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Abstract 

 

Chapter 1 is an overview of the chemistry of carboranes and their reactivity with 

particular focus on metalation and use in catalysis.  The chemistry of bis(carboranes) is 

also discussed in detail.  A full scope of thesis is also included. 

 

Chapter 2 describes the development of synthetic routes using bis(o-carborane) as a 

chelating ligand to a ruthenium centre.  Novel compounds are characterised and suitable 

species are tested as catalysts in Diels-Alder cycloaddition reactions. 

 

Chapter 3 expands on the synthesis of new catalysts exploring substitution reactions on 

the cages of bis(o-carborane).  Octamethyl-bis(o-carborane) is synthesised and used as a 

ligand to a metal centre.  One product is tested as a catalyst in Diels-Alder cycloaddition 

reactions. 

 

Chapter 4 discusses the displacement of arene ligands from arene-ruthenium derivatives 

of bis(o-carborane) using phosphine and phosphite ligands.  This resulted in an 

experimental and computational study of a novel isomerisation process.  The new 

characteristics and reactivity of these compounds are discussed and suitable compounds 

are tested as catalysts in Diels-Alder cycloaddition reactions. 

 

Chapter 5 introduces bis(m-carborane) as a different type of ligand to a metal centre.  The 

metalation of bis(m-carborane) is discussed using different metal fragments. 

 

Chapter 6 outlines the experimental procedures for all new compounds discussed, 

including synthesis and analysis. 

 

Appendix A explores the use of bis(o-carborane) as a ligand on Au(III) metal centres with 

a comprehensive study of novel compounds.  Appendix B summarises the 

crystallographic data for all compounds studied by XRD in this thesis. 
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1 

1 Introduction 

1.1  Boron 

 

Boron is the first p-block element in the periodic table, with atomic number five.  Boron 

is not formed by the usual nuclear fusion within stars, instead it is formed by cosmic ray 

spallation and exploding stars and is therefore found in trace amounts accounting for 

0.001% of the earth’s crust.1  Elemental boron is not found naturally on earth due to the 

high oxygen content in the atmosphere so it is found as borates, the fully oxidised form 

of boron.  Elemental boron can be extracted from borate minerals such as borax and 

colemanite.  This was first achieved simultaneously by Humphry Davy, and Louis-Josef 

Gay-Lussac and Louis-Jaques Thénard in 1808 by chemical reduction.2, 3 

 

Boron has two naturally occurring isotopes, 10B and 11B, which are found in abundancies 

of 19.6% and 80.4% respectively.4  Both of these isotopes are NMR-active however due 

to the higher abundance of 11B and its higher sensitivity, this is the isotope used for NMR 

spectroscopic studies unless 10B-enriched species are being studied.  Enriched compounds 

with 10B are used in BNCT (boron neutron capture theory) for cancer treatment.5 
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1.2  Boranes 

 

Boron hydrides, also known as boranes, are non-classically bound structures containing 

boron and hydrogen.  The simplest borane is BH3, shown in figure 1.1 (left), which is a 

Lewis-acid as it has a vacant p-orbital (illustrated in figure 1.1, right).  However, due to 

being highly reactive and unstable, it cannot be isolated as a pure substance.  Borane 

forms planar structures since boron only possesses 3 valence electrons and thus, cannot 

obey the octet rule.  Therefore, BH3 does not exist as a free entity. 

 

Figure 1.1: Illustration of the structure of BH3 (left) and its vacant orbital (right). 

 

The simplest isolable borane is diborane, B2H6, shown in figure 1.2.  The synthesis and 

structure of diborane were first reported by Alfred Stock in the early 1930s.6  The 

structure of diborane was predicted independently by Bauer and Schomaker, and after the 

development of single-crystal X-ray diffraction (SCXRD) in the 1950s, Lipscomb 

confirmed the structure as a dimer possessing two bridging hydrogen atoms.7-9  This 

satisfies the octet rule and overcomes electron deficiency as the boron and hydrogen 

atoms share electrons.  These bonds can be described as three-centre-two-electron (3c-2e) 

bonds.  

    

Figure 1.2: Structure of diborane, B2H6, crystal structure published by Lipscomb (right). 

 

An alternative way of describing the bonding in B2H6 would be to use molecular orbital 

theory, as illustrated in figure 1.3, by considering the interactions between the orbitals 

from the B2H4 fragment and the orbitals of the bridging hydrogen atoms.  The 

combination of these orbitals forms two bonding molecular orbitals and two anti-bonding 

molecular orbitals.  One electron from each boron atom and bridging hydrogen atoms fill 

the bonding molecular orbitals.  Using this approach suggests that the four electrons used 
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in bonding are delocalised over the four atoms in question – a complementary description 

to two localised 3c-2e bonds. 

 

Figure 1.3: Molecular orbital diagram describing the bridging-H bonding in B2H6.  Energy levels not to scale. 

 

Multicentre bonding also occurs in larger boranes which can be described as boron 

clusters.  In these polyhedra, the boron atoms are usually connected to four or more other 

vertices and the links between the vertices are described as connectivities as they are non-

conventional bonds.  Using a similar orbital-based approach, Longuet-Higgins predicted 

that B12H12 would only be stable as a dianion.10  This work was later confirmed when 

Hawthorne isolated the extremely robust decaborate(12) ion albeit in low yields.11  The 

bonding within decaborate(12) ([B12H12]
2-, figure 1.4, left) is described by Longuet-

Higgins as being delocalised over the whole cage.  Each vertex will have two p-orbitals 

tangential to the cage surface, and one sp-orbital perpendicular to the cage surface, 

illustrated in figure 1.4 (right).  This gives thirteen bonding molecular orbitals, meaning 

26 skeletal electrons are needed to make a stable species. 



 

 

4 

 

Figure 1.4: Icosahedral structure of B12H12
2- (left), unlabelled vertices are BH throughout.  A simplified 

illustration of the orbitals used in bonding from each vertex – px and py orbitals, and an spz hybrid orbital (right). 

 

Through theoretical studies, styx rules were described by Lipscomb as a way to generalise 

the electronic structure in boranes.12  These are a series of equations that can be solved to 

describe the bonding in localised terms, however this method is generally only suitable 

for describing the bonding in smaller boranes.  Subsequently, Wade established a series 

of rules which were later developed by Mingos relating each geometric structure to the 

number of vertices and the number of skeletal electrons available in the molecule.13, 14  

Moreover, the method is based on the molecular orbital treatment of bonding as 

previously described.  This approach is known as PSEP (Polyhedral Skeletal Electron 

Pair) theory or the Wade-Mingos rules.  The structure in question is broken into fragments 

and the number of electrons each fragment contributes to the skeleton bonding (s) is 

calculated.  This is done using equation 1; 

s = v+x-y;          (1) 

where v is the number of valence electrons of the vertex atom, x is the number of electrons 

provided by exo-polyhedral atoms, and y is the number of electrons involved in 

exo-polyhedral bonding.  Generally, y = 2 for main group atoms and y = 12 for 18e- 

transition metal atoms.  Solving this equation for each fragment and summing the total 

gives the number of electrons available for skeletal bonding.  Halving this value gives the 

number of Skeletal Electron Pairs (SEPs).  The structure will be closo if the number of 

SEPs is n+1 (where n is the number of vertices), nido if it equals n+2 and arachno if it 

equals n+3, and so on.   
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Applying this method to the molecule [B12H12]
2-: 

12{BH}: 12 x 2e- = 24e- 

1{2- charge} = 2e- 

Total skeletal electrons = 26e-  

SEPs = 13 

(n+1) SEPs ∴ closo geometry 

 

This gives the same outcome as Longuet-Higgins who predicted 13 occupied bonding 

molecular orbitals suggesting that only the dianion would be stable.10  PSEP theory can 

be applied to the whole family of boranes, including carboranes and metalla(car)boranes. 

 

Boranes such as nido-B6H10 and arachno-B4H10 had been isolated and it was originally 

believed that these species were fragments of an icosahedron,15 however Williams and 

Rudolph showed that there are several parent structures, all dependant on the number of 

SEPs available.16, 17  Here the relationship between the closo parent structures and the 

nido and arachno fragments of the parents was described in detail, illustrated in figure 

1.5.  The left-hand column shows the closo structures, removal of one vertex gives the 

nido fragment of that parent shown in the centre moving in the direction of the arrow, and 

removal of a second vertex gives the arachno fragment shown on the right.  This 

methodology can be applied to both boranes and heteroboranes. 
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Figure 1.5: A diagram illustrating the relationship between closo, nido and arachno structures.  The left-hand 

column shows the closo parent structures, the nido structures are in the centre and arachno structures are in 

the right-hand column, n = number of vertices. Adapted from reference16. 

  



 

 

7 

1.3  Carboranes 

 

Carboranes represent the inclusion of carbon into borane clusters.  They were first 

envisioned by Lipscomb and Hoffman and others in the early 60s.18, 19  After the synthesis 

of [B12H12]
2- was published it was suggested that exchange of a {BH}- fragment for the 

isoelectronic {CH} fragment (later described as isolobal fragments by Hoffmann20) 

would give a neutral and stable icosahedron, C2B10H12.  The synthesis of C2B10H12, later 

named ortho-carborane, was first reported simultaneously by Heying et al. and Fein et al. 

in 1963, shown in scheme 1.1.21, 22  This was achieved by inserting acetylene into 

decaborane (nido-B10H14) in the presence of a Lewis-base such as MeCN (acetonitrile), 

SMe2 (dimethyl sulphide) or SEt2 (diethyl sulphide).  The inclusion of a Lewis-base 

increased the yield of o-carborane dramatically, from a yield below 1% to a yield of 

around 70%.  This is the common route to the production of o-carborane and has since 

been adapted to produce a wide range of C-substituted species, however it has 

limitations.23  Bulky acetylenes and acetylenes with electron-withdrawing groups do not 

react with decaborane to form closo carboranes. 

 

Scheme 1.1: General synthesis of o-carborane published by Heying and co-workers starting from nido-

decaborane via an arachno-B10H12L2 intermediate.21 

 

The structure of o-carborane was later confirmed by Bohn by electron diffraction studies 

confirming the icosahedral nature of the molecule and the hexacoordinate vertices.24  Two 

other isomers can be made by thermally isomerising o-carborane at high temperatures, 

scheme 1.2.  Heating the ortho-isomer gives the more stable meta-isomer which can be 

isomerised further to the even more stable para-isomer by heating above 600 °C.21, 25-27  

The increased separation between the carbon vertices is energetically favourable as each 

carbon atom has a relatively positive charge and therefore repels each other.  Having 
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bulky R groups on the carbon positions allows isomerisation at a lower temperature as 

steric crowding aids separation.28 

 

This process can be reversed through a combination of 2-electron reductions and 

subsequent oxidations.  Adding two electrons to the closo-C2B10H12 cage increases the 

SEP count from 13 to 14.  Using PSEP theory, this would create an open-faced, 

[nido-C2B10H12]
2-

 species.  The isomers of the dianions that are formed are thought to 

have similar energies facilitating the rearrangement of the carbon atoms.   

 

Scheme 1.2: Three isomers of C2B10H12, ortho-, meta-, and para-carborane and the isomerisations between them. 
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1.3.1 Isomerisation mechanisms 

 

The mechanism for the transformation of ortho to meta to para is still unknown however 

there are two generally accepted methods within the literature.  The first is a process by 

which the carbon atoms rearrange through a diamond-square-diamond (DSD) pathway.  

Lipscomb and co-workers gave the first example of this reaction pathway in a series of 

papers detailing the mechanism.29-31  It is described as the connectivity between two 

vertices of two adjacent triangular faces (the said diamond shape) stretching and breaking 

creating a square face, and then the opposite vertices forming a new connectivity as 

illustrated in figure 1.6.  As discussed by Lipscomb, using this method would produce a 

cuboctahedral intermediate accessible through six simultaneous DSD transformations in 

the isomerisation of ortho-carborane to meta-carborane.   

 

Figure 1.6: An illustration of the DSD mechanism where the red connectivity elongates and breaks to form the 

square intermediate, and the blue connectivity is made. 

 

A feature of the DSD mechanism is the minimal bond stretching between the vertices 

involved hence resulting in a relatively low activation barrier.  However, a limitation of 

this mechanism is that there is no clear route to form the para-isomer starting from either 

the ortho- or the meta-isomer.   

 

Triangular face rotation, or TFR, is another mechanism widely accepted.32  This involves 

three adjacent vertices disconnecting or lifting slightly from the main body of the cage, 

rotating 120°, and then reconnecting.  This route can explain both pathways from ortho 

to meta, and meta to para overcoming the limitations of the DSD mechanism. 

 

The isomerisation of carboranes requires high temperatures, leading to the inability to 

isolate intermediates during the process.  Experimental work includes 10B labelling,33 B-H 

substitution for halogens or methyl groups,34, 35 and even studies of tethered species in the 

hope of isolating an intermediate.36, 37  A significant breakthrough was when Welch and 

co-workers isolated the metallacarborane anion, [(CO)2(η
3-C3H5)MoPh2C2B9H9]

-, 



 

 

10 

figure 1.7, which is a kinetic intermediate in the isomerisation of a 3,1,2-metallacarborane 

to a 2,1,8-metallacarborane.38  In the intermediate the closed polyhedron is not 

icosahedral and each carbon vertex is bound to the cage through four connectivities rather 

than the usual five.  The bulky substituents on the metal and Ccage  atoms lower the 

temperature at which isomerisation occurs allowing this structure to be isolated at room 

temperature.  Upon mild heating, this species isomerises to the meta form confirming this 

species as an intermediate.  Importantly, a C2B10H12 structure with this exact shape had 

been predicted a few years earlier to be a potentially isolable intermediate in the 

isomerisation of ortho- to meta-carborane by Wales.39  The Wales mechanism involves a 

series of low symmetry intermediates related by double and triple DSD steps, in contrast 

to the hextuple DSD of Lipscomb. 

 

Figure 1.7: Molecular structure of non-icosahedral intermediate adapted from Dunn et al., the cation is omitted 

for clarity. 

 

Note however, that recent theoretical studies have shown that a single triangle face 

rotation is fully equivalent to three diamond-square-diamond steps suggesting that DSD 

and TFR are simply different descriptions of the same process.40 
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1.3.2 Numbering 

 

The numbering within a carborane cage is based on the highest symmetry axis of the 

polyhedron with numbering in consecutive belts, usually in a clockwise direction.41  The 

prefix closo is given to closed polyhedra, and nido, arachno, or hypho are given when 

one, two, or three vertices are missing from the parent.  The highest atomic weight atoms 

are given the lowest numbers, as in the example shown in figure 1.8.  Contrary to the 

numbering system of a closo cage, the numbering in a nido cage starts from the opposite 

vertex to the open face and continues round the belt in an ordered fashion giving the 

hetero atoms the smallest number available as shown for the nido species of figure 1.8.   

 

Figure 1.8: Structure of o-carborane; closo-parent (left) and nido-fragment (right) with IUPAC numbering of 

vertices for each example. 

 

However, when a {BH} fragment is replaced with an isolobal metal fragment to give a 

metallacarborane the numbering system of the parent carborane is adopted.  Despite the 

metal being the heaviest element, it is not given priority and the metal is given the next 

smallest number after the carbon vertices.  For example, for the molecule 3-Cp-closo-

3,1,2-CoC2B9H11 shown in figure 1.9, the cobalt atom is at position three and the carbon 

atoms are at positions one and two.  The remaining vertices are labelled in an orderly 

fashion. 

 

Figure 1.9: Structure of 3-Cp-closo-3,1,2-CoC2B9H11 (left) and example of IUPAC vertex numbering scheme 

(right).  
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1.3.3 Characterisation 

 

Analysis of carboranes and derivatives including metallacarboranes can be achieved in a 

variety of ways.  Elemental analysis or ‘CHN’ analysis is a quantitative method for 

determining the percentages of elements C, H, and N in a given molecule.  This method 

is particularly useful for insoluble species. 

 

Infrared spectroscopy is a qualitative method for analysing boranes and carboranes.  

Anionic boranes, e.g. [B12H12]
2-, generally show BH vibrational frequencies around 2470 

– 2520 cm-1.42  In carboranes, the substitution of {BH-} vertices by {CH} vertices shifts 

the BH vibrational frequency to near 2600 cm-1 as a strong, broad band.  The CH 

vibrational frequency is at 3060 – 3075 cm-1 for icosahedral carboranes, each isomer 

varying by 5 cm-1. 

 

Mass spectrometry is another qualitative method used for the study of carborane species, 

usually used in tandem with elemental analysis.  Due to a large number of boron atoms 

present in the cluster and the presence of two relatively common isotopes (11B – 80%, 10B 

– 20%) the molecular ion peaks have a distinct broad hump or envelope.   

 

Nuclear magnetic resonance (NMR) spectroscopy is a valuable technique for the 

characterisation of carboranes and metallacarboranes.  Both stable isotopes of boron are 

NMR active, 10B has a spin of 3, however the more abundant 11B isotope is more 

commonly used and has a spin of 3/2.  The quadrupolar nature of boron leads to the 

broadening of peaks however no distinct splitting is observed.4  Decoupling 1H from an 

11B NMR spectrum provides a simpler spectrum by removing the coupling from the H 

atoms and this highlights any BX or BR vertices.  The integration of these resonances can 

provide information on the symmetry present within the cage, however particularly within 

large clusters these peaks often overlap leading to difficulty in distinguishing them.  The 

quadrupolar nature of boron also affects the proton NMR resonances in carboranes, 

particularly the appearance of the Ccage-H signal which appears broader and flatter by 

comparison with a CH of an organic molecule.  
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The position of the carbon atoms in metallacarborane species is vital yet can be 

challenging.  X-ray crystallography is a useful technique in identifying the position of 

atoms however there can be difficulties in identifying the difference between carbon and 

boron atoms since they possess similar X-ray scattering properties, only differing by one 

electron.43  Usually the Ueq value is used as a way to determine the correct assignment of 

an atom.  For example, within a cluster, if all the atoms are treated as boron, the 

incorrectly assigned atoms will have a much lower Ueq value, suggesting these atoms 

should be carbon.  However, an issue arises with this method when a heavy atom is 

present, as is the case with most metallacarboranes since the magnitude of thermal 

vibrations can be influenced by its surrounding environment, and therefore the Ueq values 

of the cage atoms can be deemed unreliable if bound to a heavy metal.  This method can 

be used in tandem with consideration of the lengths of cage connectivities since C-C < 

C-B < B-B, however if the carbon atoms are not adjacent, as in meta- and para-

carboranes, then this method can be less effective. 

 

Two methods have been developed by Welch and co-workers to circumvent these 

unreliable techniques.  In 2013 McAnaw et al. described a reliable method based on the 

vertex to centroid distance, aptly named VCD.43, 44  This method treats all non-metal 

vertices as boron and the centroid of the cage is calculated.  The distance from each vertex 

to this centroid is then measured.  Due to carbon having a smaller atomic radius than 

boron, these atoms will lie closer to the centroid and therefore can be distinguished from 

the boron atoms.  In 2014 a second method was developed by Burke et al. using the 

distances from the vertices, treated as boron, to the bound protons called the BHD, Boron-

Hydrogen distance method.45  If the atom is wrongly refined as boron instead of carbon, 

the atom will be refined with less electron density than is actually present.  Under 

crystallographic refinement, this will result in the bound H moving closer to the vertex 

resulting in abnormally short ‘B’-H distances.  The vertices with the shortest distances 

are thus assumed to be carbon.  Using both BHD and VCD methods in tandem provides 

reliable results on the locations of the carbon atoms within the polyhedron.  
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1.3.4 Reactivity 

 

The electronegativity of carbon is greater than that of boron and this means carboranes 

have specific vertices which are more prone to certain substitution reactions.46  For 

example, the most positive boron atoms will be those adjacent to the carbon atoms and 

therefore prone to nucleophilic attack whereas the boron vertices furthest from the carbon 

atoms are more likely to undergo electrophilic attack.  The carbon atoms themselves are 

also prone to a range of electrophilic substitution reactions, examples of which are 

discussed below. 

 

As previously discussed, a route to substituted carboranes is by reacting substituted 

acetylenes with decaborane however this is limited to which suitable substituted 

acetylenes are generally available.23  A second route is nucleophilic substitution.  The 

relatively acidic protons on carbon vertices can be removed using a deprotonating agent 

such as an alkyl lithium reagent.  Subsequent reaction with EX (where E is an electrophile 

and X is a leaving group) then attaches the E atom or group to the cage carbon atom in a 

salt elimination process.  There have been many reactions substituting H by a variety of 

groups, including alkyl, halides, ethers, carboxylic acids, thiols, and silyl groups to name 

but a few.47-49   

 

Whilst the hydrogen in the C-H bond is protic, the boron vertices have hydridic 

hydrogens, with the most negative hydrogens found on the vertices furthest from the 

carbon atoms.  Calculated Mulliken charges on o-carborane show that the B9 and B12 

positions are richer in electron density than the other vertices, with B3 and B6 being the 

least electron-rich.50  Potenza et al. found that the boron atoms furthest from the carbon 

atoms are the first to undergo electrophilic substitution.51  Examples of this have involved 

substitution with halogens and alkyl groups and in each case, the CH bonds are left 

untouched.52-56 

 

It was found for o-carborane that the H atoms on B9 and B12 were easily substituted by 

halogen atoms in simple Friedel-Crafts conditions.  This was first published in 1966 by 

Zakharkin et al. however they described a mixture of mono- and di- halogenated (I/Cl) 
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and methylated cages, as well as the desired species 9-iodo-o-carborane.54  The exchange 

of solvent, DCM in place of carbon tetrachloride, led to a much cleaner reaction which 

was subsequently published.57  Under extreme conditions, C2B10H4X8 has been 

synthesised where X is a halogen or an alkyl group.56, 58, 59   

 

Vertex positions B3 and B6 are the least electron-rich and generally do not undergo 

electrophilic substitution reactions.  To get substitution at this vertex a different method 

has to be employed.  In o-carborane, boron position B3/6 can be selectively removed in 

basic conditions as shown by Hawthorne and co-workers, creating a nido anionic 

species.60  By replacing the removed vertex with an isolobal fragment, such as {BX}, the 

H atoms can be effectively substituted for halogen atoms which is otherwise not 

possible.61 

 

The halogenated carboranes can undergo simple cross-coupling reactions with Grignard 

reagents in the presence of a palladium phosphine catalyst.61-63  This is a simple route to 

functionalised carborane boron vertices.  More recently, Quan et al. have shown a method 

to selectively substitute many alkyl and aryl derivatives onto B vertices.64  By tuning the 

electronic and steric properties of the R groups on the carbon vertices, selective 

nucleophilic substitution at B3/6, B4, or B9 has been demonstrated, however this method 

has been shown not to work for unsubstituted C vertices limiting the reaction’s use.  

 

Boranes and carboranes can be described as 3D-aromatic due to the delocalised nature of 

the bonding evident from, but not limited to, equivalent bond lengths and increased 

stability.65, 66  Introduction of substituents on the carborane cage will influence the 

reactivity at different vertices, a common feature in aromatic molecules.  However, the 

prefix ‘3D’ is applied due to the 3-dimensional nature of the cage not fitting with standard 

rules of aromaticity which require the molecule in question to be planar.16, 67 
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1.4  Metallacarboranes 

 

The first metallacarborane was discovered by Hawthorne in the mid-60s.  Decapitation 

of a carborane involved generating an ethoxy anion in situ to remove the most positive 

boron vertex from the C2B10H12 icosahedral parent.68  Removal of the endo-H from the 

open face gives a dianionic C2B9 carborane cage (dicarbollide ion) which was then reacted 

with FeCl2 producing a metal-carborane sandwich complex.  This species is analogous to 

ferrocene where in place of the cyclopentadienide (Cp-) ligands, there are decapitated 

carborane cages.  The general structure of a metal-carborane sandwich compound is 

illustrated in figure 1.10.   

 

Figure 1.10: Example of a metallacarborane sandwich structure where M can be a variety of metals.  Positions 

of the carbon atoms can vary and so are omitted for clarity.  

 

Reacting metal fragments with dianionic decapitated cages has led to a wide variety of 

carboranes with substituted vertices from all four blocks of the periodic table.69, 70  They 

have become an intense source of interest due to the desire to better understand their 

structures and the type of chemistry they can undertake.  These species have been shown 

to possess impressive properties including high kinetic stability and structural diversity 

which will be discussed in detail throughout this chapter.  Pushing the boundaries since 

their discovery has led to heteroboranes with cage sizes ranging from 6-vertices up to 16-

vertices with carbon present,71-74 and up to 16-vertices with a metal present.75-79  

 

The dianionic open face of a carborane is considered isolobal to a cyclopentadienide 

ligand as both anions donate six electrons to the metal centre from five Frontier Molecular 

Orbitals (FMOs).68  These orbitals, illustrated in localised form in figure 1.11, have a 

slight difference in their orientation, the 3-dimensional nature of the cage meaning that 



 

 

17 

the bonding orbitals point inwards slightly, whereas the planar orientation of the 

cyclopentadienide ligand means they are perpendicular to the plane of the ring.   

 

 

Figure 1.11: Illustration of localised orbitals of a dianionic carborane ligand (left) and a cyclopentadienide ligand 

(right).  Carbon positions are omitted for clarity. 

 

Almost every transition metal forms a stable full- or half-sandwich species with a 

dicarbollide ion and in many cases, multiple oxidation states of the metal centre can be 

achieved.  An example of this unique ligand function is the range of nickel full-sandwich 

species, shown in scheme 1.3.  Electrons from the metal centre are involved in skeletal 

bonding which allows delocalisation throughout the framework providing stability of 

varying oxidation states.80, 81 

 

 

Scheme 1.3: Three different oxidation states of nickel in nickel bis(dicarbollide) species.  Carbon position 

omitted for clarity. 

 

Carboranes possess structural diversity due to their isomeric forms.  There are three forms 

of C2B10H12, ortho-, meta-, and para-carborane, however for MC2B9H11, there are nine 

possible isomers, illustrated in figure 1.12.  Only six have been crystallographically 

confirmed.82 
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Figure 1.12: The nine different possible isomers of an icosahedral MC2B9 unit. 

 

Seven of the nine isomers are known with {CpCo} as the metal fragment as it is a simple 

and readily available fragment.  Metalation of [7,8-nido-C2B9H11]
2-, [7,9-nido-

C2B9H11]
2-, and [2,9-nido-C2B9H11]

2- anions leads to the 3,1,2-, 2,1,7-, and 2,1,12-isomers 

respectively.80, 83-85  The 2,1,8-, 2,1,9-, 4,1,2-, 9,1,7-isomers can be synthesised through 

gas-phase thermolysis of the 3,1,2-isomer.86  Gas-phase thermolysis of the tethered 

species 1,2-μ-(CH2)3-3-(η-C5H5)-3,1,2-closo-CoC2B9H9 gives the tethered 8,1,2- and 

9,1,2-isomers.  More recently a low-temperature route to the 4,1,2-isomer has been 

achieved by isomerisation through the 1e- reduction of 3-Cp-3,1,2-closo-C2B9H11, and a 

low-temperature route to the 8,1,2- and 2,1,8- isomers was achieved by decapitating a 

13-vertex cobaltacarborane.82, 87  Crystallographic evidence for the 2,1,9-, 9,1,7- and 

9,1,2-isomers without tethered groups are still unknown. 
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1.4.1 Metallacarboranes in catalysis 

 

The unique scaffold of carborane molecules means they can act as different types of 

ligands to metal centres.  By taking advantage of the 3D-aromatic, bulky and stable nature 

of a carborane monoanion, [CB11H12]
-, they have been shown to act as weakly 

coordinating anions to metal centres, enhancing their catalytic activity.88  o-Carborane 

can be used as a ligand substituent, bound to atoms such as P, S, Se, O and C which are 

subsequently bound to a metal centre.89   

 

One of the first catalytically-active metallacarboranes, a rhodacarborane, was discovered 

by Hawthorne in the 1970s.90-97  Several new species were discussed within the series of 

papers that followed the original discovery by Hawthorne, but only four were found to be 

catalytically-active in reactions such as hydrogenation and isomerisation of alkenes, 

hydrosilylation of ketones, and hydrogenolysis and hydrosilylanolysis of alkenyl 

acetates.90, 91, 98  A key step in every catalytic cycle is likely to be oxidative addition 

therefore it is unlikely that the fully saturated 18e- closo-rhodacarborane is the active 

catalyst.  It was speculated that the closo-rhodacarborane was merely the catalyst 

precursor.  After further spectroscopic studies, it is believed that the closo-rhodacarborane 

species is in equilibrium with the exo-nido-rhodacarborane tautomer, shown in scheme 

1.4 (centre), in solution.91, 95, 97 

 

Scheme 1.4: Equilibria between closo, exo-nido and σ-bonded active catalyst. 

 

Further evidence of this was provided when Hawthorne synthesised a forced exo-nido 

species by substituting at the carbon positions with bulky R groups, shown in figure 1.13.  

From subsequent kinetic isotope studies, it is thought the rhodium metal centre can 

dissociate from the cage giving the highly reactive 14e- σ-bound rhodacarborane, and that 

this is the active catalyst. 
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Figure 1.13: Isolated exo-nido-rhodacarborane. 

 

Teixidor et al. have shown both exo-nido- and closo- substituted rhodacarboranes to be 

successful catalysts in hydrogenation reactions.99, 100  In the exo-nido-species the rhodium 

centre is tethered to the cage through a B-H-Rh bond and a C-S-Rh bond, as illustrated in 

figure 1.14.  Over time this species oxidises to the closo-rhodacarborane.  When both R 

and R′ are phenyl groups, the distances between the cage carbon vertices elongates and 

effectively breaks and so these species are considered to be pseudocloso-

metallacarboranes, compounds with literature precedents.101-103  Interestingly the closo-

rhodacarboranes show a much higher conversion of hydrogenation and turnover numbers 

than the exo-nido- equivalents.  It is suggested that the mechanisms of catalysis of these 

species are different from one another, shedding some doubt over the nature of the active 

catalyst proposed by Hawthorne. 

 

Figure 1.14: Illustrations of exo-nido- and pseudo-closo-rhodacarboranes active in hydrogenation catalysis 

where R,R' = Ph | R = Me, R' = Ph | R = Me, R' = Et. 

 

To further this speculation, contrasting work carried out by the Welch group to develop 

and diversify the rhodacarborane catalyst led to a study using bis(carboranes), discussed 

later in this chapter.104  Conflicting results in catalytic activity also suggest the reactions 

using different rhodacarborane catalysts proceed via different pathways, again 

introducing uncertainty into the nature of the active catalyst proposed by Hawthorne.  

However, no counter mechanism was proposed and it is suggested that an extensive 

computational study is required to fully understand this whole area. 
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A relatively new research area that has generated interest from the carborane community 

is the use of ‘pincer’ ligands.  In the metallacarborane species previously discussed the 

metal has been incorporated in the skeletal bonding of the cage.  Pincer ligands, however, 

are usually tridentate ligands bound to a metal centre through a bridgehead position and 

donor atoms from the functionalisation of the backbone unit.  The first boryl-based PBP 

(phosphorus-boron-phosphorus bound) pincer ligand was published by Nozaki in 2009 

and showed that the incorporation of boron over carbon gave a stronger σ-donating effect, 

and therefore a stronger trans influence at the metal centre.105  This is due to a B-H bond 

having the inverse polarity compared to a C-H bond.  That same year, Spokoyny et al. 

functionalised a m-carborane cage with selenium- or sulphur- containing groups and 

coordinated these to a palladium centre as the first PBP ligands where the backbone is a 

closo-carborane cage.106  Carborane moieties provide an attractive base for pincer ligand 

complexes in catalysis due to their unique steric and electronic properties, their renowned 

stability and ability for functionalisation.  These attributes were exploited by Choquesillo-

Lazarte and co-workers in NBN (nitrogen-boron-nitrogen bound) type pincer ligands, 

specifically comparing ortho- and meta- carborane as the backbone unit.107  They took 

the ortho and meta derivatives of the same ligand and coordinated them to a palladium 

centre as shown in figure 1.15.  

 

Figure 1.15: ortho- (left) and meta- (right) NBN ligand, bound to catalytically-active Pd centre. 

 

Both catalysts were shown to be suitable palladium sources for Suzuki-Miyaura reactions, 

shown in scheme 1.5, with a large scope in functional group tolerance.  The ortho-species 

shows enhanced catalytic activity compared to the meta-species, illustrating the electronic 

difference between the substituents being bound through a carbon or boron vertex.   

 

Scheme 1.5: Reaction scheme of Suzuki-Miyaura reaction using carborane-based NBN pincer ligand; see 

paper107 for the full scope of functional groups tested.  
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1.5  Bis(carboranes)  

 

Promising results from carborane substitution reactions, as discussed in section 1.3.2, 

prompted Hawthorne and Dupont to attempt the substitution of hydrogen at a carbon 

vertex with another carborane cage.  The product is now more commonly referred to as 

bis(carborane).108  Synthesis of this species was first accomplished by reacting 

bis(acetonitrile)decaborane with diacetylene giving a very poor yield of bis(carborane), 

4%.  The main product from this reaction, C-ethynylcarborane, was reacted with a second 

equivalent of bis(acetonitrile)decaborane to afford a greater yield of specifically 

bis(o-carborane), ~60%, shown in scheme 1.6.  About 10 years later, this synthetic route 

was simplified to a one-pot process by Paxson et al.109  Replacing 

bis(acetonitrile)decaborane with the analogue B10H14(SEt2)2 and then reacting it with 

diacetylene at reduced temperatures afforded yields of bis(o-carborane) of 65-75%.   

 

Scheme 1.6: Original synthesis of 1,1ʹ-bis(o-carborane). 

 

Hawthorne later provided an alternative route to bis(carborane) by lithiating o-carborane 

at the carbon vertices and reacting this with copper(II) chloride to couple two cages 

together.110  However, this gave three products, the desired 1,1ʹ-bis(o-carborane), as well 

as 1,3ʹ- and 1,4ʹ-bis(o-carborane), the cages connected by a C-B bond in the latter two 

species.  Alongside the multiple products, there was also a dramatic decrease in the yield 

of the desired product.  This was, however, the first step towards a simpler synthesis of 

bis(o-carborane). 

 

In 2008, Ren and Xie published a synthetic route to specifically the C-C bound isomer, 

formally known as 1,1′-bis(o-carborane), in good yields of up to 83%.111  This involved 

double deprotonation of o-carborane using nBuLi and using a copper coupling reagent, as 

shown in scheme 1.7.  CuCl was found to be the only coupling reagent that restricted C-B 

and B-B coupling, and using this copper species over the less reactive CuI gave better 
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yields of the target compound.  This high yielding synthesis of specifically 

1,1ʹ-bis(o-carborane) has increased interest in this compound and its potential within the 

carborane field. 

 

Scheme 1.7: Copper(I) chloride coupling of dilithiated o-carborane to give 1,1ʹ-bis(o-carborane). 

 

Despite substitution occurring at only one vertex, double deprotonation of o-carborane is 

required since the coupling of the monolithiated carborane gives a dramatic decrease in 

the yield.  Following the discovery of carboranes in the 1960s, much work has been done 

on expanding the family of compounds.  The majority of these studies involved alkyl 

substitution at the carbon centre.  A study of the lithiation products of o-carborane, a step 

towards alkyl substitution, showed that adding one equivalent of a deprotonating agent 

(in this case an alkyl lithium reagent) led to reduced yields due to the equilibrium of 

disproportionation, as shown in scheme 1.8.112  This explains the difference in yields 

between the coupling reactions of mono- and dilithiated carborane.  
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Scheme 1.8: Equilibrium of disproportionation of monolithiated o-carborane in THF.112 

 

Other isomeric forms of bis(carborane) can be synthesised by starting with different 

single cage species.  As previously noted, there are three isomers of carboranes of the 

form C2B10H12.  Bis(carborane) species of both meta- and para-carborane have been 

synthesised via similar routes. 

 

Ten years after the report of bis(o-carborane) saw the publication of its analogue, 

1,1ʹ-bis(m-carborane).113  Although first reported by Zakharkin et al. in 1973, 

spectroscopic analysis of the species was reported much later by Hawthorne,110 and 

separately, a conclusive crystal structure by Welch and co-workers.114  The synthesis 

involves copper-coupling of two lithiated cages.  Together with the desired species, 

Hawthorne reports evidence of extended coupling between cages, in that a tetrameric 

species, illustrated in figure 1.16, is formed.  To avoid this by-product, Hey-Hawkins 

optimised the coupling reaction by reducing both the lithiation and coupling time but 

ultimately by using Cu(II)Cl2 as the coupling reagent.115   

 

Figure 1.16: The structure of bis(m-carborane) – left; the structure of the tetrameric species from extensive 

coupling as suggested by Hawthorne – right. 

 

Compared to the amount of chemistry on bis(o-carboranes), that involving 

bis(m-carborane) is limited.  Substitution at cage C positions has been shown to proceed 
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in the same way as bis(o-carborane), as reported by Hey-Hawkins.  In a quest to find 

boron-rich species suitable for Boron Neutron Capture Theory, Hey-Hawkins and co-

workers substituted bis(m-carborane) cages with phosphorus-containing groups that 

would ultimately be water-soluble and accepted by the body.115  Substitution at the carbon 

vertices has been reported with groups such as COOH and with silicon, mercury and tin 

methyls.116   

 

Similarly, bis(p-carborane) is synthesised by a copper-mediated reaction between two 

para-carborane cages, first achieved by Zakharkin and later reported with full 

characterisation by Hawthorne.113, 117  With the carbon positions being opposite one 

another in the cage, para-carborane was considered an ideal starting point to synthesise 

rigid-rod oligomers.  Hawthorne attempted to couple multiple cages together to achieve 

this, however, after a three-day reaction a tetrameric species was isolated in a 16% yield 

and was insoluble in most solvents so characterisation was limited.  Using standard 

substitution chemistry as previously discussed, silyl groups were attached to one of the 

carbon vertices in bis(p-carborane).  By coupling together two substituted 

bis(p-carborane) species, soluble tetrameric rigid-rods, shown in figure 1.17, were 

synthesised and fully characterised. 

 

 

Figure 1.17: Structure of bis(p-carborane) - above; structure of substituted rigid-rod molecule, where R = nhexyl, 
nbutyl, or isobutyl – below. 

  



 

 

26 

1.6  Metallabis(carboranes) 

 

Here a discussion of metal derivatives of bis(o-carborane) will be focused on two areas.  

In exo-metal derivates the bis(carborane) unit will be bound to the metal through sigma 

bonds external to the skeletal bonding.  In contrast, in endo-metal derivatives the metal 

and its valence electrons are part of the skeletal bonding, as discussed previously for 

single cage metallacarboranes, section 1.4. 

 

1.6.1 Endo-metal derivatives 

 

As with o-carborane, removal of a vertex from bis(o-carborane) can be achieved by 

creating an ethoxy anion in situ.  This was first achieved by Hawthorne by heating to 

reflux bis(o-carborane) with KOH in ethanol.118  By heating the mixture for a relatively 

short period, 90 minutes, one cage can be selectively degraded creating a monoanionic 

species, [7-(1′-1′,2′-closo-C2B10H11)-7,8-nido-C2B9H11]
-.  Extending that time to 5 days 

leads to removal of a vertex from each cage.  Both of these products are formed in good 

yields and are shown in scheme 1.9.  Due to the symmetrical nature of bis(o-carborane), 

removal of a vertex from the first cage leads to a single product, however since B3′ and 

B6′ are equivalent, removal of a second vertex from the other cage leads to two isomeric 

forms, rac and meso.  Hawthorne suggested the meso isomer would be the most stable, 

and not seeing any evidence of diastereoisomers suggested this hypothesis.118  However, 

evidence in later work from the 11B NMR spectra of a doubly deboronated species 

suggested diastereomers of the compound were present although limited information is 

provided.119  

 

Reacting the monoanionic bis(o-carborane) species with nBuLi to remove the bridging 

proton gives the dianionic species which will readily react with a metal fragment isolobal 

with {BH} resulting in a metallacarborane-carborane species.  The first examples were 

reported by Hawthorne in 1984 using metals such as iridium and rhodium to give 

metallacarborane-carborane species assumed to be, through spectroscopic analogy to 

their single-cage counterparts, in the form of 2,1,8-1′,2′ isomers.92  Increasing the amount 

of KOH in the deboronation reaction meant the length of the reaction could be decreased 

significantly to 18-48 hours and the scope of metal fragments introduced was widened.120  
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Commonly used metal fragments which are isolobal with {BH} include {Ru(arene)} and 

{CoCp}.   

 

Scheme 1.9: Synthetic route to singly and doubly deboronated bis(o-carborane). 

 

Introducing a {Ru(p-cym)} fragment to the singly deboronated species gives [1-(1′-1′,2′-

closo-C2B10H11)-3-(p-cymene)-3,1,2-closo-RuC2B9H10] which slowly isomerises to [8-

(1′-1′,2′-closo-C2B10H11)-2-(p-cymene)-2,1,8-closo-RuC2B9H10], as shown in scheme 

1.10.121  The rate of isomerisation can be increased by mild heating of the 3,1,2-species 

in solution.  It is well understood that separation of the carbon vertices is energetically 

favourable due to the repulsion between relatively positive charges, but in this case, the 

isomerisation is also aided by the steric interaction between the bulky carborane 

substituent and the arene ligand.  In the molecular structure of the 3,1,2-ruthenacarborane 

compound, the p-cymene ligand is seen to bend back from the usual orientation with 

respect to the cage.  This bend-back can be calculated by measuring the dihedral angle, 

θ, between the plane of the arene ligand and the plane of the lower belt of the 3,1,2-

metallacarborane (B5B6B11B12B9).122  The plane of the lower belt is usually taken as a 

reference plane because the upper belt is distorted due to it containing (smaller) carbon 

atoms and usually being bound to the metal.  The bend-back angle of the 3,1,2-

ruthenacarborane is almost 17°, whereas in the 2,1,8-species it is almost zero.  A similar 

effect can also be seen in the CoCp and CoCp* analogous but to a lesser extent due to the 

somewhat smaller ligand. 
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Scheme 1.10: Route to 3,1,2-1′,2′-ruthenacarborane-carborane and 2,1,8-1′,2′-ruthenacarborane-carborane 

species.  The lower belt used for calculating the dihedral angle is highlighted in red and labelled for each isomer. 

 

An isomerisation study of the single metalation of [7-(1′-1′,2′-closo-C2B10H11)-7,8-nido-

C2B9H10]
2− using nickel phosphine or nickel phosphite fragments was carried out by 

Welch and co-workers.123  Using [NiCl2(dppe)] as the source of the nickel fragment gave 

the expected 3,1,2-isomer and an isomerised 4,1,2-species, illustrated in scheme 1.11.  

The isomerisation of the 3,1,2-species is achieved by simply warming the species to reflux 

in THF to give the isomerised 4,1,2-species.  There was no separation of the carbon atoms 

which implies the main relief from the isomerisation is from steric crowding.  Using a 

different chelating phosphine, dmpe, results in the formation of a different isomer as the 

only product, a 2,1,8-species also shown in scheme 1.11.  It is suggested that this 

isomerisation occurs due to the presence of strongly electron-donating ligands on the 

metal centre and this was confirmed by using small, strongly electron-donating tmeda 

ligands.  This also resulted in a 3,1,2- to 2,1,8- isomerisation, however the carbon vertex 

(C1) with the carborane substituent remained in place, and the unsubstituted carbon vertex 

moved to the lower belt.   
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Scheme 1.11: Schematic of different nickel phosphine/phosphite species where R = Me. 

 

Overlooking any substituents, isomers of the carborane cages can be considered isosteric, 

but not isoelectronic giving them unique properties as ligands.  The frontier molecular 

orbitals mainly localised on the boron atoms make the B-M connectivities stronger than 

C-M connectivities.122  Therefore, a CB4 face will be bound more strongly to the metal 

centre than a C2B3 face.  The electron density at the metal centre, and reactivity thereof, 

will be therefore influenced by the specific metallacarborane isomer. 
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1.6.2 Exo-metal derivatives. 

 

Bis(o-carborane) has been reported in the literature as a κ2 ligand to several atoms 

including a variety of both main group atoms and transition metals.124-128  Hawthorne first 

reported two bis(o-carborane) units chelating a metal centre shortly after the discovery of 

the ligand.129, 130  It was suggested that for metals Ni(II)/(III), Cu(II)/(III) and Co(I)/(III), 

the complex would adopt a square planar geometry and for metals Co(II) and Zn(II), the 

compound would adopt a pseudo-tetrahedral geometry, as demonstrated in figure 1.18. 

 

Figure 1.18: Left - Proposed geometry when M = Ni2+,3+, Cu2+,3+, and Co+,3+. Right - Proposed geometry when 

M = Co2+, Zn2+ 

 

Through crystallographic studies, the planes the carborane units sat in would help 

distinguish the exact geometry of the structures.131  The angle between the planes of the 

ligands is 89° for the Co(II) species and therefore the compound is best described as 

having a tetrahedral geometry.  However, the d8 Ni(II) anion has almost a square planar 

geometry since the ligands sit in planes only 26° apart.  The deviation is assumed to be 

due to the steric bulk of the carborane cages.  This can be confirmed by using a technique 

discussed by Houser and co-workers.132  They derived the equation, 

𝜏4 =
360°−(𝛼+𝛽)

141°
         (2) 

which is specifically suited to distinguish the degree of tetrahedral or square planar 

geometry of a four-coordinate species.  The value of 𝜏4 will be between zero and one, 

zero corresponding to exactly square planar, and one corresponding to exactly tetrahedral.  

Species with 𝜏4 values between zero and one will be intermediate, but the value shows to 

which geometry the species best relates.  Using this approach for the Co(II) species gives 

a value of 0.87 which suggests it is not of perfect tetrahedral geometry but is best 
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described as being of distorted tetrahedral geometry.  The values of 𝜏4 for Ni(II) and 

Cu(III) are both found the be 0.26 which agrees with the results of Harwell that both 

molecules have distorted square planar geometry.131 

 

The structures described above are all examples of [M(bis(o-carborane))2] compounds, 

but there are also examples of [L2M(bis(o-carborane))] compounds.  Martin et al reported 

the synthesis and characterisation of [L2Ni(bis(o-carborane))] using the chelating 

phosphine ligands, dmpe or dppe.124  One equivalent of lithiated bis(o-carborane) was 

reacted with the appropriate NiP2Cl2 species.  The chlorides were displaced to afford 

products with distorted square planar structures where bis(o-carborane) acts as a κ2 ligand 

through two σ bonds to the nickel centre. 

 

Similarly, Jin et al. reported species with metal fragments of the form {Cp*M} (M = Ir, 

Rh).  X-ray crystallography studies of the iridium complex shows the bis(o-carborane) 

ligand is chelated to the metal centre through the carbon atoms in the form X2(C,Cʹ), 

shown in figure 1.19.  This structure was also assumed to be the case for the rhodium 

species, providing two examples where the bis(o-carborane) ligand is chelated to a 16e- 

metal centre, however reports suggest instability and degradation.125   

 

Figure 1.19: Molecular structure of Cp*Ir(C2B10H10)2. 

 

Further examples have been described by Spokoyny et al. in which a 

1,1′-bis(o-carborane) unit acts as a chelating ligand to palladium and platinum dppe 

centres.133  These species were synthesised in a study of blue organic light-emitting diodes 



 

 

32 

(OLEDs).  A comprehensive study compares the bis(o-carborane) ligand to a dianionic 

biphenyl ligand and suggests that the carborane unit has photophysical innocence, yet 

provides a strong ligand field, desired for blue light.  The lack of metal to carborane 

charge transfer transitions means the ligand field splitting can be tuned without other 

interference.  By introducing the bulky cages, intermolecular metal-metal interactions 

which quench the desired luminescence were prohibited.  In an attempt to improve their 

efficiency, two products were synthesised in which a bipyridine ligand was used in place 

of the dppe ligand, resulting in the compound [Pt(κ2-2,2′-{1′-(1′,2′-closo-C2B10H10)-1,2-

closo-C2B10H10})(4,4′-di-tbutyl-2,2′-bipyridine)], shown in scheme 1.12.  However, in 

this reaction, a second species was found, [Pt(κ2-2,3′-{1′-(1′,2′-closo-C2B10H10)-1,2-

closo-C2B10H10})(4,4′-di-tbutyl-2,2′-bipyridine)], the only difference being the 

bis(o-carborane) unit bound to the metal through a carbon and a boron vertex. 

 

Scheme 1.12: Synthetic route to platinum-based species using 1,1′-bis(o-carborane) as a chelating ligand showing 

both C,C′- and C,B′-bound isomers. 

 

A more recent example by Axtell et al. utilised the acidic nature of the protons bound to 

the carbon atoms in 1,1ʹ-bis(o-carborane) by reacting it with dialkylmagnesiates thus 

chelating bis(o-carborane) to the magnesium atom, a gentler route to deprotonation of the 

carbon vertices than using alkyl lithium reagents.134  The magnesium compound was used 

as a bis(o-carborane) transfer agent and allowed simple replacement of the Mg(DME)2 

unit with SnMe2.   
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1.7 Bis(carboranes) in catalysis 

 

An interesting recent development within the Welch group is using carborane and 

bis(carborane) units as scaffolds for FLP catalysts.  A series of inter- and intra-molecular 

Lewis-base and Lewis-acid compounds have been synthesised and tested in FLP 

catalysis.  The variety of single- and double-cage species, their isomers and therefore 

substitution positions within each gives rise to several potential FLP compounds.  Benton 

et al. synthesised many examples, some of which are shown in figures 1.20 and 

1.21.135, 136  The basicities of Lewis-basic carboranylphosphines can be ranked using the 

JSe-P coupling constant which is inversely correlated to the base strength.  A range of 

values were obtained for different substituted carborane species, and some are shown in 

figure 1.20.  Using the Gutmann-Beckett method, the acidities of the Lewis-acid species 

were ranked giving a wide variety of acceptor numbers, given in figure 1.21.  The 

introduction of a catecholborolyl substituent to a carborane unit gave a species that forms 

a frustrated Lewis pair with PPh3 and was shown to enhance the catalysis of a Michael 

addition reaction.137  A variety of carboranylphosphines were tested as Lewis-base 

components in an FLP system with B(C6F5)3 catalysing a hydrosilylation reaction.  These 

results demonstrate the ability to tune the strength of the FLP components to successfully 

use them as catalysts in a variety of reactions. 

 

Figure 1.20: Examples of different carboranylphosphines used in FLP chemistry.  1JP-Se values given in bold.132 
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Figure 1.21: Examples of Lewis-acid species used in FLP chemistry, and an example of an intra-molecular FLP 

species - far right.  Acceptor numbers are shown in bold.133 

 

Utilising the enhanced synthesis for 1,1ʹ-bis(o-carborane) previously noted, ongoing 

work within the Welch group has shown that new catalysts for alkene isomerisation and 

the hydrosilylation of acetophenone can be synthesised using 1,1ʹ-bis(o-carborane).104  

Singly decapitating 1,1ʹ-bis(o-carborane), to afford the nido analogue, and then reacting 

this with [Rh(PPh3)3Cl] gave [2-H-2,2-(PPh3)2-8-(1′-closo-1′,2′-C2B10H11)-closo-2,1,8-

RhC2B9H10], shown in scheme 1.13, which was tested as a catalyst.  Using 0.2 mol% 

catalyst loading, both Hawthorne’s single-cage rhodacarborane and the newly synthesised 

rhodacarborane/carborane species were shown to isomerise 1-hexene to 2-hexenes.  The 

double-cage variant proved to be more efficient, having both a faster reaction rate and 

showing higher selectivity for the trans-2-hexene product.  This is believed to be due to 

the electron-withdrawing nature of the carborane substituent, making the metal centre 

more reactive towards substrate binding. 

 

Scheme 1.13: Synthetic route to rhodacarborane/carborane. 

 

The use of the carborane substituent provides tunability, particularly in terms of 

electronics but examples also include changes in sterics.  Thus bis(carboranes) offer the 
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potential to change both the electronic influence at the metal centre and influence the 

sterics via the location of the carborane substituent.  Chan et al. took this a step further 

by introducing a second metal to the carborane substituent, synthesising a series of 

metallacarborane-metallacarboranes. 

 

The first examples of double metalation of bis(o-carborane) were reported by Ellis et al. 

in 2010.  By successfully reacting the doubly deboronated tetra-anionic species, 

illustrated in scheme 1.9, with {CoCp} fragments they synthesised the first examples of 

bis(heterocarboranes).138  This work was later expanded to include other metal fragments, 

but all products were examples of homometalation.120  The electronic influence of each 

metallacage will be equal.  Chan et al. reported the first examples of heterometallation of 

bis(o-carborane) and different isomeric forms of these.104  The first decapitation and 

metalation proceeded as expected, however the inclusion of a potentially sensitive metal 

fragment on one cage meant the second deboronation had to proceed by gentler means.  

In 2016 Sivaev reported a route using water and acetonitrile at room temperature to 

successfully remove one vertex from bis(o-carborane).139  Chan and co-workers pursued 

this method to deboronate the carborane substituent of the metallacarborane-carborane 

species however deboronation was limited and so a second alternative was sought.  Fox 

et al. reported the use of ‘wet’ fluoride, [TBA][F] in acetonitrile and water, as a mild and 

selective way to remove a vertex from one cage.140  This method proved successful after 

changing the source of fluoride to KF, although metathesis of the potassium counter ion 

with [HNMe3]
+ is required for the following metalation reaction.  By including a 

catalytically active rhodium fragment in one of the cages, the influence of the different 

metal cage substituents could be monitored by testing the catalytic activity of 

each.104, 141, 142  The two rhodacarborane-metallacarborane (Ru(p-cym) or CoCp*) 

species, shown in figure 1.22, displayed different catalytic activity in the isomerisation of 

1-hexene, highlighting the effect of introducing different metal fragments on the pendent 

cage. 
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Figure 1.22: Examples of rhodacarborane-metallacarborane species used in catalytic studies.  One 

diastereoisomer of each compound is illustrated. 

 

To the best of our knowledge, the only example of a catalytically active bis(o-carborane) 

chelate is [Ru(κ3-2,2ʹ,3ʹ-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)], 

herein called compound I and shown in figure 1.23, a species discovered by Riley et al.51  

In this compound, 1,1ʹ-bis(o-carborane) acts as an X2(C,Cʹ)L type ligand, where the metal 

is bound to two carbon atoms as X-type ligands and an agostic B-H unit as the L-type 

ligand.  From the crystal structure, it is noted that the arene ligand bends back to 

accommodate the B-H agostic interaction.  The fluctional character of the agostic 

interaction, which provides two electrons to the metal atom to give a stable 18-electron 

centre, suggested potential catalytic activity and preliminary results provided evidence 

for compound I to be an active Lewis-acid catalyst. 

 

Figure 1.23: Molecular structure of [Ru(κ3-2,2ʹ,3ʹ-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)] 

(I). 
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These results provided a basis for optimisation stemming from the potential to vary the 

metal ligand fragment.  Work started by Riley et al showed that the p-cymene ligand 

could be displaced by a variety of phosphine ligands, which altered the bonding mode of 

the bis(o-carborane) ligand to X2(C,Bʹ)L.   
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1.7  Scope of Thesis 

 

This chapter described fundamental features of ortho-carborane and its reactivity with a 

particular focus on metalation and its uses in catalysis.  Details of bis(ortho-carborane) 

and bis(meta-carborane) are also discussed, again with a focus on metalation and uses in 

catalysis.  In chapter 2, the development of synthetic routes to using bis(o-carborane) as 

a chelating ligand to a ruthenium centre is discussed whereby different arene ligands are 

used.  The reaction of these compounds with MeCN is described.  Suitable compounds 

are tested as catalysts in Diels-Alder cycloaddition reactions.  Chapter 3 describes 

substitution reactions on the cages of bis(o-carborane), specifically the synthesis of 

octamethyl-bis(o-carborane) and its use as a ligand to a metal centre.  Suitable compounds 

are tested as catalysts in Diels-Alder cycloaddition reactions and their performance is 

compared to that of compounds from chapter 2.  Chapter 4 discusses the displacement of 

arene ligands from arene-ruthenium derivatives of bis(o-carborane) using phosphine and 

phosphite ligands.  This resulted in an experimental and computational study of a novel 

isomerisation process.  The new characteristics and reactivity of these compounds are 

discussed and suitable compounds are tested as catalysts in Diels-Alder cycloaddition 

reactions.  Chapter 5 introduces bis(m-carborane) as a different type of ligand to a metal 

centre.  The metalation of bis(m-carborane) is discussed using different metal fragments.  

Chapter 6 outlines the experimental procedures for all new compounds discussed, 

including synthesis and analysis. 
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2 Arene-Ruthenium Chemistry 

2.1  Introduction 

 

Double deprotonation of 1,1′-bis(o-carborane) with nbutyl lithium gives the dilithio-salt 

which can be coupled with a metal fragment.  This results in 1,1′-bis(o-carborane) acting 

as a chelating ligand to the chosen metal in a κ2 type fashion.  This was first demonstrated 

by Owen and Hawthorne in 1970 with four homoleptic examples involving the metals 

Ni(II), Cu(III), Co(II), and Zn(II) which take the form shown in figure 2.1.1, 2  Further 

examples were synthesised by either oxidation or reduction of the metal salts to give 

Co(III), Ni(III), and Cu(II).  The geometries of these anions were originally proposed to 

be pseudo-tetrahedral however after single-crystal X-ray diffraction studies by Hawthorne 

and co-workers in the late 90s, the structures for the Ni(II) and Cu(III) species were shown 

to have a distorted square planar geometry whereas Co(II) has a tetrahedral geometry.  

Cu(II) was shown to be intermediate between square planar and tetrahedral.3   

 

Figure 2.1: Representation of homoleptic metal salts where M = Ni, Cu, Co, or Zn. n = 1 or 2 depending on the 

oxidation state of the metal.3 

 

Following Hawthorne’s original work, Bau later published a crystal structure of the 

Co(III) (d6) homoleptic salt, figure 2.2, giving evidence for the first example of a B-H⇀M 

agostic interaction in a bis(carborane) derivative.4  Single-crystal X-ray diffraction of the 

Co(III) species showed a distorted square planar geometry of the bis(o-carborane) 

ligands, and it is thought this allows the formation of this stabilising agostic interaction.  

Including this agostic interaction, this molecule could be viewed as having a square 

pyramidal geometry. 
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Figure 2.2: Molecular structure of bis[bis(o-carborane)]Co.4 

 

This is the first example of bis(o-carborane) acting as a κ3-type ligand, the bonding of 

which can be described as X2(C,C′)L.4  Further examples using bis(o-carborane) as a κ2 

ligand of the type closo-closo-X2(C,C′) have been described more recently using a variety 

of metal centres.5-8   

 

The bonding mode X2(C,C′)L for bis(o-carborane) has only been reported on one other 

occasion by Riley et al.  In this paper, the synthesis and characterisation of [Ru(κ3-2,2′,3′-

{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)], hereafter compound I 

and shown in figure 2.3, is described.  The inclusion of the 3c-2e bond is significant as it 

stabilises the metal centre bringing the electron count up to the desired 18e- from 16e-.  

The resonance from the agostic H can be seen at δ -0.02 ppm in the 1H{11B} NMR 

spectrum and integrates to 4H suggesting it is fluctional over four boron vertices.  This 

was confirmed by low-temperature NMR spectroscopy.  The lability of the B-H⇀Ru 

agostic interaction was proven by its displacement using 2e- donor ligands such as 

acetonitrile and carbon monoxide, suggesting that I might be catalytically active in Diels-

Alder cycloadditions which was subsequently confirmed.9 
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Figure 2.3: Molecular structure of compound I as reported by Riley et al.9 

 

Attempts to synthesise analogues of compound I are discussed in this chapter.  The 

objective is to improve the catalytic activity by altering the Lewis-acidic nature of the 

metal centre by varying the arene ligand.  Four well-known ruthenium-arene dimers 

within the literature take the form [RuCl2(arene)]2, where the arene = p-cymene, benzene, 

mesitylene and hexamethylbenzene.  Consequently, using the synthetic approach of Riley 

et al., there were three new target compounds using the last three aforementioned dimers. 
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2.2 Results and Discussion 

2.2.1 Deprotonation by nBuLi followed by metalation 

 

Although I is produced in good yields by the deprotonation of 1,1′-bis(o-carborane) with 

nBuLi in THF followed by reaction with [RuCl2(p-cymene)]2, a simple exchange of the 

arene in the ruthenium starting material did not yield the desired target compounds 

analogous to I.   

 

The reaction of dilithiobis(o-carborane) with [RuCl2(C6H6)]2 gives multiple low yielding 

products following purification by preparative thin-layer chromatography (TLC).  The 

most prominent and only separable species was an orange/brown band which could not 

be isolated in a spectroscopically pure form.  However, the distinct resonances at δ -2.90, 

-6.34 and -7.83 ppm in the 1H{11B} NMR spectrum, shown in figure 2.4, indicates the 

presence of a bridging B-H and 2 B-H⇀Ru agostic protons respectively, suggesting the 

species is [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6H6)].  The 

peak at δ -2.90 is assigned to the bridging proton due to its broad nature.  Resonances 

from the 1H{11B} spectrum, alongside resonances at δ -26.2 and -36.2 in the 11B{1H} 

NMR spectrum and EIMS data (m/z 454.3), all suggest deboronation of one carborane 

cage which is consistent with the zwitterionic species illustrated in figure 2.5.  Here the 

monoanionic carborane cage is bound to a monocationic Ru centre through one carbon 

σ-bond and two B-H⇀Ru agostic interactions giving an 18e- species. It should be noted 

that the bis(o-carborane) unit acts as a closo-nido-X(C)L2 type ligand, previously 

unreported. 
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Figure 2.4: Selected 1H{11B} NMR resonances of 1; broad singlet assigned to the bridging proton, two singlets 

assigned to the B-H⇀Ru agostic interactions. Units in ppm. 

 

 

Figure 2.5: Suggested structure of compound 1. 

 

When the ruthenium dimer is exchanged for the mesitylene variant, an analogous species 

to 1 is observed, this time confirmed by X-ray crystallography, as well as a second 

compound, both shown in figure 2.6.  
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Figure 2.6: Molecular structure of compound 2 (left) – selected bond lengths are C1-C1′: 1.544(2) Å, Ru3-C1: 

2.2805(15) Å and Ru3-arene average: 2.27(6) Å; and compound 3 (right) – selected bond lengths are C1-C1′: 

1.507(4) Å, Ru1-C2: 2.146(2) Å, Ru1-B2′: 2.408(3) Å and Ru1-B11′: 2.378(3) Å.  The bridging H is not shown on 

3 due to disorder, only one component of the partially disordered structure is shown.  Crystal structures 

determined by L. E. Riley. 

 

Both compounds were isolated in low yields by preparative TLC.  Compound 2, isolated 

from a yellow band with an Rf of 0.76 (3 DCM:2 petrol), in a yield of 4% was confirmed 

as [1-(1′-closo-1′,2′-C2B10H11)-3-(C6H3Me3)-closo-3,1,2-RuC2B9H10].  This molecule is 

a 3,1,2-metallacarborane-carborane species where the deboronated carborane moiety acts 

as a η5 type ligand to a fully saturated 18e- metal centre.  Similar species have been seen 

previously in examples published by Thiripuranathar et al. whereby bis(o-carborane) was 

deliberately deboronated in good yields to afford a salt.10  This salt was deprotonated and 

reacted with a metal fragment to give a metallacarborane-carborane species.  Using this 

method and reacting with [RuCl2(p-cymene)]2 gives two isomers, the 3,1,2-

metallacarborane, the same isomer produced in this work, and a 2,1,8-metallacarborane, 

shown in scheme 2.1.  In the 2,1,8-isomer the carbon atom attached to the carborane 

moiety moves to the lower belt releasing any steric hindrance between the cage 

substituent and the arene ligand. 
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Scheme 2.1: Synthetic route to ruthenacarborane-carborane species via deliberate deboronation giving two 

isomeric products.10 

 

Compound 3, isolated from an orange band with an Rf of 0.60 (3 DCM:2 petrol) in a yield 

of 7%, possesses similar characteristics in the 1H{11B} NMR spectrum to 1 (thus 

confirming the assumptions made of the structure of 1).  There are two sharp resonances 

at δ -6.60 and -7.82 ppm assigned to the B-H⇀Ru agostic protons, and the bridging proton 

is observed at δ -2.89 ppm and is considerably broader due to the quadrupolar nature of 

boron.  The 1H NMR spectra of both species are significantly different from each other, 

compound 2 possessing two characteristic CcageH resonances at δ 5.84 and 3.99 ppm 

whereas 3 only has one CcageH at δ 2.92, as well as the expected singlets for the methyl 

and aromatic protons on the arene ligand in both cases.  It is clear from the 11B{1H} NMR 

spectrum that compound 2 is closo as the resonances lie between δ 3.3 and -17.4 ppm (the 

typical range for a closo species).  Compound 3, however, remains nido which is evident 

from two characteristic resonances that are seen at δ -27.0 and -36.6 ppm which 

correspond to B10′ and B1′ respectively.  This experimental data is consistent with both 

crystal structures shown in figure 2.6, however the bridging proton is not shown in the 

molecular structure due to partial disorder of the nido cage. 
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Similarly, the analogous reaction with [RuCl2(C6Me6)]2 gives two low yielding products, 

both analogous to those of the previous reaction and shown in figure 2.7.  Compound 4, 

a yellow 3,1,2-metallacarborane-carborane species, was isolated by preparative TLC 

(Rf 0.45) in a yield of 5% and 5, an orange zwitterionic species, was isolated in the same 

manor (Rf 0.36) in a yield of 14%.  The molecular structure of 4 shows partial disorder 

between two diastereomers, the occupancy of C2:B4 is 53:47, and the occupancy of 

C2′:B4′ is 50:50.  The closo-nido-X(C)L2 species 5 from this reaction does not suffer 

from disorder in the crystal structure so the bridging proton is shown in figure 2.7, unlike 

the case for the mesitylene analogue. 

 

Figure 2.7: Molecular structures of 4 (left) – selected bond lengths are C1-C1′: 1.5388(16) Å, Ru1-C1: 

2.2783(11) Å and Ru1-arene average: 2.29(7) Å; and 5 (right) – selected bond lengths are C1-C1′: 1.507(2) Å, 

Ru1-C2: 2.1500(14) Å, Ru1-B2′: 2.4028(17) Å and Ru1-B11′: 2.4364(17) Å. 

 

Upon returning to the analogous p-cymene reaction, an increase in lithiation time of 

bis(o-carborane) from reference 9 followed by reaction with [RuCl2(p-cymene)]2 gives 

the desired product, [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-

cymene)] (I), in an improved yield of up to 51%, and notably a trace amount of [Ru(κ3-

2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(p-cymene)] (6), whose 

structure was confirmed by X-ray crystallography and is shown in figure 2.8.9 
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Figure 2.8: Molecular structure of compound 6 – selected bond lengths are C1-C1′: 1.510(11) Å, Ru1-C2: 

2.116(8) Å, Ru1-B2′: 2.391(9) Å and Ru1-B11′: 2.411(9) Å. 

 

Compound 6 is analogous to the previous zwitterionic species, I, 3, and 5.  Table 2.1 

summarises the notable resonances from 1H{11B} NMR spectra at low frequency.  In 

particular, the resonances due to B-H⇀Ru are shifted significantly upfield in comparison 

to those in I (δ -0.02 ppm).  It is thought this shift is due to a combination of more hydridic 

character being bound to a cationic Ru metal centre and shielding from the negative 

charge on the open face of the deboronated cage. 

Table 2.1 – High field resonances from 1H{11B} NMR spectra of the zwitterions, I, 3, 

5, and 6. 

Compound Bridging B-H resonances B-H⇀Ru agostic resonances 

1 (benzene) δ -2.90 δ -6.43, -7.83 

3 (mesitylene) δ -2.89 δ -6.60, -7.82 

5 (hexamethylbenzene) δ -2.97 δ -6.74, -7.88  

6 (p-cymene) δ -2.93 δ -6.48, -7.81 

 

An important feature of the structures of the metallacarborane-carborane compounds 2 

and 4 is the bend back angle of the arene ligand to accommodate for the bulky carborane 

substituent, which is commonly seen in 3,1,2-{L}MC2B9H10-1′,2′-C2B10H11 species 

where L = arene, Cp, or Cp*.10, 11  The bend back angle is quantified by θ which is the 

dihedral angle between the plane of the arene ligand and the plane of the lower belt of the 

metallacarborane cage – B5B6B11B12B9.  The dihedral angle in 2 is 18.58(5)° and in 4 

is 19.70(5)° both of which are significantly larger than that of the previously reported 
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analogue, [1-(1′-1′,2′-closo-C2B10H11)-3-(p-cymene)-3,1,2-closo-RuC2B9H10], where θ = 

16.08(9)°.10  This suggests the steric bulk of the arene increases from p-cymene < 

mesitylene < hexamethylbenzene.  For comparison, this phenomenon can also be seen in 

the 3,1,2-{L}CoC2B9H10-1′,2′-C2B10H11, where L = Cp or Cp*, illustrated in figure 

2.9.10, 11  The bulkier 1,2,3,4,5-pentamethylcyclopentadienyl ligand has a larger bend-

back angle of 21.58(8)° whereas the cyclopentadienyl ligand has a smaller bend-back of 

only 15.8/16.3° showing that the greater steric hindrance influences the bend-back of the 

ligand. 

 

Figure 2.9: Structural representations of cobaltacarborane-carborane species where L = Cp (left) and Cp* 

(right).10, 11 

 

Returning to the synthesis, this method of deprotonation has resulted in only one of the 

target species, I, being formed.  Whilst there is no obvious reason for only the p-cymene 

dimer giving the desired compound from the lithiation reaction, we attribute the lack of 

success using the other dimers to solubility differences since the [RuCl2(p-cymene)]2 

dimer is by far the most soluble of the four. 

 

In each reaction involving lithiation, there is evidence for partial cage degradation 

whereby a cage is deboronated.  It is known that in bis(carborane) each carborane cage is 

electron-withdrawing from the other in comparison to H making both cages more 

susceptible to nucleophilic attack, and cage deboronation using nBuLi has been observed 

previously.7, 8  To deliberately remove a vertex from (bis)carborane in high yields, a 

mixture of KOH and carborane in ethanol is brought to reflux producing EtO- ions which 

remove the {BH} fragment.12  It is known that the degradation of THF can occur at room 

temperature by reaction with a lithium cation as shown in scheme 2.2 to give ω-alkenolate 

ions, not dissimilar in nature to ethoxide anions.13  Therefore, the degradation of THF 

may induce deboronation in the aforementioned lithiation reactions.  Following 

deboronation, the cage is either metalated to give the closo-3,1,2 products, or it is 
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protonated and subsequently metalated to give the zwitterionic, nido-closo-X(C)L2 

species.  We therefore conclude, and agree with Spokoyny and co-workers, that for this 

particular reaction nBuLi is not a suitable reagent for deprotonation and an alternative 

must be sought.   

 

Scheme 2.2: Degradation of THF by reaction with Li+.13 
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2.2.2 Using [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(DME)2] as 

a bis(carborane) transfer agent 

 

Viñas, Teixidor and co-workers carried out extensive studies into the use of alternative 

solvents to deprotonate carborane cages to overcome the problem of deboronation.14  A 

more recent alternative route was described by Spokoyny and co-workers where they use 

[Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(DME)2] as a 

1,1′-bis(o-carborane) transfer agent.7  The experimental procedure is shown in scheme 

2.3 where dibutylmagnesium is used to deprotonate the {CH} positions as an alternative 

to a lithium source.  In Spokoyny’s work, the magnesium atom, chelated by the 

bis(carborane) unit, was then replaced by tin.  Taking this into consideration, we aimed 

to react the magnesium bis(o-carborane) transfer agent with the ruthenium dimers to 

overcome the deboronation side reactions and produce analogues of compound I for 

catalytic studies. 

 

Scheme 2.3: Reaction scheme for the formation of the bis(o-carborane) transfer agent.7 

 

To ensure this method works within a different system, the bis(o-carborane) transfer agent 

was synthesised and reacted in-situ with [RuCl2(p-cymene)]2 as shown in scheme 2.4.  

Pleasingly this gave compound I in competitive yields of 41% by comparison to the 

previous lithiation method, and, moreover, it gives a cleaner reaction – no deboronation 

side products were observed. 

 

Scheme 2.4: Reaction scheme using the bis(o-carborane) transfer agent with [RuCl2(p-cymene)]2. 



 

 

55 

Taking this method forward, the bis(o-carborane) transfer agent was reacted with the 

same ruthenium dimers noted previously in the lithiation reactions.  Starting with the 

benzene compound, this reaction yielded the target species [Ru(κ3-2,2′,3′-{1-(1′-closo-

1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6H6)], 7, analogous to I, and a small amount of 

side-product [{Ru(C6H6)}2(μ-Cl)(μ-κ4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-

C2B10H9})], 8, both of which are shown in figure 2.10.  

 

Figure 2.10: Molecular structure of 7 (left) – selected bond lengths are C1-C1′: 1.5116(11) Å, Ru1-C2: 

2.1086(8) Å, Ru1-C2′: 2.1292(8) Å, and Ru1-arene average: 2.21(3) Å; and compound 8 (right) – selected bond 

lengths are C1-C1′: 1.499(3) Å, Ru-C/B: 2.1070(18) Å (equivalent due to symmetry), Ru1(′)-Cl: 2.3341(4) Å and 

Ru1-arene average: 2.27(4) Å. 

 

Compound 7 was isolated as a yellow/orange solid in a moderate yield of 57%.  Whilst 

the 1H NMR spectrum is relatively uninformative showing only a singlet for the aromatic 

protons at δ 5.71 ppm, the 1H{11B} NMR spectrum also shows this together with a 

resonance from the B-H⇀Ru agostic unit at δ 0.00 ppm which integrates to 4H atoms.  

Previously observed in I and subsequently confirmed by low-temperature NMR studies, 

this shows that the B-H⇀Ru agostic interaction is fluctional at room temperature over 

four positions; B3, B6, B3′, and B6′.  Unlike for I however, low-temperature NMR 

spectroscopy of 7 does not freeze out any fluctionality, although in CD2Cl2 the 

coalescence temperature is found to be 198K. 

 

Compound 8 was isolated as a violet solid in a lower yield, 10%.  This compound was 

analysed by elemental analysis, mass spectrometry and X-ray crystallography, the latter 

confirming the quadruple deprotonation of a bis(o-carborane) unit which proceeds to 

react with a {[Ru(C6H6)]2Cl} fragment.  The formation of this compound is thought to 

originate from the weaker halophilic nature of magnesium in comparison to lithium which 
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presumably gives rise to only a partially fragmented dimer.  The bimetallic compound is 

paramagnetic as the two metal centres are bound by a bridging chloride giving a 

Ru(II)/Ru(III) species, as the result of which NMR spectroscopic studies give no useful 

information.  Also bridged by the bis(carborane) moiety, each metal is σ-bound to two 

vertices, one from each cage, meaning the bis(o-carborane) fragment acts as a closo-

closo-X4(C,C′,B,B′) type ligand to a Ru2 unit.  Unfortunately, the carbon and boron 

positions cannot be distinguished in the crystallographic study because of disorder giving 

the molecule, overall, effective C2v symmetry.  This gives rise to the possibility of two 

isomers, cis and trans, as illustrated in figure 2.11, which cannot be separated by TLC and 

co-crystalise, or just one isomer (either cis or trans) which crystalises in a disordered way. 

 

Figure 2.11: Chemical structures of suggested isomers of compound 8. 

 

Following on from this success, we used the bis(carborane) transfer agent for the other 

ruthenium dimers that failed to give the target compounds from the lithiation reactions.  

However, using the mesitylene dimer gave only the analogous bimetallic species 

[{Ru(C6H0Me3)}2(μ-Cl)(μ-κ4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})] 

(9), the target compound was not observed.  Similarly to the benzene variant, compound 

9 was characterised only by elemental analysis, mass spectrometry and X-ray 

crystallography, since, due to the paramagnetic nature of the species, NMR spectroscopy 

was not a viable method of characterisation.  As noted, the target compound was not 

isolated.  It is unclear why the target species is not formed with this particular dimer from 

either the lithiation or the magnesium methods. One thing to note is that 

[RuCl2(mesitylene)]2 is by far the least soluble dimer, with it being only partially soluble 

in the usually excellent solvent dimethylsulfoxide (DMSO). This may play a role in the 

limited reactivity of this species. 
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Reacting the bis(o-carborane) transfer agent with [RuCl2(C6Me6)]2 gives only the target 

compound, [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)] 

(10) (14%), whose molecular structure is shown in figure 2.12.  This species, analogous 

to I and 7, possesses an agostic interaction, which is confirmed by 1H{11B} NMR 

spectroscopy giving rise to a broad singlet at δ 0.16 ppm.  As before this resonance 

integrates to 4H implying fluctionality over 4 BH positions.  Low-temperature NMR 

spectroscopy studies were not carried out on this species.  The Me groups on the C6Me6 

give a sharp singlet integrating to 18H at 2.14 ppm. 

 

Figure 2.12: Molecular structure of compound 10 (two independent molecules are within the crystal 

lattice) – selected bond lengths are C1-C1′: 1.517(8)/1.497(9) Å, Ru1-C2: 2.117(7)/2.110(7) Å, Ru1-C2′: 

2.112(7)/2.117(7) Å, and Ru1-arene average: 2.23(6)/2.24(5) Å. 

 

Interestingly the side-reaction yielding the bimetallic species does not seem to occur with 

the hexamethylbenzene dimer.  It is possible that the increase in steric bulk of the arene 

ring would disfavour the formation of this species as the two metals – both with a η6 

hexamethylbenzene ligand bound – are held in close proximity by the bridging chloride. 

 

In each of the target molecules (I, 7, and 10) the two cages of the bis(carborane) ligand 

are significantly twisted to accommodate the agostic interaction.  An illustration of this 

is shown in figure 2.13 using compound 7.  Viewing along the C-C bond between the 

carborane cages highlights the twist.  This can be quantified by considering two planes, 

one Ru1-C2-C1 and the other Ru1-C2′-C1′.  The dihedral angle between these two planes 

is 32.89(7)° showing how much the cages rotate to achieve the stabilisation from the 

agostic interaction.  An alternative measure of this is the distance between the metal centre 

and the atom B3′ (the distance between Ru1 and H3′ is not used because of the relatively 
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high imprecision of H atom positions determined by X-ray crystallography).  Table 2.2 

shows the twist angle and the Ru1-B3′ distances for each of the target compounds.  The 

greater the twist the shorter the Ru-B3′ distance. 

 

Figure 2.13: View of 7 along C1-C1′ bond showing twist of the primed cage. H-atoms are removed for clarity. 

 

Table 2.2 – Notable distances and angles of species 7, I, 10, and literature examples 

Compound Ru1-B3′ distance (Å) The dihedral angle between Ru1-

C2-C1 and Ru1-C2′-C1′ planes (°) 

7 2.4003(10) 32.89(7) 

I 2.430(3) 31.0(2) 

10* 2.521(9) 28.7(9) 

Co(C4B20H20)2
4 2.2861(17) 31.28(3) 

Cp*Ir(C2B10H10)2
6 - 3.9(7) 

Ni(C2B10H10)2DPPE5 - 4.0(4) 

* An average is taken of two independent molecules are within the crystal lattice. 

 

It is noted that as the steric hindrance increases around the arene ligand, the agostic 

interaction weakens and lengthens, and therefore the required twist angle decreases.  The 

dihedral angle for the [bis(bis(o-carborane))CoIII] complex is similar to that seen in the 

arene complexes despite the presence of four cages around the cobalt centre.  Importantly, 

this twist angle is not seen in species that do not possess a B-H⇀M agostic interaction 

such as the [Cp*Ir(C2B10H10)2] species reported by Yao et al. shown in figure 2.14, and a 

[Ni(C2B10H10)2dppe] species reported by Martin et al. shown in figure 2.15, both of which 

demonstrate bis(o-carborane) acting as a κ2 ligand.5, 6  Both of these species show very 
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little mutual twisting of the cages suggesting the distortion in species I, 7, and 10 is to 

accommodate for the B-H⇀Ru agostic interaction.   

  

Figure 2.14: Two viewing angles of the molecular structure [Cp*Ir(C2B10H10)2], front view (left), view along 

the Ccage-Ccage bond (right).6 

 

 

Figure 2.15: Two viewing angles of the molecular structure [Ni(C2B10H10)2dppe], forward view (left), view 

along the Ccage-Ccage bond (right).5 

 

Changing the method of deprotonation from nBuLi to using the magnesium 

bis(carborane) reagent has successfully led to the synthesis of two analogous species to 

compound I (7 and 10) which have potential for catalytic activity as well as a novel 

binding mode for bis(o-carborane) observed in side products 8 and 9.  This new method 

has also inhibited any deboronation side reactions that may occur from THF degradation.  
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2.2.3 Suitability for Lewis-acid catalysis 

 

With the successful synthesis of two new species (7 and 10) analogous to compound I, 

the next step is to test them all for activity as Lewis-acid catalysts.  To determine whether 

a species is an appropriate candidate, we devised a method to establish whether or not the 

agostic interaction is easily displaced.  If the molecule reacts with a weakly coordinating 

ligand such as acetonitrile, which displaces the agostic bond, then the species would be 

considered suitable for catalytic testing. 

 

In addition, the zwitterionic species (1, 3, 5, and 6) were also exposed to acetonitrile but 

gave no reaction with preservation of the characteristic BHagostic resonances in the 

1H{11B} NMR spectrum.  This suggests that the B-H⇀Ru agostic interactions in these 

species are too strong to be displaced, confirming their hydric nature as previously 

discussed.  Therefore compounds 1, 3, 5, and 6 were deemed not suitable for Lewis-acid 

catalytic studies. 

 

Compounds I, 7, and 10 were dissolved in a minimal amount of DCM and an excess of 

acetonitrile was added.  Immediately, in all cases, the colour became colourless/pale-

yellow indicating a reaction with the ligand.  This was confirmed after work-up as all 

three species showed displacement of the agostic interaction by the acetonitrile ligand to 

give I.MeCN, 7.MeCN, and 10.MeCN.  In these species, the bis(o-carborane) unit acts 

as an X2(C,C′) type ligand, the L having been displaced by the MeCN ligand.  These 

species were initially characterised by the absence of the agostic H resonance in the 

1H{11B} NMR spectrum followed by multinuclear NMR spectroscopy, mass 

spectrometry (the m/z parent peak in all cases is M+ -MeCN), elemental analysis 

(10.MeCN could not be successfully characterised by elemental analysis as the 

coordinated acetonitrile ligand was easily lost giving unreliable results) and finally single-

crystal X-ray diffraction.  The molecular structures are shown overleaf in figure 2.16. 
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Figure 2.16: Molecular structures of I.MeCN (top left) – selected bond lengths are C1-C1′: 1.530(3) Å, Ru1-C2: 

2.139(2) Å, Ru1-C2′: 2.131(2) Å, Ru1-N1: 2.0310(19) Å, and Ru1-arene average: 2.245(19) Å; 7.MeCN (top right) 

– selected bond lengths are C1-C1′: 1.5306(17) Å, Ru1-C2: 2.1356(12) Å, Ru1-C2′: 2.1334(12) Å, Ru1-N1: 

2.0607(11) Å, and Ru1-arene average: 2.226(21) Å; and 10.MeCN (below) – selected bond lengths are C1-C1′: 

1.526(2) Å, Ru1-C2: 2.1472(18) Å, Ru1-C2′: 2.1457(18) Å, Ru1-N1: 2.0458(15) Å, and Ru1-arene average: 

2.265(21) Å. 

 

As well as devising a method to test catalytic suitability, this reaction also gives some 

indication on how electron-rich the metal centres are, an important prediction for 

catalysts.  As well as the steric hindrance increasing from benzene < p-cymene < 

hexamethylbenzene, there is also an increase in the inductive effect from the arene ligand 

to the metal centre in the same order.  Previously discussed as a steric argument, the 

Ru1-B3′ distance lengthens as the number of substituents increases on the arene ligand, 

but this will also increase the +I effect from the ligand to the metal centre.  The 

lengthening of the Ru1-B3′ distance can also be explained as an electronic effect in that 

the metal centre has a weaker affinity for the agostic H and so it weakens.  There is also 

evidence for a change in +I effect in the acetonitrile adducts.  Table 2.3 highlights the 



 

 

62 

C-N distances in the MeCN ligand.  As the +I effect from the arene ligand to the metal 

centre increases, the length of the C-N bond increases due to more π-back donation into 

the π* antibonding orbital from the metal centre. 

 

The loss of the B-H⇀Ru agostic interaction also leads to the loss of the distortion of the 

two cages, the values of which are noted in table 2.3.  The relaxing of the cages upon 

removal of the agostic interaction is further evidence that the cages are twisting 

abnormally to accommodate for the interaction which stabilises the metal centre. 

Table 2.3 – Bond lengths and angles of acetonitrile adducts 

Compound C-N bond length (Å) Dihedral angle (°) 

I.MeCN 1.139(3) 3.50(19) 

7.MeCN 1.1350(8) 2.31(14) 

10.MeCN 1.146(2) 2.65(11) 

 

  



 

 

63 

2.2.4 Catalysis 

 

A well-known and well-studied reaction that can be readily catalysed by Lewis-acid 

catalysts is the [4+2] Diels-Alder cycloaddition.  This is a reaction between a conjugated 

diene and a dienophile which is usually activated by an electron-withdrawing group and 

can be activated further through the use of a Lewis-acid catalyst.  Removing electron 

density from the double bond in the dienophile lowers the energy of LUMO making the 

cycloaddition reaction occur faster. 

 

We used this reaction as a method of testing the relative Lewis-acidity of the metal centres 

in the catalysts.  We employed three different dienophiles, methacrolein, ethylacrolein, 

and E-crotonaldehyde, and coupled them with cyclopentadiene using 1 mol% of catalyst 

as summarised in scheme 2.5.  Here, the metal centre interacts with the oxygen on the 

dienophile.15 

 

Scheme 2.5: Diels-Alder cycloaddition reaction catalysed by Lewis-acids I, 7, and 10. 

 

At room temperature without the addition of a catalyst, the Diels-Alder cycloaddition 

proceeds albeit slowly.  This is shown as the control reaction in blue on the graph below, 

figure 2.17, comparing each of the catalysts in the reaction between methacrolein and 

cyclopentadiene.   
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Figure 2.17: Line graphs show the conversion of catalysed Diels-Alder cycloadditions between methacrolein 

and CpH. 

 

Upon the addition of 1 mol% of catalyst 10 (arene = hexamethylbenzene), there is a 

significant increase in the rate of reaction.  After 360 minutes the cycloaddition reaction 

has reached 65% conversion.  Changing the catalyst for compound I (arene = p-cymene) 

increases the rate slightly with a conversion of 73% after 360 minutes.  However, there is 

a dramatic increase in the rate when the catalyst is changed for 7 (arene = benzene).  Now 

the reaction reaches 99% conversion after just 60 minutes with complete conversion after 

120 minutes.  We believe that the differences in the rates of the catalysis come from a 

combination of steric and electronic effects, both of which work in tandem.  The increase 

in steric bulk around the arene ligand going from benzene to p-cymene to 

hexamethylbenzene will hinder the approach of the acrolein to the metal centre, thus 

slowing the rate.  Moreover, the increase in the inductive effect going from benzene to 

p-cymene to hexamethylbenzene reduces the Lewis-acidity at the metal centre, also 

slowing the rate of catalysis.  The trend in behaviour for these catalysts with each different 

dienophile is the same, in that the benzene analogue shows the fastest conversion, the 

p-cymene catalyst is intermediate, and the hexamethylbenzene catalyst has the slowest 

rate.  

 

For all catalysts, the reactions between cyclopentadiene and methacrolein or ethylacrolein 

are much faster than that with E-crotonaldehyde.  This is shown graphically in figure 2.18 

for the reactions catalysed with 7.   
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Figure 2.18: Graphical representation of Diels-Alder cycloadditions between varying dienophiles and CpH, 

catalysed by compound 7. 

 

It is assumed the different position of the alkyl groups in methacrolein and ethylacrolein 

compared to E-crotonaldehyde (α-position vs β-position respectively) leads to a greater 

difference in energy between the HOMO and LUMO orbitals of the reactants.  The greater 

the energy difference, the slower the reaction proceeds.  This is a well-studied 

phenomenon within Diels-Alder literature and the reactivity differences between 

methacrolein, ethylacrolein and E-crotonaldehyde have been noted previously.16, 17 

 

Both methacrolein and ethylacrolein yield, on average, products with an exo:endo ratio 

of 9:1, the thermodynamic exo isomer being favoured due to minimisation of steric clash 

between the R1 group and the bridgehead CH2 group.  In contrast for E-crotonaldehyde 

the ratio is almost 1:1.  This is due to the presence of a β-substituent on the dienophile 

which results in favourable orbital overlap in the transition state of the cycloaddition, 

meaning more of the kinetic isomer is formed.   
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2.3 Conclusions 

 

The lithiation method for deprotonation followed by metalation resulted in six new, 

low-yielding compounds, five of which have been confirmed by single-crystal X-ray 

crystallography.  Four of these compounds take the form [Ru(κ3-2,2′,11′-{1-(7′-nido-

7′,8′-C2B9H11)-closo-1,2-C2B10H10})(arene)] where arene = benzene, mesitylene, 

p-cymene and hexamethylbenzene.  In these species, the bis(o-carborane) moiety acts as 

an X(C)L2 type ligand.  Each of these molecules has two B-H⇀Ru agostic interactions 

which are too strong to be broken by an incoming 2e- ligand such as MeCN.  They are 

therefore deemed to be not suitable for Lewis-acid catalytic testing.  The other two new 

compounds from the lithiation method take the form [1-(1′-closo-1′,2′-C2B10H11)-3-

(arene)-closo-3,1,2-RuC2B9H10] where arene = mesitylene and hexamethylbenzene.  

These 3,1,2-metallacarborane-carborane species have a fully saturated 18e- metal centre 

so are not suitable for Lewis-acid catalysis. 

 

Using the bis(o-carborane)Mg(DME)2 transfer agent developed by Spokoyny and co-

workers led to the isolation of further novel species, including the target compounds 

which take the form [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(arene)] where arene = benzene, p-cymene, hexamethylbenzene.  Thus, both 

the benzene and the hexamethylbenzene analogues of compound I were successfully 

synthesised via this method which previously was not possible via the lithiation route.  

Novel binding modes of bis(o-carborane) were also discovered as side products from the 

reactions with [RuCl2(benzene/mesitylene)]2.  In these species a quadruply deprotonated 

bis(o-carborane) molecule reacts with a {Ru2} fragment to give compounds 8 and 9. 

 

Reacting the target compounds with a 2e- ligand source displaces the agostic interaction, 

proving the lability of this bond.  Consequently these species were then used successfully 

as Lewis-acid catalysts in [4+2] Diels-Alder cycloaddition reactions.  Through both 

enhanced steric and electronic effects the benzene analogue 7 was shown to be the best 

catalyst with conversion reaching completion after 3 hours for the reaction between 

methacrolein and cyclopentadiene.  The p-cymene species (I) was next followed by the 

hexamethylbenzene variant (10).  
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In summary, this chapter describes the results of two different deprotonation methods 

prior to metalation which successfully produced three analogues where the 

bis(o-carborane) acts as an X2(C,C)L type ligand and these species have been shown to 

be active in Lewis-acid catalysis. 
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3 Methyl Substitution on the Cage 

3.1  Introduction 

 

A unique feature of carboranes is the ability for orthogonal functionalisation of B-H and 

C-H vertices.  This can introduce sterically- and electronically-tailored ligands, an 

important concept throughout this thesis.  In an attempt to enhance the catalytic activity 

of I, suitable substitution reactions were sought. 

 

An easy way to introduce functionalisation is through substitution at the carbon vertices.  

The C-H bond is easily deprotonated using an alkyl lithium reagent and substitution 

follows subsequent reaction with RX.  Generally, substitution at carbon vertices with 

alkyl groups increases the electron density throughout the cage by an electron-releasing 

mechanism since the alkyl groups will impose a positive inductive effect.  In contrary, 

substitution with halogens would remove electron density from the cage.  Both of these 

types of substitution have been well reported.1-4  However, due to the requirement to 

lithiate the carbon atoms and react with a metal fragment to get the desired catalyst, 

substitution at C is not an option for enhancing the catalytic activity of I. 

 

Substitution at boron vertices has also been well reported.  It is relatively easy to introduce 

halogen atoms to the boron vertices, particularly those furthest from the carbon atoms.5-7  

Potenza et al. showed that bromination of o-carborane occurs first at B9/12, the most 

electron-rich boron vertices, followed by bromination at B8/10, with vertices B3/6, the 

vertices with the least electron density, remaining unhalogenated.5, 8  However, lithiation 

of a halogenated carborane would likely result in lithium-halogen exchange (rather than 

the desired deprotonation of the C-H vertices) and so an alternative route for an improved 

catalyst was sought.  A less complicated approach seemed possible by alkylating boron 

vertices.  Whilst a similar effect occurs with general alkyl functionalisation at boron 

vertices as with carbon vertices, methylation differs whereby the methyl group has a -I 

effect on the overall cage.   

 

Substitution of single-cage carboranes and bis(o-carborane) was originally reported by 

Hawthorne and co-workers using Friedel-Crafts conditions.9  Heating the chosen 
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carborane in neat MeI to reflux with AlCl3 gives the methylated product, with the level 

of substitution controlled by the length of time for which the reaction is heated.  Single-

cage isomers, ortho- and meta-carborane, were regio-selectively methylated in eight 

positions, such that B3/6 in o-carborane and B2/3 in m-carborane were unmethylated.  

Para-carborane gives a deca-B-methylated compound, and methylation of 

bis(o-carborane) gives substitution at eight vertices, four on each cage to give 

8,8′,9,9′,10,10′,12,12′-octamethyl-bis(o-carborane).  See scheme 3.1 for a line diagram of 

this species. 

 

By computing the Mulliken charges of o-carborane and the methyl substituted variants, 

Teixidor et al. showed that the methyl groups are indeed electron-withdrawing when 

bound to a boron vertex.10  Upon each addition of a methyl group, the “cluster-only total 

charge” increases suggesting a decrease of electron density within the cage.  This goes 

against the widely accepted knowledge that methyl, when bound to a carbon atom, acts 

as an electron donor (+I).   

 

Spokoyny and co-workers also provide evidence of methyl behaving as a -I group on the 

boron vertices of bis(o-carborane).11  They devised a method of transferring the 

octamethyl/bis(o-carborane) ligand to a tin centre using magnesium, scheme 3.1.  Both 

the unmethylated (A) and methylated (B) bis(o-carborane) compounds were prepared.  

Comparison of these compounds shows evidence of deshielding of the tin nucleus in the 

119Sn NMR spectrum.  Specifically, the resonance moves downfield in B compared to A 

suggesting the methyl groups have an electron-withdrawing effect on the overall cage.  

Due to the 3D-aromatic nature of the cage, the -I effect of the methyl groups influences 

the electron density of the tin centre.  Bis(o-carborane) is considered a three dimensional 

analogue to biphenyl so Spokoyny and co-workers compared compounds A and B with 

biphenyl and perfluorinated biphenyl analogues.  As expected the 119Sn resonances of the 

fluorinated biphenyl complex shows more deshielding of the tin atom compared to the 

non-fluorinated, however the octamethylated bis(o-carborane) ligand exerts even more of 

an electron-withdrawing effect on the tin centre highlighting the strength of the -I effect 

of the methyl groups.  This was backed up further through DFT calculations.  Calculating 

the location and energies of the HOMO for both compounds A and B they showed that 

the introduction of the methyl groups significantly stabilised the compound. 
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Scheme 3.1: Synthetic steps to make tin compounds, A and B, via a magnesium transfer agent.  Adapted from 

ref11. 

 

An interesting comparison is the introduction of ethyl groups to the boron atoms.  Given 

the -I effect of the methyl groups, one would expect the introduction of ethyl groups to 

have a slightly stronger -I effect considering in organic chemistry an ethyl substituent has 

a stronger +I effect than a methyl substituent.12  However, many examples show this not 

the be the case.4, 13  Zakharkin et al. report the synthesis and analysis of B-tetraethyl-o-

carborane.13  It was noted that introducing four ethyl groups to the boron vertices 8, 9, 10, 

and 12 results in a deshielding of the boron nuclei as seen by a downfield shift in the 

resonances in the 11B NMR spectrum.  This downfield change in chemical shift suggests 

an electron-withdrawing effect, however the remaining boron atoms at vertex positions 

3, 4, 5, 6, 7, and 11 move upfield implying they have an increase in electron density.  It 

is also noted that the CcageH becomes less acidic upon alkylation with ethyl groups.  It is 

well known that boron positions B3 and B6 undergo nucleophilic attack, however it is 

reported that the increase in electron density at the B3 and B6 positions of B-tetraethyl-

o-carborane meant that these vertices were no longer susceptible to nucleophilic attack 

under the same conditions.  It is suggested that the introduction of ethyl groups, whilst 
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introducing a deshielding effect on the atoms they are bound to, have a relatively strong 

+I effect on the overall cage.   

 

Since the aim is to enhance catalytic activity on the metal centre, it is desirable to 

introduce electron-withdrawing groups on the cage that will still enable the synthesis of 

the compound.  Thus, octamethyl-bis(o-carborane) was synthesised using Hawthorne’s 

reported method and used in analogous reactions to the synthesis of compound I.9 
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3.2  Results and Discussion 

3.2.1 Ruthenium arene complexes of octamethyl-bis(o-carborane) 

 

A solution of octamethyl-bis(o-carborane) in THF was reacted with two equivalents of 

nBuLi to deprotonate the CcageH positions.  The metal fragment {Ru(p-cym)} was then 

added to the lithiated salt in the form of the dimer, [RuCl2(p-cym)]2.  The product 

(compound 11) was purified by column chromatography to give an orange oil.  To achieve 

a solid, pentane was added and removed in vacuo four times.  It has been previously 

reported that the presence of the methyl groups on the cage significantly increases the 

solubility of the compounds, which is also evident here.9   

 

Solutions of this compound decomposed in air over a few hours and therefore this species 

was handled under an inert atmosphere once purified.  NMR spectroscopic studies were 

originally carried out in C6D6 from a sample made up in a glovebox.  From the 11B and 

the corresponding 11B{1H} NMR spectra, three clear resonances do not couple to H 

integrating 2:2:4B indicative of eight B-Me substituents.  This is also confirmed in the 1H 

NMR spectrum where the B-CH3 integrates to 24H in total, however there is a complex 

splitting pattern.  There is further unexpected splitting in the resonances assigned to the 

protons of the p-cymene ligand.  For ease of comparison, the resonances and multiplicities 

of I and the methylated analogue, 11, are listed in table 3.1. 

Table 3.1: A list of chemical shifts and splitting patterns for compounds I and 11 in 

C6D6. 

Compound I Compound 11  

Chemical shift (splitting) Chemical shift (splitting) Assignment 

~4.47 (d) ~4.55 (m) C6H4 

~4.21 (d) ~4.32 (m) C6H4 

1.99 (sept) 2.10 (dq) CH(CH3)2 

1.48 (s) ~1.57 (m) CH3 

0.80 (d) ~0.87 (m) CH(CH3)2 

- 0.6 to 0.3 (m) B(CH3)8 

0.11 (s) -0.40 (m) BagosticH 
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A significant difference between the spectra of I and 11 is the splitting patterns of the 

resonances assigned to the p-cymene ligand.  It is suggested that this arises from long-

range coupling between the methyl substituents and the p-cymene ligand.  

Retrospectively, this long-range coupling also explains the complex splitting seen for the 

B-Me resonances.   

 

It is clear that all of the resonances in 11 have moved downfield compared to I, except 

for the agostic H which has become more negative.  The general downfield shift suggests 

a greater electron-withdrawing effect from the methylated cages which also affects the 

metal centre and therefore the arene ligand.  The more negative chemical shift for the 

agostic H suggests a slightly stronger interaction, creating a more hydric H. 

 

Recording the NMR spectra of 11 in CDCl3 gives a different result in that the complex 

splitting patterns are only observed in the aromatic H resonances and the B-Me 

resonances.  In the starting material, these methyl substituents are seen as three singlets 

integrating 12:6:6H, however, once bound to the metal fragment, the methyl groups are 

now seen as overlapping broad multiplets spanning 0.14 to -0.12 ppm with a total integral 

of 24H.  The resonances assigned to the aromatic H’s are also observed as multiplets, 

rather than the anticipated doublets.  The remaining resonances are as expected; a singlet 

assigned to the CH3 of the p-cymene ligand integrating to 3H, a septet for the isopropyl 

CH integrating to 1H, and a doublet integrating to 6H for the CH3’s of the isopropyl 

group.  An agostic B-H is also observed in the 1H{11B} NMR spectrum at -0.27 ppm.  

Again, this is shifted sightly upfield compared to the BagosticH observed for compound I 

(recorded in the same solvent) due to the aforementioned reasons.  The resonance due to 

the agostic H in CDCl3 integrates to only 1H, whereas in C6D6 the whole multiplet 

integrates to 4H.  It is suggested that there is an effect on the compound due to the solvent 

which influences the splitting patterns and the fluctionality of the agostic interaction, 

perhaps a π-interaction between the solvent and the arene ligand. 

 

Single crystals of this compound could not be grown.  The compound seems soluble in 

pentane, and even slow evaporation of a pentane solution gives an oil.  Therefore the 

compound was characterised by multinuclear NMR spectroscopy and mass spectrometry.  
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The mass ion peak was confirmed as 632.4 m/z and so compound 11 is assigned as 

[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H6-

8,9,10,12-Me4})(p-cymene)] (11), shown in figure 3.1. 

 

Figure 3.1: A line diagram of the assumed structure of compound 11. 

 

From the catalytic results in chapter 2, it was noted that the benzene analogue of I was a 

superior catalyst for Diels-Alder cycloadditions, and so a similar comparison was to be 

made with the octamethyl-alternatives.  However, learning from the synthesis of 

compound 7, the lithiation method was unlikely to work and therefore the magnesium 

route seemed more suitable.  The octamethyl-transfer agent was synthesised as reported11 

and used in situ.  A solution of [Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H6-8′,9′,10′,12′-Me4)-

closo-1,2-C2B10H6-8,9,10,12-Me4})(DME)2] was reacted with [RuCl2(C6H6)]2 and the 

products purified by preparative TLC.  Two products were isolated from the reaction, one 

blue (Rf 0.21) and the other yellow (Rf 0.12), by preparative TLC using an eluent system 

of 3 DCM:7 petrol.  The blue compound was isolated in trace yields and was shown to be 

NMR-inactive suggesting it is the methylated analogue of compound 8.  A proposed 

structure is shown in figure 3.2 left.  Due to the small quantities isolated, and since it was 

considered not the desired product, it was not analysed further and remains tentatively 

assigned as [{Ru(C6H6)}2(μ-Cl)(μ-4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H5-8′,9′,10′,12′-

Me4)-closo-1,2-C2B10H5-8,9,10,12-Me4})].  The second product, believed to be the 

desired compound, was isolated in a larger, but still low yield of 6%.  Again, isolated as 

an oil, however, this compound was more sensitive in solution than 11, and even under 

an inert atmosphere in degassed solvent the compound degrades overnight.  To get clean 

NMR spectra the compound was repurified using a mini-pipette column in a glove box, 

using C6D6 as the eluent.  The 11B NMR spectrum has a region of overlapping resonances 

which integrate to 8B which do not couple to H in the respective 11B{1H} spectrum and 
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a second region integrating to 12B which does couple in the 11B{1H} NMR spectrum.   

Interestingly, the same phenomenon is seen in the 1H NMR spectra as with compound 11 

in C6D6.  Long-range coupling is evident in the resonances due to aromatic H’s of the 

benzene ligand which are observed as an apparent triplet integrating to 4H, and two 

overlapping doublets integrating to 1H each.  This suggests a lack of symmetry in the 

molecule since the H’s in the benzene ligand would be expected to be equivalent on the 

NMR timescale.  Decoupling boron nuclei broadens these resonances so the splitting 

patterns appear as two apparent triplets.  Again, the H resonances assigned to the B-Me 

substituents are observed with a complex splitting pattern, the total range integrating to 

24H.  This, combined with the integral 8 11B resonances, confirms an octamethyl-

substituted bis(o-carborane) ligand.  A B-H agostic interaction is seen in the 1H{11B} 

NMR spectrum as a multiplet between 0.06 and -0.5 integrating to 2B, suggesting the 

agostic H is fluctional over two boron vertices.  Multiple attempts to crystallise this 

compound were unsuccessful.  Analysis by mass spectrometry confirms a mass ion peak 

at 576.3 m/z and so compound 12 is assigned as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-

C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H6-8,9,10,12-Me4})(C6H6)], illustrated in 

figure 3.2 right. 

 

Figure 3.2: A line diagram of the proposed structure of [{Ru(C6H6)}2(μ-Cl)(μ-4-2,2′,3,3′-{1-(1′-closo-1′,2′-

C2B10H5-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H5-8,9,10,12-Me4})], left.  Note that only one isomeric form is shown, 

however two isomers would be expected.  A line diagram of compound 12, right. 

 

Unfortunately, a comparison between the NMR spectra of compound 12 in different 

solvents could not be carried out due to the sensitive nature of the complex in solution.  

From the results in chapter 2, it is known that the metal centre has less electron density in 

compound 7 than in compound I due to the poorer electron-releasing capabilities of 

benzene compared to p-cymene.  Assuming this applies here also, together with the more 

electron-withdrawing nature of the octamethyl-bis(o-carborane) ligand, the metal centre 
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in 12 can reasonably be assumed to be substantially electron-poor, ultimately leading to 

degradation in solution.   

 

This leaves only compound 11 as a potential catalyst.  As before, reacting the compound 

with acetonitrile would test if the agostic interaction is readily displaced meaning 11 

would be a suitable candidate for catalysis.  The reaction of compound 11 with acetonitrile 

resulted in a promising colour change of orange to yellow.  The product was purified 

through a silica plug and isolated as an oil.  However, this compound could not be 

characterised due to degradation in solution but nevertheless, compound 11 was deemed 

suitable for catalytic testing. 
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3.1  Catalysis 

 

A method testing the Lewis-acidity of the metal centre, and to give a direct comparison 

between the methylated and unmethylated variants, is to use the compound as a catalyst 

in Diels-Alder cycloaddition reactions, scheme 3.2. 

 

Scheme 3.2: Catalysed Diels-Alder reaction with varied dienophiles listed. 

 

For a fair comparison, new control reactions of both the background reaction and the 

catalysed reaction using compound I were repeated.  Results from the reaction between 

methacrolein and cyclopentadiene show that compound 11 is an active catalyst.  

Comparing the results between the different catalysts, I and 11, shows that the 

introduction of the methyl substituents enhances the catalytic activity.  The metal centre 

is modified by the electron-withdrawing nature of the methyl substituents, creating a 

better Lewis-acid.  The results are as shown in figure 3.3. 

 

Figure 3.3: Line graphs of the hourly conversion of the Diels-Alder reaction between methacrolein and 

cyclopentadiene. 
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A more dramatic comparison is that involving the catalysed reaction of crotonaldehyde 

and cyclopentadiene, shown in figure 3.4.  Here there is a significant increase in the rate 

when using the methylated catalyst.  In general, it would be expected that the methyl 

substituents on the cages might partially restrict the approach of the dienophile, however 

this would be less of a problem with crotonaldehyde as it has the least amount of steric 

bulk close to the approaching aldehyde O.  Therefore the electron-withdrawing effect of 

the octamethyl-bis(o-carborane) influences this reaction more prominently, with a 10-fold 

increase in the rate over the same period of time. 

 

Figure 3.4: Line graphs of the hourly conversion of the Diels-Alder reaction between crotonaldehyde and 

cyclopentadiene. 
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3.2  Conclusion 

 

The introduction of a {Ru(arene)} unit to octamethylated-bis(o-carborane) was 

successfully confirmed by multinuclear NMR spectroscopy and mass spectrometry.  

Unfortunately, due to both compounds being isolated as oils, neither were crystallised. 

 

Compound 11 was shown to be a successful catalyst in Diels-Alder cycloaddition 

reactions and was shown to be a significantly more active catalyst than compound I 

particularly in catalysing the reaction between crotonaldehyde and CpH.  This confirms 

the electron-withdrawing nature of the methyl substituents and in turn the 3D-aromatic 

nature of carborane cages. 
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4 Arene Displacement Reactions with Phosphines and Phosphites 

4.1  Introduction 

 

There is a limited number of examples where bis(o-carborane) acts as a chelating ligand.  

Examples include both metal and non-metal elements, the first of which were reported by 

Owen and Hawthorne using transition metals such as nickel, copper, cobalt and zinc as 

discussed in previous chapters.1, 2  Further examples include main group elements being 

directly bound to the bis(o-carborane) moiety through two sigma bonds, first reported by 

Zakharkin in the late 1970s using {PPh} and {AsMe}.3  Both compounds were analysed 

by only elemental analysis and are illustrated in figure 4.1.  A single-crystal XRD study 

was completed soon after on the arsenic species confirming the binding mode of 

bis(o-carborane) as X2(C,C′) and Riley et al. later fully characterised the phosphorus 

species, expanding the work to include a chelated {PEt} species.4, 5  Reacting the chelated 

phosphorus species with elemental selenium or a source of gold chloride allowed the 

basicity or Tolman cone angle and percent buried volume, respectively, of the P atom to 

be assessed.  Further examples were reported by Knobler and Johnson including 

P-halides.  Reacting deprotonated 1,1′-bis(o-carborane) with PCl3 chelated the carborane 

ligand to give [μ-2,2′-PCl-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}] and 

reacting this with AgSbF6 gave the fluorinated analogue, [μ-2,2′-PF-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10}].6   

 

Figure 4.1: Representations of the first reported main group elements chelated by bis(o-carborane) as reported 

by Zakharkin et al. 

 

The remaining examples where bis(o-carborane) acts as a chelating ligand are to metal 

atoms, two of which are the non-transition metals magnesium and tin.  Spokoyny and co-

workers used magnesium to deprotonate the carbon atoms resulting in a chelated 
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bis(o-carborane) unit to the magnesium centre to which was also bound to two 

dimethoxyethane molecules.7  This compound was then used as a bis(o-carborane) 

transfer agent to tin.  Since gold has a complete d-shell it can be considered a pseudo-

transition metal according to IUPAC rules.  Hawthorne reported a bis(o-carborane) 

molecule bound to an {Au2} unit.  The compound synthesised, [μ-2,2′-(AuPPh3)2-{1-(1′-

closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}], has one gold atom bound to a carbon vertex 

on each cage.  This molecule is described as demonstrating aurophilicity where the gold(I) 

atoms, despite having closed shells, are weakly interacting, as shown in figure 4.2.8   

 

Figure 4.2: Aurocarborane showing aurophilic interaction. 

 

The first examples of using a chelating bis(o-carborane) unit with a different co-ligand 

were reported by Martin et al.9  Reacting doubly-deprotonated 1,1′-bis(o-carborane) with 

either [(dmpe)NiCl2] or [(dppe)NiCl2] gave analogous compounds in good yields.  By 

comparing details, mainly bond lengths, from the crystal structure it is suggested that the 

trans influence of bis(o-carborane) is stronger than a Cl or sp2-N ligand, yet weaker than 

an sp2- or sp3-C ligand.  By measuring the 𝜏4 index, (using equation 2 from section 1.6.2) 

the nickel centre was shown to display slight distortion from square planar geometry.   

 

The previously discussed compound, [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-

1,2-C2B10H10})(p-cymene)] (I), was reacted with one equivalent of triphenylphosphine 

under ambient conditions in an attempt to displace the 3c-2e agostic interaction by Riley 

et al.10  However upon workup, it was noted that two phosphine molecules had displaced 

the p-cymene ligand giving a 16-electron species.  Repeating the reaction with an excess 

of phosphine gives [Ru(κ3-2,2′,3-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(PPh3)2] (II) in good yields.  The analogue [Ru(κ3-2,2′,3-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(dppe)] (III), formed when one equivalent of dppe was 

used as the phosphine source, was also fully characterised.  Both species are shown in 

scheme 4.1.  A full characterisation of II shows one of the carborane cages is now bound 
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to the metal through a σ-bond from a boron vertex, evident from the presence of a 

resonance due to a CcageH in the 1H NMR spectrum and a singlet, uncoupled resonance in 

the 11B NMR spectrum.  The bis(o-carborane) unit is now described as an X2(C,B′)L type 

ligand.  It is suggested that the requirement of the metal for more electron density 

promotes the change in bonding since boron is more electron-releasing than carbon.  

Stabilising the metal centre, taking it to 16 electrons, is the presence of the 3c-2e agostic 

interaction, the L ligand.  Unlike for the Ru(p-cym) species where this interaction was 

fluctional over four equivalent BH positions, the agostic interaction in the phosphine 

species is no longer fluctional, shown by the resonance integrating to 1H in the 1H{11B} 

NMR spectrum.  The resonance is also seen significantly further upfield, all of which 

suggests the interaction is stronger in the phosphine species than in the arene species.   

 

Scheme 4.1: Synthetic route to 16 electron phosphine species as reported by Riley et al.10 

 

The X2(C,B′)L binding mode has only been seen once since Riley’s report.  Investigating 

blue OLEDs, Kirlikovali et al. reacted a Pt(dtb-bpy) (dtb-bpy = 4,4′-di-tbutyl-2,2′-

bypyridine) metal fragment with deprotonated bis(o-carborane) to give a square planar 

Pt(II) complex, shown in figure 4.3.11  Two species were reported, a C,C′-bound and a 

C,B′-bound isomer.  Only varying ratios of these isomers could be isolated despite 

attempts to optimise the reaction, and attempts to convert one isomer to the other were 

also unsuccessful.  It is suggested that each species is formed by competing, unrelated 

mechanisms. 
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Figure 4.3: Two isomeric platinum species isolated from the reaction of lithiated bis(o-carborane) and 

Pt(dtb-bpy)Cl2.  Attempts to convert the C,C′-isomer to the C,B′-isomer were unsuccessful.11 

 

A single ortho-carborane cage bound to a ruthenium centre was shown to change from 

being carbon bound to boron bound after a COD ligand was displaced by a phosphine 

ligand and two hydride ligands.  This was achieved by the addition of the phosphine and 

H2 gas at high temperature by Liu et al.12  DFT calculations showed that the change in 

binding mode was energetically favourable, and the authors speculate that the 

isomerisation would be unlikely to happen without a source of hydride ligand. 

 

Attempts to synthesise analogues of compounds II and III are discussed in this chapter.  

The objective is to find a phosphine small enough so three P atoms displace the arene, 

giving a stable, 18 electron species with the agostic interaction still intact.  Phosphine 

ligands are electron-withdrawing compared to arene ligands and should therefore enhance 

the catalytic capabilities of the metal centre.  Any new species would be tested for 

catalytic activity. 
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4.2  Results and Discussion 

4.2.1 Reactions with phosphines 

 

To achieve the desired 18e- metal centre with three phosphorus atoms bound to the metal 

centre, monodentate phosphines with smaller cone angles than PPh3 were sought.  The 

phosphine family shown in figure 4.4 was used as a starting point. 

 

Figure 4.4: Cone angles of selected phosphine ligands, as reported by Tolman, and pKb values as reported by 

Coll et al. and Alyea et al.13-15 

 

4.2.1.1  Methyldiphenylphosphine 

An NMR spectroscopic investigation of the crude reactant mixture from the reaction of I 

and methyldiphenylphosphine shows four distinct 31P NMR resonances, shown in figure 

4.5.  Upon workup by preparative TLC, two bands were seen, one red and the other 

yellow.  Over time it was seen that the red band converted to the yellow in solution and 

so isolation of the red compound via this method was futile.   

 

Figure 4.5: 31P NMR spectrum of the crude product from the reaction of I and methyldiphenylphosphine under 

ambient conditions.  Line widths at half height of resonances assigned from left to right; 60.9 (41.5 ppm), 139.2 

(32.7 ppm), 52.4 (28.0 ppm), and 130.9 Hz (21.7 ppm). 
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The sharper resonances were assigned to the phosphorus atoms of the yellow compound 

after it was isolated and characterised.  Thus, an adaptation to the standard experimental 

procedure was required to isolate the red species assumed to be responsible for the broad 

resonances in the 31P NMR spectrum of the crude mixture.  The phosphine was added to 

a cooled solution (-20 °C) of I in THF and left to stir at this temperature until a deep red 

solution formed, ~20 minutes.  The solvent was removed in vacuo at low temperature and 

replaced with cold freshly distilled DCM.  Cold distilled petrol was layered onto the crude 

mixture, which was then sealed under nitrogen and left in the freezer overnight.  Crystals 

suitable for an XRD study were isolated by this method, and the remaining crystals were 

filtered and washed with cold petrol to give a yield of 80%.  Once isolated as a solid, this 

species could be handled at room temperature for short periods allowing for full 

characterisation.  This species was confirmed as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2], (13), the molecular structure shown in 

figure 4.6 left confirming the binding mode of the carborane ligand as X2(C,C′)L.   

 

Performing this reaction at slightly elevated temperatures (40 °C) for two hours gave only 

the yellow species which was isolated by column chromatography in 64% yield.  As 

already noted, a complete study of the species showed the yellow band correlates to the 

sharp doublets seen at 28.0 and 41.5 ppm in the 31P NMR spectrum.  A resonance due to 

a CcageH is clearly present at 1.85 ppm in the 1H NMR spectrum, and a resonance due to 

a B-H agostic interaction is seen at -3.99 ppm in the 1H{11B} NMR spectrum.  This 

resonance integrates to 1H implying the agostic H is not fluctional, as seen in analogous 

compounds reported by Riley et al.10  This suggests the bis(o-carborane) cage is bound 

to the ruthenium centre as an X2(C,B′)L ligand, analogous to the PPh3 and dppe species.  

The structure was confirmed by X-ray crystallography as [Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] (14), shown in figure 4.6 right.   
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Figure 4.6: Molecular structures of compound 13 (left) – selected bond lengths are C1-C1′: 1.512(2) Å, Ru1-C2: 

2.0453(15) Å, Ru1-C2′: 2.1473(14) Å, Ru1-B3′: 2.3389(16) Å, Ru1-P1: 2.3341(4) Å, and Ru1-P2: 2.2769(3) Å; 

and compound 14 (right) – selected bond lengths are C1-C1′: 1.5115(19) Å, Ru1-C2: 2.1372(13) Å, Ru1-B3′: 

2.0272(16) Å, Ru1-B3: 2.3267(15) Å, Ru1-P1: 2.3153(3) Å, and Ru1-P2: 2.2554(3) Å.  Only the ipso atoms of the 

phenyl groups are shown for clarity. 

 

NMR spectroscopic studies of 13 at room temperature gave little information due to the 

presence of broad signals in the 31P and 1H NMR spectra, as seen in the spectrum of the 

crude sample.  Low-temperature NMR spectroscopy sharpened the resonances allowing 

the agostic interaction to be seen, a doublet at -3.27 ppm in the 1H{11B} NMR spectrum.  

In the 1H NMR spectrum, the methyl groups are seen as doublets and the aromatic protons 

became distinct with complex splitting patterns.  The phosphorus resonances also 

sharpened to doublets, still integrating to 1P each.  Images of the proton and phosphorus 

NMR spectra are shown in figure 4.7. 

 

Figure 4.7: An image of 1H NMR spectra (left) and 31P NMR spectra (right) of [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] at different temperatures, as labelled. 

 

-50 °C 

25 °C 
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Notably, the B-H agostic interaction is only seen in the 1H{11B} NMR spectrum at low 

temperature suggesting there is fluctional process that involves both the phosphine 

ligands and the agostic interaction.   

 

4.2.1.2  Ethyldiphenylphosphine 

To synthesise analogous species with a similar-sized phosphine with similar chemical 

properties such as basicity, compound I was reacted with ethyldiphenylphosphine 

(Tolman cone angle 140°,13 pKb 9.115).  Using the same procedures as in the reactions 

with PMePh2, two new species were synthesised.  From the low temperature method, an 

analogous C,C′-isomer is isolated as red crystals, [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(PEtPh2)2] (15).  An X-ray crystallographic study was 

completed on this species however the structure is highly disordered and is therefore not 

discussed further here.  A line diagram of the species is shown in figure 4.8 left.  The 

NMR spectra at room temperature are analogous to the C,C′-(PMePh2) species whereby 

the aromatic and alkyl protons show broad resonances with no definition, and there are 

two broad singlets in the 31P NMR spectrum.  Low-temperature NMR spectroscopic 

studies show the phosphorus resonances sharpening to doublets at -40 °C.  The aromatic 

protons separate from one broad resonance to multiple resonances however their 

multiplicity is still unclear, similarly with the alkyl protons.  It is suggested that as the 

temperature decreases, the solubility of this compound also decreases resulting in 

unresolved spectra hindering full assignment.  What is clear is the integration of 20H in 

the aromatic region, and two resonances in the alkyl region integrating to 4H and 6H, 

consistent with two PEtPh2 ligands.  From the 1H{11B} NMR spectrum recorded at -40 °C 

an obvious doublet assigned to the B-H agostic interaction is seen at -3.86 ppm 

confirming the target species. 

 

By repeating the above reaction at slightly elevated temperatures resulted in an analogous 

C,B′-species, [Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PEtPh2)2] 

(16).  The nature of this species was established by X-ray crystallography, mass 

spectrometry and multinuclear NMR spectroscopy, the first confirming the structure 

shown in figure 4.8, right.   
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Figure 4.8: Left – structural representation of the analogous species synthesised from the reaction of I with 

ethyldiphenylphosphine, compound 15; right – molecular structure of compound 16.  Selected bond lengths are 

C1-C1′: 1.5112(14) Å, Ru1-C2: 2.131(1) Å, Ru1-B3′: 2.0334(12) Å, Ru1-B3: 2.3687(12) Å, Ru1-P1: 2.3098(3) Å, 

and Ru1-P2: 2.2832(3) Å.  Only the ipso carbon atoms of the phenyl groups are shown for clarity. 

 

Analysing the three precise structures, C,C′-/C,B′-(PMePh2) (13/14) and C,B′-(PEtPh2) 

(16), it is clear they have square pyramidal geometry.  The metal centre of compound 13 

has an axial σ-Ccage ligand, whereas 14 and 16 have an axial σ-Bcage ligand.  All three 

molecules have two phosphine ligands, a σ-Ccage ligand and a B-H agostic interaction in 

the equatorial positions.  The trans influence of these ligands can be assessed.  In both 14 

and 16, there is a vacant site trans to the boron ligand implying this has the stronger trans 

influence of the ligands present.  Using the Ru-P distances the trans influence of the σ-

bound carbon ligand and the agostic interaction can be evaluated.  The longer, weaker 

Ru-P bond is seen trans to the σ-Ccage bond with the shorter, stronger Ru-P bond trans to 

the B-H agostic interaction, consistent in all three examples.  On average, the difference 

in Ru-P bond lengths is ~0.05 Å.  This analysis suggests the trans influence is in the order 

B-H agostic < Ccage < Bcage.   

 

It is believed that the more electron releasing nature of boron is more favourable to the 

electron-deficient metal centre and this attraction stimulates the change in binding mode.  

Thus, the ruthenium centre of the C,B′-isomer will have more electron density allowing 

for more π-donation to the metal-phosphine bond, shortening and strengthening it.  

Structural evidence for this is clear in the molecular structures since on average the C,B′-

isomers have shorter M-P bonds by ~0.02 Å.  Inequivalent phosphorus environments are 

clear from the 31P NMR spectrum, each integrating to 1P.  A trend seen from both the 
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methyl- and the ethyl- diphenylphosphine species is the downfield movement of these 

resonances after isomerisation.  The standard rules applied to electron shielding of nuclei 

in NMR spectroscopy cannot be applied to phosphorus nuclei in the same regard as a 

hydrogen nucleus.  Thus the unexpected downfield shift in NMR resonances is presumed 

to be due to the magnetic shielding tensor which depends on molecular orbital 

symmetry.16  This is also affected by the π-acceptor capabilities of the phosphorus atom.17 

 

4.2.1.3  Dimethylphenylphosphine 

Remaining unsuccessful in attempts to synthesise a stable, 18e- species where three 

phosphorus ligands displace the arene ligand, the next smallest phosphine in the rank 

order, dimethylphenylphosphine, was reacted with I.  The reaction was carried out using 

the low-temperature procedure.  The stereotypical colour change of orange to red was not 

seen, rather the colour remained orange.  The reaction was worked up using the 

recrystallisation method and the product was isolated as dark orange crystals in good 

yields. 

 

NMR spectroscopic studies at room temperature reveal similar characteristics to the C,C′-

isomers discussed in the previous sections in that the resonances are broad and undefined.  

Interestingly, there are three broad resonances each integrating to 1P in the 31P NMR 

spectrum at 24.5, 4.8 and -45.5 ppm.  The resonance for free phosphine in the same 

solvent, PMe2Ph in CD2Cl2, also appears at -45.5 ppm however this peak is much sharper 

and narrower than that seen for the compound.  Since the phosphorus resonances are 

inequivalent, this suggests at any one given moment one phosphine is trans to the agostic 

interaction and the other is trans to the Ccage ligand with the third phosphine dissociated 

however due to the broad nature of each resonance, it is clear that all three ligands are 

involved in a scrambling process.  Recording the NMR spectra at -50 °C improved the 

resolution of the 1H NMR spectrum showing six different methyl environments and well-

defined multiplets assigned to the aromatic protons.  In addition, a resonance due to a 

B-H agostic interaction is seen at -3.66 ppm as a doublet (JH-P 16.8 Hz).  The implication 

that there are three phosphine ligands bound to the metal centre was confirmed by the 

presence of three resonances appearing as doublets of doublets in the 31P NMR spectrum 

at 25.0, 9.7 and 3.5 ppm, each P atom coupling to two inequivalent P atoms.  The broad 
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resonance at -45.5 ppm from the room temperature spectrum is no longer seen, suggesting 

the required dissociation energy is met at room temperature.   

A variable temperature 31P NMR experiment was carried out to determine the temperature 

where the ‘free’ phosphine binds to the metal.  From 0 °C the temperature was decreased 

in increments of 10 °C and the compiled spectra are shown in figure 4.9.  It is evident that 

one phosphorus resonance does not change chemical shift upon cooling, the only change 

is in its multiplicity suggesting this phosphine remains static (not involved in the 

fluctional process) on the metal centre.  The same cannot be said for the other two 

phosphine ligands.  At 0 °C it is clear that the ‘free phosphine’ is now bound to the metal 

centre evident by a large change in chemical shift, now assigned to one of the broad 

singlets at either 9.7 or 3.5 ppm.  These broad signals are characteristic of two phosphine 

ligands with fluctional character.  The spectra at 0 °C to -20 °C show the stationary 

phosphine as an apparent triplet.  At any one given time, the phosphines are inequivalent, 

hence the different chemical shifts.  One phosphine will be trans to the agostic interaction, 

the other will be trans to a Ccage, but if the agostic H is fluctional (see below) there will 

be significant libration of the P atoms trans to it consistent with the broad resonances 

observed.  Removing more energy from the system hinders this libration to show each 

phosphorus resonance as doublets of doublets, with each phosphine in a different 

environment. 

 

Analysing the 1H{11B} spectrum at the same temperatures, figure 4.10, shows that 

resonance due to the agostic H starts to appear at -10 °C as a broad singlet, with it almost 

merged with the baseline at 5 °C implying that the agostic interaction is involved in the 

same fluctional process as the phosphines as previously suggested.  It has been reported 

that the agostic interaction in I is fluctional over four equivalent boron vertices, whilst 

upon cooling it is fluctional over two vertices.  If in the phosphine compounds the agostic 

interaction is also fluctional over equivalent boron vertices, the strength and therefore 

bond length of the phosphine trans to it would change depending on the vertex the agostic 

interaction comes from.  This would lead to libration of the phosphine ligands because 

the ligand trans to them is changing.  Since one of the phosphine ligands in compound 17 

can be described as static, it is suggested that the agostic interaction is fluctional over two 

equivalent boron vertices between the temperatures of 0 and -20 °C.  This is also evident 

in the 5-coordinate species, 13 and 15.  Chemical intuition would suggest that it would 

be energetically unfavourable to have the agostic bond (the ligand with the weaker trans 
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influence) trans to the vacant site since this would create two weakly bound phosphine 

ligands.  This all suggests the agostic interaction is more likely to be fluctional over two 

boron vertices, which in turn alternates the strength and length of the phosphine bonds 

trans to it creating a fluctional system.  The resonance assigned to the agostic interaction 

in 17 starts to sharpen and split into a doublet at -40 °C and becomes an obvious doublet 

at -50 °C confirming the fluctional process has ceased. 

Figure 4.9: Images of 31P{1H} NMR spectra at varying temperature, confirming tris phosphine species at low 

temperature. 
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Figure 4.10: Image of 1H{11B} NMR spectra at varying temperature showing the appearance of resonances, one 

assigned to the agostic H on the right, and the other to the methyl group of C31 on the left. 

 

Only at room temperature does one phosphine ligand dissociate, observed as a broad 

resonance at -45.4 ppm in the 1P{1H} NMR spectrum, figure 4.9.  Considering the broad 

nature of this resonance (line width at half height = 203.5 Hz) it is suggested that there is 

some interaction of this phosphine with the metal centre.  Perhaps dissociation of the 

ligand is a process of rapid exchange giving the appearance of free phosphine, hence the 

same chemical shift.  Remarkably, all of the ‘free’ phosphine present at room temperature 

is consumed upon cooling.  It is suggested that the scrambling process of the phosphine 

ligands keeps all phosphorus atoms interacting sufficiently with the metal centre to 

broaden the resonance but not enough to alter the chemical shift.  This explains why all 

of the free phosphine is consumed upon cooling. 

 

Single crystals of this compound were successfully grown at -20 °C and the molecular 

structure is shown in figure 4.11 left, confirming the presence of three phosphine ligands 

on the metal centre.  Compound 17, [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-

1,2-C2B10H10})(PMe2Ph)3], has an octahedral geometry with two σ-Ccage ligands and an 

agostic interaction as well as three phosphine ligands.   

 

As before, the P ligand trans to the agostic interaction has a shorter Ru-P distance 

reinforcing the assumption that the Ccage ligands have a stronger trans influence than the 

25 °C 

5 °C 

-10 °C 

-20 °C 

-30 °C 

-40 °C 

-50 °C 
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B-H agostic.  The molecular structure of compound 17 shows an interesting interaction 

between a methyl group on P3 and two phenyl groups on P1 and P2 as shown in figure 

4.11 right.  Since there is no C-H bond perpendicular to a phenyl ring, this is assessed by 

the perpendicular distance from the carbon atom of the methyl group to each plane of the 

arene ring.  C31⋯Ph1 has a distance of 3.133(2) Å and C31⋯Ph2 3.117(3) Å.  Generally, 

CH⋯π interactions are reported to be between 2.5 and 3.0 Å18 and allowing for a C-H 

bond distance of ~1Å these C⋯Ph distances certainly appear to be evidence of a 

significant π⋯CH3⋯π interaction.  The methyl group in question is tentatively assigned 

to the doublet present at -0.96 ppm in the 1H NMR spectrum, this anomalously low 

frequency being evidence for a significant shielding effect from the π-electrons of the 

phenyl rings.  This resonance is shown in figure 4.10 (left-hand resonance).  It is clear 

from the low-temperature studies that this interaction is only prominent when the 

fluctionality of the phosphine ligands is reduced.   

  

Figure 4.11: Left – molecular structure of the tris phosphine species, 17.  Only the ipso carbon atoms of the 

phenyl groups are shown for clarity.  Selected bond lengths are C1-C1′: 1.506(2) Å, Ru1-C2: 2.2814(17) Å, Ru1-

C2′: 2.1954(12) Å, Ru1-B3′: 2.713(2) Å, Ru1-P1: 2.3973(4) Å, and Ru1-P2: 2.2719(5) Å, Ru-P3: 2.3665(4) Å; 

Right – a perspective view of compound 17 showing the interaction between the methyl group and two phenyl 

groups.  Selected distances are C31⋯Ph1: 3.133(2) Å, C31⋯Ph2: 3.117(3) Å. Ph1-Ph2 fold angle 78.44(8)°.  

 

Repeating the reaction of I with PMe2Ph at elevated temperatures did not give only the 

isomerised species as with the previous phosphines.  Over time, compound 17 in solution 

does undergo a colour change, however upon investigation by NMR spectroscopy more 

than one species is present.  There are multiple phosphorus resonances and the presence 

of low chemical shift resonances in the 11B NMR spectrum, the latter are characteristic of 

nido-cages suggesting cage degradation.  This is likely because of the relatively basic 
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nature of free dimethylphenylphosphine and carborane cages being prone to nucleophilic 

attack.  Attempts to separate the species by standard methods were unsuccessful. 

 

4.2.1.4  Trimethylphosphine 

Reacting compound I with trimethylphosphine resulted in the immediate formation of 

orange/red microcrystals.  Repeating the reaction, but without agitating the solution, 

allowed the formation of single crystals suitable for an XRD study.  This afforded the 

molecular structure of compound 18, shown in figure 4.12. 

 

Figure 4.12: Molecular structure of compound 18. Selected bond lengths are C1-C1′: 1.5097(18) Å, Ru1-C2: 

2.2275(13) Å, Ru1-C2′: 2.2473(13) Å, Ru1-B3′: 2.8047(16) Å, Ru1-P1: 2.3682(3) Å, and Ru1-P2: 2.2334(3) Å, Ru-

P3: 2.3223(4) Å. 

 

Following full characterisation, it was noted that this particular complex has little 

evidence for an agostic interaction despite the electron-deficient (16e-) metal centre and 

the presence of a vacant site.  At room temperature, there is no evidence for a resonance 

typical of an agostic interaction in the 1H{11B} NMR spectrum despite the phosphine 

ligands not appearing to be fluctional; the resonances in the 31P NMR spectrum can be 

seen as a sharp doublet and a relatively sharp singlet integrating 2:1 respectively.  

However, there is suggestion of a weak agostic interaction from the XRD study due to a 

reasonably short distance between Ru1 and B3′ which prompted low-temperature NMR 

spectroscopy studies discussed later in the chapter.  The lack of obvious agostic 

interaction is assumed to be due to the basicity of trimethylphosphine.  It is the most basic 

ligand in the phosphine family (figure 4.4) with a reported pKb of 5.4.  Perhaps there is 

less requirement for a stabilising agostic interaction when trimethylphosphine is used as 
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it pushes electron density on the metal centre.  For detailed analysis and comparison of 

the agostic interactions, see section 4.2.4. 

 

The basicity of the phosphine plays a role in the stability of the compound.  Leaving 

compound 18 in solution over a short time leads to the degradation of a cage.  Evidence 

to substantiate this comes from resonances characteristic of nido-carboranes in the 11B 

NMR spectrum and multiple 31P NMR resonances. 

 

4.2.1.5  1,1,1-Tris(diphenylphosphinomethyl)ethane 

A further attempt to displace the arene ligand with three phosphorus atoms without any 

risk of cage degradation was to introduce a tridentate phosphine ligand, 

1,1,1-tris(diphenylphosphinomethyl)ethane.  This phosphine was reacted with I at room 

temperature and the product was purified by column chromatography to give an orange 

solid.  Complete characterisation confirms the new species as [Ru(κ3-2,3′,3-{1-(1′-closo-

1′,2′-C2B10H10)-closo-1,2-C2B10H10}){κ3-1,1,1-tris(diphenylphosphinomethyl)ethane}] 

(19), shown in figure 4.13. 

 

Figure 4.13: Molecular structure of compound 19.  Selected bond lengths are C1-C1′: 1.508(3) Å, Ru1-C2: 

2.2299(17) Å, Ru1-C2′: 2.2350(18) Å, Ru1-B3′: 2.578(2) Å, Ru1-P1: 2.3487(5) Å, and Ru1-P2: 2.3031(5) Å, Ru-

P3: 2.4479(5) Å.  Only the ipso carbons of the phenyl rings are shown for clarity. N.B. There is disorder in the 

carbon atoms of one phenyl ring. 

 

Despite the tridentate nature of this ligand, compound 19 still shows signs of fluctionality 

at room temperature.  The 31P{1H} NMR spectrum shows only a broad singlet, assumed 
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to be due to three equivalent phosphorus environments, and there is no sign of a resonance 

due to the agostic interaction in the 1H{11B} NMR spectrum.  This, again, suggests a 

fluctional process involving both the phosphine ligand and the agostic interaction.  

Cooling the system to -50 °C partially arrested the fluctionality revealing a triplet 

integrating to 1P at 32.5 ppm and a broad singlet integrating to 2P at 15.2 ppm in the 

31P{1H} NMR spectrum.  A resonance assigned to the agostic H is also observed 

at -0.61 ppm in the 1H{11B} NMR spectrum.  Even at -50 °C, this resonance is broad yet 

integrates to 1H (seen as a doublet in compounds 13-18 due to coupling to phosphorus).  

The fluctional process in compound 19 must be different to that of compound 17 despite 

both being trisphosphine species.  Cooling the C,C′-PMe2Ph species showed two separate 

broad singlets integrating to 1P each, and a triplet also integrating to 1P.  However, in the 

case of compound 19, the phosphine ligands that are fluctional are in the same 

environment as they appear at the same chemical shift.  Thus, it is suggested that the 

fluctionality is between the two phosphorus atoms trans to the Ccage ligands, and not 

involving the phosphorus ligand trans to the agostic H. 

 

Each of the trisphosphine species (17, 18 and 19) can be described as having octahedral 

geometry, however upon analysis of the structures, distortion from the ideal geometry is 

noted.  It can be analysed by comparing the angles between the ligands trans to one 

another, listed in table 4.1.  Ideally, each of the angles would be 180° however there is a 

significant deviation, in some cases ~20°.  This is likely due to the constricting chelating 

nature of the bis(o-carborane) ligand combined with the steric crowding of three relatively 

large phosphine ligands leaving the geometries slightly distorted.   

Table 4.1: Selected angles (°) at the metal centre from compounds 17-19 showing 

distortion from octahedral geometry. 

Compound 17 Compound 18 Compound 19 

P1-Ru1-C2′ 160.28(5) P1-Ru1-C2′ 169.57(3) P1-Ru1-C2′ 158.52(5) 

P2-Ru1-H3′ 158.3(6) P2-Ru1-H3′ 159.3(4) P2-Ru1-H3′ 174.8(10) 

P3-Ru1-C2 172.93(5) P3-Ru1-C2 163.13(4) P3-Ru1-C2 176.88(5) 
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4.2.2 Mechanism of isomerisation 

 

The isolation of compounds 13 and 14 provided scope for the isomerisation of a C,C′- to 

C,B′-bound species to be monitored.  NMR scale reactions starting with solely the C,C′-

isomer in d2-DCM were set up in J. Young NMR tubes and the isomerisation was 

monitored by 31P{1H} NMR spectroscopy.  The reactions were repeated either two or 

three times for consistency and the averaged conversions are shown in figure 4.14.  The 

isomerisation proceeds under ambient conditions (temperature-controlled room set to 

22 °C), reaching 66% conversion of the C,B′-isomer after 24 hours.  Heating the reaction 

to 40 °C results in the isomerisation process being complete after just 3 hours.  Adding 

excess phosphine to the reaction drastically hindered the isomerisation process with 

conversion only reaching 19% after 72 hours.   

 

Figure 4.14: Line graphs following the rate of isomerisation from the C,C'- to the C,B'-isomer under different 

conditions. 

 

Two possibilities were initially suggested regarding the hindrance of the isomerisation by 

added phosphine.  The first is the isomerisation mechanism proceeds via phosphine 

dissociation through a 14e- transition state.  By adding excess phosphine, Le Chatelier’s 

principle applies and the rate is reduced.  To test this possibility, compounds 13 and 15 

were isolated separately and mixed at room temperature in THF overnight to see if a 

mixed phosphine species formed.  NMR spectroscopic studies of the crude mixture 

showed five phosphorus resonances, figure 4.15 (black).  Four resonances, integrating 

1:1, could be assigned to the known C,B′-PMePh2 and C,B′-PEtPh2 species, leaving two 
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new resonances at 45.5 and 40.3 ppm (the former overlapping with the low-frequency 

resonance of the C,B′-PEtPh2 species) suggesting the formation of a mixed phosphine 

species.  Purification by preparative TLC resulted in four yellow bands with Rf values 

between 0.17 and 0.20 (1 DCM:4 petrol).  Once isolated by preparative TLC, the 31P{1H} 

NMR spectra of these mixed phosphine compounds were recorded and are shown in green 

and purple in figure 4.15.  One of the mixed phosphine species (shown in purple) is seen 

in much lower yields than the other to the point that the resonances are not seen in the 

crude NMR spectrum.  The mixed phosphine species are likely isomers of one another, 

differing by whether a Ccage or a Bcage is trans to each phosphine.  This experiment 

successfully shows the ready dissociation of the phosphine ligands which may play a role 

in the isomerisation mechanism. 

 

Figure 4.15: Stacked 31P NMR spectra of mixed phosphine reaction. Black – crude mixture of products; red - 

isolated C,B'-PEtPh2; blue - isolated C,B'-PMePh2; green – isolated major mixed phosphine species; purple – 

isolated minor mixed phosphine species. 

 

Isolation of trisphosphine species, 17 (at low temperatures), 18 and 19 forms a solid 

argument against the phosphine dissociation mechanism.  Thus, the second idea proposed 

is that the isomerisation could be hindered due to free, excess phosphine coordinating to 

the vacant site present on the metal centre.   

 

Crude mixture 

of products 

C,B′-PEtPh2 

C,B′-MePh2 

Major mixed P species 

Minor mixed P species 
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Ultimately, both approaches were investigated computationally by Professor Stuart 

Macgregor using DFT calculations.  Free energies were computed for the C,C′-PMePh2 

species with the PDE-D3 functional using a def2-tzvp basis set.  The energy of 

dissociation of a phosphine ligand from 13 was calculated to be +20.4 kcal mol-1 and the 

energy of association of a phosphine molecule to 13 was shown to be +10.4 kcal mol-1.  

The high barrier for the former, and much lower energy barrier for the latter together with 

the isolation of compounds 17, 18, and 19, suggests the isomerisation is hindered due to 

the association of free phosphine at the vacant site. 

 

Although overall the results from these reactions show that the phosphines are to a degree 

fluctional it is unlikely that phosphine dissociation is part of the isomerisation 

mechanism.  These results suggest that the vacant site is required for isomerisation to 

occur and this led to the development of further computational studies to understand this 

mechanism, using the same functional and basis set as before. 

 

It was shown that the C,B′-bound isomer is -12.21 kcal mol-1 lower in energy than the 

C,C′-bound isomer so the overall isomerisation is energetically favourable.  Starting with 

the C,C′-isomer, one suggested mechanism involves breaking the B-H agostic bond to 

form a metal-hydride, creating a M-Bcage bond in the process.  Then the Ru-H and M-Ccage 

bonds break and Ccage-H forms resulting in the C,B′-isomer.  A computational study of 

this mechanism shows that whilst the isomerisation process overall is energetically 

favourable the process involves two very high transition states with barriers of 31.3 and 

30.5 kcal mol-1.  With an activation energy barrier this high, it is unrealistic to assume the 

isomerisation will proceed via this mechanism.   

 

Another mechanism with a lower energy barrier of 29.8 kcal mol-1 involves H donation 

from the phosphine ligand, specifically the formation of a metal-hydride by ortho-

metalation of a phenyl group, creating a four-membered ring including the metal.  The H 

from the non-innocent phosphine ligand breaks the M-Ccage bond, creating the CcageH.  

The H from the agostic interaction breaks the four-membered ring containing the metal, 

re-protonating the phenyl group and at the same time forming a M-Bcage bond.  Since the 

energy barrier of this mechanism was slightly lower, an experiment was devised to test 



 

 

102 

this.  Using d15-PPh3 as the phosphine would confirm that the source of the H bound to 

Ccage in the C,B′-isomer is the phosphine by the absence of a CcageH in the 1H spectrum.  

Upon carrying out the experiment, however, this resonance was still present and so an 

alternative mechanism is still sought. 
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4.2.3 Reactions with phosphites 

 

Phosphites are known for having weaker basic properties in comparison to phosphines.  

Selectively choosing phosphites that have a similar or smaller cone angle than the 

phosphines used should limit degradation issues and lead to the desired 18 electron metal 

complexes, potentially suitable for catalysis.  Two phosphites are used in this section, 

triisopropylphosphite and triphenylphosphite, shown in figure 4.16 together with their 

Tolman cone angles and basicities.13-15 

 

Figure 4.16: Phosphite ligands used with their reported Tolman cone angles and basicities.13, 15 aRef15; 
bcalculated from ΔHNP.14 

 

4.2.3.1  Triisopropylphosphite 

Reaction of compound I with triisopropylphosphite gives [Ru(κ3-2,3,3′-{1-(1′-closo-

1′,2′-C2B10H10)-closo-1,2-C2B10H10}){P(OiPr)3}2] (20).  Addition of the phosphite gives 

an immediate colour change from orange to yellow suggesting immediate isomerisation 

to the C,B′-isomeric form which was confirmed upon work-up and isolation.  Full 

characterisation of the compound shows only two phosphite ligands bound to the metal 

centre despite the relatively small cone angle.  The agostic H is seen at -3.28 ppm in the 

1H{11B} NMR spectrum, alongside a distinct resonance assigned to a CcageH at 3.85 ppm 

suggesting the carborane unit binds to the metal centre as an X2(C,B′)L type ligand.  The 

binding mode is confirmed by the molecular structure, shown in figure 4.17.  The OiPr 

groups should be able to adopt the lowest energy conformation since they have multiple 

degrees of freedom.  Thus, it is not difficult to assume the phosphite ligands taking up all 

available space to minimise any disfavoured interactions.  Significant C-H⋯O 

interactions are highlighted in figure 4.17 right.  There are two weak interactions between 

CH’s on the phosphite ligands and oxygen atoms, and one stronger interaction between 

the CcageH and an oxygen atom.  The resonance of the CcageH is shifted significantly 
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downfield compared to the other X2(C,B′)L species, listed in table 4.1.  The H2′ atom will 

experience deshielding due to the interaction with the oxygen atom and therefore the 

chemical shift moves downfield.  It should be noted that the resonance of the CcageH in 

compound 22 (section 4.2.3.2) is also relatively downfield however the unique binding 

mode of the carborane cage, X(C)L2, makes this cage closer to a carborane substituent 

and this has a major effect on chemical shift and therefore cannot be directly compared. 

 

Figure 4.17: Two perspectives of the molecular structure of compound 20 highlighting significant interactions.  

Selected bond lengths are C1-C1′: 1.510(3) Å, Ru1-C2: 2.140(2) Å, Ru1-B3′: 2.042(2) Å, Ru1-B3: 2.4919(18) Å, 

Ru1-P1: 2.2872(6) Å, and Ru1-P2: 2.2004(5) Å.  O13⋯H22C: 2.5662(19) Å, O21⋯H25A: 2.7252(14) Å, 

O23⋯H2′: 2.26(3) Å.  Insignificant H’s have been removed for clarity. 

 

Table 4.1: Chemical shifts of CcageH resonances of X2(C,B′)L species. 

Compound CcageH chemical shift (ppm) 

14 1.85 

16 1.98 

20 3.85 

II10 1.94 

III10 2.17 

 

4.2.3.2  Triphenylphosphite 

To avoid the flexibility of the isopropyl arms, triphenylphosphite was reacted with 

compound I as an alternative.  Work-up of this reaction gave multiple products, of which 

only one could be isolated and fully characterised.  One of the phenyl rings in compound 

22, [Ru(κ3-2,4′,5′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})P(OPh)3{κ2-
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P(OPh)2(C6H4)}], undergoes ortho-metalation forming a Cphenyl-Ru bond involving C211, 

figure 4.18 right.  An interesting feature in the 1H NMR spectrum is a doublet integrating 

to 1H that is shifted downfield from other aromatic protons.  This signal is assigned to 

the C-H adjacent to the M-Cphenyl bond considering the proton will be significantly 

deshielded.  The formation of the new X-type ligand is accompanied by metal-Ccage bond 

breaking and rotation of the carborane cage about 180° which now binds to the metal 

centre through two agostic interactions.  They are observed in the 1H{11B} NMR spectrum 

as a broad doublet and a broad singlet at -3.07 and -3.56 ppm respectively.  The presence 

of a CcageH at ~3.5 ppm confirms the bis(carborane) moiety is now bound to the metal 

centre in an unprecedented X(C)L2 type fashion. 

 

A second species was identified from the same reaction and analysed by NMR 

spectroscopy.  This compound has distinctly different phosphorus resonances to 22.  

Integration of the protons equates to 30 aromatic H’s, 1CcageH and 1B-H agostic 

interaction suggesting two triphenylphosphite ligands on the metal centre with no ortho-

metalated phenyl ring.  The presumed structure is shown in figure 4.18 left.  When left in 

solution, this species isomerises to the ortho-metalated compound, 22.  An attempt to trap 

compound 21 by coordinating acetonitrile was unsuccessful. 

 

Figure 4.18: Left - suggested structure of compound 21; right - molecular structure of compound 22.  Selected 

bond lengths are C1-C1′: 1.516(7) Å, Ru1-C211: 2.044(4) Å, Ru1-C2: 2.211(4) Å, Ru1-B4′: 2.498(5) Å, Ru1-B5′: 

2.495(5) Å, Ru1-P1: 2.2918(11) Å, and Ru1-P2: 2.1892(11) Å.  Only the ipso carbon of the phenyl ring is shown 

for clarity. 
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4.2.4 Suitability for Lewis-acid catalysis 

 

The geometry index for a 5-coordinate species can be calculated using the equation, 

𝜏5 =
𝛽−𝛼

60°
,          (3) 

which determines whether the coordination centre is trigonal bipyramidal or square 

pyramidal.19  If 𝜏5 is close to zero the geometry most resembles square pyramidal, if it is 

close to one, the geometry is closer to trigonal bipyramidal.  The values α and β are the 

largest angles present between ligands at the metal centre taken from the molecular 

structure, and β is the larger value of the two.  All ten angles were calculated between the 

phosphine ligands, agostic H, carbon and/or boron vertices and the largest two selected.  

Using equation (3) the 𝜏5 values of the 5-coordinate species are measured and listed in 

table 4.2. 

Table 4.2 – The largest measured angles between ligands and calculated  

𝜏5 values. 

Compound α β 𝜏5 

13 154.2 178.1 0.40 

14 155.5 176.9 0.36 

16 157.6 170.0 0.21 

20 164.9 165.9 0.02 

 

Compound 20 is almost of ideal square pyramidal geometry despite having a strong 

agostic interaction, previously shown to distort the binding of the tridentate carborane 

ligand.  At the other end of the spectrum, compound 13 is heavily distorted, and whilst 

closer to a square pyramidal geometry, a value of 0.4 suggests significant distortion, 

almost directly between the two geometries.  This information highlights a clear vacant 

site on the metal centre in all cases. 

 

A significant feature of each of the phosphine/phosphite species is the chemical shift of 

the H atom in the B-H agostic interaction, listed in table 4.5.  Compared to the arene 

species, I, the B-H agostic moves upfield in the 1H{11B} NMR spectrum suggesting the 

H becomes more hydridic.  It should be noted, however, that formally a direct comparison 
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between these resonances cannot be made as the values presented are in different solvents 

and recorded at different temperatures.  As previously noted, the agostic interaction in the 

arene species is fluctional over four equivalent boron vertices, evident by a 4H integral 

resonance in the 1H{11B} NMR spectrum.  In the C,B′-species, the agostic H is no longer 

fluctional integrating to 1H in the analogous spectrum. 

 

By considering two planes, Ru1-C2-C1 and Ru1-C2′-C1′, and measuring the dihedral 

angle between them, the amount the cages twist to accommodate the stabilising agostic 

interaction can be quantified as shown in table 4.5.  This is also seen in the changing Ru-

Bagostic distances.  As before, the distance between Ru1 and H3′ is not used because of the 

relative imprecision of H atom positions determined by X-ray crystallography.  From the 

analysis in chapter 2, it was noted that compounds with no agostic interaction, 

[Ni(C2B10H10)2dppe] and [Cp*Ir(C2B10H10)2], show virtually no twisting of the cages.9, 20  

However compound 18, which does not show evidence of an agostic interaction in the 

NMR spectrum at room temperature has a relatively large twist angle.  This suggests an 

agostic interaction is almost forming to stabilise the metal centre and prompted low-

temperature NMR studies.  Upon cooling the system to -50 °C, a broad singlet integrating 

to 1H could be seen moving from 0.23 at 10 °C to 0.1 ppm at -50 °C in the 1H{11B} NMR 

spectrum.  This could be evidence for an agostic interaction forming. 

Table 4.5 – Selected resonances, bond angles and distances. 

Compound 1H{11B} 

resonance (ppm) 

M-Bagostic 

distance (Å) 

Cage fold 

angle (°) 

Displacement of 

agostic interaction 

I -0.02a 2.430(3) 29.7(2) I.MeCN 

13 -3.27bc 2.3389(16) 36.17(10) 13.MeCN 

14 -3.99b 2.0272(16) 36.04(10) 14.MeCN 

17 -3.66bc 2.713(2) 21.24(19) 17.MeCN 

18 0.1 2.8047(16) 20.52(10) - 

19 -0.61 2.578(2) 24.35(15) See text 

20 -3.22 2.4919(18) 29.53(17) 20.CO 

22 -3.07, -3.56 2.495(5), 

2.498(5) 

- See text 

aCDCl3 
bCD2Cl2 

cLT NMR 

 

The next step is to test these new compounds for catalytic activity.  If the B-H⇀Ru bond 

can be displaced by a weakly coordinating ligand, such as acetonitrile, then there is a 
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good probability that the compound will be a catalyst towards Diels-Alder cycloaddition 

reactions. 

 

Riley et al. reported the reaction of compounds II and III with acetonitrile.  Using the 

chelating ligand, dppe, resulted in two incoming acetonitrile ligands displacing the 

agostic interaction and filling the vacant site.  In contrast in the case with monodentate 

PPh3, three MeCN ligands displace one phosphine ligand as well as the agostic interaction 

and fill the vacant site.  Both result in stable 18e- species.10  Similarly, this latter 

displacement is seen with compounds 13 and 14 to give 13.MeCN and 14.MeCN, shown 

in figure 4.19.  Intriguingly, there is no isomerisation of the cages during this reaction 

resulting in species with two different binding modes, X2(C,C′) and X2(C,B′), the latter 

confirmed by the presence of a CcageH in the 1H NMR spectrum.   

 

Figure 4.19: Left - Molecular structure of compound 13.MeCN, selected bond lengths are C1-C1′: 1.5294(9) Å, 

Ru1-C2: 2.1508(6) Å, Ru1-C2′: 2.1251(6) Å, Ru1-P1: 2.37364(17) Å, Ru1-N1: 2.0758(6) Å, Ru1-N2: 1.9984(6) Å, 

Ru1-N3: 2.0106(6) Å; Right – molecular structure of compound 14.MeCN, selected bond lengths are C1-C1′: 

1.525(3) Å, Ru1-C2: 2.148(2) Å, Ru1-B3′: 2.076(2) Å, Ru1-P1: 2.3438(5) Å, Ru1-N1: 2.1814(18) Å, Ru1-N2: 

2.0109(19) Å, Ru1-N3: 1.9989(19) Å.  Note disorder between C2′ and B4′ at 48:52% occupancy.  Only the ipso 

atoms of the phenyl rings are shown for clarity. 

 

Alternatively, the acetonitrile adduct of compound 17, shown in figure 4.20, shows 

displacement of one phosphine ligand with the agostic interaction remaining intact 

despite an excess of acetonitrile being added and the reagents stirred over a long period 

of time.  The agostic H is seen at -0.46 ppm integrating to 1H in the 1H{11B} NMR 

spectrum, a relatively high frequency compared to the other phosphine/phosphite agostic 

interactions.  Isolation of this compound would suggest that the acetonitrile ligand 

displaces one or more phosphine ligands before displacing the relatively stronger agostic 
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interaction (by comparison the arene complexes) in these types of compounds.  Thus, this 

method of testing for catalytic suitability is considered unsuitable for these compounds. 

 

Figure 4.20: Molecular structure of compound 17.MeCN.  Selected bond lengths are C1-C1′: 1.5149(10) Å, Ru1-

C2: 2.1303(7) Å, Ru1-C2′: 2.1915(7) Å, Ru1-B3′: 2.5549(8) Å, Ru1-P1: 2.2625(2) Å, Ru1-P2: 2.3285(2) Å, Ru1-

N1: 2.0573(7) Å, and N1-C10: 1.1485(10) Å.  Only the ipso carbons of the phenyl rings are shown for clarity. 

 

Coordination of acetonitrile removes any distortion between the bis(o-carborane) cages, 

reflected in the angles reported in table 4.6 except in the case of 17.MeCN where the 

agostic interaction remains intact.  Usually, the C-N distances, also listed in table 4.6, are 

a reflection of the electron density on the metal centre, however since the phosphine 

ligand is the better π-acceptor this parameter has limited value in these systems. 

Table 4.6 – Bond lengths and angles of acetonitrile adducts. 

Compound C-N bond lengths (Å) Twist angle (°) 

 N1 N2 N3  

I.MeCN 1.139(3)   3.50(19) 

13.MeCN 1.1457(9) 1.1466(9) 1.1479(9) 0.76(3) 

14.MeCN 1.131(3) 1.136(3) 1.139(3) 1.2(2) 

17.MeCN 1.1485(10)   29.33(5) 

 

Compound 20 did not react with acetonitrile, even after prolonged stirring.  The O⋯H 

interactions noted previously between the OiPr groups could partially block the weak 

coordination of the acetonitrile ligand reducing the activity of the metal centre.  To show 

the agostic interaction can be displaced, a stronger coordinating ligand was tried, CO.  

This resulted in the expected displacement of one phosphite ligand and three CO ligands 
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bind to the metal centre as shown in figure 4.21.  This is an analogous result to that 

reported by Riley et al.10  Two isomers of compound 20.CO were isolated and analysed 

by NMR spectroscopy.  A single crystal was grown from an impure mixture of isomers 

and shows a 50:50 disorder between C2 and B3′.  Thus the two isomers differ in that in 

one the phosphite is trans to B and in the other, it is trans to C. 

 

Figure 4.21: Molecular structure of compound 20.CO.  Selected bond lengths are C1-C1′: 1.5314(18) Å, Ru1-

C2: 2.1858(12) Å, Ru1-B3′: 2.1888(14) Å, Ru1-P1: 2.3372(3) Å, Ru1-C101: 1.9551(12) Å, Ru1-C102: 

1.9741(13) Å, and Ru1-C103: 1.9424(12) Å.  Atoms C2/B3′ are disordered at 50% occupancy each. 

 

Mixing acetonitrile with compounds 19 and 22 respectively led to reactions evident by 

distinct colour changes, however upon workup, no coordinated acetonitrile was detected.  

We suggest a reversible process in each case.  It is unlikely that a phosphorus atom from 

the tridentate ligand will be displaced by acetonitrile in compound 19 due to the chelate 

effect.  Similarly in compound 22, the bis(o-carborane) ligand will be held close to the 

metal centre and so re-formation of two agostic interactions seems likely.   
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4.2.5 Catalysis 

 

A reaction readily catalysed by Lewis-acid catalysts is the [4+2] Diels-Alder 

cycloaddition between a diene and a dienophile.  Here, we have used cyclopentadiene as 

the diene, and are reacting it with three dienophiles, methacrolein, ethylacrolein, and 

crotonaldehyde.  The reaction scheme is shown in scheme 4.2.  The compounds discussed 

in this chapter either have a 16e- metal centre with a vacant site and a displaceable agostic 

interaction, or have an 18e- metal centre still with a displaceable agostic interaction.  Each 

was tested as a suitable Lewis-acid catalyst using 1 mol% loading. 

 

Scheme 4.2: Diels-Alder cycloaddition reaction testing Lewis-acids 13-22 as catalysts. 

 

An interesting comparison between different isomers would have been ideal, however, 

upon the addition of substrates to the C,C′-compounds, 13, 15, and 17, immediate 

degradation occurs possibly preceded by isomerisation.  This suggests an external source 

of H lowers the activation energy of the isomerisation process though the presence of 

multiple phosphorus resonances suggests more than one reaction occurs.  Unfortunately, 

the C,B′-isomers 14 and 16 are not catalytically active in a Diels-Alder reaction and so 

were not taken any further. 

 

Despite reacting with acetonitrile, although not isolable, compounds 19 and 22 are not 

catalytically active.  Interestingly, despite the carborane being bound as an X2(C,C′)L 

type ligand, there is no evidence for isomerisation of compound 19.  This compound is 

very stable in solution over long periods of time.  It is suggested that the tridentate 

phosphine ligand is too bulky for the approach of even the least hindered dienophile, 

crotonaldehyde.  Compound 20, which did not react with acetonitrile, is also not 

catalytically active in a Diels-Alder reaction as expected.   
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Compound 18, which did not have sufficient evidence for an agostic interaction but has 

a vacant site, was not tested as a catalyst as it degrades in solution over a short period of 

time and would therefore not be suitable. 

 

It is suggested that the strength of the agostic interactions, reflected in the shorter Ru-B3′ 

distances and the more hydric nature of the B-H agostic resonances in the 1H{11B} NMR 

spectrum, is what prevents any catalytic activity.  The incoming dienophile is not strong 

enough to displace the more strongly bound agostic H, and therefore only background 

Diels-Alder reactions are recorded.  The phosphines are also larger than the arene ligand 

which would further hinder the approach of the dienophile.  The combination of the piano 

stool structure of the arene complexes granting access to the metal centre, coupled with 

the weaker nature of the agostic interaction creates a perfect balance for catalytic activity. 
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4.3  Conclusions 

 

Reacting compound I with different phosphines led to the displacement of the arene 

ligand creating new compounds, where the phosphine is PMePh2 (13), PEtPh2 (15), 

PMe2Ph (17), PMe3 (18) and 1,1,1-tris(diphenylphosphinomethyl)ethane (19).  In these, 

the carborane has the binding mode X2(C,C′)L.  In the first two cases, the compounds 

slowly isomerise so the carborane now has the binding mode X2(C,B′)L giving 

electronically unique yet isosteric compounds (14 and 16).  Despite many attempts to 

understand this mechanism, both experimentally and computationally, the lowest energy 

pathway is still unknown.  Dimethylphenylphosphine was shown to be on the cusp of 

being too large since three phosphine molecules bind to the metal centre only at low 

temperature, whilst at room temperature they are fluctional with one dissociated.  Whilst 

reacting I with trimethylphosphine resulted in the desired X2(C,C)L species with three 

phosphine ligands, there is evidence suggesting only a weak agostic interaction, and the 

basicity of the phosphine ultimately degraded the compound in solution.   

 

To avoid the problems of basic phosphines, phosphites were used to displace the arene 

ligand on I.  The reaction with triisopropylphosphite gave only one compound in which 

bis(o-carborane) is bound to the metal in an X2(C,B′)L type fashion.  The reaction of I 

and triphenylphosphite gave two species, one (21) only characterised by NMR 

spectroscopy as it undergoes ortho-metalation of a phenyl ring to give the second, 

compound 22, where the bis(o-carborane) has the novel binding mode X(C)L2. 

 

Unfortunately, none of these new species were active catalysts in Diels-Alder 

cycloaddition reactions despite many of them reacting with acetonitrile.  It is suggested 

that the combination of a strong agostic interaction and bulkier co-ligands plays a role in 

this.  Perhaps the addition of ethyl groups to boron positions 9 and 12 would weaken the 

agostic interaction sufficiently, without introducing too much steric bulk at the metal 

centre allowing for catalysis to occur with the seemingly stable C,B′-species. 
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5 First Steps in Bis(meta-carborane) Metalation 

5.1  Introduction 

 

So far the focus of this thesis has been on bis(ortho-carborane) acting as a chelating 

ligand.  Bis(o-carborane) can also act as a “η5” type ligand.  Deboronation and subsequent 

metalation by an isolobal metal fragment gives compounds of the type 3,1,2-MC2B9-1′,2′-

C2B10.  Multiple fragments have been used in this type of chemistry such as {Ru(arene)}, 

{CoCp} and {CoCp*} to name but a few.1  Due to the steric clash of the carborane 

substituent with the arene or Cp/Cp* ligand, metalated bis(o-carborane) species have been 

known to isomerise and take the form 2,1,8-MC2B9-1′,2′-C2B10, and an example is shown 

in figure 5.1.1, 2  This process can also be achieved through 1e- reduction and oxidation.  

Bis(o-carborane) has also undergone double deboronation and double metalation to give 

both homo- and hetero- metalated compounds with a range of metal fragments.3-6   

 

Figure 5.1: Left - representation of 3,1,2-1′,2′-isomer; right - representation of 2,1,8-1′,2′-isomer. 

 

Importantly, a catalytically-active metal fragment can be introduced to these frameworks.  

The electron density at the metal centre, and therefore catalytic activity, will be influenced 

differently depending on the atoms bound to it, e.g. a CB4 or C2B3 face.7  Chan et al. 

exploited this by expanding on original catalytic studies by Hawthorne and co-workers 

highlighting significant reactivity differences between isomeric metallacarboranes.5  The 

study involved comparing different isomers of the form (PPh3)2HRhC2B9, examples of 

which are illustrated in figure 5.2.  These compounds were tested in the isomerisation of 

1-hexene and the hydrosilylation of acetophenone and the single-cage isomers (A and B) 

were shown to have different reactivities.  The rhodium fragment was also introduced to 

bis(o-carborane) to give rhodacarborane-carborane/metallacarborane species, where M = 

Ru(p-cym) or CoCp* (C, D, and E).  In catalysing the isomerisation of 1-hexene, the 
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double-cage rhodacarborane-metallacarborane species show faster rates, with D 

performing better than E, followed by the rhodacarborane-carborane species, C.  The 

single-cage compounds are the least active catalysts in this reaction, with B showing the 

slowest rate of conversion.  Contrary to this, catalysing the hydrosilylation of 

acetophenone the single-cage catalysts performed best followed by the rhodacarborane-

carborane species, C.  The rhodacarborane-metallacarborane compounds, D and E, 

showed the slowest conversion, likely a consequence of greater steric crowding.  

Introducing a metal to the carborane substituent influenced the catalytic activity which 

was dependant on the reaction.  This highlights the unique capability of carboranes as a 

scaffold for catalytic metal centres. 

 

Figure 5.2: A – 2,1,12-rhodacarborane; B – 3,1,2-rhodacarborane; C – 2,1,8-rhodacarborane-carborane; D – 

2,1,8-rhodacarborane-3′,1′,2′-ruthenacarborane; E – 2,1,8-rhodacarborane-3′,1′,2′-cobaltacarborane.  

Catalysts A-E were tested and compared in alkene isomerisation and hydrosilylation reactions.5 

 

Bis(meta-carborane) is a simple isomer of bis(ortho-carborane) with the carbon atoms in 

positions 1 and 7, as illustrated in figure 5.3.  It was originally reported in 1973 with 

improved syntheses and full characterisation reported later.8-11  Whilst the carbon atoms 

in bis(m-carborane) are not at the correct angle for chelation, this molecule has the 

potential for endo-metalated chemistry analogous to its ortho derivative.  As far as we are 

aware, there are no reports using bis(m-carborane) in this manner.  Indeed, the literature 
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on bis(m-carborane) only seems to note the synthesis of a small number of 

exopolyhedrally-substituted compounds.12-14  Reaction of deboronated bis(m-carborane) 

with a metal fragment would likely make a 2,1,7-MC2B9-1′,7′-C2B10 compound.  If 

analogous to the products formed with the ortho derivative, then a steric clash between 

the carborane substituent and exopolyhedral ligand on the metal gives the possibility of 

isomerisation to two different isomers, 2,1,8-1′,7′ or 2,1,12-1′,7′.  If a catalytically active 

metal fragment is used, then there is the potential for different reactivity to what has 

already been described. 

 

Figure 5.3: Left - bis(ortho-carborane); right - bis(meta-carborane), with carbon atoms numbered. 

 

Here we describe the first steps towards metalating bis(m-carborane) and using it as an η5 

type ligand. 
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5.2  Results and Discussion 

5.2.1 Deboronation 

 

Deboronation of 1,1ʹ-bis(meta-carborane) using potassium hydroxide in ethanol gives [7-

(1′-closo-1′,7′-C2B10H11)-nido-7,9-C2B9H11]
-, [23]- as the potassium salt according to the 

literature protocol reported by Hawthorne et al.15  Salt metathesis with 

trimethylammonium chloride gives [HNMe3][23], however this species did not afford 

suitable single crystals for an XRD study.  The identity of the salt was instead confirmed 

by elemental analysis and heteronuclear NMR spectroscopy.  There are two resonances 

present in the 11B NMR spectrum integrating to 1B each at low frequency (~-30 

to -40 ppm), indicative of the boron atoms B1 and B6 in the nido cage.16  As well as the 

expected resonances from the counter ion, the 1H{11B} NMR spectrum confirms the 

presence of a bridging hydrogen between the B10 and B11 vertices as a broad apparent 

triplet at -2.07 ppm as well as two CcageH resonances.  The first, at 3.28 ppm is assigned 

to the closo cage, and the second at lower frequency, ~1.2 ppm, is attributed to the CcageH 

from the nido cage due to the shielding of the nuclei from the anionic charge.   

 

Salt metathesis of [23]- using benzyltrimethylammonium (BTMA) as the counter ion 

allowed for a suitable crystal for an XRD study.  The molecular structure of the anion is 

shown in figure 5.4, and although relatively imprecise, it unambiguously confirms the 

success of the deboronation reaction. 

 

Figure 5.4: Molecular structure of decapitated bis(meta-carborane).  Disorder is present in BTMA counter ion 

which is not shown for clarity.  Selected bond lengths are C7-C1′: 1.517(5) Å, B10-H10B: 1.28(3) Å and B11-

H10B: 1.18(3) Å.  Synthesis by A. P. Y. Chan. 
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5.2.2 Metalation with ruthenium 

 

[HNMe3][23] was treated with two equivalents of nBuLi, the first to remove the proton 

from the ammonium cation, the second to remove the bridging proton on the nido cage to 

create a fully open face.  Looking at previous success with the analogous bis(o-carborane) 

reactions, using the {Ru(p-cym)2+} fragment seemed a logical starting point, and so 

[RuCl2(p-cym)]2 was added to the solution.  Work-up of this reaction following a standard 

protocol resulted in two products in low yields, separated by preparative TLC.  One was 

the expected species, [(p-cym)RuC2B9H10-C2B10H11], 24, confirmed by elemental 

analysis, mass spectrometry, and multinuclear NMR spectroscopy.  The 11B NMR 

spectrum shows the typical resonances expected for a closo carborane and 

metallacarborane.  Similarly, the 13C NMR spectrum shows typical resonances in the 

aromatic and alkyl regions expected for a p-cymene ligand.  However, only three of four 

quaternary carbon resonances are visible.  It is well accepted that the aromatic carbon 

resonances are at higher frequency and so it is assumed that the lower frequency 

quaternary carbon resonance at 85.1 ppm is either due to C1 or C1′, however one is not 

observed.  Similarly, the CcageH’s cannot be distinguished from the isopropyl CH based 

on the 13C NMR data alone, however the resonances at 53.1 and 46.1 ppm are 

significantly broader in nature and one would assume this is due to boron coupling.  Seven 

CH resonances are seen suggesting a lack of symmetry in the molecule.  This is confirmed 

by the 1H NMR spectrum in which the resonances from the p-cymene ligand appear as 

four doublets of doublets, assigned to the aromatic protons, and two overlapping doublets, 

assigned to the methyl groups of the isopropyl unit.  The lack of symmetry in the 

compound rules out isomerisation to the 2,1,12-isomer however does not distinguish 

between a 2,1,7- or a 2,1,8-isomeric species.  Following an XRD study, the compound 

was confirmed to be the 2,1,7-isomer, shown in figure 5.5. 

 

The second species has similar resonances to compound 24 in the 1H NMR spectrum plus 

three additional resonances.  Two doublets of quartets are seen at 3.66 and 3.54 ppm, each 

integrating to 1H, and an apparent triplet integrating to 3H is seen at 1.23 ppm.  The 

former is characteristic of diastereotopic protons from a CHaHbCH3 group, suggesting 

functionalisation of compound 24.  In confirmation, a singlet resonance in the 11B 

spectrum suggesting no H on the vertex is seen at a relatively high frequency of 15.2 ppm.  

As with compound 24, the 13C NMR spectrum shows the expected resonances plus a CH2 



 

 

120 

and a CH3 in the DEPT spectra, consistent with the new resonances seen in the 1H NMR 

spectrum.  Four out of four quaternary carbon resonances can be seen however two (52.6 

and 41.3 ppm) are significantly broader in nature, again assumed to be due to coupling to 

quadrupolar boron.  Analysis of a single crystal showed the presence of an ethoxy group 

bound to vertex B6, confirming the compound as [(p-cym)RuC2B9H9(OEt)-C2B10H11], 

25, also shown in figure 5.5.  Again, this compound is an unisomerised 2,1,7-species. 

 

Figure 5.5: Left – molecular structure of compound 24.  Selected bond lengths are C1-C1′: 1.546(3) Å, Ru2-C1: 

2.316(2) Å, Ru2-C7: 2.160(2) Å and Ru2-arene average: 2.25(4) Å; right – molecular structure of compound 25.  

Selected bond lengths and distances are C1-C1′: 1.551(2) Å, Ru2-C1: 2.2896(14) Å, Ru2-C7: 2.1610(15) Å, B6-

O1: 1.389(2) Å and Ru1-arene average: 2.27(5) Å. 

 

Similarly, the analogous reaction but using [RuCl2(C6Me6)]2 also gave two products, 

[(C6Me6)RuC2B9H10-C2B10H11], 26, and [(C6Me6)RuC2B9H9(OEt)-C2B10H11], 27.  Here, 

the yields are much lower in comparison to the p-cymene equivalent, attributed to the 

lower solubility of the hexamethylbenzene dimer.  The identities of both compounds were 

established by elemental analysis, mass spectrometry, and heteronuclear NMR 

spectroscopy, and were ultimately confirmed as the 2,1,7-isomers by X-ray 

crystallographic studies of single crystals, shown in figure 5.6.  Compound 26 shows 

disorder over three vertices in the carborane substituent, 7′, 8′, and 10′, each having 

0.33C/0.66B character.  Similar characteristics in the heteronuclear spectra are seen as 

with compounds 24 and 25, however in both cases, the resonances expected for the 

quaternary cage carbons are too small to confidently assign in the 13C NMR spectrum.  

The 11B NMR spectrum of compound 25 has a singlet resonance at a relatively higher 

frequency, 14.5 ppm, again assigned to the substituted boron vertex.  
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Figure 5.6: Left – compound 26.  Selected bond lengths are C1-C1′: 1.5476(15) Å, Ru2-C1: 2.3242(10) Å, Ru2-

C7: 2.1599(12) Å and Ru2-arene average: 2.28(7) Å; right – molecular structure of compound 27.  Selected bond 

lengths are C1-C1′: 1.5468(13) Å, Ru2-C1: 2.3052(9) Å, Ru2-C7: 2.1516(10) Å, B6-O1: 1.3937(14) Å and Ru1-

arene average: 2.30(7) Å. 

 

Thiripuranathar et al. reported the slow isomerisation of a solution of 

3,1,2-Ru(p-cym)C2B9H10-1′,2′-C2B10H11 to 2,1,8-Ru(p-cym)C2B9H10-1′,2′-C2B10H11 at 

room temperature, assumed to be due to steric and electronic relief.  The separation of the 

carbon atoms is an energetically favourable process, and the distortion of the arene ligand 

is removed upon isomerisation.  This distortion, specifically the bend back angle, θ, of 

the unisomerised species can be measured.  The lower pentagonal belt of the metallacage 

is the reference plane, and the angle between it and the plane of the arene ligand is 

measured.  The intramolecular steric crowding is quantified by this method showing how 

much the co-ligand bends away from the bulky carborane substituent.   

 

Using the crystallographic studies of compounds 24-27, the bend back angles were 

measured using the vertices B4B5B10B12B8 as the reference plane.  Table 5.1 lists these 

angles and that of the previously reported 3,1,2-ruthenacarborane-carborane species.  

Comparing the bend back angles of these species, particularly of 2,1,7- and 3,1,2- 

isomers, there seems to be little difference suggesting a similar level of steric strain, 

however the 2,1,7-bis(m-carborane) derivatives do not readily isomerise.  In an attempt 

to force isomerisation, the compounds were heated for several hours in d8-toluene at 

110 °C, with ultimately no change in the NMR spectra. 
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Table 5.1 – List of dihedral angles calculated from XRD data. 

Compound θ (°) 

24 14.95(9) 

25 14.18(5) 

26 19.08(5) 

27 17.95(4) 

3,1,2-Ru(p-cym)C2B9-1′,2′-C2B10
1 16.08(9)  
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5.2.3 Metalation with cobalt 

 

The most common metalation fragment, present for seven out of nine single-cage MC2B9 

isomers, is {CoCp}.  There are two ways to introduce this fragment.  The first is often 

referred to as the “preformed method” by which the {CoCp2+} unit is synthesised before 

being introduced to the carborane.  It was shown that adding [CpCoI2(CO)] to lithiated 

deboronated bis(o-carborane) gives the unisomerised (3,1,2) species.1  Since the aim here 

is to find new binding faces for metal fragments, i.e. CB4 vs C2B3, and the unisomerised 

form starting with bis(m-carborane), 2,1,7-C2B9-C2B10, would also present a C2B3 face, 

the second method was selected.  This route, named the “in situ method”, adds all the 

components together in a 1-pot reaction and has been reported to give the isomerised 

(2,1,8) species when used with decapitated bis(o-carborane).  Therefore, to a solution of 

lithiated deboronated bis(m-carborane), CoIICl2 and NaCp were added at low temperature.  

Since this effectively adds a {CoCp+} fragment, it generates a 19 electron monoanion, 

[CpCoII(C2B9H10)(C2B10H11)]
-, which is then aerially oxidised to give the neutral CoIII 

equivalent, compound 28, in moderate yields.  NMR spectroscopic studies confirm the 

expected resonances due to cyclopentadienyl as well as two CcageH’s at 2.85 and 

2.81 ppm.  They are too close to speculate which belongs to the metallacage, and which 

to the carborane substituent.  Resonances within the typical range expected for a closo-

carborane and closo-metallacarborane are seen in the 11B{1H} spectrum between 3 and -

18 ppm.  The quaternary cage carbons are not observed in the 13C NMR spectrum.  The 

high-frequency CH resonances are assigned to the cyclopentadienyl ligand, and therefore 

the lower frequency CH resonances are assigned to CcageH, occurring in a similar 

chemical shift region to that of the ruthenium compounds discussed earlier.  Mass 

spectrometry and elemental analysis confirm the molecular formula however they do not 

distinguish between isomeric forms.  An XRD study of a single crystal grown by solvent 

diffusion of a DCM solution layered with petrol shows, somewhat surprisingly, that 

compound 28 is [1-(1′-closo-1′,7′-C2B10H11)-2-(C5H5)-closo-2,1,7-CoC2B9H10] (figure 

5.7) confirming the compound is unisomerised. 
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Figure 5.7: Molecular structure of compound 28, confirming isomeric form as 2,1,7-species.  The 

cyclopentadienyl ring is disordered with two locations for each carbon atom with an occupancy ratio of 

0.68:0.32.  Selected bond lengths are C1-C1′: 1.5470(9) Å, Co2-C1: 2.1708(6) Å, Co2-C7: 2.0231(7) Å and Co2-

Cp average (most abundant occupancy used): 2.075(22) Å. 

 

In an attempt to push the isomerisation, a bulkier ligand, Cp* (C5Me5) was used.  Also 

using the in situ method, compound 29 was isolated.  The 1H NMR spectrum shows the 

expected resonance integrating to 18H for the methyl groups from Cp* together with two 

CcageH’s at 2.82 and 1.9 ppm, the more electron-rich Cp* ligand separating them 

significantly to tentatively assign the lower frequency resonance to the metallacage CH.  

The expected resonances due to a closo-(metalla)carborane are seen in the 11B{1H} NMR 

spectrum between 1 and -19 ppm and elemental analysis and mass spectrometry confirm 

the molecular formula.  A resonance due to a quaternary carbon at high frequency is seen 

in the 13C NMR spectrum, assigned to the carbon atoms of Cp*, and a resonance due to 

the methyl groups is seen at low frequency.  Only one of the quaternary cage carbon 

resonances is observed, however, the broad CcageH resonances are within close proximity 

which could potentially be overlapping with the second quaternary Ccage.  Again, the only 

method to confirm the isomeric form of the species is by an XRD study which confirms 

the compound as the unexpected 2,1,7-isomer, shown in figure 5.8.  Heating this 

compound in d8-toluene at 110 °C for 2 hours does not result in any change to the 

spectrum, hence giving no indication of an isomerisation.  This is surprising, as in the 

bis(o-carborane) reactions, this method produces only the isomerised form, thought to be 

due to relief of electronic and steric strain.  Analysing the bend back angles calculated 

from the molecular structures gives an idea of the steric strain due to the clash between 

the Cp/Cp* ligands and the carborane substituent, and these are listed in table 5.2.  

Comparing these values with the bis(o-carborane) equivalents suggests there is little 
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difference in terms of steric strain, the variance being no more than 3°.  This suggests that 

the main reason for the isomerisation to occur is the energetically favourable separation 

of carbon atoms, something already present in the bis(m-carborane) compounds. 

 

Figure 5.8: Molecular structure of compound 29, confirmed as 2,1,7-isomeric form.  Disorder present between 

vertex 7 (0.52C/0.48B) and 11 (0.48C/0.52B).  Selected bond lengths are C1-C1′: 1.5459(17) Å, Co2-C1: 

2.2218(12) Å, Co2-7: 2.0438(14) Å, Co2-11: 2.0555(14) Å and Co2-Cp average: 2.12(5) Å. 

 

Table 5.2 - List of dihedral angles calculated from XRD data. 

Compound θ (°) 

28 13.87(18) 

29 19.03(7) 

3,1,2-CoCpC2B9-1′,2′-C2B10
1 15.83(8)/16.34(8) 

3,1,2-CoCp*C2B9-1′,2′-C2B10
4 21.58(8) 

 

Interestingly, no evidence for ethoxy substituted species was found in the cobalt reactions.  

It is suggested that, in the presence of lithium, THF degrades to produce ethoxide anions, 

the nucleophile which attacks the cage in the Ru(arene) reactions.17, 18  Since the cobalt 

species initially formed are monoanionic such a reaction would be unlikely.  
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5.3  Conclusions 

 

There is no ambiguity that the products from these reactions are of the 2,1,7-isomeric 

form.  Even with extensive heating, there is no evidence of relief of steric crowding, 

which is surprising considering the ease of isomerisation in the analogous 

bis(o-carborane) species.  The steric crowding is quantified using the dihedral angle 

between a reference plane, the lower belt of the metallacage, and the plane of the 

arene/Cp/Cp*, ligand with θ values between 14° and 19°.  This suggests the main 

contributing factor to the isomerisation of the metalated bis(o-carborane) species is the 

separation of the carbon vertices, an energetically favourable process that cannot happen 

in bis(m-carborane).   

 

Nevertheless, the combination of more steric crowding plus a 1 electron reduction might 

facilitate the isomerisation.  A recent publication by Schneider et al. describes a method 

to introduce many large arene ligands, such as anthracene, to a ruthenacarborane.19  If this 

methodology can be applied to a bis(carborane) system, followed by a 1e- reduction, 

perhaps the system would isomerise to give the desired isomer. 

 

Previously, only the isomerised 2,1,8-rhodacarborane-carborane species was isolated and 

used in catalytic studies.5  The introduction of the catalytically active fragment 

{RhH(PPh3)2} to the bis(m-carborane) system would hypothetically provide either the 

isomerised species as desired or if no isomerisation occurs, a species with a C2B3 face 

bound to the active metal centre.  Based on the catalytic results from different single cage 

isomers, this compound would potentially have interesting reactivity.  As far as we are 

aware, a comparison between 3,1,2 and 2,1,7 (both C2B3 faces) has not been carried out 

for either single-cage or bis(carborane) examples. 
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6 Experimental 

6.1 General experimental 

 

Synthesis 

All experiments were carried out under dry, oxygen-free N2 gas using standard Schlenk 

techniques.  Occasionally, work-up/purification was carried out in the open laboratory 

where applicable.  THF, petrol 40-60° and Et2O were dried over Na wire and freshly 

distilled before use.  DME, DCM and acetonitrile were dried over CaH2 and freshly 

distilled before use.  All deuterated solvents and toluene were stored over 4 Å sieves.  All 

solvents were degassed using three freeze-pump-thaw cycles prior to use where 

necessary. 

 

Chromatography 

For preparative TLC, 20x20 cm Kieselgel F254 glass-backed plates were used, and 60 Å 

silica was used as the stationary phase for column chromatography with the appropriate 

eluent. 

 

Spectroscopy and analysis 

NMR spectra were recorded on a Bruker AVIII-400 [400.1 MHz (1H) and 128.4 MHz 

(11B)] or AVHDIII-400 [400.0 MHz (1H) and 128.3 MHz (11B)] spectrometer at room 

temperature unless otherwise stated.  Electron ionization mass spectrometry (EIMS) and 

electrospray ionization mass spectrometry (ESIMS) were carried out using a Bruker 

MicroTOF Focus II mass spectrometer and a Finnigan MAT900XP-Trap mass 

spectrometer, respectively, at the University of Edinburgh.  Elemental analyses were 

performed using an Exeter CE-440 elemental analyser. 

 

Starting materials 

The starting materials [RuCl2(benzene)]2,
1 [RuCl2(mesitylene)]2,

1 [RuCl2(p-cymene)]2,
2 

[RuCl2(hexamethylbenzene)]2,
3 1,1′-bis(ortho-carborane),4 1,1′-bis(meta-carborane),5 

[Ru(3-2,2′,3′-{1-(1ʹ-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)] (I),6 and 
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[Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(DME)2]
7, were prepared 

by literature methods or slight variations thereof.  All other reagents were supplied 

commercially. 

 

X-ray crystallography 

Crystals of 2-6, 8-10, 13, 14, 16, 17, 20, 22, I.MeCN, 13.MeCN, 14.MeCN, and 20.CO 

were grown by diffusion of a DCM solution of the appropriate compound and petrol 

at -20 °C.  Crystals of 7 were obtained by vapour diffusion of a fluorobenzene solution 

and petrol at room temperature in a glove box.  Crystals of 17.MeCN were grown from 

an inert THF solution layered with petrol whereas crystals of 18 were obtained from the 

reaction mixture of DCM and THF, both solutions at room temperature and under N2.  

Crystals of 19 were obtained by vapour diffusion of a chloroform solution and petrol at 

5 °C. Crystals of 7.MeCN were grown by vapour diffusion of a DCM solution and petrol 

at -20 °C whilst those of 10.MeCN were afforded by slow evaporation of a MeCN 

solution at room temperature.  Crystals of the salt [BTMA]23 and compounds 24-29 were 

grown by diffusion of a DCM solution of the appropriate compound and petrol at 5 °C.  

All were obtained as single crystals except 10 and 24, which each crystallise as a 2-

component twin.  Diffraction data were collected at 100 K on a Bruker X8 APEXII 

diffractometer (Mo-Kα), Rigaku Oxford Diffraction Supernova diffractometer (Mo-Kα), 

Bruker D8 Venture diffractometer using either Cu-Kα or Mo-Kα radiation, or a Rigaku 

FR-E+ diffractometer (Mo-Kα).  The radiation type for each crystal is listed in the 

crystallography tables found in appendix 2.  Using OLEX28 structures were solved by 

direct methods using the SHELXT9 programme and refined by full-matrix least-squares 

using SHELXL10.  In all cases application of the Vertex-Centroid Distance (VCD) and 

Boron-Hydrogen Distance (BHD) methods allowed cage C atoms and cage B atoms to 

be readily distinguished.11-13 
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6.2 Experimental details for compounds in chapter 2 

[Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6H6)], (1) 

 

1,1ʹ-Bis(o-carborane) (0.250 g, 0.873 mmol) in THF (20 mL) at 0 ºC was treated with 

nBuLi (0.77 mL of 2.5 M solution, 1.92 mmol) then [RuCl2(C6H6)]2 (0.218 g, 

0.437 mmol) to give a very dark blue solution.  Work-up by filtration of a DCM solution 

through silica then preparative TLC (DCM:petrol, 1:1) afforded multiple overlapping 

bands, the most abundant of which was an orange-brown band (Rf 0.26) which proved 

impossible to obtain in a spectroscopically-pure form.  Nevertheless, prominent in the 

1H{11B} NMR spectrum (CDCl3) were resonances at δ -2.90 (br s, 1H, BHbridging), -6.34 

(s, 1H, BHagostic) and -7.83 (s, 1H, BHagostic) tentatively identifying the product as [Ru(κ3-

2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6H6)] (1, 0.013 g, 3%).  

EIMS: 454.3 m/z (M+). 
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[1-(1′-closo-1′,2′-C2B10H11)-3-(C6H3Me3)-closo-3,1,2-RuC2B9H10] (2) and [Ru(κ3-

2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6H3Me3)] (3) 

 

In an analogous way, 1,1ʹ-bis(o-carborane) (0.250 g, 0.873 mmol) in THF (20 mL) at 0 ºC 

was treated with nBuLi (0.77 mL of 2.5 M solution, 1.92 mmol) and then 

[RuCl2(C6H3Me3)]2 (0.255 g, 0.437 mmol) resulting in a dark red-brown solution.  

Following filtration of a DCM solution through silica, preparative TLC (DCM:petrol, 3:2) 

afforded a yellow band (Rf 0.76) subsequently identified as [1-(1′-closo-1′,2′-C2B10H11)-

3-(C6H3Me3)-closo-3,1,2-RuC2B9H10] (2, 0.013 g, 4%) and an orange band (Rf 0.60) 

subsequently identified as [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-

C2B10H10})(C6H3Me3)] (3, 0.026 g, 7%). 

2: 11B{1H} NMR: (CDCl3) δ 3.3 (1B), 0.4 (1B) -3.3 (3B), -6.3 to -14.6, 

overlapping resonances with prominent maxima 

at -7.3, -10.6, -12.7 (total integral 12B), -17.4 (2B). 

1H NMR: (CDCl3) δ 5.84 [s, 3H, C6H3(CH3)3], 3.99 (br s, 1H, 

CcageH), 3.82 (br s, 1H, CcageH), 2.41 [s, 9H, C6H3(CH3)3]. 

CHN: C13H33B19Ru requires C 31.5, H 6.71.  Found for 2: C 31.7, 

H 6.75%.  

EIMS:     493.4 m/z (M+). 

 

 

 

3: 11B{1H} NMR:  (CD2Cl2) δ 2.3 (1B), -1.5 to -6.1, overlapping resonances 

with prominent maxima at -3.7, -4.9 (total integral 4B), -7.5 
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to -14.2, overlapping resonances with prominent maxima 

at -9.1, -9.9, -12.3 (total integral 8B), -17.2 (1B), -18.8 

(1B), -20.6 (1B), -23.8 (1B), -27.0 (1B), -36.6 (1B). 

1H NMR: (CDCl3) δ 5.34 [s, 3H, C6H3(CH3)3, overlapped with 

CD2Cl2], 2.92 (br s, 1H, CcageH), 2.42 [s, 9H, C6H3(CH3)3].   

1H{11B} NMR: (CD2Cl2) δ as for 1H NMR plus -2.89 (br s, 1H, 

BHbridging), -6.60 (s, 1H, BHagostic), -7.82 (s, 1H, BHagostic). 

CHN: C13H33B19Ru requires C 31.5, H 6.71.  Found for 3: C 32.4, 

H 6.97%.  

EIMS:     495.3 m/z (M+). 
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[1-(1′-closo-1′,2′-C2B10H11)-3-(C6Me6)-closo-3,1,2-RuC2B9H10] (4) and [Ru(κ3-2,2′,11′-

{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6Me6)] (5) 

 

Similarly, the deprotonation of 1,1ʹ-bis(o-carborane) (0.250 g, 0.873 mmol) in THF 

(20 mL) at 0 °C with nBuLi (0.77 mL of 2.5 M solution, 1.92 mmol) followed by reaction 

with [RuCl2(C6Me6)]2 (0.293 g, 0.437 mmol) afforded a dark red solution, work-up of 

which (initial filtration of a DCM solution through silica and then preparative TLC 

[DCM:petrol, 2:3]), gave a yellow band (Rf 0.45) subsequently identified as [1-(1′-closo-

1′,2′-C2B10H11)-3-(C6Me6)-closo-3,1,2-RuC2B9H10] (4, 0.025 g, 5%) and an orange band 

(Rf 0.36) subsequently identified as [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-

C2B10H10})(C6Me6)] (5, 0.065 g, 14%). 

4: 11B{1H} NMR: (CDCl3) δ 5.6 (1B), 0 to -20, overlapping resonances with 

prominent maxima at -0.9, -2.1, -4.0, -5.3, -7.3, -8.1, -10.5, 

-12.8, -15.0, -17.6 (total integral 18B). 

1H NMR: (CDCl3) δ 4.00 (br s, 1H, CcageH), 3.59 (br s, 1H, CcageH), 

2.23 [s, 18H, C6(CH3)6]. 

CHN: C16H39B19Ru requires C 35.7, H 7.31.  Found for 4: C 35.3, 

H 7.25%. 

EIMS:    538.4 m/z (M+). 
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5: 11B{1H} NMR: (CDCl3) δ -0.3 (1B), -2.5 to -5.5, overlapping resonances 

with prominent maxima at -3.3, -4.8 (total integral 4B), -8.0 

to -13.0, overlapping resonances with prominent maxima 

at -9.1, -10.7, -12.0 (total integral 7B), -16.8 (2B), -19.1 

(1B), -21.1 (1B), -24.9 (1B), -27.1 (1B), -36.6 (1B).   

1H NMR:   (CDCl3) δ 2.79 (br s, 1H, CcageH), 2.27 [s, 18H, C6(CH3)6]. 

1H{11B} NMR: (CD2Cl2) δ as for 1H NMR plus -2.97 (br s, 1H, 

BHbridging), -6.74 (s, 1H, BHagostic), -7.88 (s, 1H, BHagostic). 

CHN: C16H39B19Ru requires C 35.7, H 7.31.  Found for 5: C 35.7, 

H 7.27%. 

EIMS:    538.4 m/z (M+). 
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[Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(p-cymene)] (6) 

 

To a cooled (0 °C) solution of 1,1ʹ-bis(o-carborane) (0.250 g, 0.873 mmol) in THF 

(20 mL), was added dropwise nBuLi (0.77 mL of 2.5 M solution, 1.92 mmol) and the 

reaction mixture was allowed to warm to room temperature and stir for 2 h.  The pale 

yellow solution was frozen at -196 ºC, solid [RuCl2(p-cymene)]2 (0.267 g, 0.437 mmol) 

was added, and the mixture was allowed to thaw and stir overnight affording a dark green 

solution.  THF was removed in vacuo and the crude mixture was dissolved in DCM and 

filtered through silica.  Preparative TLC using an eluent system of DCM and petrol in a 

ratio of 1:1 afforded an orange band (Rf 0.61), the known6 compound [Ru(κ3-2,2ʹ,3ʹ-{1-

(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)] (I, 0.231 g, 51%), and an 

orange-brown band (Rf 0.20) subsequently identified as [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-

C2B9H11)-closo-1,2-C2B10H10})(p-cymene)] (6, 0.004 g, 1%). 

 

11B{1H} NMR: (CDCl3) δ 1.6 (1B), -3.8 (4B), -6.5 to -13.6, overlapping 

resonances with prominent maxima at -9.1, -12.2 (total 

integral 8B), -17.3 (1B), -18.9 (1B), -20.4 (1B), -23.4 

(1B), -26.7 (1B), -36.4 (1B). 

1H NMR: (CDCl3) δ 5.76 [d, J = 6.0 Hz, 1H, CH3C6H4CH(CH3)2], 

5.74 [d, J = 6.0 Hz, 1H, CH3C6H4CH(CH3)2], 5.55 [d, 

J = 6.0 Hz, 1H, CH3C6H4CH(CH3)2], 5.50 [d, J = 6.0 Hz, 

1H, CH3C6H4CH(CH3)2], 2.92 (br s, 1H, CcageH), 2.81 [app 

sept, J = 6.9 Hz, 1H, CH3C6H4CH(CH3)2], 2.48 [s, 3H, 

CH3C6H4CH(CH3)2], 1.41 [app d, J = 6.9 Hz, 6H, 

CH3C6H4CH(CH3)2]. 

1H{11B} NMR: (CDCl3) δ as for 1H NMR plus -2.93 (br s, 1H, 

BHbridging), -6.48 (s, 1H, BHagostic), -7.81 (s, 1H, BHagostic). 

CHN: C14H35B19Ru requires C 33.0, H 6.92. Found for 1a: 

C 33.2, H 6.86%.  

EIMS:     510.3 m/z (M+). 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)] (I) (new 

method) 

 

To a solution of [Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(DME)2] 

in THF (20 mL), prepared from 1,1′-bis(o-carborane) (0.250 g, 0.873 mmol) according to 

the literature,7 and used in situ at room temperature, was added [RuCl2(p-cymene)]2 

(0.267 g, 0.437 mmol).  The reaction mixture was stirred overnight at room temperature 

to give a near-black solution.  THF was removed in vacuo and the crude mixture was 

dissolved in DCM and filtered through silica.  Purification by preparative TLC 

(DCM:petrol, 1:1) afforded an orange band (Rf 0.60) subsequently identified by 

multinuclear NMR spectroscopy as the known compound6 [Ru(κ3-2,2′,3′-{1-(1′-closo-

1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)] (I, 0.186 g, 41%). 
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[{Ru(C6H6)}2(μ-Cl)(μ-4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})] (8) 

and [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6H6)] (7) 

 

In an analogous manner, to [Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(DME)2] in THF (20 mL), prepared from 1,1′-bis(o-carborane) (0.250 g, 

0.873 mmol), was added [RuCl2(C6H6)]2 (0.218 g, 0.436 mmol).  From the resulting near-

black solution, work-up by preparative TLC (DCM:petrol, 3:2) afforded a violet band 

(Rf 0.47) subsequently identified (elemental analysis, mass spectrometry and single-

crystal X-ray diffraction) as the paramagnetic compound [{Ru(C6H6)}2(μ-Cl)(μ-4-

2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})], (8, 0.060 g, 10%), and an 

orange band (Rf 0.10) subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(C6H6)] (7, 0.230 g, 57%). 

8: CHN: C16H30B20ClRu2 requires C 28.3, H 4.76.  Found for 8: 

C 27.5, H 4.60%.   

EIMS:    677.2 m/z (M+), 597.1 (M+ -C6H6). 

 

  

7: 11B{1H} NMR: (CD2Cl2) δ -1.3 (2B) -4.9 (2B), -6.9 (4B), -8.2 to -12.2, 

overlapping resonances with prominent maxima at -9.8 

and -11.0 (total integral 12B).  

1H NMR:   (CD2Cl2) δ 5.71 (s, C6H6).   

1H{11B} NMR:  (CD2Cl2) δ 5.71 (s, 6H, C6H6), 0.00 (br s, 4H, BHagostic). 
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CHN: C10H26B20Ru requires C 25.9, H 5.65.  Found for 7: C 25.7, 

H 5.67%. 

EIMS:    463.2 m/z (M+). 
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[{Ru(C6H3Me3)}2(μ-Cl)(μ-4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})] 

(9) 

 

In an analogous manner, from [Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(DME)2], prepared from 1,1′-bis(o-carborane) (0.250 g, 0.873 mmol), and 

[RuCl2(C6H3Me3)]2 (0.255 g, 0.436 mmol) in THF (20 mL), and following similar work-

up (Rf 0.63), was isolated a yellow solid subsequently identified as [{Ru(C6H3Me3)}2(μ-

Cl)(μ-4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})] (9, 0.005 g, 1%).   

CHN: C22H42B20ClRu2 requires C 34.7, H 5.82.  Found for 9 

C 34.5, H 6.03%.   

EIMS:    761.3 m/z (M+), 638.2 (M+-C9H12). 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)] (10) 

 

Similarly, [Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(DME)2], 

prepared from 1,1′-bis(o-carborane) (0.250 g, 0.873 mmol), was allowed to react with 

[RuCl2(C6Me6)]2 (0.292 g, 0.436 mmol) in THF (20 mL).  The solvent was exchanged 

for DCM and the dark brown solution filtered through silica, following which preparative 

TLC (DCM:petrol, 1:1) afforded a red band (Rf 0.57), subsequently identified as [Ru(κ3-

2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)] (10, 0.067 g, 14%).   

11B{1H} NMR: (CD2Cl2) δ -1.9 (2B), -3.8 (2B), -7.5 to -11.0, overlapping 

resonances with prominent maxima at -8.2, -9.1, -10.7 

(total integral 16B).  

1H NMR:   (CD2Cl2) δ 2.14 [s, C6(CH3)6]. 

1H{11B} NMR: (CD2Cl2) δ 2.14 [s, 18H, C6(CH3)6], 0.16 (br s, 4H, 

BHagostic). 

CHN: C16H38B20Ru requires C 35.1, H 6.99. Found for 10: 

C 35.5, H 7.09%. 

EIMS:    Too fragile. 
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[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)(NCMe)] 

(I.MeCN) 

 

Excess MeCN (~1 mL) was added to compound I (0.045 g, 0.0866 mmol) in DCM 

(1 mL).  An immediate colour change was observed from orange to yellow.  The addition 

of an excess of petrol afforded a yellow precipitate which was isolated by filtration, 

washed with petrol and subsequently identified as [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(p-cymene)(NCMe)] (I.MeCN, 0.047 g, 97%).   

11B{1H} NMR: (CD2Cl2) δ -3.3 (4B), -5.2 to -12.4, overlapping resonances 

with prominent maxima at -7.0, -8.4, -10.7 (total integral 

16B). 

1H NMR: (CD3)2CO) δ 5.62 [d, J = 6.2 Hz, 2H, CH3C6H4CH(CH3)2], 

5.43 [d, J = 6.2 Hz, 2H, CH3C6H4CH(CH3)2], 2.80 [sept, 

J = 7.0 Hz, 1H, CH3C6H4CH(CH3)2], 2.76 (s, 3H, NCCH3), 

2.04 [s, 3H, CH3C6H4CH(CH3)2, overlapping with protio-

(CD3)2CO resonances], 1.31 [d, J = 7.0 Hz, 6H, 

CH3C6H4CH(CH3)2]. 

1H NMR: (CD2Cl2) δ 5.4 to 5.3 [4H, CH3C6H4CH(CH3)2, 

overlapping with protio-CD2Cl2 resonances], 2.49 (s, 3H, 

NCCH3) overlapping with 2.43 [1H, CH3C6H4CH(CH3)2], 

2.02 [s, 3H, CH3C6H4CH(CH3)2], 1.27 [d, J = 7.0 Hz, 6H, 

CH3C6H4CH(CH3)2].   

CHN: C16H37B20NRu requires C 34.3, H 6.65, N 2.50%.  Found 

for I.MeCN: C 33.3, H 6.53, N 2.49%. 

EIMS:    520.3 m/z (M+ -MeCN). 
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[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6H6)(NCMe)] (7.MeCN) 

 

Similarly, compound 7 (0.025 g, 0.052 mmol) in DCM (1 mL) was treated with MeCN 

(~1 mL) and the yellow product precipitated by the addition of petrol, washed with petrol 

and dried.  It was subsequently identified as [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-

closo-1,2-C2B10H10})(C6H6)(NCMe)] (7.MeCN, 0.019 g, 70%).   

11B{1H} NMR: (CD2Cl2) δ -3.3 (4B), -4.4 to -11.5, overlapping resonances 

with prominent maxima at -5.3, -6.8, -8.4, -10.7 (total 

integral 16B). 

1H NMR:   (CD2Cl2) δ 5.46 (s, 6H, C6H6), 2.46 (s, 3H, NCCH3).   

CHN: C16H37B20NRu requires C 28.6, H 5.79, N 2.78%.  Found 

for 7.MeCN: C 27.7, H 5.86, N 2.71%. 

EIMS:    505.3 m/z (M+), 463.3 (M+ -MeCN). 
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[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)(NCMe)] 

(10.MeCN) 

 

Excess MeCN (~1 mL) was added to compound 10 (0.025 g, 0.045 mmol) in DCM 

(1 mL), resulting in an immediate colour change from red to yellow.  The solution was 

concentrated to half volume and upon subsequent slow evaporation yellow crystals 

formed.  These were isolated by filtration, washed with petrol, and ultimately identified 

as [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)(NCMe)] 

(10.MeCN, 0.018 g, 67%).  

11B{1H} NMR: (CD3CN) δ 0 to -5, overlapping resonances with prominent 

maxima at -2.4, -3.5 (total integral 4B), -7 to -11, 

overlapping resonances with prominent maxima 

at -7.4, -8.6, -9.6, -10.2 (total integral 14B), -12.5 (2B). 

1H NMR:   (CD3CN) δ 1.98 [s, 18H, C6(CH3)6], 1.96 [s, 3H, NCCH3].   

CHN: Elemental analysis unreliable because of facile loss of 

MeCN.   

EIMS:    547.4 (M+ -MeCN). 
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Catalysis 

 

General procedure for Diels−Alder cycloaddition used in chapter 2, 3 and 4.  An aliquot 

of freshly cracked CpH (0.46 mL, 10 equiv.) was added under N2 to a solution of the 

catalyst (1 mol %) in CD2Cl2 (0.8 mL)* in a J. Young NMR tube.  The dienophile (1 

equiv.) was added at t = 0, and 1H NMR spectra were recorded every hour.  The 

conversion was monitored by the analysis of the ratio of the aldehyde proton resonances 

in the products against that in the dienophile.  Each run was repeated, and the average 

conversion was recorded.  Reactions were run in an air-conditioned room at 22 °C.  

 

*In chapters 3 and 4 the solvent used was CDCl3 (0.6 mL). 
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6.3 Experimental details for compounds in chapter 3 

[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H6-

8,9,10,12-Me4})(p-cymene)] (11) 

 

To a cooled (0 °C) solution of 8,8′,9,9′,10,10′,12,12′-octamethyl-1,1ʹ-bis(o-carborane) 

(0.250 g, 0.627 mmol) in THF (30 mL), was added dropwise nBuLi (0.92 mL of 1.5 M 

solution, 1.34 mmol) and the reaction mixture allowed to warm to room temperature and 

stir for 2 h.  The pale yellow solution was frozen at -196 ºC, solid [RuCl2(p-cymene)]2 

(0.192 g, 0.314 mmol) was added, and the mixture was allowed to thaw and stir overnight.  

THF was removed in vacuo and the crude mixture was purified by column 

chromatography using an eluent system of DCM:petrol in a ratio of 3:7.  The product was 

isolated as an orange oil (Rf 0.65) to which dry pentane was added and removed in vacuo 

four times to give an orange powder, subsequently identified as [Ru(κ3-2,2ʹ,3ʹ-{1-(1ʹ-

closo-1ʹ,2ʹ-C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H10-8,9,10,12-Me4})(p-cymene)] 

(11, 0.111 g, 28%). 

 

11B{1H} NMR: (C6D6) δ 8.4 (2B), 5.1 (2B), -0.3 (4B), -3.8 to -12.2, 

overlapping resonances with prominent maxima at -6.8 

and -9.6 (total integral 9B), -14.2 (3B). 

11B NMR: (C6D6) δ 8.4 (2B), 5.1 (2B), -0.3 (4B), -3.8 to -12.2 

overlapping resonances with prominent maxima at -7.2 

(total integral 9B), -14.5 (3B). 

1H NMR: (C6D6) δ 4.60 to 4.51 [m, 2H, (CH3)C6H4(HC(CH3)2)], 4.36 

to 4.27 [m, 2H, (CH3)C6H4(HC(CH3)2)], 2.10 [dq., 1H, JH-

H = 13.7 Hz, JH-H = 6.9 Hz, (CH3)C6H4(HC(CH3)2)], 1.60 

to 1.55 [m, 3H, (CH3)C6H4(HC(CH3)2)], 0.91 to 0.84 [m, 

6H, (CH3)C6H4(HC(CH3)2)], 0.59 to 0.28, overlapping 

resonances with prominent maxima at 0.57, 0.55, 0.54, 

0.53, 0.47, 0.41 and 0.35 [m, total integral 24H, B(CH3)].   

1H{11B} NMR: (C6D6) δ 4.60 to 4.51 [m, 2H, (CH3)C6H4(HC(CH3)2)], 4.36 

to 4.27 [m, 2H, (CH3)C6H4(HC(CH3)2)], 2.73 to 2.37, 

overlapping resonances with prominent maxima at 2.52 
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and 2.44 (m, 8BH), 2.10 [dq., 1H, JH-H = 13.7 Hz, JH-

H = 6.9 Hz, (CH3)C6H4(HC(CH3)2)], 1.60 to 1.55 [m, 3H, 

(CH3)C6H4(HC(CH3)2)], 0.91 to 0.84 [m, 6H, 

(CH3)C6H4(HC(CH3)2)], 0.59 to 0.28, overlapping 

resonances with prominent maxima at 0.57, 0.55, 0.47, 

0.41 and 0.35 [m, total integral 24H, B(CH3)], 0.13 to -0.74 

overlapping resonances with maxima at 0.07, -0.03, -0.28, 

-0.40 (4BH). 

1H NMR: (CDCl3) δ 5.44 to 5.35 [m, 2H, (CH3)C6H4(HC(CH3)2)], 

5.23 to 5.16 [m, 2H, (CH3)C6H4(HC(CH3)2)], 2.78 [d.sept., 

1H, JH-H = 6.9 Hz, JH-H = 1.4 Hz, (CH3)C6H4(HC(CH3)2)], 

2.35 to 2.33 [m, 3H, (CH3)C6H4(HC(CH3)2)], 1.39 [d, 6H, 

JH-H = 6.9 Hz, (CH3)C6H4(HC(CH3)2)], 0.14 to -0.12, 

overlapping resonances with prominent maxima at 0.13, 

0.12, 0.10, 0.01, -0.02, -0.10 and -0.11 [m, total integral 

24H, B(CH3)].   

1H{11B} NMR: (CDCl3) δ 5.44 to 5.35 [m, 2H, (CH3)C6H4(HC(CH3)2)], 

5.23 to 5.16 [m, 2H, (CH3)C6H4(HC(CH3)2)], 2.78 [sept., 

1H, JH-H = 6.9 Hz, (CH3)C6H4(HC(CH3)2)], 2.34 [s, 3H, 

(CH3)C6H4(HC(CH3)2)] overlapping with 2.60 to 1.80, 

broad overlapping resonances with prominent maxima at 

2.28 and 2.03 (total integral 11BH), 1.39 [d, 6H, 

JH-H = 6.9 Hz, (CH3)C6H4(HC(CH3)2)], 0.14 to -0.12, 

overlapping resonances with prominent maxima at 0.13, 

0.12, 0.11, 0.10, 0.01, -0.02, -0.10 and -0.11 [m, total 

integral 24H, B(CH3)], -0.27 (br.s, 1H, BagosticH). 

EIMS:    632.4 m/z (M+). 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H6-

8,9,10,12-Me4})(C6H6)] (12) 

 

To a solution of [Mg(2-2,2′-{1-(1′-closo-1′,2′-C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-

C2B10H6-8,9,10,12-Me4})(DME)2] in THF (20 mL), prepared from 

8,8′,9,9′,10,10′,12,12′-octamethyl-1,1′-bis(o-carborane) (0.370 g, 0.928 mmol) according 

to the literature7 and used in situ at room temperature, was added [RuCl2(C6H6)]2 (0.179 g, 

0.358 mmol).  The reaction mixture was stirred overnight.  THF was removed in vacuo 

and the crude mixture was dissolved in DCM and filtered through silica.  Purification by 

preparative TLC (DCM:petrol, 3:7) afforded an orange band (Rf 0.12) isolated as an oil.  

In solution under inert atmosphere, this compound degrades quickly.  The compound was 

purified again through a silica plug in a glove box using C6D6 as the eluent, followed by 

immediate analysis by NMR spectroscopy and identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-

1′,2′-C2B10H6-8′,9′,10′,12′-Me4)-closo-1,2-C2B10H6-8,9,10,12-Me4})(C6H6)] (12, 

0.025 g, 6%).   

 

11B{1H} NMR: (C6D6) δ 11.5 to -2.5 overlapping resonances with 

prominent maxima at 8.5, 6.8, 5.2, and -0.4 (total integral 

8B), -3.9 to -17.6 overlapping resonances with prominent 

maxima at -6.8, -9.7, and -14.7 (total integral 12B). 

11B NMR: (C6D6) δ 11.5 to -2.5 overlapping resonances with 

prominent maxima at 8.5, 6.8, 5.2, and -0.4 (total integral 

8B), -3.9 to -17.6 overlapping resonances with prominent 

maxima at -7.3 and -14.8 (total integral 12B). 

1H NMR: (C6D6) δ 4.31 (app.t, JH-H = 4.7 Hz, 4H, C6H6), 4.15 (d, 1H, 

JH-H = 5.5 Hz, C6H6), 4.13 (d, 1H, JH-H = 5.5 Hz, C6H6), 

0.71 to 0.33, overlapping resonances with prominent 

maxima at 0.69, 0.64, 0.60, 0.56, 0.55, 0.53, 0.50, 0.48, 

0.45, 0.39, 0.38 and 0.36 [m, total integral 24H, B(CH3)].   

1H{11B} NMR: (C6D6) δ 4.32 (app.t, JH-H = 4.7 Hz, 4H, C6H6), 4.16 (app.t, 

2H, JH-H = 5.5 Hz, C6H6), 2.80 to 2.28, overlapping 

resonances with prominent maxima at 2.73, 2.58, 2.52, 
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2.45, and 2.34 (m, total integral 10H, BH), 0.71 to 0.33 

overlapping resonances with prominent maxima at 0.69, 

0.64, 0.60, 0.56, 0.55, 0.53, 0.50, 0.48, 0.45, 0.39, 0.38 and 

0.36 [m, total integral 24H, B(CH3)], 0.06 to -0.49 (m, 2H, 

BH).  

EIMS:    576.3 m/z (M+). 
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6.4 Experimental details for compounds in chapter 4 

[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] (13) & 

[Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] (14) 

 

To a solution of I (0.050 g, 0.0962 mmol) in THF (10 mL), PMePh2 (0.09 mL, 

0.481 mmol, 5eq) was added and left to stir at room temperature until the solution turned 

deep red (~30 mins) and the solvent was removed in vacuo.  The crude mixture was 

purified by preparative TLC (DCM:petrol, 2:3) afforded a yellow band (Rf 0.58) and a 

red band (Rf 0.46).  The yellow band was subsequently identified as [Ru(κ3-2,3′,3-{1-(1′-

closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] (14), and the red band was 

subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(PMePh2)2] (13).   

13: 31P{1H} NMR: (CD2Cl2) δ 32.8 (br. app. s, 1P), 21.7 (br. app. s, 1P). 

14: 31P{1H} NMR: (CD2Cl2) δ 41.5 (app. m, 1P), 28.0 (d, JP-P = 28.0 Hz, 1P). 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] (13) 

 

To a cooled (0 °C) solution of I (0.050 g,  0.0962 mmol) in THF (10 mL), PMePh2 

(0.09 mL, 0.481 mmol, 5eq) was added and left to stir at 0 °C until the solution turned 

deep red (~30 mins).  The solvent was removed in vacuo and a minimal amount of DCM 

was added, followed by a layer of petrol to purify by solvent diffusion at -20 °C.  Isolated 

as red crystals and subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-

closo-1,2-C2B10H10})(PMePh2)2] (13, 0.0603 g, 80%).   

11B{1H} NMR: (CD2Cl2) δ 0.0 to -14.6, overlapping resonances with 

prominent maxima at -0.1, -2.3, -8.3, -9.8 (total integral 

19B), -18.6 (1B). 

1H NMR: (CD2Cl2) δ 7.36 [br. s, 6H, PCH3(C6H5)2], 7.4 [br. s, 14H, 

PCH3(C6H5)2], 2.26 [br. s overlapping with broad BH 

signals, 6H, PCH3(C6H5)2].   

31P{1H} NMR: (CD2Cl2) δ 32.8 (br. app. s, 1P), 21.7 (br. app. s, 1P). 

EIMS: 786.3 m/z (M+). 

 

Low Temperature NMR (-50 °C): 

11B{1H} NMR: (CD2Cl2) δ 14 to -22 overlapping resonances with 

prominent maxima at -3.7, -7.9 (assume 20B). 

1H NMR: (CD2Cl2) δ 7.51 to 7.45 [m, 2H, PCH3(C6H5)2], 7.44 to 7.38 

[m, 1H, PCH3(C6H5)2], 7.36 to 7.23 [m, 7H, PCH3(C6H5)2], 

7.21 to 7.09 [m, 6H, PCH3(C6H5)2], 7.06 to 6.99 [m, 2H, 

PCH3(C6H5)2], 6.96 to 6.89 [m, 2H, PCH3(C6H5)2], 2.35, 

[d, JH-P = 7.9 Hz, 3H, PCH3(C6H5)2], 2.16 [d, 

JH-P = 10.0 Hz, 3H, PCH3(C6H5)2]. 

1H{11B} NMR: (CD2Cl2) as for 1H NMR spectrum plus δ -3.27 (d, 

JH-P = 31.0 Hz, 1H). 

31P{1H} NMR: (CD2Cl2) δ 34.3 (d, JP-P = 28.3 Hz, 1P), 22.6 (d, 

JP-P = 28.3 Hz, 1P). 
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N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMePh2)2] (14) 

 

To a solution of I (0.100 g, 0.192 mmol) in THF (10 mL), PMePh2 (0.09 mL, 0.481 mmol, 

2.5eq) was added dropwise.  An immediate colour change from orange to red was 

observed.  The solution was stirred at 40 °C until the solution turned yellow (~2 hrs) and 

THF was removed in vacuo.  The product was isolated by column chromatography using 

an eluent system of DCM and petrol in a ratio of 2:3 giving a yellow band (Rf 0.58) 

subsequently identified as [Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(PMePh2)2] (14, 0.097 g, 64%).  

11B{1H} NMR: (CD2Cl2) δ 0.2 (2B), -1.9 to -15.9, overlapping resonances 

with prominent maxima at -4.6, -8.7, and -14.6 (total 

integral 17B), -17.0 (1B). 

1H NMR: (CD2Cl2) δ 7.60 to 7.55 [m, 2H, PCH3(C6H5)2], 7.43 to 7.20 

[m, 18H, PCH3(C6H5)2], 2.34 [d, JP-H = 7.9 Hz, 3H, 

PCH3(C6H5)2], 1.85 (s, 1H, CcageH) overlapping with 1.84 

[d, JP-H = 9.5 Hz, 3H, PCH3(C6H5)2]. 

1H{11B} NMR: (CD2Cl2), as for 1H NMR spectrum plus δ -3.99 (d, 

JH-P = 27.6 Hz, 1H). 

13C NMR:  (CD2Cl2), δ 132.4 (d, JC-P = 11.3 Hz, Carom.H), 132.1 (d, 

JC-P = 10.5 Hz, Carom.H), 131.8 (d, JC-P = 11.2 Hz, Carom.H), 

131.5 (d, JC-P = 9.7 Hz, Carom.H), 130.8 (d, JC-P = 2.2 Hz, 

Carom.H), 130.4 (d, JC-P = 2.0 Hz, Carom.H), 130.3 (d, JC-

P = 2.5 Hz, Carom.H), 130.2 (d, JC-P = 1.9 Hz, Carom.H), 129.3 

(d, JC-P = 9.7 Hz, Carom.H), 129.1 (d, JC-P = 9.3 Hz, Carom.H), 

128.9 (d, JC-P = 9.3 Hz, Carom.H), 128.7 (d, JC-P = 9.6 Hz, 

Carom.H), 91.8 (C), 77.8 (C), 67.5 (CcageH), 26.2 (C), 18.8 

(d, JC-P = 28.2 Hz, CH3), 14.2 (m, CH3). 

31P{1H} NMR: (CD2Cl2) δ 41.5 (app. m, 1P), 28.0 (d, JP-P = 28.0 Hz, 1P). 

EIMS: 786.3 m/z (M+). 
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N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PEtPh2)2] (15) 

 

In a similar manner to the synthesis of compound 13, PEtPh2 (0.10 mL, 0.490 mmol, 5eq) 

was added to a cooled solution of I (0.05 g,  0.0962 mmol) in THF (10 mL) and left to 

stir at 0 °C for ~30 minutes.  Isolated as red crystals from an overnight recrystallisation 

of the crude mixture in DCM/petrol at -20 °C and subsequently identified as [Ru(κ3-

2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PEtPh2)2] (15, 0.048 g, 61%).   

11B{1H} NMR: (CD2Cl2) δ 1.4 to -12.8, overlapping resonances with 

prominent maxima at -1.5, -5.5, -7.9, -9.3 (total integral 

19B). -18.5 (1B). 

1H NMR: (CD2Cl2) δ 7.37 [br.s, 6H, PCH2CH3(PC6H5)2], 7.17 [br.s, 

14H, PCH2CH3(PC6H5)2], 2.69 [br.s, 4H, 

PCH2CH3(PC6H5)2], 1.01 to 0.90 [br.m, 6H, 

PCH2CH3(PC6H5)2]. 

31P{1H} NMR: (CD2Cl2) δ 42.7 (br.s, 1P), 35.2 (br.s, 1P). 

EIMS: 819.3 (range 810-826) m/z (M+). 

 

Low Temperature NMR (-40 °C): 

1H NMR: (CD2Cl2) δ 7.70 to 7.05 [broad overlapping resonances 

with maxima at 7.39, 7.27, and 7.15, 17H, P 

CH2CH3(C6H5)2], 6.77 [s, 3H, P CH2CH3(C6H5)2], 2.97, 

[br.s, 1H, P CH2CH3(C6H5)2], 2.87 [br.s, 1H, P 

CH2CH3(C6H5)2], 2.77 to 2.65, [br.m, 2H, P 

CH2CH3(C6H5)2], 1.08 to 0.94 [m, 6H, P CH2CH3(C6H5)2]. 

1H{11B} NMR: (CD2Cl2) as for 1H NMR spectrum plus δ -3.86 (d, 

JH-P = 27.5 Hz, 1H). 

31P{1H} NMR: (CD2Cl2) δ 41.7 (br app. s, 1P), 36.1 (d, JP-P = 26.5 Hz, 1P) 
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[Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PEtPh2)2] (16) 

 

In a similar manner to the synthesis of compound 14, PEtPh2 (0.17 mL, 0.867 mmol, 5eq) 

was added to a solution of I (0.09 g, 0.192 mmol) in THF (20 mL).  An immediate colour 

change from orange to red was observed.  After heating at 40 °C the solution turned 

yellow (~4 hrs) and THF was removed in vacuo.  The product was isolated by column 

chromatography using an eluent system of DCM and petrol in a ratio of 1:9 giving a 

yellow band (Rf 0.16) subsequently identified as [Ru(κ3-2,3′,3-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})(PEtPh2)2] (16, 0.050 g, 35%). 

11B{1H} NMR: (CD2Cl2) δ 0.0 (2B), -2.3 to -16.0, overlapping resonances 

with maxima at -5.0, -8.0, -9.3, -13.2, and -15.1 (total 

integral 17B), -16.8 (1B). 

1H NMR: (CD2Cl2) δ 7.75 [app t, 2H, PCH2CH3(C6H5)2], 7.55 to 7.35 

[m, 13H, PCH2CH3(C6H5)2], 7.26 [t, 1H, JH-H = 7.5 Hz, 

PCH2CH3(C6H5)2], 7.00 [t, 2H, JH-H = 7.5 Hz, 

PCH2CH3(C6H5)2], 6.72 [app t, 2H, JH-H = 8.0 Hz, 

PCH2CH3(C6H5)2], 2.59 [m, 2H, PCH2CH3(C6H5)2], 2.27 

[dq, 2H,  JH-H = 7.4 Hz, JH-P = 22.5 Hz, PCH2CH3(C6H5)2], 

1.98 (s, 1H, CcageH), 0.90 [dt, JH-H = 7.3 Hz, JH-P = 14.8 Hz, 

3H, PCH2CH3(C6H5)2], 0.68 [dt, JH-H = 7.4 Hz, 

JH-P = 15.1 Hz, 3H, PCH2CH3(C6H5)2]. 

1H{11B} NMR: (CD2Cl2) as for 1H NMR spectrum plus δ -4.7 (d, 

JH-P = 27.3 Hz, 1H). 

13C NMR:  (CD2Cl2) δ 134.1 (d, JC-P = 10.8 Hz, Carom.H), 133.4 (d, 

JC-P = 10.4 Hz, Carom.H), 133.0 (d, JC-P = 10.2 Hz, Carom.H), 

132.7 (d, JC-P = 8.7 Hz, Carom.H), 130.4 (d, JC-P = 2.1 Hz, 

Carom.H), 130.2 (m, Carom.H, two overlapping signals), 

130.0 (d, JC-P = 1.7 Hz, Carom.H), 129.0 (d, JC-P = 8.6 Hz, 

Carom.H), 128.4 (d, JC-P = 9.3 Hz, Carom.H), 128.0 (d, JC-

P = 9.3 Hz, Carom.H), 127.9 (d, JC-P = 9.7 Hz, Carom.H), 91.8 

(C), 77.4 (C), 66.7 (CcageH), 41.3 (C), 28.2 (d, 

JC-P = 28.5 Hz, CH2), 23.5 (d, JC-P = 24.6 Hz, CH2), 9.0 

(CH3), 8.9 (d, JC-P = 1.8 Hz, CH3). 
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31P{1H} NMR: (CD2Cl2) δ  53.0 (app. m, 1P), 45.4 (d, JP-P = 23.8 Hz, 1P). 

EIMS: 814.4 m/z (M+). 

 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMe2Ph)3] (17) 

 

To a solution of I at room temperature (0.050 g,  0.0962 mmol) in THF (10 mL), PMe2Ph 

(0.09 mL, 0.481 mmol, 5eq) was added and left to stir until the solution turned deep red 

(~30 mins).  The solvent was removed in vacuo and a minimal amount of DCM was 

added, followed by a layer of petrol to purify by solvent diffusion at -20 °C.  Isolated as 

red crystals and subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-

closo-1,2-C2B10H10})(PMe2Ph)3] (17, 0.119 g, 52%).  

11B{1H} NMR: (CD2Cl2) δ 1.5 to -13.0, overlapping resonances with 

maxima at -2.2, -4.7, and -8.7 (assume 20B). 

1H NMR: (CD2Cl2) δ 7.21 [br. s, 15H, P(CH3)2C6H5], 1.81 [br. s, 

12H, P(CH3)2C6H5]. 

31P{1H} NMR: (CD2Cl2) δ 24.5 (br. s, 1P), 4.8 (br. s, 1P), -45.5 (br. s, 1P). 

EIMS: 799.4 m/z (M+). 

 

Low Temperature NMR (-50 °C): 

11B{1H} NMR: (CD2Cl2) δ 17 to -27 overlapping resonances with 

prominent maxima at -7.5, -19.6 (assume 20B). 

1H NMR: (CD2Cl2) δ 7.58 [app. t, 1H, P(CH3)2C6H5], 7.52 to 7.29 [m, 

10H, P(CH3)2C6H5], 7.23 [app. t, 1H, P(CH3)2C6H5], 7.10 

[app. t, 1H, P(CH3)2C6H5], 6.77 [app. t, 1H, P(CH3)2C6H5], 

6.49 [app. t, 1H, P(CH3)2C6H5], 2.27, [d, JH-P = 6.8 Hz, 6H, 

P(CH3)2C6H5], 1.96 [d, JH-P = 9.5 Hz, 3H, P(CH3)2C6H5], 

1.84 [d, JH-P = 9.5 Hz, 3H, P(CH3)2C6H5], 1.44 to 1.36 [m, 

3H, P(CH3)2C6H5], -0.94 [d, JH-P = 5.8 Hz, 3H, 

P(CH3)2C6H5]. 

1H{11B} NMR: (CD2Cl2) as for 1H NMR spectrum plus -3.66 (d, 

JH-P = 16.8 Hz, 1H). 
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31P{1H} NMR: (CD2Cl2) δ 25.0 (dd, JP-P = 25.5 Hz, JP-P = 41.5 Hz, 1P), 9.7 

(app t, JP-P = 41.5 Hz, JP-P = 34.5 Hz, 1P), 3.5 (dd, 

JP-P = 25.5 Hz, JP-P =  34.5 Hz, 1P). 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMe3)3] (18) 

 

A solution of PMe3 in THF (1M, 0.09 mL) was added to a solution of I at room 

temperature (0.015 g, 0.029 mmol) in D2-DCM (0.5 mL) in a J. Young NMR tube.  

Keeping the solution still allowed for the formation of single crystals suitable for an XRD 

study.  The orange/red crystals were filtered and washed with petrol to give [Ru(κ2-2,2′-

{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMe3)3] (18, 0.098 g, 55%).   

11B{1H} NMR: (CD2Cl2) δ two overlapping singlets with maxima at -2.1 

and -2.8 (4B), -5.6 (3B), -7.3 (5B), -8.9 (5B), -11.0 (3B). 

1H NMR: (CD2Cl2) δ 1.65 [br.s, 6H, P(CH3)3], 1.47 [br.s, 3H, 

P(CH3)3]. 

31P{1H} NMR: (CD2Cl2) δ 29.2 (m, 1P), 0.84 (d, JP-P = 38.9 Hz, 2P). 

EIMS: 536.3 m/z (M+ -PMe3). 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}){κ3-1,1,1-

tris(diphenylphosphinomethyl)ethane}] (19) 

 

To a solution of I at room temperature (0.075 g, 0.144 mmol) in THF (10 mL), 

1,1,1-tris(diphenylphosphinomethyl)ethane (0.094 g, 0.150 mmol) was added and left to 

stir for 30 mins.  The solvent was removed in vacuo and the residue was purified by 

preparative TLC using an eluent system of DCM/petrol (1:1).  The orange band (Rf 0.48) 

was isolated and subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-

closo-1,2-C2B10H10}){κ3-1,1,1-tris(diphenylphosphinomethyl)ethane}] (19, 0.146 g, 

33%).   

11B{1H} NMR: (CDCl3) δ 3.2 (6B), -8.5 (14B). 

1H NMR: (CDCl3) δ 7.37 to 7.28 [m, 10H, (P(C6H5)2CH2)3CCH3], 

7.24 to 7.08 [m, 20H, (P(C6H5)2CH2)3CCH3], 2.44 [br.s, 

6H, (P(C6H5)2CH2)3CCH3], 1.41 [br.s, 3H, 

(P(C6H5)2CH2)3CCH3]. 

31P{1H} NMR: (CDCl3) δ 20.4 (br.s, assume 3P). 

EIMS: 1010.4 m/z (M+). 

 

Low Temperature NMR (-50 °C): 

11B{1H} NMR: (CD2Cl2) δ 15 to -30 overlapping resonances with 

prominent maxima at -4.0, -7.7 (assume 20B). 

1H NMR: (CD2Cl2) δ 8.30 [br.s, 2H, CH3{CH2P(C6H5)2}3], 7.63 to 

7.43 [m, 8H, CH3{CH2P(C6H5)2}3], 7.37 to 7.21 [m, 6H, 

CH3{CH2P(C6H5)2}3], 7.16 to 7.03 [m, 6H, 

CH3{CH2P(C6H5)2}3], 6.86 [br.s, 4H, 

CH3{CH2P(C6H5)2}3], 6.17 [br.s, 4H, 

CH3{CH2P(C6H5)2}3], 2.75 [app.d, 2H, 

CH3{CH2P(C6H5)2}3], 2.54 [app.t, 3H, 

CH3{CH2P(C6H5)2}3], 1.97 to 1.86 [s+s, 4H, 

CH3{CH2P(C6H5)2}3]. 

1H{11B} NMR: (CD2Cl2) as for 1H NMR spectrum plus -0.61 (br.s, 1H). 
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31P{1H} NMR: (CD2Cl2) δ 32.6 (t, JP-P = 41.5 Hz, 1P), 15.2 (br.s, 2P). 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ3-2,3,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}){P(OiPr)3}2] (20) 

 

To a solution of I (0.100 g, 0.192 mmol) in THF (20 mL), P(OiPr)3 (0.25 mL, 1.01 mmol) 

was added dropwise.  An immediate colour change from orange to yellow was observed.  

The solution was stirred for 2 hours and THF was removed in vacuo.  The product was 

isolated by column chromatography using an eluent system of DCM and petrol in a ratio 

of 2:3 giving a yellow band (Rf 0.68) subsequently identified as [Ru(κ3-2,4′,5′-{1-(1′-

closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}){P(OiPr)3}2] (20, 0.057 g, 37%).   

11B{1H} NMR: (CDCl3) δ 0.0 (1B) -1.0 to -16.4, overlapping resonances 

with prominent maxima at -4.6, -9.1, -10.6, -14.3, (total 

integral 18B), -17.6 (1B). 

1H NMR: (CDCl3) δ 4.77 (app. d sept, 1H, JH-P = 9.1 Hz, 

JH-H = 6.0 Hz, P(OCHCH3CH3)), 4.55 (app. d sept, 1H, 

JH-P = 9.1 Hz, JH-H = 6.0 Hz, P(OCHCH3CH3)), 3.85 (br. s, 

1H, CcageH), 1.37 (app. t, 18H, JH-H = 6.0 Hz, 

P(OCHCH3CH3)), 1.28 (d, 9H, JH-H = 6.0 Hz, 

P(OCHCH3CH3)3), 1.26 (d, 9H, JH-H = 6.0 Hz, 

P(OCHCH3CH3)3). 

1H{11B} NMR: (CDCl3) δ -3.22 (d, 1H, J = 41.7 Hz, BHagostic).   

31P{1H} NMR: (CDCl3) δ 144.5 (d, JP-P = 71.6 Hz, 1P), 139.1 

(d, JP-P = 71.6 Hz, 1P). 

CHN: C22H62B20O6P2Ru requires C 33.0, H 7.79.  Found: C 33.0, 

H 7.97 %. 

EIMS:    695.2 (M+ -P(OiPr)3). 
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N.B  Insignificant H’s removed for clarity. 
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[Ru(κ3-2,3,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}){P(OPh)3}2] (21) and 

[Ru(κ3-2,4′,5′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})P(OPh)3{κ2-

P(OPh)2(C6H4)}] (22) 

 

To a solution of 1 (0.300 g, 0.58 mmol) in THF (20 mL), P(OPh)3 (0.46 mL, 1.75 mmol) 

was added dropwise.  An immediate colour change from orange to yellow was observed.  

The solution was stirred for 2 hours and THF was removed in vacuo.  The product was 

isolated by preparative TLC using an eluent system of DCM and petrol in a ratio of 3:7 

giving a yellow band (Rf 0.64) assigned as [Ru(κ3-2,3,3′-{1-(1′-closo-1′,2′-C2B10H10)-

closo-1,2-C2B10H10}){P(OPh)3}2] (21, 0.017 g, 3%), and an orange band (Rf 0.56) 

subsequently identified as [Ru(κ3-2,4′,5′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})P(OPh)3{κ2-P(OPh)2(C6H4)}], (22, 0.165 g, 28%).  

 

21: 11B{1H} NMR: δ 0.3 (2B), -1.5 to -17, overlapping resonances with 

prominent maxima at -3.8, -7.4, and -11.1, (total integral 

17B), -18.4 (1B). 

1H NMR: δ 7.24 to 6.90 [m, 30H, P(OC6H5)3], 3.53 (br. s, 1H, 

CcageH). 

1H{11B} NMR: δ -3.12 (br.d, JH-P = 39.4 Hz, 1H, BHagostic). 

31P{1H} NMR: δ 134.0 to 132.0 (m, assume 2P).  

 

 

22: 11B{1H} NMR: δ 4 to -17, overlapping resonances with prominent maxima 

at -0.7, -3.0, -7.4, -11.0 (assume 20B). 

1H NMR: δ 7.72 (d, 1H, JH-H = 7.5 Hz, P(OC6H5)2(OC6H4), 7.32 to 

7.28 (m, 2H, P(OC6H5)2(OC6H4)), 7.22 to 6.67 (m, 26H, 

P(OC6H5)2(OC6H4)), 3.98 (br.s, 1H, CcageH). 
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1H{11B} NMR: δ -3.07 (br.d, 1H, JH-P = 24.8 Hz, BHagostic), -3.56 (br.s, 1H, 

BHagostic). 

31P{1H} NMR: δ 156.3 (d, JP-P = 72.3 Hz, 1P), 122.9 (d, JP-P = 72.3 Hz, 

1P).  

CHN: C22H62B20O6P2Ru requires C 47.8, H 5.01. Found: C 47.0, 

H 5.18 %.   

EIMS: 1006.4 m/z (M+), 696.3 (M+ -P(OPh)3). 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})PMePh2(MeCN)3] 

(13.MeCN) 

 

Excess MeCN (~0.5 mL) was added to compound 13 (0.020 g, 0.025 mmol) in DCM 

(3 mL).  An immediate colour change was observed from red to pale yellow.  The solvent 

was removed in vacuo and the residue purified by preparative TLC using an eluent system 

of DCM:petrol (1:1).  The pale yellow band was isolated (Rf 0.15) and subsequently 

identified as [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})PMePh2(MeCN)3] (13.MeCN, 0.0176 g, 98%).   

 

11B{1H} NMR: (CDCl3) δ -3.6 (5B), -5.2 to -12.8, overlapping resonances 

with prominent maxima at -8.5 (total integral 15B). 

1H NMR: (CD2Cl2) δ 7.44 to 7.37 [m, 4H, PCH3(C6H5)2], 7.35 to 7.30 

[m, 6H, PCH3(C6H5)2], 2.08 (d, J = 0.75 Hz, 3H, CH3CN), 

2.04 (d, J = 1.3 Hz, 6H, CH3CN), 1.95 [m, 4H, J = 7.5 Hz, 

PCH3(C6H5)2]. 

31P{1H} NMR: (CD2Cl2) δ 17.7 (s, assume 1P). 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 

 

  



 

 

171 

[Ru(κ2-2,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})PMePh2(MeCN)3] 

(14.MeCN) 

 

Excess MeCN (~0.5 mL) was added to compound 14 (0.020 g, 0.025 mmol) in DCM 

(10 mL).  A slow colour change was observed from yellow to almost colourless.  The 

solvent was removed in vacuo and the residue purified by preparative TLC using an eluent 

system of DCM:petrol (1:1).  A colourless band was isolated (Rf 0.29) and subsequently 

identified as [Ru(κ2-2,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})PMePh2(MeCN)3] (14.MeCN, 0.015 g, 83%).   

11B{1H} NMR: (CD2Cl2) δ 17.4 (1B), -4.1 (4B), -5.5 to -15.6, overlapping 

resonances with prominent maxima at -7.7, -8.4, -9.1, -10.8 

and -13.7 (total integral 15B). 

1H NMR: (CDCl3) δ 7.57 to 7.48 [m, 4H, PCH3(C6H5)2], 7.4 to 7.35 

[m, 6H, PCH3(C6H5)2], 3.50 (s, 1H, CcageH), 2.10 (s, 3H, 

CH3CN), 2.07 [d, JH-P = 7.5 Hz, 3H, PCH3(C6H5)2], 2.02 

(d+d, J = 1.2 Hz , 6H, CH3CN). 

31P{1H} NMR: (CDCl3) δ 25.3 (s, assume 1P). 

EIMS:    510.4 m/z (M+ -PMePh2). 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(PMe2Ph)2MeCN] 

(17.MeCN) 

 

Excess MeCN (~0.5 mL) was added to compound 17 (0.030 g, 0.038 mmol) in DCM 

(10 mL).  An immediate colour change from red to yellow was noted.  Due to 

decomposition on silica, this compound was purified by recrystallisation using THF 

layered with petrol and left in the freezer overnight to give orange single-crystals, 

subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10})(PMe2Ph)2MeCN] (17.MeCN, 0.0236 g, 89%).   

11B{1H} NMR: (CD2Cl2) δ -1.7 (1B), -3.7 (5B), -5.7 to -11.0, overlapping 

resonances with prominent maxima at -8.6 (total integral 

12B), -13.7 (2B). 

1H NMR: (CD2Cl2) δ 7.5 to 7.43 [m, 4H, P(CH3)2C6H5], 7.42 to 7.37 

[m, 4H, P(CH3)2C6H5], 1.99 [d+d, 6H, P(CH3)2C6H5], 1.60 

[m, 6H, P(CH3)2C6H5], 1.55 (s, 3H, NCCH3). 

31P{1H} NMR: (CD2Cl2) δ 23.0 (s, assume 2P). 

EIMS:    661.3 m/z (M+ -MeCN). 

 

N.B  Only the ipso carbon of the phenyl ring is shown for clarity. 
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[Ru(κ2-2,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})P(OiPr)3(CO)3] (20.CO) 

 

Carbon monoxide gas was bubbled through a solution of [Ru(κ3-2,3,3′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10}(P(OiPr)3)2] (20, 0.040 g, 0.499 mmol) in THF (10 mL).  

An immediate colour change from yellow to colourless was observed.  The solution was 

stirred for 20 minutes and THF was removed in vacuo.  The product was isolated by 

preparative TLC using an eluent system of DCM and petrol in a ratio of 2:3 giving a 

colourless band (Rf 0.71) subsequently identified as [Ru(κ2-2,3′-{1-(1′-closo-1′,2′-

C2B10H10)-closo-1,2-C2B10H10})P(OiPr)3(CO)3] (20.CO, 0.015 g, 44%).  Two isomers 

were identified by NMR spectroscopy.   

Major: 11B{1H} NMR: (CDCl3) δ 4.7 (1B), 0.0 to -3.6, overlapping resonances 

with prominent maxima at -1.2, -2.3, (total integral 

4B), -4.0 to -13.5, overlapping resonances with prominent 

maxima at -6.7, -7.4, -8.3, -9.3, -11.4, (total integral 15B). 

1H NMR: (CDCl3) δ 4.6 [d sept, 3H, JH-P = 9.0 Hz, JH-H = 6.1 Hz, 

P(OCHCH3CH3)], 4.05 (br.s, 1H, CcageH), 1.40 [dd, 18H, 

JH-H = 6.1 Hz, JH-H = 2.5 Hz, P(OCHCH3CH3)]. 

31P{1H} NMR: (CDCl3) δ 116.1 (s, assume 1P). 

EIMS:    678.2 m/z (M+). 

 

Minor: 11B{1H} NMR: (CDCl3) δ 4.6 (1B), 0.5 to -4.0, overlapping resonances 

with prominent maxima at -1.2, -2.3 (total integral 4B), -4.2 

to -14.5, overlapping resonances with prominent maxima 

at -6.4, -7.7, -9.5 (total integral 15B). 

1H NMR: (CDCl3) δ 4.75 [d sept, 3H, JH-P = 8.4 Hz, JH-H = 6.1 Hz, 

P(OCHCH3CH3)], 4.50 (br.s, 1H, CcageH), 1.47 [dd, 18H, 

JH-H = 15.2 Hz, JH-H = 6.1 Hz, P(OCHCH3CH3)]. 

31P{1H} NMR: (CDCl3) δ 100.9 (s, assume 1P). 
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Isomerisation 

 

General procedure for monitoring the isomerisation of 13 to 14: A fresh sample of 13 was 

purified by re-crystallisation, filtered and washed with distilled petrol.  After drying the 

crystals in vacuo, 10.0 mg was weighed out and placed in a J. Young NMR tube.  Solvent 

(CD2Cl2, 0.6 mL) was added at t = 0 and 31P NMR spectra were recorded at specific time 

intervals.  The conversion was monitored by the analysis of the ratio of the phosphorus 

resonances in 14 against that in 13.  Each run was repeated, and the average conversion 

was recorded. Reactions were run in an air-conditioned room at 22 °C.   
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Phosphine dissociation reaction 

 

Compounds 13 and 15 (0.025 g) were added to a THF (15 mL) and left to stir at room 

temperature for 48 hours.  The reaction mixture changes from dark red to bright yellow. 

The solvent was removed in vacuo to give a yellow oil which was passed through a silica 

plug after a petrol wash to give a yellow powder.  This was purified by preparative TLC 

initially using an eluent system of DCM/petrol (1:4) giving three bands, A, B, and C noted 

below.  Band A was shown by NMR to be a mixture of two species and repurified using 

an eluent system of THF /petrol (1:9) to give band AA and AB, noted below. 

 

A: 1 DCM:4 petrol – Rf 0.20 

31P{1H} NMR: (CD2Cl2) δ 53.0 (1P), 45.5 (1.5P), 40.2 (0.5P). 

 

B: 1 DCM:4 petrol – Rf 0.19 

31P{1H} NMR: (CD2Cl2) δ 54.9 (m, 1P), 29.6 (m, 1P). 

 

C: 1 DCM:4 petrol – Rf 0.17 

31P{1H} NMR: (CD2Cl2) δ 41.5 (m, 1P), 28.0 (d, JP-P = 28.0 Hz 1P). 

Assigned as compound 14. 

 

AA: 1 THF:9 petrol – Rf 0.10 

31P{1H} NMR: (CD2Cl2) δ 53.0 (app.s, 1P), 45.5 (d, JP-P = 23.8 Hz, 1P). 

Assigned as compound 16. 

 

AB: 1 THF:9 petrol – Rf 0.09 

31P{1H} NMR: (CD2Cl2) δ 45.5 (d, JP-P = 25.8 Hz, 1P), 40.2 (m, 1P).  
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6.5 Experimental details for compounds in chapter 5 

[HNMe3][7-(1′-closo-1′,7′-C2B10H11)-nido-7,9-C2B9H11] ([HNMe3]23) 

 

1,1′-Bis(meta-carborane) (0.200 g, 0.698 mmol) and KOH (0.235 g, 4.188 mmol) were 

dissolved in EtOH (50 mL) and the resultant clear solution heated to reflux overnight.  

Upon cooling, volatiles were removed in vacuo and the white residue redissolved in 

deionised water (20 mL).  The solution was filtered and an aqueous solution of excess 

[HNMe3]Cl was added to the filtrate resulting in immediate precipitation of a white solid.  

This was collected by filtration, washed with deionised water and dried in vacuo to afford 

[HNMe3][7-(1′-closo-1′,7′-C2B10H11)-nido-7,9-C2B9H11] ([HNMe3]23), (0.212 g, 91%).   

 

11B{1H} NMR: [(CD3)2CO] δ -0.8 (1B), -3.3 (1B), -4.2 (1B), -4.9 (1B), -9.6 

(2B), -10.6 (1B), -12.0 (2B), -14.2 (2B), -14.7 (2B), -17.3 

(1B), -21.0 (1B), -21.9 (1B), -22.6 (1B), -32.9 (1B), -35.9 

(1B).   

1H NMR: [(CD3)2CO] δ 6.52 [br.s, 1H, HN(CH3)3], 3.28 (br.s, 1H, 

C7′H), 3.13 [s, 9H, HN(CH3)3], 1.18 (br.s, 1H C9H). 

1H{11B} NMR:  [(CD3)2CO] includes δ -2.07 (app. t, 1H, μ-H). 

CHN: C7H32B19N requires C 25.0, H 9.61, N 4.17; found for 

[HNMe3]23: C 25.6, H 9.11, N 4.93%. 
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[1-(1′-closo-1′,7′-C2B10H11)-2-(p-cymene)-closo-2,1,7-RuC2B9H10] (24) and [1-(1′-

closo-1′,7′-C2B10H11)-2-(p-cymene)-6-(OC2H5)-closo-2,1,7-RuC2B9H9] (25) 

 

To a cooled (-20 °C) solution of [HNMe3]23 (0.200 g, 0.596 mmol) in THF (30 mL), was 

added dropwise nBuLi (0.75 mL of a 1.6 M solution in hexanes, 1.19 mmol) and the 

reagents were left to stir at -20 °C for 30 min.  The pale-yellow solution was frozen at -196 

°C and [RuCl2(p-cymene)]2 (0.182 g, 0.298 mmol) added.  The reaction mixture was 

allowed to warm to room temperature and stirred overnight.  The solvent was removed in 

vacuo, replaced with DCM (20 mL) and the products filtered through silica.  The filtrate 

was purified by preparative TLC using an eluent system of DCM/petrol (3:7) giving two 

yellow bands.  The first (Rf 0.38) was subsequently identified as [1-(1′-closo-1′,7′-

C2B10H11)-2-(p-cymene)-6-(OC2H5)-closo-2,1,7-RuC2B9H9] (25, 0.036 g, 12%), and the 

second (Rf 0.26) as [1-(1′-closo-1′,7′-C2B10H11)-2-(p-cymene)-closo-2,1,7-RuC2B9H10] 

(24, 0.038 g, 12%). 

24: 11B{1H} NMR: (CDCl3) δ 0.0 (1B), -1.9 (2B), -5.4 (1B), -8.6 (5B), -11.9 

(3B), -14.1 (6B), -19.7 (1B).   

1H NMR: (CDCl3) δ 6.06 [dd, 1H, JH-H = 6.3, 1.2 Hz, 

(CH3)2CHC6H4CH3], 5.96 [dd, 1H, JH-H = 6.3, 1.2 Hz, 

(CH3)2CHC6H4CH3], 5.61 [dd, 1H, JH-H = 6.3, 1.3 Hz, 

(CH3)2CHC6H4CH3], 5.55 [dd, 1H, JH-H = 6.3, 1.3 Hz, 

(CH3)2CHC6H4CH3], 3.08 [app. sept, 1H, JH-H ca. 7.0 Hz, 

(CH3)2CHC6H4CH3], 2.80 (br. s, 1H, CcageH), 2.71 (br. s, 

1H, CcageH), 2.58 [s, 3H, (CH3)2CHC6H4CH3], 1.45 and 

1.43 [overlapping d+d, 3H+3H, JH-H ca. 7.0 Hz, 

(CH3)2CHC6H4CH3]. 

13C NMR: (CDCl3) 115.1 (C), 104.9 (C), 94.6 (CH), 91.6 (CH), 90.2 

(CH), 86.0 (CH), 85.1 (C), 53.1 (CH), 46.1 (CH), 30.4 

(CH), 22.1 (CH3), 21.9 (CH3), 17.5 (CH3). 

CHN: C14H35B19Ru requires C 33.0, H 6.92; found for 2: C 33.2, 

H 6.80%. 

EIMS:     510 m/z (M+). 



 

 

179 

 

 

25: 11B{1H} NMR: (CDCl3) δ 15.2 (1B, B6), -2.6 (1B), -3.9 (1B), -6.0 

(1B), -8.6 plus shoulder at -9.7 (5B), -12.0 (3B), -14.4 

(5B), -7.4 (1B), -25.5 (1B).   

1H NMR: (CDCl3) δ 6.13 [dd, 1H, JH-H = 6.3, 1.3 Hz, 

(CH3)2CHC6H4CH3], 5.87 [dd, 1H, JH-H = 6.3, 1.3 Hz, 

(CH3)2CHC6H4CH3], 5.72 [dd, 1H, JH-H = 6.3, 1.3 Hz, 

(CH3)2CHC6H4CH3], 5.37 [dd, 1H, JH-H = 6.3, 1.3 Hz, 

(CH3)2CHC6H4CH3], 3.66 (dq, 1H, JH-H = 10.0, 7.0 Hz, 

OCH2CH3), 3.54 (dq, 1H, JH-H = 10.0, 7.0 Hz, OCH2CH3), 

3.05 [app. sept, 1H, JH-H ca. 7.0 Hz, (CH3)2CHC6H4CH3], 

2.79 (br. s, 1H, CcageH), 2.58 (br. s, 1H, CcageH), 2.52 [s, 

3H, (CH3)2CHC6H4CH3], 1.38 and 1.35 [overlapping d+d, 

3H+3H, JH-H ca. 7.0 Hz, (CH3)2CHC6H4CH3], 1.23 (app. t, 

3H, JH-H ca. 7.0 Hz, OCH2CH3). 

13C NMR: (CDCl3) 115.8 (C), 108.0 (C), 95.8 (CH), 94.3 (CH), 92.8 

(CH), 86.0 (CH), 85.3 (C), 63.9 (CH2), 52.6 (C), 52.4 (CH), 

41.3 (CH), 29.5 (CH), 22.1 (CH3), 21.6 (CH3), 16.8 (CH3), 

16.0 (CH3). 

CHN: C16H39B19ORu requires C 34.7, H 7.1; found for 3: C 34.6, 

H 6.87%. 

EIMS:     554 m/z (M+). 
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[1-(1′-closo-1′,7′-C2B10H11)-2-(C6Me6)-closo-2,1,7-RuC2B9H10] (26) and [1-(1′-closo-

1′,7′-C2B10H11)-2-(C6Me6)-6-(OC2H5)-closo-2,1,7-RuC2B9H9] (27) 

 

Similarly, [HNMe3]23 (0.200 g, 0.596 mmol) in THF (30 mL) was deprotonated with 

nBuLi (1.19 mmol) and allowed to react with [RuCl2(C6Me6)]2 (0.182 g, 0.298 mmol).  

Following workup, TLC using an eluent system of DCM/petrol (1:1) yielded two yellow 

bands.  The first (Rf 0.71) was subsequently identified as [1-(1′-closo-1′,7′-C2B10H11)-2-

(C6Me6)-6-(OC2H5)-closo-2,1,7-RuC2B9H9] (5, 0.026 g, 5%), and the second (Rf 0.59) as 

[1-(1′-closo-1′,7′-C2B10H11)-2-(C6Me6)-closo-2,1,7-RuC2B9H10] (26, 0.029 g, 6%). 

26: 11B{1H} NMR: (CDCl3) δ -1.4 (2B), -2.5 (2B), -8.0 (2B), -9.1 (3B), -11.8 

(3B), -14.5 (6B), -20.5 (1B).   

1H NMR: (CDCl3) δ 2.78 (br. s, 1H, CcageH), 2.20 [s, 3H, (C6(CH3)6], 

1.91 (br. s, 1H, CcageH). 

13C NMR: (CDCl3) 102.5 (C), 16.5 (CH3). 

CHN: C16H38B19Ru requires C 35.7, H 7.31; found for 4: C 35.5, 

H 7.33%. 

EIMS:     538.3 m/z (M+). 

 

 

27: 11B{1H} NMR: (CDCl3) δ 14.5 (1B, B6), -3.2 (2B), -5.0 (1B), -8.7 

(5B), -11.8 (3B), -14.6 plus shoulder at -15.8 (5B), -17.9 

(1B), -26.4 (1B). 
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1H NMR: (CDCl3) δ 3.73 (dq, 1H, JH-H = 10.0, 7.0 Hz, OCH2CH3), 

3.62 (dq, 1H, JH-H = 10.0, 7.0 Hz, OCH2CH3), 2.76 (br. s, 

1H, CcageH), 2.15 [s, 18H, C6(CH3)6] 1.76 (br. s, 1H, 

CcageH), 1.24 (app. t, 3H, JH-H ca. 7.0 Hz, OCH2CH3). 

13C NMR: (CDCl3) 104.4 (C), 64.8 (CH2), 17.2 (CH3), 16.2 (CH3). 

CHN: C18H42B19ORu requires C 37.2, H 7.29; found for 5: C 37.2, 

H 7.44%.   

EIMS:     581.5 m/z (M+). 

 

  



 

 

183 

[1-(1′-closo-1′,7′-C2B10H11)-2-(C5H5)-closo-2,1,7-CoC2B9H10] (28) 

 

To a cooled (-20 °C) solution of [HNMe3]23 (0.150 g, 0.447 mmol) in THF (20 mL), was 

added dropwise nBuLi (0.58 mL of a 1.6 M solution, 0.894 mmol) and the reagents were 

left to stir at -20 °C for 30 min.  The pale-yellow solution was frozen at -196 °C and a 

solution of NaCp (0.118 g, 1.34 mmol) in THF (15 mL) was added followed by solid 

CoCl2 (0.215 g, 1.65 mmol).  The reaction mixture was allowed to warm to room 

temperature and stirred overnight.  Following aerial oxidation, the solvent was removed 

in vacuo, replaced with DCM and the products filtered through silica.  The filtrate was 

purified by preparative TLC using an eluent system of DCM/petrol (1:1) giving a red 

band (Rf 0.50) subsequently identified as [1-(1′-closo-1′,7′-C2B10H11)-2-(C5H5)-closo-

2,1,7-CoC2B9H9] (6, 0.042 g, 24%).   

11B{1H} NMR: (CDCl3) δ 2.5 (1B), -0.6 (1B), -2.3 (1B), -4.0 (1B), -6.7 

(1B), -8.4 (4B), -10.0 (1B), -11.5 (4B), -14.0 (4B), -17.5 

(1B). 

1H NMR: (CDCl3) δ 5.80 (s, 5H, C5H5), 2.85 (br. s, 1H, CcageH), 2.81 

(br. s, 1H, CcageH). 

13C NMR: (CDCl3) 90.8 (CH), 53.4 (CH), 46.3 (CH). 

CHN: C9H26B19Co requires C 27.1, H 6.57; found for 6: C 27.2, 

H 6.61%. 

EIMS:     399 m/z (M+). 

  



 

 

184 

[1-(1′-closo-1′,7′-C2B10H11)-2-(C5Me5)-closo-2,1,7-CoC2B9H10] (29) 

 

Similarly, [HNMe3]23 (0.130 g, 0.387 mmol) in THF (20 mL), was deprotonated with 

nBuLi (0.774 mmol), frozen at -196 °C and allowed to react with NaCp* (0.184 g, 

1.16 mmol) in THF (15 mL) and CoCl2 (0.181 g, 1.39 mmol) on warming.  The reaction 

mixture was oxidised and worked up as before.  Purification by preparative TLC using an 

eluent system of DCM/petrol (3:7) gave a red band (Rf 0.28) subsequently identified as 

[1-(1′-closo-1′,7′-C2B10H11)-2-(C5(CH3)5)-closo-2,1,7-CoC2B9H9] (7, 0.018 g, 10%). 

11B{1H} NMR: (CDCl3) δ 0.5 to -4.5 overlapping resonances with maxima 

at -1.0 and -2.6 (total 4B), -7.0 (1B), -8.9 (4B), -11.6 

(5B), -14.2 (4B), -18.7 (1B). 

1H NMR: (CDCl3) δ 2.82 (br. s, 1H, CcageH), 1.91 (br. s, 1H, CcageH), 

1.76 (s, 15H, C5(CH3)5). 

13C NMR: (CDCl3) 99.9 (C), 53.2 (C), 52.4 (CH), 50.9 (CH), 10.6 

(CH3). 

CHN: C14H36B19Co requires C 35.9, H 7.74; found for 7: C 36.0, 

H 7.74%.   

EIMS:     469.4 m/z (M+). 
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Appendix A An Exploration of AuIII Bis(o-carborane) 

Chemistry 

A1.1 Introduction 

 

One hundred years after the synthesis of cisplatin its anti-cancer properties were 

discovered.1  Since then it has been used to treat a wide variety of cancers as well as 

paving the way in metallodrug research.  However, only two other platinum-based drugs, 

carboplatin and oxaliplatin shown in figure A1.1, have been internationally accepted for 

clinical use.2  This type of drug targets rapidly dividing cells which are not only found in 

cancer cells but also healthy cells such as bone marrow tissue.  The lack of specificity 

towards cancer cells means patients encounter severe side effects when platinum-based 

drugs are used as a treatment, despite them being effective.3  This has led researchers to 

branch out to other transition metals in the search for anticancer metallodrugs.4-7  Of 

particular interest is research into isoelectronic ions to Pt(II), such as Au(III).  It is 

believed that the interaction between the occupied Pt dz
2 orbital and a proton from the 

DNA molecule is highly significant.8, 9  Consequently there is interest in the discovery of 

Au(III) molecules that may also contain H-bonding interactions which could contribute 

to the effect of the drug. 

 

Figure A1.1: Three internationally accepted platinum-based anticancer drugs. 

 

Square planar Au(III) species have shown promising in vitro results towards cancer cell 

lines however there is an issue arising from using these species in vivo.6  The reducing 

nature inside cells (arising from peptides and amino acids) means it is likely that the gold 

centre will be reduced to Au(I) and Au(0).10, 11  It has been shown that the choice of ligand 

on the gold centre plays an important role in the thermal stability and the reduction 

potential of the system.  Thus the reduction potentials for the species A and B shown in 

figure A1.2 (when measured in an aqueous buffered solution) move from +0.80 to -0.20 V 



 

 

187 

compared to standard hydrogen electrode when the ligand is changed from a 

phenanthroline ligand to a macrocyclic ligand, 1,4,8,11-tetraazacyclotetradecane.12  For 

context glutathione, a prominent tripeptide found inside cells, has a reduction potential of 

around -0.36 V suggesting that whilst both gold species are likely to be reduced, 

compound A is at greater risk than compound B.10   

 

Figure A1.2: Examples of Au(III) species with N-donor ligands, A - phenanthroline ligand (+0.80 V); B - 1,4,8,11-

tetraazacyclotetradecane (-0.20 V).12 

 

Bochmann and co-workers have extensively studied the effects of ligand manipulation on 

gold(III) centres10, 13, 14 and by using cyclometalated ligands they showed an increase in 

thermal stability of formally labile alkene and alkyne complexes.  An example of this is 

the alkene complex [Me2Au(COD)]+ (COD = 1,5-cyclo-octadiene) first reported by 

Langseth et al. and shown in figure A1.3 left.15  This species could only be isolated and 

characterised at low temperatures, decomposing above 0 °C.  However changing the 

methyl ligands for the dianionic diphenylyl ligand, 4,4′-di-tbutylbiphenylyl-2,2′-diyl 

(C^C), allowed isolation and characterisation at room temperature, figure A1.3 right.16  

The greater electron-accepting capability of the C^C ligand is thought to play a role in 

the increased stability of the molecule compared to the methyl analogue.   

 

Figure A1.3: Left - [Me2Au(COD)]+ species15; right - [(C^C)Au(COD)]+ species.16 
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To understand this, a computational study into this and analogous systems was carried 

out.16  By comparing Me2PtL2, Me2AuL2
+, and (C^C)AuL2

+ where L = alkene/alkynes, 

Bochmann and co-workers demonstrated that the inclusion of a cyclometalated C^C 

ligand introduces stability to the system that makes the (C^C)Au+ fragment closer to a 

Me2Pt fragment than to a Me2Au+ fragment.  Despite having a strong trans influence, the 

electron-withdrawing nature of the C ligand has more impact on the overall strength of 

bonding to pi-accepting ligands.   

 

To stabilise the Au+ centre further, the introduction of a stronger electron-withdrawing 

ligand was suggested.  Buchwald and co-workers have shown computationally that a 

carborane moiety is more electron-withdrawing (when bound through the carbon atom) 

than alkyl groups and in this regard is electronically comparable to a C6F5 group.17  

Therefore using 1,1′-bis(o-carborane) as a dianionic ligand has the potential to stabilise a 

Au(III) centre even more.  These studies led to an investigation of gold(III) complexes of 

1,1ʹ-bis(o-carborane) with emphasis on hydrogen bonding to the gold(III) centre, 

previously noted as of importance within anticancer drug research. 
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A1.2 Results and Discussion 

 

Reacting dilithio-bis(o-carborane) with Na[AuCl4] gave black gold nanoparticles and no 

isolatable product suggesting only reduction occurs.  Replacing two chloride ligands with 

a phenylpyridine ligand (C^N = 2-(4-tbutyl)phenyl pyridine) on the gold centre gave 

compound IV.18  This compound was successfully reacted with lithiated bis(o-carborane) 

to give the desired compound 30, as shown in scheme A1.1.  Compound 30 was 

characterised by NMR spectroscopy, mass spectrometry, and single-crystal X-ray 

diffraction by Chambrier and Hughes.  The expected resonances for the C^N ligand are 

seen in the 1H and 13C NMR spectra, and importantly, the 11B NMR spectrum shows 

resonances at chemical shifts typical of closo species confirming the cage remains intact, 

subsequently confirmed by the molecular structure shown in figure A1.4.  This compound 

is thought to be the first bis(o-carborane) Au(III) species, although a single cage Au(III) 

species was reported in the 1970s.19   

 

Scheme A1.1: Synthesis of (C^N)Au(bis(o-carborane)) complex, compound 30. 

 

In an attempt to remove the cyclometalated C^N ligand, compound 30 was treated with 

triflic acid followed by reaction with [NnBu4]Cl, however, this only led to protonolysis of 

the Au-C ligand with the Au-N bond remaining intact giving compound 31, scheme A1.2.  

Removal of the coordinated pyridine required the addition of excess [NnBu4]Cl and 

heating to reflux in DCM over a period of six hours to give the dichloro bis(o-carborane) 

species, compound 32, scheme A1.2.   
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Figure A1.4: Molecular structure of [Au{2-(4-tBu)C6H3-C5H4N}(C2B10H10-C2B10H10)], 30 – selected bond lengths are 

C1-C1′: 1.527(4) Å, Au1-C2: 2.059(3) Å, Au1-C2′: 2.157(3) Å, Au1-N1: 2.097(2) Å, Au1-C8: 2.075(3) Å.  Crystal 

structure determined by Dr I. Chambrier. 

 

 

Scheme A1.2: Synthesis of the anionic gold species, 32. 

 

Aryl type carbanionic ligands have been shown to impart a strong trans influence to 

species of this type leading to substitution and labile ligands at the site opposite the C-M 

bond.  Holmsen et al. and Langseth et al. describe (C^N)Au(OAcF)2 species where there 

is a distinct difference in behaviour between the two OAcF groups.  Displacement of the 

OAcF group trans to the C-Au bond is kinetically favoured showing the strong trans effect 

of the aryl C-donor.20-22  Despite both Ccage-M bonds present in compound 30, there is 

still difficulty in removing the C^N ligand.  This effect must be weaker for the 

bis(o-carborane) ligand suggesting the electron-withdrawing nature of it makes the gold 

centre more Lewis-acidic. 
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The Au-N distance is influenced by the ligand trans to it and using this bond length can 

be a good measure of the trans influence imparted.  By analysing literature compounds, 

illustrated in figure A1.5,22-25 it can be seen that a bis(o-carborane) ligand is electronically 

comparable to a C6F5 ligand, as also suggested by Buchwald et al.17  However there are 

clear discrepancies with this method; slight variations in R groups on the C^N ligand 

could influence the bond length through counter steric and/or electronic effects; the Au-N 

bond distance can be influenced by packing effects in the crystal lattice; the differences 

in bond length between some molecules are of the same order of magnitude as the error 

in the crystal structure.  As part of this project, computational studies into the Au-N 

distances were carried out to remove any impact of random errors.26  Bond lengths for the 

species (C^N)Au(Z)(OTf) and (C^N)AuZ2 were calculated, where C^N = 

2-(4-tbutyl)phenyl pyridine, Z2 = bis(o-carborane) and Z is varied at the position trans to 

N.  Selecting a few examples from the study, table A1.1, again confirms the electronic 

comparison of a carborane ligand to a C6F5 ligand but also allows comparison with other 

ligands.  Of particular interest is the boron bound o-carborane species where the 

calculated Au-N bond length is by far the longest, even longer than that when Z = methyl.  

This suggests the trans influence of a boron bound carborane is strong which agrees with 

previously reported work by Buchwald, highlighting the unique tunability of carboranes 

as ligands.17  This suggests a spectrochemical series where B9/12-1,2-o-carborane > Me 

> aryl > bis(o-carborane) > o-carborane > C6F5 > OTf.  

 

Table A1.1 – calculated Au-N distances of the species (C^N)Au(Z)(OTf) and 

(C^N)AuZ2 species. 

Z/Z2 Calculated Au-N distance (Å) 

B9/12 1,2-o-carborane 2.228 

Methyl 2.170 

Phenyl 2.168 

Bis(o-carborane) 2.141 

o-carborane 2.127 

C6F5 2.121 

Triflate (OTf) 2.036 
With thanks to Peter H. M. Budzelaar for computational work. See ref 26 for details. 
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Figure A1.5: Comparison of Au-N distances in (C^N)AuL2 species as a measure of trans influence. 

 

Substitution of the pyridine ligand was achieved more easily by replacing it with a 

stronger sigma-donor ligand such as xylyl isocyanide, as shown in scheme A1.3.  The 

dichloride species, 32, and the monochloride species, 33, were the starting points for 

alkene and alkyne coordination reactions.   

 

Scheme A1.3: Synthetic procedure of ligand displacement, pyridine for an isocyanide. 

 

As a way to quantifiably state the effect of the bis(o-carborane) ligand on a gold(III) 

system, a species analogous to [(C^C)Au(COD)]+ as previously reported by the 
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Bochmann group and shown in figure A1.3 right, was sought.16  The addition of two 

equivalents of Ag[SbF6] to compound 32 in ether led to the removal of both chloride 

ligands with ether molecules stabilising the vacant sites.  After removing the salt by-

product and exchanging the solvent for DCM, COD was added.  This resulted in the 

precipitation of a yellow solid, which unfortunately was confirmed to be 

[Ag(COD)]2[SbF6].  If the alkene had coordinated to the Au(III) centre, the product was 

unable to be isolated. 

 

Following a similar procedure, reaction of the ethereal stabilised bis(o-carborane)Au(III) 

species with two equivalents of 1,2-bis(adamantyl)acetylene again led to an inconclusive 

result.  Upon addition of the alkyne, a colour change from orange to colourless was noted 

however no precipitation occurred unlike previously.  However, analysis of the solution 

gave promising evidence of alkyne coordination.  This is particularly evident from 13C 

NMR spectroscopy showing a resonance for a quaternary carbon at 91.6 ppm which is 

characteristic of a coordinated alkyne carbon.16  The presence of free adamantyl-acetylene 

dominates the 1H NMR spectrum.  During recrystallisation, the colourless compound 

slowly decomposed to a green/black precipitate.  The coordination of the alkyne could be 

to the gold(III) centre, as desired, however it should be noted that there could also be 

coordination to any unreacted silver ions in solution as shown from the reaction with 

COD.  This would explain why during the attempted crystallisation the product 

decomposed in the presence of light. 

 

The double vacant site of the Au(III) species would presumably be unstable and highly 

reactive giving undesired side-products, so starting with the monochloride species 

seemed more promising for alkyne coordination.  Similarly to the dichloride species, 

compound 33 was reacted with one equivalent of Ag[SbF6] in ether to create a stabilised 

vacant site.  However very little precipitate (silver salt) formed and there was no evidence 

for alkyne coordination.  It is proposed that the Cl-Au bond is too strong in this species 

so a better leaving group is required. 

 

Exchanging the chloride ligand for a trifluoroacetate group (OAcF = O2CCF3) was 

suggested as a steppingstone towards the desired vacant site on the gold centre and as a 
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way to avoid any silver coordination to the alkyne.  Reacting Ag[OAcF] with compound 

33 gave the desired product bis(o-carborane)Au(OAcF)(xylylCN), compound 34, shown 

in scheme A1.4. 

 

Scheme A1.4: Synthetic procedure for the displacement of Cl by OAcF. 

 

Removal of a trifluoroacetate group from a gold(III) centre has been shown to be trivial 

and quantitative by using B(C6F5)3.
16, 27, 28  Employing this method with compound 34, 

however, proved to be more challenging.  Monitoring this reaction by multinuclear NMR 

spectroscopy shows evidence for the coordination of the borane with the acetate group, 

however no change in the isocyanide resonances suggests that removal of the OAcF group 

failed.  Repeating this reaction at varying temperatures and concentrations of borane still 

did not remove the acetate group and so this approach to ultimate alkyne coordination 

could not be taken any further. 
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Figure A1.6: Molecular structure of compound 34 - Au(bis(o-carborane)(2,6-(CH3)2C6H3)(O2CCF3)] (34) – 
selected bond lengths are C1-C1′: 1.525(3) Å, Au1-C2: 2.0424(19) Å, Au1-C2′: 2.0494(18) Å, Au1-C3: 2.031(2) Å, 

Au1-O1: 2.0528(14) Å.   

 

In a final attempt at alkyne coordination, compound 33 was reacted with AgOTf to 

exchange the chloride ligand for triflate group, which should be an even better leaving 

group.  However this exchange was not successful and so it was concluded that 

bis(o-carborane) was not a comparable dianionic C^C ligand to biphenyl derivatives in 

gold(III) systems. 

 

An interesting part of the project undertaken by I. Chambrier was the investigation into 

whether a gold(III) centre can engage in hydrogen bonding with a gold centre.  The 

reaction of IV, (C^N)AuCl2, with two equivalents of lithiated o-carborane (note – single 

cage) led to the synthesis of compound 35, shown in scheme A1.5.  Whereas treatment 

of compound 30 with triflic acid broke the Au-C bond, treatment of 35 with trifluoroacetic 

acid led to the protonolysis of the Au-N bond creating a zwitterionic species, 36, shown 

in scheme A1.5.  Similarly, treating compound 30 with HBr as the choice of acid also led 

to the Au-N bond-breaking generating a second zwitterionic species, 37.  An interesting 

difference between species 36 and 37 is the direction of the phenylpyridine ligand.  In 

compound 37, the N+-H bond points away from the gold centre, however in compound 

36 the proton points towards the gold centre as seen in figure A1.7.  The Au-H distance 

is 2.51(5) Å, shorter than the sum of the van der Waals radii, 2.84 Å.29  From the 
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molecular structure shown in figure A1.7, it is unclear whether the NH is directed towards 

the gold centre or the oxygen atom in the OAcF group.  Computational studies suggest, 

despite Au(III)⋯H contact, there is no energetically significant Au-H interaction.  The 

computational work concluded that Au(III)-H interactions may be too weak to form and 

are therefore unlikely.  This is backed up by the lack of an N-H⋯Au interaction seen in 

the molecular structure of compound 37.   

 

Scheme A1.5: Synthesis of single cage carborane species, 35, and compound 36 following protonolysis with 

trifluoroacetic acid. 

 

 

Figure A1.7: Left - molecular structure of compound 36 – selected bond lengths are Au-C1: 2.103(5) Å, Au1-

C1′: 2.123(4) Å, Au1-C8: 2.007(5) Å, Au1-O1: 2.107(3) Å.  Cage carbons (C2 and C2′) are disordered over 

vertices 3, 4 and 5; right - molecular structure of compound 37, the unit cell possesses two crystallographically-

independent molecules, one is omitted for clarity – selected averaged bond lengths are C1-C1′: 1.524(7) Å, Au1-

C2: 2.055(4) Å, Au1-C2′: 2.109(4) Å, Au1-Br1: 2.4408(6) Å, Au1-C8: 2.056(4) Å.  Crystal structures determined 

by Dr I. Chambrier. 
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A1.3  Conclusion 

 

The first examples of species in which a 1,1′-bis(o-carborane) unit is used as a C^C 

dianionic ligand to a Au(III) metal centre have been successfully synthesised and 

characterised.  Starting with [AuCl4]
- as the source of gold was shown to be unsuccessful 

however, reduction could be avoided through the use of the (C^N)AuCl2 species.  The 

desired chloride species were synthesis by protonolysis of the C^N ligand using a strong 

acid, creating a starting point for several gold bis(o-carborane) species.  These compounds 

are thermally stable and, in most cases, air-stable.  Despite a variety of approaches, alkene 

and alkyne coordination could not be achieved due to the unique nature of bis(o-

carborane) as a ligand.  The chelating carborane ligand thus shows significant differences 

to C^C ligands such as biphenyl ligands and derivatives, suggesting the two cannot be 

readily compared. 

 

In tandem with this project, single cage gold species were synthesised and structural study 

may show evidence for hydrogen interactions with the gold centre, a well-disputed topic 

within the literature.  However, for compounds 36 and 37, computational results suggest 

these gold systems do not have energetically favourable 4e-3c H⋯Au interactions.   
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A1.4  Experimental 

[Au(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(2-(4-tbutyl)phenyl 

pyridine)] (30). 

 

To a solution of bis-o-carborane (400 mg, 1.4 mmol) in Et2O (30 mL) at 0°C, n-BuLi 

(1.6 M in hexane, 2.7 mL, 2 eq.) was added dropwise.  The mixture was allowed to warm 

to room temperature and stirred for 2 hrs.  The solution was then cooled to -78 °C and 2-

(4-tbutyl)phenyl pyridine gold dichloride 30 (660 mg, 1.4 mmol) was added in one 

portion.  The solution was stirred at that temperature for 2 hrs then left to warm overnight.  

The whitish solid formed was filtered, dissolved in DCM (30 mL), sonicated, and then 

centrifuged.  The solution was decanted and transferred to a flask.  This was repeated 

twice and from the combined solutions solvent was removed in vacuo.  Hexane was 

added, the solution sonicated and the solid produced filtered to afford 2 as a white powder 

760 mg, 78%).  The purity of the product was confirmed by TLC on silica, eluent 

DCM/hexane 1:1 (Rf 0.70).  A crystalline sample suitable for X-ray analysis was obtained 

by recrystallisation from DCM-hexane. 

11B NMR: (CD2Cl2) δ 0.2 to -12.5, overlapping resonances with 

prominent maxima at -1.2, -3.3 and -9.0 ppm. 

1H NMR: (CD2Cl2) δ 9.26 (d, 1H2, J = 5.5 Hz), 8.24 (s, 1H11), 8.1 (t, 

1H4, J = 7.7 Hz), 7.93 (d, 1H5, J 7.9 Hz), 7.63 (d, 1H8/9, 

J = 8.1 Hz), 7.41-7.46 (m, 2H3,8/9), 1.7-3.3 (br, 20HB-H), 

1.35 (s, 9H14) ppm. 

13C NMR: (CD2Cl2) δ 165.6 (C6), 155.2 (C10), 154.6 (C7/12), 149.6 

(C2), 142.5 (C4), 141.4 (C7/12), 130.9 (C11), 125.7 (C8/9), 

124.9 (C8/9), 123.3 (C3), 120.7 (C5), 103.4, 84.4, 78.1, 65.9, 

36.2 (C13), 30.8 (C14) ppm. 

CHN: C19H36NAuB20 requires C 32.8, H 5.22.  Found for 30: 

C 33.2, H 4.56%. 
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[Au(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(Cl)(2-(4-tbutyl)phenyl 

pyridine)] (31). 

 

Compound 30 (115 mg, 0.16 mmol) in DCM (25 mL) was cooled to -15°C, triflic acid 

(50 L, excess) was added and the reaction was stirred for 15 mins. A solution of 

[nBu4N]Cl (250 mg, excess) in DCM (8 mL) was added and the solution was left to warm 

to rt with stirring.  The organic layer was washed with water (x2), dried over MgSO4, 

filtered and the solvent removed to afford an oil. This was subsequently purified by 

column chromatography using an eluent system of DCM and petrol in a ratio of 1:1 (Rf 

0.57).  This gave product 31 as a white solid (448 mg, 85 %).  A crystalline sample 

suitable for X-ray analysis was obtained by recrystallisation from DCM-hexane. 

11B NMR: (CD2Cl2) δ -0.4 to -4.2, overlapping resonances with 

prominent maxima at -1.6, -2.7 (5B), -5.4 to -12.8, 

overlapping resonances with prominent maxima 

at -9.0, -10.2 (15B) ppm. 

1H NMR: (CD2Cl2) δ 8.54 (d, 1H2, J 4.9 Hz), 8.17 (t, 1H3, J 7.8 Hz), 

7.96 (d, 2H9, J 8.3 Hz), 7.78 (d, 1H4/5, J 7.9 Hz), 7.66-7.74 

(m, 3H8,4/5), 1.7-3.3 (br, 20HB-H), 1.45 (s, 9H12) ppm.  

13C NMR: (CD2Cl2) δ 159.7 (C6), 154.9 (C10), 149.7 (C2), 141.9 (C3), 

133.4 (C7), 129.7 (C9), 128.9 (C4/5), 126.5 (C8), 125.7 

(C4/5), 79.7, 79.2, 77.9, 68.2, 35.0 (C11), 30.8 (C12) ppm.  
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[NBu4][Au(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(Cl)2] (32). 

 

Compound 31 (50 mg, 68 mol) in DCM (10 mL) was heated to reflux in the presence of 

excess [nBu4N]Cl (50 mg, 0.45 mmol) for 6 hrs. The solution was washed with water (x2), 

dried (MgSO4), filtered and the solvent removed to give an oil. This was sonicated in 

hexanes and filtered to afford 32 as a white powder (100%).   

11B NMR:   (CD2Cl2) δ -0.2 to -2.7 (assume 20B) ppm. 

1H NMR: (CD2Cl2) δ 3.07-3.13 (m, 8H), 1.74-3.95 (br, 20HB-H), 

1.56-1.67 (m, 8H), 1.37-1.49 (m, 8H), 1.03 (t, 12H, 

J = 7.2 Hz) ppm. 

13C NMR: (CD2Cl2) δ 79.9, 79.7, 59.0, 23.9, 19.8, 13.4 ppm. 
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[Au(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(Cl)(2,6-(CH3)2C6H3)] 

(33). 

 

A solution of 2,6-dimethylbenzoisocyanide (25 mg, 0.2 mmol) in DCM (5 mL) was added 

to compound 31 (50 mg, 68 mol) and stirred at rt for 1 hr.  The solvent was removed 

under reduced pressure and the residue was sonicated in hexane and filtered to give a 

white powder.  This was crystallised from DCM/hexane to afford compound 33 as white 

needles (68 %).  

11B NMR: (CD2Cl2) δ 0.4 to -3.6, overlapping resonances with 

prominent maxima at -2.0 (5B), -5.2 to -12.8, overlapping 

resonances with prominent maxima at -8.5, -9.7 

(15B) ppm. 

1H NMR: (CD2Cl2) δ 7.44 (t, 1H1, J = 7.7 Hz), 7.25 (d, 2H2, J = 7.6 

Hz), 2.53 (s, 6H5), 1.34-3.52 (br, 20HB-H) ppm. 

13C NMR: (CD2Cl2) δ 137.9 (C3/4), 132.9 (C1), 128.9 (C2), 122.8 

(C3/4), 80.4, 77.8, 76.5, 18.6 (C5) ppm. 

IR: 2209 (C≡N) cm-1. 
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[Au(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(2,6-(CH3)2C6H3) 

(O2CCF3)] (34). 

 

AgOAcF (23.2 mg, 0.105 mmol) was added to 33 (68 mg, 0.105 mmol) in DCM (10 mL).  

The sample was left to stir in the dark under argon at room temperature over 48 hours to 

allow for complete conversion by NMR spectroscopy.  The solution was then filtered and 

the solvent removed in vacuo.  The white/yellow solid was crystallised from 

DCM/hexane by vapour diffusion to afford compound 34 as pale yellow crystals (100% 

by NMR, 74 mg, 97% isolated).   

11B NMR: (CD2Cl2) δ -1.7 (br. s, 4B), -4.4 to -12.8 (overlapping 

resonances with maxima at -8.7 and -9.8, 16B) ppm. 

1H NMR: (CD2Cl2) δ 7.45 (t, 1H1, J = 7.7 Hz), 7.24 (d, 2H2, 

J = 7.6 Hz), 2.47 (s, 6H5), 1.34-3.20 (br, 20HB-H) ppm. 

13C NMR: (CD2Cl2) δ 160.5, 137.9 (C3/4), 133.1 (C1), 128.9 (C2), 

117.9 (C3/4), 114.1, 81.1, 78.4, 77.6, 63.8, 18.4 (C5) ppm. 

19F NMR: (CD2Cl2) δ -73.89 (s) ppm. 
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Appendix B Crystallographic Tables 

 

 2 3 4 5·CH2Cl2 

CCDC 1921136 1921134 1921137 1921135 

Formula C13H33B19Ru C13H32B19Ru C16H39B19Ru C17H41B19Cl2Ru 

M 495.85 494.84 537.93 622.86 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic 

Space group P21/n P21/c P21/n P1̅ 

a/Å 9.6203(10) 10.8720(14) 9.9567(4) 10.0249(9) 

b/Å 14.0207(14) 16.541(2) 26.4114(13) 10.6653(10) 

c/Å 17.9826(18) 14.377(2) 10.1836(5) 15.3756(13) 

/° 90 90 90 87.871(5) 

β/° 100.767(5) 110.357(6) 107.447(2) 71.825(4) 

γ/° 90 90 90 68.781(5) 

U/Å3 2382.9(4) 2423.9(6) 2554.8(2) 1451.6(2) 

Z, Z′ 4, 1 4, 1 4, 1 2, 1 

F(000)/e 1000 996 1096 632 

Dcalc/Mg m−3 1.382 1.356 1.399 1.425 

X-radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα 

λ/Å 0.71073 0.71073 0.71073 0.71073 

μ/mm−1 0.661 0.649 0.622 0.736 

θmax/° 35.04 32.73 35.09 33.03 

Data measured 65979 61283 39614 33031 

Unique data 10451 8823 11005 10245 

Rint 0.0477 0.0325 0.0278 0.0247 

R, wR2 (obs. data) 0.0375, 0.0720 0.0537, 0.1283 0.0275, 0.0580 0.0289, 0.0694 

S 1.172 1.024 1.122 1.062 

Variables 364 367 396 440 

Emax, Emin/e Å−3 0.98, -1.25 7.41, -1.06 0.61, -1.30 0.88, -0.46 
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 6 7 8·CH2Cl2 9 

CCDC 1921133 1921140 1921138 1921139 

Formula C14H35B19Ru C510H26B20Ru C17H32B20Cl3Ru2 C22H42B20ClRu2 

M 509.88 463.58 761.11 760.34 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/c P21/m P21/n 

a/Å 10.9735(2) 12.30196(17) 9.1586(5) 10.5169(4) 

b/Å 13.4605(2) 10.44901(12) 11.9323(6) 15.8768(7) 

c/Å 17.1329(3) 16.9249(2) 13.9386(8) 19.6458(9) 

/° 90 90 90 90 

β/° 95.475(2) 109.8094(14) 100.149(14) 98.625(2) 

γ/° 90 90 90 90 

U/Å3 2519.13(7) 2046.84(5) 1499.42(14) 3243.3(2) 

Z, Z′ 4, 1 4, 1 2, 0.5 4, 1 

F(000)/e 1032 920 746 1516 

Dcalc/Mg m−3 1.344 1.504 1.686 1.557 

X-radiation Cu-Kα Mo-Kα Mo-Kα Mo-Kα 

λ/Å 1.54184 0.71073 0.71073 0.71073 

μ/mm−1 5.013 0.763 1.289 1.032 

θmax/° 76.26 37.85 34.16 33.11 

Data measured 20994 80084 45728 91530 

Unique data 5229 10727 6384 12271 

Rint 0.0687 0.0398 0.0524 0.0509 

R, wR2 (obs. data) 0.0895, 0.2169 0.0219, 0.0493 0.0350, 0.0779 0.0287, 0.0639 

S 1.083 1.103 1.097 1.034 

Variables 328 341 245 466 

Emax, Emin/e Å−3 4.96, -1.65 0.56, -0.70 2.06, -1.27 0.81, -0.97 
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 10 I.MeCN CH2Cl2 7.MeCN CH2Cl2 
10.MeCN 

CH3CN 

CCDC 1921141 1921142 1921143 1921144 

Formula C16H38B20Ru C17H39B20Cl2NRu C13H31B20Cl2NRu C20H44B20N2Ru 

M 547.73 645.66 589.56 629.84 

Crystal system Triclinic Monoclinic Triclinic Triclinic 

Space group P1̅ P21/n P1̅ P1̅ 

a/Å 10.0716(3) 9.5647(4) 9.6288(2) 10.5680(4) 

b/Å 14.3099(4) 23.2663(9) 10.3085(2) 10.8398(4) 

c/Å 19.8370(4) 13.7126(6) 13.9470(3) 15.5607(5) 

/° 69.252(2) 90 104.950(2) 98.567(2) 

β/° 83.527(2) 96.784(3) 90.526(2) 98.275(2) 

γ/° 75.132(2) 90 92.898(2) 112.112(2) 

U/Å3 2583.29(12) 3030.2(2) 1335.43(5) 1593.63(10) 

Z, Z′ 4, 2 4, 1 2, 1 2, 1 

F(000)/e 1112 1304 588 644 

Dcalc/Mg m−3 1.408 1.415 1.466 1.313 

X-radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα 

λ/Å 0.71073 0.71073 0.71073 0.71073 

     

μ/mm−1 0.615 0.709 0.796 0.511 

θmax/° 27.53 29.04 29.71 31.18 

Data measured 55919 35793 47156 35786 

Unique data 19372 8007 6982 10024 

Rint 0.0668 0.0489 0.0393 0.0489 

R, wR2 (obs. data) 0.0683, 0.1930 0.0385, 0.0834 0.0208, 0.0509 0.0370, 0.0846 

S 1.176 1.076 1.047 1.015 

Variables 800 407 395 474 

Emax, Emin/e Å−3 2.76, -1.10 0.68, -0.89 0.71, -0.68 0.53, -0.88 
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 13 0.5 CH2Cl2 14 0.5 CH2Cl2 16 0.5 CH2Cl2 

XRD Code 8V00126 8V00099 8V00337 

Formula C30.5H47B20ClP2Ru C30.5H47B20ClP2Ru C32.5H51B20ClP2Ru 

M 828.34 828.21 856.39 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C2/c C2/c C2/c 

a/Å 38.4205(9) 38.0931(9) 18.5528(4) 

b/Å 10.5927(2) 10.6717(3) 12.7736(3) 

c/Å 21.1877(5) 21.3413(5) 37.6866(7) 

/° 90 90 90 

β/° 111.3870(10) 111.8580(10) 98.2740(10) 

γ/° 90 90 90 

U/Å3 8029.1(3) 8051.9(4) 8838.2(3) 

Z, Z′ 8, 1 8, 1 8, 1 

F(000)/e 3368.0 3367.0 3496.0 

Dcalc/Mg m−3 1.371 1.366 1.287 

X-radiation Cu-Kα Cu-Kα Mo-Kα 

λ/Å 1.54178 1.54178 0.71073 

μ/mm−1 4.693 4.678 0.514 

θmax/° 74.778 74.729 36.32 

Data measured 54551 64156 166709 

Unique data 8168 8223 21381 

Rint 0.0220 0.0283 0.0477 

R, wR2 (obs. data) 0.0221, 0.0549 0.0209, 0.0521 0.0327, 0.0667 

S 1.050 1.074 1.060 

Variables 577 577 558 

Emax, Emin/e Å−3 0.56, -0.62 0.34, -0.53 0.97, -0.90 
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 17 CH2Cl2 18 19 4.5 CH2Cl2 

XRD Code 8V00452 8V00555 8V00529 

Formula C29H55B20Cl2P3Ru C13H47B20P3Ru C48H62B20P3RuCl9 

M 884.81 613.68 1368.20 

Crystal system Triclinic Monoclinic Triclinic 

Space group P1̅ P21/n P1̅ 

a/Å 11.5952(5) 11.2248(6) 11.6299(5) 

b/Å 12.6646(5) 17.5352(7) 13.1300(5) 

c/Å 16.7197(7) 15.1193(6) 23.1521(8) 

/° 72.6315(17) 90 89.421(2) 

β/° 78.0767(17) 93.351(2) 81.004(2) 

γ/° 67.5064(16) 90 76.349(2) 

U/Å3 2153.12(16) 2970.8(2) 3391.9(2) 

Z, Z′ 2, 1 4, 1 2, 1 

F(000)/e 904.0 1256.0 1384.0 

Dcalc/Mg m−3 1.365 1.372 1.340 

X-radiation Cu-Kα Cu-Kα Mo-Kα 

λ/Å 1.5478 1.54178 0.71073 

μ/mm−1 5.303 5.812 0.690 

θmax/° 74.47 72.311 39.396 

Data measured 82243 49594 231603 

Unique data 8770 5861 40357 

Rint 0.0392 0.0384 0.0469 

R, wR2 (obs. data) 0.0258, 0.0668 0.0184, 0.0487 0.0598, 0.1871 

S 1.063 1.055 1.114 

Variables 581 403 654 

Emax, Emin/e Å−3 0.64, -0.81 0.34, -0.62 1.39, -1.91 
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 20 22 CH2Cl2 13.MeCN CH2Cl2 

XRD Code X8-5671 X8-5455 8V00281 

Formula C22H62B20O6P2Ru C41H52B20Cl2O6P2Ru C24H44B20N3PRuCl2 

M 801.92 1090.93 793.76 

Crystal system Triclinic Monoclinic Triclinic 

Space group P1̅ P21/c P1̅ 

a/Å 10.5176(5) 17.4141(11) 11.4260(3) 

b/Å 12.4549(6) 17.6932(11) 13.0412(3) 

c/Å 18.0748((9) 16.6726(11) 14.1227(3) 

/° 97.519(2) 90 98.9370(10) 

β/° 103.478(2) 97.081(3) 109.0490(10) 

γ/° 113.012(2) 90 94.7900(10) 

U/Å3 2053.08(18) 5097.8(6) 1944.62(8) 

Z, Z′ 2, 1 4, 1 2, 1 

F(000)/e 832.0 2216.0 804.0 

Dcalc/Mg m−3 1.297 1.421 1.356 

X-radiation Mo-Kα Mo-Kα Mo-Kα 

λ/Å 0.71073 0.71073 0.71073 

μ/mm−1 0.495 0.522 0.607 

θmax/° 33.627 27.009 42.998 

Data measured 84085 79249 146179 

Unique data 15832 11090 27723 

Rint 0.0428 0.0697 0.0316 

R, wR2 (obs. data) 0.0469, 0.1186 0.0604, 0.1212 0.0262, 0.0623 

S 1.055 1.249 1.040 

Variables 532 712 497 

Emax, Emin/e Å−3 5.17, -1.03 0.75, -0.87 0.67, -1.73 

 

 

 

 

 

 

 



 

 

211 

 
14.MeCN 0.5 

CH2Cl2 
17.MeCN THF 20.CO 

XRD Code 8V00236 8V00473 X8-5834 

Formula C23.5H43B20ClN3PRu C26H53B20NOP2Ru C16H41B20O6PRu 

M 751.30 774.90 677.73 

Crystal system Triclinic Triclinic Monoclinic 

Space group P1̅ P1̅ P21/c 

a/Å 11.2814(2) 11.8705(3) 9.3795(4) 

b/Å 13.2252(2) 12.8684(4) 22.6278(11) 

c/Å 14.1237(2) 13.8649(4) 15.7435(7) 

/° 98.9730(10) 69.9225(10) 90 

β/° 108.5350(10) 80.7412(10) 90.518(2) 

γ/° 95.3140(10) 76.3740(10) 90 

U/Å3 1950.60(5) 1925.79(10) 3341.2(31) 

Z, Z′ 2, 1 2, 1 4, 1 

F(000)/e 762.0 796.0 1376.0 

Dcalc/Mg m−3 1.279 1.336 1.347 

X-radiation Cu-Kα Mo-Kα Mo-Kα 

λ/Å 1.54178 0.71073 0.71073 

μ/mm−1 4.420 0.517 0.549 

θmax/° 74.943 36.33 31.982 

Data measured 76752 97996 86310 

Unique data 7975 18549 11544 

Rint 0.0344 0.0261 0.0465 

R, wR2 (obs. data) 0.0283, 0.0854 0.0202, 0.0502 0.0250, 0.0583 

S 1.064 1.022 1.033 

Variables 544 525 463 

Emax, Emin/e Å−3 1.08, -0.47 0.61, -1.07 0.46, -0.52 

 

 

 

 

 

 



 

 

212 

 [BTMA]23 24 25 26 

CCDC 2088065 2088066 2088067 2088068 

Formula C14H38B19N C14H35B19Ru C16H39B19ORu C16H39B19Ru 

M 425.84 509.88 553.93 537.93 

Crystal system orthorhombic orthorhombic monoclinic monoclinic 

Space group Pca21 P212121 P21/n P21/n 

a/Å 9.7533(4) 10.4742(2) 9.6001(2) 9.9711(2) 

b/Å 18.7957(8) 13.4029(3) 22.7612(6) 26.5624(5) 

c/Å 13.9908(6) 17.5826(3) 12.2984(3) 10.1817(2) 

/° 90 90 90 90 

β/° 90 90 91.3720(10) 106.6670(10) 

γ/° 90 90 90 90 

U/Å3 2564.79(19) 2468.33(8) 2686.55(11) 2583.39(9) 

Z, Z′ 4, 1 4, 1 4, 1 4, 1 

F(000)/e 896.0 1032.0 1128.0 1096.0 

Dcalc/Mg m−3 1.103 1.372 1.370 1.383 

X-radiation Cu-Kα Cu-Kα Cu-Kα Mo-Kα 

λ/Å 1.54178 1.54178 1.54178 0.71073 

μ/mm−1 0.350 5.116 4.773 0.615 

θmax/° 70.12 77.44 74.43 40.10 

Data measured 23692 44516 33693 99965 

Unique data 4776 5224 5453 15091 

Rint 0.890 0.0304 0.0334 0.0429 

R, wR2 (obs. data) 0.0646, 0.1688 0.0161, 0.0410 0.0209, 0.0527 0.0318, 0.0637 

S 1.039 1.139 1.048 1.050 

Variables 453 374 398 400 

Emax, Emin/e Å−3 0.57, -0.24 0.49, -0.45 0.42, -0.52 0.65, -0.89 

Flack parameter -0.1(10) 0.153(6)   

 

 

 

 

 

 



 

 

213 

 27 28 29 

CCDC 2088069 2088070 2088071 

Formula C18H43B19ORu C9H26B19Co C14H36B9Co 

M 581.98 398.62 468.75 

Crystal system monoclinic orthorhombic monoclinic 

Space group P21/n Pbca P21/n 

a/Å 11.9135(2) 10.1406(2) 9/9100(2) 

b/Å 15.0290(3) 16.2080(4) 25.5926(5) 

c/Å 15.4918(3) 23.7306(5) 9.9327(2) 

/° 90 90 90 

β/° 90.7860(10) 90 106.4540(10) 

γ/° 90 90 90 

U/Å3 2773.51(9) 3900.33(15) 2415.99(8) 

Z, Z′ 4, 1 8, 1 4, 1 

F(000)/e 1192.0 1616.0 968.0 

Dcalc/Mg m−3 1.394 1.358 1.289 

X-radiation Mo-Kα Mo-Kα Mo-Kα 

λ/Å 0.71073 0.71073 0.71073 

μ/mm−1 0.581 0.873 0.715 

θmax/° 36.34 36.35 36.34 

Data measured 74928 139290 76859 

Unique data 13411 9436 11724 

Rint 0.0340 0.0273 0.0564 

R, wR2 (obs. data) 0.0250, 0.0588 0.0247, 0.0677 0.0425, 0.0952 

S 1.057 1.050 1.033 

Variables 419 371 376 

Emax, Emin/e Å−3 1.15, -0.75 0.41, -0.61 1.19, -0.41 
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ABSTRACT: Deprotonation of 1,1′-bis(ortho-carborane) with nBuLi in THF
followed by reaction with [RuCl2(p-cymene)]2 affords, in addition to the known
compound [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(p-
cymene)] (I), a small amount of a new species, [Ru(κ3-2,2′,11′-{1-(7′-nido-
7′,8′-C2B9H11)-closo-1,2-C2B10H10)}(p-cymene)] (1a), with two B-agostic B−
H⇀Ru bonds, making the bis(carborane) unit a closo-nido-X(C)L2 ligand, a
previously unreported bonding mode. Similar species were also formed with arene
= benzene (1b), mesitylene (1c), and hexamethylbenzene (1d), although in the
last two cases the metallacarborane-carborane species [1-(1′-closo-1′,2′-
C2B10H11)-3-(arene)-closo-3,1,2-RuC2B9H10)], 2c and 2d, were also isolated.
With the bis(ortho-carborane) transfer reagent [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-
C2B10H10)-closo-1,2-C2B10H10)}(DME)2], the target compounds [Ru(κ3-2,2′,3′-
{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(arene)], 4b and 4d, were prepared in reasonable-to-good yields, although for
arene = benzene and mesitylene small amounts of the unique paramagnetic species [{Ru(arene)}2(μ-Cl)(μ-κ

4-2,2′,3,3′-{1-(1′-
closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})], 3b and 3c, were also formed. In compounds 3, the bis(carborane) acts as a closo-
closo-X4(C,C′,B,B′) ligand to the Ru2 unit. In I, 4b, and 4d, the B-agostic B−H⇀Ru bond is readily cleaved by MeCN, affording
compounds [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(arene)(NCMe)] (5a, 5b, and 5d) and suggesting
that I, 4b, and 4d could act as Lewis acid catalysts, which is subsequently shown to be the case for the Diels−Alder
cycloaddition reactions between cyclopentadiene and methacrolein, ethylacrolein and E-crotonaldehyde. All new species were
characterized by multinuclear NMR spectroscopy and 1a, 1c, 1d, 2c, 2d, 3b, 3c, 4b, 4d, 5a, 5b, and 5d were also characterized
crystallographically.

■ INTRODUCTION
Compound [1-(1′-closo-1′,2′-C2B10H11)-closo-1,2-C2B10H11],
trivial name 1,1′-bis(ortho-carborane) (Figure 1), is composed

of two ortho-carborane units linked by a 2c−2e C−C bond.1

Although it was first reported by Dupont and Hawthorne in
1964,2 it remained relatively underdeveloped for over 40 years,
in large measure because a reliable, high-yielding synthesis was
not available. That problem has now been overcome,3 and the
past decade has witnessed an impressive expansion of the
chemistry of 1,1′-bis(ortho-carborane) with many novel species
reported involving both retention and derivatization of the
bis(carborane) framework.4−27 In the context of the former,
we described the first examples of 1,1′-bis(ortho-carborane) as

a κ2 coligand following double deprotonation of the {CH}
units,7 complementing the earlier studies of Hawthorne and
co-workers on homoleptic species [M{(C2B10H10)2}2]

n−.29

Used in this way, the bis(carborane) scaffold provides a rare
example of a thermally stable, sterically demanding, dianionic
closo-closo-X2(C,C′) chelating ligand. Subsequently, we re-
ported the compound [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-
C2B10H10)-closo-1,2-C2B10H10)}(p-cymene)] (I, Figure 2)
which featured an additional interaction between the bis-
(carborane) and metal center in the form of a B-agostic B−
H⇀Ru bond.12 This made the bis(carborane) now a closo-
closo-X2(C,C′)L ligand, a bonding mode that had been
reported only once before.30 Further structural variation was
observed on treatment of I with phosphines, resulting in the
first examples of species in which the bis(carborane) acts as a
closo-closo-X2(C,B′)L ligand.12 In turn, the treatment of these
species with small molecules (CO, MeCN) cleaved the B-
agostic B−H⇀Ru bond and afforded the first examples of
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Figure 1. 1,1′-Bis(ortho-carborane).
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closo-closo-X2(C,B′) coordination of bis(carborane),12 a bond-
ing mode subsequently reported by others.17

Compound I was found to be an efficient Lewis acid catalyst
for Diels−Alder cycloaddition, presumably operating through
initial displacement of the B-agostic B−H⇀Ru interaction by
the substrate. In this contribution, we describe the results of
experiments designed to tune the Lewis acidity of the metal
center by varying the η-arene ligand. In some cases, partial
degradation of one cage of bis(ortho-carborane) is observed,
leading to both known and novel metal complexes. Ultimately,
however, the targeted analogs of compound I were successfully
prepared and used to catalyze Diels−Alder cycloaddition
reactions.

■ EXPERIMENTAL SECTION
Synthesis. Experiments were performed under dry, oxygen-free N2

using standard Schlenk techniques, although subsequent manipu-
lations were sometimes performed in the open laboratory. Solvents
were freshly distilled under nitrogen from the appropriate drying
agent [THF and 40−60 petroleum ether (petrol); sodium wire:
CH2Cl2 (DCM), CH3CN (MeCN), and dimethoxyethane (DME);
calcium hydride] and were degassed (three freeze−pump−thaw
cycles) before use. Deuterated solvents for NMR spectroscopy
[CDCl3, CD2Cl2, (CD3)2CO, and CD3CN] were stored over 4 Å
molecular sieves and degassed before use. Preparative thin-layer
chromatography (TLC) employed 20 × 20 cm2 Kieselgel F254 glass
plates, and column chromatography used 60 Å silica as the stationary
phase. Elemental analyses were conducted using an Exeter CE-440
elemental analyzer. NMR spectra were recorded on a Bruker AVIII-
400 [400.1 MHz (1H) and 128.4 MHz (11B)] or an AVHDIII-400
[400.0 MHz (1H) and 128.3 MHz (11B)] spectrometer at room
temperature. Electron ionization mass spectrometry (EIMS) and
electrospray ionization mass spectrometry (ESIMS) were carried out
using a Bruker MicroTOF Focus II mass spectrometer and a Finnigan
MAT900XP-Trap mass spectrometer, respectively, at the University
of Edinburgh. Starting materials [RuCl2(benzene)]2,

31a

[ R uC l 2 (m e s i t y l e n e ) ] 2 ,
3 1 a [ R uC l 2 ( p - c ym e n e ) ] 2 ,

3 1 b

[RuCl2(hexamethylbenzene)]2,
32 1,1′-bis(ortho-carborane),3 [Ru(κ3-

2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)]
(I),12 and [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-
C2B10H10)}(DME)2]

23 were prepared by literature methods or slight
variations thereof. All other reagents were supplied commercially.
Deprotonation by nBuLi Followed by Metalation. Note that, with

the exception of compound I, these reactions do not afford the target
products and all involve the formation in low yields of species
resulting from partial cage degradation. Significant amounts of 1,1′-
bis(o-carborane) are recovered on workup. Cage degradation is
ascribed to the product(s) of attack on THF by nBuLi (see later). Low
yields and the recovery of 1,1′-bis(o-carborane) are believed to result
from the general insolubility of [RuCl2(arene)]2 species (the
exception being [RuCl2(p-cymene)]2), resulting in inefficient metal-
ation and hence reprotonation on workup.
[Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(p-

cymene)] (1a). To a cooled (0 °C) solution of 1,1′-bis(o-carborane)
(0.250 g, 0.873 mmol) in THF (20 mL) was added dropwise nBuLi

(0.77 mL of a 2.5 M solution, 1.92 mmol), and the reaction mixture
was allowed to warm to room temperature and stir for 2 h. The pale-
yellow solution was frozen at −196 °C, solid [RuCl2(p-cymene)]2
(0.267 g, 0.437 mmol) was added, and the mixture allowed to thaw
and stir overnight to afford a dark-green solution. THF was removed
in vacuo, and the crude mixture was dissolved in DCM and filtered
through silica. Preparative TLC using an eluent system of DCM and
petrol in a ratio of 1:1 afforded an orange band (Rf = 0.61), the
known12 compound [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-
1,2-C2B10H10})(p-cymene)] (I, 0.231 g, 51%), and an orange-brown
band (Rf = 0.20) that was subsequently identified as [Ru(κ3-2,2′,11′-
{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10}(p-cymene)] (1a,
0.004 g, 1%). C14H35B19Ru requires C 33.0, H 6.92. Found for 1a:
C 33.2, H 6.86%. 11B{1H} NMR (CDCl3): δ 1.6 (1B), −3.8 (4B),
−6.5 to −13.6, overlapping resonances with prominent maxima at
−9.1, −12.2 (total integral 8B), −17.3 (1B), −18.9 (1B), −20.4 (1B),
−23.4 (1B), −26.7 (1B), −36.4 (1B). 1H NMR (CDCl3): δ 5.76 [d, J
= 6.0 Hz, 1H, CH3C6H4CH(CH3)2], 5.74 [d, J = 6.0 Hz, 1H,
CH3C6H4CH(CH3)2], 5.55 [d, J = 6.0 Hz, 1H, CH3C6H4CH-
(CH3)2], 5.50 [d, J = 6.0 Hz, 1H, CH3C6H4CH(CH3)2], 2.92 (br s,
1H, CcageH), 2.81[app sept, J = 6.9 Hz, 1H, CH3C6H4CH(CH3)2],
2.48 [s, 3H, CH3C6H4CH(CH3)2], 1.41 [app d, J = 6.9 Hz, 6H,
CH3C6H4CH(CH3)2].

1H{11B} NMR (CDCl3): δ as for 1H NMR
plus −2.93 (br s, 1H, BHbridging), −6.48 (s, 1H, BHagostic), −7.81 (s,
1H, BHagostic). EIMS: envelopes centered on m/z 510.3 (M+).

[Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})-
(C6H6)] (1b). Similarly, 1,1′-bis(o-carborane) (0.250 g, 0.873 mmol) in
THF (20 mL) at 0 °C was treated with nBuLi (0.77 mL of a 2.5 M
solution, 1.92 mmol) and then [RuCl2(C6H6)]2 (0.218 g, 0.437
mmol) to give a very dark blue solution. Workup by filtration of a
DCM solution through silica and then preparative TLC (DCM/petrol
1:1) afforded multiple overlapping bands, the most abundant of which
was an orange-brown band (Rf = 0.26) which proved impossible to
obtain in a spectroscopically pure form. Nevertheless, prominent in
the 1H{11B} NMR spectrum (CDCl3) were resonances at δ −2.90 (br
s, 1H, BHbridging), −6.34 (s, 1H, BHagostic) and −7.83 (s, 1H, BHagostic)
tentatively identifying the product as [Ru(κ3-2,2′,11′-{1-(7′-nido-
7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6H6)] (1b, 0.013 g, 3%).
EIMS: envelopes centered on m/z 454.3 (M+).

[1-(1′-closo-1′,2′-C2B10H11)-3-(C6H3Me3)-closo-3,1,2-RuC2B9H10]
(2c) and [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-
C2B10H10})(C6H3Me3)] (1c). In an analogous way, 1,1′-bis(o-carborane)
(0.250 g, 0.873 mmol) in THF (20 mL) at 0 °C was treated with
nBuLi (0.77 mL of 2.5 M solution, 1.92 mmol) and then
[RuCl2(C6H3Me3)]2 (0.255 g, 0.437 mmol), resulting in a dark red-
brown solution. Following the filtration of a DCM solution through
silica, preparative TLC (DCM/petrol 3:2) afforded a yellow band (Rf
= 0.76) subsequently identified as [1-(1′-closo-1′,2′-C2B10H11)-3-
(C6H3Me3)-closo-3,1,2-RuC2B9H10] (2c, 0.013 g, 4%) and an orange
band (Rf = 0.60) subsequently identified as [Ru(κ3-2,2′,11′-{1-(7′-
nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6H3Me3)] (1c, 0.026 g,
7%).

2c. C13H33B19Ru requires C 31.5, H 6.71. Found for 2c: C 31.7, H
6.75%. 11B{1H} NMR (CDCl3): δ 3.3 (1B), 0.4 (1B) −3.3 (3B), −6.3
to −14.6, overlapping resonances with prominent maxima at −7.3,
−10.6, −12.7 (total integral 12B), −17.4 (2B). 1H NMR (CDCl3): δ
5.84 [s, 3H, C6H3(CH3)3], 3.99 (br s, 1H, CcageH), 3.82 (br s, 1H,
CcageH), 2.41 [s, 9H, C6H3(CH3)3]. EIMS: envelope centered on m/z
493.4 (M+).

1c. C13H33B19Ru requires C 31.5, H 6.71. Found for 1c: C 32.4, H
6.97%. 11B{1H} NMR (CD2Cl2): δ 2.3 (1B), −1.5 to −6.1,
overlapping resonances with prominent maxima at −3.7, −4.9 (total
integral 4B), −7.5 to −14.2, overlapping resonances with prominent
maxima at −9.1, −9.9, −12.3 (total integral 8B), −17.2 (1B), −18.8
(1B), −20.6 (1B), −23.8 (1B), −27.0 (1B), −36.6 (1B). 1H NMR
(CD2Cl2): δ 5.34 [s, 3H, C6H3(CH3)3, overlapped with CD2Cl2],
2.92 (br s, 1H, CcageH), 2.42 [s, 9H, C6H3(CH3)3].

1H{11B} NMR
(CD2Cl2): δ as for 1H NMR plus −2.89 (br s, 1H, BHbridging), −6.60
(s, 1H, BHagostic), −7.82 (s, 1H, BHagostic). EIMS: envelope centered
on m/z 495.3 (M+).

Figure 2. [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-
C2B10H10)}(p-cymene)], compound I.
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[1-(1′-closo-1′,2′-C2B10H11)-3-(C6Me6)-closo-3,1,2-RuC2B9H10]
(2d) and [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-
C2B10H10})(C6Me6)] (1d). Similarly, the deprotonation of 1,1′-bis(o-
carborane) (0.250 g, 0.873 mmol) in THF (20 mL) at 0 °C with
nBuLi (0.77 mL of 2.5 M solution, 1.92 mmol) followed by reaction
with [RuCl2(C6Me6)]2 (0.293 g, 0.437 mmol) afforded a dark-red
solution, the workup of which (initial filtration of a DCM solution
through silica and then preparative TLC [DCM/petrol 2:3]) gave a
yellow band (Rf = 0.45) subsequently identified as [1-(1′-closo-1′,2′-
C2B10H11)-3-(C6Me6)-closo-3,1,2-RuC2B9H10] (2d, 0.025 g, 5%) and
an orange band (Rf = 0.36) subsequently identified as [Ru(κ3-2,2′,11′-
{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})(C6Me6)] (1d, 0.065
g, 14%).
2d. C16H39B19Ru requires C 35.7, H 7.31. Found for 2d: C 35.3, H

7.25%. 11B{1H} NMR (CDCl3): δ 5.6 (1B), 0 to −20, overlapping
resonances with prominent maxima at −0.9, −2.1, −4.0, −5.3, −7.3,
−8.1, −10.5, −12.8, −15.0, −17.6 (total integral 18B). 1H NMR
(CDCl3): δ 4.00 (br s, 1H, CcageH), 3.59 (br s, 1H, CcageH), 2.23 [s,
18H, C6(CH3)6]. EIMS: envelope centered on m/z 538.4 (M+).
1d. C16H39B19Ru requires C 35.7, H 7.31. Found for 1d: C 35.7, H

7.27%. 11B{1H} NMR (CDCl3): δ −0.3 (1B), −2.5 to −5.5,
overlapping resonances with prominent maxima at −3.3, −4.8 (total
integral 4B), −8.0 to −13.0, overlapping resonances with prominent
maxima at −9.1, −10.7, −12.0 (total integral 7B), −16.8 (2B), −19.1
(1B), −21.1 (1B), −24.9 (1B), −27.1 (1B), −36.6 (1B). 1H NMR
(CDCl3): δ 2.79 (br s, 1H, CcageH), 2.27 [s, 18H, C6(CH3)6].
1H{11B} NMR (CDCl3): δ as for 1H NMR plus −2.97 (br s, 1H,
BHbridging), −6.74 (s, 1H, BHagostic), −7.88 (s, 1H, BHagostic). EIMS:
envelope centered on m/z 538.4 (M+).
Use of [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-

C2B10H10)}(DME)2] as a Bis(o-carborane) Transfer Agent. [Ru(κ3-
2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)]
(I). To a solution of [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-
1,2-C2B10H10)}(DME)2] in THF (20 mL), prepared from 1,1′-bis(o-
carborane) (0.250 g, 0.873 mmol) according to the literature23 and
used in situ at room temperature, was added [RuCl2(p-cymene)]2
(0.267 g, 0.437 mmol). The reaction mixture was stirred overnight at
room temperature to give a near-black solution. THF was removed in
vacuo, and the crude mixture was dissolved in DCM and filtered
through silica. Purification by preparative TLC (DCM/petrol 1:1)
afforded an orange band (Rf = 0.60) subsequently identified as the
known compound12 [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-
1,2-C2B10H10})(p-cymene)] (I, 0.186 g, 41%).
[{Ru(C6H6)}2(μ-Cl)(μ-κ

4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-
1,2-C2B10H9})] (3b) and [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-
closo-1,2-C2B10H10})(C6H6)] (4b). In an analogous manner, to [Mg(κ2-
2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(DME)2] in
THF (20 mL) prepared from 1,1′-bis(o-carborane) (0.250 g, 0.873
mmol), was added [RuCl2(C6H6)]2 (0.218 g, 0.436 mmol). From the
resulting near-black solution, workup by preparative TLC (DCM/
petrol 3:2) afforded a violet band (Rf = 0.47) subsequently identified
(via elemental analysis, mass spectrometry, and single-crystal X-ray
diffraction) as the paramagnetic compound [{Ru(C6H6)}2(μ-Cl)(μ-
κ4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})] (3b,
0.060 g, 10%) and an orange band (Rf = 0.10) subsequently identified
as [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})-
(C6H6)] (4b, 0.230 g, 57%).
3b. C16H30B20ClRu2 requires C 28.3, H 4.76. Found for 3b: C 27.5,

H 4.60%. EIMS: envelope centered on m/z 677.2 (M+), 597.1 (M+−
C6H6).
4b. C10H26B20Ru requires C 25.9, H 5.65. Found for 4b: C 25.7, H

5.67%. 11B{1H} NMR (CD2Cl2): δ −1.3 (2B) −4.9 (2B), −6.9 (4B),
−8.2 to −12.2, overlapping resonances with prominent maxima at
−9.8 and −11.0 (total integral 12B). 1H NMR (CD2Cl2): δ 5.71 (s,
C6H6).

1H{11B} NMR (CD2Cl2): δ 5.71 (s, 6H, C6H6), 0.00 (br s,
4H, BHagostic). EIMS: envelope centered on m/z 463.2 (M+).
[{Ru(C6H3Me3)}2(μ-Cl)(μ-κ

4-2,2′,3,3′-{1-(1′-closo-1′,2′-C2B10H9)-
closo-1,2-C2B10H9})] (3c). In an analogous manner, from [Mg(κ2-2,2′-
{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(DME)2], prepared
from 1,1′-bis(o-carborane) (0.250 g, 0.873 mmol), and

[RuCl2(C6H3Me3)]2 (0.255 g, 0.436 mmol) in THF (20 mL), and
following a similar workup (Rf = 0.63), was isolated a yellow solid
subsequently identified as [{Ru(C6H3Me3)}2(μ-Cl)(μ-κ

4-2,2′,3,3′-{1-
(1′-closo-1′,2′-C2B10H9)-closo-1,2-C2B10H9})] (3c, 0.005 g, 1%).
C22H42B20ClRu2 requires C 34.7, H 5.82. Found for 3c: C 34.5, H
6.03%. EIMS: envelope centered on m/z 761.3 (M+), 638.2 (M+ −
C9H12).

[Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})-
(C6Me6)] (4d). Similarly, [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-
closo-1,2-C2B10H10)}(DME)2], prepared from 1,1′-bis(o-carborane)
(0.250 g, 0.873 mmol), was allowed to react with [RuCl2(C6Me6)]2
(0.292 g, 0.436 mmol) in THF (20 mL). Solvent was exchanged for
DCM, and the dark-brown solution was filtered through silica,
following which preparative TLC (DCM/petrol 1:1) afforded a red
band (Rf = 0.57), subsequently identified as [Ru(κ3-2,2′,3′-{1-(1′-
closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)] (4d, 0.067 g,
14%). C16H38B20Ru requires C 35.1, H 6.99. Found for 4d: C 35.5,
H 7.09%. 11B{1H} NMR (CD2Cl2): δ −1.9 (2B), −3.8 (2B), −7.5 to
−11.0, overlapping resonances with prominent maxima at −8.2, −9.1,
−10.7 (total integral 16B). 1H NMR (CD2Cl2): δ 2.14 [s, C6(CH3)6].
1H{11B} NMR (CD2Cl2): δ 2.14 [s, 18H, C6(CH3)6], 0.16 (br s, 4H,
BHagostic).

Reactions of 4a, 4b, and 4d with Acetonitrile. [Ru(κ2-2,2′-{1-(1′-
closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)(NCMe)] (5a).
Excess MeCN (∼1 mL) was added to compound I (= 4a) (0.045
g, 0.0866 mmol) in DCM (1 mL). An immediate color change was
observed from orange to yellow. The addition of excess petrol
afforded a yellow precipitate which was isolated by filtration, washed
with petrol, and subsequently identified as [Ru(κ2-2,2′-{1-(1′-closo-
1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)(NCMe)] (5a, 0.047
g, 97%). C16H37B20NRu requires C 34.3, H 6.65, N 2.50%. Found for
5a: C 33.3, H 6.53, N 2.49%. 11B{1H} NMR (CD2Cl2): δ −3.3 (4B),
−5.2 to −12.4, overlapping resonances with prominent maxima at
−7.0, −8.4, −10.7 (total integral 16B). 1H NMR [(CD3)2CO]: δ 5.62
[d, J = 6.2 Hz, 2H, CH3C6H4CH(CH3)2], 5.43 [d, J = 6.2 Hz, 2H,
CH3C6H4CH(CH3)2] , 2 .80 [sept , J = 7 .0 Hz , 1H,
CH3C6H4CH(CH3)2], 2.76 (s, 3H, NCCH3), 2.04 [s, 3H,
CH3C6H4CH(CH3)2, overlapping with protio-(CD3)2CO resonan-
ces], 1.31 [d, J = 7.0 Hz, 6H, CH3C6H4CH(CH3)2].

1H NMR
(CD2Cl2): δ 5.4 to 5.3 [4H, CH3C6H4CH(CH3)2, overlapping with
protio-CD2Cl2 resonances], 2.49 (s, 3H, NCCH3) overlapping with
2.43 [1H, CH3C6H4CH(CH3)2], 2.02 [s, 3H, CH3C6H4CH(CH3)2],
1.27 [d, J = 7.0 Hz, 6H, CH3C6H4CH(CH3)2]. EIMS: envelope
centered on m/z 520.3 (M+ − MeCN).

[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})-
(C6H6)(NCMe)] (5b). Similarly, compound 4b (0.025 g, 0.052 mmol)
in DCM (1 mL) was treated with MeCN (∼1 mL), and the yellow
product was precipitated by the addition of petrol and washed with
petrol and dried. It was subsequently identified as [Ru(κ2-2,2′-{1-(1′-
closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6H6)(NCMe)] (5b,
0.019 g, 70%). C16H37B20NRu requires C 28.6, H 5.79, N 2.78%.
Found for 5b: C 27.7, H 5.86, N 2.71%. 11B{1H} NMR (CD2Cl2): δ
−3.3 (4B), −4.4 to −11.5, overlapping resonances with prominent
maxima at −5.3, −6.8, −8.4, −10.7 (total integral 16B). 1H NMR
(CD2Cl2): δ 5.46 (s, 6H, C6H6), 2.46 (s, 3H, NCCH3). EIMS:
envelopes centered on m/z 505.3 (M+), 463.3 (M+ − MeCN).

[Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})-
(C6Me6)(NCMe)] (5d). Excess MeCN (∼1 mL) was added to
compound 4d (0.025 g, 0.045 mmol) in DCM (1 mL), resulting in
an immediate color change from red to yellow. The solution was
concentrated to half volume, and upon subsequent slow evaporation,
yellow crystals formed. These were isolated by filtration, washed with
petrol, and ultimately identified as [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-
C2B10H10)-closo-1,2-C2B10H10})(C6Me6)(NCMe)] (5d, 0.018 g,
67%). Elemental analysis was unreliable because of the facile loss of
MeCN. 11B{1H} NMR (CD3CN): δ 0 to −5, overlapping resonances
with prominent maxima at −2.4, −3.5 (total integral 4B), −7 to −11,
overlapping resonances with maxima at −7.4, −8.6, −9.6, −10.2 (total
integral 14B), −12.5 (2B). 1H NMR (CD3CN): δ 1.98 [s, 18H,
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C6(CH3)6], 1.96 [s, 3H, NCCH3]. EIMS: envelope centered on m/z
547.4 (M+−MeCN).
Catalysis: General Procedure for Diels−Alder Cycloaddi-

tion. An aliquot of freshly cracked CpH (0.46 mL, 10 equiv) was
added under N2 to a solution of the catalyst (1 mol %) in CD2Cl2 (0.8
mL) in a J. Young NMR tube. The dienophile (1 equiv) was added at
t = 0, and 1H NMR spectra were recorded every hour. Conversion
was monitored by the analysis of the ratio of the aldehyde proton
resonances in the products against that in the dienophile. Each run
was repeated, and the average conversion was recorded. Reactions
were run in an air-conditioned room at 20 °C. Further details are
available in the Supporting Information.
Crystallography. Crystals of 1a, 1c, 1d·CH2Cl2, 2c, 2d, 3b·

CH2Cl2, 3c, 4d, and 5a·CH2Cl2 were grown by the diffusion of a
DCM solution of the appropriate compound and petrol at −20 °C.
Crystals of 4b were obtained by vapor diffusion of a fluorobenzene
solution and petrol at room temperature in a glovebox. Crystals of 5b·
CH2Cl2 were grown by vapor diffusion of a DCM solution and petrol
at −20 °C, and those of 5d·CH3CN were afforded by the slow
evaporation of a MeCN solution at room temperature. All were
obtained as single crystals except 4d, which crystallizes as a two-
component twin. Diffraction data from 1c, 1d·CH2Cl2, 2c, 2d, 3b·
CH2Cl2, 3c, 5a·CH2Cl2, and 5d·CH3CN were obtained at 100 K on a
Bruker X8 APEXII diffractometer operating with Mo Kα radiation.
Data from 1a, 4b, and 5b·CH2Cl2 were collected at 120 K on a Rigaku
Oxford Diffraction SuperNova diffractometer, using Cu Kα radiation
for 1a and Mo Kα radiation for 4b and 5b·CH2Cl2. Data from 4d
were obtained at 100 K on a Rigaku AFC12 diffractometer with Mo
Kα radiation. Using OLEX2,33 structures were solved by direct
methods using the SHELXS34 or SHELXT35 program and refined by
full-matrix least-squares using SHELXL.36 In 1d·CH2Cl2 and 5b·
CH2Cl2, the DCM molecule of solvation is fully ordered while in 3b·
CH2Cl2, it is partially disordered. 5a·CH2Cl2 also contains one
molecule of DCM of solvation but this was impossible to model
satisfactorily, and the intensity contribution of the badly disordered
solvent was removed using the BYPASS procedure37 implemented in
OLEX2. Finally, 5d·CH3CN contains a partially disordered molecule
of MeCN of solvation. In all cases, cage C atoms bearing only H
substituents were clearly distinguished from B atoms by application of
the vertex−centroid distance (VCD) and boron−hydrogen distance
(BHD) methods,38 except for 2d, in which there is C/B disorder in
both the metallacarborane and carborane cages, and 3c and 3b·
CH2Cl2, in which all cage atoms bonded to Ru are disordered C/B
50:50, a space group requirement for the latter. In 1c, B3′ is partially
disordered, the minor component appearing as a ghost atom above
the C2B3 open face of the nido cage. As a consequence, it was not
possible to locate the bridging H atom crystallographically. Cage H
atoms (both terminal and bridging) were allowed positional
refinement except in the case of 1a where the quality of the data
did not allow this; here, terminal H atoms were treated as a mixture of
refined, restrained [B−H 1.10(2) Å] and riding (B−H 1.12 Å), while
the bridging H atom was restrained to B9−H, B10−H 1.25(2) Å. All
other H atoms were treated as riding, with Cprimary−H 0.98 Å,
Csecondary−H 0.99 Å, Ctertiary−H 1.00 Å, and Carene−H 1.00 Å. H-atom
displacement parameters were constrained to 1.2 × Ueq (bound B or
C) except for Me H atoms [1.5 × Ueq (Cmethyl)]. The Supporting
Information contains unit cell data and further experimental details.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Chart 1 summarizes the
four classes of species (1−4) isolated from our reactions and a
fifth species (5) ultimately prepared from 4. We have
previously reported compound 4a (hereafter compound I)
and shown it to be an efficient catalyst for the Diels−Alder
cycloaddition of cyclopentadiene and methacrolein.12 Our
objectives here are to extend the scope of this reaction to
embrace other dieneophiles and analogous catalysts in which
the η-arene ligand is varied.

Our initial target was 4b, the simple analog of I with
benzene replacing p-cymene. Although I is produced in good
yield by the deprotonation of 1,1′-bis(ortho-carborane) in
THF with nBuLi followed by reaction with [RuCl2(p-
cymene)]2, the analogous reaction using [RuCl2(C6H6)]2
was by no means clean, with TLC revealing a large number
of overlapping bands, each of which was afforded in low yield
but none of which was spectroscopically consistent with 4b.
The most prominent band was an orange-brown species, but
this proved impossible to isolate in pure form by repeated
chromatography. Nevertheless, the 1H{11B} NMR spectrum of
this band featured tell-tale low-frequency resonances consistent
with a B−H−B bridging proton (δ −2.90) and two different
B−H⇀Ru agostic protons (δ −6.34, −7.83), while EIMS
indicated a molecular ion peak centered on m/z 454.3. These
data are consistent with the zwitterionic species [Ru(κ3-
2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})-
(C6H6)] (1b).
Switching the arene to mesitylene (1,3,5-trimethybenzene)

afforded a somewhat cleaner reaction in that TLC allowed the
isolation of the pure form of two products, albeit in low yield.
Yellow compound 2c was identified by elemental analysis,
mass spectrometry, 11B and 1H NMR spectroscopies, and
ultimately single-crystal X-ray diffraction as [1-(1′-closo-1′,2′-
C2B10H11)-3-(C6H3Me3)-closo-3,1,2-RuC2B9H10], while orange
coproduct 1c was characterized in the same way as the
zwitterion [Ru(κ3-2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-
1,2-C2B10H10})(C6H3Me3)], fully analogous to 1b.

Chart 1. Line Diagrams of the Productsa

aIn zwitterion 1, the negative charge is associated with the open five-
atom face of the right carborane cage. Paramagnetic species 3 is a
mixture of two isomers with “cis” and “trans” arrangements of the
disordered cage C atoms bonded to Ru.
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A very similar outcome resulted from the use of
[RuCl2(C6Me6)]2, with yellow [1-(1′-closo-1′,2′-C2B10H11)-3-
(C6Me6)-closo-3,1,2-RuC2B9H10] (2d) and orange [Ru(κ3-
2,2′,11′-{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10})-
(C6Me6)] (1d) isolated in yields of 5 and 14%, respectively,
and characterized by the same array of analytical techniques.
Compounds 1b, 1c, and 1d are zwitterionic species in which

the primed carborane cage has been partially degraded by the
loss of a {B} vertex and carries a negative charge. The open
face thus formed has an H atom bridging the B9′−B10′
connectivity, appearing in the 1H{11B} NMR spectrum at ca. δ
−2.9 to −3.0. This cage is not bound to Ru+ by its nonlinking
C atom (which remains protonated, C8′H δ ca. 2.8) but via
two B−H⇀Ru agostic interactions at B2′ and B11′, character-
istic resonances appearing in the 1H{11B} NMR spectrum at
ca. δ −6.5 to −6.8 and ca. −7.8 to −7.9. The partially degraded
bis(carborane) is further bonded to Ru by a direct σ-bond
from C2 of the unprimed cage. Overall, the bis(carborane) unit
is now a closo-nido-X(C)L2 ligand to the metal center, a
previously unreported bonding mode for this ligand. To
illustrate these interactions, two views of compound 1d (as an
example) are presented in Figure 3.
Compounds 2c and 2d are isomers of 1c and 1d and again

result from the deboronation of one cage, but now the
interaction between the metal center and the bis(carborane) is
quite different, with the unprimed cage being η5-coordinated to
Ru and there being no interaction between the metal atom and
the primed cage. Thus, compounds 2 are metallacarborane−
carborane compounds, fully analogous to those we have
previously reported following deliberate monodeboronation
and then metalation of 1,1′-bis(ortho-carborane).10 11B{1H}
NMR spectra of compounds 2c and 2d are largely
uninformative because of multiple overlapping resonances, a
consequence of the asymmetry of the molecules (19 unique B
environments) and a relatively small 11B chemical shift range,
although the absence of resonances at low frequency does
imply the closo nature of both cages. 1H NMR spectra reveal,
in addition to resonances due to the arene ligand, two broad
CcageH resonances, one for the metallacarborane cage and the
other for the carborane cage.
Both 2c and 2d were also characterized crystallographically,

and a perspective view of 2c is shown in Figure 4. In the
structure of 2d, there is disorder between C2 and B4 of the
ruthenacarborane cage (vertex 2, C/B 53:47; vertex 4, the

complement) and between C2′ and B4′ of the carborane cage
(both vertices, C/B 50:50) while the structure of 2c is fully
ordered. It is clear from Figure 4 that an important feature of
the structure of 2c is a pronounced bend back of the
mesitylene ligand away from the bulky carborane substituent
on C2. This bend back is consistently observed in [1-C2B10-3-
arene/Cp/Cp*-3,1,2-MC2B9] species10,25 and is conveniently
quantified by θ, the dihedral angle between the plane of the
hydrocarbon ligand and the B5B6B11B12B9 plane of the
metallacarborane (the lower pentagonal belt, usually taken as
the reference plane in 3,1,2-MC2B9 icosahedra).

39 In 2c, θ is
18.58(5)°, and in 2d, it is 19.70(5)°. Both of these are greater
than that in previously reported p-cymene analog 2a [hereafter
compound II, θ = 16.08(9)°],10 consistent with the effective
steric bulk of the arenes increasing in the order p-cymene <
mesitylene < hexamethylbenzene.
The identification of products 1b−d and 2c,d involving

partial degradation of one of the cages of 1,1′-bis(ortho-
carborane) prompted us to reinvestigate the synthesis of
compound I. Originally, having reacted the carborane with
nBuLi (slight excess) in THF, we stirred the solution at room
temperature for 1 h before the addition of [RuCl2(p-
cymene)]2.

12 In repeating the reaction, we now allowed the
solution to stir for 2 h before metalation. On workup, this
afforded not only compound I in somewhat better yield than
before (51 vs 37%) but also a trace amount (ca. 1%) of a new
compound as an additional mobile band on TLC. This new

Figure 3. Perspective views of compound 1d. Selected interatomic distances (Å): Ru−C2, 2.1500(14); Ru−H2′, 1.842(19); H2′−B2′, 1.18(2);
Ru···B2′, 2.4028(17); Ru−H11′, 1.87(2); H11′−B11′, 1.23(2); Ru···B11′, 2.4364(17); C2−C1, 1.6670(19); C1−C7′, 1.507(2); C7′−C8′,
1.533(2); Ru−C(arene), 2.1861(14)−2.2890(14).

Figure 4. Perspective view of compound 2c. Selected interatomic
distances (Å): Ru3−C1, 2.2805(15); Ru3−C2, 2.2201(16); C2−C1,
1.667(2); C1−C1′, 1.544(2); C1′−C2′, 1.658(2); Ru−C(arene),
2.2104(16)−2.3523(16).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b01774
Inorg. Chem. 2019, 58, 11751−11761

11755

http://dx.doi.org/10.1021/acs.inorgchem.9b01774


compound was quickly identified as zwitterion [Ru(κ3-2,2′,11′-
{1-(7′-nido-7′,8′-C2B9H11)-closo-1,2-C2B10H10}(p-cymene)]
(1a) on the basis of the characteristic resonances for B−H−B
bridging and B−H⇀Ru agostic H atoms in the 1H{11B} NMR
spectrum and ultimately confirmed as such by a crystallo-
graphic study.
We therefore conclude that small amounts of deboronated

species 1 and 2 are typically formed in these reactions, possibly
aided by extended stir-time prior to metalation. Partial
deboronation of 1,1′-bis(ortho-carborane) in the presence of
nBuLi in THF has been noted previously.17,24 We believe that
the most likely source of this deboronation is nucleophilic
attack on 1,1′-bis(ortho-carborane) by an ω-alkenolate ion
formed by the decomposition of THF by nBuLi at room
temperature.40 We therefore concur with Spokoyny et al. that
nBuLi is not a suitable reagent for the deprotonation of 1,1′-
bis(ortho-carborane).24 Deprotonation of the single-cage
[closo-1,2-C2B10H12] with nBuLi in THF is a clean reaction
and is used extensively, but each cage of 1,1′-bis(ortho-
carborane) is electron-withdrawing relative to H, rendering the
other more susceptible to nucleophilic attack.10,11 Although
this explains the formation of species 1 and 2 in the above
reactions, it does not rationalize the fact that only the reaction
with [RuCl2(p-cymene)]2 affords target species 4 (4a = I).
However, of all of the [RuCl2(arene)]2 dimers, the p-cymene
compound is by far the most soluble, and this is likely to be a
major factor here.
Scheme 1 summarizes the reactions described so far. The

formation of a range of compounds 4 with differing arene
ligands via the initial deprotonation of 1,1′-bis(ortho-
carborane) with nBuLi in THF was thus shown to be
unfeasible. Viñas, Teixidor, and co-workers have performed
extensive studies of alternative ethereal solvents for the
deprotonation of carboranes,41 but seeking a different
approach, we turned to the recently reported bis(carborane)
transfer reagent [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-
1,2-C2B10H10)}(DME)2].

23 We began by testing the ability of
this species to transfer bis(carborane) to an {Ru(p-cymene)}
fragment to afford known compound [Ru(κ3-2,2′,3′-{1-(1′-

closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(p-cymene)] (I).10

Reaction between [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-
closo-1,2-C2B10H10)}(DME)2], prepared according to the
literature23 and used in situ following spectroscopic con-
firmation of its purity, and [RuCl2(p-cymene)]2 in THF
afforded compound I (identified by 11B{1H} and 1H{11B}
NMR spectroscopies) in 41% yield following workup, a yield
fully comparable with that previously reported.10

Encouraged by this success, we next used the transfer agent
to target an analog of I that we had failed to prepare by the
nBuLi/metalation approach. Reaction of the magnesium
compound with [RuCl2(C6H6)]2 in THF resulted in an
extremely dark, nearly black solution, which on separation by
TLC afforded two products: violet paramagnetic species
[{Ru(C6H6)}2(μ-Cl)(μ-κ

4-2,2′ ,3,3′-{1-(1′-closo-1′ ,2′-
C2B10H9)-closo-1,2-C2B10H9})] (3b) and, pleasingly, orange
compound [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-closo-
1,2-C2B10H10})(C6H6)] (4b), the latter in a yield of 57%.
Compound 3b was characterized by elemental analysis, mass

spectrometry, and single-crystal X-ray diffraction (Figure 5). It
is without precedent, featuring a formal {C2B10H9−C2B10H9}

4−

fragment derived by the quadruple deprotonation of 1,1′-
bis(ortho-carborane) bridging two {Ru(C6H6)} fragments
which are additionally bridged by a Cl ligand. Evidently the
{Ru2(C6H6)2Cl} unit arises from only partial fragmentation of
the [RuCl2(C6H6)]2 dimer on reaction with [Mg(κ2-2,2′-{1-
(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10)}(DME)2]. Thus,
3b is formally a mixed-valence RuII/RuIII species with the
bis(carborane) acting as a closo-closo-X4(C,C′,B,B′) ligand to
the Ru2 unit. The molecule has effective C2v symmetry, one of
whose mirror planes coincides with a crystallographic mirror
which lies perpendicular to the Ru2Cl plane, requiring the cage
vertices σ-bonded to the Ru atoms to be C/B 50:50
disordered. The species must therefore exist as an equal
mixture of two isomers of the molecule (Figure 6) with cis and
trans arrangements of the cage C atoms bonded to Ru. These
isomers could not be separated on TLC because the product
moves as tight band, and they crystallize together, resulting in
the disordered structure.

Scheme 1. Deprotonation of 1,1′-Bis(ortho-carborane) with nBuLi Followed by Reaction with [RuCl2(arene)]2
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The major product of the reaction that afforded 3b was
target compound [Ru(κ3-2,2′,3′-{1-(1′-closo-1′,2′-C2B10H10)-
closo-1,2-C2B10H10})(C6H6)] (4b). This was initially charac-
terized by elemental analysis, mass spectrometry, and 11B{1H}
and 1H{11B} NMR spectroscopies. Although the 11B{1H}
NMR spectrum is relatively uninformative, the absence of any
CcageH resonances in the 1H NMR spectrum and the clear
presence of a resonance associated with the B-agostic B−H⇀
Ru interaction being integrated for 4H in the 1H{11B} NMR
spectrum identify 4b as a direct analog of compound I.12

However, there is only one B−H⇀Ru interaction in these
species in which the interaction is fluxional among B atoms 3,
3′, 6, and 6′ in solution at room temperature. The fluxionality
can be partially arrested by cooling in the case of I,12 but for
4b, it persists, even at 198 K in CD2Cl2.
Confirmation of the nature of 4b was provided by the results

of a structural determination (Figure 7). The Ru atom is
bound to the bis(carborane) by two Ru−C bonds and,
additionally, a B-agostic interaction from B3′H3′, making the
bis(carborane) a closo-closo-X2(C,C′)L ligand and affording the
Ru center an 18e configuration.
The success of [Mg(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-

closo-1,2-C2B10H10)}(DME)2] as a bis(carborane) transfer
agent in these two reactions prompted us to similarly explore
its reactivity with [RuCl2(C6H3Me3)]2 and [RuCl2(C6Me6)]2.
In the former case, the only product that could be isolated by
TLC was a low yield of paramagnetic species [{Ru-
(C6H3Me3)}2(μ-Cl)(μ-κ

4-2,2′ ,3,3′-{1-(1′-closo-1′ ,2′-
C2B10H9)-closo-1,2-C2B10H9})] (3c), an analog of 3b charac-
terized by microanalysis, mass spectrometry, and single-crystal
X-ray diffraction. We attribute the general lack of success of
this reaction, at least in part, to the very limited solubility of

[RuCl2(C6H3Me3)]2. Reaction between the magnesium
reagent and [RuCl2(C6Me6)]2 also afforded only one isolatable
product, but this time sought-after species [Ru(κ3-2,2′,3′-{1-
(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6Me6)] (4d).
Initial characterization by elemental analysis was comple-
mented by that from 11B{1H} and 1H{11B} NMR spectros-
copies, although no useful mass spectrometric data could be
obtained from 4d. As was the case with I and 4b, the 1H{11B}
NMR spectrum of 4d at room temperature shows a broad, low-
frequency singlet integrated for 4H and assigned to fluxional
B−H⇀Ru atoms, and the presence of one such interaction in
the solid state was subsequently confirmed by a crystallo-
graphic study. Similarly to 4b, the fluxionality of the B−H⇀Ru
interaction in 4d could not be arrested at 198 K. Scheme 2
summarizes the reactions performed with the bis(carborane)
transfer regent.
As previously noted,10 we believe that the displacement of

the B-agostic B−H⇀Ru interaction in species of structure type
4 is the first step in these compounds acting as Lewis acid
catalysts. Therefore, prior to full catalytic studies, we tested the
likely potential of I, 4b, and 4d to act as Lewis acid catalysts by
investigating their reactivity with weakly binding ligand
acetonitrile. If MeCN is able to displace the agostic bond,
then the possibility exists that, in a cycloaddition reaction, the
incoming dienophile will similarly displace this interaction, be
activated by bonding to the metal center, and subsequently
interact with the diene. The addition of an excess of MeCN to
a solution of I, 4b, and 4d in DCM resulted in an immediate
lightening of the color of the solution, signifying reaction.
Products [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-
C2B10H10})(p-cymene)(NCMe)] (5a), [Ru(κ2-2,2′-{1-(1′-
closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10})(C6H6)(NCMe)]
(5b), and [Ru(κ2-2,2′-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-
C2B10H10})(C6Me6)(NCMe)] (5d) were subsequently iso-
lated in high yields (Scheme 3).
These three new compounds were characterized by

microanalysis (except for 5d, from which MeCN is easily
lost, leading to unreliable results), mass spectrometry (all show
M+ − MeCN as the highest-mass peak), 11B{1H}, and 1H and
1H{11B} NMR spectroscopies (in CD3CN for 5d for the
reason stated above). Significantly, the 1H{11B} NMR spectra
showed no resonance due to B−H⇀Ru, with this being
replaced by a simple singlet for the NCCH3 protons. Note that
it was necessary to record the 1H NMR spectra of 5a in two
different solvents. In (CD3)2CO, the resonance assigned to
CH3C6H4CH(CH3)2 lies on top of the protio solvent signals,

Figure 5. Perspective view of compound 3b. Atoms shown in red are
C/B 50:50 disordered, and the molecule has crystallographically
imposed Cs symmetry about the plane defined by B12B12′Cl.
Selected interatomic distances (Å): Ru−BC2, 2.1070(18); Ru−BC2′,
2.1070(18); Ru−Cl, 2.3341(4); C1−BC2, 1.716(3); C1′−BC2′,
1.720(3); C1′−C2′, 1.658(2); Ru−C(arene), 2.2241(18)−2.311(2).

Figure 6. cis and trans isomers of compound 3b.

Figure 7. Perspective view of compound 4b. Selected interatomic
distances (Å): Ru−C2, 2.1086(8); Ru−C2′, 2.1292(8); Ru−H3′,
1.924(15); H2′−B3′, 1.154(15); Ru···B3′, 2.4003(10); C2−Cl,
1.6604(11); C1−C1′, 1.5116(11); C1′−C2′, 1.7046(11); Ru−
C(arene), 2.1777(9)−2.2443(9).
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and although this is resolved in CD2Cl2, there is now overlap
between the CH3C6H4CH(CH3)2 resonances and solvent and
between NCCH3 and CH3C6H4CH(CH3)2 resonances. The
compound is insufficiently soluble in CDCl3 for this solvent to
be useful. Finally, all three compounds were characterized
crystallographically. Figure 8 shows a perspective view of a
molecule of 5a as an example.
We also tested zwitterionic species 1a, 1b, 1c, and 1d in

reaction with MeCN because these also have B-agostic B−H⇀
Ru interactions which could in principle also be cleaved by an
incoming 2e ligand. However, no reaction was observed in all
cases, with the retention of the characteristic BHagostic

resonances in the 1H{11B} NMR spectrum. Clearly the B-
agostic B−H⇀Ru bonds in compounds of type 1 are
significantly stronger than those in compounds of type 4,
and this is fully consistent with the greater hydridic nature of
the former H atoms which resonate between ca. δ −6 and −8
in the 1H{11B} NMR spectrum, compared to ca. δ 0 for the
bridging H atoms in compounds of type 4.
In summary, we now have three examples of structure type 4

(I, 4b, and 4d) that have the potential to act as Lewis acid
catalysts. These compounds differ only in the nature of the
arene η-bonded to the Ru center. Conventional wisdom is that,
in terms of their electron-donating abilities, C6Me6 > p-cymene
> C6H6, in which case the Lewis acid strengths of the three
potential catalysts would be 4b > I > 4d. Before testing this, we
sought evidence for the relative electron-donating strengths of
the three arenes from the structural studies we have performed
on I,10 4b, 4d, 5a, 5b, and 5d (Table 1).
For the sequence 4b → I → 4d, the Ru···B3′ distance

increases from 2.40 to 2.43 to ca. 2.52 Å, indicating a weaker

Scheme 2. Reactions Using the 1,1′-Bis(ortho-carborane) Transfer Reagent

Scheme 3. Displacement of the B-Agostic B−H⇀Ru Bond by the Reaction of 4 with MeCN

Figure 8. Perspective view of compound 5a. Selected interatomic
distances (Å): Ru−C2, 2.139(2); Ru−C2′, 2.131(2); Ru−N,
2.0310(19); C2−Cl, 1.703(3); C1−C1′, 1.530(3); C1′−C2′,
1.681(3); N−C100, 1.139(3); Ru−C(arene), 2.216(2)−2.262(2).

Table 1. Structure-Based Assessment (Å) of the Relative
Electron-Donating Properties of the Arene Ligands in
Species 4 and 5

species 4 species 5

arene Ru−C2 Ru−C2′ Ru···B3′ N−C100
C6H6 4b; 2.1086(8) 4b; 2.1292(8) 4b;

2.4003(10)
5b;
1.1350(8)

p-cymene I; 2.103(2) I; 2.124(2) I, 2.430(3) 5a;
1.139(3)

C6Me6
a 4d; 2.110(7),

2.117(7)
4d; 2.117(7),
2.112(7)

4d; 2.511(8),
2.530(9)

5d;
1.146(2)

aTwo crystallographically independent molecules.
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interaction between the B3′−H3′ bond and the metal as the
series progresses (the Ru···B length is considered more reliable
than either the Ru−H or B−H length because of the relatively
large errors in the last two distances). Note that the steady
increase in the Ru···B3′ distance is not simply a consequence
of the increasing steric bulk of the arene because the Ru−C2
and Ru−C2′ distances remain effectively constant. Thus, the
B-agostic interaction progressively weakens along the series 4b
→ I → 4d, reflecting an increasingly electron-rich metal center
as the arene changes from C6H6 to p-cymene to C6Me6.
Moreover, in acetonitrile adducts 5 there is a small but clear
progressive change in the NC distance (N−C100), affording
the same conclusion with regard to the relative electron-
donating properties of the arenes; the Ru center is more
electron-rich in the series 5d > 5a > 5b, resulting in more back-
bonding to the nitrile CN−π* orbital and a longer bond.
Catalysis. To compare the Lewis acidities of compounds I,

4b, and 4d, we used each of them as catalysts in the Diels−
Alder cycloaddition reactions between cyclopentadiene and
three dienophiles (methacrolein, ethylacrolein, and E-croto-
naldehyde), as summarized in Scheme 4. Full details of the
catalytic studies and graphs of % conversion of substrates to
products versus time by catalyst and by dienophile are available
in the Supporting Information.
All three catalysts are active, showing increased conversions

relative to control reactions (no catalyst present). For all three
catalysts, the reactions with methacrolein and ethylacrolein
were much faster than those with E-crotonaldehyde, as
illustrated in Figure 9 for the case of catalyst 4d. After 360

min, compound 4d achieved ca. 65% conversion for the
dienophiles with an α-substituent (methacrolein and ethyl-
acrolein) compared to <20% for that without (E-crotonalde-
hyde). Another difference is that with E-crotonaldehyde the
exo/endo product ratio is typically ca. 45:55, with the
preference for the kinetic endo isomer being the result of

favorable secondary orbital overlap between aldehyde and ene
functions in the product, whereas for methacrolein and
ethylacrolein, the exo/endo ratio is typically ca. 90:10, the
result of steric crowding between R1 and the bridgehead atom.
Such reactivity differences between the dienophiles in Diels−
Alder reactions are well-established.42

With regard to the relative efficiencies of the three catalysts,
for the reactions involving methacrolein and ethylacrolein,
benzene compound 4b performs best, achieving >90%
conversion within 1 h and effectively quantitative conversion
within 2 h. With these substrates there is little difference
between p-cymene compound I and hexamethylbenzene
compound 4d, with both achieving ca. 50−60% conversion
after 4 h, although I performs slightly better than 4d. Figure 10

demonstrates the trend in the case of the ethylacrolein
reaction. We recognize that a contributing factor in the relative
catalytic activity of 4b > I > 4d could be the increasing steric
bulk of the arene (making it more difficult for the dienophile to
interact with the metal center), but for Lewis acid catalysis, the
relative electron-donating ability of the three arene ligands
(demonstrated by the analysis in Table 1) is also likely to be
important. In this particular system, both electronic and steric
effects work in harmony. With E-crotonaldehyde, the reaction
is much slower irrespective of the catalyst, as previously noted,
and although 4d appears to perform worst, there is effectively
no difference between the performance of 4b and I.

■ CONCLUSIONS
Attempts to prepare arene ligand analogs of a previously
reported catalytically active arene ruthenium complex of 1,1′-
bis(o-carborane), using nBuLi in THF were frustrated by the
deboronation of one cage, leading instead to metallacarbor-
ane−carborane compounds and/or novel zwitterionic species
in which the bis(carborane) unit is a closo-nido-X(C)L2 ligand

Scheme 4. Diels−Alder Cycloaddition Reaction Catalyzed by Lewis Acids I, 4b, and 4d

Figure 9. Performance of compound 4d in catalyzing the Diels−Alder
cycloaddition reactions.

Figure 10. Performance of compounds 4b, I, and 4d versus the
control in catalyzing the Diels−Alder cycloaddition reaction involving
ethylacrolein.
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to the metal center, a previously unreported bonding mode.
Switching to the use of a magnesium bis(carborane) transfer
reagent was successful, however, and two new analogs of the
catalyst were isolated and characterized, although we also
isolated two examples of a novel type of complex in which the
bis(carborane) acts as a closo-closo-X4(C,C′,B,B′) ligand to a
paramagnetic Ru2 unit. The abilities of three catalysts to
catalyze Diels−Alder cycloaddition reactions between cyclo-
pentadiene and three dienophiles were compared and found to
reflect both the electron-donating strength and steric bulk of
the arene ligand.
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Abstract: The reaction of 1,1’-Li2[(2,2’-C2B10H10)2] with the cy-

clometallated gold(III) complex (C^N)AuCl2 afforded the first

examples of gold(III) dicarboranyl complexes. The reactivity
of these complexes is subject to the trans-influence exerted

by the dicarboranyl ligand, which is substantially weaker
than that of non-carboranyl anionic C-ligands. In line with

this, displacement of coordinated pyridine by chloride is
only possible under forcing conditions. While treatment of

(C^N)Au{(2,2’-C2B10H10)2} (2) with triflic acid leads to Au@C

rather than Au@N bond protonolysis, aqueous HBr cleaves
the Au@N bond to give the pyridinium bromo complex 7.

The trans-influence of a series of ligands including dicarbor-
anyl and bis(dicarboranyl) was assessed by means of DFT cal-

culations. The analysis demonstrated that it was not suffi-

cient to rely exclusively on geometric descriptors (calculated

or experimental) when attempting to rank ligands for their

trans influence. Complex (C^N)Au(C2B10H11)2 containing two
non-chelating dicarboranyl ligands was prepared similar to

2. Its reaction with trifluoroacetic acid also leads to Au@N
cleavage to give trans-(Hpy^C)Au(OAcF)(C2B10H11)2 (8). In crys-

tals of 8 the pyridinium N@H bond points towards the metal
centre, while in 7 it is bent away. The possible contribution

of gold(III)···H@N hydrogen bonding in these complexes was

investigated by DFT calculations. The results show that,
unlike the situation for platinum(II), there is no evidence for

an energetically significant contribution by hydrogen bond-
ing in the case of gold(III).

Introduction

Hydrogen bonding interactions consist of three components:

an electronegative main-group element that acts as donor, D,
a positively polarized hydrogen atom bound to D, and an ac-

ceptor atom, A. This leads to a 4-electon-3-centre (4e–3c) inter-
action. While in general cases of hydrogen bonding the ac-

ceptor A is typically an electronegative heteroatom carrying

one or more lone electron pairs, in certain cases a metal centre
can play this acceptor role.[1] The ability of electron-rich transi-

tion metals to form hydrogen bonds has been extensively in-
vestigated.[2, 3] More recently, the interactions of gold com-
plexes with hydrogen ligands have become a focus of discus-
sion, and in particular the ability (or otherwise) of gold com-

plexes to undergo hydrogen bonding has been a matter of

debate.[4–7] For gold(I), with its completely filled d-shell, a series

of experimental and theoretical studies have demonstrated the
presence of Au···HC interactions.[8–10] The nature of bonding in

cases of close Au···HN contacts between AuI and protonated N-
bases in the crystal remained uncertain, since such contacts

could simply be the consequence of crystal packing effects.
However, recent evidence has supported the concept of rela-

tively weak (ca. 7–10 kcal mol@1) but significant Au···HN-type

hydrogen bonding interactions in gold chemistry[11–13] even in
the gas phase where packing effects are excluded.[13]

Hydrogen bonding to d8 systems is rather better established,
in particular in the case of platinum(II). Both intra-[14–16] and
inter-molecular[17] Pt···HX hydrogen bonding modes are well
documented. These bonding interactions influence the 195Pt

NMR chemical shift and are significant in the context of the in-
teraction of the well-known PtII anticancer agents with intracel-
lular targets.[18] Apart from hydrogen bonding to the ligands,

M···HX bonding in these systems is predominantly between
the proton and the occupied metal-dz2 orbital of the d8 ion.[17]

Like PtII, complexes of the isoelectronic AuIII ion show inter-
esting cytotoxic properties and here too the mode of interac-

tion of the metal centre with biological targets, notably pro-

teins and DNA structures, is important.[19, 20] It is therefore an in-
triguing question whether for AuIII systems energetically signifi-

cant H-bonding interactions can be identified that might con-
tribute to the biological activity of gold compounds.

In the course of our exploration of gold(III) chemistry[20, 21] we
found that the nature of cyclometallated ligands had a pro-
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found effect on the thermal stability of potentially labile com-
plexes. For example, whereas the AuIII alkene complex

[Me2Au(COD)]+ could only be isolated and crystallized at low
temperatures,[22] analogous complexes [(C^C)Au(COD)]+ sup-

ported by chelating biscarbanionic biphenylyl instead of
methyl ligands proved to be thermally stable (COD = 1,5-cyclo-

octadiene; C^C = 4,4’-di-tert-butylbiphenyl-2,2’-diyl). This in-
creased stability appeared to be related not least to the great-

er electron-accepting capacity of C^C compared to methyl.[23]

1,2-Dicarboranyl ligands and the potentially chelating 2,2’-bis(-
dicarboranyl) dianion are more electron-withdrawing than aryl
ligands.[24] However, in contrast to the large number of dicar-
boranyl derivatives of AuI,[25–31] to the best of our knowledge

there are no reports of dicarboranyl complexes of gold(III).[32]

We therefore explored synthetic routes to AuIII complexes with

[C2B10H11]@ and [2,2’-(C2B10H10)2]2@ ligands and report here the

synthesis and structures of the first examples of well-character-
ised gold(III) dicarboranyl derivatives. As part of these studies,

we isolated zwitterionic compounds with close NH···Au con-
tacts, which served as a convenient platform to search for evi-

dence for a gold(III)@hydrogen bond.

Results and Discussion

The reaction of Li2[(2,2’-C2B10H10)2] with the cyclometallated
gold(III) 2-phenylpyridine complex (C^N)AuCl2 (1) in diethyl

ether affords the bis(dicarboranyl) complex 2 in good yield
(Scheme 1).[33] The colourless crystalline product is soluble in

dichloromethane and stable to air and moisture. By contrast,
the reaction of Li2[(2,2’-C2B10H10)2] with NaAuCl4 led only to re-
duction and gave black gold nanoparticles.

Treatment of 2 with triflic acid at @15 8C in an effort to
remove the C^N scaffold by protonolysis led to cleavage of
the Au@phenyl bond but left the pyridine ligand coordinated.
Even the addition of an excess of NnBu4Cl in dichloromethane

at room temperature displaced only the triflate to give the
chloro complex 3, while the 2-phenylpyridine ligand was re-

tained. Like 2, complex 3 is stable to water and air. The reac-

tion illustrates the electron-withdrawing properties of the di-
carboranyl ligand, which increases the Lewis acidity of the

gold(III) centre. Whereas aryl-type carbanions, for example, in
the 2-phenylpyridine C^N chelate, exert a strong trans influ-

ence and facilitate ligand substitution,[34–36] this effect is evi-
dently much weaker for C-bound dicarboranyl ligands.

Complete removal of the C^N ligand by substituting the

pyridine ligand in 3 with chloride was eventually achieved

Scheme 1. Synthesis of gold(III) bis(dicarboranyl) complexes. The structure of 2 shows the atomic numbering scheme used for NMR assignments. Ellipsoids of
molecular structures are drawn at 50 %. H-atoms are depicted in idealized positions. Selected bond lengths [a] and angles [8]: 2 : Au@C(10) 2.075(3), Au@N(1)
2.097(2), Au@C(21) 2.157(3), Au@C(41) 2.059(3) ; C(41)-Au-C(10) 96.71(10), C(41)-Au-N(1) 174.87(9), C(10)-Au-N(1) 79.45(10), C(41)-Au-C(21) 87.21(10), C(10)-Au-
C(21) 173.85(10), N(1)-Au-C(21) 96.34(9). 3 : Au@C(41) 2.039(2), Au@C(21) 2.065(2), Au@N(1) 2.0914(17), Au@Cl 2.3184(6) ; C(41)-Au-C(21) 88.59(9), C(41)-Au-N(1)
177.20(8), C(21)-Au-N(1) 94.20(8), C(41)-Au-Cl 90.61(7), C(21)-Au-Cl 175.59(6), N(1)-Au-Cl 86.60(6). 5 : Au@C(9) 2.0201(18), Au@C(11) 2.0524(17), Au@C(21)
2.0602(18), Au@Cl 2.3268(4) ; C(9)-Au-C(11) 173.97(7), C(9)-Au-C(21) 93.16(7), C(11)-Au-C(21) 87.93(7), C(9)-Au-Cl 86.95(5), C(11)-Au-Cl 92.36(5), C(21)-Au-Cl
176.18(5).

Chem. Eur. J. 2020, 26, 939 – 947 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim940

Full Paper

http://www.chemeurj.org


using more forcing conditions and required refluxing 3 in di-
chloromethane with an excess of NnBu4Cl for 6 h. The resulting

dichloro complex 4 was isolated as a white powder in quanti-
tative yield. On the other hand, substitution of the coordinated

pyridine was fast and quantitative with more basic ligands
such as isocyanides; for example, the addition of xylyl isocya-

nide at room temperature readily afforded the adduct 5.
The structures of 2, 3 and 5 were confirmed by single-crystal

X-ray diffraction (Scheme 1). Complex 2 crystallizes with

0.7 CH2Cl2 and about 0.3 molecules of a disordered C4 hydro-
carbon. All three compounds display the expected square-
planar geometry. The Au@C and Au@N distances of the cyclo-
metallated 2-aryl pyridine are a measure of the trans-influence
exerted by the 2,2’-bis(dicarboranyl) ligand in gold(III) com-
pounds. The Au@N distance is particularly sensitive to such ef-

fects (Figure 1), and comparison of these distances with those

of other examples of the type (C^N)Au(X)(Y), where X and Y
are ligands from different positions in the spectrochemical

series such as Me > aryl > trifluoroacetate > Cl@ > triflate,[37–40]

allows an evaluation of the electronic effect of the bis(dicarbor-

anyl) ligand.
However, using the experimental Au@N distances as a mea-

sure of the trans influence is problematic for several reasons.

Firstly, the comparison is imperfect because several real com-
plexes differ somewhat in their substitution pattern. Secondly,

the high sensitivity of the Au@N bond length also implies sen-
sitivity to packing effects, which can be expected to be non-

systematic. Finally, the changes we are looking for are relatively
modest compared to the error margins of some of the X-ray

structure determinations. We therefore turned to density func-

tional theory geometry optimization of pyridylphenyl com-
plexes, where errors are expected to be systematic rather than

random. Two series were examined: (C^N)Au(Z)(OTf) (with Z
trans to N) and (C^N)AuZ2, with Z = Me, aryl, halogen (Table 1).

We considered three descriptors of the trans-influence: a) the
Au@N bond length mentioned above; b) the Au@N Wiberg

bond index (WBI) ;[41] and c) the natural population analysis
(NPA) charge on the nitrogen atom.[42]

These descriptors show fairly consistent trends; on going
from Me to F: a) the Au@N bond length decreases from 2.17 to

2.04 a, b) the Au@N WBI increases from 0.29 to 0.45, and c) the
N atom becomes less negative, from @0.46 to @0.42 e.

The position of the 1,2-dicarboranyl ligand within the
Au(Z)(OTf) series is seen to be very similar to that of a C6F5

group for all three descriptors. In the AuZ2 compounds on the

other hand, the bis(dicarboranyl) ligand behaves more like two
separate p-C6H4F groups, that is, in this environment the two
carboranyl groups appear to be more strongly donating. To
check on this apparent chelate effect we also included mono-

dentate mC6H4tBu in the Au(Z)(OTf) series, and its bidentate
analogue C^C in the AuZ2 series. In terms of electronic descrip-

tors [WBI, q(N)] both fit fairly well within their series, and do

not indicate a specific chelate effect. However, the bidentate
C^C complex shows an unexpectedly large Au@N distance that

is not seen for the monodentate mC6H4tBu analogue. Inspec-
tion of the calculated structure of Au(C^C)(C^N) shows a close

approach of the ligand a- and ortho-Au hydrogen atoms that
is relieved by saddle deformation of both the C^C and C^N li-

gands, but apparently also by some elongation of the soft Au@
N bond; the X-ray structure of the analogous Au complex lack-
ing the tBu substituents shows instead a twist of C^N relative

to C^C.[43] This type of steric clash is avoided in monodentate
aryl complexes by simple rotation around the Au@Ar bonds.

Such specific steric effects complicate the analysis, and we
therefore recommend not to rely exclusively on geometric de-

scriptors (calculated or experimental) when attempting to rank

ligands for their trans influence.
For the Au(Z)(OTf) series we also briefly examined isomeric

1,12- and 11,12-dicarboranyls (Table 1). Compared to the 1,2-
C2B10H11 ligand studied experimentally, the 1,12-isomer appears

to be a slightly stronger donor, as judged from the Au@N dis-
tance and WBI. These electronic characteristics contrast strong-

Figure 1. Comparison of Au@C and Au@N distances in cyclometallated gold(III) complexes as a function of trans-influence.
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ly with the B-bound 11,12-dicarboranyl ligand, which has a

much stronger trans-influence than any other ligands consid-
ered including methyl, indicating considerable potential for

ligand tuning using dicarboranyls.[44]

Efforts to replace the chloride ligands by treating either 4 or

5 with AgSbF6 in the presence of alkenes or alkynes to gener-
ate the corresponding p-complexes were unsuccessful. The re-
action of the dichloride 4 with AgSbF6 and 1,5-cyclooctadiene

(COD) led to the formation of [Ag(COD)2]SbF6 as the only iden-
tifiable product. Unlike the behaviour of the structurally similar
C^C complex [(C^C)AuCl2]@ , which reacts with AgSbF6 even

in weakly basic solvents like diethyl ether to give

[(C^C)Au(OEt2)2]+ and also readily forms the COD complex
[(C^C)Au(COD)]+ ,[23] chloride abstraction in the case of carbor-

anyl complexes is evidently much more difficult. Eventually the
isocyanide complex 5 does react with silver trifluoroacetate in

dichloromethane (2 days), to give the corresponding OAcF

complex 6 (Scheme 2). However, whereas in other cases of
gold(III)–OAcF complexes the removal of trifluoroacetate with

B(C6F5)3 proved to be a mild and quantitative way to generate
vacant coordination sites en route to synthesizing gold(III)
alkene and alkyne complexes,[23, 45, 46] this procedure failed in

Table 1. Calculated Au@N bond lengths, WBI and natural charges on N for Au(Z)(OTf) and AuZ2 complexes.[a,b]

(C^N)Au(Z)(OTf) (C^N)AuZ2

Z Au@N [a] WBI (Au@N) q(N) (e) Au@N [a] WBI (Au@N) q(N) (e)

H 2.158 0.312 @0.476 2.158 0.341 @0.460
Me 2.170 0.287 @0.469 2.179 0.312 @0.450
mC6H4tBu[d] 2.172 0.285 @0.471 2.195 0.315 @0.450
Ph 2.168 0.289 @0.471 2.172 0.310 @0.455
pC6H4F 2.164 0.294 @0.470 2.167 0.315 @0.455
1,2-dicarboranyl[b,c] 2.127 0.330 @0.456 2.141 0.314 @0.452
1,12-C2B10H11

[e] 2.141 0.317 @0.454
11,12-C2B10H11

[c,e] 2.228 0.234 @0.480
C6F5 2.121 0.338 @0.460 2.129 0.359 @0.448
I 2.112 0.370 @0.441 2.137 0.379 @0.434
Br 2.090 0.394 @0.437 2.104 0.406 @0.429
Cl 2.076 0.409 @0.434 2.080 0.423 @0.426
F 2.044 0.448 @0.428 2.018 0.468 @0.422
OTf 2.036 0.459 @0.421 2.036 0.459 @0.421

[a] Optimized at TPSSh/Def2SVP; WBI and NPA at TPSSh/cc-pVTZ. [b] Z = 1,2-C2B10H11; Z2 = bis(dicarboranyl) (C2B10H10)2. [c] Several rotamers were located for
the 1,2- and 11,12-carboranyl series; values shown are for the lowest-energy conformer of each series. [d] Z2 = 4,4’-di-tert-butylbiphenyl-2,2’-diyl (C^C).
[e] The dicarboranyl numbering is deliberately unconventional to maintain consistency with the Au atom always bonded to vertex 1 of the cage.

Scheme 2. Synthesis and crystal structure of the trifluoroacetate complex 6. Ellipsoids are drawn at 50 % probability. H-atoms are omitted for clarity. Selected
bond lengths [a] and angles [8]: Au@C(1) 2.031(2), Au@C(31) 2.0424(19), Au@C(21) 2.0494(18), Au@O(51) 2.0528(14); C(1)-Au-C(31) 94.17(8), C(1)-Au-C(21)
175.48(8), C(31)-Au-C(21) 88.58(7), C(1)-Au-O(51) 89.35(7), C(31)-Au-O(51) 176.36(6), C(21)-Au-O(51) 87.85(7).
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this case; for example, monitoring mixtures of 6 and B(C6F5)3

and 1,2-bis(adamantyl)acetylene in CD2Cl2 by 1H and 19F NMR

spectroscopy provided no evidence for OAcF displacement or
alkyne binding. These results underline that the electronic

characteristics of the dicarboranyl ligands differ significantly
from those of more conventional carbon-based chelate li-

gands, and that the chemistry of C^C and C^N^C ligands
cannot easily be transferred to the bis(dicarboranyl) system.

Whereas, as described above, the protonolysis of 2 with trifl-

ic acid led to Au@C bond scission to give 3, a very different
course of reaction was observed in the reaction of 2 with HBr.

In this case, heating 2 with concentrated aqueous HBr at 65 8C
for 2–3 h in CHCl3/DMSO (1:1) led to cleavage of the Au@N in-

stead of the Au@C bond, with formation of the zwitterionic
pyridinium complex 7 (Scheme 3).

Another zwitterionic pyridinium salt was obtained during at-
tempts to cleave 2 with trifluoroacetic acid. A small amount of

crystals of the single-cage dicarboranyl complex 8 were ob-
tained, obviously the result of impurities of ortho-C2B10H12 in

the 2,2’-(C2B10H11)2 starting material. Complex 8 can be made in
good yield from Li[C2B10H11] and 1, followed by treatment with

CF3CO2H in dichloromethane at 0 8C (Scheme 4).

Both 7 and 8 contain a pyridinium cation and a negatively
charged aurate(III) anion. However, as the crystal structures

show, these compounds adopt very different conformations. In
crystals of 7, there are two independent gold complex mole-

cules in the crystal, together with a discrete molecule of each
of the solvents CH2Cl2 and DMSO and a disordered, overlap-

ping pair of these molecules in the ratio of about 0.36:0.64.
The solvents were modelled as 1.363(CH2Cl2), 1.637(OSMe2).

The complex adopts a conformation in which the pyridinium@
NH(++) bond, in both molecules, points away from the gold

centre and is engaged in hydrogen bonding with the O atom
of a DMSO molecule (Figure 2). There is also a close C(68)@
H···Br contact. The crystal packing diagram shows no evidence
for any significant interactions with the square-planar AuIII

centre.

The trifluoroacetate 8 crystallizes without solvent molecules
(Figure 3). In this complex the pyridinium@NH(++) bond points

towards the gold centre. The pyridinium-NH hydrogen atom

was freely refined. The gold centre is four-coordinate in a
square planar pattern, with the two dicarboranyl ligands per-

pendicular to the general Au-(phenyl-pyridinium)-TFA plane.
The two dicarboranyl ligands, each linked to the Au atom

through a carbon atom, are well-defined except that the
second carbon atom in each ligand is disordered amongst four

of the five a-BH groups; the sites with the highest CH occupa-

tions are shown in Figure 3. The phenyl and pyridinium rings
are twisted 30.87(14)8 about the C(11)@C(12) bond, thus taking

H(10) 2.51(5) a from the gold centre, and towards the uncoor-
dinated O atom of the OCOCF3 ligand at 2.54(6) a.

There are several close contacts between the ligands: firstly,
the “hydrogen bond” between the pyridinium group and

O(22) of the TFA ligand with an N@H···O angle of 128(5)8, and

then the interactions of the bulky dicarboranyl ligands against
their neighbours, in particular H(10)···H(33) 2.34 a, H(2)···H(35)

2.30 a, H(34)···C(1) 2.70 a and H(56)···C(1) 2.63 a, H(32)···C(21)
2.56 a and H(54)···C(21) 2.64 a. Intermolecular contacts are at

normal van der Waals’ distances.

DFT calculations

The structure of 8 was used as the starting point to probe for

the possible existence of energetically significant gold(III)-hy-
drogen bonding interactions. The crystallographically deter-

mined Au@H distance in complex 8 (2.51 a) is shorter than the
sum of the van der Waals radii (2.84 a[47]), and the true Au@H

distance is likely to be shorter still (&2.46 a; see below). This
raises the question whether there is any significant AuIII···H in-
teraction in this species. As discussed in the Introduction, even

shorter Au@H contacts have been observed[12] and calculat-
ed[12, 13] in AuI complexes, and have been interpreted in terms

of Au···H hydrogen bonding based on both experimental and
computational data. Interpretation of the structure of 8 is com-

plicated by: a) the presence of the trifluoroacetate group

which can also participate in H-bonding, and b) the large,
spherical dicarboranyl substituents which likely promote a ver-

tical orientation of the protonated pyridinium fragment
(C^NH) regardless of any Au···H interaction. In order to disen-

tangle these factors, the structures of 8[48] and a number of re-
lated model compounds (9–16) were calculated (see Figure 4):

Scheme 3. Formation of 7 by Au@N bond protonolysis with HBr.

Scheme 4. Formation of the trans-dicarboranyl trifluoroacetate complex 8.
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on the one hand, the bulky dicarboranyl groups were replaced

by methyl groups (AuIII complexes 9/12/15) or deleted alto-
gether (AuI complexes 10/13/16) to eliminate the steric pres-

sure effect, and on the other hand the AcFO group was re-

placed by Cl (11/12/13) or Me (14/15/16) to remove its hydro-
gen-bonding contribution. To avoid rotamer issues in the dicar-

boranyl complexes, the 1,2-C2B10H11 groups were modelled as
1,12-dicarboranyls ; as mentioned earlier, the two are very simi-

lar both electronically and sterically. In addition, alternative
conformations of the C^NH group (and for 8–10 also the AcFO

group) were considered as shown in Figure 4. All calculations

were carried out using Gaussian 09.[49] Geometries were opti-
mized at the TPSSh[50]/def2-SVP[51] level, and vibrational analy-

ses confirmed the nature of all stationary points as local

minima. Improved electronic energies were calculated using
M06[52]/cc-pVTZ[53] single-point calculations, and these were

combined with thermal corrections from the TPSSh/def2-SVP
vibrational analyses to obtain final calculated enthalpies. The

results are summarized in Table 2.

Figure 2. Molecular structure (top) and intermolecular interactions (bottom) of 7·1.363(CH2Cl2), 1.637(OSMe2). Ellipsoids are drawn at 50 % probability. H-atoms
are depicted in idealized positions. There are two independent molecules in the unit cell ; the parameters of molecule 1 are listed here. Selected bond lengths
[a] and angles [8]: Au(1)@C(1) 2.046(3), Au(1)@C(21) 2.050(3), Au(1)@C(41) 2.107(3), Au(1)@Br(1) 2.4442(4); C(1)-Au(1)-C(21) 93.49(12), C(1)-Au(1)-C(41) 176.61(11),
C(21)-Au(1)-C(41) 88.17(13), C(1)-Au(1)-Br(1) 86.74(9), C(21)-Au(1)-Br(1) 176.60(8), C(41)-Au(1)-Br(1) 91.77(9). H-bonding distances: N(12)-H(12)···O(13’) 0.86 and
1.78, N(72)-H(72)···O(14) 0.86 and 1.83, C(68)-H(68)···Br(2) 0.93 and 2.64.
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Looking first at the geometries, it is clear that uniformly the

Au···H distance decreases in the order Carb2Au(III)X >

Me2Au(III)X > AuIX (i.e. , 8 a > 9 a > 10 a ; 11 a > 12 a > 13 a ;

14 a > 15 a > 16 a). The corresponding N@H distance increases

in the same order. We find that the potential energy surface
for changing the Au@H distance is rather flat, and hence the

optimized Au@H distances are method-sensitive but the overall
trends are consistent (for further discussion of the Au@H dis-

tance in 8 a see the Supporting Information).
The WBI paint a similar but perhaps more quantitative pic-

ture. AuI complexes 13 a and 16 a show a modest WBI of
&0.15, corresponding to about 1/5 of a single Au@H bond (c.f.

the terminal Au@H bond in Au2H6, WBI 0.70 at the same level) ;
Bourissou cites a value of 0.12 for his AuI···H interaction.[12] For

the AuI trifluoroacetate complex 10 a we calculate a lower
value of 0.10, but this is restored to the “normal” value of 0.15
when the AcFO group is rotated away to eliminate its H-bond-

ing interaction (9 c) ; this can be interpreted as evidence for
competing Au···H and O···H interactions. Moving from these

AuI species to the Me2Au(III) complexes (9/12/15), we see a
lowering of the WBI by a factor of 3, demonstrating clearly

that AuIII is less effective in hydrogen bonding than AuI. Finally,

for the dicarboranyl complexes 8/11/14 we find a further low-
ering to &0.02, presumably due to the fact that the dicarbor-

anyl groups are less electron-donating than methyl groups.
From these numbers, it is clear that hydrogen bonding to AuIII

is considerably weaker than to AuI, and is unlikely to be an im-
portant structure-determining factor.

One might be tempted to interpret energy differences be-

tween conformations a/b/c/d in terms of the strength of Au···H
interactions, but inspection of Table 2 shows that this is not

justified. For complex 8, rotation of the C^NH group (8 c) turns
off both Au···H and O···H interactions, yet this costs less energy

than just rotating the AcFO group (8 b) which only turns off
the O···H interaction. Instead, the calculated conformational

energy differences are better interpreted in terms of minimiza-

tion of dipole moments. The differences are very similar for
complexes 8–16 despite the very different Au···H interactions,

Figure 3. Structure of 8. Ellipsoids are drawn at 50 % probability. H-atoms
are depicted in idealized positions. Selected bond lengths [a] and angles [8]:
Au@C(1) 2.007(5), Au@C(31) 2.123(4), Au@C(51) 2.103(5), Au@O(21) 2.107(3) ;
C(1)-Au-C(51) 91.1(2), C(1)-Au-O(21) 177.75(16), C(51)-Au-O(21) 88.30(18),
C(1)-Au-C(31) 91.27(19), C(51)-Au-C(31) 172.97(16), O(21)-Au-C(31) 89.63(17).
Distances within H-bonding range: N(10)-H(10)···O(22) 0.88(6)···2.54(6) a;
N(10)-H(10)···Au 0.88(6)···2.51(3) a; angles N-H···O 112(4)8, NH···Au 128(3)8.

Figure 4. Structures and conformations of complexes used in computational modelling.
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and indeed both Bourissou et al.[12] and Rul&šek and co-work-

ers[13] report comparable differences for their AuI complexes.
The N@H stretching frequencies in Au···H bonded complexes

are lowered relative to “free” stretching frequencies. We find

this also for the calculated structures of 8–16. Again, the larg-
est changes are observed for AuI···H interactions (from

3540 cm@1 for 16 c to 2575 cm@1 for 16 a), but also for
Me2Au(III) complexes the changes are significant (3540 cm@1

for 15 c to 2896 cm@1 for 15 a). Interpreting these frequency
changes is, however, nontrivial because of the nonlinear
Au···H@N arrangement in the real and model complexes stud-

ied.
In short, calculations indicate that, firstly, AuIII···H hydrogen-

bonding interactions are significantly weaker than the analo-
gous AuI···H variations and are unlikely to be important deter-
minants of molecular structure. Secondly, interpreting confor-
mational energy differences in terms of the strength of hydro-

gen bonding interactions is not justified.

Conclusions

The 2,2’-bis(dicarboranyl) dianion acts as C^C chelate ligand

towards gold(III) and gives thermally stable complexes which
promise to be useful starting materials for organometallic gold

compounds. While the direct synthesis from Li2(C2B10H10)2 and

[AuCl4]@ did not prove possible, reduction could be circum-
vented by using cyclometallated (C^N)AuCl2 as starting materi-

al, followed by removal of the C^N scaffold by protonolysis.
Depending on the reaction conditions and the acid used, pref-

erential Au@C or Au@N cleavage of the 2-arylpyridine ligand
was observed. Cleavage of the Au@N bond afforded zwitterion-

ic pyridinium aurate(III) complexes, including a case where the

N@H bond is directed towards the gold centre. Computational
modelling revealed however that in spite of a gold···H contact

shorter than the sum of van der Waals radii, there is no ener-

getically significant Au···H interaction akin to hydrogen bond-
ing, irrespective of the presence or absence of dicarboranyl li-

gands. The situation concerning AuIII···HN(++) hydrogen bonding
is therefore reminiscent of that reported by Schmidbaur et al.

for an AuIII···H@C system, where agostic interactions could be
ruled out in spite of close Au···H@C distances.[54] In the present
case no evidence for N@H hydrogen bonding to AuIII was de-

tected. This is further confirmed by the conformation of (Hpy-
C6H3tBu)AuBr{(C2B10H10)2} (7), where the pyridinium moiety

points away from the metal centre in the crystal. It is evident
therefore that, unlike the isoelectronic platinum(II) ion, gold(III)

does not engage in significant 4e–3c N@H···M hydrogen inter-
actions.

Experimental Section

CCDC 1959410 (compound 8), 1959411 (2), 1959412 (3), 1959413
(5), 1959414 (6) and 1959415 (7) contain the supplementary crys-
tallographic data for this paper. These data are provided free of
charge by The Cambridge Crystallographic Data Centre.
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Table 2. Calculated geometric and electronic descriptors of 8–16.

Lengths [a] Angle [8] Dihedral angle [8] WBI n (cm@1) DH
Au@H O@H N@H NHAu CCCN Au@H O@H N@H N@H (kcal mol@1)

8 a 2.268 2.024 1.040 136.0 20.3 0.037 0.031 0.676 3209 (0)
8 b 2.554 5.415 1.030 118.8 34.5 0.015 0.000 0.691 3380 9.81
8 c 4.917 5.888 1.021 @136.6 0.000 0.000 0.776 3534 6.96
8 d 4.948 7.956 1.021 @136.2 0.000 0.000 0.772 3530 14.91
9 a 2.180 2.086 1.045 138.2 18.1 0.054 0.024 0.669 3126 (0)
9 b 2.226 4.916 1.055 131.5 25.7 0.044 0.000 0.640 2913 8.49
9 c 4.984 6.067 1.020 @143.1 0.000 0.000 0.781 3538 9.65
9 d 5.000 7.957 1.020 @143.9 0.000 0.000 0.780 3538 16.40
10 a 2.092 2.280 1.054 145.5 15.6 0.098 0.016 0.657 2958 (0)
10 b 1.998 4.938 1.069 159.3 1.5 0.148 0.002 0.640 2685 9.79
10 c 4.924 6.091 1.020 @140.2 0.000 0.000 0.782 3536 10.49
10 d 4.960 7.950 1.020 @142.1 0.000 0.000 0.781 3537 17.10
11 a 2.430 1.031 120.9 32.8 0.021 0.707 3360 (0)
11 c 4.967 1.021 @137.5 0.000 0.774 3531 4.82
12 a 2.193 1.057 132.8 24.7 0.049 0.633 2881 (0)
12 c 4.991 1.020 @143.8 0.000 0.780 3538 8.41
13 a 1.987 1.068 159.7 0.3 0.144 0.639 2689 (0)
13 c 4.950 1.020 @142.6 0.000 0.782 3540 7.91
14 a 2.462 1.031 126.5 29.3 0.021 0.699 3366 (0)
14 c 5.105 1.021 @139.2 0.000 0.775 3534 6.08
15 a 2.183 1.056 140.1 19.8 0.055 0.632 2896 (0)
15 c 5.146 1.020 @147.9 0.000 0.781 3540 9.22
16 a 1.981 1.076 163.6 0.1 0.158 0.622 2575 (0)
16 c 5.080 1.020 @146.3 0.000 0.782 3540 9.71
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[45] N. Savjani, D.-A. Roşca, M. Schormann, M. Bochmann, Angew. Chem. Int.
Ed. 2013, 52, 874 – 877; Angew. Chem. 2013, 125, 908 – 911.

[46] L. Rocchigiani, J. Fernandez-Cestau, G. Agonigi, I. Chambrier, P. H. M.
Budzelaar, M. Bochmann, Angew. Chem. Int. Ed. 2017, 56, 13861 – 13865;
Angew. Chem. 2017, 129, 14049 – 14053.

[47] S. S. Batsanov, Inorg. Mater. 2001, 37, 871 – 885.
[48] The X-ray structure of 8 shows disordered 1,2-dicarboranyl units. In

order to avoid such issues in calculations, we modelled the 1,2-dicar-
boranyl units by 1,12-dicarboranyls.

[49] Gaussian09, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Pe-
tersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J.
Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, J. A. J. Montgomery, J. E. Peralta, F. Ogliaro, M. Bear-
park, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J.
Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J.
Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Moru-
kuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dap-
prich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Ciolowski,
D. J. Fox, Gaussian, Inc. , Wallingford CT, 2009.

[50] J. M. Tao, J. P. Perdew, V. N. Staroverov, G. E. Scuseria, Phys. Rev. Lett.
2003, 91, 146401.

[51] a) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297 – 3305;
b) F. Weigend, Phys. Chem. Chem. Phys. 2006, 8, 1057 – 1065.

[52] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215 – 241.
[53] a) T. H. Dunning, J. Chem. Phys. 1989, 90, 1007 – 1023; b) D. E. Woon,

T. H. Dunning, J. Chem. Phys. 1993, 98, 1358 – 1371; c) K. A. Peterson, J.
Chem. Phys. 2003, 119, 11099 – 11112; d) K. A. Peterson, C. Puzzarini,
Theor. Chem. Acc. 2005, 114, 283 – 296; e) D. Figgen, G. Rauhut, M. Dolg,
H. Stoll, Chem. Phys. 2005, 311, 227 – 244; f) K. A. Peterson, B. C. Shepler,
D. Figgen, H. Stoll, J. Phys. Chem. A 2006, 110, 13877 – 13883; g) D.
Feller, J. Comput. Chem. 1996, 17, 1571 – 1586; h) K. L. Schuchardt, B. T.
Didier, T. Elsethagen, L. S. Sun, V. Gurumoorthi, J. Chase, J. Li, T. L.
Windus, J. Chem. Inf. Model. 2007, 47, 1045 – 1052.

[54] F. Kraus, H. Schmidbaur, S. S. Al-Juaid, Inorg. Chem. 2013, 52, 9669 –
9674.

Manuscript received: October 21, 2019

Accepted manuscript online: November 12, 2019

Version of record online: January 7, 2020

Chem. Eur. J. 2020, 26, 939 – 947 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim947

Full Paper

https://doi.org/10.1016/S0022-328X(98)00661-5
https://doi.org/10.1016/S0022-328X(98)00661-5
https://doi.org/10.1016/S0022-328X(98)00661-5
https://doi.org/10.1016/S0022-328X(98)00661-5
https://doi.org/10.1021/ed076p578
https://doi.org/10.1021/ed076p578
https://doi.org/10.1021/ed076p578
https://doi.org/10.1039/b303006g
https://doi.org/10.1039/b303006g
https://doi.org/10.1039/b303006g
https://doi.org/10.1039/C3CS60251F
https://doi.org/10.1039/C3CS60251F
https://doi.org/10.1039/C3CS60251F
https://doi.org/10.1039/C3CS60251F
https://doi.org/10.1016/j.molstruc.2007.12.036
https://doi.org/10.1016/j.molstruc.2007.12.036
https://doi.org/10.1016/j.molstruc.2007.12.036
https://doi.org/10.1002/anie.201508358
https://doi.org/10.1002/anie.201508358
https://doi.org/10.1002/anie.201508358
https://doi.org/10.1002/anie.201508358
https://doi.org/10.1002/ange.201508358
https://doi.org/10.1002/ange.201508358
https://doi.org/10.1002/ange.201508358
https://doi.org/10.1039/C7DT00329C
https://doi.org/10.1039/C7DT00329C
https://doi.org/10.1039/C7DT00329C
https://doi.org/10.1039/C7DT00329C
https://doi.org/10.1021/om400318p
https://doi.org/10.1021/om400318p
https://doi.org/10.1021/om400318p
https://doi.org/10.1021/cg500102c
https://doi.org/10.1021/cg500102c
https://doi.org/10.1021/cg500102c
https://doi.org/10.1021/cg500102c
https://doi.org/10.1021/acs.inorgchem.6b02613
https://doi.org/10.1021/acs.inorgchem.6b02613
https://doi.org/10.1021/acs.inorgchem.6b02613
https://doi.org/10.1073/pnas.1817194116
https://doi.org/10.1073/pnas.1817194116
https://doi.org/10.1073/pnas.1817194116
https://doi.org/10.1002/anie.201811982
https://doi.org/10.1002/anie.201811982
https://doi.org/10.1002/anie.201811982
https://doi.org/10.1002/anie.201811982
https://doi.org/10.1002/ange.201811982
https://doi.org/10.1002/ange.201811982
https://doi.org/10.1002/ange.201811982
https://doi.org/10.1021/ic00251a006
https://doi.org/10.1021/ic00251a006
https://doi.org/10.1021/ic00251a006
https://doi.org/10.1021/ic00090a009
https://doi.org/10.1021/ic00090a009
https://doi.org/10.1021/ic00090a009
https://doi.org/10.1021/ic00090a009
https://doi.org/10.1021/ic402036p
https://doi.org/10.1021/ic402036p
https://doi.org/10.1021/ic402036p
https://doi.org/10.1002/anie.201001892
https://doi.org/10.1002/anie.201001892
https://doi.org/10.1002/anie.201001892
https://doi.org/10.1002/anie.201001892
https://doi.org/10.1002/ange.201001892
https://doi.org/10.1002/ange.201001892
https://doi.org/10.1002/ange.201001892
https://doi.org/10.1080/00268976.2011.637522
https://doi.org/10.1080/00268976.2011.637522
https://doi.org/10.1080/00268976.2011.637522
https://doi.org/10.1039/C3DT53594K
https://doi.org/10.1039/C3DT53594K
https://doi.org/10.1039/C3DT53594K
https://doi.org/10.1039/C5CS00132C
https://doi.org/10.1039/C5CS00132C
https://doi.org/10.1039/C5CS00132C
https://doi.org/10.1039/C5CS00132C
https://doi.org/10.1002/chem.201800981
https://doi.org/10.1002/chem.201800981
https://doi.org/10.1002/chem.201800981
https://doi.org/10.1002/chem.201800981
https://doi.org/10.1002/anie.201209140
https://doi.org/10.1002/anie.201209140
https://doi.org/10.1002/anie.201209140
https://doi.org/10.1002/anie.201209140
https://doi.org/10.1002/ange.201209140
https://doi.org/10.1002/ange.201209140
https://doi.org/10.1002/ange.201209140
https://doi.org/10.1002/chem.201802160
https://doi.org/10.1002/chem.201802160
https://doi.org/10.1002/chem.201802160
https://doi.org/10.1021/om301116x
https://doi.org/10.1021/om301116x
https://doi.org/10.1021/om301116x
https://doi.org/10.1021/om301116x
https://doi.org/10.1016/j.jorganchem.2008.11.069
https://doi.org/10.1016/j.jorganchem.2008.11.069
https://doi.org/10.1016/j.jorganchem.2008.11.069
https://doi.org/10.1016/j.jorganchem.2008.11.069
https://doi.org/10.1002/chem.200901130
https://doi.org/10.1002/chem.200901130
https://doi.org/10.1002/chem.200901130
https://doi.org/10.1039/c39910001664
https://doi.org/10.1039/c39910001664
https://doi.org/10.1039/c39910001664
https://doi.org/10.1039/c39910001664
https://doi.org/10.1002/ejic.201801094
https://doi.org/10.1002/ejic.201801094
https://doi.org/10.1002/ejic.201801094
https://doi.org/10.1002/ejic.201801094
https://doi.org/10.1039/c2dt31047c
https://doi.org/10.1039/c2dt31047c
https://doi.org/10.1039/c2dt31047c
https://doi.org/10.1039/b820803d
https://doi.org/10.1039/b820803d
https://doi.org/10.1039/b820803d
https://doi.org/10.1039/C29700001263
https://doi.org/10.1039/C29700001263
https://doi.org/10.1039/C29700001263
https://doi.org/10.1021/ja504554u
https://doi.org/10.1021/ja504554u
https://doi.org/10.1021/ja504554u
https://doi.org/10.1039/C6DT01648K
https://doi.org/10.1039/C6DT01648K
https://doi.org/10.1039/C6DT01648K
https://doi.org/10.1021/acs.organomet.8b00218
https://doi.org/10.1021/acs.organomet.8b00218
https://doi.org/10.1021/acs.organomet.8b00218
https://doi.org/10.1021/om200327a
https://doi.org/10.1021/om200327a
https://doi.org/10.1021/om200327a
https://doi.org/10.1021/om200327a
https://doi.org/10.1021/om300666j
https://doi.org/10.1021/om300666j
https://doi.org/10.1021/om300666j
https://doi.org/10.1021/om300666j
https://doi.org/10.1039/B303297C
https://doi.org/10.1039/B303297C
https://doi.org/10.1039/B303297C
https://doi.org/10.1039/B303297C
https://doi.org/10.1002/chem.201702341
https://doi.org/10.1002/chem.201702341
https://doi.org/10.1002/chem.201702341
https://doi.org/10.1002/jcc.20494
https://doi.org/10.1002/jcc.20494
https://doi.org/10.1002/jcc.20494
https://doi.org/10.1063/1.445134
https://doi.org/10.1063/1.445134
https://doi.org/10.1063/1.445134
https://doi.org/10.1063/1.449486
https://doi.org/10.1063/1.449486
https://doi.org/10.1063/1.449486
https://doi.org/10.1021/ic101437h
https://doi.org/10.1021/ic101437h
https://doi.org/10.1021/ic101437h
https://doi.org/10.1021/ic101437h
https://doi.org/10.1038/nchem.1088
https://doi.org/10.1038/nchem.1088
https://doi.org/10.1038/nchem.1088
https://doi.org/10.1038/nchem.1088
https://doi.org/10.1002/anie.201208356
https://doi.org/10.1002/anie.201208356
https://doi.org/10.1002/anie.201208356
https://doi.org/10.1002/anie.201208356
https://doi.org/10.1002/ange.201208356
https://doi.org/10.1002/ange.201208356
https://doi.org/10.1002/ange.201208356
https://doi.org/10.1002/anie.201708640
https://doi.org/10.1002/anie.201708640
https://doi.org/10.1002/anie.201708640
https://doi.org/10.1002/ange.201708640
https://doi.org/10.1002/ange.201708640
https://doi.org/10.1002/ange.201708640
https://doi.org/10.1023/A:1011625728803
https://doi.org/10.1023/A:1011625728803
https://doi.org/10.1023/A:1011625728803
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/b515623h
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.1622923
https://doi.org/10.1063/1.1622923
https://doi.org/10.1063/1.1622923
https://doi.org/10.1063/1.1622923
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1007/s00214-005-0681-9
https://doi.org/10.1016/j.chemphys.2004.10.005
https://doi.org/10.1016/j.chemphys.2004.10.005
https://doi.org/10.1016/j.chemphys.2004.10.005
https://doi.org/10.1021/jp065887l
https://doi.org/10.1021/jp065887l
https://doi.org/10.1021/jp065887l
https://doi.org/10.1002/(SICI)1096-987X(199610)17:13%3C1571::AID-JCC9%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-987X(199610)17:13%3C1571::AID-JCC9%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-987X(199610)17:13%3C1571::AID-JCC9%3E3.0.CO;2-P
https://doi.org/10.1021/ci600510j
https://doi.org/10.1021/ci600510j
https://doi.org/10.1021/ci600510j
https://doi.org/10.1021/ic4014762
https://doi.org/10.1021/ic4014762
https://doi.org/10.1021/ic4014762
http://www.chemeurj.org


Journal of Organometallic Chemistry 941 (2021) 121805 

Contents lists available at ScienceDirect 

Journal of Organometallic Chemistry 

journal homepage: www.elsevier.com/locate/jorganchem 

Anthracene and pyrene ruthenacarboranes 

✩ 

Leonie Schneider, Emma J. Catterson, Joseph Mercer, Rebekah J. Jeans, Georgina M. Rosair, 
Alan J. Welch 

∗

Institute of Chemical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK 

a r t i c l e i n f o 

Article history: 

Received 1 March 2021 

Revised 23 March 2021 

Accepted 29 March 2021 

Available online 2 April 2021 

Keywords: 

Metallacarborane 

Anthracene 

Pyrene 

Synthesis 

NMR spectroscopy 

Crystal structure 

a b s t r a c t 

Dehalogenation of the anion [3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2-RuC 2 B 9 H 11 ] 
− in the presence of toluene, an- 

thracene and pyrene affords the new ruthenacarborane species [3-(C 6 H 5 Me)- closo -3,1,2-RuC 2 B 9 H 11 ] ( 1 ), 

[3-C 14 H 10 - closo -3,1,2-RuC 2 B 9 H 11 ] ( 2 ) and [3-C 16 H 10 - closo -3,1,2-RuC 2 B 9 H 11 ] ( 3 ), respectively. Compounds 2 

and 3 are the first examples of anthracene and pyrene metallacarboranes. In 2 and 3 the orientation of 

the polycyclic aromatic hydrocarbon (PAH) with respect to the metallacarborane cage is controlled by the 

relatively weak trans influences of the cage C atoms and the ligating ring junction C atoms of the PAH 

compared to the relatively strong trans influences of the facial B atoms of the carborane and the ligat- 

ing non-junction atoms of the PAH. Thus is demonstrated a pronounced structural anthracene effect and 

structural pyrene effect , to complement established structural indenyl and structural naphthalene effects in 

metallacarborane chemistry. 

© 2021 Published by Elsevier B.V. 
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. Introduction 

Metallacarboranes continue to be a subject of significant re- 

earch interest [1] . One of the best-known families of metal- 

acarboranes is represented by the general formula [1,2-R 2 -3-( η- 

rene)- closo -3,1,2-MC 2 B 9 H 9 ] (R = H or Me; M = Fe, Ru or Os), i.e.

pecies in which the {B3H} fragment of [ closo -1,2-C 2 B 10 H 12 ] or its

erivatives has been substituted by an isolobal {M(arene)} frag- 

ent. The first such examples were [3-(C 6 H 3 Me 3 -1 ′ ,3 ′ ,5 ′ )- closo -

,1,2-FeC 2 B 9 H 11 ] and [3-(C 6 Me 6 )- closo -3,1,2-FeC 2 B 9 H 11 ] prepared

y Todd and co-workers by metalation of [ nido -7,8-C 2 B 9 H 11 ] 
2 −,

upplying the metal fragment from [Fe(arene) 2 ] 
2 + [2] . By a similar 

pproach Garcia et al. synthesised [3-(C 6 H 6 )- closo -3,1,2-RuC 2 B 9 H 11 ] 

sing the dimer [RuCl 2 (C 6 H 6 )] 2 as the source of the {Ru(C 6 H 6 )} 
2 + 

ragment, and also reported the related species [1,7-Me 2 -2-( η- 

rene)- closo -2,1,7-FeC 2 B 9 H 9 ] (arene = C 6 H 5 Me, C 6 H 4 Me 2 -1 ′ ,2 ′ or

aphthalene) by direct nucleophilic insertion of metal fragments 

nto [2,3-Me 2 - closo -2,3-C 2 B 9 H 9 ] [3] . Subsequently Todd and co-

orkers prepared the unique arene osmacarborane [3-(C 6 H 6 )- 

loso -3,1,2-OsC 2 B 9 H 11 ] by reacting [ nido -7,8-C 2 B 9 H 11 ] 
2 − with a

ource of {Os(C 6 H 6 )} 
2 + , [4] and Hawthorne and colleagues 

reated [ nido -7,8-C 2 B 9 H 11 ] 
2 − with FeCl 3 in the presence of arenes
✩ In celebration of the upcoming significant birthday (it would be unchivalrous to 

pecify which) of our good friend and boron colleague Professor Elena Shubina. 
∗ Corresponding author. 

E-mail address: a.j.welch@hw.ac.uk (A.J. Welch). 
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p
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022-328X/© 2021 Published by Elsevier B.V. 
o afford [3-(C 6 H 5 Me)- closo -3,1,2-FeC 2 B 9 H 11 ] and [3-(C 6 H 4 Me 2 -

 

′ ,4 ′ )- closo -3,1,2-FeC 2 B 9 H 11 ] [5] . Bown et al. reacted [ nido -7,8-

 2 B 9 H 11 ] 
2 − with [RuCl 2 (C 6 Me 6 )] 2 to prepare [3-(C 6 Me 6 )- closo -

,1,2-RuC 2 B 9 H 11 ], [6] and Teixidor et al. prepared cationic species 

3-( η-arene)-4 or 8-L- closo -3,1,2-MC 2 B 9 H 10 ] 
+ (arene = C 6 H 6 or

 6 H 4 Me i Pr-1 ′ ,4 ′ ; L = SMe 2 , SEtPh or THT) together with neu-

ral derivatives with SMe at vertex 4 and SH at vertex 8 derived 

rom single and double demethylation of SMe 2 , respectively [7 , 8] 

inally, our group described the isomeric ruthenacarboranes [2- 

C 6 H 4 Me i Pr-1 ′ ,4 ′ )- closo -2,1,7-RuC 2 B 9 H 11 ] and [2-(C 6 H 4 Me i Pr-1 ′ ,4 ′ )-
loso -2,1,12-RuC 2 B 9 H 11 ] from the appropriate nido carborane di- 

nion and [RuCl 2 (C 6 H 4 Me i Pr-1 ′ ,4 ′ )] 2 , [9] and the synthesis of

he naphthalene species [3-(naphthalene)- closo -3,1,2-RuC 2 B 9 H 11 ] 

y reaction of [ nido -7,8-C 2 B 9 H 11 ] 
2 − with [RuCl 2 (COD)] n in the pres-

nce of naphthalene, a reaction presumably involving displace- 

ent of COD by arene from the initial product [3-(COD)- closo -3,1,2- 

uC 2 B 9 H 11 ] [10] . 

We now describe a new approach to [3-(arene)- closo -3,1,2- 

uC 2 B 9 H 11 ] compounds with emphasis on examples where the 

rene is the polycyclic aromatic hydrocarbons (PAHs) anthracene 

nd pyrene. The stimulus for this research was our attempted syn- 

hesis of 12-vertex, 12-SEP (SEP = skeletal electron pair) species 

 hypercloso -Ru(PPh 3 ) 2 C 2 B 9 H 9 Ph 2 ] by dehalogenation of the anion

1,2-Ph 2 -3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2-RuC 2 B 9 H 9 ] 
−. However, follow- 

ng successful dehalogenation we were only able to isolate two 

roducts, the unique symbiotic double and triple cluster species I 

nd II , Scheme 1. [ 11 , 12 ] In I the electron-deficiency of the tran-

https://doi.org/10.1016/j.jorganchem.2021.121805
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2021.121805&domain=pdf
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Scheme 1. Dehalogenation of the anion [1,2-Ph 2 -3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2-RuC 2 B 9 H 9 ] 
− affords the symbiotic double and triple ruthenacarboranes I and II . 
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Fig. 1. Perspective view of [3-(C 6 H 5 Me)- closo -3,1,2-RuC 2 B 9 H 11 ] ( 1 ). Displace- 

ment ellipsoids are drawn at the 50% probability level except for H atoms. 

Sufficient atoms are numbered to completely define the cage numbering 

scheme, and the ring of the toluene ligand is numbered C30-C35. Selected 

molecular parameters ( ̊A): Ru3 −C1 2.1600(13), Ru3 −C2 2.1644(13), Ru3 −B7 

2.2081(15), Ru3 −B8 2.2287(15), Ru3 −B4 2.2025(15), Ru3 −C30 2.2256(13), Ru3 −C31 

2.2366(14), Ru3 −C32 2.2351(14), Ru3 −C33 2.2164(14), Ru3 −C34 2.2004(15), 

Ru3 −C35 2.1938(14), C1 −C2 1.6341(19). 
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ient hypercloso species [Ru(PPh 3 ) 2 C 2 B 9 H 9 Ph 2 ] is avoided by two

uch moieties coming together with the Ph substituent of one dis- 

lacing the two PPh 3 ligands of the other, and vice versa. One cage 

s pseudocloso in nature since the 3,1,2-RuC 2 B 9 isomeric form re- 

ults in Ph…Ph crowding [13] whilst the other has undergone iso- 

erisation to a 2,1,8-RuC 2 B 9 architecture. In II the uncoordinated 

h substituent of the 2,1,8-RuC 2 B 9 cage of I has displaced the PPh 3 

igands from a third molecule of [Ru(PPh 3 ) 2 C 2 B 9 H 9 Ph 2 ] which has

lso isomerised. 

Collectively these results suggest that dehalogenation of 

he non-cage-substituted anion [3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2- 

uC 2 B 9 H 11 ] 
− ( III ) [14] in the presence of an arene should also

esult in phosphine replacement by arene to afford [3-(arene)- 

loso -3,1,2-RuC 2 B 9 H 11 ] species which may not be accessible by 

he routes described above. Herein we describe the successful 

ealisation of this approach for the arenes toluene, anthracene and 

yrene. 

. Results and discussion 

The anionic precursor III is a known species but it is relatively 

nstable in the open laboratory, so we have chosen to prepare and 

se it in situ . In addition to the established synthesis of III , by re-

ction between an equimolar mixture of [Ru(H)Cl(PPh 3 ) 3 ] ·C 6 H 5 Me, 

HNMe 3 ][C 2 B 9 H 12 ] and [Et 4 N]Br, [14] we have previously shown 

11] that it can be prepared by deprotonation of [ exo -5,6,10- 

RuCl(PPh 3 ) 2 }-5,6,10-( μ-H) 3 - nido -7,8-C 2 B 9 H 9 ], and we have used

oth these methods in the present study. Moreover, before at- 

empting the preparation of the PAH derivatives [3-(arene)- closo - 

,1,2-RuC 2 B 9 H 11 ] (arene = anthracene, pyrene) we have undertaken 

he synthesis of the simpler toluene complex as a sighting experi- 

ent. 

Dehalogenation of [3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2-RuC 2 B 9 H 11 ] 
−, 

II , (prepared in situ by both methods above) with Ag + in the 

resence of toluene affords the yellow compound [3-(C 6 H 5 Me)- 

loso -3,1,2-RuC 2 B 9 H 11 ] ( 1 ) in poor-modest yield (albeit somewhat 

etter when III is prepared according to reference [14] ). Compound 

 was characterised by elemental analysis and 

11 B{ 1 H} and 

1 H{ 11 B} 

MR spectroscopies. The 11 B{ 1 H} spectrum reveals six resonances 

ith relative integrals 1:1:2:2:2:1 (from high frequency to low 

requency) between δ + 5 and -25 ppm, fully consistent with a 

loso metallacarborane cage and time-averaged C s symmetry in 

olution. In the 1 H{ 11 B} spectrum, in addition to resonances arising 

rom the η-toluene ligand (an integral-5 multiplet at ca. δ 6 ppm 

nd an integral-3 singlet at δ 2.35 ppm), are a singlet at δ 3.95 

pm (2 × C cage H) and a series of resonances between δ 3.4 and 

.5 ppm in a 1:1:2:2:2:1 pattern assigned to BH. 

The identity of 1 was subsequently confirmed by a crystal- 

ographic study, and a perspective view of a single molecule is 

hown in Fig. 1 , together with selected molecular parameters. In 

he solid state the C s symmetry evident in solution is not retained, 

nd the orientation of the toluene ligand with respect to the cage, 

efined by the torsion angle C36 −A −Ru3 −B [ θ , 67.60(7) °, where
1 

2 
 is the centroid of the C30-C36 ring and B is the mid-point of the

1 −C2 connectivity (see Fig. 2 )], is not electronically-determined. 

he Ru3 −C1 and Ru3 −C2 distances are significantly shorter than 

he Ru3 −B distances, but this does not reflect stronger metal-cage 

tom bonding to the C atoms, merely the fact that C has a smaller 

adius than B [15] . On the contrary, the Ru −C cage connectivities 

re actually weaker than Ru −B, with the weaker trans influence of 

age C evidenced by the fact that the shortest Ru3 −arene distances 

Ru3 −C34 and Ru3 −C35) are those trans to C1 and C2. 

With confirmation that dehalogenation of III in the presence 

f arene leads successfully to [3-(arene)- closo -3,1,2-RuC 2 B 9 H 11 ] 

pecies, attention turned to the PAHs anthracene and pyrene. Pre- 

iously the only η-PAH metallacarboranes of which we are aware 

re the 7-vertex complexes [1-(PAH)-2,3-Et 2 - closo -1,2,3-FeC 2 B 4 ] 

PAH = naphthalene, phenanthrene), [16] and the 12-vertex 

pecies [1,7-Me 2 -2-(naphthalene)- closo -2,1,7-FeC 2 B 9 H 9 ] [3] and [3- 

naphthalene)- closo -3,1,2-RuC 2 B 9 H 11 ] [10] . 

When anion III , prepared by deprotonation of [ exo -5,6,10- 

RuCl(PPh 3 ) 2 }-5,6,10-( μ-H) 3 - nido -7,8-C 2 B 9 H 9 ], is dehalogenated in 

he presence of anthracene the orange product [3-C 14 H 10 - closo - 

,1,2-RuC 2 B 9 H 11 ] ( 2 ) is isolated in modest yield following chro- 

atographic workup. Following satisfactory elemental analysis, 2 

as characterised by 11 B{ 1 H} and 

1 H NMR spectroscopies and 

ingle-crystal X -ray diffraction. The 11 B{ 1 H} NMR spectrum of 2 is, 

s anticipated, similar to that of 1 displaying six resonances in a 
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Fig. 2. Perspective views of compounds 1 - 3 from positions above the centres of the arene rings, showing their orientations relative to the cage C atoms. Only the cage atoms 

to which the metal is directly connected are shown for clarity, and cage and arene H atoms are also omitted. 

Fig. 3. Perspective view of [3-(C 14 H 10 )- closo -3,1,2-RuC 2 B 9 H 11 ] ( 2 ) with displace- 

ment ellipsoids as in Fig. 1 . Selected molecular parameters ( ̊A): Ru3 −C1c 2.155(3), 

Ru3 −C2c 2.152(3), Ru3 −B7 2.204(4), Ru3 −B8 2.217(3), Ru3 −B4 2.193(3), Ru3 −C1 

2.206(3), Ru3 −C2 2.209(3), Ru3 −C3 2.224(3), Ru3 −C4 2.236(3), Ru3 −C4a 2.329(3), 

Ru3 −C9a 2.315(3), C1c −C2c 1.646(4). 
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:1:2:2:2:1 pattern between δ + 5 and -25 ppm. In the 1 H spec- 

rum are five signals for the anthracene protons (one singlet and 

our multiplets) and a low-frequency ( δ ca. 2.9 ppm) singlet for the 

 cage H atoms. Collectively these results again suggest a molecule 

ith time-averaged C s symmetry in solution. 

The crystallographically-determined structure of 2 is shown in 

ig. 3 . The compound crystallises as a 1:1 DCM solvate, and there is 

vidence of a weak interaction between H2c (bound to cage atom 

2c) and Cl2s of the DCM molecule since their separation, 2.95(5) 
˚ , is just at the sum of the respective van der Waals radii. The 

nthracene bonds to the ruthenacarborane via its outer ring as is 

ormal; a survey of entries in the Cambridge Structural Database 

CSD) [17] reveals 11 examples of anthracene η6 -bonding to transi- 

ion metals, in all cases except one via exclusively the outer ring 
3 
Table S1, Supporting Material). Unlike the case in the toluene 

nalogue 1 , the distortion of the structure of 2 from C s symme- 

ry is relatively minor since the torsion angle C −D −Ru3 −E ( θ2 ,

here C is the mid-point of the C4a −C9a bond, D is the centroid 

f the coordinating ring and E is the mid-point of the C1c −C2c 

onnectivity), is only -15.00(16) ° (see Fig. 2 ). This orientation is 

lectronically-determined, being that in which the relatively weak 

rans influence of the ring junction atoms, C4a and C9a, means that 

hese atoms lie opposite the cage atoms with strong trans influ- 

nce, the B atoms, and hence cisoid with respect to the weakly 

rans influencing cage C atoms. Similar orientations have been 

bserved in indenyl and naphthalene metallacarboranes with the 

henomena described as the structural indenyl effect [18] and the 

tructural naphthalene effect , [10] respectively. 

The final new compound, [3-C 16 H 10 - closo -3,1,2-RuC 2 B 9 H 11 ] ( 3 ),

as isolated as a yellow solid in 11% yield when anion III , 

gain prepared in situ following deprotonation of [ exo -5,6,10- 

RuCl(PPh 3 ) 2 }-5,6,10-( μ-H) 3 - nido -7,8-C 2 B 9 H 9 ], was dehalogenated 

n the presence of pyrene. Evidently, in the formation of com- 

ounds 1 - 3 the incoming arene (a 6e source) readily displaces the 

wo phosphine ligands (collectively 4e) in the transient species 

Ru(PPh 3 ) 2 C 2 B 9 H 11 ] to alleviate electron deficiency, which could be 

onsidered to be at the Ru centre (16e) or within the cage (hy- 

ercloso). In this respect these reactions provide an interesting 

ounterpoint to our recently described facile displacement of η6 - 

renes by two phosphine ligands in exo-metalated derivatives of 

,1 ′ -bis( ortho -carborane), converting an 18e Ru centre to only 16e 

19] . 

Again, compound 3 was initial characterised by elemental anal- 

sis and 

11 B{ 1 H} and 

1 H NMR spectroscopies. Not unexpectedly the 
1 B{ 1 H} NMR spectrum strongly resembles that of 1 and 2 , with 

ix resonances, 1:1:2:2:2:1, between δ + 5 and -25 ppm. In the 1 H 

MR spectrum the resonances due to the H atoms of the periph- 

ral rings of the pyrene ligand could be assigned but not those of 

he H atoms of the central rings, which overlap. The C cage H atoms 

re observed at δ 2.34 ppm. 

Subsequently, good-quality single crystals of 3 were obtained 

llowing a precise crystallographic structure determination, the re- 

ult of which is shown in Fig. 4 . The pyrene ligand coordinates to 
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Fig. 4. Perspective view of [3-(C 16 H 10 )- closo -3,1,2-RuC 2 B 9 H 11 ] ( 3 ) with displacement 

ellipsoids as in Fig. 1 . Selected molecular parameters ( ̊A): Ru3 −C1c 2.1560(10), 

Ru3 −C2c 2.1530(10), Ru3 −B7 2.1997(11), Ru3 −B8 2.2113(11), Ru3 −B4 2.1938(11), 

Ru3 −C1 2.2065(10), Ru3 −C2 2.2102(10), Ru3 −C3 2.2221(10), Ru3 −C3a 2.2947(9), 

Ru3 −C3a1 2.2842(9), Ru3 −C10a 2.2450(10), C1c −C2c 1.6591(14). 
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he ruthenacarborane unit via one of its outer rings, considered 

o be more aromatic than the inner rings according to Clar’s rule. 

20] Indeed, there are 15 examples of pyrene η6 -coordinating to 

ransition metals in the CSD, and in all cases the outer rings are 

nvolved (Table S2, Supporting Material). The C s molecular symme- 

ry evident from the NMR spectra of 3 in solution is retained in 

he solid-state with the central ring junction atom, C3a1, lying al- 

ost exactly over the mid-point of the C1c −C2c connectivity (see 

ig. 2 ). Formally this is defined by θ3 , the torsion angle C3a1- F -

u3- G where F is the centroid of the coordinating pyrene ring and 

 is the mid-pint of C1c −C2c. In 3 θ3 is only -0.77(6) °. Clearly this

rientation of the pyrene ligand in 3 is electronically-controlled, for 

ssentially the same reasons as in 2 . Here, however, there are three 

ing junction atoms (C3a, C3a1 and C10a) and these lie almost ex- 

ctly trans to the strongly-bound (to Ru3) atoms B7, B8 and B4, 

espectively. 

In conclusion, we have prepared and characterised the first ex- 

mples of anthracene and pyrene metallacarboranes by dehalo- 

enation of the anion [3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2-RuC 2 B 9 H 11 ] 
− in 

he presence of the appropriate PAH. Yields are currently only 

odest but have not yet been optimised. In both compounds the 

rientation of the arene with respect to the carborane cage is the 

esult of electronic control with the junction C atoms of the co- 

rdinated ring of the PAH lying over, or nearly over, the cage C 

toms. In principle there is no reason why analogous compounds 

ith other PAHs cannot be similarly prepared, and such molecules 

ffer interesting possibilities for onward syntheses, e.g. species in 

hich a second aromatic ring of the PAH is coordinated to a fur- 

her metallacarborane unit. 

. Experimental 

.1. Synthesis 

Experiments were performed under dry, oxygen-free, N 2 using 

tandard Schlenk techniques, although final workup was performed 

n the open laboratory. THF and 40-60 petroleum ether (petrol) 

ere freshly distilled under nitrogen from sodium wire and DCM 

as freshly distilled under nitrogen from CaH 2 , and all solvents 

ere degassed (3 × freeze-pump-thaw cycles) before use. Toluene 
4 
nd CD 2 Cl 2 were stored over 4 Å molecular sieves. Preparative 

LC used 20 × 20 cm Kieselgel F 254 glass plates and for column 

hromatography 60 Å silica was used as the stationary phase. El- 

mental analyses were conducted using an Exeter CE-440 elemen- 

al analyser. NMR spectra at 400.1 MHz ( 1 H) and 128.4 MHz ( 11 B)

ere recorded on a Bruker AVIII-400 spectrometer from CD 2 Cl 2 so- 

utions at 298 K. The starting materials [ exo -5,6,10-{RuCl(PPh 3 ) 2 }- 

,6,10-( μ-H) 3 - nido -7,8-C 2 B 9 H 9 ], [21] [HNMe 3 ][C 2 B 9 H 12 ], [22] and

Ru(H)Cl(PPh 3 ) 3 ] ·C 6 H 5 Me [ 23 ; we used Method C] were prepared

ccording to, or using local adaptions of, literature procedures. All 

ther reagents were purchased from commercial sources (Fluo- 

ochem, Sigma Aldrich, Across Organics, Katchem) and used with- 

ut further purification. 

.1.1. General Routes to [3-(arene)-closo-3,1,2-RuC 2 B 9 H 11 ] species via 

3,3-(PPh 3 ) 2 -3-Cl-closo-3,1,2-RuC 2 B 9 H 11 ] 
−

The target species were prepared by dehalogenation of the pre- 

ursor [3,3-(PPh 3 ) 2 -3-Cl- closo -3,1,2-RuC 2 B 9 H 11 ] 
− ( III ) in the pres-

nce of arene. The precursor itself was prepared and used in situ 

y two different approaches, and therefore both overall syntheses 

re described in full here. 

.1.1.1. Anion III from [exo-5,6,10-{RuCl(PPh 3 ) 2 }-5,6,10-( μ-H) 3 -nido- 

,8-C 2 B 9 H 9 ]. Typically [ exo -5,6,10-{RuCl(PPh 3 ) 2 }-5,6,10-( μ-H) 3 - 

ido -7,8-C 2 B 9 H 9 ] (0.45 g, 0.56 mmol) was dissolved in THF 

30 mL) and the solution cooled with an ice bath. n BuLi (0.40 mL 

f a 1.6 M solution in hexanes, 0.64 mmol) was added dropwise 

ith stirring to afford a dark-brown solution. After ca. 30 min. the 

HF was removed in vacuo and replaced with DCM (30 mL) and 

he arene (ca. 10 equivalents). Following a brief stir (ca. 2 min.) 

his solution was transferred by cannula to a second Schlenk tube 

ontaining Ag[BF 4 ] (0.13 g, 0.67 mmol) at -196 ° C. The contents 

ere allowed to warm gradually to room temperature and stirred 

vernight. The crude mixture was then filtered through Celite, 

ashed with DCM (2 × 20 mL), concentrated and purified by 

reparative TLC. 

.1.1.2. Anion III from [Ru(H)Cl(PPh 3 ) 3 ] and [nido-7,8-C 2 B 9 H 12 ] 
−. 

ypically a mixture of [HNMe 3 ][C 2 B 9 H 12 ] (0.19 g, 0.98 mmol), 

Et 4 N]Br (0.21 g, 1.00 mmol) and [Ru(H)Cl(PPh 3 ) 3 ] ·C 6 H 5 Me (1.07 g,

.05 mmol) was allowed to react in THF (100 mL) under gentle 

eflux. After ca. 1 hr an orange solution had formed over a dark 

range solid. The products were filtered and the filtrate concen- 

rated to ca. 50 mL. This was then transferred by cannula to a 

econd Schlenk tube containing Ag[BF 4 ] (0.30 g, 1.54 mmol) and 

he arene (ca. 10 equivalents) maintained at -196 ° C. The con- 

ents were allowed to warm gradually to room temperature and 

tirred overnight. The crude mixture was then filtered through 

elite, washed with DCM (2 × 20 mL), concentrated and purified 

y preparative TLC. 

.1.2. [3-C 6 H 5 Me-closo-3,1,2-RuC 2 B 9 H 11 ] ( 1 ) 

Yellow solid, R f 0.42 in DCM:petrol 1:1, yield 0.042 g, 13% 

method 3.1.1.2). C 9 H 19 B 9 Ru requires C: 33.2, H: 5.88; found C: 

2.6, H: 5.92%. NMR: 11 B{ 1 H}; δ 1.80 (1B), 0.42 (1B), -7.82 (2B), 

9.18 (2B), -19.44 (2B), -24.15 (1B). 1 H{ 11 B}; δ 6.06-6.00 (m, 5H, 

 6 H 5 ), 3.95 (s, 2H, C cage H), 3.34 (s, 1H, BH), 2.68 (s, 1H, BH), 2.39

s, 2H, BH), 2.35 (s, 3H, CH 3 ), 1.72 (s, 2H, BH), 1.63 (s, 2H, BH), 1.52

s, 1H, BH, overlapping with H 2 O). 

.1.3. [3-C 14 H 10 -closo-3,1,2-RuC 2 B 9 H 11 ] ( 2 ) 

Orange solid, R f 0.60 in DCM:petrol 7:3, yield 0.035 g, 15% 

method 3.1.1.1). C 16 H 21 B 9 Ru requires C: 46.7, H: 5.14; found C: 

5.9, H: 5.11%. NMR: 11 B{ 1 H}; δ 2.05 (1B), 0.37 (1B), -7.11 (2B), - 

.96 (2B), -20.03 (2B), -24.54 (1B). 1 H; δ 8.30 (s, 2H, H9,H10), 7.87- 

.82 (m, 2H, C 14 H 10 ), 7.47-7.42 (m, 2H, C 14 H 10 ), 7.21-7.18 (m, 2H,

 10 H 14 ), 6.52-6.49 (m, 2H, C 10 H 14 ), 2.90 (s, 2H, C cage H). 
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Table 1 

Crystallographic data. 

1 2 •CH 2 Cl 2 3 

CCDC no. 2064021 2064022 2064023 

Formula C 9 H 19 B 9 Ru C 17 H 23 B 9 Cl 2 Ru C 18 H 21 B 9 Ru 

M 325.60 496.61 435.71 

Crystal system monoclinic triclinic triclinic 

Space group P 2 1 / n P ̄1 P ̄1 

a / ̊A 7.72254(15) 9.4497(3) 7.3070(3) 

b / ̊A 19.4803(4) 11.5232(4) 10.7920(3) 

c / ̊A 9.06564(17) 11.7445(4) 12.4370(4) 

α/ ° 90 111.204(2) 70.0850(10) 

β/ ° 93.1765(18) 110.094(2) 88.6170(10) 

γ / ° 90 99.408(2) 79.2160(10) 

U / ̊A 3 1361.72(5) 1057.52(6) 904.98(5) 

Z, Z ′ 4, 1 2, 1 2, 1 

F (000)/e 648.0 496.0 436.0 

D calc /Mg m 

−3 1.588 1.560 1.599 

X -radiation Mo- K α Cu- K α Mo- K α
λ/ ̊A 0.71073 1.54178 0.71073 

μ/mm 

−1 1.121 8.302 0.866 

θmax / ° 32.99 74.57 36.30 

Data measured 34610 17013 52642 

Unique data 4874 4321 8725 

R int 0.0318 0.0511 0.0234 

R , w R 2 (obs. data) 0.0222, 0.0484 0.0339, 0.0871 0.0211, 0.0549 

S 1.184 1.065 1.106 

Variables 206 292 280 

E max , E min /e Å 
−3 0.60, -0.47 1.07, -0.66 2.23, -1.12 
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.1.4. [3-C 16 H 10 -closo-3,1,2-RuC 2 B 9 H 11 ] ( 3 ) 

Yellow solid, R f 0.52 in DCM petrol 3:2, yield 0.026 g, 11% 

method 3.1.1.1). C 18 H 21 B 9 Ru requires C: 49.6, H: 4.86; found C: 

0.3, H: 4.99%. NMR: 11 B{ 1 H}; δ 3.07 (1B), -0.34 (1B), -6.74 (2B), 

8.87 (2B), -19.56 (2B), -24.83 (1B). 1 H; δ 8.13-8.05 [m, 4H (2H + 2H 

verlap), H4,H10 + H5,H9] 8.04-8.00 (m, 1H, H7), 7.70 (d, 9.3 Hz, 

H, H6,H8), 6.87 (d, 5.9 Hz, 2H, H1,H3), 6.62-6.58 (m, 1H, H2), 2.34 

s, 2H, C cage H). 

.2. Crystallography 

Single crystals of 1 and 2 ·CH 2 Cl 2 were grown by diffusion of 

 DCM solution of the appropriate compound and petrol at -20 °C. 

rystals of 3 were grown by vapour diffusion of a DCM solution 

nd petrol at room temperature. Diffraction data from 1 were col- 

ected at 120 K on a Rigaku Oxford Diffraction SuperNova diffrac- 

ometer at the University of Edinburgh using Mo- K α X -radiation. 

ata from 2 ·CH 2 Cl 2 and 3 were collected at 100 K on a Bruker

8 Venture diffractometer at Heriot-Watt University, using Cu- K α

adiation for 2 ·CH 2 Cl 2 and Mo- K α radiation for 3 . Using OLEX2

24] structures were solved by direct methods using the SHELXS 

25] or SHELXT [26] programme, and refined by full-matrix least- 

quares using SHELXL [27] . In all cases application of the Vertex- 

entroid Distance (VCD) and Boron-Hydrogen Distance (BHD) meth- 

ds [ 28 , 15 ] allowed cage C atoms and cage B atoms to be read-

ly distinguished. In most cases cage H atoms were allowed po- 

itional refinement, the only exceptions being H8 in the case of 

 ·CH 2 Cl 2 and H4a and H7a in the case of 3 . These H atoms

all bonded to B vertices) were unstable under positional refine- 

ent and so were set to ride on their respective B atom with 

 −H 1.12 Å. All other H atoms were also treated as riding, with

-C aromatic −H 1.00 Å, C aromatic −H 0.95 Å, C primary −H 0.98 Å and 

 secondary −H 0.99 Å. H atom displacement parameters were con- 

trained to 1.2 × U eq (bound B or C) except for Me H atoms 

1.5 × U eq (C methyl )]. Table 1 contains unit cell data and further ex- 

erimental details. Structures have been deposited with the Cam- 
5 
ridge Crystallographic Data Centre, CCDC 20 64021, 20 64022 and 

064023. 
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a b s t r a c t 

The first metallacarborane derivatives of 1,1 ′ -bis( meta -carborane), specifically [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )- 

2-( p -cymene)- closo -2,1,7-RuC 2 B 9 H 10 ] ( 2 ), [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-( p -cymene)-6-OEt- closo -2,1,7- 

RuC 2 B 9 H 9 ] ( 3 ), [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-(C 6 Me 6 )- closo -2,1,7-RuC 2 B 9 H 10 ] ( 4 ), [1-(1 ′ - closo -1 ′ ,7 ′ - 
C 2 B 10 H 11 )-2-(C 6 Me 6 )-6-OEt- closo -2,1,7-RuC 2 B 9 H 9 ] ( 5 ), [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-Cp- closo -2,1,7- 

CoC 2 B 9 H 10 ] ( 6 ) and [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-Cp ∗- closo -2,1,7-CoC 2 B 9 H 10 ] ( 7 ), have been prepared 

by deboronation of one cage and subrogation of the {BH} fragment removed by an isolobal {Ru(arene)}, 

{CoCp} or {CoCp ∗} fragment. In the case of the {Ru(arene)} species, attack on the products 2 and 4 

by EtO 

− resulted in derivatives 3 and 5 , respectively, in which an OEt group is attached to B6 of 

the metallacarborane cage. All products were characterised by multinuclear NMR spectroscopy and 

single-crystal X -ray diffraction. All are of the form the 2,1,7-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 , and even though the 

structural studies reveal clear evidence of steric crowding between the arene or Cp/Cp ∗ ligand on the 

metal and the pendant carborane cage, no isomerisation of the metallacarborane to either 2,1,8-MC 2 B 9 
or 2,1,12-MC 2 B 9 occurs, even on heating to reflux in toluene. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The last decade has seen significant development of the chem- 

stry and applications of derivatives of [1-(1 ′ - closo -1 ′ ,2 ′ -C 2 B 10 H 11 )-

loso -1,2-C 2 B 10 H 11 ], or more simply 1,1 ′ -bis( ortho -carborane), 

ig. 1 a. [1] Deboronation of one of the cages of this species and

ubsequent replacement of the {BH} fragment (B3 or its equivalent 

6) thereby removed with an isolobal metal fragment affords 

pecies of the form 3,1,2-MC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 ( Fig. 2 a). However, if

he metal atom is also ligated with sterically-demanding ligand(s) 

hich clash with the C 2 B 10 carborane substituent, relatively low- 

emperature isomerisation of the metallacarborane cage can occur 

o yield 2,1,8-MC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 products, Fig. 2 b. [2] Note that

here is some evidence that this isomerisation can be facilitated 

y 1-e reduction of the 3,1,2-MC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 compound, at least

n the case of M = CoCp. [2c] 

In marked contrast there has been very little reported con- 

erning [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )- closo -1,7-C 2 B 10 H 11 ], i.e. 1,1 ′ -
is( meta -carborane), Fig. 1 b, the simple isomer of 1,1 ′ -bis( ortho -

arborane). Historical early syntheses [3] and a detailed contempo- 

ary synthesis [4] have been complemented by a structural char- 

cterisation [5] and the formation of some simple exopolyhedral 
∗ Corresponding author. 

E-mail address: a.j.welch@hw.ac.uk (A.J. Welch). 
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022-328X/© 2021 Elsevier B.V. All rights reserved. 
erivatives, [ 4 , 6 ] but as far as we are aware there are no reports of

he deboronation and metalation of 1,1 ′ -bis( meta -carborane). 

Accordingly, this contribution describes synthetic, spectroscopic 

nd structural studies of the deboronation and subsequent met- 

lation of 1,1 ′ -bis( meta -carborane) with {Ru(arene)}, {CoCp} and 

CoCp 

∗} fragments. 

. Results and discussion 

Deboronation of 1,1 ′ -bis( meta -carborane) using KOH in EtOH at 

eflux followed by cation metathesis affords the salt [HNMe 3 ][7- 

1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )- nido -7,9-C 2 B 9 H 11 ], [HNMe 3 ] 1 , as a white

olid in high yield. [HNMe 3 ] 1 was characterised by microanaly- 

is and 

1 H, 1 H{ 11 B} and 

11 B{ 1 H} NMR spectroscopies. The 11 B{ 1 H} 

MR spectrum reveals 15 resonances with integrals of either 1 or 2 

ccounting for the 19 unique B atoms (resonances of integral 2 are 

 + 1 coincidences). Importantly there are two integral-1 resonances 

t low frequency, δ ca. -33 and -36, indicative of deboronation of a 

eta -carborane cage; in the single cage anion [ nido -7,9-C 2 B 9 H 12 ] 
−

hese resonances, at δ ca. -34 and -35, have been assigned to B1 

nd B6 respectively. [7] In the 1 H NMR spectrum of [HNMe 3 ] 1 are,

n addition to resonances arising from the cation, two broad sin- 

lets assigned to C cage H atoms, the higher frequency one ( δ 3.28) 

ssociated with the closo cage and the lower frequency one ( δ 1.18) 

ith the (anionic) nido cage. 11 B decoupling enhances all the sig- 

https://doi.org/10.1016/j.jorganchem.2021.121980
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2021.121980&domain=pdf
mailto:a.j.welch@hw.ac.uk
https://doi.org/10.1016/j.jorganchem.2021.121980
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Fig. 1. (a) 1,1 ′ -bis( ortho -carborane); (b) 1,1 ′ -bis( meta -carborane). 

Fig. 2. (a) 3,1,2-MC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 ; (b) 2,1,8-MC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 . 
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Fig. 3. Perspective view of the anion [7-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )- nido -7,9-C 2 B 9 H 11 ], 

1 − , studied as its [BTMA] + salt. Displacement ellipsoids are drawn at the 50% 

probability level except for H atoms. Selected molecular parameters ( ̊A): B10 −B11 

1.753(12), C7 −C1 ′ 1.517(5). 
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als due to BH, but importantly the resonance at δ ca. -2 due to 

he H atom bridging the B10 −B11 connectivity. 

Whilst the [HNMe 3 ] 
+ salt of anion 1 is the preferred choice 

or the onward synthesis of metalla derivatives of 1,1 ′ -bis( meta - 

arborane), structural confirmation of the nature of the anion 

sing this salt was fraught with problems. The CH 2 Cl 2 solvate 

f [HNMe 3 ] 1 crystallises in space group Pbcm [ a = 19.1302(12), 

 = 9.4004(7), c = 13.2215(8) Å at 120 K, Z = 4] with all three

omponents disordered across the crystallographic mirror plane 

n addition to C/B disorder in the nido cage, resulting in an 

mprecise structure overall ( R ca. 0.13). Consequently, a small 

mount of [HNMe 3 ] 1 was metathesised to the [BTMA] + salt 

BTMA = benzyltrimethylammonium) for the purpose of crystallo- 

raphic analysis. Although the study of [BMTA] 1 is not particu- 

arly precise by today’s standards, the anion is fully ordered and 

ts structure, shown in Fig. 3 , is unambiguous. 

With the nature of the singly-deboronated anion of 1,1 ′ - 
is( meta -carborane) confirmed, attention turned to metalation. 

reatment of [HNMe 3 ] 1 in THF with two equivalents of n BuLi 

ollowed by reaction with a source of the {Ru(arene) 2 + } frag- 

ent afforded two yellow products, separated by thin-layer chro- 

atography (TLC), in each of the cases where arene = p -cymene 

nd C 6 Me 6 ( Scheme 1 ). Yields of the p -cymene compounds ( 2

nd 3 ) were modest (ca. 12% for each) but somewhat less so 

or the C 6 Me 6 compounds ( 4 and 5 ), attributed to the much

ower solubility in THF of [RuCl 2 (C 6 Me 6 )] 2 compared to [RuCl 2 ( p -

ymene)] 2 . In both cases elemental analyses and mass spectrom- 

try were consistent with one product ( 2 and 4 ) being the ex- 

ected species [(arene)RuC 2 B 9 H 10 -C 2 B 10 H 11 ] and the other ( 3 and

 ) the ethoxy derivative [(arene)RuC 2 B 9 H 9 (OEt)-C 2 B 10 H 11 ], a sup-

osition supported by the observation of a relatively high fre- 
cheme 1. Deboronation of 1,1 ′ -bis( meta -carborane) and subsequent synthesis of the ru

ddition of [RuCl 2 (arene)] 2 in THF. Compound 2 ; arene = p -cymene, Z = H. Compound 

rene = C 6 Me 6 , Z = OEt. 

2 
uency resonance, δ ca. + 15 ppm, in the 11 B{ 1 H} NMR spectra of 

he ethoxy derivatives 3 and 5 that remained a singlet in the 11 B 

pectra. 

All four arene ruthenacarboranes were additionally charac- 

erised by 1 H and 

13 C{ 1 H} NMR spectroscopies. Noteworthy in the 
 H NMR spectrum of 2 was the presence of two (overlapping) dou- 

lets assigned to the (C H 3 ) 2 CHC 6 H 4 CH 3 protons of the p -cymene

igand. This confirms that the molecule, overall, does not have 

he time-averaged C s symmetry that would be anticipated for a 

,1,12-RuC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 species, although clearly it does not dis- 

inguish between 2,1,7-RuC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 and 2,1,8-RuC 2 B 9 -1 ′ ,7 ′ -
 2 B 10 species. In the 1 H NMR spectra of all four ruthenacarboranes 

ere two resonances assigned to C cage H atoms. For the p -cymene 

ompounds 2 and 3 the chemical shifts of these resonances were 

ithin 0.2 ppm, whilst for the more electron-rich C 6 Me 6 species 

 and 5 the chemical shift difference was significantly greater, ca. 

 ppm, tentatively allowing the higher frequency resonance to be 

ssigned to the carborane cage and the lower frequency resonance 

o the ruthenacarborane cage. 

Deprotonation of anion 1 − followed by treatment with 

oCl 2 and either NaCp or NaCp 

∗ initially affords the anions 

Cp/Cp 

∗CoC 2 B 9 H 10 -C 2 B 10 H 11 ] 
−, subsequently aerially oxidised to 

ither [CpCoC 2 B 9 H 10 -C 2 B 10 H 11 ], 6 , or [Cp 

∗CoC 2 B 9 H 10 -C 2 B 10 H 11 ], 7 ,

solated as red compounds in yields of 24% and 10% respectively 

 Scheme 2 ). No evidence for ethoxy-substituted co-products was 

ound. The formation of ethoxy derivatives 3 and 5 is tentatively 

scribed to attack on 2 and 4 , respectively, by highly nucleophilic 

tO 

− ions formed by the decomposition of THF by n BuLi, [ 8 , 2e ]
thenacarboranes 2 - 5 . i KOH/EtOH at reflux. ii Treatment with n BuLi followed by 

3 ; arene = p -cymene, Z = OEt. Compound 4 ; arene = C 6 Me 6 , Z = H. Compound 5 ; 
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Scheme 2. Metalation of deboronated 1,1 ′ -bis( meta -carborane) to synthesise the cobaltacarboranes 6 and 7 . i Treatment with n BuLi followed by addition of CoCl 2 and either 

NaCp or NaCp ∗ in THF. ii aerial oxidation. Compound 6 ; [Co] = CoCp. Compound 7 ; [Co] = CoCp ∗ . 

Table 1 

Important molecular parameters. 

Parameter 2 3 4 5 6 7 

M2 −C1/ ̊A 2.316(2) 2.2896(14) 2.3242(10) 2.3052(9) 2.1708(6) 2.2218(12) 

M2 −B3/ ̊A 2.183(3) 2.1832(17) 2.2073(12) 2.1858(11) 2.0537(7) 2.0877(14) 

M2 −C7/ ̊A 2.160(2) 2.1610(15) 2.1599(12) 2.1561(10) 2.0231(7) 2.0438(14) 

M2 −B11/ ̊A 2.185(2) 2.1738(17) 2.1624(12) 2.1650(12) 2.0538(7) 2.0555(14) 

M2 −B6/ ̊A 2.226(3) 2.2131(17) 2.2091(12) 2.2075(11) 2.0953(7) 2.1023(14) 

C1 −C1 ′ / ̊A 1.546(3) 1.551(2) 1.5476(15) 1.5468(13) 1.5470(9) 1.5459(17) 

θ / ° 14.95(9) 14.18(5) 19.08(5) 17.95(4) 13.87(18) 19.03(7) 

Fig. 4. (a) 2,1,7-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 ; (b) 2,1,8-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 ; (c) 2,1,12-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 . 
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nd evidently the anionic nature of the initial products of the Co- 

ased products mitigates against such attack. Initial characterisa- 

ion of 6 and 7 was by elemental analysis, mass spectrometry and 

 H, 11 B{ 1 H} and 

13 C{ 1 H} NMR spectroscopies. Although, again, clear 

ifferentiation of the C cage H resonances in the 1 H spectra was ob- 

erved only in the case of the more electron-rich Cp 

∗ derivative 7 , 

one of the various spectra afforded clues as to the isomeric na- 

ure of these species. 

To unequivocally establish the structural identities of all these 

roducts, compounds 2 - 7 were each subjected to crystallographic 

nalysis. Perspective views of single molecules are presented in 

ig. 5 (the metallabonded face of the carborane is fully numbered 

n a ), and Table 1 lists important derived molecular parameters. In 

ompound 4 C7 ′ of the pendant carborane cage was found to be 

ssentially equally disordered over three vertices, 7 ′ , 8 ′ and 10 ′ . In 

 C7 is disordered between vertices 7 and 11, with Site Occupancy 

actors (SOFs) of 0.520(19)C + 0.480(19)B at 7 and with comple- 

entary SOFs at 11. In Table 1 θ is the ‘bend-back angle’, the in- 

erplanar angle between the least-squares planes of the C atoms 

f the arene or cyclopentadienyl ligand and the lower pentago- 

al belt, B4B5B10B11B8, of the metallacarborane cage, [9] reflect- 

ng steric crowding between the arene or Cp/Cp 

∗ ligand and the 

endant carborane. 

In principle, an overcrowded 2,1,7-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 species 

 Fig. 4 a), the initial product of deboronation/metalation of 

,1 ′ -bis( meta -carborane), could conceivably isomerise to either 

he 2,1,8-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 ( Fig. 4 b) or 2,1,12-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 

 Fig. 4 c) form. [10,11,12] 
d

3 
However, it is clear that in all cases the products of these re- 

ctions are of the 2,1,7-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 form, i.e. that no iso-

erisation of the metallacarborane cage has occurred following its 

ormation, and, moreover, that in the ethoxy-substituted species 3 

nd 5 the OEt group is attached to B6. The non-isomerisation to ei- 

her a 2,1,8-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 or 2,1,12-MC 2 B 9 -1 ′ ,7 ′ -C 2 B 10 form is

erhaps surprising in that such a process would have relieved the 

lear steric crowing between the arene or cyclopentadienyl ligand 

nd the carborane cage pendant to C1. Evidence for such crowding 

ay be summarised as: 

• M −carborane distances follow the clear pattern M −C1 > 

M −B3,B6 > M −C7,B11, showing that the metal fragment is 

pushed away from the carborane substituent somewhat. 
• The p -cymene ligands in 2 and 3 present their least substituted 

face to the carborane, and all the arene or cyclopentadienyl lig- 

ands are significantly bent away from the carborane, with θ
values between 14 and 19 °. 

Thus the structural consequences of deboronation and metala- 

ion of 1,1 ′ -bis( meta -carborane) appears to differ significantly from 

hose of 1,1 ′ -bis( ortho -carborane). For example, in the latter case 

etalation with the {Ru( p -cymene) 2 + } fragment results in both 

nisomerised but crowded ( θ ca. 16 °) 3,1,2-RuC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 and

somerised 2,1,8-RuC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 products, and the former read- 

ly transforms into the latter with mild heating (THF at reflux). 

2c] In contrast, heating to reflux solutions of 2 , 4 , 6 and 7 in

 8 -toluene afforded no such isomerisation. Equally, metalation of 

eboronated 1,1 ′ -bis( ortho -carborane) with CoCl /NaCp followed by 
2 
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Fig. 5. Perspective views of ( a ) [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-( p -cymene)- closo -2,1,7-RuC 2 B 9 H 10 ], 2 , ( b ) [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-( p -cymene)-6-OEt- closo -2,1,7-RuC 2 B 9 H 9 ], 

3 , ( c ) [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-(C 6 Me 6 )- closo -2,1,7-RuC 2 B 9 H 10 ], 4 ; ( d ) [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-(C 6 Me 6 )-6-OEt- closo -2,1,7-RuC 2 B 9 H 9 ], 5 ; ( e ) [1-(1 ′ - closo -1 ′ ,7 ′ - 
C 2 B 10 H 11 )-2-Cp- closo -2,1,7-CoC 2 B 9 H 10 ], 6 ; and ( f ) [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-Cp ∗- closo -2,1,7-CoC 2 B 9 H 10 ], 7 , with displacement ellipsoids as in Fig. 3 . Atoms shown in green 

are disordered between B and C (see text). 

o

p

o

1

o  

c

3

3

s

xidation affords mainly the isomerised 2,1,8-CoC 2 B 9 -1 ′ ,2 ′ -C 2 B 10 

roduct. [2c] It appears likely, therefore, that a significant aspect 

f the relatively facile isomerisation of the products derived from 

,1 ′ -bis( ortho -carborane) must be the stability gain in separation 

f the cage carbon atoms, a factor already built into 1,1 ′ -bis( meta -

arborane). 
4 
. Experimental 

.1. Synthesis 

Experiments were performed under dry, oxygen-free, N 2 using 

tandard Schlenk techniques, although final workup was performed 
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n the open laboratory. THF and 40-60 petroleum ether (petrol) 

ere freshly distilled under nitrogen from sodium wire and DCM 

as freshly distilled under nitrogen from CaH 2 , and all solvents 

ere degassed (3 × freeze-pump-thaw cycles) before use. Prepara- 

ive TLC used 20 × 20 cm Kieselgel F 254 glass plates and for column 

hromatography 60 Å silica was used as the stationary phase. El- 

mental analyses were conducted using an Exeter CE-440 elemen- 

al analyser. NMR spectra at 400.1 MHz ( 1 H), 128.4 MHz ( 11 B) and

00.6 MHz ( 13 C) were recorded on a Bruker AVIII_400 spectrom- 

ter from CDCl 3 solutions (unless otherwise stated) at 298 K. A 

ombination of 13 C{ 1 H} and DEPT experiments allowed 

13 C assign- 

ents to be made, but note that in most cases not all the quater- 

ary C cage resonances were observed in the former. Electron ion- 

zation mass spectrometry (EIMS) was carried out using a Bruker 

icroTOF Focus II mass spectrometer at the University of Edin- 

urgh. The starting materials 1,1 ′ -bis( meta -carborane), [4] [RuCl 2 ( p - 

ymene)] 2 [13] and [RuCl 2 (C 6 Me 6 )] 2 [14] were prepared from liter- 

ture methods or slight variations thereof. All other reagents were 

urchased from commercial sources (Fluorochem, Sigma Aldrich, 

cross Organics, Katchem) and used without further purification. 

.1.1. [HNMe 3 ][7-(1 ′ -closo-1 ′ ,7 ′ -C 2 B 10 H 11 )-nido-7,9-C 2 B 9 H 11 ] 

[HNMe 3 ] 1 ) 

1,1 ′ -Bis( meta -carborane) (0.200 g, 0.698 mmol) and KOH 

0.235 g, 4.188 mmol) were dissolved in EtOH (50 mL) and the 

esultant clear solution heated to reflux overnight. Upon cooling, 

olatiles were removed in vacuo and the white residue redissolved 

n deionised water (20 mL). The solution was filtered and an aque- 

us solution of excess [HNMe 3 ]Cl added to the filtrate resulting in 

mmediate precipitation of a white solid. This was collected by fil- 

ration, washed with deionised water and dried in vacuo to afford 

HNMe 3 ][7-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )- nido -7,9-C 2 B 9 H 11 ] ([HNMe 3 ] 1 ),

0.212 g, 91%). C 7 H 32 B 19 N requires C 25.0, H 9.61, N 4.17; found

or [HNMe 3 ] 1 : C 25.6, H 9.11, N 4.93%. 11 B{ 1 H} NMR [(CD 3 ) 2 CO],

-0.8 (1B), -3.3 (1B), -4.2 (1B), -4.9 (1B), -9.6 (2B), -10.6 (1B), 

12.0 (2B), -14.2 (2B), -14.7 (2B), -17.3 (1B), -21.0 (1B), -21.9 (1B), 

22.6 (1B), -32.9 (1B), -35.9 (1B). 1 H NMR [(CD 3 ) 2 CO], δ 6.52 [br. s,

H, H N(CH 3 ) 3 ], 3.28 (br. s, 1H, C7 ′ H), 3.13 [s, 9H, HN(C H 3 ) 3 ], 1.18

br. s, 1H C9H). 1 H{ 11 B} NMR [(CD 3 ) 2 CO] includes δ -2.07 (app. t, 

H, μ-H). 

.1.2. 

1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-( p -cymene)- closo -2,1,7-RuC 2 B 9 H 10 ] ( 2 ) 

nd [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-( p -cymene)-6-OEt- closo -2,1,7- 

uC 2 B 9 H 9 ] 

 3 ) 

To a cooled (-20 °C) solution of [HNMe 3 ] 1 (0.200 g, 0.596 mmol)

n THF (30 mL), was added dropwise n BuLi (0.75 mL of a 1.6 M

olution in hexanes, 1.19 mmol) and the reagents left to stir at 

20 °C for 30 min. The pale-yellow solution was frozen at -196 °C 

nd [RuCl 2 ( p -cymene)] 2 (0.182 g, 0.298 mmol) added. The reaction 

ixture was allowed to warm to room temperature and stirred 

vernight. The solvent was removed in vacuo , replaced with DCM 

20 mL) and the products filtered through silica. The filtrate was 

urified by preparative TLC using an eluent system of DCM/petrol 

3:7) giving two yellow bands. The first ( R f 0.38) was subsequently 

dentified as [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-( p -cymene)-6-OEt- closo -

,1,7-RuC 2 B 9 H 9 ] ( 3 ), and the second ( R f 0.26) as [1-(1 ′ -closo-1 ′ ,7 ′ -
 2 B 10 H 11 )-2-( p -cymene)- closo -2,1,7-RuC 2 B 9 H 10 ] ( 2 ). 

Compound 2 : Yield 0.038 g, 12%. C 14 H 35 B 19 Ru requires C 33.0,

 6.92; found for 2 : C 33.2, H 6.80%. 11 B{ 1 H} NMR δ 0.0 (1B),

1.9 (2B), -5.4 (1B), -8.6 (5B), -11.9 (3B), -14.1 (6B), -19.7 (1B). 
 H NMR δ 6.06 [dd, 1H, J H-H = 6.3, 1.2 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ],

.96 [dd, 1H, J H-H = 6.3, 1.2 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ], 5.61 [dd, 1H,

 H-H = 6.3, 1.3 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ], 5.55 [dd, 1H, J H-H = 6.3,

.3 Hz, (CH ) CHC H CH ], 3.08 [app. sept, 1H, J ca. 7.0 Hz,
3 2 6 4 3 H-H 

5 
CH 3 ) 2 C H C 6 H 4 CH 3 ], 2.80 (br. s, 1H, C cage H), 2.71 (br. s, 1H, C cage H),

.58 [s, 3H, (CH 3 ) 2 CHC 6 H 4 C H 3 ], 1.45 and 1.43 [overlapping d + d

app. t), 3H + 3H, J H-H ca. 7.0 Hz, (C H 3 ) 2 CHC 6 H 4 CH 3 ]. 
13 C{ 1 H} NMR

115.1 (C arene ), 104.9 (C arene ), 94.6 (CH), 91.6 (CH), 90.2 (CH), 86.0 

CH), 85.1 (C cage ), 53.1 (CH), 46.1 (CH), 30.4 (CH), 22.1 (CH 3 ), 21.9

CH 3 ), 17.5 (CH 3 ) (1 quaternary C cage not observed). EIMS: envelope 

entred on m/z 510 (M 

+ ). 
Compound 3 : Yield 0.036 g, 12%. C 16 H 39 B 19 ORu requires C 

4.7, H 7.1; found for 3 : C 34.6, H 6.87%. 11 B{ 1 H} NMR δ
5.2 (1B, B6), -2.6 (1B), -3.9 (1B), -6.0 (1B), -8.6 plus shoul- 

er at -9.7 (5B), -12.0 (3B), -14.4 (5B), -7.4 (1B), -25.5 (1B). 
 H NMR δ 6.13 [dd, 1H, J H-H = 6.3, 1.3 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ],

.87 [dd, 1H, J H-H = 6.3, 1.3 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ], 5.72 [dd, 1H,

 H-H = 6.3, 1.3 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ], 5.37 [dd, 1H, J H-H = 6.3,

.3 Hz, (CH 3 ) 2 CHC 6 H 4 CH 3 ], 3.66 (dq, 1H, J H-H = 10.0, 7.0 Hz,

C H 2 CH 3 ), 3.54 (dq, 1H, J H-H = 10.0, 7.0 Hz, OC H 2 CH 3 ), 3.05 [app.

ept, 1H, J H-H ca. 7.0 Hz, (CH 3 ) 2 C H C 6 H 4 CH 3 ], 2.79 (br. s, 1H, C cage H),

.58 (br. s, 1H, C cage H), 2.52 [s, 3H, (CH 3 ) 2 CHC 6 H 4 C H 3 ], 1.38 [d,

H, J H-H = 7.0 Hz, (C H 3 ) 2 CHC 6 H 4 CH 3 ], 1.35 [d, 3H, J H-H = 7.0 Hz,

C H 3 ) 2 CHC 6 H 4 CH 3 ], 1.23 (app. t, 3H, J H-H ca. 7.0 Hz, OCH 2 C H 3 ).
3 C{ 1 H} NMR δ 115.8 (C arene ), 108.0 (C arene ), 95.8 (CH), 94.3 (CH), 

2.8 (CH), 86.0 (CH), 85.3 (C cage ), 63.9 (CH 2 ), 52.6 (C cage ), 52.4 (CH),

1.3 (CH), 29.5 (CH), 22.1 (CH 3 ), 21.6 (CH 3 ), 16.8 (CH 3 ), 16.0 (CH 3 ).

IMS: envelope centred on m/z 554 (M 

+ ). 

.1.3. [1-(1 ′ -closo-1 ′ ,7 ′ -C 2 B 10 H 11 )-2-(C 6 Me 6 )-closo-2,1,7-RuC 2 B 9 H 10 ] 

 4 ) and 

1-(1 ′ -closo-1 ′ ,7 ′ -C 2 B 10 H 11 )-2-(C 6 Me 6 )-6-OEt-closo-2,1,7-RuC 2 B 9 H 9 ] 

 5 ) 

Similarly, [HNMe 3 ] 1 (0.200 g, 0.596 mmol) in THF (30 mL) 

as deprotonated with 

n BuLi (1.19 mmol) and allowed to re- 

ct with [RuCl 2 (C 6 Me 6 )] 2 (0.182 g, 0.298 mmol). Following 

orkup, TLC using an eluent system of DCM/petrol (1:1) yielded 

wo yellow bands. The first ( R f 0.71) was subsequently iden- 

ified as [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-(C 6 Me 6 )-6-OEt- closo -2,1,7-

uC 2 B 9 H 9 ] ( 5 ), and the second ( R f 0.59) as [1-(1 ′ -closo-1 ′ ,7 ′ -
 2 B 10 H 11 )-2-(C 6 Me 6 )-closo-2,1,7-RuC 2 B 9 H 10 ] ( 4 ). 

Compound 4 : Yield 0.029 g, 6%. C 16 H 38 B 19 Ru requires C 35.7,

 7.32; found for 4: C 35.5, H 7.33% 

11 B{ 1 H} NMR δ -1.4 (2B),

2.5 (2B), -8.0 (2B), -9.1 (3B), -11.8 (3B), -14.5 (6B), -20.5 (1B). 1 H 

MR δ 2.78 (br. s, 1H, C cage H, H7 ′ ), 2.20 [s, 3H, (C 6 (CH 3 ) 6 ], 1.91

br. s, 1H, C cage H, H7). 13 C{ 1 H} NMR δ 102.5 ( C 6 Me 6 ), 16.5 (CH 3 )

2 quaternary C cage not observed). EIMS: envelope centred on m/z 

38.3 (M 

+ ). 
Compound 5 : Yield 0.026 g, 5%. C 18 H 42 B 19 ORu requires C 37.2,

 7.29; found for 5 : C 37.2, H 7.44%. 11 B{ 1 H} NMR δ 14.5 (1B, B6),

3.2 (2B), -5.0 (1B), -8.7 (5B), -11.8 (3B), -14.6 plus shoulder at 

15.8 (5B), -17.9 (1B), -26.4 (1B). 1 H NMR δ 3.73 (dq, 1H, 

 H-H = 10.0, 7.0 Hz, OC H 2 CH 3 ), 3.62 (dq, 1H, J H-H = 10.0, 7.0 Hz,

C H 2 CH 3 ), 2.76 (br. s, 1H, C cage H, H7 ′ ), 2.15 [s, 18H, C 6 (CH 3 ) 6 ] 1.76

br. s, 1H, C cage H, H7), 1.24 (app. t, 3H, J H-H ca. 7.0 Hz, OCH 2 C H 3 ).
3 C{ 1 H} NMR δ 104.4 ( C 6 Me 6 ), 64.8 (CH 2 ), 17.2 (CH 3 ), 16.2 (CH 3 )

2 quaternary C cage not observed). EIMS: envelope centred on m/z 

81.5 (M 

+ ). 

.1.4. [1-(1 ′ -closo-1 ′ ,7 ′ -C 2 B 10 H 11 )-2-Cp-closo-2,1,7-CoC 2 B 9 H 10 ] ( 6 ) 

To a cooled (-20 °C) solution of [HNMe 3 ] 1 (0.150 g, 0.447 mmol) 

n THF (20 mL), was added dropwise n BuLi (0.58 mL of a 1.6 M 

olution, 0.894 mmol) and the reagents left to stir at -20 °C for 

0 min. The pale-yellow solution was frozen at -196 °C and a so- 

ution of NaCp (0.118 g, 1.34 mmol) in THF (15 mL) was added fol- 

owed by solid CoCl 2 (0.215 g, 1.65 mmol). The reaction mixture 

as allowed to warm to room temperature and stirred overnight. 

ollowing aerial oxidation, the solvent was removed in vacuo , re- 

laced with DCM and the products filtered through silica. The fil- 

rate was purified by preparative TLC using an eluent system of 
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Table 2 

Crystallographic data. 

[BTMA]1 2 3 4 5 6 7 

CCDC no. 2088065 2088066 2088067 2088068 2088069 2088070 2088071 

Formula C 14 H 38 B 19 N C 14 H 35 B 19 Ru C 16 H 39 B 19 ORu C 16 H 39 B 19 Ru C 18 H 43 B 19 ORu C 9 H 26 B 19 Co C 14 H 36 B 9 Co 

M 425.84 509.88 553.93 537.93 581.98 398.62 468.75 

Crystal system orthorhombic orthorhombic monoclinic monoclinic monoclinic orthorhombic monoclinic 

Space group Pca 2 1 P 2 1 2 1 2 1 P 2 1 / n P 2 1 / n P 2 1 / n Pbca P 2 1 / n 

a / ̊A 9.7533(4) 10.4742(2) 9.6001(2) 9.9711(2) 11.9135(2) 10.1406(2) 9.9100(2) 

b / ̊A 18.7957(8) 13.4029(3) 22.7612(6) 26.5624(5) 15.0290(3) 16.2080(4) 25.5926(5) 

c / ̊A 13.9908(6) 17.5826(3) 12.2984(3) 10.1817(2) 15.4918(3) 23.7306(5) 9.9327(2) 

α/ ° 90 90 90 90 90 90 90 

β/ ° 90 90 91.3720(10) 106.6670(10) 90.7860(10) 90 106.4540(10) 

γ / ° 90 90 90 90 90 90 90 

U / ̊A 3 2564.79(19) 2468.33(8) 2686.55(11) 2583.39(9) 2773.51(9) 3900.33(15) 2415.99(8) 

Z , Z ′ 4, 1 4, 1 4, 1 4, 1 4, 1 8, 1 4, 1 

F (000)/e 896.0 1032.0 1128.0 1096.0 1192.0 1616.0 968.0 

D calc /Mg m 

−3 1.103 1.372 1.370 1.383 1.394 1.358 1.289 

X -radiation Cu- K α Cu- K α Cu- K α Mo- K α Mo- K α Mo- K α Mo- K α
λ/ ̊A 1.54178 1.54178 1.54178 0.71073 0.71073 0.71073 0.71073 

μ/mm 

−1 0.350 5.116 4.773 0.615 0.581 0.873 0.715 

θmax / ° 70.12 77.44 74.43 40.10 36.34 36.35 36.34 

Data measured 23692 44516 33693 99965 74928 139290 76859 

Unique data 4776 5224 5453 15091 13411 9436 11724 

R int 0.890 0.0304 0.0334 0.0429 0.0340 0.0273 0.0564 

R , w R 2 (obs. data) 0.0646, 0.1688 0.0161, 0.0410 0.0209, 0.0527 0.0318, 0.0637 0.0250, 0.0588 0.0247, 0.0677 0.0425, 0.0952 

S 1.039 1.139 1.048 1.050 1.057 1.050 1.033 

Variables 453 374 398 400 419 371 376 

E max , E min /e Å 
−3 0.57, -0.24 0.49, -0.45 0.42, -0.52 0.65, -0.89 1.15, -0.75 0.41, -0.61 1.19, -0.41 

Flack parameter -0.1(10) 0.153(6) - - - - 
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CM/petrol (1:1) giving a red band ( R f 0.50) subsequently iden- 

ified as [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-Cp- closo -2,1,7-CoC 2 B 9 H 9 ] ( 6 )

0.042 g, 24%). C 9 H 26 B 19 Co requires C 27.1, H 6.57; found for 6 :

 27.2, H 6.61%. 11 B{ 1 H} NMR δ 2.5 (1B), -0.6 (1B), -2.3 (1B), -4.0

1B), -6.7 (1B), -8.4 (4B), -10.0 (1B), -11.5 (4B), -14.0 (4B), -17.5 (1B). 
 H NMR δ 5.80 (s, 5H, C 5 H 5 ), 2.85 (br. s, 1H, C cage H), 2.81 (br. s, 1H,

 cage H). 13 C{ 1 H} NMR δ 90.8 (C 5 H 5 ), 53.4 (C cage H), 46.3 (C cage H) (2

uaternary C cage not observed). EIMS: envelope centred on m/z 399 

M 

+ ). 

.1.5. [1-(1 ′ -closo-1 ′ ,7 ′ -C 2 B 10 H 11 )-2-Cp ∗-closo-2,1,7-CoC 2 B 9 H 10 ] ( 7 ) 

Similarly, [HNMe 3 ] 1 (0.130 g, 0.387 mmol) in THF (20 mL), was 

eprotonated with 

n BuLi (0.774 mmol), frozen at -196 °C and al- 

owed to react with NaCp 

∗ (0.184 g, 1.16 mmol) in THF (15 mL) 

nd CoCl 2 (0.181 g, 1.39 mmol) on warming. The reaction mixture 

as oxidised and worked up as before. Purification by preparative 

LC using an eluent system of DCM/petrol (3:7) gave a red band 

 R f 0.28) subsequently identified as [1-(1 ′ - closo -1 ′ ,7 ′ -C 2 B 10 H 11 )-2-

p 

∗- closo -2,1,7-CoC 2 B 9 H 9 ] ( 7 ) (0.018 g, 10%). C 14 H 36 B 19 Co requires

 35.9, H 7.74; found for 7 : C 36.0, H 7.74%. 11 B{ 1 H} NMR δ 0.5

o -4.5 overlapping resonances with maxima at -1.0 and -2.6 (total 

B), -7.0 (1B), -8.9 (4B), -11.6 (5B), -14.2 (4B), -18.7 (1B). 1 H NMR δ
.82 (br. s, 1H, C cage H, H7 ′ ), 1.91 (br. s, 1H, C cage H, H7), 1.76 (s, 15H,

 5 (CH 3 ) 5 ). 
13 C{ 1 H} NMR δ 99.9 ( C 5 Me 5 ), 53.2 (C cage ), 52.4 (C cage H),

0.9 (C cage H), 10.6 (CH 3 ) (1 quaternary C cage not observed). EIMS: 

nvelope centred on m/z 469.4 (M 

+ ). 

.2. Crystallography 

Crystals of the salt [BTMA] 1 and compounds 2 - 7 were grown 

y diffusion of a DCM solution of the appropriate compound and 

etrol at 5 °C. Compound 2 crystallises as a two-component twin 

hilst crystals of 3 - 7 were single. Diffraction data were collected 

t 100 K on a Bruker D8 Venture diffractometer using either Cu- 

 α radiation ( 2 , 3 ) or Mo- K α ( 4 - 7 ). Using OLEX2 [15] structures

ere solved by direct methods using the SHELXT [16] programme 

nd refined by full-matrix least-squares using SHELXL . [17] In all 
6 
ases application of the Vertex-Centroid Distance (VCD) and Boron- 

ydrogen Distance (BHD) methods [18] allowed cage C atoms and 

age B atoms to be readily distinguished. Note, however, the recog- 

ised special case of VCD analysis of [ nido -7,9-C 2 B 9 ] cages (part of

BTMA] 1 ) in which the shortest vertex-to-centroid distance is from 

8. [18a] The VCD and BHD methods were particularly important 

n the case of 4 in which C7 ′ was found to be essentially equally 

isordered over three vertices. All other cage structures were fully 

rdered except for 6 in which major (68.3% occupancy) and mi- 

or components of the η-Cp ring were found and 7 in which C7 

as (slightly) unequally disordered over two vertices. In [BTMA] 1 

he cation was disorder over two positions (52:48 relative occu- 

ancies) and equivalent bonds were restrained to be equal using 

he SADI restraint. For [BTMA] 1 the exo B–H distances were re- 

trained to 1.10(2) Å and the bridging H was restrained such that 

11–H was 1.10(2) and B10–H 1.20(2) Å. In all other cases cage 

 atoms were allowed positional refinement, as required for the 

HD method. All other H atoms were treated as riding, with C 6 −H 

.95 Å, η-C 6 −H, η-C 5 −H 1.00 Å, C primary −H 0.98 Å, C secondary −H

.99 Å and C tertiary −H 1.00 Å. H atom displacement parameters 

ere constrained to 1.2 × U eq (bound B or C) except for Me H 

toms [1.5 × U eq (C methyl )] and the μ-H atom in 1 ( U H freely re-

ned). Table 2 contains unit cell data and further experimental de- 

ails. Structures have been deposited with the Cambridge Crystallo- 

raphic Data Centre, CCDC 2088065-2088071 for [BTMA] 1 and 2 - 7 

espectively. 
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