron atoms in the carboranylcarboxylate ligand for complex D3 change to higher 

frequencies when decreasing the temperature, which has been attributed to the 

existence of intermolecular B-H···H-B interactions between several B-H vertexes. 

e. The electronic UV-vis spectra of complexes D1-D5 show one characteristic band in 

the range 600-800 nm, assigned to d-d transitions from the dxz, dyz and dxy orbitals. 

f. Complexes D1-D5 show irreversible electrochemical redox processes that can be 

assigned respectively to CuII/CuI and CuI/Cu0 redox pairs. No noticeable shifts in the 

potential values of compounds D2-D5 have been observed due to the different electron-

withdrawing character of the pyridyl ligands.  

6. A new water soluble manganese polymer containing the ligand L’ has been synthetized 

and fully characterized, [Mn(H2O)(µ-L’)2]n .2H2O, D6. 
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a. X-Ray structure of compound D6 discloses an unusual 1D manganese(II) polymer in 

which each of the Mn(II) ions is coordinated by four carboxylate oxygen atoms from two 

bridging carboranylcarboxylate units, one in a syn-syn and another in a syn-anti 

conformation, and one oxygen atom from a terminal aqua ligand displaying a square 

pyramidal geometry. This conformation has been attributed to the existence of 

dihydrogen bonds Cc-H···H-B between the carboranylcarboxylate ligands.    

b. The reactivity of the polymeric structure of D6  towards chelating ligands as 2,2’-bpy 

leads to the binuclear complex [Mn2(L’)4(bpy)2], D7, when ligand:complex ratio is 1:2 or 

to the mononuclear compound [Mn(L’)2(bpy)2], D8 when the ratio is 1:1. These 

complexes display similar X-Ray diffraction structures than analogous ones containing 

the ligand L, B3 and B4; however, their packing diagrams were quite different due to the 

different arrangement of the substituents in the carboranylcarboxylate ligands. 

7. In general, we can conclude that the observed differences in the reactivity of the 

ligands  [1-CH3-2-CO2H-1,2-closo-C2B10H10], LH, and [1-CO2H-1,2-closo-C2B10H11], L’H, with 

respect Mn(II) and Cu(II) ions are due to the presence of the different substituents on the 

carbon carboranylcarboxylate ligand, a hydrogen atom for L’H or a methyl group for LH. 
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CHAPTER III. Cu(II) complexes containing the carbora-
nylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10. 
Study of their steric and electronic effects. 
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Figure S1. X-ray structures (Ortep-plots with ellipsoids at 40% probability level) and 

labelling scheme for (a) A2’ (b) A4’ and (c) A4”. 

 
(a)                                                                       b)  

 

                                 
 
                          c)                              
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Figure S2. Packing diagram of complexes along the a axis (a) A1, (b) A2, (c) A3, (d) A4, 

(e) A6 , (f) A2’ and (g) A8. 
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(e) 

 

 

(f) 

 
 



 
 

9 

 

(g) 

 

 

 

Figure S3. X-ray structure of [Cu2(-CH3COO)4(p-CF3-py)2] 

 

 

 
 

 



 
 

10 

 

Figure S4. ESI-MS spectrum of a solution of complex A3 in methanol after 18 hours 

of preparation 
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Figure S5. UV-vis spectral changes for complex A1 obtained by the addition from one 

to four equivalents of p-methylpyridine 

 
 

 

Figure S6. Fitting of the M T vs T of a) A3, b) A4 and c) A6 between 2.0 and 300.0 K. 

The experimental data is shown as black spheres and the red line corresponds to the 

theoretical values. 
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Figure S7. Thermal gravimetric analysis (TGA) of a) A1, b) A3, c) A6, d) A7.   
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Figure S8. IR spectrum of the compounds a) A1, b) A2, c) A2’, d) A3, e) A4, f) A5, g) 

A6, h) A7, i) A8, j) LH 
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Figure S9. i) 1H-RMN, ii) 1H{11B}-RMN,  iii) 11B-RMN, iv) 11B{1H}-RMN, v) 13C-RMN vi) 

deconvolution of 11B{1H} spectra of the compounds a) A1, b) A2, c) A2’, d) A3, e) A4, 

f) A6, g) LH 

 

a)  

i) 

 
 
 
 

ii)  

 



 
 

21 

 

 
iii)  

 
 
 
 
 
iv)  
 

 
 
 
 
 



 
 

22 

 

v)  

 
 
 
 

b)  

 
i) 
 

 
 
 
 
 
 



 
 

23 

 

v) 
 
 

 
 
 
 

c)  

 
i) 

 
 
 
 
 



 
 

24 

 

 
ii) 

 
 
 
 
 
iii) 

 
 
 
 
 
 
 
 



 
 

25 

 

iv) 
 

 
 
 
 
 
 
 
v) 
 
 

 
 
 
 



 
 

26 

 

d)  

 
i) 
 

 
 
 
 
ii) 
 

 
 
 
 
 



 
 

27 

 

iii) 
 
 

 
 
 
 
 
 
 
iv) 

 
 
 
 
 



 
 

28 

 

 
 
v) 
 
 

 
 
 
vi) 
 

 
 
 
 
 
 



 
 

29 

 

e)  

 
i) 

 
 
 
 
 
 
 
 
 

ii) 

 
 



 
 

30 

 

iii) 
 
 

 
 
 
 
iv) 
 
 

 
 
 
 
 
 



 
 

31 

 

 
v) 

 
 
 
 
 

f)   

 

 
iii) 

 
 
 
 



 
 

32 

 

iv) 
 
 

 
 
 

g) 
 
 i) 

 
 
 
 
 
 
 



 
 

33 

 

 ii) 
 
 

 
 
 
 
 
 
iii) 

 
 
 
 
 
 



 
 

34 

 

iv) 
 
 

 
 
 
 
 
 
 
 
v) 
 

 
 



 
 

35 

 

Table S1. Crystal Data for X-ray structures of A1-A6 and A8. 

 

 A1 A2 A3 A4 A5 A6 A8 

Empirical formula C24H68B40O10Cu2 C34H82B40N2O10Cu2 C28H60B40F6N2O8Cu2 C28H66B40N2O8Cu2 C22H44B20N2O4Cu C24H60B40N4O8Cu2 C22H46B20N2O6Cu 

Formula weight 1076.26 1238.50 1226.26 1118.31 680.33 1092.24 714.35 

Crystal system Monoclinic Triclinic Triclinic Triclinic Monoclinic Monoclinic Monoclinic 

Space group P 21/c P-1 P-1 P-1 P21/c P21/n C2/c 

a [Å] 10.497(13) 11.589(4) 12.546(9) 10.494(2) 12.623(6) 10.9023(10) 19.182(2) 

b [Å] 13.784(17) 12.486(4) 12.619(9) 11.919(3) 11.599(5) 13.1212(12) 11.0983(16) 

c [Å] 22.141(19) 13.171(4) 13.329(10) 13.600(2) 14.177(7) 20.1464(19) 18.871(4) 

 [°] 90 82.319(5) 68.888(11) 66.308(9) 90 90 90 

 [°] 117.29(4) 67.480(5) 65.600(11) 70.011(8) 114.836(7) 90.283(2) 107.964(3) 

 [°] 90 68.329(5) 67.224(11) 72.206(4) 90 90 90 

V [Å3] 2847(6) 1636.0(9) 1721(2) 1435.6(5) 1883.7(15) 2881.9(5) 3821.6(11) 

Formula Units/Cell 2 1 1 1 2 2 4 

calc. [g cm-3] 1.255 1.257 1.183 1.294 1.199 1.259 1.242 

 [mm-1] 0.792 0.699 0.674 0.786 0.612 0.783 0.610 

R1[a], [I > 2(I)] 0.0403 0.0682 0.0756 0.0750 0.0440 0.0577 0.0643 

wR2
[b] [all data] 0.1241 0.1764 0.2136 0.2301 0.1292 0.1489 0.1559 

[a] R1 = Fo - Fc/Fo                                                                                                                              

[b] wR2 = [{w(Fo
2-Fc

2)2}/{w(Fo
2)2}]½,where w = 1/[2(Fo2) + (0.0042P)2] and P=(Fo

2+2Fc
2)/3 
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Table S2. Crystal Data for X-ray structures of A2’, A4’ and A4”. 

 
 A2' A4' A4'' 

Empirical formula C18H38B20O5N2Cu C20H40B20O4N2Cu C56H128B60N4O16Cu4 

Formula weight 642.24 652.28 2016.38 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P 21/c P 21/c P21/c 

a [Å] 13.354(3) 13.373(2) 15.552(6) 

b [Å] 23.296(5) 22.834(4) 27.087(10) 

c [Å] 11.755(2) 11.495(2) 14.463(5) 

 [º] 90 90 90 

 [º] 92.587(4) 96.417(3) 110.088(6) 

 [º] 90 90 90 

V [Å
3
] 3653.2(12) 3488.1(10) 5722(4) 

Formula Units/Cell 4 4 2 

calc. [g cm
-3

] 1.168 1.242 1.170 

 [mm
-1

] 0.629 0.658 0.784 

R1
[a]

, [I > 2(I)] 0.0506 0.0651 0.0747 

wR2
[b]

 [all data]
 

0.1441 0.1552 0.2085 

[a] R1 = Fo - Fc/Fo 

[b] wR2 = [{w(Fo
2-Fc

2)2}/{w(Fo
2)2}]½,where w = 1/[2(Fo2) + (0.0042P)2] and P=(Fo

2+2Fc
2)/3 
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Table S3. Selected bond lengths (Å) and angles (˚) for complexes A2’, A4’ and A4”. 

 
 A2’ A4’  A4’’  A4’’ 

Cu(1)-O(1) 1.9514(16
) 

1.967(3) Cu(1)-O(1) 2.295(3) Cu(2)-O(5) 1.972(3) 

Cu(1)-O(3) 1.9532(16
) 

1.985(3) Cu(1)-O(5)#1 1.981(3) Cu(2)-O(6) 1.983(3) 

Cu(1)-N(2) 2.013(2) 2.005(3) Cu(1)-O(5) 1.969(3) Cu(2)-O(2) 1.995(3) 

Cu(1)-N(1) 2.019(2) 2.012(3) Cu(1)-O(3) 1.941(3) Cu(2)-O(4) 2.206(3) 

Cu(1)-O(5) 2.302(2) 2.118(3) Cu(1)-N(1) 1.986(4) Cu(2)-N(2) 1.985(4) 

O(1)-Cu(1)-O(3) 172.88(7) 175.70(11
) 

Cu(1)-Cu(1)#1 2.9652(12
) 

O(5)-Cu(2)-O(6) 95.13(11) 

O(1)-Cu(1)-N(2) 89.66(8) 87.27(12) O(3)-Cu(1)-O(5)#1 169.53(12
) 

O(5)-Cu(2)-O(2) 88.97(11) 

O(3)-Cu(1)-N(2) 90.81(8) 88.58(12) O(3)-Cu(1)-O(5) 94.30(11) O(6)-Cu(2)-O(2) 151.18(13
) 

O(1)-Cu(1)-N(1) 87.96(8) 91.18(12) O(5)#1-Cu(1)-O(5) 82.72(11) O(5)-Cu(2)-O(4) 89.66(11) 

O(3)-Cu(1)-N(1) 90.28(8) 93.01(12) O(3)-Cu(1)-O(1) 100.76(12) O(6)-Cu(2)-O(4) 93.79(13) 

N(2)-Cu(1)-N1 169.31(8) 177.43(14
) 

O(5)#-Cu(1)-O(1) 89.53(11) O(2)-Cu(2)-O(4) 114.79(12
) 

O(1)-Cu(1)-O(5) 98.41(8)  O(5)-Cu(1)-O(1) 95.33(11) N(2)-Cu(2)- O(4) 92.35(13) 

O(3)-Cu(1)-O(5) 88.69(8)  O(3)-Cu(1)- N(1) 88.25(13) N(2)-Cu(2)-O(2) 87.16(14) 

N(2)-Cu(1)- 
O(5) 

90.67(8)  O(5)#-Cu(1)-N1 93.05(12) O(5)-Cu(2)-N(2) 176.11(13
) 

N(1)-Cu(1)- 
O(5) 

99.99(8)  O(5)-Cu(1)-N1 170.02(13
) 

O(6)-Cu(2)-N(2) 88.05(14) 

   O(1)-Cu(1)-N1 93.66(13)   

   O(3)-Cu(1)- Cu(1)#1 134.97(9)   

   O(5)#-Cu(1)-
Cu(1)#1 

41.21(7)   

   O(5)-Cu(1)-Cu(1)#1 41.51(7)   

   O(1)-Cu(1)-Cu(1) #1 93.22(8)   

   N(1)-Cu(1)-Cu(1) #1 133.61(10
) 
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Table S4. Crystal data for the X-ray structure of complex [Cu2(-CH3COO)4 (p-CF3-

py)2] 

 
 [Cu2(-CH3COO)4(p-CF3-py)2] 

Empirical formula C20H20N2O8F6Cu2 

Formula weight 657.46 

Crystal system Orthorhombic 

Space group Cccm 

a [Å] 14.3204(11) 

b [Å] 19.5305(14) 

c [Å] 19.6511(14) 

 [º] 90 

 [º] 90 

 [º] 90 

V [Å
3
] 5496.1(7) 

Formula Units/Cell 8 

calc. [g cm
-3

] 1.589 

 [mm
-1

] 1.632 

R1
[a]

, [I > 2(I)] 0.0377 

wR2
[b]

 [all data]
 0.1014 

[a] R1 = Fo - Fc/Fo 

[b] wR2 = [{w(Fo
2-Fc

2)2}/{w(Fo
2)2}]½,where w = 1/[2(Fo2) + (0.0042P)2] and 

P=(Fo
2+2Fc

2)/3 
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CHAPTER IV. Mn(II) complexes containing the carbora-
nylcarboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10: 
a water soluble Mn(II) polymer with aqua metal 
bridges and its derivatives. 
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Table S1. Crystal Data for X-ray structures of B1-B5 

    [a] R1 = Fo - Fc/Fo                                                                                                                              

[b] wR2 = [{w(Fo
2-Fc

2)2}/{w(Fo
2)2}]½,where w = 1/[2(Fo2) + (0.0042P)2] and P=(Fo

2+2Fc
2)/3 

 

 

 

 B1 B2 B3 B4 B5 

Empirical formula C8H30B20O6Mn C48H146B60O22Mn3 C36H68B40N4O8Mn2 C28H42B20N4O4Mn C18H38B20N4O5Mn 

Formula weight 491.44 1889.07 1227.22 769.80 661.66 

Crystal system Orthorhombic Triclinic Triclinic Triclinic Triclinic 

Space group Pna21 P-1 P-1 P-1 P-1 

a [Å] 13.21(2) 14.5473(14) 11.4996(13) 13.423(2) 10.900(5) 

b [Å] 28.04(4) 14.7700(14) 12.4097(13) 15.840(2) 12.004(6) 

c [Å] 7.569(12) 15.5876(15) 13.7823(15) 20.982(3) 14.857(7) 

 [º] 90 63.6570(10) 67.880(2) 92.319(3) 66.825(7) 

 [º] 90 74.414(2) 65.446(2) 103.205(3) 81.032(8) 

 [º] 90 67.632(2) 71.870(2) 105.239(3) 71.370(8) 

 [Å
3
] 2804(8) 2755.4(5) 1629.1(3) 4166.5(10) 1692.4(14) 

Formula Units/Cell 4 1 1 4 2 

calc. [g cm
-3

] 1.164 1.138 1.251 1.227 1.298 

 [mm
-1

] 0.493 0.392 0.436 0.356 0.428 

R1
[a]

, [I > 2(I)] 0.0788 0.0625 0.0630 0.0729 0.0786 

wR2
[b]

 [all data]
 

0.1943 0.1821 0.1996 0.2145 0.2523 
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Figure S1. X-ray structure of B2 showing the intramolecular and intermolecular 

hydrogen bonds. 

 

 

Figure S2. Packing structure of a) B3 showing the π···π stacking interactions between 

the 2,2’-bpy ligands of adjacent molecules b) B5 along a axis. 

 

a) 
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b) 

 

 

 

Figure S3. X-ray structure of B5 showing the hydrogen bond with the ethanol 

crystallization molecule 
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Figure S4. CV of a solution of a) complex B3 in MeOH +0.1M NH4ClO4, b) B4 (black) in  

CH2Cl2 + 0.1 M TBAH, at a graphite electrode (2 mm diameter); scan rate:100mV/s. 

a)  

 

 

 

b)  
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Figure S5. IR spectrum of the compounds a) B1, b) B3, c) B4, d) B5.  
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l)  
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Figure S6. i) 1H-RMN, ii) 1H{11B}-RMN,  iii) 11B-RMN, iv) 11B{1H}-RMN spectra of the 

compounds a) B1, b) B3. 

g)  
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iii)  

 
 
 
 
 
 
 
 
 
iv)  
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h)  

iii) 

 
 
 
 
 
 

Figure S7. ESI-MS spectrum of a solution of complex a) B1 in water, b) B3 in MeOH, 

c) B4 in MeOH.  
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CHAPTER V. Study of the reactivity of the carboranyl-
carboxylate ligand 1-CH3-2-CO2H-1,2-closo-C2B10H10 
with Fe and Co. 
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Figure S1. Deviation of the Fe atoms from the equatorial plane of their octahedra 

formed by the four oxygen atoms of the carboranylcarboxylate ligands Å toward the 

µ3-O atom. 

 

 

 

 

Figure S2. Packing arrangement of C2 along a) b axis, b) c axis  
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b)  

 

 

 

Figure S3. a) X-ray powder diffraction (XRD) of C5 b) calculated XRD for C4. 
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b) 

 

 

 

Figure S4. Packing diagram of complexes a) C3 along the a axis b) C4 along the c axis 
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b) 

 

 

 

 

Figure S5. IR spectrum of the compounds a) [Fe(CF3SO3)2], b)C1, c) C2, d) C3, e)  C5.  
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Figure S6. i) 1H-RMN, ii) 1H{11B}-RMN,  iii) 11B-RMN, iv) 11B{1H}-RMN, v) 13C-RMN vi) 

deconvulated 11B-RMN spectra of compounds a) C1, b) C3, c) C5 
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CHAPTER VI. Cu(II) and Mn(II) complexes containing 
the carboranylcarboxylate ligand 1-CO2H-1,2-closo-
C2B10H11.  
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Figure S1. X-ray structures (Ortep-plots with ellipsoids at 30% probability level) and 

labelling scheme for (a) D2’ (b) D4’ and (c) D5’. 

(a) (b)  

                                                      (c) 

 

 

Figure S2. Packing diagram of D4 along a axis. H atoms have been omitted for clarity. 
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Figure S3. H-bond in complex D2’ 

 

 

 

Figure S4. Packing arrangement of complex D5’ showing the two intermolecular 

hydrogen bonds. 
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Figure S5. Cyclic voltammetry recorded for complexes D2-D5 in acetonitrile 

 

 

 

Figure S6. DPV images for complexes D3-D5 at potential range from -0.6 to -0.1 in 

acetonitrile (0.1 M TBAH) with pulse amplitude of 0.05 V, pulse width of 0.05 s, 

sampling width of 0.02 s and pulse period of 0.5 s. 
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Figure S7. IR spectrum of the compounds a) D1, b) D2/D2’, c) D3, d) D4/D4’, e) 

D5/D5’, f) D6/D6’ g) D7, h) D8 i) L’H. 
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t)  

 
 
 
 
 

u)  

 
 

 



 
 

76 
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g) 
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i) 
 

 
 

Figure S8. i) 1H-RMN, ii) 1H{11B}-RMN,  iii) 11B-RMN, iv) 11B{1H}-RMN, v) 13C-RMN vi) 

deconvolution of 11B{1H} spectra of the compounds a) D1, b) D2/D2’, c) D3, d) D4/D4’, 

e) D5/D5, f) D6 g) L’H. 
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Figure S9. Comparison of a) 1H-RMN, b) 1H{11B}-RMN of compound D3 in chloroform 

at 298K (purple) and in acetone at 260K (black). 
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Figure S10. Intermolecular interactions B-H ··· H-B in complex D3.  

 

 

 

Figure S11. Displacement of the O(2) and O(3) atoms respect the plane form by the 

adjacent oxygen atom of the same carboxylate ligand and the two joined Mn atoms in 

compound D6. 
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Figure S12. Packing diagram of a) D6 along b axis, b) D6’ along a axis showing the H 

bonds, c) D7 showing the π···π stacking interactions between the 2,2’-bpy ligands of 

adjacent molecules. 

 

a) 

 

 

 

 

b) 

 

 

 



 
 

96 

 

c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

97 

 

Figure S13. Packing diagram and comparison with the analogous compound 

synthesized in Chapter IV of a) D6 and b) D7 along axis a (i), axis b (ii) and axis c (iii).  (H 

atoms have been omitted for clarity) 
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Table S1. Crystal Data for X-ray structures of D1-D5. 

 

 D1 D2 D3 D4 D5 

Empirical formula C20H60B40O10Cu2 C22H54B40N2O8Cu2 C24H52B40F6N2O8Cu2 C24H60B40N2O9Cu2 C20H40B20N2O4Cu 

Formula weight 1020.26 1034.15 1170.16 1080.22 652.28 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic 

Space group P 21/c P-21/c1 P-21/c1 C2/C P-1 

a [Å] 10.318(12) 10.439(18) 22.168(14) 25.36(2) 7.1845(19) 

b [Å] 13.473(16) 13.510(2) 12.368(8) 20.832(17) 10.920(3) 

c [Å] 22.1272(19) 22.149(3) 22.299(14) 12.538(11) 12.489(3) 

 [°] 90 90 90 90 70.332(4) 

 [°] 117.26(4) 117.38(6) 101.86(10) 106.308(13) 83.340(4) 

 [°] 90 90 90 90 71.536(4) 

V [Å3] 2734(5) 2773.8(7) 5980.6(7) 6357(9) 875.1(4) 

Formula Units/Cell 2 2 4 4 1 

calc. [g cm-3] 1.239 1.238 1.300 1.129 1.238 

 [mm-1] 0.820 0.808 0.772 0.709 0.655 

R1[a], [I > 2(I)] 0.0569 0.0920 0.0586 0.0699 0.0424 

wR2
[b] [all data] 0.1799 0.3179 0.1907 0.2408 0.1131 

                                 [a] R1 = Fo - Fc/Fo 

                                 [b] wR2 = [{w(Fo
2-Fc

2)2}/{w(Fo
2)2}]½,where w = 1/[2(Fo2) + (0.0042P)2] and P=(Fo

2+2Fc
2)/3 
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Table S2. Crystal Data for X-ray structures of D2’, D4’ and D5’ 

 

 D2' D4' D5' 

Empirical formula C32H64B40O8N4Cu2 C36H68B40O8N4Cu2 C26H64B40N2O8Cu 

Formula weight 1192.35 1244.42 1028.73 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a [Å] 11.764(3) 13.360(8) 11.365(10) 

b [Å] 13.327(3) 13.632(8) 11.485(11) 

c [Å] 13.366(3) 24.431(14) 11.589(10) 

 [º] 99.539(3) 76.585(10) 79.379(15) 

 [º] 115.311(3) 75.857(9) 75.876(14) 

 [º] 112.975(3) 60.941(9) 73.289(14) 

V [Å
3
] 1598.8(6) 3738(4) 1394(2) 

Formula Units/Cell 1 2 1 

calc. [g cm
-3

] 1.238 1.106 1.225 

 [mm
-1

] 0.711 0.611 0.436 

R1
[a]

, [I > 2(I)] 0.1312 0.0622 0.0614 

wR2
[b]

 [all data]
 

0.4576 0.2052 0.1707 

[a] R1 = Fo - Fc/Fo 

[b] wR2 = [{w(Fo
2
-Fc

2
)

2
}/{w(Fo

2
)

2
}]

½
,where w = 1/[

2
(Fo

2
) + (0.0042P)

2
] and P=(Fo

2
+2Fc

2
)/3 
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Table S3. Selected bond lengths (Å) and angles (˚) for complexes D2’, D4’ and D5’ 

 

 D2’ D4’  D5’ 

Cu(1)-O(1) 1.954(4) 1.964(19) Cu(1)-O(1) 1.919(2) 

Cu(1)-O(2)#1 2.288(5) 2.382(2) Cu(1)-O(1)#1 1.919(2) 

Cu(1)-O(5) 1.977(5) 1.993(19) Cu(1)-O(3) 1.926(2) 

Cu(1)-N(1) 2.013(8) 2.006(3) Cu(1)-O(3)#1 1.926(2) 

Cu(1)-N(2) 2.017(8) 2.011(3) O(1)-Cu(1)-O(1)#1 180.00(1) 

Cu(1)-Z    O(3)-Cu(1)-O(3)#1 180.00(9) 

O(1)-Cu(1)-Y   O(3)-Cu(1)-O(1)#1 90.49(11) 

O(1)-Cu(1)-O(5) 164.1(2) 163.89(8) O(3)#1-Cu(1)-O(1) 90.49(11) 

O(1)-Cu(1)-N(1) 88.3(2) 88.57(10) O(3)-Cu(1)-O(1) 89.51(11) 

O(5)-Cu(1)-N(1) 88.1(2) 90.07(10) O(3)#1-Cu(1)-O(1)#1 89.51(11) 

O(1)-Cu(1)-N(2) 89.2(2) 89.57(10)   

O(5)-Cu(1)-N(2) 92.0(2) 90.94(10)   

N(1)-Cu(1)-N(2) 170.7(2) 176.68(9)   

O(1)-Cu(1)-O(2)#1 109.93(19) 115.31(7)   

O(5)-Cu(1)-O(2)#1 85.72(18) 80.73(7)   

N(1)-Cu(1)-O(2)#1 92.8(2) 89.61(9)   

N(2)-Cu(1)-O(2)#1 96.5(2) 93.68(8)   
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Table S4. Crystal Data for X-ray structures of D6, D6’, D7 and D8 

 
 D6 D6' D7 D8 

Empirical formula C6H32B20O9Mn C6H24B20O5Mn C32H58B40N4O8Mn2 C26H38B20N4O4Mn 

Formula weight 519.46 447.39 1169.10 741.74 

Crystal system Triclinic Orthorombic Triclinic Monoclinic 

Space group P-1 P-212121 P-1 P2(1)-c 

a [Å] 6.7506(7) 7.4659(15) 11.570(5) 13.646(3) 

b [Å] 12.3923(13) 11.373(2) 11.858(5) 23.784(5) 

c [Å] 16.4761(17) 27.463(6) 13.750(6) 13.452(3) 

 [º] 93.074(2) 90 66.996(8) 90 

 [º] 101.589(2) 90 68.312(8) 118.672(3) 

 [º] 102.177(2) 90 69.179(8) 90 

V [Å
3
] 1313.2(2) 2331.8(8) 1563.6(12) 3830.5(13) 

Formula Units/Cell 2 4 1 4 

calc. [g cm
-3

] 1.314 1.274 1.242 1.286 

 [mm
-1

] 0.538 0.583 0.451 0.385 

R1
[a]

, [I > 2(I)] 0.0405 0.0590 0.0859 0.0805 

wR2
[b]

 [all data]
 

0.1292 0.1444 0.2066 0.2313 

[a] R1 = Fo - Fc/Fo 

[b] wR2 = [{w(Fo
2
-Fc

2
)

2
}/{w(Fo

2
)

2
}]

½
,where w = 1/[

2
(Fo

2
) + (0.0042P)

2
] and P=(Fo

2
+2Fc

2
)/3 
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Figure S1. X-ray structure of Mn3(OAc)6(bpy)2.  

 

 

 

Table S1. Crystal Data for X-ray structures of Mn3(OAc)6(bpy)2. 

  

Empirical formula C32H34O12N4Mn3 

Formula weight 831.45 

Crystal system Triclinic 

Space group P-1 

a [Å] 8.142(8) 

b [Å] 9..865(10) 

c [Å] 12.857(13) 

 [º] 106.74(16) 

 [º] 96.234(16) 

 [º] 108.456(16) 

V [Å
3
] 915.1(16) 

Formula Units/Cell 1 

calc. [g cm
-3

] 1.509 

 [mm
-1

] 1.084 

R1
[a]

, [I > 2(I)] 0.0332 

wR2
[b]

 [all data]
 

0.0983 

                        [a] R1 = Fo - Fc/Fo 

                           [b] wR2 = [{w(Fo
2
-Fc

2
)

2
}/{w(Fo

2
)

2
}]

½
,where w = 1/[

2
(Fo

2
) + (0.0042P)

2
] and P=(Fo

2
+2Fc

2
)/3 
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