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Me:                                   methyl group 

Ph:                                    phenyl group 

Et:                                     ethyl group 

DME (Glyme):                  DiMethoxyEthane 

Ccarborane:                           carbon atom belonging to the carborane cluster 

Ccosane:                              carbon atom belonging to the cobaltabis(dicarbollide) 

complex 

Cfesane:                               carbon atom belonging to the ferrabis(dicarbollide) complex 

Hbridge:                               hydrogen atom bounded to a boron atom from the open face 

Hterminal:                             hydrogen atom bounded to a cluster boron atom  

o-carborane:                    ortho-carborane 

m-carborane:                   meta-carborane 

p-carborane:                    para-carborane 

acetone-d6 (CH3COCH3) deuterated acetone 

aq.:                                    aqueous 

THF                                  tetrahydrofurane 

LiCl                                   lithium chloride 

n-BuLi:                             n-buthyllithium  

t-Bu:                                 tert-buthyl 
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IR:                                    InfraRed  

NMR:                                Nuclear Magnetic Resonance 

MALDI-TOF-MS:              Matrix Assisted Laser Desorption Ionization-Time of  
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DSC:                                 Differential Scanning Calorimetry 
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CPS                                  Centrifuge Particle Sizing 
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STEM-HAADF                  High Angle Annular Dark Field (HAADF) Scanning  

Transmission Electron Microscopy (STEM) 

ROS                                 Reactive Oxygen Species 

m/ z:                                 mass/ charge 



M                                      molar (mols*l-1) 

S8 sulphur 

PEG                                 polyethyleneglicol 

BSSP                           bis(�-sulfonatophenyl)phenylphosphane dihydrate dipotassium 

salt 

CALNN                             peptide sequence 

ca.                                    circa 

aprox.:         approximatly 

For NMR spectra 
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Summary of the thesis 

The research presented in this global summary illustrates the syntheses and 

characterization of the compounds obtained throughout the doctoral thesis as well as a section 

dedicated to the applications for some of the designed species. 

  1) The first chapter of the thesis deals with the syntheses of cobaltabis(dicarbollide) and 

ferrabis(dicarbollide) compounds via a rapid and environmental complexation reaction in solid 

state. The already reported in the literature syntheses of these compounds are performed in 

solution and moreover, are time consuming and quite difficult, requiring many reaction steps. 

The novelty that this new type of synthesis brings, besides time efficiency, is the fact that it 

requires no solvents which have measurable vapor pressure, and hence can emit volatile 



organic compounds (VOCs). We have successfully synthesized the cobaltabis(dicarbollide) 

species in very high yields (83-90%), depending on the time of reaction and also proved our 

new method on cobaltabis(dicarbollide) and ferrabis(dicarbollide) derivatives possessing one or 

two substituents as well as on compounds bearing substituents with free pair of electrons. The 

gathered results indicate that the presence of a second substituent decreases the yield of the 

complexation reactions, and also that an organic group possessing either an element with a free 

pair of electrons or a � group within the molecule strongly diminishes the yield or even does not 

allow the reaction to take place.  

2) Another subject of interest was the synthesis of alkyl-, halogen- and thiol-terminated 

synthons based on the oxonium derivative of ferrabis(dicarbollide). This is especially attractive, 

since breaking one carbon-oxygen bond should result in a moiety having a boron complex 

separated from a carbocationic center by 6 or more atoms (polyglycolic chain). The syntheses 

of halogen/thiol-terminated ferrabis(dicarbollide) synthons were of particular interest for their 

posterior covalent bonding to different platforms, leading to the obtaining of a wide variety of 

novel materials for new applications, such as surface functionalization. Our objective was to be 

able to synthesize, in a simple and rapid way, derivatives of ferrabis(dicarbollide) containing a 

terminal halide, and thus facilitating the applicability of metallacarboranes in a variety of different 

fields. The reaction conditions did not involve working with anhydrous solvents or in inert 

nitrogen atmosphere; it is simply the use of concentrated haloacids in organic solvents that led 

to the synthesis of the sought compounds, with yields greater that 80%. 

Besides ring-opening with various haloacids, another high atomic efficient reaction was 

the synthesis of thiol-terminated ferrabis(dicarbollide) synthons, species that will prove to be 

very utile in groundbreaking applications, among which surface functionalization, by using these 

compounds as capping agents for nanoparticle stabilization. The functionalization of gold 

nanoparticles with this and other thiol-terminated carboranes and metallacarborane synthons 

opens the way to a wide variety of applications in catalysis, development of electronic devices 

and medicine to name only a few. Moreover, the fact that ferrabis(dicarbollide) has a rigid 

structure, restricted surface orientation and extensive possible modification chemistry, provides 

the axes for controlling their self-assembly, and therefore, will prove useful for enabling new 

applications. 

3) One of the main goals of this doctoral work was the syntheses of polyanionic species 

as novel high-boron content molecules with enhanced water solubility using carboranyl anions 

as nucleophilic agents. The synthetic way was based on the use of ortho-carboranyl cluster and 

its respective derivatives (1-Me-ortho-carboranyl, 1-Ph-ortho-carboranyl) as nucleophiles in the 

1,4-dioxane ring-opening reaction of cyclic oxonium [3,3’-M-8-(OCH2CH2)2-1,2-C2B9H10)(1’,2’-

C2B9H11)] (M = Co, Fe) compound to isolate mono- and di-anions of structures combining [3,3’-

M(1,2-C2B9H11)2]
-  and C2B10H12 structural motifs, named closo compounds.  

The closo carborane clusters are structures showing high stability with respect to strong 

acids but instead they react with Lewis bases (nucleophilic agents, such as potassium ethoxide) 

yielding more opened structures, known as nido, by a partial deboronation process. In this way 



di- and tri-anionic macromolecules that combine [3,3’-M(1,2-C2B9H11)2]
- (M = Co, Fe) and 

[C2B9H12]
- clusters were synthesized, showing, due to their anionic character, water solubility, 

feature important for the future applications of these polyanionic macromolecules in medicine.  

Starting from these previously obtained nido clusters, by a complexation reaction with 

either anhydrous CoCl2 or FeCl2, polyanionic organometallic compounds with sandwich-like 

structures can be synthesised, complexes where the metal coordinates two ligand units due to 

the disproportionation of the metal (II) into M (0) and M (III). Furthermore, we report in this 

doctoral thesis the syntheses of compounds containing either Co, Fe or both of them within the 

same molecule. Since these sandwich-type coordination complexes are polyanionic, they are 

more soluble in water and therefore could be important candidates for possible applications in 

the Boron Neutron Capture Therapy (BNCT), mainly in the treatment of tumor cells. 

 4) Another aim of this thesis was the ring-opening reaction of the zwitterionic 

cobaltabis(dicarbollide) derivative with biomolecules, such as aminoacids and antibiotics via a 

nucleophilic attack on the positively charged oxygen atom. In this particular case, the 

biomolecule moiety acts as a transport vector, delivering the boron-containing compound to the 

desired site (tumor), the following step being the irradiation with slow neutrons inducing the 

death of the cancerous cells. All the obtained cobaltabis(dicarbollide) complexes containing 

biomolecules have more boron atoms per molecule that either the carboranes or the closo-

dodecaborate anion, making them more attractive from the BNCT point of view. Moreover, the 

presence of the biomolecules as well as the fact that they show increase water-solubility, 

convert these macromolecules into more biocompatible compounds, and hence better suited for 

medical applications. 

 5) Moreover, we attempted the dioxane ring-opening of oxonium derivative [10-

(OCH2CH2)2-7,8-C2B9H11] with nucleophiles such as halogen and thiol groups. However, with 

the exception of the reaction performed with concentrated hydrochloric acid, these reactions 

were not successful. The conclusion that can be draw from these experiments is that the 

zwitterionic derivative of the cobaltabis(dicarbollide) species is more reactive since the 

halogen/thiol ending compounds did were synthesized. This can be explained by electronic 

repulsions occurring between the negative charge located over the open pentagonal face of the 

[10-(OCH2CH2)2-7,8-C2B9H11] and the nucheoplilic agent.  

 6) And last but certainly not least, we have performed the enclave of previously 

synthesized compounds bearing thiol groups to different platforms, such as gold nanoparticles 

(Point 2 above). In order to achieve this we first synthesized various types of capping ligands, 

both neutral and anionic, for a better study of the resulting properties. We expected that the use 

of anionic clusters, which possess different properties with respect to the neutral thioligads, 

would introduce quite unique and different properties to the resulting nanoparticles. In addition, 

we also pretended to investigate if the presence of an alkyl chain separating the thiol group from 

the boron cage would influence in any way on the properties of the prepared species, since the 

cluster will be further away from the gold core. We have started off with one of the simplest 

thioligand, namely mercaptocarborane, species showing a major advantage with respect to the 



other ligands, namely the fact that we have C-H bond present within the molecule, moiety that 

would later on be useful for further substitutions. Using this compound as stabilizing agent, we 

prepared and characterized 3 nm gold nanoparticles, by reducing with sodium borohydrate. 

These newly obtained nanoparticles exhibit unique properties regarding phase transfer and 

cellular uptake. However, the gold nanoparticles functionalized with the other boron clusters did 

not possess any of the above described properties.  

Moreover, we have synthesized 10 nm water soluble gold nanoparticles, by 

interchanging citrate stabilizing ligands with our thioligands and the resulting properties were 

quite exciting as well. We observed that when ether is added to an aqueous solution containg 

our nanoparticles capped with our thioligands, followed by a few drops of dilute HCl acid, the 

nanoparticles precipitate from water, redissolve readily in the etheric phase and end up forming 

a thin Au film at the interphase. If acetone is added to this mixture, the color of the solution 

changes from gray to dark red. This is a unique property of functionalized gold nanoparticles 

since the Au film, once formed, redissolves upon shaking in the aqueous mixture and the 

phenomenon repeats itself at infinitum. 

In addition to the above mentioned nanoparticles synthesis, we came across an 

alternative route to the preparation of monodisperse gold nanoparticles, by sonicating the 

mercaptocarborane thioligand as a solid, with aqueous solution of Au-citrate solution. Using this 

method, after sonicating for 22 hours, we conceded the “fragmentation” of initial 16 nm gold 

nanoparticles to about 3 nm. On the other hand, none of the other boron-based compounds, 

neutral or anionic were able to reduce the size of initial nanoparticles by sonication. 

For a more complete study, various ligands, different from boron-containing ones, were 

sonicated together with Au-citrate solution and analyzed by UV-vis. Sulphur (S8), bis(�-

sulfonatophenyl)phenylphosphane dihydrate dipotassium salt (BSSP), a peptide (CALNN) and 

PEG (these last three being water-soluble) were submitted to sonication after previous addition 

to the Au-citrate solution. The gathered results indicate that in presence of the water-soluble 

species, no “fragmentation” takes place, whereas with S8 the decrease in size is observed, 

however, in a much lesser degree than for mercaptocarborane (from 12 nm to about 9.5 nm). 
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1.1. Boron: Historic overview 

The history of boron is placed almost 6000 years ago, when boron compounds were 

discovered for the first time; apparently, one of the first minerals to be exchanged in the 

times of the Ancient World was borax. Starting with the Babylonian people and going 

through Egyptians, Chinese, Romans and Arabians, the boron compounds were used 

in gold soldering, as mummification materials, and most of all, in the fabrication of glass 

(borosilicate). The first documented chemical research related to boron dates from 

1702, when W. Homberg synthesized boric acid starting from borax and iron (II) 

sulphate. In 1808, the French chemists Gay-Lussac and L. J. Thenard, and 

independently, the English Sir Humphry Davy, obtained elemental boron, although 

none of them recognized the substance as a new element, that would later be 

acknowledged by Jöns Jacob Berzelius in 1824. It is only in the year 1912, when based 

on the investigation carried out by the German chemist Alfred Stock, the first hydrogen 

and boron based compounds, boranes, were synthesized.  

Later on, in the sixties,1,2,3 the first carboranes were elaborated, which were polyhedral 

clusters of boron which incorporated carbon atoms as well in their structure. Based on 

previous studies, W. N. Lipscomb, who was awarded with the Nobel Prize,4 

demonstrated that polyhedral boron clusters could be described as species with 

occupied orbitals and multicentric bonds in different resonant forms.5 In this way, 

boranes were no longer considered electron deficient and were soon called 

superatomics.6 No more than three years later, H. C. Brown and G. Wittig also received 

the Nobel Prize in Chemistry for their discoveries of the great reducing effect of BH 

units over unsaturated organic compounds.7 As a result, boron hydrides have had an 

important influence on the organic synthesis.8 
 

1.2. Boranes, Carboranes and Metallacarboranes: Generalities 
It is nowadays considered that the chemistry of boron clusters constitutes a bridge 

between organic, inorganic and organometallic chemistry, with influences that could 

reach theoretic chemistry, polymers and medicine. Boranes are neutral or anionic 

boron clusters formed by triangular faced polyhedral which contain for each vertex a B-

H unit. The substitution of one of these vertices by a heteroatom9 gives rise to the 

family of heteroboranes, amongst which the carboranes, also known as carbaboranes, 

are the most studied ones, having at least one boron atom replaced by a carbon atom. 

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). 



These clusters, boranes as well as carboranes, are consistent with some electronic 

requirements, that were studied by Wade, Rudolph, Mingos and Williams and are 

commonly known as Wade rules.10,11,12 In this 

manner, starting from the number of occupied 

vertices and also on the number of electron pairs 

required to form the cluster skeleton, one can 

determine a tridimensional structure. Considering n 

to be the number of polyhedral vertices, if the 

number of electron pairs maintaining the cluster 

together is n+1, then the compound has a closo 

structure; if it is n+2, the compounds is nido, 

whereas if it is n+3 the compound is arachno, as 

depicted in Figure 1. One vertex made up by a B-H 

unit gives two electrons to the cluster, from the 

boron atom. If one vertex consists of a C-H unit, 

the carbon will give three electrons to the cluster. 

Respectively, the bridge hydrogen would give only 

one electron. 

Amongst all the carboranes, the most known is the 

group of the icosahedric clusters that possesses two 

carbon atoms, named dicarba-closo-dodecarboranes, 

which corresponds to the empirical formula C2B10H12. 

The 1,2-dicarba-closo-dodecarborane, also known as 

ortho, with the carbon atoms in adjacent position (Figure 

2) has been the isomer used in this doctoral thesis. 
 

1.2.1. Chemical reactivity of o-carborane 

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

is also a compound exhibiting high synthetic versatility.  
 

1.2.1.1. Deprotonation of C-H vertices and posterior substitution  

The hydrogen atoms of the C-H unit are more acids than the ones bonded to boron, 

due to the more electronegative character of carbon with respect to boron (2.5 and 2.0 

respectively, according to Pauling scale). This relatively acidic character allows the 

easy substitution of the protons bonded to these carbon atoms by alkaline and alkaline-

earth metals, in the presence of strong bases, like for example n-butyllithium, sodium 

hydride or Grignard reagents, opening the way to the introduction of new functional 

groups within the cluster, and modulating its properties, as shown in Scheme 1.  



  

 

 

 

Scheme 1. Substitution of C-H vertices with various functional groups 
 

1.2.1.2. Partial deboronation of the cluster by one vertex elimination 

One of the structural modifications that the 1,2-o-C2B10H12 cluster can undergo is the 

“decapitation” or partial deboronation, which consists in the elimination of one B-H 

vertex. This reaction dates back to 1964, when Wiesboeck and Hawthorne succeeded 

to isolate [7,8-nido-C2B9H12]
- in high yield, implying EtO- as a nucleophilic agent,13 as 

indicated in Scheme 2.  

 

 

 

Scheme 2. Ortho-carborane partial deboronation reaction 

The more electronegative character of the carbon atoms with respect to the one of the 

boron atoms induces the Cc-B bond polarization, and, as a consequence, a higher 

positive charge density over the boron atoms bonded directly to the two carbon ones. 

For what 1,2-o-C2B10H12 is concerned, there are two boron atoms, B(3) and B(6), 

simultaneously bonded to a Cc, making these positions more susceptible to the attack 

of strong bases, such as potassium ethoxide, and leading to the obtaining of [7,8-nido-

C2B9H12]
-. This species has formally lost one B+ fragment with respect to its precursor, 

allowing the formation of a cluster bearing one open pentagonal face, C2B3, where its 

remaining hydrogen is still present; this resultant nido cluster is a monoanionic species, 

as presented in Scheme 2 above. X-ray diffraction studies show that this Hbridge is more 

bonded to B(10) than to B(9) or B(11) and that it maintains itself equidistant to these 

last two.14 
 

1.2.1.3. Complexation reactions 

Starting from [C2B9H12]
- or its conjugate base [C2B9H11]

2-, in the presence of metal-

containing reagents, stable metallacarboranes were synthesized, in which the metal 

atom fills the vacancy and completes a 12-vertex closo-MC2B9 icosahedral cage. In this 

way the closo anionic icosahedral metallacarboranes, [3,3’-M(1,2-C2B9H11)2]
n-, were 

generated where M = Co(III), Co(II), Fe(III), Fe(II), Ni(III),Cu(III), Au(III) and n = 1 or 2. 

The first metallacarborane to be synthesized was [3,3’-Fe(C2B9H11)2]
-,15 obtained by 

Hawthorne and his research group in 1965, using two dicarbollide dianionic ligands. 



Shortly after, the synthesis of an analogous sandwich-type coordinated this time by 

cobalt, cobaltabis(dicarbollide), [3,3’-Co(C2B9H11)2]
-, was reported.16 

 

1.2.2. Cobaltabis(dicarbollide) and ferrabis(dicarbollide) 

This research is mainly centred on the chemistry of [3,3’-M(C2B9H11)2]
-, where M = Co, 

Fe. The structure of this closo compounds consists in a central metal atom, in oxidation 

state +3, bonded via � bonds to two dicarbollide ligands, each of them contributing with 

two negative charges. The resulting negative charge is delocalized over the entire 

volume of the complex, this being the reason why the compound has a low charge 

density.17 Scheme 3 depicts the synthetic way for the [3,3’-M(C2B9H11)2]
- anions and 

indicates the corresponding vertex numbers.  
 

 

 

 

 

 

 

 

 

 

 

Scheme 3. General scheme for the synthesis of cobaltabis(dicarbollide) and ferrabis(dicarbollide),  
[3,3'-M(C2B9H11)2]

- 

 

The synthesis of these compounds takes place in three steps, as indicated in Scheme 

3: I) partial degradation of closo o-carborane by a strong nucleophile to nido-[7,8-

C2H9H12]
-; II) deprotonation of the previous obtained species to [7,8-C2H9H11]

2- and III) 

reaction with anhydrous CoCl2 or FeCl2, yielding the corresponding sandwich-type 

metal-based compound. It should be mentioned that the formation of the dicarbollide by 

employing NaH presents various difficulties, starting from the dangers in manipulation 

and ending with the very complex removal from the reaction mixture. Moreover, it 

requires many synthetic steps and the yield is not very satisfactory. Another method 

reported in literature is the use of NaOH aqueous solution, but the main disadvantage 

is that it requires huge excess of NaOH, which also involves a large volume of sodium 



bicarbonate for the posterior neutralization of the reaction mixture.18 Therefore, the 

K[tBuO] method is the easiest and moreover, with good yields. 
 

1.2.2.1. Reactivity of metallabis(dicarbollide) 

These anions show two different reactivity points, the C-H and the B-H vertices. Little 

time ago, the substitutions at the metallabis(dicarbollide) Ccluster atoms took place in a 

parallel way to the very synthesis of [4]- and [5]-. Firstly, the Ccluster substituted o-

carborane was synthesized, then it was deboronated to the monoanionic species [7-R-

7,8-C2H9H11]
-, followed by the Hbridge deprotonation to give rise to the dicarbollide anion; 

finally, the reaction with anhydrous CoCl2/FeCl2 took place, yielding the corresponding 

metallabis(dicarbollide) C-derivatives. Nevertheless, this method required many steps 

and involved many processes of purification, which led to low yields and only allowed 

the obtaining of identical substituents at the dicarbollide ligands. The major 

inconvenient, however, was that it did not permit the introduction of functional groups 

which did not resist to the alkaline conditions used for the synthesis of the dicarbollide 

anion. An alternative to this method was proposed by Chamberlin and collaborators in 

1997,19 who uses the cobaltabis(dicarbollide) itself as starting material, and consists in 

the addition of n-BuLi to synthesize the corresponding lithiated salts by Cc-H 

deprotonation, followed by the reaction with halogenated derivatives to obtain Cc-R 

derivatives. 

With respect to boron atoms substitutions, these were much more studied than the 

carbon atoms ones. Yet, they are more difficult since not all B-H vertices are equal, but 

not that different either; therefore, an adequate regioselectivity is hard to obtain. The 

more reactive vertices are those showing higher electronic density, namely boron 

atoms 8, 9 and 12. Halogenated derivatives of cobaltabis(dicarbollide) in positions 8-, 

8,8’- and 8,8’, 9,9’, 12,12’ were reported.20 However, when high substitution is 

attempted, by-products with different halogenation degrees are also obtained.21 Even if 

these halogenated compounds were considered at first inert to substitution reactions, it 

was demonstrated that starting from the iodinated derivatives, different substitutions 

are possible.22 

 

 

 

Scheme 4. Synthesis of zwitterionic species, followed by the functionalization of B(8) vertex by 
dioxane ring-opening by a Lewis base.



Another way of functionalization of the [3,3’-M(C2B9H11)2]
- boron vertices is based on 

the synthesis of the zwitterionic derivative, [3,3’-M(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-

C2B9H11)], M = Co, Fe.23 The cobalt-based zwitterionic compound has been proven to 

be susceptible to nucleophilic attack on the CH2 group bonded to the positively charged 

oxygen atom, e.g. by pyrrolyl,24 imide, cyanide or amines,25 phenolate, dialkyl or 

diarylphosphite,26 alcoxides,27 and nucleosides28 resulting once again in one anionic 

species formed by the cleavage of the dioxane ring (Scheme 4). Recent 

publications29,30 cover the synthesis of different oxonium derivatives of polyhedral boron 

hydrides. 

1.3. Applications 

Boron cluster compounds represent distinctive covalent species with a unique 

molecular architecture, nonconventional cluster bonding, and unusual chemistry.  

The current applications for boron cluster compounds are based either on the unique 

properties of the molecules or on specific properties of the basic element itself, such 

as: the extreme acidity of acids conjugated to the polyhedral ions combined with a 

unique hydrophobicity of these anions; the exceptional stability of the polyhedral 

species due to their “aromaticity” and the unexpected ability of nearly all open-cage 

clusters to form sandwich metallic complexes.30 
 

1.3.1. Radionuclides extraction 

Boron clusters were successfully used in the selective extraction of nuclear residues, 

radionuclides. The sandwich-type anion, [3,3’-Co(C2B9H11)2]
-, which shows high stability 

in acidic medium in which the radioactive cations that are to be extracted are found, 

was the first compound to be used with such purposes.31 Due to its solubility in organic 

solvents, characteristic that makes them easily extractible from aqueous phases, its 

high chemical and thermal stability as well as resistance to radiation, the 

cobaltabis(dicarbollide) anion is ideal as extracting agent for metallic ions found in 

residual waters. For instance, the cobaltabis(dicarbollide) anion is used as selective 

extracting agent for 137Cs and 90Sr.32 
 

1.3.2. Homogeneous catalysis 

In homogeneous catalysis, it is already known the catalytic activity of ruthenium and 

rhodium based carboranes in a wide variety of reactions such as terminal33 and 

internal34 alkenes’ hydrogenation, hydrosililation,35 cyclopropanation36 and Kharash 

CCl4 addition reactions to olefins.37 

 

 
 



1.3.3. Smart materials 

Boron clusters can also find application as doping agents for conducting organic 

polymers due to their low charge density, which improves the stability and in particular, 

their resistance to overoxidation.17,38 The first results concerning the luminescent 

properties of the carborane clusters were reported within our group of research.39 Y. 

Chujo and collaborators demonstrated that the presence of boron clusters within the 

structures of organic polymers of polyphenylethynil (PPE) favors the � conjugation 

within the polymer, increasing its photoluminescent properties and its resistance to the 

temperature of the material.40 The use of boron clusters was also studied in several 

other applications, amongst which liquid crystals41 and ionic liquids.42 In addition to this, 

it is worth mentioning the importance of cobaltabis(dicarbollide) containing devices, 

such as sensors for H+, Na+ and K+ ions for their use in organ transport control for 

transplants,43 selective electrodes for antibiotics and quiral aminoacids44 or as sensors 

for neutrons.45  
 

1.3.4. Medicine 
One essential characteristic for both boranes and carboranes is their biocompatibility46 

since they are artificially synthesized compounds and therefore, neither recognized nor 

metabolized by living organisms, displaying very low toxicity. On the contrary, some 

iron-based metallacarboranes having [MeC3B7H9]
- units, have shown to have cytotoxic 

properties on different tumor cell lines.47 In addition to this, recent studies have proven 

that some cobaltabis(dicarbollide) derivatives can act as potent specific inhibitors of 

protease HIV-1.48 
 

Contrast agents in X-rays 

Highly iodinated molecules have been of interest for medical applications, especially in 

the field of radiodiagnosis, if one takes into account the iodine atom‘s elevated opacity 

in front of low-energy X-rays.49 Contrast agents used currently consist in benzene 

derivatives with up to three iodine atoms and their corresponding dimers.50 The 

research in this field is concerned with synthesizing more opaque contrast agents, and, 

at the same time, more innocuous. Species based on highly iodinated boron clusters51 

are emerging as an alternative to organic contrast agents, due to several advantages: 

i) firstly, boron clusters display a lot of positions susceptible to iodination, up to a total 

of 90% of iodine in the molecule,52 act that a priori enables high doses of radiopacity53 

and ii) secondly because B-I bonds are more stable in biological conditions than the C-I 

ones,54 providing therefore stability in front of dehalogenation processes.55 

 

 



Anticancer treatment based on Boron Neutron Capture Therapy (BNCT) 

Applications associated with the properties of boron as the element within the 

deltahedral species primarily exploit the unusually high cross section of the 10B isotope 

for neutron capture (20% natural abundance). This led to the development of light-

weight neutron shields and in particular to the Boron Neutron Capture Therapy (BNCT) 

of tumors. Out of all boron clusters applications in medicine or pharmacology, the 

greatest number of publications refer to cancer treatment using BNCT.56 This 

technique, discovered by Locher in 1936,57 is currently in clinical trials in U.S.A., Japan 

and Europe.56a,58 

BNCT is a binary treatment modality (Figure 3)59 that combines irradiation with a 

thermal or epithermal neutron beam with tumor-seeking, boron-containing drugs that 

are taken up preferentially by neoplastic cells to produce selective irradiation of tumor 

tissue. The high linear energy transfer (LET) alpha particles and recoiling 7Li nuclei 

emitted during the 10B (n, �) 7Li reaction in tissue are known to have a high relative 

biological effectiveness (RBE) (the relative amount of damage that a fixed amount of 

ionizing radiation of a given type can inflict on biological tissues).60 Their short path 

length in tissues (6-10 �m) limits their effect mostly to cells containing 10B atoms, 

providing a strategy to damage tumor cells while protecting healthy tissue within the 

treatment volume.  

For potential applications in BNCT, a therapeutic agent61 must i) posses low toxicity, ii) 

exhibit good tumor-cell selectivity, iii) persist intracellularly at constant concentrations 

during the course of neutron radiation, iv) be deliverable at 20-35 µg 10B per gram of 

tumor, v) be characterized by tumor: normal tissue and tumor: blood ratios higher than 

3, and vi) have the capacity to reach the target site through the blood stream by 

penetrating biological barriers, such as the blood-brain barrier (BBB). Early-molecular-

design approaches were guided by the observation that BBB is more permeable in the 

diseased state than it is in the healthy state, but therapeutics strategies that emerged 

from these approaches did not prove successful, mainly because isolated clusters of 

tumor cells protected by the normal BBB, retain the potential to become the centre for 

tumor recurrence. 

Figure 3. BNCT steps: selective delivery of 10B-containing drugs to tumor cells followed by 
irradiation with slow neutrons (1n), leading to tissue repair (figure from ref.59)



BNCT has been applied clinically for the treatment of patients with malignant brain 

tumors and malignant melanoma, using sodium mercaptoundecahydrododecaborate 

(Na2 
10B12H11SH; Na2 

10BSH)62 and L-p-(dihydroxyboryl)phenylalanine (L-10BPA)63 

respectively. In 1998, positron emission tomography (PET) using 18F-BPA has been 

developed.64 Some structures of boron compounds which have already been used for 

clinical treatment of BNCT are shown in Figure 4. The achievement of 18F-BPA PET 

imaging enabled the prediction of tumor/blood and tumor/normal tissue ratios of L-
10BPA before neutron irradiation. This PET technology also displayed selective 

accumulation of 18F-BPA in various tumors. Thus, BNCT has been applied for various 

cancers including head and neck cancer, lung cancer, hepatoma, chest wall cancer, 

and mesothelioma.65  

 

 

 

 

Figure 4. Boron compounds used in BNCT clinical treatment 

 

Although the number of cases is increasing, development of new 10B-carriers that 

deliver an adequate concentration of 10B atoms to tumors is still an important 

requirement for effective and extensive cancer therapy in BNCT. Recent promising 

approaches that meet the requirement involve the use of small boron molecules,66 such 

as porphyrins,67 nucleosides,28c,68 aminoacids,69 peptides,30,70 and boron-conjugated 

biological complexes, such as monoclonal antibodies,71 epidermal growth factors,72 

carborane oligomers,66a,73 micells74 and dendrimers.75  

In a study by Trivillin and coworkers76 on hamster cheek pouch oral cancer model, it 

was shown that low-dose BNCT using BPA and Na2
10B10H10 (GB-10) administrated 

jointly induced significant tumor control with no radiotoxic effects on normal tissue and 

precancerous tissue (tissues with potentially malignant disorders, from which tumors 

may arise).77  

Boric acid [B(OH)3] and borane clusters (closo-B12H12
2- or C2B10H12) are the two main 

types of boron entities used so far in the synthesis of carrier molecules for BNCT. To a 

lesser extent boranes (BH-) and cyanoboranes (BH2CN-) are used for synthesis of 

potential boron carrying drugs.78  

On the other hand, great interest is focused on synthesizing boron-rich drugs in order 

to raise the efficiency of generating highly energetic particles. One must take into 

account the fact that the therapeutic concentration is of 20-35 µg of 10B per gram of 

tumor.79 A commonly employed strategy for achieving such concentrations involves the 
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design of therapeutic agents that incorporates polyhedral borane moieties.80 Among 

these, the carboranes  (neutral lipophilic C2B10H12) are of particular interest, not only 

because of their high 10B content, good catabolic stability and low toxicity81 but also 

because they are amenable to chemical functionalization.82 
 

Drug delivery systems 

Tumor specific drug delivery has become increasingly interesting in cancer therapy, 

however, the clinical use of most conventional chemotherapeutics is often limited due 

to inadequate delivery of therapeutic drug concentrations to the tumor target tissue or 

due to severe and harmful toxic effects on normal organs. 

Presently, one of the therapeutic applications that is constantly in development, 

associated with dendrimers, is drug delivery. The elevated level of control throughout 

dendrimeric structures synthesis as well as the power to modulate their surface with 

adequate number and type of charges, converts dendrimers in the optimal systems for 

penetrating cellular membranes and releasing of the drugs.  
 

a) Dendrimers 

Dendrimers are a class of monodisperse organic materials containing functionalities in 

the core, in the dendritic backbone, or on the surface.  The most important feature of 

dendrimer chemistry is the design of the structure and the possibility to insert selected 

chemical units in predetermined sites of the dendritic structure. The combination of 

dendrimers and other macromolecular topologies as building blocks is an attractive and 

promising approach in the development of molecular recognition,  and new catalytic 

systems  among others. A recent study on phosphorus dendrimers containing a 

triolefinic 15-membered macrocycle as a core and iminophosphane ligands on the 

surface up to the third generation has recently been reported.87 

During the last years, owing to their controllable architecture, monodispersity and 

capacity to accommodate large number of boron atoms, dendritic BNCT agents have 

received considerable attention. Barth et al. has shown that PAMAM “starburst” 

dendrimers containing isocyanato polyhedral borane (Na(CH3)3NB10H8NCO) exhibit 

preferential accumulation in reticuloendothelial system (RES) when tested in vivo 

against murine B16 melanoma.88 Wu and coworkers attached an epidermal growth 

factor (EGF) inhibitor to a heavily boronated “starburst” dendrimer and obtained 

delayed cell proliferation, which together with the five-generation dendrimers structure 

must be responsible for the high level of boron accumulation (92.3 �g 10B/tumor) 

observed.88,89 The linking of boronated “starburst” dendrimers to EGF was first 

attempted by Capala et al.72a who synthesized molecular structures each containing 

more than 1000 10B atoms, but these dendrimers exhibited little affinity for epidermal 



growth factor receptor (EGFR). Barth et al.90 were the first to publish in vivo data 

indicating the significant therapeutic benefit associated with EGF-boronated 

dendrimers, either alone or in combination with BPA, as demonstrated by the increase 

in life span of glioma-bearing mice.91 Although EGF targeting vehicles cannot act alone 

as boron delivery agents (because of the heterogeneity of receptor expansion in brain 

tumors) they can prove of value in therapies involving combination of drugs.92  
 

b) Gold nanoparticles 

Metal NPs (Fe, Al, Si, Ti, Ag, Au and Cu), have received increasing interest due to their 

widespread medical, consumer, industrial, and military applications. NPs are being 

designed with chemically modifiable surfaces to attach a variety of ligands to improve 

biosensors, imaging techniques, delivery vehicles, and other useful biological tools.  

Gold nanoparticles (Au NPs) and their wide spread use of in biological applications has 

been due to their simple synthesis methods,94 ease of surface modification with 

peptides, DNA and antibodies,95 and unique physicochemical properties such as 

excellent absorbance and scattering of light. On the basis of these properties, Au NPs 

have important applications for biological diagnostics,96 cell labeling,97 targeted drug 

delivery,98,99medical imaging,100,101 synthetic inhibitors,102 cancer therapy,103 and 

biological sensors.104,105,106 

Although gold is the subject of one of the most ancient themes of investigation in 

science, its renaissance now leads to an exponentially increasing number of 

publications, especially in the context of emerging nanoscience and nanotechnology.  

The extraction of gold started in the 5th millennium 

B.C. near Varna (Bulgaria) and reached 10 

tons/year in Egypt around 1200-1300 B.C. when 

the marvelous statue of Tutankhamen was 

constructed. In antiquity, gold was used for both 

aesthetic and curative purposes. Perhaps the most 

famous example is the Lycurgus Cup (Figure 5) 

that was manufactured in the 5th to 4th century 

B.C. It is ruby red in transmitted light and green in 

reflected light, due to the presence of gold colloids.  

In 1857, Faraday reported the formation of deep red solutions of colloidal gold by 

reduction of an aqueous solution of chloroaurate (AuCl4
-) using phosphorus in CS2 (a 

two-phase system). The first use of gold in modern medicine was in 1890, after the 

German bacteriologist Robert Koch discovered that low concentrations of potassium 

gold cyanide, K[Au(CN)2] had antibacterial properties against the tubercle bacillus.107 In 



a) 

b) 

the 1920s gold therapy for tuberculosis was introduced107 and in 1935 Jacque Forestier 

reported the use of gold to treat rheumatoid arthritis.108 

The next critical discovery was made in 1951 by Turkevitch et al., namely the single-

phase reduction of gold tetracholoauric acid by sodium citrate in an aqueous medium, 

producing citrate stabilized Au NPs of about 20 nm in size (Figure 6a).109 Later, seeking 

to produce Au NPs of a prechosen size, Frens et al. refined reaction conditions such as 

ratios,110 solution pH111 and solvent,112 allowing in this way better control of the gold 

nanoparticle size;113 however the distribution was still variable. 

The last major contribution to the field of Au NPs syntheses is the Brust-Schiffrin 

method, published in 1994. It is based on a two-phase synthesis that exploits thiol 

ligands that strongly bind to gold due to the soft character of both S and Au. Initially, a 

gold salt is transferred into an organic solvent (toluene) with the help of a phase 

transfer agent (such as tetraoctylammonium bromide), then an organic thiol is added 

followed by a strong reducing agent (such as sodium borohydride) in excess, yielding 

thiolate protected Au NPs (Figure 6b).114, 115  

The major advantages of this method are the ease of synthesis, thermally stable NPs, 

reduced dispersity and control of size.116 

In the last few years, producing of monodispersed nanoparticles was focused on 

exploring possible nanoparticle formation mechanisms. Natan et al. was an innovator 

for the investigation of seeded growth of Au NPs starting from the Frens et al. 

synthesis.117 Bastus et al. have successfully synthesized monodispersed citrate 

stabilized particles through kinetically controlled seed growth.113

Figure 6. Scheme of chemical reduction for nanoparticle synthesis: a) reduction using sodium citrate 
that is also the capping agent; b) reduction and synthesis using thioligands (figure from ref.115)



Regarding their exploitation in medical applications, gold nanoparticles, due to their 

high stability in biological fluids, including blood, have become potential candidates to 

be used as tools for the controlled release of active agents.118 Studies119 concerning 

the use of radiolabelled drugs have revealed that appropriately designed nanoparticles 

are capable of overcoming the BBB and of depositing their therapeutic content in the 

brain. Reports claim that such structures afford up to a 10-fold increase in the 

concentration of drug in the brain, a lessened burst effect, slow clearance and 

improved half-life. 

Au NPs multi-functionalized with BPA, folic acid and fluorescein isothiocyanate against 

three cancer cell lines that are known to overexpress folate receptor (FR) have been 

tested by Mandal et al120 and observed tumor: normal cell uptake ratios of 5 in the 

perinuclear region of cancer cells. Promisingly, a method for the low-temperature, 

solution synthesis of surface-functionalized boron nanoparticles has recently become 

available.121 In this method, the reduction of BBr3 with sodium naphtalenide followed by 

the reaction of resulting bromide-capped intermediate with octanol, yields organo-

capped boron nanoparticles.  

In addition to all the above, due to their ease of synthesis, characterization and surface 

functionalization, noble metal nanoparticles, and in particular gold nanomaterials, have 

recently been demonstrated to posses another promising application, namely their 

action as self–therapeutics. Researches also showed that surface size, not surface 

charge, plays a large role in the therapeutic effect of Au NPs.122 Arvizo et al. studied 

how citrate reduced Au NPs (d = 5, 10 and 20 nm) had a dramatic effect on the 

vascular endothelial growth factor (VEGF) signaling events such as receptor-2 

phosphorylation, intracellular calcium release and proliferation comparatively. Another 

report123 showed that Ag NPs inhibited cell proliferation and migration in VEGF induced 

angiogenesis in bovine retinal epithelial cells. Further work described the anti-tumor 

effects of 50 nm Ag NPs in vitro and in vivo.124 

Independent on the size of NPs, several parameters play a dominant role in their 

enhanced magnetic, electrical, optical, mechanical, and structural properties. Many of 

these characteristics have potential implications in NPs toxicity, such as elemental 

composition, charge, shape, crystallinity, surface area, solubility, and surface 

chemistry/derivatization.125 
 

Cellular uptake of gold nanoparticles 

The size and shape of nanoparticles also play a large role in relation to cellular uptake 

in vitro. As the size of a particle decreases, its surface area to volume ratio increases, 

allowing a greater proportion of its atoms or molecules to be displayed on the surface 

resulting in increased surface reactivity.126 Oberdoerster et al.125d reported that particles 



with greater specific surface area per mass were more biologically active and that their 

biological effects mainly depended on their surface area rather than particle mass.127 

As particle size shrinks, there is a tendency for toxicity to increase, even if the same 

material is relatively inert in a bulk form.128 Several in vitro and in vivo studies with 

MPCs have demonstrated that smaller NPs are more toxic than larger NPs129 and can 

induce immunological responses. Chan et al. has reported that 50 nm gold particles 

can enter into cell at a faster rate with higher amount relative to the other sizes.130  

Most of the effects of shape have been studied in MPCs, which demonstrate that Au 

rods typically display greater toxicity than Au spheres.131 Spherical MPCs have higher 

cellular uptake than gold nanorods owning to variable biophysical properties. 

Surface charge is also an important factor that moderates cellular uptake of 

nanoparticles: positively charged MPCs cause greater toxicity than those with negative 

surface charges.132 The functionality of the nanoparticle surface further allows specific 

or nonspecific interactions within the cellular lipid bilayer.  Since the cellular exterior is 

largely anionic, positively charged nanoparticles can easily transverse the cellular 

membrane via electrostatics.132a Nonetheless, negatively charged nanoparticles have 

also been observed in the cytosol.132b In addition, Rotello et al. have also reported that 

zwitterionic nanoparticles (effective overall neutral surface charge) can be highly 

efficient delivery system.   

Recent innovations in nanotechnology have demonstrated that MPCs hold great 

promise as photodynamic therapy (PDT) and hyperthermic agents. Research has 

shown that the application of magnetic fields on metallic nanoparticles results in rapid 

heating.135 In this heating process, electrical currents are produced in the gold particle 

by the oscillating magnetic field, resulting in rapid heating which quickly dissipates from 

the nanoparticle into the surrounding environment, incurring thermal ablation.136  

Although ionizing radiation is effective for controlling the proliferation rate of cancer 

cells, side effects are numerous and healthy tissue 

is often damaged. Metallic nanoparticles may offer 

an advantage in this area by exploiting their 

excellent optical properties, surface resonance, and 

wavelength tunability.115 For example, upon X-ray 

irradiation, MPCs can induce cellular apoptosis 

through the generation of radicals.137 This treatment 

strategy has increased the killing of cancer cells 

without harming the surrounding healthy tissue.138 

This therapeutic method is depicted in Figure 7. 
 

Figure 7. Use of metal nanoparticles  
for therapy (figure from ref.115) 



Gold monolayer protected clusters (MPCs) modified with thiols

The modification of the surfaces of gold nanoparticles and macroscopic gold surfaces 

represents a chemical tool frequently used in the preparation of materials with 

properties that reflect a transitional phase between the molecular and bulk level.  

These materials, which are called monolayer protected clusters (MPCs)114,140 and self-

assembled monolayers (SAMs),141 have so far been studied essentially with a series of 

alkanethiol compounds, nanostructures showing unique and tunable properties 

effectuated by their small dimensions and adjustable chemical composition. Alkanethiol 

species are described in the literature as binding to gold surfaces as alkanethiolate 

units.141f The adsorption of these thiol derivatives provides highly ordered monolayer 

films with well-defined structure, thickness, and wetting properties. It was shown that 

the alkanethiolate moieties pack densely on gold surfaces of nanoparticles.140b,141a

A facile synthesis of nanoparticles composed of gold clusters coated with thiolate 

monolayers (or monolayer-protected gold clusters, Au MPCs), introduced by Schiffrin 

and coworkers,114,142 has attracted extensive use. The MPCs synthesis reaction is a 

two-step process that leads to modestly polydisperse (in core size) alkanethiolate 

protected Au clusters with average core diameters of 1.1- 5.2 nm.143  
 

 

The reaction’s behavior is consistent with a nucleation-growth-passivation process: i) 

Larger thiol:gold mole ratios give smaller average MPC core sizes;143 ii) fast reductant 

addition and cooled solutions produce smaller, more dispersive MPCs143,  and iii) 

quenching the reaction immediately following reduction produces higher abundance of 

very small core sizes (< 2 nm).145  

Understanding reactivities of MPC monolayers and developing efficient strategies to 

functionalize them is key to their application in areas such as catalysis and chemical 

sensing. Templeton et al. have investigated140a ligand place-exchanges (to form poly-

homo- and -hetero-functionalized MPCs),  nucleophilic substitutions,  and ester and 

amide couplings  yielding MPCs with multiple functionalities, spherically organized 

around a central, metal core, arrangement similar to the one of dendrimers.  However, 

whereas dendrimers are typically denser at their perimeter than core, MPCs are “soft 

objects with hard cores”. A study146c of ligand place-exchange dynamics and 

mechanism shows that exchange (i) has a 1:1 stoichiometry, (ii) is an associative 

reaction, (iii) yields the displaced ligand in solution as a thiol, and (iv) does not involve 

disulfides or oxidized sulfur species. 

 

 



c) Liposomal boron delivery in BNCT 

In boron neutron capture therapy of tumors (BNCT), successful treatment requires a 

selective delivery of 10B to tumor tissues to maximize damage to the tumor and to 

minimize damage to surrounding normal tissue.150 High accumulation and selective 

delivery of 10B into tumor tissue are the most important requirements to achieve 

efficient BNCT of cancers.79,151 The amount of 10B necessary to realize fatal tumor cell 

damage is 20–35 �g/g tumor tissue.152 At the same time, boron concentration in 

surrounding normal tissues and blood should be kept low to minimize damage to those 

tissues. 

Recently much attention has been focused on the liposomal drug delivery system 

(BDS). Liposomes are efficient drug delivery vehicles, because encapsulated drugs 

can be delivered selectively to tumors. Therefore, liposomal boron delivery system is 

also considered to be effective for BNCT due to the possibility of carrying a large 

amount of 10B compound. Two approaches have been investigated for liposomes as 

boron delivery vehicles: i) encapsulation of boron compounds into liposomes (Figure 

8a) and ii) incorporation of boron-conjugated lipids into the liposomal bilayer (Figure 

8b).153 

      Boron-encapsulating liposomes                                Boron-lipid liposomes 

Figure 8. Approaches of liposomal boron delivery system (image from ref.153) 

 

     Encapsulation 

Boron compounds-encapsulated liposomes are attractive vehicles to deliver adequate 

quantities of boron to the tumor cells for BNCT.  

Yanagie et al.154 were the first to employ liposomes for the delivery of encapsulated 

boronated compounds in vitro. Selective delivery of the therapeutic agent was achieved 

by the encapsulation of BSH into immuno-liposomes that had been conjugated to 

monoclonal antibodies (mAbs). The in vitro experiments show that thermal-neutron 

irradiation at 5x1012 neutrons/cm2 inhibited tumor-cell growth, whereas in vivo 

a) b)



experiments at 2x1012 neutrons/cm2 demonstrated the capacity to suppress tumor 

growth. Hawthorne151b encapsulated a variety of hydrolytically stable polyhedral borane 

anions into unilamellar liposomes and the formulation was tested on tumor-bearing 

mice. Although the polyhedral anions did not exhibit any selectivity towards tumor cells, 

the employed liposome formulations were shown to be capable of effecting the 

selective delivery of borane anions to tumors (peak boron concentration = 40 �g 10B/g 

tumor tissue; tumor: blood ratio = 5). 

Various boron compounds-encapsulated BDSs have been developed including passive 

targeting liposomes155 and/or active targeting liposomes by conjugating tumor specific 

ligands, such as folate receptor (FR),156 epidermal growth factor receptor (EGFR),157 

and transferrin (TF) receptor.158 Pan et al.156 demonstrated that FR-targeted liposomes 

afford an almost 10-fold increase in the accumulation on 10B in cancerous tissue. The 

concept of FR-targeting liposomes has also been exploited by Maruyama et al.158a in 

the formulation of Na2BSH with FR-PEG liposomes. Doi et al.159 illustrated the superior 

selectivity of FR-PEG liposomal carriers of BSH as compared to PEG-liposomes or 

BSH alone.  

      Incorporation 

In contrast to the encapsulation, the development of lipophilic boron compounds 

embedded within the liposome bilayer is an attractive means to increase the overall 

incorporation efficiency of boron-containing species, as well as to raise the gross boron 

content of the liposome in the formation.  
 

Nido-carborane lipids 

The carboranyl cage is characterized by extremely high lipophilicity. This feature is 

recently being exploited in the application of some borane clusters as hydrophobic 

component (pharmacophore) in biologically active molecules providing them with 

capacity to interact hydrophobically with other molecules such as proteins or lipids of 

cellular membranes. Carborane pharmacophores may also improve the ability of 

modified molecules to penetrate lipid bilayers and potentially increase the cellular 

uptake.160 

A system involving the accumulation of boron in the liposomal bilayer is highly potent 

because drugs can be encapsulated into the vacant inner cell of a liposome. 

Furthermore, functionalization of liposomes is possible by combination of lipid contents. 

Therefore, boron and drugs may be simultaneously delivered to tumor tissues for 

BNCT and chemotherapy of cancers. Hawthorne and coworkers first introduced nido-

carborane as a hydrophilic moiety into the amphiphile A (Figure 9) and examined 

liposomal boron delivery in mice using A and distearoylphosphatidylcholine (DSPC).161  



Nakamura et al. reported the first synthesis of nido-carborane lipid having a double-

tailed moiety conjugated with nido-carborane as a hydrophilic moiety and its vesicle 

formation from B.162 Furthermore, they investigated the possibility of actively targeting 

boron liposomes to solid tumor by conjugating transferrin (TF) to the surface of the 

liposomes. Boron concentration of 22 �g 10B/g tumor was observed in mice injected 

with the boron liposomes at 7.2 mg 10B/kg body weight. However, the injection of a 

higher boron concentration (14 mg 10B/kg body weight) resulted in acute toxicity to the 

mice.163 Hawthorne and co-workers also recently reported similar acute toxicity in mice 

injected with nido-carborane lipid C. They found that the liposomes were very toxic 

already at dosages of 6 mg boron per kg body weight.164 Nido-carborane lipids might 

therefore be problematic as agents for boron delivery in BNCT, since the high toxicity 

may be caused by the nido-carborane structure, although the mechanism of nido-

carborane cytotoxicity has not been studied in detail. 
 

Closo-dodecaborate lipid liposoms 

The problem of toxicity shown by nido-carborane lipids can be overcome by using 

(B12H11S)2- -containing lipids, since BSH, a water soluble divalent anion cluster, is the 

only acceptable boron cluster compound that can be used at the present time in clinical 

trials in Japan, Europe, or the USA. Other suitable target species are under rapid 

development, but B12H11SH2- will probably remain the baseline compound for clinical 

studies conducted in the future.151b Absence of toxicity in patients has later been 

proven in clinical trials.165 The boron compounds that are used as capture agents for 

BNCT should be nontoxic when administered in amounts required to obtain sufficient 

tumor concentrations and thus sustain a lethal 10B(n,�) 7Li reaction. 

However, few synthetic examples of BSH derivatives as boron carriers have been 

reported so far due to the difficulty of their functionalizations.166 In a study by Nakamura 

and coworkers,167  the toxicity of boron liposomes D and E (Figure 9) was investigated, 

showing that for a dose of 15 mg of boron per kilogram of weight no mouse died after 
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injection with the boron liposomes for up to three weeks, although 50% of the mice 

injected with the boron liposomes prepared from the lipid C died at a dose of 14 mg of 

boron per kilogram of weight within 48 hours.167 
 

d) Metallacarboranes as boron carriers for BNCT 

The persistent interest in the design and synthesis of boron-containing nucleosides is 

that such compounds may be selectively accumulated in rapidly multiplying tumor cells, 

and end up trapped within the cell or ideally, incorporated into nuclear DNA of 

tumors.168 

Metallacarboranes contain about 1.5 times as much boron as BSH and 18 times more 

boron atoms than boric acid. They are characterized by high lipophilicity, property 

which may facilitate transport of the carrier molecules across the blood–brain-barrier 

(BBB) and improve cellular uptake. The ability of deltahedral ligands to form stable 

complexes with metals allows incorporation of various metals with different properties 

into boron carrier molecule and provides an additional advantage to high boron load. 

The study on anti-tumor activity of metallacarboranes was originally initiated more than 

20 years ago. Toxicity and pharmacokinetics of potassium salt of 

cobaltabis(dicarbollide) ion were tested169 and was observed that it exhibited cytotoxic, 

but not mutagenic activity in the system used. The in vitro anti-tumor activity of a tin-

meta-carborane derivative {[(1,7-C2B10H11-1-COO)Bu2Sn]2}O2 has been described.170 

Anti-tumor activity of metallacarboranes other than based on dicarba-closo-

dodecaboranes has also been described.171 In vitro cytotoxicity of these complexes 

against selected human tumor cell lines ranged from moderate to high. Detected 

cytotoxicity of the above compounds makes some of them candidates for further 

studies as potential anti-tumor agents, but also excludes them as boron carriers for 

BNCT.  

In contrast, Plešek et al. found that conjugates of metallacarborane complex type of 

cobaltabis(dicarbollide) ion with nucleoside unit, and in some cases simple 

nonnucleoside derivatives are characterized by low cytotoxicity.28b  

In conclusion, nucleoside/metallacarborane conjugate and some simple 

metallacarborane derivatives substituted at B(8) have shown low toxicity and high 

lipophilicity, an advantageous and preferred property for potential boron delivering 

drugs. 
 

Tumor specific drug release 

It was observed that particle size, surface charge172 and liposome composition had a 

strong influence on the clearance profile (e.g., incorporation of phosphatidylinositols or 

monosialogangliosides prolongs liposome circulation in the blood).173 Moreover, by 



coating the liposomal surface with PEG-polymers, the liposome clearance by the 

macrophages can be delayed. Thus the liposomes can to some extend pass in and out 

of the liver and spleen without being cleared whereas they remain in the tumor tissue 

due to the depleted lymphatic drainage174 and a leaky vasculature.175 This results in 

selective liposome accumulation in tumors through passive diffusion.  

While significant advances have been made in overcoming many of the barriers with 

liposomal drug delivery, there still remains the problem of obtaining a high local drug 

bioavailability specifically in the cancerous tissue while maintaining the stability of the 

liposomes in circulation. There are two general directions within drug delivery cancer 

research focusing on solving this problem. (i) Site-specific delivery by targeting which 

can be achieved by coating the liposomes with ligands or antibodies that target 

receptors in the tumor tissue. By incorporating an active and site-specific release 

mechanism into the liposomes, it may be possible to dramatically increase the release 

and therapeutic efficacy of the carried drug.176  
 

     Enhanced accumulation by targeting 

The use of site-specific triggers that can release drugs specifically in diseased tissue is 

one way of increasing drug bioavailability at the tumor target site. Another way of 

optimizing drug bioavailability is to obtain a higher degree of liposome accumulation by 

active targeting. Furthermore, the combination of active targeting with active triggering 

can potentially lead to significantly enhanced and specific drug release at the tumor 

target site. Several critical issues exists: i) when liposomes accumulate in the interstitial 

compartment due to extravasation and bind to the first line of target cells, liposomes 

with strongly binding ligands may obstruct the way for more liposomes to 

accumulate,177 ii) immunoliposomes show enhanced liposome clearance178 and iii) 

internalization by endocytosis is the normal strategy associated with active targeting. 
 

     Enhanced delivery via triggered release 

Several strategies have been proposed to accomplish site-specific triggered drug 

release in tumor tissue. Liposomes triggered by acid,179 small changes in 

temperature180 and light181 have all been shown to be useful concepts for releasing 

encapsulated drugs. Yet, liposomes designed with these specific trigger mechanisms 

have not yet reached clinical trials. A more recently proposed principle for site-specific 

drug release is the enzymatically triggered approach.182 

However, so far none of these approaches are in clinical use and there is a well-

recognized need for effective triggered release. In 2007, Gabel et al. showed that 

liposomes consisting of dipalmitoyl phosphatidylcholine (DPPC) release their contents 

upon addition of the negatively charged boron cluster Na2B12H11SH (BSH).183 According 



to their study, BSH triggers release of liposome content in a dose-dependent manner. 

Concentrations of 1 mM BSH are sufficient to noticeably increase the release rate of 

carboxyfluorescein (CF) encapsulated in liposomes prepared from dipalmitoyl 

phosphatidylcholine (DPPC). At higher BSH concentrations, leakage is complete within 

minutes. At low BSH concentrations, inclusion of PEG lipids leads to more pronounced 

leakage rates, whereas at higher BSH concentrations the rate is lower.  

Another way of triggering the release of liposomal contents could be achieved by using 

surface cross-linked micelles (SCMs). The click reaction used in the cross-linking and 

postfunctionalization makes the SCMs extremely versatile and easy to prepare. A 

particular attractive feature of the SCMs is their rapid breakage upon cleavage of 

surface cross-links, enabling fast delivery of surface-active materials using specific 

chemical stimuli. As demonstrated by the leakage experiments performed by Zhao and 

Li,184 the SCMs could trigger the release of liposomal contents upon cleavage and 

different mechanisms of leakage could be obtained, depending on the types of 

surfactants released. 

Shi et al. reported185 folate-receptor targeted pH-sensitive liposomes based on cationic 

/anionic lipid pair, with the appropriate composition, can facilitate highly efficient 

intracellular drug delivery. Moreover, the fact that the pH-sensitivity of cationic/anionic 

liposomes is maintained in the presence of serum, confers these liposomes the 

potential of being suitable agents for systemic administration (since serum’s retaining 

activity is required for use in systemic delivery). 

To conclude, the targeting strategies to improve accumulation and internalization by 

coating the liposomes with antibodies or other ligands will significantly improve the 

liposome bioavailability in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 



 

1.4. Objectives 
 

The main objective of this doctoral thesis was the syntheses of high boron content 

polyanionic macromolecules, for their potential use in a wide variety of medical 

applications. The metallacarborane complexes have more boron atoms per molecule 

that either the carboranes or the closo-dodecaborate anion, making them more 

attractive from the BNCT point of view. Moreover, the fact that they are anionic, 

increases their water-solubility, that “a priori” could facilitate their biodistribution. 

The cobaltabis(dicarbollide) has been chosen as starting metallacarborane compound. 

The syntheses of monoanionic going to polyanionic (n = 1-5) multicluster derivatives 

has been performed, since the main goal of this doctoral thesis was to obtain high 

boron content, water-soluble, macromolecular compounds for their medical use in 

Boron Neutron Capture Therapy (BNCT).  

The functionalization of gold nanoparticles (Au NPs) with either  neutral or anionic 

boron-based thioclusters was performed, yielding boron-enriched polyanionic 

multicluster macromolecules, displaying a host of interesting properties, among which, 

increased water solubility. This is a vital property for the further study of cellular uptake 

and intracellular fate. Moreover, we want to find out if the size of the monolayer 

protected clusters (MPCs) obtained by capping of the Au NPs with our thioligands, 

have any influence on the properties as well as on the interactions they have with 

biological cells. 
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2.1. Solid state complexation reactions 

As previously described cobaltabis(dicarbollide) and ferrabis(dicarbollide) have 

attracted significant attention because of their high content in boron, great stability, 

water-solubility, but also because they can be functionalized both on boron23a,25a,26 

,186,187 and on carbon atoms,19,188 opening the way to a wide variety of applications. 

However, in spite of all these interesting properties, their synthesis is quite difficult, 

requiring many reaction steps as shown in the Introduction section (Subchapter 1.2.1). 

Therefore, we thought of a much easier complexation reaction for the obtaining of 

these metallacarboranes, since their syntheses are quite time consuming. Furthermore, 

as reported so far in the literature, these complexation reactions are performed in 

solution and take more than 24 hours, depending on the substituents present in the 

molecule.  
 

2.1.1. Complexation reactions of nido [7-R-8-R’-C2B9H10]
- species with CoCl2 

We thought of designing a rapid and efficient method for the synthesis of 

metallacarborane complexes, since, as previously explained, the ones available at the 

moment require difficult intermediary reaction steps. 

We first wanted to try out this new procedure using as starting material a compound 

already in hand, such as the ortho-carborane 1. Ortho-carborane 1 was partially 

deboronated before being subjected to complexation, as indicated in Scheme 5a 

below. Based on the results obtained by the complexation reactions of this nido 

species, this reaction procedure was set-up.

Scheme 5. General synthetic route: a) partial deboronation reaction; b) complexation reaction of the nido 
species with CoCl2  

One of the most important features of the complexation reaction is that the starting 

compounds were always the trimethylammonium salts of the respective nido species. 

In this way, when heated in solid state, hydrogen and trimethylammonium are 

generated as gases, and by leaving the system, the equilibrium is shifted towards the 



formation of the final cobalt-coordinated compounds. The presence of the 

trimethylammonium can be easily detected only by smell, since this gas has a 

characteristic pungent odor.  

For the complexation reaction of [HNMe3][8], various parameters, such as temperature, 

time of reaction, excess of CoCl2, as well as the nature of the CoCl2 reagent (either 

anhydrous or hydrated) were tried out, in order to find the optimal parameters for the 

reaction procedure. As indicated in Table 1 (entries 1-5), only the time of heating 

proved to have some influence on the complexation reaction of species [HNMe3][8].  

 

The boron spectra of the above presented species confirm the conversion of the nido 

cluster into its corresponding complex. Moreover, the boron signals characteristic for 

Complex 
Entry 

Working conditions 
CoCl2 excess Yield 

% 

 

Time 
(minutes) 

Temperature 
(ºC) 

1 3’  350  1.5 CoCl2 anh. 83 
2 5’ 350 1.5 CoCl2 anh. 85 
3 7’ 350 1.5 CoCl2 anh. 88 
4 7’ 350 1.5 CoCl2·6H2O 90 

5 8’ 350 1.5 CoCl2·6H2O 88 

 

6 2’  350 5 CoCl2 anh. 42 
7 3’ 350 5 CoCl2 anh. 46 
8 3’  470 5 CoCl2 anh. 68 
9 5’  350 5 CoCl2 anh. 75 

10 10’ 350 5 CoCl2 anh. 90 

11 2’ + 6’ 350/470 1.5 CoCl2·6H2O 87 

 

12 2’ + 6’  350/470 1.5 CoCl2·6H2O 88 
13 2’ + 6’  350/470 2.5 CoCl2·6H2O 94 
14 2’ + 6’  350/470 25 CoCl2 anh. 60 

15 10’  350 5.5 CoCl2 anh. 83 

 

16 2’ + 6’ 350/470 2.5 CoCl2 anh. 82 

17 2’ + 6’ 350/470 2.5 CoCl2 anh 68 

Table 1. Representative parameters for the synthesis of cobaltabis(dicarbollide)-based complexes



the nido species disappear with the formation of the new complex, since the two 

dicarbollide units are coordinated by the cobalt atom, resulting in a complex in a closo 

form. In all of these experiments (entries 1-5), [4]- was obtained in very high yields. 
 

Once we have demonstrated that the solid state complexation reaction starting from 1 

yielded the desired complex [4]- in a matter of minutes and without the use of any 

solvent, we looked for the optimal parameters for the complexation reactions of the 

nido species that possess one substituent on the carbon atom, namely the ortho-

carborane derivatives [9]- and [10]-. 

Regarding time of reaction, we can clearly see that the presence of one substituent on 

each of the dicarbollide units influences on the final yield of the corresponding 

complexes. Take for example entries 1 and 7 of Table 1 above. It clearly indicates that 

when some degree of steric hindrance is involved, using the same heating time and 

temperature, the yield is drastically reduced from 83% for complex [4]- to 46% for 

species [23]-. Moreover, we can observe the importance of the time of reaction within 

the same class of complexation reactions only by looking at entries 9 and 10 for 

complex [23]-. After only 5 minutes of heating at 350 ºC, the yield obtained is of only 

75%, whereas by increasing the number of heating minutes, at the same temperature 

of 350 ºC, the yield is significantly improved to 90%. 

With respect to the temperature used for complexation, it can also be seen how it 

influences the final yield by checking entries 7 and 8 for the values of 350 ºC and 470 

ºC respectively, for compound [23]-. The increase in temperature by 120 ºC, while 

maintaining the time of heating and the CoCl2 excess constant, induces an increase in 

the final yield of about 50%. Another parameter that we took into account when running 

the complexation reaction was the nature of the CoCl2, either anhydrous or hydrated. 

However, to our surprise, we also obtained very good results when using the hydrated 

CoCl2, as presented for compound [24]-. Likewise, concerning the number of excess 

equivalents of CoCl2, we can observe that when using large excesses, as it is the case 

illustrated in entry 14 of Table 1, the result was a important decrease in the yield of 

compound [24]-.  

Now that we have proven that our new method does work for species with one 

substituent on each dicarbollide unit, allowing us to obtain in a easier and much faster 

way carbon-disubstituted cobaltabis(dicarbollide) complexes, we wanted to see if we 

could apply the same procedure for the synthesis of complexes having substituents 

present at both carbon atoms within the same dicarbollide unit. In order to follow our 

theory, we firstly had to synthesize the disubstituted Cc derivatives, as well as the ones 

bearing substituents with free pair of electrons. These species were obtained in two 

steps: i) the first step was the metallation reaction of o-carborane derivatives, 2 and 3, 



and the thiol derivative of 

2 and 3, with one or two 

equivalents of n-BuLi, 

depending on the 

desired compound; and 

ii) the second step 

consisted in a 

nucleophilic substitution 

of the lithium/potassium 

ion, yielding the closo 

clusters as indicated in 

Scheme 6. It is worth 

mentioning that when the 

bromoethane was used 

as a source of the 

organic group instead of 

its corresponding iodine-derivative, the yields were quite unsatisfactory (no more than a 

20%). 

The following step was the partial deboronation reaction of the previously synthesized 

closo species. The general 

procedure consists in a 

nucleophilic attack on B(3) 

or B(6) by EtO- under 6 

hours of reflux.  

After extraction with dilute 

HCl, all the compounds 

were precipitated as 

trimethylammonium salts, 

namely [HNMe3][17]-

[HNMe3][22]. The synthetic 

way is presented in 

Scheme 7.  

 

 

 

 

Scheme 6. Synthesis of closo species

Scheme 7. Deboronation of the closo species to the corresponding 
nido compounds 
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Next, we were seeking to determine if the presence of a second alkyl or aryl substituent 

at the C2B3 open-face of a nido species cluster will hinder the formation of the complex. 

The new procedure to obtain the cobaltabis(dicarbollide) complexes was applied by 

heating the corresponding nido salts with CoCl2, yielding the desired 

cobaltabis(dicarbollide) complexes, as shown in Scheme 8. 

 

 

 

 

 

 

 

Scheme 8. Complexation reaction yielding monoanionic species [25]-, [26]- and [29]- 

 

In the case of the alkyl substituents, the different synthetic procedures are presented in 

Table 1 (entries 16 and 17). 

However, in the case of the phenyl-containing cluster, the NMR characterization of the 

final complex indicated that after 8 minutes of heating at an average temperature of 

440 ºC, there was still a large amount of starting material present. Therefore, more 

reactions are to be performed, varying the reaction conditions, in order to find the 

optimum parameters for the complexation of this type of compounds.  

After determining that the steric hindrance does not dramatically affect the 

complexation reaction in the case of the alkyl substituents, we were curious to 

determine if the presence of elements bearing free pair of electrons will have any 

influence on the formation of the complex. For this we first synthesized the closo-

thioethers of the ortho-carborane derivatives 13, 14, 16, followed by partial 

deboronation of the closo cluster to the corresponding nido species [19]-, [20]- and [22]-

and finally ran the proper complexation reaction with CoCl2, as indicated in Scheme 9.  
 

Scheme 9. Complexation reaction of C-tetrasubstituted derivatives 
 

Out of these three compounds, only the nido species [19]-, which has a Me group 

bonded to the Cc, gave rise to the desired complex; however, the yield was significantly 

lower than for the previously obtained species, namely 50%. The complexation 



reactions for the nido species with R = Ph or SCH2CH3 did not work, and the nido 

clusters were recovered after 8 minutes of heating. This could be explained either by 

electronic or steric effects of the Cc substituents. 
 

2.1.2. Complexation reactions of [7,8-C2B9H12]
- species with FeCl2 

After obtaining such satisfactory yields by using the innovative solid state complexation 

reaction, the next step was to determine if we can apply the procedure we developed 

for the cobaltabis(dicarbollide)-based complexes to synthesize the corresponding iron-

containing species, since iron is a more biocompatible oligoelement than cobalt, and 

therefore, should find more use in medical applications.  

Starting from the same trimethylammonium salt of [8]-, we heated it in solid with FeCl2 

for 8 minutes at 350 ºC, then added HCl 1M and ether, extracted the organic layer and 

precipitated it as tetramethylammonium salt for a better characterization. We were 

expecting to find the ferrabis(dicarbollide) species, however, the results obtained after 

processing the reaction were quite surprising. First of all, since the brown-greenish 

precipitate was showing a yield of only 55% (whereas the yield obtained for the 

synthesis of cobaltabis(dicarbollide) complex, [4]-, using the same conditions, was 

88%). Secondly, we did not obtain the sandwich-type compound, but substituted some 

hydrogen atoms for chlorine atoms on the ferrabis(dicarbollide) complex, probably due 

to the fact that this metallacarborane species is more reactive than its homologue, the 

cobaltabis(dicarbollide). This information was extracted from the corresponding MALDI-

TOF-MS spectrum, that showed us the presence of ferrabis(dicarbollide) complex and 

other clusters, as represented in Figure 10. MALDI-TOF-MS is a method of mass 

spectrometry in which an ion's mass-to-charge ratio is determined via a time Figure 10. Chlorination during solid state complexation reaction 



measurement. This ionization technique by laser desorption, is one of the most efficient 

characterizing methods of the synthesized anionic clusters in solid state. The 

confirmation of the obtaining of monoanionic species lays in the peaks separation in 

the isotopic distribution, which is of one m/ z unit. The most probable chlorination 

positions are the B(8) and B(10), the former because since it is one of the boron atoms 

situated in the C2B3 face, further from the two carbon atoms, therefore bearing a more 

negative charge, and the latter because of the superposition of the hybrid sp orbitals of 

both cobalt and B(10). 

As indicated by mass spectrometry, four different ferrabis(dicarbollide) complexes are 

present within the same sample. The molecular peak at 467 cm-1 fully agrees with the 

tetrachlorinated species. Nevertheless, this cluster’s chlorination reaction does not 

occur for the cobaltabis(dicarbollide), clearly showing the more reactive character of 

the ferrabis(dicarbollide) complex, that, once formed, undergoes electrophilic 

substitution, yielding some halogenated derivatives. The peak at 354.75 m/z 

corresponds to the monochlorinated derivative, whereas the one at 388.72 m/z 

illustrates the presence of the dihalogenated species within the analyzed sample, [31]-.  

In conclusion, now that we have established a new procedure for the synthesis of 

cobaltabis(dicarbollide) and ferrabis(dicarbollide) complexes, using a solvent-free 

method, we should carry on further studies on other nido species and determine if we 

can extrapolate this procedure to the obtaining of different complexes, all by using this 

rapid, easy and environmental-friendly method. Moreover, we also determined that the 

presence of a second substituent decreases the yield of the complexation reactions, 

and also that an organic group possessing either an element with a free pair of 

electrons or a � group within the molecule strongly diminishes the yield or even does 

not allow the reaction to take place.  
 

2.1.3. Characterization of the closo species 

The closo species were characterized employing techniques such as FTIR, MALDI-

TOF-MS and 1H, 1H{11B}-NMR, 11B{1H}-NMR and 11B-NMR. 
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1H{11B}-NMR spectra of 

compounds 12 and 14 indicate 

the synthesis of the desired 

compounds. As expected, since 

the only difference is the 

presence of the sulphur atom 

within our molecule 14, there 

would be not much change in 

the 1H{11B}-NMR spectrum, but 

for changes in the chemical 

shifts of the constituent groups. 

This is illustrated in Figure 11 in 

which one can observe the shift 

of the CH2- group from 1.87 

ppm to 2.69 ppm when bonded 

to the sulphur atom. This is due 

to the more electronegative 

character of the sulphur atom, 

which deshields the CH2- 

group, shifting it to lower field values. The aromatic hydrogens and the CH3- group are 

too far to be influenced by this effect, so practically there is no change in their chemical 

shifts. The broad singlets that appear in the region 2.75 - 2.27 ppm belong to B-H 

bonds. The integration of the main groups verifies, confirming once again the synthesis 

of the sought compounds.

The effect of the sulphur atom 

is also visible in the 11B{1H}-

NMR spectra. When 

comparing compound 11 with 

13, one can see that the 

presence of a more 

electronegative element 

(sulphur) determines a shift 

towards lower field values. 

This is clearly shown in Figure 

12.  
 

Figure 12. 11B{1H}-NMR comparison between 
11 (blue) and 13 (orange) 



[22]-

2.1.4. Characterization of the nido clusters 
 

The nido species [17]--[22]- were characterized using the same techniques as the closo 

compounds presented above, namely by FTIR, MALDI-TOF-MS and 1H, 1H{11B}-NMR, 
11B{1H}-NMR and 11B-NMR. 

The MALDI-TOF-MS presented in Figure 13 confirms the fact that there were no by-

products resulting from the deboronation reaction. The molecular peak at 253.6 m/z 

corresponds exactly to the one of the molecular weight of compound [22]-. 

 

 

 

 

 

 

 

 

 

The 1H{11B}-NMR spectra of the compounds of the above synthesized nido species are 

presented in Table 2.  

Compound R R’ δ (C-Me) 
(ppm) 

δ(CH2CH3) 
(ppm) 

δ(CH2CH3) 
(ppm) 

δ (B-H) 
(ppm) 

δ (Hbridge) 
(ppm) 

[17]- Me CH2CH3 1.39 1.76/1.61 0.99 1.95-0.46 -2.62 

[19]- Me SCH2CH3 1.51 2.56/2.51 1.14 2.37-0.58 -2.54 

[21]- CH2CH3 CH2CH3 - 1.78/1.59 0.96 2.00-0.49 -2.64 

[22]- SCH2CH3 SCH2CH3 - 1.75/2.69 1.11 2.38-0.62 -2.50 

Table 2. 1H{11B}-NMR chemical shifts of nido compounds [17]-, [19]-, [21]-, [22]- 

The influence on the chemical shift 

of the thiolate group is very well 

shown in Table 2. We can observe 

a downfield shift of the CH2- group 

that is immediate bounded to the 

sulphur atom, namely of about  

0.9 – 1 ppm. 

Figure 14 presents the 11B{1H}-

NMR spectra before (red) and after 

(green) the partial deboronation 

Figure 13. MALDI-TOF-MS of compound [22]- 



reaction of compound 13, bearing one thiolate group within its structure. The pattern 

and the chemical range of the boron signals showing at – 33 and -35 ppm are a clear 

indication that the degradation reaction did occur, and that no other by-products are 

formed during the degradation process.  
 

2.1.5. Characterization of the cobaltabis(dicarbollide) species  
 

Regarding the success of the complexation reaction, Figure 15 shows the comparison 

between the 1H{11B}-NMR spectra of compounds [10]-  and [24]-  where we can clearly 

see the disappearance of the bridged hydrogen of the nido species at about -2.42 ppm 

with the formation of the �5 cobaltabis(dicarbollide) sandwich complex. With respect to 

the complex [24]-, the proton 

signals at 7.40-7.09 ppm 

correspond to the aromatic 

phenyl groups within the 

molecule, the ones present at 

4.18 and 4.11 ppm belong to 

the proton from the Cc-H 

bonds, whereas the peaks 

appearing from 2.77 until 1.12 

ppm are characteristic for the 

B-H bonds. Furthermore, the 

bridged H peak appearing in 

the 1H{11B}-NMR spectrum of 

the nido compound at -2.42 

ppm is no longer present 

once the complexation 

reaction takes place, fact 

indicated in the 1H{11B}-

NMR spectrum of [24]- 

complex (Figure 15 purple). 

The 11B{1H}-NMR spectra of 

the above presented nido 

species (Scheme 7) confirm 

the conversion of the nido 

cluster into its 

corresponding complex, as presented in Figure 16. The boron signals characteristic for 

the nido species disappear 

Figure 15. 1H{11B}-NMR of compounds [NHMe3][10] (green) 

and [NMe4][24] (purple) 

Figure 16. 11B{1H}-NMR of compounds [NHMe3][10] (green) and 
[NMe4][24] (purple) 
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with the formation of the new complex, since the two dicarbollide units are coordinated 

by the cobalt atom, resulting in a closo form. This, together with a small shift to lower 

field values, is illustrated in Figure 16.  

The complexation of the nido species [17]-, [19]-, [21]- was also achieved, fact 

confirmed by the disappearance of the peaks indicating the nido form at about -32 and 

-35 ppm; however, further purification is essential for a characterization beyond any 

reasonable doubt of the corresponding complex structures. Moreover, the 

complexation reaction starting from the nido salt of species [30]- was not possible, 

independent on the change in parameters and reaction conditions, due to electron 

repulsion effect. 



2.2. Ring-opening reactions of 1,4-dioxane derivative of ferrabis(dicarbollide) 

with various groups 

As previously mentioned in the Introduction section, our main goal was the syntheses 

of boron-enriched compounds for their applications in medicine. Having in mind the fact 

that iron is a more biocompatible oligoelement than cobalt is, and also based on prior 

reported 1,4-dioxane ring-opening of cobaltabis(dicarbollide) with alcoxides27 as well as 

with halogen and thiol groups,189 we became concerned with the obtaining of 

ferrabis(dicarbollide) with the above mentioned synthons for the potential binding to 

various platforms. Our interest in the syntheses of these classes of compounds is 

justified by the fact that these innovative boron species could be delivered into tumor 

cells using different strategies for tumor targeting or could be used as building blocks 

for synthesis of boron-containing biomolecules. 

Here we report the synthesis of alkyl-, halogen- and thiol-terminated synthons based 

on the oxonium derivative of ferrabis(dicarbollide) 7 (Scheme 10). This is especially 

attractive, since breaking one carbon-oxygen bond should result in a moiety having a 

boron complex separated from a carbocationic centre by 6 or more atoms (polyglycolic 

chain). In such a way, molecules with a reasonable length spacer between the boron 

cage and the property-determining part of the molecule could be prepared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 10. General scheme for the syntheses of [3,3’-Fe(8-(OCH2CH2)2X-(1,2-C2B9H10)(1’,2’-C2B9H11)]
-



The first step was the synthesis of the zwitterionic derivative, [3,3’-Fe(8-(OCH2CH2)2- 

(1,2-C2B9H10)(1’,2’-C2B9H11)] zwitterionic species, 7. The procedure reported so far in 

the literature23b implies the use of a Bronsted acid, namely H2SO4 to substract a hydride 

from the C2B3 face unit, followed by the nucleophilic attack of the dioxane ring on the 

remaining positive B(8) atom. However, we wanted to determine if the synthetic 

procedure reported by our group for the obtaining of 623a will also prove efficient for the 

synthesis of 7, so BF3·Et2O, a Lewis acid, was used as the electrophilic agent that will 

induce the nucleophilic substitution. After refluxing the reaction mixture for four hours, 

the solvent is evaporated and the desired compound separated by TLC; using silica gel 

plates and dichloromethane as eluent, the open-ring species remains as baseline. The 

yield obtained following this procedure, namely 52%, is comparable to the one already 

present in the literature, using concentrated sulphuric acid, dimethylsulphide and 1,4-

dioxane.23b

 

2.2.1. Syntheses of [3,3’-Fe(8-(OCH2CH2)2X-1,2-C2B9H10)(1’,2’-C2B9H11)]
-  

(where X = RO-, X- and SH-) 
 

Once the zwitterionic species 7 was synthesized, the following step was the ring-

opening reaction with various nucleophiles, as illustrated in Scheme 10a above. 

Compounds [36]- - [39]- described here were obtained using alkoxides as nucleophiles, 

namely sodium methoxilate, ethanolate and 2-methoxyethanolate. The preparation of 

the alkylferracarborane species was achieved in very satisfactory yields (92-96%), in 

an atom efficient and environmentally friendly transformation. After the nucleophilic 

attack of the RO- group on the positive oxygen atom from the 1,4-dioxane ring, the 

resulting compounds were purified by TLC, using a dichloromethane:hexane 1:1 

mixture. The base line was separated and passed through a cation-exchange resin to 

yield the sodium salt.  

Other subject of interest alongside this doctoral thesis was the preparation of 

haloalkyferracarboranes [40]- - [43]-, in order to complete a previous synthetic method 

developed by our research group yielding cobaltabis(dicarbollide) bearing halogen end 

moieties.189 he syntheses of halogen/thiol-terminated ferrabis(dicarbollide) synthons 

were of particular interest for their posterior covalent bonding to different platforms, 

leading to the obtaining of a wide variety of novel materials for new applications, such 

as surface functionalization. Our objective was to be able to synthesize, in a simple and 

rapid way, derivatives of [5]- containing a terminal halide, and thus facilitating the 

applicability of metallacarboranes in a variety of different fields.  

The reaction conditions did not involve working with anhydrous solvents or in inert 

nitrogen atmosphere; it is simply the use of concentrated haloacids in organic solvents 



that led to the synthesis of the sought compounds, with yields greater that 80% 

(Scheme 10b).  

Besides ring-opening with various haloacids, another high atomic efficient reaction was 

the synthesis of thiol-terminated ferrabis(dicarbollide) synthons, species that will prove 

to be very utile in groundbreaking applications, among which surface functionalization. 

Following the procedure described by our group for the synthesis of thiol-terminated 

[3,3’-Co(C2B9H11)2]
-,189 we prepared its iron analogous with the intention of using them 

as capping agents for nanoparticle stabilization. After purification by silica-gel 

chromatography, the final compounds were precipitated as tetramethylammonium salts 

for a better characterization.  

The functionalization of gold nanoparticles with this and other thiol-terminated 

carboranes and metallacarborane synthons opens the way to a wide variety of 

applications in catalysis (dihydroxylation reactions,190 carboxylic ester cleavage191), 

development of electronic devices and medicine to name only a few. 

Moreover, the fact that ferrabis(dicarbollide) has rigid structure, restricted surface 

orientation and extensive possible modification chemistry, provides the axes for 

controlling their self-assembly, and therefore, will prove useful for enabling new 

applications. 
 

2.2.2. Characterization of starting materials [3,3’-Fe(C2B9H11)2]
- and  

[3,3’-Fe(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-C2B9H11)] 
 

Since the ferrabis(dicarbollide) compounds are Fe(III) paramagnetic species, 

paramagnetic shifting with respect to the corresponding cobaltabis(dicarbollide) 

derivatives should be expected. This is why precautions have to be taken when running 
1H and 11B-NMR regarding the extent of the spectral window; this is not the case for 

cobaltabis(dicarbollide) derivatives, which are diamagnetic molecules. This extensive 

spectral range of the ferrabis(dicarbollide)-containing species was from +80 to -20 ppm 

for the 1H-NMR and from +110 to -500 ppm for the 11B-NMR. This range was imposed 

by the paramagnetic character of Fe(III). Moreover, the same paramagnetic character 

prevents the coupling between the B and the H nuclei in the 11B-NMR spectra (Figure 

17a). The 11B-NMR spectra of the zwitterionic species 6 and 7 show symmetry splitting 

of each signal present in the parent ferrabis(dicarbollide) ion into two peaks due to the 

presence of two symmetrically inequivalent dicarbollide ligands, as presented in Figure 

17b. Likewise, since every subunit of the zwitterionic species is different, additional 

peaks appear in the 11B-NMR spectrum of these compounds when comparing them 

with [4]- and [5]-. For instance, in the case of B(8), the boron directly bonded to the 

oxonium atom, a shift towards higher field values is observed, due to shielding. 
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 One obvious characteristic of 11B{1H}-NMR spectra of these paramagnetic compounds 

is the broadening of the chemical shift range from 40 ppm (Figure 17a left) to 750 ppm 

(Figure 17a right).  

Another special feature of the iron-containing metallacarborane spectra is the fact that 

they show no coupling with the hydrogen (Figure 17a, right). Additionally, in the case of 

[5]-, 11B-NMR spectrum allows us to perfectly identify the boron atoms most affected by 

the presence of the Fe(III) centre: the one that resonates at 

the lower field (≈110 ppm) and the ones that appear at high 

field values (≈ -400 and  ≈ -450 ppm). To notice that their peak 

pattern is 1:2:1. Chart 1 displays the vertices number of the 

dicarbollide unit. From it, we can observe that there are two 

groups of boron vertices: i) the ones belonging to the �5 

bonding C2B3 face (B(8), B(4) and B(7)) and ii) the one 

antipodal to the Fe(III) vertex, B(10) that interacts with Fe(III) 

by superposition of the hybrid sp orbitals. 

The symmetry plane of the ligand that is perpendicular to the C2B3 face and bisects the 

Cc-Cc bond, gives rise to two types of boron atoms: on one hand, B(8) and on the other 

hand, B(4) and B(7), which are equivalents. So, it is expected that the three boron 

atoms on the C2B3 face equally bonded to the Fe(III), will be affected in the same way, 

resonating close to one another, and showing a 2:1 peak pattern. So, “a priori” it was 

assigned B(10) at the lowest field and B(8), B(4) and B(7) at the highest field. 

Chart 1. Numeration of 
the dicarbollide vertices 



In order to confirm the 

assignment of the peaks 

suggested above, we 

performed 11B-COSY 

NMR, presented in 

Figure 19a. From this 

figure, we observed that 

the two boron peaks 

appearing at high field 

values interact only 

between themselves 

and additionally, their 

integration values give 

2:1. This, together with 

the facts depicted in 

Chart 1, indicates that 

these boron atoms 

correspond to the ones 

from the C2B3 face, B(4) 

and B(7) overlapping 

and therefore integrating 

2, and to B(8), 

respectively.  

The extremely 

deshielded peak, 

appearing at very low 

field values (≈ +110 

ppm), interacts with the 

remaining B5 plane 

boron atoms (B(5), B(6), 

B(9), B(11), and B(12)), 

but shows no 

interactions with the 

ones situated on the 

C2B3 face. This 

reconfirms that this peak 

igure 18. 11B-NMR peaks distribution of cobaltabis(dicarbollide) (blue) 
and ferrabis(dicarbollide) (red) respectively
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Figure 19. a) 11B11B-COSY NMR and b) 1H11B-HETEROCOSY NMR 
performed on compound [5]-
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can be no other but the antipodal B(10). 

Another very interesting aspect is the fact that the interactions of B(6), boron atom 

connected to both carbon atoms, with the other borons from the B5 plane can also be 

observed. This is quite unique since there are no reported cases in the literature where 

B(6) cross coupling interactions can be so clearly noticed. 

Regarding the assignment of the C-H peaks, as indicated in Figure 19b, one can 

distinguish 2 signals for the 1H-NMR spectrum, the broad ones at about +70 and +45 

ppm that present no interaction with any of the boron peaks. We assign these signals 

to the H atoms bonded to Cc within the [3,3’-Fe(C2B9H11)2]
- molecule. On the other 

hand, the sharp proton peak in-between these 2 signals (at approximately +50 ppm) 

interacts only with the peak previously assigned as B(6). In conclusion, this Cc-B(6)-Cc 

face acts in a very peculiar way, and so far we are not able to explain the shift to low 

field values of the H atom bonded to B(6) with respect to all the other H atoms, as 

illustrated in 1H-11B HETEROCOSY NMR (Figure 19b). 
 

2.2.3. Characterization of [3,3’-Fe(8-(OCH2CH2)2X-(1,2-C2B9H10)(1’,2’-C2B9H11)]
- 

(where X = RO-, X- and SH-) 
 

These ferrabis(dicarbollide) derivatives [36]- - [44]- containing various ending groups 

were characterized employing spectroscopic and spectrometric techniques such as 

FTIR, MALDI-TOF-MS, 1H, 7Li and 11B-NMR analysis techniques, and, in some cases, 

cyclic voltammetry, based on our experience for the characterization of the 

paramagnetic species. 

FTIR spectroscopy for compounds [36]- - [39]- helps confirming the obtaining of the 

desired species. The absorption band at 3035 cm-1 corresponds to the existence of Cc-

H bonds within the molecule, whereas the ones belonging to OCH2- groups from the 

polyetheric chain are visible from 1472 to 1092 cm-1. In addition, the peaks in the range 

of 2560-2543 cm-1 are a clear indicator of the presence of B-H bonds (Figure 20a).  

Figure 20. a) FTIR and b) MALDI-TOF-MS confirming the synthesis of compound [39]-
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Another characterization method that confirms our structure is MALDI-TOF-MS 

spectrometry. As indicated in Figure 20b, the molecular peak that appears 482.8 m/ z 

is the one corresponding to compound [39]-. The small peak showing at 320.78 m/z is 

actually 

corresp

onding 

to the 

ferrabis

(dicarb

ollide) 

molecul

e itself. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The 1H-NMR spectra 

of the species 

described in this section of the doctoral thesis exhibit considerable paramagnetic 

shifting of all signals, most pronounced being the broad signal of Cc-H protons found in 

the range of 68 and 43 ppm. No apparent 1H-1H coupling can be seen (Figure 21). 

Another interesting observation is the influence of the closeliness of the OCH2- groups 

Another characterization method that confirms 

spectrometry. As indicated in Figure 20b, the mole

is the one corresponding to compound [39]-. The s
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Figure 21. 1H-NMR of paramagnetic compound [39]-



to the Fe (III) centre: the closer situated, the more shifted to higher field values, as 

indicated in the 1H-NMR of the paramagnetic species [39]- in Figure 21. The CH2- and 

CH3- groups situated far from the metal centre are less altered by the paramagnetic 

effect and more or less appear at normal chemical shifts (1.37 and 0.4 ppm 

respectively). 

 

As indicated in Figure 22, the 1H-NMR spectra of species [41]- - [43]- are compared, in 

order to draw the attention on the influence of the halogen group on the shift of the 

protons in its immediate proximity. Basically, as the electronegativity of the halogen 

substituent increases, the CH2- group bonded directly to it shifts to upfield values. 

However, no such influence can be seen in the case of the OCH2- groups within the 

molecule.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Noteworthy is the extreme upfield shift of the B(8) resonance in the starting zwitterionic 

species with respect to the anionic parent [5]- and compounds [37]- - [39]-. One 

possible explanation could be the fact that in the case of the closed-ring system 

presented by the neutral species, 7, the negative charge is localized over the 

metallacarborane only, whereas once the dioxane ring is open, the charge is localized 

over the entire molecule, leaving the boron atoms “more deshielded” and therefore the 

shift to lower field values exhibited by the ferrabis(dicarbollide) derivatives, [37]- - [39]-. 

 

 

Figure 22. Comparison between 1H-NMR spectra of compounds [41]- - [43]-
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Figure 23. 11B-NMR spectra of parent ion [5]- and the derivatives 7, [37]- - [39]-
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Additionally, cyclic voltammetry was explored to be used in a qualitative manner. This 

can be done since all cobaltabis(dicarbollide) and ferrabis(dicarbollide) derivatives are 

electroactive species and also because their oxidation/reduction potentials are 

sufficiently separated to make a clear distinction.  

Cyclic voltammetry was used for the first time in order to determine the type of 

metallacarborane present, as well as to differentiate between a closed 1,4-dioxanate 

ring system and an open chain.  

By running this cyclic voltammetry analysis, we firstly wanted to determine if the metal 

reduction from M(III) to M(II) was dependent on the compounds nature, namely if it was 

zwitterionic or anionic species. Secondly, we were looking to find the E1/2 different 

reduction values, depending on the metal, Co or Fe. And lastly, once we had 

determined the E1/2 values of the corresponding species, the following step was to see 

if one could use this cyclic voltammetry technique as a quantitative method. 

 

From Figure 24 one can observe that the potentials of open-ring systems for 

cobaltabis(dicarbollide) and ferrabis(dicarbollide) derivatives differ by about 1 Volt. In 

this way, one can determine without any doubt which one of the two metallacarborane, 

neutral or anionic, is present in an unknown sample. 

Table 3 shows the half wave potentials (E1/2) of neutral and anionic compounds. The 

electrochemical cell contained glassy carbon electrode as working electrode, a 

reference Ag/AgCl/KClsat electrode and platinum wire as auxiliary electrode. All 

experiments were performed at room temperature using [NBu4]Cl 0.1 M acetonitrile 

solution. The solutions were deoxygenated with analytical grade nitrogen at the start of 

each experiment to prevent oxygen interference. All the potential values were referred 

to the Fc+/Fc couple [E1/2 (Fc+/Fc) = 0 V]. 

Figure 24. Cyclic Voltammetry of parent compounds 6 and 7 and the corresponding alkoxides 



Compound E1/2 (M3+/M2+) (V) E1/2 (M4+/M3+) (V) Metal 

6 -1.288 1.773 Co 

[33]- -1.759 1.131 Co 

7 -0.369 1.141 Fe 

[37]- -0.792 0.678 Fe 

Table 3. Half wave potentials of compounds 6, [33]-, 7, [37]- with respect to a Ag/AgCl electrode 

 

The immediate conclusion that could be draw from Table 3 is that the presence of the 

oxonium cation close to the metallic centre (for compounds 6 and 7), shifts with about 

0.5 Volts the potential to more anodic values (compounds are easier reduced). This 

affirmation is in agreement with Coulomb’s law on similar chemical surroundings, which 

states that it is always easier to reduce a neutral species than a similar one bearing a 

negative charge as it is the case of our compounds for M3+/M2+. 

 

To sum up, the results presented so far embody a synthetic strategy based on ring-

opening reactions of 7 which may be seen as a multi-purpose tool, since it opens new 

routes to a variety of more sophisticated products than just compounds [36]--[44]-. 

Moreover, this exceptionally clean reaction could be used to generate novel iron-

containing compounds otherwise unavailable by other conventional methods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.3 Toward the Synthesis of High Boron Content Polyanionic Multicluster 

Macromolecules

The synthetic strategy based on the attack of oxonium derivatives of borane192 and 

metallacarborane25a,26,187a,193 anions in the presence of nucleophilic agents was first 

reported in 1976.187c,194 The discovery of the nucleophilic ring-opening reaction in 

boranes192 and metallacarboranes26,187a,193 has been one of the most important features 

in boron chemistry over the past several years. A review on this field has been 

published recently, summarizing some of the nucleophiles that have been used so 

far.29 The derivatization of boranes and metallacarboranes may open the way for new 

possible applications of these anions. 

The use of a variety of ring-opening nucleophiles on [3,3’- Co(8-(OCH2CH2)2-1,2-

C2B9H10)(1’,2’-C2B9H11)], 6, has led to the synthesis of compounds of promising 

practical uses in various fields, including solid electrolytes, strong nonoxidizing acids,30 

weakly coordinating anions,195 ionic crystals42 and enzyme inhibitors.48  

Sivaev et al.196 demonstrated that the tetrahydrofuran (THF) ring in the [B12H11 3THF]- 

anion can be opened by all three isomers (1,2-, 1,7- and 1,12-) of Li[C2B10H11]. 

Additionally, in a preliminary communication,197 our group briefly outlined the synthesis 

and isolation of mono- and di-anion species combining the [3,3’-Co(1,2-C2B9H11)2]
- and 

[C2B10H12] structural motifs.  

In this doctoral thesis, this viable concept of multicage boron chemistry was extended 

by giving full experimental details and complete structural data. Moreover, the 

deboronation of the closo-carborane moieties followed by their complexation allowed 

the preparation of a novel type of polyanionic water-soluble high boron content 

macromolecules that could be good candidates for increasing BNCT techniques’ 

efficiency. 

This chapter has been divided in three different parts; the first one corresponds to the 

study of the ring-opening reaction of [3,3’-M(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-

C2B9H11)] (M = Co (6), Fe (7)) by the ortho-carboranyl (1) and its monosubstituted 

derivatives, the 1-Me- (2) and 1-Ph-carboranyl (3) as nuclephilic agents, giving rise to 

what will be generally called closo compounds. In the second part, partial degradation 

reactions of the previously synthesized clusters were conducted, leading to the 

corresponding nido derivatives. The third part is centred on the complexation reactions 

of these nido species, yielding polyanionic sandwich-type complexes. The 

corresponding characterization techniques for each type of syntheses are also reported 

in this section. 

 



2.3.1. Syntheses of closo derivatives via exo-cluster substitution reactions  
 

Following our studies on 

cobaltabis(dicarbollide) 

direct substitution197 to 

obtain novel high boron 

content polyanionic species 

with enhanced water 

solubility, we have explored 

the possibility of using 

lithiated boron clusters as 

nucleophiles to produce a 

new family of high boron 

content polyanionic 

macromolecules.198 This 

has been, in part, 

stimulated by the high 

water solubility of the 

cobaltabis(dicarbollide) 

salts of potassium, sodium, 

or lithium.199 With these two 

points in mind, we studied 

the nucleophilic behaviour 

of the lithiated salt of 1,2-

closo-carborane and its Me 

and Ph derivatives toward 

[3,3’-M(8-(OCH2CH2)2-(1,2-

C2B9H10)(1’,2’-C2B9H11)]  

(M = Co, Fe). 

In the case of ortho-

carborane, the Cc-H bond is highly polarised due to a significant difference in 

electronegativity between the two atoms, 2.55 and 2.20 respectively. This is why the 

hydrogen atoms from Cc-H can be easily extracted by a strong base such as n-

butyllithium.  

The strong electronwithdrowing character of the ortho-carborane unit favours this type 

of metallation reactions, where lithium atoms replace the protons bonded to the Ccluster 

yielding the corresponding ortho-carborane salts.200 In this case, the metallation 

Scheme 11. General ring-opening scheme of yielding mono- and 
di-anionic species 
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reactions carried out yielded monolithiated salts for compounds 1 and 2 and dilithiated 

species for 3, by the addition of one or two equivalents of n-BuLi respectively.  

All reactions were carried out using standard vacuum and inert-atmosphere 

techniques, although some operations, such as column chromatography, were carried 

out in air.  

The next step was the nucleophilic attack of the Cc (which is considered a carbanion) 

on the dioxane ring of compounds 6 and 7, producing their opening. As shown in 

Scheme 11a the synthesis of compounds [45]- - [48]2- as well as the ones of their iron-

based were carried out.  

The synthetic procedure for the obtaining of iron-based homologues species [53]- - 

[56]2- (Scheme 11b) compounds is very similar with the one used for the obtaining of 

the cobalt-containing species, with the only difference that the reflux time is reduced 

from 3 hours to 1 hour and 30 minutes in the case of the monoanionic species, and 

from 5 to 3 hours for the dianionic compound respectively, indicating that the iron 

zwitterionic species is more reactive than its cobalt-based analogous. 

The purification of the above presented compounds was performed by TLC, using silica 

gel as stationary phase and a mixture 1:1 of dichloromethane:hexane as elutant; in this 

way, the unreacted zwitterionic starting material elutates, leaving the desired anionic 

compound on the base line.  
 

2.3.2. Synthesis of nido compounds via a partial deboronation reaction of closo 

species 
 

The closo carborane clusters are structures showing high stability with respect to 

strong acids but instead they react with Lewis bases (nucleophilic agents) yielding 

more opened structures, known as nido, by a partial deboronation process that implies 

the loss of a vertex.  

In this subchapter the partial degradation reactions for the closo compounds [45]- - 

[48]2- (Scheme 12a) and [53]- - [56]2- (Scheme 12b) previously obtained were 

performed, using potassium etoxide as nucleophilic agent at reflux. The nucleophilic 

attack takes place at the boron atoms directly bounded to both carbon atoms, the B(3) 

or its equivalent, B(6), since they both present electronic deficiency. With this reaction 

a boron vertex (B+) is formally eliminated. The species obtained after refluxing the 

reaction mixture for 5 hours are dianionic ([49]2- - [51]2- and [57]2- - [59]2-) and trianionic 

([52]3- and [60]3-).  
 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3. Synthesis of polyanionic multicluster cobaltabis(dicarbollide) sandwich-type 

complexes 
 

As previously explained in the Introduction part, the nido species [7,8-C2B9H12]
- 

possess a bridged H over the C2B3 open face of the dicarbollide unit. This bridged 

hydrogen is acidic enough as to be extracted by a strong base, such as n-buthyllithium, 

potassium tert-butoxide or sodium hydride, to give the dicarbollide species of [7,8-nido-

C2B9H11]
2-. The absence of this bridged hydrogen determines an open pentagonal C2B3 

face, favouring 5-coordination to a metal. Ligands [49]2- - [52]3- contain one nido cluster 

within their molecule and therefore can form complexes with 5 metals. In this way, 

once the nido species are formed, 2 potassium tert-butoxide equivalents are added to 

extract both the bridged hydrogen and the proton from the trimethylammonium cation, 

yielding the corresponding dicarbollide ligands as showed in Scheme 13. The following 

Scheme 12. Partial deboronation to the corresponding nido species



step is the reaction of the dicarbollide unit with anhydrous CoCl2, yielding Co(III) 

sandwich-like coordination complex [61]3- - [63]3- and [64]5-,, where the metal 

coordinates two ligand units due to disproportionation of the Co(II) to Co(0) and Co(III). 

From this reaction, the lithium salts of the corresponding metallacarboranes were 

obtained; therefore, a metathesis reaction with [NMe4]Cl in aqueous medium is 

performed, resulting in the complexes precipitation as orange solids, with yields higher 

than 65%.   

These organometallic sandwich-type complexes, due to their elevated boron-content 

and the fact that they are polyanionic compounds, and therefore water soluble, are 

promising candidates as drugs in BNCT, especially of tumor cells. 
 

2.3.4. Synthesis of polyanionic multicluster heterometal(III)-based sandwich-type 

complexes  
 

Following the same synthetic procedure previously described in Subchapter 2.3.3, we 

obtained coordination complexes containing both Co and Fe within their molecule, as 

shown in Scheme 14. The procedure is similar to the one described for the synthesis of 

homo cobalt-centred coordination complexes. In the first step, the hydrogen bridge of 

the nido species is extracted with a strong base, potassium tert-butoxide, followed by 

the addition of this reaction mixture over anhydrous CoCl2 or FeCl2 in DME. After 

reflux, the complex is extracted with ether and purified by thin layer chromatography. 

Scheme 13. Syntheses of cobaltabis(dicarbollide) sandwich-type complexes 



By complexation with anhydrous CoCl2 or FeCl2, the corresponding coordination 

complexes, showing both cobalt and iron within their molecule were synthesized. The 

only difference with respect to the previous homo cobalt-centred complexes, is that 

after refluxing the reaction mixture over several days (from 1 to 3, depending on the 

bulkiness of the substituents), the mixture was left under air, so that the Fe(II) species 

formed to be oxidized to the desired Fe(III)-centred complexes. 

 

 

 

 

 

 

 

Scheme 14. Global representation of the synthetic procedure for the obtaining of heterometal 
coordination complexes: a) Co(III) centred and b) Fe(III) centred 
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Co

Co

2.3.5. Characterization of closo derivatives 
 

The FTIR analysis of the mono- and dianionic closo species presented above confirms 

their synthesis. The broad absorption band at about 2560 cm-1 supports the existence 

of B-H, while also sustaining a closo structure for our compounds. 

Compound ʋ (Cc-H) ʋ (C-H)alkyl ʋ (B-H) ʋ (δ(CH2) ʋ (C-O-C) 

[45]- 3057 2955, 2920, 2871 2556, 2539 1481 1131, 1096 

[46]- 3041 2934, 2880 2569 1448, 1531 1251, 1214, 1157,1088 

[47]- 3043 2929, 2873, 2838 2564 1447 1244, 1155, 1096 

[48]2- 3058 2932, 2882, 2833 2566 1471, 1452 1158, 1081 

[53]- 3036 2957, 2922, 2872 2545 1448, 1367 1124, 1090 

[54]- 3054  2975, 2921, 2873 2562 1463, 1369, 1322 1116 

[55]- 3045 2953, 2920, 2872 2552 1417, 1363 1151, 1087 

[56]2- 3036  2957, 2925, 2866 2552 1483, 1417 1158, 1128, 1092 

Table 4. FTIR spectroscopy for compounds [11]-- [48]2- and [53]-- [56]2- 

Another method used for 

the characterization of 

these newly synthesized 

high boron content anionic 

compounds was matrix-

assisted laser 

desorption/ionization 

(MALDI)201 spectrometry. 

The MALDI-TOF-MS (TOF 

= time of flight) spectrum 

of compound [48]2- is 

taken as a representative 

example of the divalent 

closo family of ions, with the properly isotopic distribution showing a peak at 970.80, 

which corresponds to [M + Li+]- and the fragmentation peaks at 553.55 and 323.24, 

respectively (Figure 25). As shown in this figure, the experimental isotopic pattern was 

in good agreement with the calculated isotopic plot (Molecular Weight Calculator for 

Windows 9x/NT/00/ ME/XP, version 6.83). In agreement with MALDI-TOF-MS spectra, 

the polyanionic species [48]2- appears as a monovalent compound, by adding a lithium 

cation, coordinated by the oxygen atoms present in the molecule. 



Figure 26 shows the 

MALDI-TOF-MS spectrum 

of compound [54]- in which 

one can clearly see the 

signals of the starting 

material 7 but the peak 

dominating the spectrum is 

the one belonging to the 

sought monoanionic 

compound. 

To prove the presence of 

the lithium cation within our 

molecules, 7Li-NMR 

spectrum was performed on both monoanionic compounds [46]- and [47]- and dianionic 

compound, [48]2-. Since these species are not water soluble, the standard reference for 
7Li-NMR, namely 1M LiCl aqueos 

solution, could not be used. A 1M LiCl 

in DME (Figure 27 black) was prepared 

and used as reference for this type of 

analysis, the other compounds being 

prepared using the same solvent.  

Another reason for running 7Li-NMR 

was to determine if the presence of 

different surroundings of the lithium 

cation would end in inducing different 

chemical shifts (results illustrated in 

Figure 27). 

As it has previously been reported by our group, anionic clusters containing electron-

rich exo-cluster substituents (S or P) dissipate electron density into the electron-rich 

element.33,202 This element becomes a strong Lewis base and a very good coordinating 

ligand.33,34,203 Most probably the oxygen atom in the B(8)-O bond in compounds [46]- - 

[48]2- can play the same role as S and P atoms, dissipating the negative charge and 

becoming a strong Lewis base. Thus, the anionic species can coordinate to a Lewis 

acid (Li+) through the oxygen atom at the B(8) position. The anionic charge of the 

metallacarborane cluster dissipates through the oxygen atom bonded to B(8); 

moreover, the existence of a second oxygen atom deeply favors the interaction with a 

lithium cation, forming an O·····Li·····O interaction (Figure 28).  

Figure 26. MALDI-TOF-MS of compound [54]-
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This is perfectly supported by the 7Li-NMR spectra shown in Figure 27, in which the Li 

cation coordinated to compounds [46]- - [48]2- appears, as expected at higher field 

values with respect to the reference. These data are corroborated by the previously 

presented MALDI-TOF-MS in Figure 25, clearly indicating the presence of coordinated 

lithium to oxygen in the case of compound [48]2- that produces a global monovalent 

species. 

Figure 29 displays the 1H{11B}-NMR spectra of the starting neutral compound 6 and 

anionic compound [46]-. As presented in this figure, in the case of the starting 

compound, 6, the Cc-H of each dicarbollide unit appear as two separated peaks, at 4.4 

and 4.03 ppm while in the case of compound [46]-, the Cc-H appears as a singlet.  

The same effect is observed in the case of the OCH2- groups from the polyetheric 

chain: the ones from 

6 are present at lower 

field values (4.7 and 

4.06 ppm) than the 

ones corresponding 

to the anionic species 

[46]- (3.61, 3.52, 3.48 

and 2.58 ppm). 

Another observation 

is that the OCH2- 

groups from 6 appear 

as two triplets, each 

integrating 4, due to 

the symmetry in the 1,4-dioxane ring.  

Furthermore, the signals of the BOCH2-, -CH2OCH2-, and -CH2-carborane units of the 

interconnecting 1,4-dioxane chain appear within the range �  2.89-1.45 ppm. 

Figure 29. 1H{11B}-NMR spectra of starting material 6 (orange) and  
compound [46]- (black)

Figure 28. Interactions between the lithium ions and the oxygen atoms from the polyglycol chains 
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1H-NMR spectrum of compound [55]- (Figure 30) shows that the H signals are altered 

by the paramagnetic character of Fe, since the CH2- groups appear in the range 0 - -12 

ppm. 

 

 

 

 

 

 

 

 

Regarding the 11B{1H}-NMR, we observed204 that the spectrum of the monosubstituted 

derivatives of [3,3’-Co(1,2-C2B9H11)2]
- is the result of plain addition of the spectra of the 

two individual halves. In a similar manner, Figure 31 shows how the 11B{1H}-NMR 

spectrum of [46]- can be analyzed as two fragments. The spectrum of fragment I is 

approximated by that of the anion and the one of fragment II by the spectrum of 1-CH3-

1,2-closo-C2B10H11 or more precisely by the one of the model compound 1-CH3-2-

CH3OCH2CH2-1,2-closo-C2B10H10, that was synthesized for this purpose only.  

In order to understand the spectrum and assign the peaks corresponding to each 

fragment, we have used the DM2008 program.205 The latter has been used almost 

exclusively for modelling solid-state NMR spectra of noncluster compounds. We used 

this program for the first time on the computational disarticulation of the 11B{1H}-NMR 

spectra in solution to analyze the multicluster compounds isolated. 

 

 

 

 

These species contain either 28 or 46 boron atoms of different degrees of symmetry. 

Table 5 and Figure 32a exemplify the disarticulation of the 11B-NMR spectrum of the 

methylated anion [46]-, for which it is possible to find 14 different Gaussian-type curves 

fitting experimental spectra. Figure 32b represents the typical 1:1:1:1:2:2:(2+2):2:2:1:1 
11B{1H}-NMR spectrum of a fragment I [3,3’-Co(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-

C2B9H11)]
- anion with a Cs symmetry (12 different signals, two overlapped). This leaves 

Figure 31. Fragmentation for compound [46]-Figure 30. 1H-NMR of compound [55]-



Me

O

only two signals corresponding to fragment II (heterosubstituted methyl-carborane), 

although there should be others overlapped with the peaks of fragment I. To get the 

spectrum of fragment II, it is possible to subtract the already known spectrum of 

fragment I from the full experimental spectrum of [46]-. The result is shown in Figure 

32c, where five signals can be seen. Moreover, it is possible to get the pattern of this 

fragment II by subtracting the integrals of fragment I from the full spectrum. As it is 

shown in Table 5, it is possible to get a pattern 1:1:2:2:4 for fragment II. 
 

 

  

 

 

 

 

 

 

 

 

 

 
 

To compare this theoretical spectrum, we have also synthesized 1-CH3-2-

CH3OCH2CH2-1,2-closo-C2B10H10 (Figure 32d), which is very similar to fragment II. 

 

 

 

 

 

 

 

 

 

 

 

Gaussian no. δ (ppm) % integral Overall integration Fragm I Fragm II 

1 24.95 4.19 1 1  

2 6.04 3.37 1 1  

3 2.67 3.28 1 1  

4 -0.16 3.61 1 1  

5 -2.11 10.68 3 2 1 

6 -3.77 2.80 1  1 

7 -5.11 6.47 2 2  

8 -6.1 19.15 6 4 2 

9 -7.49 13.87 2  2 

10 -8.31 13.96 4  4 

11 -15.01 6.48 2 2  

12 -18.12 6.96 2 2  

13 -19.73 2.29 1 1  

14 -26.05 2.26 1 1  

trum of [46]- (each Gaussian-type 
ectrum of [3,3’-Co(8-(OCH2CH2)2-
rum of fragment II; 
H2CH2-1,2-closo-C2B10H10

[A] 

Table 5. Summary of disarticulation of the 11BNMR signals for compound [46]- together with peak 
assignments



As seen in Figure 32c, the theoretical spectrum of 1-CH3-2-CH3OCH2CH2-1,2-closo-

C2B10H10 is in excellent agreement with  its experimental data with 1:1:2:2:4 

resonances at -4.28, -5.82, -9.25, -9.90 and -10.54 (see Figure 32d). 

About the paramagnetic Fe(III) species, from the superposition of the 11B{1H}-NMR 

spectra of the starting o-carborane 1 and the closo Fe(III) compound [56]2- one can 

point exactly the signals corresponding to the paramagnetic iron-based moiety and the 

fragment of the molecule represented by o-carborane, which appears between 5 and  

-20 ppm, as shown in Figure 33.  
 

Bferrabis(dicarbollide) Bferrabis(dicarbollide)

Bcarborane

Fe

O

O

Fe

O

O

[NMe4]2

[56]2-

Figure 33. Comparison between compounds 1 (blue) and [56]2- (black)
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2.3.6. Characterization of the nido derivatives 
 

FTIR spectroscopy performed on compounds [57]2- - [59]2- and [60]3- confirms the 

deboronation of the closo species since some B-H absorption values appear at values 

lower than 2550 cm-1. The appearance of the B-H bond vibration to lower frequencies 

than their corresponding closo clusters, namely between 2500 and 2550 cm-1,206 is a 

characteristic of the nido carboranes (Table 6). 

Compound ʋ (Cc-H) ʋ (C-H)alkyl ʋ (B-H) ʋ (δ(CH2) ʋ (C-O-C) 

[57]2- 3044 2966, 2927, 2868 2542 1480, 1454 1158, 1115 

[58]2- 3038 2963, 2927, 2869 2536 1480, 1453 1167, 1115, 1091 

[59]2- 3032 2954, 2928, 2882 2526 1444, 1383 1090, 1067 

Table 6. FTIR spectroscopy of nido iron-based compounds 
 

The MALDI-TOF-MS spectrum of compound [50]2-, taken as a representative example 

of the divalent nido family of ions, displays a signal group centred at m/z 556.57 

corresponding to the molecular peak [M + H+]- and peaks at 408.38 and 146.06, similar 

with fragments I and III, respectively (Figure 34). 
 

 

 

 

 
 

Figure 34. a) The MALDI-TOF-MS spectrometry of compound [NMe4]2[50]; b) fragmentation of the 

dianionic methyl derivative [50]2-. 
 

1H-NMR performed on the cobalt-containing nido compounds, confirms their synthesis 

due to the presence of the bridged hydrogen which remains at the open [C2B9]
- 

pentagonal face; the peak corresponding to this acidic hydrogen appears at quite 

higher field values as compared to the other B-H bonds, namely at about -2.2 ppm 

(Figure 35). 

Co



 

 

 

 

 

 

      

Regarding 1H-NMR of the iron-based species, we attribute the peak present at 

approximately -45 ppm to the bridged hydrogen remaining after the nucleophilic attack 

on either B(3) or B(6) bonded to both carbon atoms of the o-carborane cage, as 

depicted in Figure 36. We assume this shift to high field values is due to the influence 

of the paramagnetic iron-based moiety as well as to the fact that once the o-carborane 

cluster has been deboronated, 

the negative charge is no longer 

delocalized over the entire cage, 

but localized on the C2B3 

pentagonal face. This is also the 

reason for the acidic character of 

the bridged hydrogen that can 

now be easily extracted by strong 

bases, such as potassium tert-

butoxide. 

With respect to 11B{1H}-NMR 

characterization, considerations 

similar to the ones involved in 

analyzing the closo clusters were used for interpreting the spectra of the corresponding 

nido-[C2B9]
- counterparts. The typical differences between the spectra of closo 

compounds and their eleven-vertex nido counterparts are exemplified for the 

methylated species [46]- and [50]2- in Figure 37.  

 

C-Haromatic

C-Haromatic

Cc-H

Cc-H

B-H-B

8.0 6.5 5.0 3.5 2.0 0.5 -1.0 -2.5

1H{11B}- NMR

Figure 35. 1H{11B}-NMR comparison between closo [47]- and nido [51]2- 

Figure 36. 1H-NMR of [57]2- (green) with respect 
to its closo derivative, [53]- (black) 
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The NMR analysis used for the characterization of all of the above presented 

compounds gives valuable information regarding the differences between the closo and 

the nido species. As presented in Figure 37, additional peaks for the nido compounds 

with respect to the corresponding closo species appear in the experimental 11B{1H}-

NMR spectra in the range �  -34/-36 ppm, which clearly confirms the deboronation of 

the neutral closo [C2B10] cluster to the anionic nido [C2B9]
- one. As shown in Figure 

32b, the methylated nido 

dianion [50]2- could be 

considered as the sum of 

fragment I and fragment 

III. 

Figure 38a presents the 

schematic representation 

of the 11B{1H}-NMR 

spectrum of the 

methylated nido dianion 

[50]2- consists of 12 

resonances from 

fragment I plus 9 

resonances of fragment 

III. Its experimental 
11B{1H}-NMR spectrum (Figure 38b) confirms it. The only difference with respect to the 

corresponding closo species is the appearance of the two extra peaks, at ≈ -34 ppm 

Figure 37. Comparison between 11B{1H}-NMR spectra of the closo compound [46]- and its 
corresponding nido species [50]2-. 



and ≈ -36 ppm respectively. These peaks come from the nido carborane (fragment III), 

as depicted in Figure 36a. 

Regarding 11B-NMR, the chemical shift of the boron atoms from the iron-based 

fragment is not affected by the deboronation reaction; this only influences the shifts of 

the borons from the 

carboranes cage, namely the 

appearance of the two peaks 

confirming the obtaining of the 

corresponding nido species, 

the signals from -32 and -36 

ppm as presented in Figure 

39. Once more, the presence 

of the negative charge over 

the open cluster face induces 

a quite remarkable effect on 

the boron magnetic resonance 

spectrum, by provoking an 

important shift to high field values.  
 

It should be concluded that the reactions shown in Schemes 11 and 12 lead to mono-, 

di-, and trianionic compounds containing both metal cobaltabisdicarbollide and 

carborane structural motifs within the same molecule. The presence of carborane 

subclusters may add new properties to boron clusters and, in fact, give rise to new 

species which can be used potentially in various fields of chemistry, biology, and 

medicine. Moreover, the deboronation of the closo-carborane moieties allowed the 

obtaining of a novel type of high boron content (almost 50%) polyanionic 

macromolecules. Likewise, the fact that these compounds are polyanionic makes them 

more soluble in water, which therefore increases their potential for biological uses. 

Furthermore, the carborane subunits can be easily modified by attaching variable 

substituents onto the carbon and boron vertex, making out of these structurally flexible 

compounds potential candidates for BNCT81,151,207 of cancer and HIV-protease 

inhibition.  

 

 

 

Figure 39. Zoom on the middle part of 11B{1H}-NMR spectrum 
of compound [59]2- (black) overlapped with 

 [7-Ph-7,8-nido-C2B9H10]
- [10]-  (blue) 
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2.3.7. Characterization of polyanionic multicluster cobaltabis(dicarbollide) 

sandwich-type complexes 

From the FTIR 

spectroscopy in Figure 

40, one can clearly see 

the B-H absorption band 

at 2556 and 2545 cm-1 

which dominates the 

spectrum as well as the 

band corresponding to 

the Cc-H absorption 

value. The 2556 cm-1 

value of the B-H band 

comes from its actual 

closo structure, whereas the 2545 cm-1 value refers to the two dicarbollide units 

coordinated by Co(III). The bands at 1192-1077 cm-1 indicate the presence of C-O-C 

bonds within the complex. 

MALDI-TOF-MS spectrometry, even if it does not show the peak corresponding to the 

total trianionic molecular peak, it does indicate the presence of the di- and monoanionic 

species of compound [63]3- as depicted in Figure 41. As already described in previous 

subchapters, we have encountered that the polyanionic species appear as monovalent 

compounds, by adding either lithium, potassium or hydrogen cations among others. In 

this case, the monovalent form coordinated a sodium cation as it appears in the 

MALDI-TOF-MS spectrum. 

Figure 40. FTIR spectroscopy of complex [62]3- 

Figure 41. MALDI-TOF spectrometry of compound [63]3- 



B(8)

B(8)

B(6,6’)

The 1H{11B}-NMR spectra (Figure 42) bring the confirmation of the complexation 

reaction, since the bridge 

hydrogen peak from -2.6 

ppm disappears as it is 

eliminated by the 

K[tBuO] during the 

reaction, indicating the 

formation of a formal 

“closo” complex [64]5-. 

From Figure 43 one can 

observe the 

disappearance of the 

boron signals left at the 

open pentagonal face for 

[50]2- (namely the ones 

at -34 and -36 ppm) with 

the formation of the cobalt-based coordination complex, since formal bounds can be 

imagined between the 2 “nido” units and cobalt yielding in fact a closo form).  

         

 
 
 
 
 
 
 
 
 
 
 

  

 

 

 

 

Figure 43. 11B{1H}-NMR of compounds [50]2- (green) and [62]3- (purple) 

Besides FTIR, MALDI-TOF-MS and NMR analysis, another method that brings 

additional information with respect to the synthesis of our complexes is UV-Vis 

spectroscopy. In order to confirm our theory with respect to the synthesis of the 

Cc-H

Cc-H

OCH2

OCH2

B-H-B



complexes, some UV/Vis studies on cobaltabis(dicarbollide) anion were performed. 

Previously, Hawthorne and co-workers208 have reported that the UV/Vis spectrum of 

[3,3’-Co(1,2-C2B9H11)2]
-  in methanol consists of four absorptions peaks at 216, 293, 

345 and 445 nm, which is essentially in agreement with the one subsequently reported 

in 1982 by Matel and co-workers20c showing one main absorption band at λmax = 287 

nm (ε= 30000 Lcm-1mol-1). Based on these previous researches22b,209 we have recorded 

the UV/Vis spectrum of four compounds (two chosen as references for the others two) 

using the same solvent for all measurements, namely ethanol.  

The aim of our study was to demonstrate that the cobaltabis(dicarbollide) unit is the 

chromophoric group of the complex and to see if there is any correlation between the 

values of the absorbance and the number of cobaltabis(dicarbollide) units present in 

the molecule. The spectra showed 3 peaks,  two of them not well defined, but one can 

observe that the peak from 314 nm is present in all 3 compounds (reference with an 

open dioxane ring and two complexes) and in accordance with the Lambert Beer law 

(respects a linear dependence between absorbance and concentration). Therefore, 

relevant comparisons can be made.  

Two compounds, one with a closed-dioxane ring (6) and the other with an open-

dioxane ring ([33]-) were chosen as reference. For these compounds the calibration 

curves were plotted in ethanol (Figure 44). 

 

 

    

 

 

 

 

 
 

Figure 44. Calibration curves for reference compounds 6 and [33]- 

 

The following step was to measure the absorbance of compounds [63]3- and [64]5- 

exhibiting the same open-ring sandwich type structure as compound [33]-, at a certain 

concentration. As indicated in Figure 45a, in the case of [3,3’-Co(8-(OCH2CH2)2-(1,2-

C2B9H10)(1’,2’-C2B9H11)], 6, which is a zwitterion (neutral molecule) our theory is valid, 

since the value of the absorbance is 3 times and 5 times respectively, higher than the 
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one of the reference compound; however, the maximum of absorbance appears at 

slightly different wavelength, 287 nm for 2 and 314 nm for [63]3- and [64]5-. This can be 

explained based on the fact that the reference compound exhibits a closed dioxane 

ring whereas compounds [63]3- and [64]5- are anions with open-ring systems. As shown 

in Figure 45b, the 3 compounds, the reference (compound [33]-) and the analytes 

(compounds [63]3- and [64]5-), present open-dioxane rings and therefore, the maximum 

of absorbance appears at the same wavelength (314 nm). Another observation is that 

the nature of the nucleophile present in the molecule (Ph-o-carborane for [63]3- and o-

carborane for [64]5-) does not influence the wavelength at which the absorbance has 

the maximum value.  

Figure 45. a) Comparative study on UV spectra for compounds 6, [63]3- and [64]5- (10�M) and b) for 

compounds [33]-, [63]3- and [64]5- (10�M) 

Having the straight-line equation and knowing the absorbance’s (314 nm), the 

concentrations were computed. It was observed that even if the concentrations of the 

references and of compounds [63]3- and [64]5- were the same, the value of the 

absorbance was 3 times higher for [63]3- (containing 3 cobaltabis(dicarbollide) units in 

its structure) and 5 times for [64]5- (exhibiting 5 cobaltabis(dicarbollide) units) (Table 7).  

 

Table 7. Analysis data recorded by UV-Vis spectroscopy 

In conclusion this method can be successfully used to quantify the number of 

cobaltabis(dicarbollide) units within the macromolecule since we have proved that there 

is a direct dependence between the number of cobaltabis(dicarbollide) units and the 

absorbance’s intensity.  

Comp. 

no. 

Reference 

conc. (��M) 

Calibration curves 

equation 
(linear fit) 

R 
Complex [63]3- 

conc. (µM) 

Complex [64]5- 

conc. (µM) 

6 10.00 y = 0.033 + 0.171·x 0.9987 28.50 44.40 

 [33]- 10.00 y = 0.009 + 0.166·x 0.9971 30.70 47.20 



2.3.8. Characterization of the heterocomplexes centred in cobalt 
 

In this subchapter we took the iron-based nido compounds [57]2- - [60]3- and complex 

them with anhydrous CoCl2. We were quite astonished to find that the 11B-NMR of the 

final molecule actually looked like ferrabis(dicarbollide) spectrum, with only two peaks 

at extremely high field values and only one signal downfield, at about +110 ppm. No B-

H-B signal is present either in the 1H-NMR as it was the case with the corresponding 

nido species, so we can safely conclude that the complexation reaction was successful 

(Figure 46). 

 

Figure 46. a) 1H-NMR and b) 11B-NMR spectra of complex [67]5-

The Co(III)-based complexes obtained in this section, even if they are polyanionic as 

their nido species, do not have such significant shifts as the nido clusters do, because 

of the high delocalization of the negative charges over the entire molecule. This 

information can be validated if we look at the medium values of the 11B-NMR spectra of 

the nido compounds [59]2- and [60]3- which are around -280 ppm and the one of the 

corresponding sandwich-type complexes [66]3- 

and [67]5- at approximately -264 ppm. 

In addition, we also observe two symmetry 

planes: one found parallel to the C2B3 faces, 

making the two central dicarbollide units and the 

up and down branches equivalent, and another 

symmetry plan perpendicular to this one, going 

horizontally through the central Co(III) atom and 

bisecting the Cc-Cc bonds (Figure 47), making the 

above and below branches equivalent.  
 

 

 

 

a) b) 
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2.3.9. Characterization of the polyanionic multicluster heterocomplexes centred in 

iron 
 

To our surprise, the resulted complex did not exhibit paramagnetic properties, but a 

regular, diamagnetic character as the one presented by the cobalt-based species. This 

was revealed by NMR, since the signals appeared in a normal +25 to -30 ppm range 

and not at extreme both high and low fields as it happens with the family of 

paramagnetic compounds.  

Table 8 shows the complexation reaction with FeCl2 since the B-H absorption band 

which in the case of the nido derivatives appeared around 2540 cm-1 shifts to higher 

frequencies once the complex was synthesized, namely to about 2566 cm-1, an 

indicative of the formation of a “closo” compound.  

Compound ʋ (Cc-H) ʋ (C-H)alkyl ʋ (B-H) ʋ (δ(CH2) ʋ (C-O-C) 

[50]2- 3032 2923, 2865 2543 1481 1241, 1159, 1102 

[51]2- 3035, 2921, 2865 2533 1482, 1446 1247, 1168, 1099 

[52]3- 3036 2922, 2865 2533 1481, 1420 1249, 1163, 1098 

[68]3- 3043 2954, 2926, 2856 2566 1463, 1374 1197, 1164, 1098 

[69]3- 3047 2958, 2930, 2872 2562 1447, 1417, 1367 1232, 1164, 1097 

[70]5- - 2973, 2902 2559, 2538 1479, 1453, 1408, 1369 1231, 1163, 1077 

In addition to the FTIR data, 1H{11B}-NMR gives us clear information about the fact that 

the complexation reaction did take place, therefore confirming the extraction of the 

bridged hydrogen followed by the complexation with iron (III) (Figure 48).  

 

 

 

 

 

 

 

 

Table 8. Comparative FTIR spectroscopies for nido species and their corresponding iron-centreed 
complexes

Figure 48. 1H{11B}-NMR comparison between the nido species [51]2- (green) and its iron-centred 
complex [69]3- (purple)



Moreover, the 1H{11B}-NMR 

comparison between the nido 

species [52]3- and the corresponding 

iron-centred complex [70]5- indicates 

the synthesis of the sought 

compounds, since the boron signals 

which are characteristic for the nido 

clusters are no longer present once 

the formation of the complex. In 

addition, the 11B{1H}-NMR spectrum 

shows that the peaks continue in a 

+25 to -30 ppm range and there was 

no need for extensive spectral range 

as thought before hand, given the fact that the central metal atom is iron, and therefore 

should, in agreement with our previous experience, exhibit paramagnetic properties 

(Figure 49). The fact that the iron-centred species was a diamagnetic compound was a 

surprising finding. A reasonable explanation can be that the four polyglycol chains 

ended in four cobaltabis(dicarbollide) units prevents the Fe(II) to oxidize to Fe(III) as it 

happends with the plain pristine unit [3,3’-Fe(1,2-C2B9H11)2]
-.  

Based on the results obtained by using UV-visible analysis in order to establish the 

number of cobaltabis(dicarbollide) units present in the molecule, we thought of applying 

the same method for species containing both types of metallacarborane. Still, in this 

case where we have two different metals present, the adsorption bands overlapped 

and it was impossible to assign which absorption was from cobaltabis(dicarbollide) and 

which belonged to the ferrabis(dicarbollide) units. We should perform deconvolutions in 

order to exactly know how many cobaltabis(dicarbollide) and ferrabis(dicarbollide) units 

we have, and therefore, this method is not very reliable.  

However, other techniques proved to be very useful in previous analysis, namely Cyclic 

Voltammetry (CV) and Square Wave Voltammetry (SWV). These resulted to be the 

only accurate techniques for the determination of different types of metallacarboranes 

present within the same molecule, since between cobaltabis(dicarbollide) and 

ferrabis(dicarbollide) derivatives there is a difference of about 1 volt, when taking into 

account the E1/2 of M3+/M2+. What is more, we can quantify the ratio between these two 

different metals, as presented in the CV and SWV images shown in Figure 48. This is 

due to the fact that the intensity of each peak is directly proportional to the 

concentration of the electroactive species (considering the number of electrons, area, 

diffusion factor and scan rate, constant for all the measurements). The working 

Figure 49. 11B{1H}-NMR comparison between the nido 
species [52]3- (green) and its iron-centred complex 

[70]5- (purple) 



conditions were glassy carbon electrode as working electrode, as reference electrode a 

Ag wire (always referenced to the couple Fc+/Fc in order to compare the obtained 

values with the previous ones, Chapter 2.2) and platinum wire as auxiliary electrode, 

using a [NBu4]PF6 0.1 M acetonitrile solution. 

As indicated by the SWV in Figure 50b, we can exactly determine the ratio between Co 

and Fe atoms, simply by looking at the current density. Let us take as example 

compound [65]3- having one cobalt and two iron atoms within its molecule, fact 

supported by its SWV (Figure 50b green). This measurement clearly depicts the 

potential related to the Co atom at about 10 mA·cm-2, and the peak intensity of the iron 

atoms, which exactly doubles the one of the cobalt. Furthermore, the SWV of [67]5- 

(red) complex, also indicates in an accurate manner that the value of potential 

corresponding to the cobalt atom is around 10 mA·cm-2, whereas the intensity for the 

iron atoms is exactly four times greater, namely 40 mA·cm-2, in perfect agreement with 

the 1Co:4Fe content within its molecule. 

In order to determine the exact number and nature of metallacarborane units present in 

a molecule, we should make a calibration curve (different concentrations of a very well 

known compound containing just one metallacarborane unit) and use it as reference to 

be able to get the precise concentration and therefore, the precise number of units 

within an unknown sample.  

However, since this has only been a preliminary study, follow-up studies have to be run 

in order to acquire the data necessary for an accurate interpretation of the CV analysis.  

Regarding the Figure 50, the data for the cobalt-containing species [61]3- are in 

agreement with the potential values obtained for compound [33]- and basically with all 

the cobaltabis(dicarbollide) potential values present in the literature.210 A surprising 

finding was the potential values of compounds [65]3- and [67]5- as refered to species 

[61]3- showing only cobaltabis(dicarbollide) units within its molecule (0.8 volt shift 

respectively, to the anodic direction). Although we have not yet elaboratated a concrete 

theory, we consider it to be due to the presence of the surrounding paramagnetic 

species (ferrabis(dicarbollide)). The CV data are gathered in Table 9 below. 

 

 

 

Compound E1/2 (Co3+/Co2+) (V) E1/2 (Fe3+/Fe2+) (V) Metal 

[61]3- -1.712 - 3 Co 

[65]3- -1.029 -0.611 1 Co : 2 Fe 

[67]5- -1.066 -0.641 1 Co : 4 Fe 



 

 

 

 

 

 

 
 

To sum up, all the polyanionic species presented so far have showed increased water-

solubility, detail that makes them attractive as potential candidates for BNCT tumor 

treatment. Moreover, the different metal-centres described up to this point (Co, Fe) 

might bring about new dimension to the subject of new boron carriers for BNCT. 

Figure 50. a) Cyclic and b) Squarewave voltammetry of compounds 
 [61]3- (blue), [65]3- (green) and [67]5- (red) 

Ferrocene 10-3 M / TBAPF6 0.1M 
Solvent: CH3CN (V=1mL) 
WE: Glassy Carbon (D=3mm) 
RE: Ag wire 
CE: Pt wire rscan=100 mV/s
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2.4. Ring-opening reactions of 1,4-dioxane derivative of cobaltabis(dicarbollide) 

with biomolecules 

The cobaltabis(dicarbollide) anion, [3,3’-Co(1,2-C2B9H11)2]
-, is among the boron 

moieties proposed for use in medicinal chemistry relatively recently.44b,48,211 The sodium 

salt of this metallacarborane cluster demonstrates good solubility in water; however, 

the anion itself is rather lipophilic and that could have some advantages in medical 

applications. As it has been explained in previous sections, the problem related to the 

synthesis of monosubstituted functional derivatives of cobaltabis(dicarbollide) was 

solved when nucleophilic opening of 1,4-dioxane oxonium derivative was 

reported.23a,187a This neutral oxonium derivative of cobaltabis(dicarbollide) has received 

increased interest in these last years due to its ability to be easily attached to various 

substrates, including biomolecules such as porphyrines67g,h,212 or nucleosides,28,68,213 

via a nucleophilic attack on the positively charged oxygen atom (see Introduction). In 

this part of the thesis we were concerned with the use of biomolecules as vectors for 

the transport of boron-enriched compounds to the specific site (cancerous cells). The 

following step woulb be the irradiation with slow neutrons-BNCT (as described in the 

Applications part of the Introduction), leading to the death of the tumor cells.  
 

2.4.1. Syntheses of 1,4-dioxane derivative of cobaltabis(dicarbollide) with 

biomolecules 
 

In this chapter, Co(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-C2B9H11)] is cleaved by employing 

biomolecules derivatives. The starting biomolecules are aminoacids and vitamins such 

as sodium salicylic acid, nicotinamide, nicotinic acid, pyrazinamide, arginine, �-alanine, 

leucine, hystidine and tryptophan.  

The first step for this dioxane ring-opening reaction was the nucleophilic synthesis. The 

nucleophilic species of the respective biomolecules were obtained by an acid/base 

reaction. The acidic hydrogen of an OH or NH2 group was removed by using n-BuLi as 

base. Once the lithiation process is completed, an anhydrous THF solution of 6 is 

added. The mixture was left under reflux for four hours of reflux, followed by extraction 

with dilute HCl and then purification by separation on TLC plates (Scheme 15). 

All the obtained cobaltabis(dicarbollide) complexes containing biomolecules have more 

boron atoms per molecule that either the carboranes or the closo-dodecaborate anion, 

making them more attractive from the BNCT point of view. Moreover, the presence of 

the biomolecules as well as the fact that they show increase water-solubility, convert 

these macromolecules into more biocompatible compounds.  



 

2.4.2. Characterization of 1,4-dioxane derivative of cobaltabis(dicarbollide) with 

biomolecules 
 

The final compounds were characterized using FTIR, MALDI-TOF-MS and 1H, 11B and 
13C-NMR techniques, confirming the synthesis of the desired species, with very good 

yields. 

The fundamental vibrations of the attached to different substrates are depicted in Table 

10. 
 

Compound ʋ (Cc-H) ʋ (C-H)alkyl ʋ (B-H) ʋ (C-O-C) 

 
3085, 

3052 

2954,  

2927,  

2870 
2561 

1292,  

1256,  

1172,  

1100 

 

3043 

2954,  

2930,  

2873 

2565 

1287,  

1250,  

1120,  

1098 

Scheme 15. Synthesis of novel monoanions containing biomolecules



 

 

Compound ʋ (Cc-H) ʋ (C-H)alkyl ʋ (B-H) ʋ (C-O-C) 

 

3042 

2942,  

2930,  

2873 

2565 

1285,  

1250,  

1121,  

1098 

 

3042 
2924,  

2873 
2563 

1231,  

1156,  

1123,  

1099 

 

3043 
2927,  

2873 
2564 

1234,  

1120,  

1098 

 

3042 

2953,  

2925,  

2872 

2563 

1232,  

1122,  

1098 

 

3043 

2952,  

2927,  

2872 

2564 

1248,  

1122,  

1099 

 

 3043 
2928,  

2871 
2562 

1250,  

1162,  

1118,  

1098 

 

3044 
2926,  

2870 
2562 

1164,  

1122,  

1098 

 

- 
2989,  

2901 
2564 

1250,  

1076 

 

Table 10. FTIR spectroscopies of compounds [71]- - [80]- 

 

MALDI-TOF-MS also indicates the obtaining of the desired species [78]-, since the 

experimental molecular peak, corresponding to the monoanionic species, at 533.7 m/z 

matches the theoretical one expected for this compound, namely at 532.58 m/z. The 

peak showing at 454.6 m/z belongs to the species without the pyrazine ring within its 

molecule, whereas the one at 324.3 m/z is the starting monoanion itself, as depicted in 

Figure 51. 

 



 

 

 

 

 

 

 

 

 

Figure 51. MALDI-TOF-MS spectrum of monoanionic compound [78]- 

 

Measurements of 1H-NMR spectra not only complement knowledge of the individual B-

H vertices, but also provide information on the presence of Cc-H vertices and on the 

existence of proton-bearing substituents, as OCH2 in the molecules described in this 

chapter. As indicated in the 1H-NMR spectrum presented in Figure 52 below, the 

reaction did take place since we find the characteristic aromatic signals for the phenyl 

ring, as well as the ones corresponding to the PEG chain of the species and the Cc-H 

peaks.  

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 52. 1H-NMR spectrum of compound [78]- 
 

By overlapping the coupled (black) and decoupled (red) 1H-NMR spectra, one can 

clearly see the signals belonging to B-H bonds within the molecule, as presented in 

Figure 53. The fact that the peaks corresponding to the hydrogen atoms bounded to 

C -Haromatic

OCH2

Ccluster-H

9 7 5 3 1

+ 16 (O)

2*14 + 16 + 2*14 + 15
(2*CH2 + O + 2*CH2 + NH)



 

C=O

C=O

C=O

C-OH

Caromatic

Caromatic

Caromatic OCH2

OCH2

OCH2

Cc

Cc

Cc

175 160 145 130 115 100 85 70 55

the borons are wide, is due to the coupling to boron itself, since its two isotopes have 

different spins and abundance (80% 11B = 3/2, 20% 10B = 3). 

 

 

 

 

 

 

 

 

 

 
 

From the 13C{1H}-NMR spectra represented in Figure 54 one can clearly see that there 

is practically no difference between the chemical shifts of the above, due to the fact 

that the organic moiety and the cobaltabis(dicarbollide) complex are separated by the 

polyethylene glycol chain. One slight difference is in the shift of the C=O group of 

compound [80]-, owed to the more electronegative character of the aromatic fragment, 

with respect to the ones of species [71]- and [79]-. Another difference refers to the 

number of signals corresponding to the OCH2 groups within the polyglycolic chain, 

namely the overlapping of two signals in the case of compounds [78]- and [79]- due to 

similar surroundings.  

 

 

 

 

 

 

 

 

 

Figure 53. Comparison between H NMR (black) and H{ B} NMR (red) for compound [80]

Figure 54. 13C{1H}-NMR spectra of monoanionic [3,3’-Co(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-C2B9H11)] 
bearing biomolecules [78]- (blue), [79]- (green), [80]- (red)



 

Regarding the 11B{1H}-NMR spectra (Figure 55), the fact that the resulting compounds 

are very similar since the substituents have no significant influence in the cluster, is 

translated in an unique change that is the passage from the reagent to the product; in 

the first case we have a boron atom, the B(8), bounded to an oxonium atom and in the 

final product this boron is bounded to an etheric oxygen, due to ring cleavage. This 

difference is corresponding to a slight shift in the position of the boron atoms bounded 

to B(8).  

Figure 55. 11B{1H}-NMR comparison between 6 (black) and the final compound [72]- (green) 
 

 



2.5. Cyclic oxonium derivatives of polyhedral boron hydrides 

Since polyhedral boron hydrides are commonly considered as three-dimensional 

aromatic systems,214 it is reasonable to assume that substitution reactions in these 

systems can be described in the framework of the mechanisms of electrophilic 

aromatic substitution. However, in the same time, considering the hydride character of 

the hydrogen atoms belonging to the polyhedral boron clusters another mechanism 

exist, which involves the primary attack of the electrophilic agent, resulting in the 

simultaneous elimination of hydride and electrophile to form a carbocation-like centre 

on the boron atom, which is then subjected to the attack of a nucleophilic species. This 

mechanism is called electrophile-induced nucleophilic substitution (EINS). In the 

absence of a strong nucleophilic agent, even weak nucleophiles, such as ether solvent 

molecules, can attack the positive boron atom, leading to the formation of the 

corresponding oxonium derivatives.29  
 

2.5.1. Syntheses and characterization of the starting cyclic oxonium derivative of 

polyhedral boron hydrides 82 
 

The synthesis of the first oxonium derivatives dates from 1969, when the preparation of 

two isomeric tetramethylene oxonium derivatives was reported in the reaction of the 

parent 7,8-dicarba-nido-undecaborate anion with FeCl3 in tetrahydrofuran.215 The 

selective synthesis of symmetrical oxonium derivative [10-(OCH2CH2)2-7,8-C2B9H11] 

was reported in be obtained in two ways, starting from the same parent compound, 7,8-

dicarba-nido-undecaborate, either by i) reaction with HgCl and 1,4-dioxane or by ii) 

treatment with acetaldehyde in a mixture of toluene, concentrated HCl and 1,4-

dioxane,216 as described in Scheme 16. 

We have synthesized compound 82 by applying the methodology described at point ii), 

and leaving the reaction mixture under stirring at room temperature for 4 hours. After 

this period, the solvent was evaporated to dryness followed by extraction with toluene, 

leading to the obtaining of a light-yellow precipitate with a yield of 61%.  

 

 

 

 

The reason why we did not use the procedure involving HgCl2 was because even if the 

data gathered from 11B-NMR indicated that we have synthesized what we thought to be 

the final neutral compound the sought compound, the results obtained from MALDI-

Scheme 16. Syntheses for the obtaining of zwitterionic species 82



TOF-MS analysis revealed that the species we synthesized was in fact a compound 

possessing one Hg atom within its molecule, as indicated in Figure 56 below. The 

molecular peak corresponding to the zwitterionic species should appear around 220.5 

m/z; yet, not such peak is to be found when applying procedure i). Instead, we get the 

peak confirming the existence of a Hg atom within our structure. 

 

 

 

 

 

 

 

 

 

 
 

Once we have established which methodology is to be used in order to obtain the 

desired species, the following step was the characterization of what we wanted to be 

the starting material for a range of reactions, namely compound 82.  

What is more, we have also obtained a crystalline structure of species 82, illustrated in 

Figure 57. 
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Figure 56. MALDI-TOF-MS of compound 82 synthesized using methodology i) Figure 57. Crystalline structure of species 82



For a better assignment of the peaks, we overlapped the NMR spectra of the parent 

trimethylammonium salt of 7,8-dicarba-nido-undecarborate anion with the ones of the 

resulted zwitterionic species, illustrated in Figures 58 and 59.  

The main conclusion 

that can be drawn 

from the 1H{11B}-NMR 

comparison is the 

significant chemical 

shift to lower field 

values suffered by the 

bridged hydrogen 

remaining at the open 

C2B3 pentagonal face 

regarding species 82. 

Initially, in the starting 

compound, this 

hydrogen appears at  

-2.93 ppm, but following the nucleophilic attack on the oxygen atom, it becomes more 

acidic and shifts about 8.6 ppm to lower field values, namely at +5.69 ppm. Moreover, 

this particular peak is a quadruplet with equal intensities due to the two equivalent 

neighboring boron atoms. The Cc-H bonds have more or less at the same chemical 

shift, showing at 1.69 ppm in the case of compound 8 and at 1.61 ppm for species 82, 

respectively. The other signals in the range 2.74 to 1.35 ppm belong to the B-H bonds. 

With respect to the 11B{1H}-

NMR analysis,, one can 

clearly observe the effect of 

the introduction of the 

dioxane ring within the 

molecule. First of all, the 

boron atom directly bonded 

to the 1,4-dioxane ring 

(B(10)) becomes more 

deshielded and suffers 

significant chemical shift to 

lower field values, from -

39.05 to -8.88 ppm.  

Figure 58. 1H{11B}-NMR comparison between the parent compound 8 
(black) and the neutral species 82 (red) Figure 59. 11B{1H}-NMR comparison between the parent 

compound 8 (black) and the neutral species 82 (red) 

B(1)
B(10)



Secondly, due to the same electronwithdrawing effect of the positive oxygen atom on 

the dioxane ring, the boron atom bonded to both carbons, B(3), shifts about 5 ppm to 

higher field values, from -16.90 to -21.56, fact confirmed also by the integration value. 
 

2.5.2. Syntheses of 7,8-dicarba-nido-undecaborate bearing different end groups 
 

Now that we have fully characterized our starting compound 82, we wanted to 

determine if it possesses the same chemical activity as its metallacarborane 

analogous, the zwitterionic species of cobaltabis(dicarbollide), 6.  

The fact that despite their high stability oxonium derivatives were proven to act as 

alkylating agents is especially attractive in the case of cyclic oxonium species, where 

breaking one carbon-oxygen bond would result in a moiety having a carboranes cluster 

separated from a carbocationic centre by a chain of 6 atoms. In this way, molecules 

with a reasonable length spacer between the carboranes cage and the property-

determining fragment of the molecule could be prepared. Although this type of 

synthesis seems simple enough to occur with halogens as nucleophilic agents, the only 

example of oxonium ring-opening with halide ions is the reaction of pentamethylene 

oxonium derivative of closo-dodecaborate with fluorides, whereas the similar reaction 

with chlorides results in the recovery of the starting material.217 The ring-opening 

reactions of cyclic oxonium compounds with sulphur nucleophiles are rare and include 

the ring-opening reactions of cyclic oxonium species of the closo-dodecaborate218 and 

closo-decaborate219 anions with hydrosulphide. 

Based on the results described so far, we report in this chapter the attempts of ring-

opening reactions of 1,4-dioxane ring with nucleophiles such as halogens and thiol 

groups. 

Nonetheless, applying the same reaction conditions, the 1,4-dioxane ring-opening 

using bromine, iodine (Scheme 17a) or thiolate groups (Scheme 17b) as nucleophiles 

did not give rise to the sought compounds, but to a recovery of the starting material. 

However, by succeeding in opening the oxonium ring with chlorine, we showed that 

these type of reactions do occur; therefore, further studies are required to synthesize 

the other halogen derivatives, such as increasing the reflux time or changing the 

solvent in order to be able to increase the temperature of reflux.  

Another point of interest was the ring-opening reaction of 82 using the carboranyl anion 

as nucleophilic agent. The first step is the lithiation reaction of the Me-o-carborane 

cluster, substituting the hydrogen atom with a lithium one. Then, the attack of the 

resulting carboranyl anion on the positive oxygen atom belonging to the neutral closed-

dioxane ring compound, gives rise to the desired species [87]-, as depicted in Scheme 

17c.
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2.5.3. Characterization of 7,8-dicarba-nido-undecaborate bearing different end 

groups 
 

As presented before, the ring-opening reaction for compound 82 proved to be quite 

difficult, and the nucleophilic agents used  

Regarding ring-opening 

with the Me-o-carborane-

based derivative one can 

observe from the 1H-{11B}-

NMR spectra for 

compound [87]-, the peak 

that appears at 4.52 ppm 

and integrates 2 belongs 

to the Cc-H bonds from the 

nido-carborane cage, 

whereas the ones at 4.23 

and 3.3-3.7 ppm 

correspond to the OCH2 

groups (Figure 60). 

Regarding the 11B{1H}-NMR spectra comparison for the halogen-terminated synthons, 

the analysis indicates that only the species resulted from the reaction with concentrated 

HCl is obtained as final compound, whereas for the other ring-opening reactions, the 

starting material is recovered. 

Scheme 17. Ring-opening reactions of zwitterionic species 82 

Figure 60. 11B{1H}-NMR spectrum of the synthesized anionic 
compound [87]- 
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The 11B{1H}-NMR for compound [87]- perfectly illustrates the presence of both closo 

and nido carborane clusters within the same molecule, as shown in Figure 61. This is 

also supported by the integration values, which clearly indicate that there are 9 boron 

atoms belonging to the nido cluster and 10 borons coming from the closo Me-

carborane cage. 

The general conclusion is that compound 82 is not as chemically active as zwitterionic 

metallacarborane species 6 since it does not give rise to the same open-ring 

derivatives as the latter. This can be explained since in the case of the former, the 

negative charge is localized over the open C2B3 pentagonal face, and therefore, the 

approaching nucheoplile is subjected to electronic repulsions. For the metallacarborane 

derivative, which presents the negative charge delocalized over the entire molecule, 

such repulsions do not exist, and therefore the nucleophilic attack takes place quite 

easily, yielding, among many others, the species presented in chapter 2.2. 

 

 

Figure 61. 11B{1H}-NMR of compounds a) Me-o-carborane, 2 (blue) and zwitterionic species, 82 (red) 
and b) final anionic compound, [87]- (green) 



 
 

2.6. Preparation and characterization of MPCs capped with thiol-based boron 

clusters 

As shown in Chapter 2.2, one of the reasons of ring-opening of 7 with thiol groups was 

the posterior enclave to different platforms, such as gold nanoparticles, yielding boron-

enriched materials with applications in BNCT. Thiolate-stabilized gold nanoparticles, 

now commonly referred to as monolayer protected clusters (MPCs), have been studied 

with unabated enthusiasm since the initial report of a simple two-phase liquid/liquid 

protocol in 1994, which enabled the gram scale preparation of dodecanethiolate-

capped particles in the 1.5 to 4 nm size range that were stable under ambient 

conditions as isolated solids and readily redispersible in nonpolar solvents.220  

The practical importance of MPCs is evidenced, for example, by their current role in the 

development of artificial nose-type gas sensors with potential applications in lung 

cancer diagnostics based on breath analysis.221 The first crystal structure of a typical 

representative of this class of materials stabilized by mercaptobenzoic acid (MBA), 

Au102(MBA)44, was published in 2007,222 and others such as [Au9(PPh3)8(NO3)3],
223a 

Au25L18,
223b,223d Au38L18,

223c (L = SC2H4Ph), [Au25(PPh3)10(SCEt)5Cl2]
2+,224 

[Au20(PPhpy2)10Cl4]
2+,225 [Au39(PPh3)14Cl6]

2+ 226 followed, generally suggesting that the 

stability of the clusters stems partly from their electronic closed shell structure227 as 

previously observed in series of alkali metal clusters with so-called magic numbers of 

electrons.228 Recently, much MPC work has focused on the use of water-soluble 

clusters for biomedical applications, such as drug and gene delivery and photodynamic 

therapy.229 Hydrophilic thiols successfully used as capping agents for this purpose 

include sugars,230 peptides,231 polymetacrylate,232 and polyethylene glycol (PEG) 

derivatives.233 Solubility is a general problem that often poses limits to the chemical 

versatility of MPCs, which, in principle, could be prepared with any combination of 

chemical and/or biomolecular functionalities in the ligand shell. In practice, many ligand 

shell modifications compromise the particles’ colloidal stability and cause aggregation. 

While the chemical properties of MPCs are dominated by those of the functional groups 

present in the ligand shell, it is well established that the metal core can accept or 

donate a number of electrons in discrete steps, as evidenced by electrochemical 

charging experiments.234 At the cathodic limit this leads, under certain conditions, to the 

destabilization of the particles by reductive loss of thiolate ligands.235 The vast majority 

of electrochemical experiments with MPCs, beginning with Murray’s pioneering work 

that introduced the concept of quantized capacitance charging, have been carried out 

in nonaqueous media using MPCs stabilized by short chain alkanethiols to enable 

electron transfer across the ligand shell.234 The compared to water low dielectric 

constants of such media implies low double layer capacitances and hence allows the 



 
 

observation of single electron charging steps at the expense of limiting the amount of 

charge that can be stored on each cluster. In water, colloidal metals acting effectively 

as electron pools have been known for some time and were first reported by Henglein 

and co-workers,236 but charge-dependent transfer of metallic particles across the 

water/oil interface has not been observed in any system reported to date. 
 

2.6.1. Synthesis and characterization of the neutral and anionic capping thioligands 
 

The first step for the obtaining of the MPCs was the synthesis of the capping ligands. 

Two different families of capping thiolate ligands were designed: neutral (Type I and II) 

and anionic (Type III and IV). 

The procedure was somewhat 

different depending on the type 

of the nature of ligands. These 

are presented in Scheme 18. 

Type I: Formation of Cc-SH 

bonds. This type of reactions 

consist in a nucleophilic 

substitution reaction, SN2. The 

first step is the removal of an H 

atom by a strong base, such 

as n-BuLi, followed by the 

nucleophilic attack of the o-

carboranyl lithiated salt on the 

sulphur atom, to yield the 

corresponding thiol group. 

Type II: There is an organic 

spacer present between Cc 

and the SH group. Two 

different reactions were 

designed. 

a) These reactions resemble 

Type I, with the only difference 

in the choosing of the 

electrophile, which, in this 

case, is a cyclic thioether. The 

final thiol group is obtained 



 
 

from the lithium thiolate moiety, by extracting the reaction mixture with dilute 

hydrochloric acid. 

b) The procedure in this kind of reactions is based on the same nucleophilic attack of 

the carboranyl group on the C-I bond, with the formation of lithium iodine salt, which 

shifts the equilibrium to the obtaining of the chlorinated derivative as an intermediate. 

This compound was then treated with thiourea in ethanol and refluxed for four hours, at 

which point, sodium hydroxide solution was added. After another two hours of reflux, 

the desired thiol was extracted with ethylic ether.  

Type III: reactions suppose, as previously explained in Subchapter 2.2.2, the 

nucleophilic attack on the positively charged oxygen atom by the thiolate group,189 

leading to the monoanionic thioligands [44]- and [94]-.  

Type IV: to obtain carbon derivatives, by direct deprotonation of the Ccluster-H groups of 

cobaltabis(dicarbollide) using a strong base, such as n-BuLi. The synthesis of this 

compound consists in a deprotonation reaction of 4, at -40 ºC leading to a dark-blue 

solution of the corresponding dilithiated species.22b Following this reaction, elemental 

sulphur, S8, is added. While the reaction mixture is stirred at room temperature for 

about two hours, and then refluxed overnight, the carbanions formed attack, as 

nucleophiles, the S8 cycle. After this period, the Ccluster-S bond is formed and the 

compound was precipitated as tetramethylammonium salt, and purified by several thin 

layer chromatographies, leading to a dark-orange compound. This reaction does not 

proceed in the same manner that in the case of o-carborane, since the final product 

does not contain a thiol moiety (even if excess of acid was added, in order to protonate 

the sulphur), but a different species, with a sulphur atom bonded to both of the 

dicarbollide units, yielding in fact a zwitterionic species.  

The resulting compounds, both neutral and anionic, were characterized employing 

techniques such as FTIR, 1H, 11B, 13C-NMR, and MALDI-TOF-MS. FTIR absorption 

bands values are presented in Table 11. 
 

Compound ʋ(Cc-H) ʋ(C-H)alkyl ʋ(B-H) ʋ(δ(CH2) ʋ(C-O-C) 
88 3063 2987, 2902, 2567 1456 1122, 1134, 1070 

89 - 2941, 2856  2570 1442 1105, 1049 

90 - 2987, 2903 2596, 2566 1495, 1446 1076, 1004 

91 - 2988, 2902 2565 1487, 1461 1079, 1014 

92 - 2988, 2886 2593, 2569 1442, 1418 1250, 1173, 1078 

93 - 2988, 2902  2593, 2560 1442, 1390 1250, 1173, 1078, 1028 

[94]- 3037  2934, 2875 2555, 2521 1455 1246, 1132, 1095, 1054 

[44]- 3032  2930, 2872 2527 1455, 1352 1246, 1113, 1090, 1057 

95 3069 2931, 2873 2576, 2540, 2506 1458 1106, 1036 



 
 

Cc-H

Cc-S

Table 11. FTIR spectroscopy of compounds [44]-, 88-95 

A comparison between the 1H-NMR spectra coupled (black) and decoupled (gray) of 

neutral compound 93 is illustrated in Figure 62.  

 

 

 

 

 

 

 

Figure 62. Comparison between 1H-NMR and 1H{11B}-NMR for compound 93 run in CDCl3 

 

The signal which appears at the lowest field value, 3.34 ppm, belongs to the H bonded 

to sulphur, whereas the peak at 2.94 ppm is characteristic to the CH2- groups bonded 

to the two electronwithdrawing moieties within the cluster, namely the o-carborane unit 

and the sulphur atom. The 

proximity to these fragments 

determines the deshielding of the 

CH2- groups and, as a direct 

consequence, the downfield shift.  

Figure 61 presents a comparison 

between the 11B- and 11B{1H}-

NMR spectra of compound 95, in 

order to illustrate the fact that the 

substitution did not take place at 

neither one of the boron atoms, 

since every single peak appears decoupled, but at the carbon atoms within the cluster. 

The 13C{1H}-NMR spectrum brings 

additional information about the obtaining 

of the desired species. As indicated in 

Figure 64, the two peaks corresponding to 

the Cc-S and to Cc-H, respectively, appear 

Figure 63. Comparison between 11B-NMR and  
11B{1H}-NMR for compound 95 



 
 

at 36 and 65 ppm, signals registered using deuterated acetone.  

 

This information was extracted after performing a 1H13C-

HETEROCOSY NMR, which allowed us to precisely assign the carbon signals 

corresponding to the C-H bonds and the ones belonging to the C-S bridge (Figure 65). 

One can clearly see how the carbon signal at 65 ppm interacts with the hydrogen 

peaks appearing at about 6 ppm, peak that corresponds to the C-H bonds within the 

neutral metallacarborane species 

95. Therefore, the remaining carbon 

peak was assigned to the C-S 

bond, since no interaction with the 

sandwich complex was present. 

 

 

 

 

 

 

 

 

 
 

 

2.6.2. Preparation of MPCs capped with boron clusters containing thioligands by 

reducing with sodium borohydride 
 

In order to develop the synthetic procedure, we chose o-carborane monothiol 

substituted species, 88, because of its perfect icosahedral geometry as well as for its 

extreme chemical and thermal stability. However, the main drawback of this cluster, 

like its derivatives, is highly hydrophobic and generates water-insoluble structures with 

limited bioavailability being therefore unsuitable for application in BNCT.56,151a,237 The 

choosing of the mercaptocarborane ligand was also very helpful for the development of 

the synthetic procedure, since it is has the simplest structure among the presented 

thioligands. However, a major advantage of this species with respect to the other 

Figure 65. 1H13C-HETEROCOSY NMR of compound 95 



 
 

ligands is that we have C-H bond present within the molecule, moiety that would later 

on be useful for further substitutions. 

The preparation of the MPCs consists in dissolving of the mercaptocarborane in 

methanol, followed by the addition of the same number of equivalents of chloroauric 

acid. Immediately after, this yellow solution was treated with a 6-fold excess of sodium 

boronhydride, also dissolved in methanol. After stirring for ten minutes at room 

temperature, the solvent was removed by rotary evaporation, as presented in Scheme 

19.  

 

 

 

 

 
 

While in previously reported single- and biphasic preparations of MPCs any excess of 

borohydride appears to be tolerated, this system here is very sensitive to the amount of 

borohydride added, so that once a threshold of more than 6-fold stoichiometric excess 

with respect to Au(III) reduction is reached, the clear brown solution of nanoparticles 

turns abruptly into a black slurry followed by irreversible precipitation of the entire gold 

content as a black powder. Also as purified particles, the MPCs remain prone to 

decomposition in the presence of a large amount of borohydride. This property 

indicates that unlike other MPCs, these are amenable to further reduction by 

borohydride and eventually suffer reductive loss of the protective thiolate ligands, which 

has previously only been observed in electrochemical experiments using MPCs capped 

with hexanethiol.235 We attribute this to the necessary openness of the ligand shell 

resulting from the fact that it is impossible to cover a sphere (Au core) with smaller 

spheres (carboranes) without leaving gaps and to the very small diameter of the 

carborane of about 0.5 nm, which may still allow electron transfer from borohydride to 

Scheme 19. Experimental molar ratios used for the formation of Au nanoparticles 



 
 

the gold core across the ligand shell. Given the size of the carborane, the gaps will not 

be narrower than 0.25 nm, even at closest packing of carborane spheres, and thus will 

permit most ions and small molecules direct access to the gold surface. 

The dark-brown residue was first thoroughly washed with diethyl ether to remove 

excess mercaptocarborane and then dissolved in isopropanol and filtered to remove 

the remaining sodium borohydride and other insoluble contaminants. After rotary 

evaporation of the isopropanol, the final product was obtained as a dark-brown solid.  

To our surprise, this newly obtained material dissolves not only in alcohols and acetone 

but also in water, while it is insoluble in diethyl ether and less polar solvents. In theory, 

MPCs consisting only of a gold core and a shell of mercaptocarborane ligands should 

be very hydrophobic and hence completely insoluble in water. Hence, their solubility in 

polar solvents therefore is a much unexpected finding.  

The perhaps more interesting property of the particles is their reversible transfer from 

water to diethyl ether achieved by acidification of the aqueous phase with dilute 

hydrochloric acid. Upon addition of the acid, the particles precipitate from the aqueous 

phase under evolution of a small amount of gas, presumably hydrogen (also in the 

absence of borohydride), and redissolve readily in the organic phase. In a two-phase 

system direct extraction from the aqueous to the organic phase is observed. Re-

extracting the particles into an aqueous phase is possible by addition of sodium 

borohydride but cannot be achieved simply by an alkaline aqueous phase. This 

demonstrates that it is not an acid�base reaction but a redox reaction that switches the 

solubility of the particles. The process is completely reversible, and the same particles 

can be isolated as a solid, redissolved, and moved back and forth between diethyl 

ether and water phases without any evidence of aging effects. A simple model that 

describes the particles as both electron and ion storage devices is presented in 

Scheme 20.  

Scheme 20. Model illustrating the nanoparticles both as electron and ion storage devices



 
 

In the presence of sodium borohydride, the core charges up negatively by storing a 

number of excess electrons, which are counter balanced by sodium ions occupying the 

voids between the carborane spheres on the surface of the particle. The cathodic limit 

of this charge storage process is the observed decomposition of the material by 

reductive desorption of ligands, for example, after addition of excess borohydride. This 

structural model also explains the observed anionic behavior of the particles.  

As illustrated in Scheme 21, the 

dissociation of sodium ions from 

the core leads to the formation 

of giant polyanions, which can 

be extracted into nonpolar 

solvents with 

tetraoctylammonium bromide, 

as shown in Scheme 21. Positive charging of the core by reaction with suitable 

oxidizing agents has not been attempted but should be an interesting goal of future 

work along with a full electrochemical characterization of these materials. The stored 

electrons are removed from the gold core by mild oxidation in dilute acid under 

evolution of hydrogen, as also shown in Scheme 20. Concurrently, sodium ions desorb, 

and the particles become much less hydrophilic and either precipitate or transfer to the 

organic phase if present.  

Finally, a simple experiment was conducted in order to demonstrate that the voids 

between the carboranes could be irreversibly filled by a suitable molecular stopper, 

such as octanethiol. A day after addition of a 

small amount of octanethiol to a solution of MPCs 

in diethyl ether, the transfer the particles to water by addition of borohydride was no 

longer possible. Also, the particles were now tolerant to a large excess of borohydride 

in the aqueous phase and did not decompose, suggesting that charging of the metal 

core by direct access of the reducing agent through voids in the ligand shell was no 

longer possible.  

The purified MPCs obtained as dark-brown solids were subjected to a number of 

complementary analytical techniques typically employed for the characterization of 

such materials. We have characterized these new MPCs by UV�vis, infrared, and 

NMR spectroscopy, centrifugal particle sizing (CPS), transmission electron microscopy 

(TEM), and in some cases by scanning transmission electron microscopy-high-angle 

annular dark field (STEM-HAADF), thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), quantitative analysis of boron, gold, and sulfur by X-ray 

photoelectron spectroscopy (XPS), and atomic emission spectroscopy (AES). 



 
 

Figure 66 shows the FTIR spectra of mercaptocarborane 88 (red) and that of the 

corresponding MPCs (black). The main characteristic bands are labeled in both cases. 

Strong broad absorptions at 2596�2573 cm�1 in both the pure mercaptacarborane and 

the final MPCs, due to B�H stretches, dominate the FTIR spectra and support that the 

closo cluster structure is preserved in the MPCs.206 In addition, the FTIR spectrum of 

MPCs exhibits �(C�H) stretch absorption at 3063 cm�1 confirming the presence of 

Ccluster�H bond238 in the gold nanoparticles. Comparison of the spectra demonstrates 

that mercaptocarborane is the FTIR active component of the MPCs. 

The presence of the mercaptocarborane in the ligand shell of the nanomaterial was 

further confirmed by 1H and 11B-NMR spectroscopy in deuterated acetone, as depicted 

in Figure 67a and 67b, respectively. The 1H-NMR clearly shows the absence of the 

S�H proton after attachment of the ligand to the gold nanoparticle surface. 

Furthermore, the broad single resonance corresponding to Ccluster�H bond239 moves 

from 4.84 to 4.42 ppm once the ligand coordinates to the gold nanoparticle.  
 

Figure 67b shows a 

comparison between the 11B-

NMR spectrum of our MPCs 

and the NMR spectrum of 

mercaptocarborane alone. 

While there are clear 

differences in the peak patterns 

indicating a strong interaction 

between the ligand and the 

metal core, the range of the 

chemical shifts fully coincides 

in both spectra giving further 

evidence that the closo structure is retained in the final MPCs. Most notably, the peak 

at �5.5 ppm in the spectrum of the pristine mercaptocarborane shifts upfield in the 

MPCs as a result of the gold bonding.  

This has been reported before for the corresponding carboranylthiolates after 

coordination to metal, in which the sulfur provides a bridge to transfer electron density 

Figure 66. Comparison between the FTIR spectra of 
mercaptocarborane 88 (red) and MPCs (black). 

a) b) 

Figure 67. a) Comparison between 1H{11B}-NMR spectra of 88 (black) and MPCs (red);  
b) Comparison between 11B-NMR spectra of 88 (blue) and 88 attached to MPCs (orange).



 
 

from the rich transition metal to the electron-deficient carborane cage.240 Thus, the 

carborane electron density in the MPCs is higher than in the parent thiol. 

In order to demonstrate the ability of 

the MPCs to store ionic charge, we 

passed a sample dissolved in water 

through a lithium ion exchange 

column241 and subsequently 

analyzed by 7Li-NMR spectroscopy, 

as shown in Figure 68. Using 

acetone as solvent, a single sharp 

peak at 2.02 ppm in the 7Li NMR 

spectrum of the MPCs was 

observed. This is clearly indicative of 

the presence of lithium ions in the 

MPCs. In addition, by comparison with a reference solution of lithium chloride in 

acetone, the Li resonance in the MPCs is about 1 ppm deshielded. This evidence that 

the lithium in MPCs is not so thoroughly solvated by acetone as it is in the case of 

lithium chloride in the same solvent and that lithium ions polarize electron density from 

its surroundings, either from the gold nanoparticle or the hydrogen B�H vertexes, that 

possess a partial hydride character or both. One should take into consideration the fact 

that in aqueous medium sodium ions are strongly associated with the MPCs and are 

probably located in the voids between adjacent mercaptocarborane cages. In the 

exchange column, they are replaced stoichiometrically by lithium ions, which are now 

sitting inside the voids in contact with or close proximity to the gold surface.  

Moreover, we interchanged the initial Na+ cation with Li+, K+, Mg2+ and Ca2+, by passing 

a solution of water soluble MPCs through a cation-exchange resin charged with the 

corresponding cation, to determine if the cation itself had any influence on the MPCs. 

MALDI-TOF-MS performed at the cathode showed that only Na+ can be interchanged 

by other alkali metals such as Li+ or K+. With alkali-earth metals, such as Mg2+ and 

Ca2+, there is no cation-exchange even if the aqueous solution of the MPCs is passed 

more than 7 times through the resin as represented in Figure 67a.  

MALDI-TOF-MS performed at the anode (Figure 69b) shows two distinctive parts: the 

peak in the range 3000-5000 m/z correspond to the molecular weight of the MPCs, 

whereas the range 500-1300 m/z indicates the formation of smaller MPCs. As indicated 

in Figure 69c, the lowest peak appearing at 545 m/z indicates a Au(SC2B10H11)2 unit, 

the one at approximately 915 m/z corresponds to Au2(SC2B10H11)3 and the peak at 

1286 represents the Au3(SC2B10H11)4 unit, all in agreement with recent reported units 

Figure 68. Comparison between 7Li spectra: reference 
(LiCl 1M in D2O) (green), LiCl 1M in d6-acetone (red), 

and MPCs in d6-acetone (blue). 



 
 

covering a Au23 gold cluster.242 Likewise, the isotopic distribution presented in Figure 

69d further confirmes the functionalization of the MPCs with boron-based clusters, 88. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another technique typical for nanoparticles characterization is UV�vis spectroscopy. 

This technique gives the typical featureless spectra indicative of particles with a core 

diameter below 3 nm showing in the UV range strongly increasing absorption with 

decreasing wavelength due to d-band transitions, while a plasmon band is absent, as 

illustrated in Figure 70.  

Moreover, the absence of a plasmon band in the UV-vis spectrum of the material 

confirms that the typical gold core size is below 3 nm. 

Figure 69. a) MALDI-TOF-MS performed at the cathode on MPCs functionalized with thioligand 88; b) 
MALDI-TOF-MS performed at the anode; c) zoom on 0-2000 m/z range at the anode; d) experimental 

and e) theoretical isotopic distribution of boron for MPCs capped with 88



 
 

 

This is further confirmed by the centrifugal particle sizing (CPS), a technique that 

reaches its limitation at the 5 nm and below range. As presented in Figure 71, a mean 

particle size including the ligand shell of 3.2 nm was estimated. Taking into account the 

known diameter of the carborane cage of near 0.5 nm,243 a total gold particle diameter 

of 2.1 nm would be expected as presented above. Partial elemental analysis was also 

carried out for Au and B by ICP-AES and for Au, B, and S by XPS. By ICP-AES, a Au:B 

molar ratio of 1:6.5 was found, while a Au:B:S relative molar content of 2.17:16.15:1.31 

was obtained by XPS. TGA gave a weight loss of 31.93% attributable to the loss of 

mercaptocarborane ligands, as shown in Figure 72.  
 

 

 

 

 

 

 

 

 

 

 

 

These results are all in good agreement with each other and indicate an average 

proportion of 0.6 ligand molecules per gold atom. This empirical ratio is rather large in 

comparison to that of well-known MPCs of gold, such as Au102(SR)44
244 or 

Au144(SR)60,
245 but can be explained by the minority presence of a significant population 

Particle diameter (�m) 

Figure 71. Size distribution of MPCs with 88 Figure 70. UV-vis. of MPCs with 88 in isopropanol 

Figure 72. TGA and DSC of mercaptocarborane-capped MPCs. 



 
 

of extremely small clusters and even complexes that only contain a single gold atom, 

probably of the type Au(SR)2, as evidenced by STEM-HAADF images (Figure 73). In 

addition, mercaptocarboranes differ significantly from the typically used alkanethiols, 

and it can be argued that they should favor a somewhat higher ligand coverage. 

Conventional thiols do not exhibit the same acidity, volume, self-organization 

possibilities, and coordinating character of the sulfur atom nor the same possibility to 

generate interactions between each other as do mercaptocarboranes.246 The rigid and 

globular form of the o-

carborane ligand is 

very different from that 

of an alkane. Among 

typical organic ligands, 

the closest shape to 

that of the o-carborane 

cluster would be a 

rotating benzene 

moiety,247 but even in 

this case, neither the 

possibility of self-

interactions nor the 

packing efficiency 

would be comparable.  

The o-carborane via its 

acidic Ccluster�H bond 

gives rise to hydrogen or dihydrogen interactions with neighboring clusters B�H groups 

(Ccluster�H···H�B).248 These interactions are not possible for alkanes. Thus it is not 

unreasonable to expect a slightly higher packing density of ligands for the 

mercaptocarborane MPCs in comparison with organic groups, e.g., alkanes. Moreover, 

the o-carborane attracts electrons through the cluster carbon atoms more readily than 

benzene.249 

This research was completed with the stabilization of MPCs with other thio-carborane 

clusters shown on Scheme 19. Once the procedure was defined and the ratios of the 

reagents established for monothiol carborane 88, we applied the same procedure for 

the preparation of 3 nm MPCs capped with either neutral or anionic boron-based 

thioligands, 89-93. The anionic compounds [44]-, [94]- and 95 are water-soluble, and 

therefore their synthesis was performed using water instead of methanol. However, 

these nanomaterials, although soluble in water, acetone, or isopropanol, did not display 

Figure 73. Representative a) low- and b) high-magnification STEM-
HAADF images of the Au particles supported on a continuous carbon 
film; c) corresponding particle size distribution derived from 
measurements on aprox. 2000 particles. 



 
 

the same phase transfer properties as the ones functionalized with the 

mercaptocarborane, 88, namely the reversible transfer of the particles from water to 

diethyl ether, achieved by acidification of the aqueous phase with dilute hydrochloric 

acid or from ether to water by addition of sodium borohydride. These newly obtained 

MPCs were characterized by FTIR, 1H and 11B-NMR, UV-vis, CPS, ICP-AES and, in 

some cases, TGA. 

The comparison between FTIR spectra of the starting material 90 and its 

corresponding MPCs is depicted in Figure 74 (left). FTIR spectroscopy confirms the 

presence of the boron-based ligands in the structure of MPCs due to strong broad 

absorptions at 2557�2576 cm�1, a typical indicative of the presence of B-H bonds of a 

closo cluster confirming that the thioligands retain the initial closo structure throughout 

the MPCs preparation. In addition to this, one can observe the presence of Cc-H bonds 

(in the case of sandwich-type ligand, [94]-), both in the starting material and in the 

MPCs indicated by �(C H) stretch absorption at about 3030 cm�1 and 3047 cm�1  

correspondingly, as presented in Figure 74 (right). 

 
Figure 74. Left: Comparison between the FTIR spectra of neutral thioligand 90 (green) and its 

corresponding MPCs (blue); Right: FTIR spectra of anionic thioligand [94]- (green) and its MPCs (blue) 

It is also interesting to see the effect of the sodium cation on the MPCs, represented by 

the coordination of sodium with 2.5 water molecules (determined by TGA), fact that is 

indicated by the appearance of the absorption bands at about 1400 cm-1. 

The NMR analysis completes the characterization of the MPCs, by showing how the S-

H is no longer present in the 1H-NMR spectra after the functionalization of the gold 

nanoparticles, demonstrating that the bonding of sulphur to the gold core did indeed 

take place. Regarding the 11B-NMR comparison, the broadening of the boron signals 

as well as the shift of about 2 ppm towards higher field values indicates the interaction 

between the ligand and the gold core. Moreover, the spectrum also confirms the fact 

that the closo structure is maintained throughout the preparation procedure (Figure 75).  



 
 

a) b)

As illustrated in Figure 76, the 

UV-vis spectra of the MPCs 

stabilized with ligands 88-91 do 

show, in agreement with the 

theorical calculations 

performed by Mulvaney,250 that 

we are dealing with MPCs 

smaller than 3 nm (no surface 

plasmon band) for neutral 

ligands, except ligand 91, 

which leads to the synthesis of 

somewhat larger MPCs. In 

addition, according to the 

experimental results reported 

Haiss et all. in their tables,251 

the particle size in this case is 

of about 4 nm. 

Furthermore, for the MPCs 

modified with ligand 91, there is 

a slight shift from 520 nm to 

aprox. 550 nm that may be due 

to interactions between the two suphur atoms and the gold core (Figure 76). 

In the case of the MPCs capped with metallacarborane-based ligands, we can see a 

small plasmon peak, which indicates that the size of the nanoparticles is also larger 

than 3 nm.  

 

Figure 76. UV-vis spectra of MPCs functionalized with a) carborane-based and b) metallacarborane-
based thioligands



 
 

This is also confirmed by the CPS analysis (Figure 77), showing a particle diameter of 

more than 5 nm. The size distribution shows a mean particle diameter of about 3-4 nm 

for MPCs functionalized with carborane-based ligands (a and b), whereas the MPCs 

capped with metallacarborane-based thioligands are slightly larger, namely 6-7 nm (c). 
 

 

As indicated in Table 12, there is an average of 3 Au atoms for every neutral cluster 

(89-91), and about 4 Au atoms for every metallacarborane-based thioligand ([44]-, [94]- 

and 95). 

Table 12. ICP-AES analysis for MPCs functionalized with neutral and anionic thioligands 
 

2.6.3. Preparation of MPCs capped with thioligands via the method of sonication 
 

The preparation of highly disperse MPCs by different techniques still attracts a 

significant interest; moreover, many methods of synthesis have been developed and 

tested with success. During our research, we came across an alternative route to the 

preparation of monodisperse MPCs, by sonicating ligand 88 as a solid, at 55 ºC, with 

aqueous solution of Au-citrate solution prepared according to the method reported by 

Turkevich-Frens.109,110  

Samples were taken out every hour and analyzed by UV-vis spectroscopy, indicating 

the “fragmentation” of the initial MPCs from about 14 nm to approximately 3 nm.  

Sample Experimental values Theoretical 
S:B ratio Au S B 

MPCs modified with 
ligand 89 

3 0.91 9.4 1:10 

MPCs modifed with 
ligand 90 

2.8 0.93 10.8 1:10 

MPCs modified with 
ligand 91 

4 1,6 9,25 2:10

MPCs modified with 
ligand [44]- 

4 0.5 17.67 1:18 

MPCs modified with 
ligand [94]- 

2,8 0.4 18,94 1:18 

MPCs modified with 
ligand 95 

3,8 0.95 17.05 1:18 

n of MPCs functionalized with 89 (a), 91 (b) and [94]- (c)



 
 

Based on the absorbance values depicted in Figure 78a, the particle size was 

determined using Haiss et al. tables251 and represented in Figure 78b with respect to 

the sonication time. 

 

Figure 78. a) UV-vis spectrum of mercaptocarborane, sonicated at 55 ºC for different periods of time;  
b) MPCs size function of sonication times 

 
The possibility of the sonication itself inducing “fragmentation” of the particles was 

discarded after sonicating Au-citrate solution alone at about 55 ºC. No “fragmentation” 

was observed, not even after 48h of sonication, as illustrated in Figure 79. 

 

 

 

 

 

TEM provided additional information regarding the “fragmentation” of nanoparticles in 

presence of mercaptocarborane 88 as shown in Figure 80 below. 

 

 

 

 

Figure 80.TEM images illustrating the fragmentation process: 
a) Au-citrate solution before sonication; b) after 3h sonication; c) after 15h sonication 

Figure 79. UV-vis of initial Au-citrate solution 



 
 

After only three hours of sonication at 

55 ºC, in the reaction mixture there are 

present both initial MPCs of about 14 

nm as well as smaller ones of ca. 3 

nm. However, after 15 hours of 

sonication, we can find a vast majority 

of monodispersed 3 nm MPCs and 

only a few initial particles. 
 

In addition to these characterization techniques, ICP-AES analysis also confirms the 

“fragmentation” of the initial nanoparticles, since after 10 minutes sonicating the molar 

ratio was of 2Au : 10.34B, whereas after 15 hours of sonication, the ratio was 2Au : 

58.52B (See Table 13). 

We also wanted to investigate if the temperature alone could cause the same 

“fragmentation” effect on the nanoparticles. Therefore, mercaptocarborane, 88, in solid 

was added to Au-citrate solution and refluxed for 9 hours. The results are shown in 

Figure 81. 

 

 

 

 

Figure 81. “Fragmentation” of nanoparticles with time of reflux 

However, this method does not produce 

the same degree of nanoparticle 

“fragmentation” as the sole sonication 

method did; the size decreases from 

about 15.5 nm to aprox. 7.3 nm. 

Moreover, Au (I) can also be observed in 

the UV-vis spectra, at about 320 nm as 

presented in Figure 82. 

 

 

Time of 
sonication Au B 

10 min 2 10.34 
1h 2 19.82 
6h 2 42.72 

15h 2 58.52 

Table 13. Au:B molar ratios determined by ICP-AES



 
 

After seeing 

these results we 

can conclude 

that both 

sonication and a 

temperature no 

higher than 60º 

C are required 

to have a 

“fragmentation” 

process without 

by-products.  

The next step 

was to 

determine if 

other 

carborane-

based ligands were also able to induce nanoparticle “fragmentation”; to achieve this, 

compounds 89, 90, 92 (not water-soluble) and [94]- (water-soluble) were added in solid 

to Au-citrate solutions and sonicated for 9 hours at 55 ºC. Samples were taken out 

every hour and analysed by UV-vis. The results are described in Figure 83. As one can 

observe, the other boron-based compounds, both neutral (89, 90) as well as anionic 

([94]-) were not able to reduce the size of initial nanoparticles by sonication. Compound 

92 induces very little “fragmentation”, namely from aprox. 16 nm to about 10 nm after 9 

hours of sonication, which cannot be comparable to the degree of ripening produced by 

sonicating the Au-citrate solution with 88.  

For a more complete study, various ligands were sonicated together with Au-citrate 

solution and analyzed by UV-vis. Sulphur (S8), bis(�-

sulfonatophenyl)phenylphosphane dihydrate dipotassium salt (BSSP), a peptide 

(CALNN) and PEG (these last three being water-soluble) were submitted to sonication 

after previous addition to the Au-citrate solution. The gathered results indicate that in 

presence of the water-soluble species, no “fragmentation” takes place, whereas with S8 

the decrease in size is observed, however, in a much lesser degree than for thioligand 

88 (from 12 nm to about 9.5 nm) (Figure 84). 

sonic
sonic
sonic
sonic
sonic



 
 

Figure 84. UV-vis after different sonication times for S8 (a),  
BSSP (b), CALNN (c) and PEG (d) with aqueous Au-citrate solution. 

Once the 

preparation part 

was completed, 

we focused on 

determining the 

MPCs properties; 

since the 3 nm 

particles obtained 

by this sonication 

method were the 

ones capped with 

88, we expected 

them to exhibit 

the same 

properties as the 

ones prepared via

reduction with sodium borohydride, namely the reversible phase transfer from aqueous 

to organic phases. However, these newly prepared materials did not show this unique 

properties and the answer to this was to arrive after looking at the 11B-NMR spectra. As 

indicated in Figure 85, the cluster is partially deboronated during the sonication process 

(probably because the resulting citrate acts as a nucleophile, eliminating one B-H 

vertex), resulting in the capping of the MPCs not by the initial neutral thioligand, but by 

its corresponding, anionic species. 

The peaks at about -32 and -35 

ppm clearly show the formation of 

the nido cluster, but also confirm 

the capping of the MPCs with the 

boron thioligand, based on the 

broadening of signals as well as to 

the slight shift to lower field values, 

due to interactions between the 

sulphur atom of the cluster and the 

Au core. 

4. UVUVUUVUVUVUUVUUUU -vivvvvvvv s after different sonnnininniiininnnnniiiiinnnnniniinnniiiinniiiinnniiiinnniiiniiininiinnniiiinnniiniiininniiiiniininnniniicccccacccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc tion times for SSSSSSS8888888 (aaaaaaaaa),))))  
LNN (c) and PEG (d) with aaaaaaaaaaaaaaququqqququqququququuuuuquqquqquququququuquqquqqqqquququququququqqququuuuuuqquqquuuuuuqquququququqquuuuuuuuqquququqqquuuuuuqquqqquuuuuuqqqquuuuuqqqququuuuuuuuqqquuuuuuqquuuuuuuuqqqquuuuuuuqqquuuuuuuuuqquuuuquuuuuuuquuuuqqquuuuuuuuqqquuuuuuquuuuuqqquuuquuuuuuuuuuuqqqqqq eoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee us Au-citrate solution.

Figure 85. 11B{1H}-NMR of the nido species of 1 (purple) 
and the MPCs capped with 88 (green)



 
 

A parallel study was performed to 

determine if sonication alone could 

induce the partial deboronation of the 

closo mercaptocarborane cluster, 88. 

For this, 88 was added to various 

reaction mixtures and sonicated at 55 

ºC for 22 hours, and the result is 

illustrated in Figure 86. From the NMR 

data obtained for the sonication of 88 

with milliQ water (red), we can clearly 

see that the deboronation process is 

practically inexistent, since the peaks 

indicating the formation of the nido 

species are barely visible at -32 and -35 

ppm. On the other hand, the result of 

the sonication of 1 Eq. of 88 with 6 Eq. 

sodium citrate dehydrate, for 22 hours, 

at 55º C (depicted in blue) 

demonstrates without any doubt the 

formation of the nido cluster of 88, as a 

consequence of the nucleophilic attack 

of the citrate species present in the 

medium. The NMR spectra represented 

in green was discussed just above 

(Figure 85). 

 

 

2.6.4. Preparation of MPCs capped with thioligands via the acetone method  
 

Numerous methods for the preparation of nanoparticles (NPs) have been described in 

the literature; however, the synthesis of metallic NPs usually proceeds via the reduction 

of a precursor. Fine control over size and shape is of tremendous importance for many 

applications because these parameters are critical to both physical and chemical 

properties of NPs. Therefore, one-step and room temperature synthetic procedures 

allowing access to NPs dispersible in a large range of solvents (in particular in water) 

are desirable, especially when considering formulation issues. In this paper we report a 

very simple room temperature synthesis procedure, namely functionalization of ca. 12 

Figure 86. Comparison between the 11B{1H}-NMR 
spectra of compound 88 (black), 88 sonicated in 
milliQ (red), 88 in milliQ water and sodium citrate 

dihydrate (blue) and 88 in aqueous Au-citrate 
solution sonicated for 22h at 55 ºC (green) 



 
 

nm citrate-stabilized MPCs with boron-based thioligands, yielding MPCs dispersible in 

almost any solvent, and particularly in water. The almost spherical shape and the 

quasi-aromatic character of carborane structures are key advantages, converting these 

species into rather exceptional materials. Moreover, carboranethiols have proven to be 

useful building blocks as they combine synthetic accessibility with a large number of 

sites for polyfunctionalization and extraordinarily thermal and chemical stability. 

The preparation of the initial Au-citrate solution is based on the method reported by 

Turkevich-Frens.109,110 In a 250 mL round-bottom flask equipped with a reflux 

condenser, 950.6 microL HAuCl4 aqueous solution (0.21 M) were added over 200 mL 

milliQ water and brought to boil. When the mixture started to reflux, 235.28 mg (0.8 

moles, 294.1 g/mol) sodium citrate dihydrate in 20 mL milliQ water were added in one 

quick movement. The color changed from slight yellow to dark-blue almost 

immediately, and turned dark-red after 2 minutes of reflux. The mixture was left under 

reflux and stirring for 1 hour, then left at room temperature overnight. The Au-citrate 

solution was then filtered and analyzed by UV-vis spectroscopy, showing a MPCs 

diameter of about 12 nm. 

Water-soluble gold nanoparticles of approximately 10 nm in diameter were prepared by 

modification of citrate-capped gold nanoparticles with boron-rich clusters, as indicated 

below: 

a) In the case of neutral thiocarboranes 88-91 and 93, 8 mg of boron-based 

thioligands dissolved in 6 mL acetone were added dropwise over 40 mL of 

previously prepared Au-citrate solution. The resulting dark-red mixture was 

shaked for 1 hour at room temperature, then centrifuged four times for 20 

minutes at 13500 rpm and 10º C using a water: ether 1:1 mixture to remove 

unreacted thiocarboranes. 

b) In the case of metallacarborane-based ligands [44]-, [94]- and 95, no acetone is 

required since they are water soluble, so the ligands are simply added to the 

Au-citrate aqueous solution. After shaking the dark-red solution for 1 hour, the 

excess ligands are removed by centrifuging four times for 20 minutes at 13500 

rpm and 10º C, using just milliQ water to take away the unreacted thioligands. 

After purification, a dark-red water soluble product was obtained and characterized by 

FTIR, NMR, ICP-AES, UV-vis, CPS and, in some cases, cyclic voltammetry (CV). 

Although these newly obtained materials were soluble in organic solvents but most 

importantly in water, there was no reversible phase transfer phenomenon as in the 

case of the already reported MPCs.252 However, another interesting property emerged, 

which will be commented upon later on. 



 
 

Figure 87. FTIR spectra of initial Au-citrate solution (blue) and before (black) and after (red) 
functionalization of MPCs with ligands 89 (a) and [94]- respectively (b)

The coordination of thioligand molecules with gold surfaces was observed using FTIR 

spectroscopy. The spectra presented in Figure 85 show the main characteristic bands 

labeled in both cases. Strong broad absorptions at 2562�2570 cm�1 are present in 

both the pure neutral/anionic ligands and their corresponding final MPCs, due to B�H 

stretches, also supporting a closo cluster structure.206 In addition, the FTIR spectrum of 

MPCs functionalized with ligand [94]- exhibits �(C�H) stretch absorption at 3052 cm�1 

confirming the presence of Ccluster�H bonds238 in the gold nanoparticles; however, this 

bond does not appear in the FTIR spectra of either one of the MPCs modified with 

neutral ligands, since all carbon atoms are substituted.  

Moreover, we can see that the citrate absorption bands are also present in the FTIR 

spectrum of the MPCs functionalized with neutral ligand 89 (Figure 87a), whereas in 

the case of the MPCs capped with the anionic thioligand [94]- (Figure 87b) these bands 

are present in a much lower intensity, due to electronic repulsions between [94]- and 

the citrate itself. 

Regarding 11B-NMR spectra, an interesting observation resides in the upfield shift of 

the signals corresponding to MPCs functionalized with ligand [94]-, as observed from 

Figure 88. This chemical shift is most probably due to interactions between the metal 

core of the nanoparticle and the sulfur atom belonging to the anionic thioligand. 



 
 

 

 

 

 

 

 

 

The slight shift between the absorbance of the initial Au-citrate solution and the one 

showed by the MPCs functionalized with anionic thiometallacarboranes could be the 

result of possible interactions between the gold core and the metal contained by our 

sandwich-type ligands, conclusion based on the fact that in the case of neutral 

carboranethiols, no such shift is present, as shown in Figure 89. 
 

 

 

Moreover, 

the 

typical plasmon 

band present at 520 nm indicates the absence of aggregation before and after 

modification with ligands also supported by the red color of the dispersions. 

The attachment of the stabilizing neutral thioligands 88-91 and 93 was confirmed by 

analytical centrifugation, showing a decrease in apparent particle size upon formation 

of the new ligand shell, due to the decrease in density of the nanoparticles (Figure 90). 

Figure 88. Comparison between 11B{1H}-NMR spectra of ligand [94]- before (black) and after (red) 
functionalization of MPCs 

Figure 89. UV-vis spectra of MPCs functionalized with neutral (left) and anionic (right) thioligands
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The shift to the left with respect to the peak of the initial Au-citrate solution confirms the 

replacement of the citrate shell with our thioligands. 

Cyclic Voltammetry (CV) can be used to study qualitative information about 

electrochemical processes under various conditions, such as the presence of 

intermediates in oxidation-reduction reactions, the reversibility of a reaction, to 

determine the electron stoichiometry of a system, the diffusion coefficient of an analyte, 

and the formal reduction potential, which can be used as an identification tool. In 

addition, because concentration is proportional to current in a reversible, nernstian 

system, concentration of an 

unknown solution can be 

determined by generating a 

calibration curve of current 

versus concentration. In this 

case we used CV to 

determine the reversibility 

of a reaction, as well as to 

see if the presence of both 

Co and Au within the same 

molecule may affect the 

reductive/oxidative 

potentials. There is a difference of about 0.2V between the reductive value of the 

cobalt-based compound and the MPCs, as indicated in Figure 91 above.  

Figure 91. CV of [94]- before (green) and after (red) MPCs 
modification 
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Figure 90. Size distribution of MPCs capped with neutral clusters (left) and anionic thioligands (right)



 
 

Regarding the properties of these water soluble 10 nm MPCs an interesting 

observation is that when ether is added to the aqueous solution followed by a few 

drops of dilute HCl acid, the MPCs precipitate from water, redissolve readily in the 

etheric phase and end up forming a thin Au film at the interphase. If acetone is added 

to this mixture, the color of the solution changes from gray to dark red. This is a unique 

property of MPCs since the Au film, once formed, redissolves upon shaking in the 

aqueous mixture and the phenomenon repeats itself at infinitum.  
 

2.6.5. Applications of MPCs with boron-based thioligands 
 

Nanoparticles can be very useful in medical applications, such as cancer diagnosis,221 

due to their shape, charge, stability and relationship with water, and also because of 

the ability to functionalize them. Because of their small size and properties, 

nanoparticles can have long half/lives during circulation in the body and reach very 

deep sites that other drugs or contrast agents cannot usually access. Moreover, they 

can cross barriers such as blood/brain barrier or gastro/intestinal barrier. This can be a 

major advantage for the detection and visualization of tumor cells at very early stages 

of disease. Additionally, Merkoçi et al.105 have developed a rapid electrochemical 

biosensing strategy for cancer cells identification/quantification using antibody-

functionalized gold nanoparticles as labels. This type of labels was used for the 

marking of circulating tumor cells (CTC), which are blood-travelling cells detached from 

a tumor or from metastasis. Their quantification is under intensive research for 

examining cancer metastasis, and monitoring the therapeutic outcomes of cancer.253 In 

a recent study,106 a novel magnetosandwich assay based biosensor based on gold 

nanoparticles labels has been developed and applied for the detection of antibodies 

anti-hepatitis surface antigen in human serum. The reported assay takes advantage of 

the properties of the magnetic beads used as platforms of the immunoreactions and 

the nanoparticles used as electrocatalytic labels. The final detection of these gold 

nanoparticles tags is performed in a rapid and simple way approaching their catalytic 

properties towards the hydrogen ions electroreduction in an acidic medium.  

In addition to the biosensing applications,254 the use of nanoparticles as carriers of 

biomolecules and their application in biomedical and nutritional technologies is an 

emerging research field in the last years. Future potential applications for both 

biosensing and therapeutic purposes were found for gold nanoparticles modified with k-

casein derived peptides, due to the binding properties of these peptides with the 

bacteria responsible for enteric diseases (Enterotoxigenic E. coli).255  

 



 
 

Out of all the types and sizes of our preparations of MPCs, the most interesting from 

the medical point of view are the MPCs capped with mercaptocarborane, 88. This new 

type of MPC is hydrophobic and completely insoluble in water when uncharged, but, 

when offered electrons by a suitable reducing agent, transfers readily to an aqueous 

phase where it behaves as a Henglein-type electron pool. In addition, exchangeable 

cations can be stored in the ligand shell. When discharged, the particles precipitate in 

water and redissolve readily in less polar solvents. These unprecedented properties 

are due to the nanoparticle preparation method al well as to the use of 

mercaptocarborane clusters as capping agents, which, like other thiol ligands, 

effectively stabilize the gold core, but owing to their spherical shape necessarily leave 

gaps that allow direct access of reactants and solvent molecules to the gold surface. 

The design of water-soluble boron rich macromolecules or particles is of significance 

for Boron Neutron Capture Therapy (BNCT) and for drug delivery. 

To illustrate potential biomedical applications of their unique solubility characteristics, 

we have demonstrated the cellular uptake of these MPCs from aqueous solution by a 

human cancer cell line and show that the particles penetrate membrane structures as 

they are oxidized and become more hydrophobic within the biological environment. The 

cellular uptake of nanoparticles was performed on HeLa cells by incubating them for 2 

hours with MPCs dispersed in cell culture medium. We have also shown that the 

uptake of these MPCs causes significant stress by the generation of reactive oxygen 

species (ROS). Taking all the above into consideration we believe that these new 

materials offer a broad scope for exciting research and future applications. 
 

Cellular Uptake and Intracellular Fate  
 

In order to investigate how our hydrophilic MPCs, that have the unique property of 

becoming hydrophobic when oxidized, interact with biological cells we conducted some 

preliminary experiments on HeLa cells. This is of interest since a cell represents a 

medium that is strongly compartmentalized into aqueous microenvironments separated 

from each other by hydrophobic membrane barriers. Our expectation was that the 

MPCs can cross these barriers easier than purely hydrophilic particles and that they 

eventually end up as hydrophobic inclusions in membranes. 



 
 

Although the intracellular environment is generally described as reductive, it should be 

oxidative with respect to the MPCs that have been prepared in the presence of a high 

concentration of sodium borohydride. The results discussed below suggest that this is 

indeed the case. We 

chose HeLa cells, 

because they are a 

common human 

fibroblast cell line, which 

has frequently been used 

to investigate cellular 

uptake of nanoparticles. 

The first clear difference 

compared to standard 

gold nanoparticles is that 

our MPCs are relatively 

toxic so that all cells died 

after 24 hours of 

incubation with them. We 

therefore restricted the 

time the cells were in 

contact with the particles 

to 2 hours. Under these 

conditions the cells 

remained alive even 48 hours after they had been incubated. TEM images of cell 

sections prepared immediately after the 2 hours incubation time are shown in Figure 

92a-c.  

Due to the size of the particles, which are very small, it is not possible to undoubtedly 

identify individual ones in these images. Nevertheless, aggregates composed of 

several particles can be clearly distinguished. It is a general problem with standard 

TEM imaging of intracellular metal particles below about 5 nm that these are often 

indistinguishable from stained proteins and other subcellular structures of comparable 

size. Figure 92d-f shows a comparison between similar images obtained in the 

absence of MPCs, in order to demonstrate that the excellent contrast provided by the 

gold, in this case does indeed provide us with confidence to identify and locate 

aggregates of MPCs, some of which have been labeled for clarity with red circles or 

arrows. The images in Figure 92a-c show features belonging to three different 

compartments, a multivesicular body, the nuclear envelope, and a mitochondrion. In all 

Figure 92. Comparison between TEM images of HeLa cells 
containing aggregates of 1-2 nm Au NPs (a-c) with images of similar 

features in HeLa cells obtained under the same preparative 
conditions but in the absence of Au NPs (d-f) 
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cases, most of the aggregated 

particles are clearly identified and 

reside within membrane 

structures, fact particularly clear in 

the case of the nuclear envelope, 

part of which is densely decorated 

with aggregates. A number of 

aggregates are also found in the 

cytosol and in the nucleus. These 

findings support the hypothesis 

that the particles are initially 

dispersed in the aqueous phase of 

the cell, where they appear to be 

able to diffuse freely into various 

organelles, and then gradually 

become oxidized and rendered 

hydrophobic, which leads to 

aggregation followed by precipitation of the aggregates into membrane structures.  

To confirm the involvement of redox processes in this behavior, we have investigated 

the formation of ROS, which include OH radicals formed as a consequence of 

enhanced redox activity within the cell. The confocal microscopy image in Figure 91 

clearly shows significantly enhanced ROS levels after incubation with MPCs, indicating 

the formation of radicals and subsequent oxidative stress that we attribute to the loss of 

electrons (and sodium ions) from the MPCs, as shown in Scheme 20. 

The behavior of our MPCs in the biological environment is highly unusual and further 

confirms that these particles have properties that differ significantly from those of 

standard preparations. Most commonly, nanoparticles are taken up by endocytosis and 

are not able to transfer spontaneously across membrane boundaries.256 They tend to 

remain confined to endocytic vesicles, such as those shown in Figure 93a, and do not 

reach the cytoplasm or the nucleus and least of all the mitochondria, which have no 

mechanisms for the direct uptake of particular matter and, like the nucleus, are 

surrounded by a double membrane.  

The toxicity of these new MPCs and their ability to readily reach intracellular targets 

makes them attractive candidates for further studies in view of potential anticancer 

activity or as boron-rich agents for BNCT. The above observations together suggest 

that in this system, ligand exchange with intracellular glutathione, as reported by 

Rotello and coworkers,229b within the time scale of our experiments only plays - a minor 

Figure 93. Confocal microscopy: incubation with MPCs 
causes oxidative stress. ROS monitored by the 

appearance of green fluorescence: (a, b) HeLa cells 
incubated MPCs nanoparticles for 30 min and (c, d) 

same as (a) but in the absence of MPCs 



 
 

role, if any, since it would render the particles hydrophilic and prevent their precipitation 

into membrane structures. Resisting ligand exchange is quite common and has been 

observed before for particles stabilized with peptides and/or polyethylene glycol-based 

ligands.257 Further extended work should be carried out in the future in order to 

determine if these materials undergo chemical modifications.  

It should also be mentioned that these new mercaptocarborane-capped MPCs display 

a host of fascinating properties which suggest applications in catalysis and 

electrocatalysis and the possibility of new nanoscopic electron and ion valves to be 

integrated in artificial and biological membranes. In addition, new electrochemical 

sensors and diagnostic tools may arise from such nanoparticles. 

Regarding the cellular uptake of the other 3 

nm MPCs prepared via reduction with sodium 

borohydride, preliminary studies on HeLa 

cells using compound 95 were conducted 

showing that after a period of incubation of 2 

hours, Au NPs were found in late 

endosomes. A TEM representative image is 

presented in Figure 94. However, even if the 

particles finally reside in endosomes, the 

positive result of this study is the fact that the 

cells were still alive after the incubation period. Therefore, as a follow-up study we 

should vary the incubation time, and observe the effect it has on the cellular uptake. 

On the topic of 10 nm 

MPCs capped with 

neutral 88, studies 

were performed on 

HeLa cells, with an 

incubation time of 

four hours. These 

MPCs were found to 

be taken up in the 

cells cytoplasm as quite aggregated features mostly found without the surrounding 

membrane but in some cases via endocytosis. In addition, no particles were found in 

the cell nucleus or mitochondria, as presented in Figure 95. 

 

Figure 95. TEM images on HeLa cells uptake by compound 88 



 
 

Another study on HeLa cells uptake was performed with MPCs capped with thioligand 

95. Still, no nanostructures were to be found neither in the nucleus, nor in the 

mitochondria; the only difference with respect to the previous test with 88 is that MPCs 

present in the HeLa cells cytoplasm and taken up as wired structures that could be 

seen on the outside of the cell membrane (Figure 96). 

 

 

 

 

 

 

 

 

More studies on the uptake by HeLa cells the MPCs capped with 90, [44]- and [94]- are 

currently in progress.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 96. TEM images on HeLa cells uptake by compound 95
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Conclusions 
9 

1. We discovered a faster and simpler method with very high yields for the obtaining of 

[3,3’-M(C2B9H11)2]
-complexes (M = Co, Fe), by plainly heating the metal salt (CoCl2 or 

FeCl2) with the trimethylammonium salt of the corresponding nido species. 

2. We synthesized and characterized [3,3’-Fe(8-(OCH2CH2)2X-(1,2-C2B9H10)(1’,2’-

C2B9H11)] bearing organic alkyl end groups. Cyclic voltammetry was used for the first 

time in order to determine the type of metallacarborane present, as well as to 

differentiate between a closed dioxane ring system and an open one. 

Other subject of interest alongside this PhD thesis was the preparation of [3,3’–Fe(8-

(OCH2CH2)2X-(1,2-C2B9H10)(1’,2’-C2B9H11)]
- (X = F, Cl, Br, I, SH), an atom efficient and 

environmental friendly transformation that would facilitate the use of such anionic 

monobranched polyethoxylated metallacarborane synthons in posterior derivatization. 

Furthermore, the thiol-terminated synthon opened the way to surface 

functionalization of gold nanoparticles. 
 

3. Me-carboranyl, Ph-carboranyl and di-carboranyl were used as nucleophiles in the 

cobaltabis(dicarbollide) functionalization via dioxane ring opening reaction of  

[3,3’-M(8-(OCH2CH2)2-(1,2-C2B9H10)(1’,2’-C2B9H11)] (M = Co, Fe), compounds 6 and 7, 

yielding mono- and dianionic macromolecules.  

The partial deboronation of these previously synthesized closo compounds led to the 

corresponding di- and tri-anionic nido species. This reaction allowed the obtaining of a 

novel type of high boron content (almost 50%) polyanionic macromolecules. The fact 

that these compounds are polyanionic makes them more soluble in water, which 

therefore increases their potential for biological uses. 

The complexation reaction in solution with anhydrous CoCl2 or FeCl2 of the nido 

clusters yielded mono- and hetero- M (III) (M = Co, Fe) sandwich-type coordination 

complexes. UV-Visible analysis was successfully used to quantify the number of 

cobaltabis(dicarbollide) units within a macromolecule. Since these macromolecules are 

soluble in water and present an elevated number of boron atoms, they could be 

important candidates for possible applications in the treatment of tumor cells by the 

technique of Boron Neutron Capture Therapy. 
 

4. The cleavage of the dioxane ring of the zwitterionic derivative of 

cobaltabis(dicarbollide), 6, was achieved by employing biomolecules such as 

aminoacids and antibiotics (sodium salicylate, nicotinamide, nicotinic acid, arginine, 

hystidine and pyrazinamide among others). The resulting species were characterized 

using FTIR, MALDI-TOF and 1H, 11B and 13C NMR techniques.  



 

5. Another subject was the synthesis and characterization of both neutral and anionic 

boron-based thioligands for their posterior use in surface functionalization.  

We prepared ca. 3 nm MPCs capped with the above described thioligands via a simple 

procedure consisting in reduction of a chlorauric acid and thioligand methanolic 

solution with sodium borohydride. All of these MPCs showed very good solubility in 

water, acetone and isopropanol, an unexpected finding considering the hydrophobic 

nature of the carborane-based shell. Moreover, in the case of the Au NPs modified with 

the neutral mercaptocarborane cluster, 88, a unique reversible phase-transfer 

property (from polar to non-polar solvents) was observed. 

This newly synthesized material was characterized by using both more common 

characterization techniques, such as FTIR, 1H and 11B NMR, elemental analysis, UV-

Visible, as well as techniques more specialized on Au NPs characterization, as for 

instance CPS, TEM, XPS and ICP-AES.  
 

6. The fragmentation of 10 nm MPCs in presence of mercaptocarborane, 88, was 

achieved, leading to monodispersed MPCs with a diameter of around 3 nm via 

sonication, a viable method, with practical interest. Other boron-based thioligands, both 

neutral and anionic, namely 89, 90, 92 and [94]-, as well as ligands different from the 

ones based on carboranes (S8, bis(�-sulfonatophenyl)phenylphosphane dihydrate 

dipotassium salt (BSSP), a peptide (CALNN) and PEG) did not show the same degree 

of fragmentation as the one induced by 88. 
 

7. 10 nm MPCs were also prepared by a rapid and simple method, MPCs showing new 

and interesting properties, with applications in Au thin films deposition. 
 

8. To illustrate potential biomedical applications of their unique solubility characteristics, 

we have demonstrated the cellular uptake of these MPCs capped with 88 from 

aqueous solution by a human cancer cell line and show that the particles penetrate 

membrane structures as they are oxidized and become more hydrophobic within the 

biological environment. The cellular uptake of nanoparticles was performed on HeLa 

and showed that the uptake of these MPCs causes significant stress by the generation 

of reactive oxygen species (ROS). 

Regarding the cellular uptake of the other 3 nm MPCs prepared via reduction with 

sodium borohydride, preliminary studies on HeLa cells using compound 95 were 

conducted showing that after a period of incubation of 2 hours, MPCs were found in 

late endosomes. A follow-up study should be carried out varying the incubation time, 

and observe the effect it has on the cellular uptake.
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