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Abstract
Chapter one of this thesis provides a broad introduction to (hetero)borane chemistry,
with some more focussed discussion on topics pertaining to the work which comprises
this document. It also includes the scope of thesis for this work.

Chapter two describes the preparation and characterisation of a substantial number of
nitrosocarboranes along with hydroxylamine and Diels-Alder cycloadduct derivatives
based on these nitroso-species. This chapter contains improved characterisation of some
previously reported compounds, along with novel compounds. Some of these species
are characterised crystallographically, including two examples involving crystal growth
for diffraction studies by cooling a liquid sample.

Chapter three describes the Enhanced Structural Carborane Effect and provides
evidence for this phenomenon via comparison of molecular geometry of a series of
closely related compounds determined by X-Ray diffraction studies. It also includes
investigation into ligand substitution of a ruthenacarborane carbonyl compound, and
discussion of the ligand orientation and bond distances of the family of compounds
prepared and studied.

Chapter four contains experimental details for all of the novel compounds involved in
chapters two and three, along with some alternative or improved syntheses for some
known compounds.
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Chapter 1: Introduction
1.1 Boron

Boron is the fifth element in the periodic table, with a boron atom possessing one less
proton than a carbon atom. Despite its position in the table, it is far less abundant both
terrestrially and on a cosmic scale than elements such as carbon and oxygen, which are
two of the most abundant.

This is due largely to its means of production, in an absolute sense. Hydrogen and
helium are, by a good margin, the most common elements in the universe. The majority
of other elements are formed by stellar nucleosynthesis, where the extreme conditions
within stars fuse lighter elements together to product heavier ones. Boron is not formed
by this method, instead being formed by cosmic ray spallation (where high-energy
cosmic rays impact elements such as carbon or oxygen and fragment them to produce
boron, among other nuclei).1 This is inefficient, leading to the low abundance of boron.
The boron naturally found in the Earth’s crust is not found as elemental boron. Borate
minerals, which contain boron as trigonal BO3 or tetrahedral BO4 groups, are the
primary source of boron for both industrial and laboratory use.

1

1.2 Boron hydrides

Boron hydrides are, simply, compounds of boron and hydrogen which exist as neutral
(e.g. B5H9) or anionic (e.g. [B12H12]2-) compounds. The classical approach of describing
the bonding as a series of 2-centre-2-electron (2c-2e) covalent bonds does not work for
boranes, and while the electronic configuration of boron atoms (with three valence
electrons in four valence orbitals) would lead to the description of boranes as “electron
poor” this is not the case. The bonding in boranes includes delocalised bonds, which in
terms of electron counting in these compounds, allows the boron atoms to achieve a
“stable octet” of valence electrons.

This bonding is evident from the simplest isolatable borane, B2H6. BH3 is, by itself, not
a stable compound and will readily dimerise, although it can be found as a “BH3” unit in
adducts such as BH3.SMe2. First isolated by Alfred Stock,2 the structure of B2H6 was
initially proposed to be similar to that of ethane, C2H6. Ultimately the structure was
found to be that shown in figure 1.2.1,3 which cannot be described entirely by 2c-2e
bonding.

Figure 1.2.1: The structure of B2H6.
In this compound the terminal B-H bonds can be described as 2c-2e apiece, while the
bonding with the bridging hydrogen atoms and the two boron atoms must be described
as two 3-centre-2-electron bonds, each consisting of a pair of electrons shared between
the two boron atoms and one of the bridging hydrogen atoms.

This multiple-centre bonding extends to the larger boranes too, which are all polyhedral
and follow structural patterns outlined in section 1.3. The bonding in these species gives
rise to high-connected boron atoms, where the vertices of the clusters formed are
connected to more than four other vertices. Due to the nature of this bonding, the
linkages between vertices in boranes and heteroboranes are referred to as connectivities,
rather than bonds, as the latter implies a 2c-2e bonding motif which is not appropriate.
2

The most iconic polyhedral structure is the icosahedron, which is the structure adopted
by [B12H12]2-. A paper by Longuet-Higgins and Roberts in 19554 predicted that,
although neutral boranes such as B5H9 and B10H14 were known, an icosahedral B12
species would requires two additional electrons to stabilise it. Shortly after, Pitochelli
and Hawthorne5 reported the preparation and isolation of [B12H12]2- salts, confirming
this prediction as well as the icosahedral structure of the anion.
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1.3 Electron-counting and structure in (hetero)boranes

Formal electron counts in (hetero)boranes are intrinsically linked to their structures.
Patterns in structures such as B10H14 which appeared to be fragments of larger
polyhedra led, ultimately, to the development of Polyhedral Skeletal Electron Pair
Theory (PSEPT), also known as Wade’s Rules or Wade-Mingos Rules.6

This key theory, initially described by the eponymous Wade, has been expanded and
developed over time, aided by increasing available computational power in theoretical
studies. Although not completely universal in (hetero)boranes, with a small number of
non-Wadian compounds which do not follow the rules reported in the literature,7 the
vast majority of reported (hetero)boranes can have their structures predicted accurately
and reliably based on this electron counting method.

In PSEPT, the contribution of each building block unit to the skeletal framework of the
cluster is summed to give a number of skeletal electrons for the compound as a whole.
Removing electrons involved in exo-polyhedral bonding and located in non-bonding
molecular orbitals from the count, gives the number of electrons from each unit
involved in cluster bonding. In practice, the contribution of electrons to cluster bonding
is mostly done through three orbitals of each fragment.

Following this qualitative description of fragment contribution to cluster bonding, a set
of simple equations can be applied to easily quantify the electron count from a given
fragment. In each case the contribution to the cluster (s) is given from the number of
valence electrons of the vertex atom (v), the number of electrons provided by any exopolyhedral substituent on this atom (x) and a number which is subtracted for any given
type of fragment (scheme 1.3.1).

Main group fragment (e.g. {BH}, {CH})

s=v+x–2

TM fragment {ML3} (e.g. {CpCo}, {(CO)3Ru}

s = v + x – 12

TM fragment {ML4}

s = v + x – 14

TM fragment {ML5}

s = v + x – 16

Scheme 1.3.1: Cluster fragment electron contributions.
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This counting scheme gives a contribution of 2 electrons from a {BH} fragment or a
{CpCo} fragment, and a contribution of 3 electrons from a {CH} fragment.

The total number of electrons involved in skeletal bonding can then be compared with
the number of vertices to predict the structure of the cluster. A cluster with n vertices
and n + 1 pairs of skeletal electrons will adopt a closed polyhedral geometry, known as
a closo-structure. Adding electrons to the skeletal bonding of a cluster above this
number will give a structure which is a fragment of a larger polyhedron. For example, a
cluster with n vertices and n + 2 skeletal electron pairs (SEPs) will possess the geometry
of an n + 1 vertex polyhedron with one of the vertices missing, known as a nidostructure (from the Greek for nest). Adding a further SEP, to give n + 3, gives a
fragment of an n + 2 polyhedron with two vertices missing, known as an arachnostructure (from the Greek for web). Further opening of the cluster with additional SEPs
relative to vertices is also known, but closo-, nido- and arachno-geometries are the most
commonly observed.

The icosahedron, the archetypal (hetero)borane cluster structure, is adopted by
[B12H12]2- and [C2B10H12]. This is, obviously, a closo-structure and the PSEPT counting
for both compounds, giving n + 1 SEPs in both cases, is given in scheme 1.3.2.
[B12H12]2-

[C2B10H12]

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

24e-

10 x {BH} = 10 x 2e- =

20e-

2- charge =

2e-

2 x {CH} = 2 x 3e- =

6e-

Total =

26e-

Total =

26e-

=> 13 SEPs

=> 13 SEPs

Scheme 1.3.2: PSEPT count for [B12H12]2- and [C2B10H12].
The ubiquity of PSEPT in (hetero)boranes is reflected in the extent of the WadeMingos-Rudolph structural matrix,8 an extended fraction of which is shown in figure
1.3.1. Its application to the icosahedral structure and those immediately adjacent to it in
the matrix is most relevant to this thesis but the rules apply to both smaller clusters, with
fewer than 12 vertices (subicosahedral compounds), and clusters with greater than 12
vertices (supraicosahedral compounds).
5

Figure 1.3.1: An extended fraction of the Wade-Mingos-Rudolph structural matrix,
demonstrating the relationships between closo-, nido- and arachno-geometries.
It should be evident by this discussion of Wade’s Rules that electron counts, specifically
the addition or loss of a pair of electrons, have a very significant effect on
(hetero)borane geometry. This facilitates conversion experimentally from closo- to
nido-geometries by either maintaining the number of SEPs in a cluster and removing a
vertex or maintaining the number of vertices in a cluster and adding two electrons. The
reverse of these two changes, to give closo- from nido-geometries is, of course, equally
as facile.

An important consequence of the ubiquity of these rules is that some fragments are
effectively interchangeable in a (hetero)borane cluster. The three orbitals used by a
main group fragment in skeletal cluster bonding are shown in figure 1.3.2.
6

Figure 1.3.2: The orientation of the px, py and spz-hybrid orbitals of a main group
fragment in cluster bonding.

If a fragment interacts with the cluster via these same orbitals, or those of equivalent
symmetry, and contributes the same number of electrons to the skeletal bonding as
another then the two can be exchanged without having an effect on the cluster bonding,
and so the geometry of the polyhedral core of the compound will remain the same. The
term isolobal9 is used to refer to the relationship between such fragments and, although
it is a concept with broader applications, it is particularly important in (hetero)borane
chemistry. An example of some common isolobal fragments is shown in figure 1.3.3.

Figure 1.3.3: Isolobal {BH}, {CH}+ and {CpCo} fragments.

The large extent of delocalised bonding within (hetero)borane clusters has been
described as a 3-dimensional analogue of conventional organic aromaticity.9 Within the
series of parent boron hydride clusters, the clusters with the highest symmetry have
been calculated to show the most aromaticity: [closo-B6H6]2- and [closo-B12H12]2- with
their octahedral and icosahedral symmetries,10 respectively. The mono- and di-carbon
counterparts of these two species possess similarly high aromaticity. The icosahedral
[closo-C2B10H12] compounds have been studied extensively, with their remarkable
stability attributed to their electronic structure.
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1.4 Carboranes
The dianionic [B12H12]2- icosahedron was found to be robust both thermally and
chemically, which suggested that a neutral analogue, namely C2B10H12, would share this
remarkable stability. The first report of a carborane (a contraction of carbaborane, used
to describe compounds consisting of carbon, boron and hydrogen) was published in
1962,11 and the first paper describing the preparation of icosahedral carboranes (i.e.
C2B10H12 and derivatives) appeared in 1963.12
In reality, carboranes had been prepared and studied by both the US and USSR prior to
this, as they were considered for use in rocket propulsion due to their high energy
density compared to organic counterparts. However, the solid by-products from
combustion of carboranes led to the ultimate declassification of the research done and
the stockpiles of boranes which had been prepared on large scales were made available.
Although the term “carborane” includes any compound containing carbon, boron and
hydrogen, and icosahedral clusters containing 1 and 3 carbon atoms are quite common,
neutral dicarbon icosahedra are the most studied family of carboranes since their
discovery and declassification. This is aided by the ease of preparation of C 2B10
compounds on the laboratory scale. While there are other methods of preparing
carboranes, only one is of practical synthetic utility. Reaction of decaborane (nidoB10H14) with two equivalents of a Lewis base and an alkyne gives the correspondinglysubstituted 1-R1-2-R2-1,2-closo-C2B10H10 derivative where any groups on the alkyne are
still bound to the carbon atoms in the cage (scheme 1.4.1).13

Scheme 1.4.1: General scheme for preparation of C2B10 species from B10H14 and an
alkyne.
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The position of the carbon atoms adjacent to each other in the cluster makes this the 1,2isomer of C2B10, which is commonly referred to as ortho-carborane. The 1,7-isomer,
where the carbon atoms are separated by one boron vertex is referred to as metacarborane and is accessible by heating the 1,2-isomer to 450 °C.14 The third possible
isomer of C2B10 where the carbon atoms are separated by two boron vertices and are on
opposite sides of the cluster, the 1,12-isomer (known as para-carborane), is accessible
by further heating of the 1,7-isomer to 600 °C15 although this process is less efficient
than the ortho- to meta- isomerisation (scheme 1.4.2).

Scheme 1.4.2: Isomerisation between ortho-, meta- and para-carborane.

The movement of the carbon vertices on heating is a result of the increasing
thermodynamic stability of the cluster as the carbon atoms move further apart. The
reverse isomerisation of each step can be achieved by 2-electron reduction followed by
oxidation of the carborane.16 This moves the carbon atoms closer together as the kinetic
control of the oxidation step favours the lower-barrier route to carbons-together isomers.

While many different pathways have been investigated computationally, there are two
primary mechanisms that are considered viable for the isomerisation of C 2B10H12 from
the 1,2- to 1,7-isomer. The first is known as a diamond-square-diamond (DSD)
rearrangement.17 In this mechanism, two connected vertices move away from each,
breaking their connectivity, and giving a square face from two edge-sharing triangle
faces (i.e. diamond-shaped). This square face can then close to give two triangular faces
9

again, with the other two vertices of the square forming a connectivity. This moves the
original two vertices apart. A co-operative DSD rearrangement, where six of these
rearrangements happen simultaneously, takes the cage through a cuboctahedral
intermediate before returning to an isomerised icosahedral shape (figure 1.4.1).

Figure 1.4.1: Co-operative DSD rearrangement, via a cuboctahedron.

The second feasible mechanism for this isomerisation is triangular face rotation
(TFR).18 In TFR, one of the faces of the icosahedron, containing three vertices,
effectively rotates by 120°. If a B3 or BC2 triangle rotates this has no effect on the
relative carbon positions in the cage, but if a B2C triangle undergoes this rotation then
the carbon atom will be moved one vertex away from the other, uninvolved, carbon
vertex (figure 1.4.2). TFR is, as can be seen in the figure, equivalent to three concurrent
DSD rearrangements.

Figure 1.4.2: Triangular face rotation, showing clockwise rotation of a B2C triangle.
While both of these mechanisms are plausible for the 1,2- to 1,7-C2B10 isomerisation,
experimental studies involving labelling of boron vertices show product distributions
that solely DSD-mediated isomerisation cannot account for,19 suggesting that
10

isomerisation follows a combination of the two mechanisms. Additionally,
computational studies give TFR as the least energetically-demanding route for the
isomerisation.20

Isomerisation from 1,7- to 1,12-C2B10 cannot be rationalised by DSD rearrangement via
a cuboctahedral intermediate, and a TFR pathway to the 1,12-isomer has been
calculated to not be the lowest energy route for this isomerisation. Work by Wales21
where isomerisation proceeded primarily by smaller, sequential, DSD rearrangements
through low-symmetry intermediates and transition states gave a scheme which could
rationalise isomerisation between all three isomers. A metallacarborane analogue of one
of the key intermediates was later isolated22 which provides strong supporting evidence
for this mechanism. Another computational study suggests that the isomerisation
proceeds via a series of similarly low-symmetry open-faced intermediates to eventually
give the 1,12-isomer.20

While subicosahedral carboranes are well-known, supraicosahedral carboranes are rare.
While metallacarboranes of the type MC2B10 are readily accessible by two-electron
reduction of a C2B10 carborane and capitation with an appropriate metal fragment,23 the
same approach but attempting to capitate with a boron fragment proceeds in very low,
often negligible, yields (scheme 1.4.3).

Scheme 1.4.3: Unsuccessful route to 13-vertex carboranes.
Computational work by Schleyer et al24 showed that sequential addition of BH vertices
to the parent boron hydrides comes with a substantial energetic penalty for the 12- to
13-vertex step (figure 1.4.3). Carboranes, with only two BH vertices replaced for very
similar CH vertices, would be expected to be subject to a very similar barrier when
going from C2B10 to C2B11 clusters.
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Figure 1.4.3: Calculated enthalphies of cumulative {BH} addition to [BnHn]2-.
While this barrier prohibits the effective formation of C2B11 clusters by conventional
reduction-capitation methodology, MC2B10 compounds can be prepared in high yields
this way. The large, diffuse, orbitals of a transition metal, lanthanide or heavier main
group fragment are capable of good overlap with the frontier molecular orbitals of the
nido-carborane while a boron fragment, with its more contracted orbitals, cannot
achieve good overlap with cage orbitals spread over the six atoms on the open face of
the carborane.

When reduced with two electrons, both [1,2-closo-C2B10H12] and [1,7-closo-C2B10H12]
give the more stable [7,9-nido-C2B10H12]2- dianion, where the carbon atoms are
separated.25 The [7,8-nido-C2B10H12]2- isomer, where the carbon atoms are adjacent, is
not observed in the reduction of [1,2-closo-C2B10H12]. It can be seen in calculations by
McKay26 that from [7,9-nido-C2B10H12]2- the activation energy for capitation to give a
13-vertex closo-product is higher than that for oxidation to give the [1,2-closoC2B10H12] starting material. One route to overcome this, and so far the only truly viable
one, is tethering the carbon atoms of the starting C2B10 compound to force the reduced
intermediate into a 7,8-geometry. This intermediate has a higher barrier to oxidation
back to the starting material26 (scheme 1.4.4) and promotes capitation by the incipient
{BR}2+ fragment.
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Scheme 1.4.4: Computed barriers for oxidation of [7,8-nido-C2B10H12]2- and [7,9-nidoC2B10H12]2-.
This methodology has afforded both 13- and 14-vertex carboranes by two-27 and fourelectron28 reduction of tethered C2B10 species, respectively, followed by treatment with
a monoboron reagent (scheme 1.4.5). The key drawback to this tethering methodology
is that the carbon atoms of any supraicosahedral product are forced to be adjacent,
limiting further chemistry.

Scheme 1.4.5: Reduction and capitation of tethered 1,2-closo-C2B10 to give 13 (top) and
14 (bottom) vertex carboranes.
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A route to prepare untethered supraicosahedral carboranes is, therefore, desirable.
Further expansion of the cage would be, based on calculations,24 expected to be easier
than the 12- to 13-vertex step. Use of a removable silicon tether has been reported,
where the reduction and capitation is conducted as previously described and the tether is
then cleaved.29 This route, however, has proved to be difficult to reproduce.

14

1.5 Substituted carboranes

Exo-polyhedrally substituted icosahedral C2B10 carboranes are readily prepared by two
main routes. The first, and most straightforward, is the introduction of substituents at
carbon when preparing a 1,2-C2B10 species by insertion of an alkyne into decaborane.12
Any groups on the alkyne will remain bound to the carbon atoms that are in the
carborane following insertion. This approach is limited in scope in terms of functional
group tolerance of the reaction, and bulky groups on the alkyne may reduce the
efficiency of the insertion. In terms of laboratory-scale preparations of carboranes, the
nature of the alkyne used may also limit the number of accessible C-substituted
carboranes. For example, propyne, which would be used to prepare [1-Me-1,2-closoC2B10H11] by this route, is a gas under standard conditions and so makes this route
difficult and dangerous.

It is clear from this that preparation of [1,2-closo-C2B10H12] is also difficult in a
standard research laboratory, but it is available commercially in large (by research
standards) quantities. C-substituted 1,7- and 1,12-C2B10 derivatives are potentially
accessible by thermal isomerisation of the corresponding 1,2- compound but this is,
again, not always feasible or, in the case of 1,12- species, efficient.

The relative electronegativities of carbon, boron and hydrogen lead to the CH and BH
vertices of carboranes possessing very different polarities in their bonds. The relative
electropositivity of boron compared to hydrogen means that cage B-H hydrogen atoms
are hydridic, with a partial negative charge located on the hydrogen atom. Conversely,
the relative electronegativity of carbon compared to hydrogen means that cage C-H
bonds are polarised towards the carbon atom, rendering the hydrogen atom acidic.30

This fundamental difference in the hydrogen atoms at boron and carbon vertices means
that they can be selectively substituted. While not of particular relevance to the work
contained in this thesis, B-substitution of carboranes with alkyl or halide groups can
commonly be achieved by electrophilic substitution at BH vertices,31 with the most
negatively-charged vertices being substituted readily and full B-substitution requiring
more forcing conditions.32 The differing reactivity of vertices can be seen most easily in
[1,2-closo-C2B10H12] where the vertices furthest from the carbon atoms are substituted
first.
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While there are other routes, C-substitution, which is vital for the experimental work
described in this thesis, is readily achievable by treatment of the carborane with a strong
base such as n-butyllithium, removing the protic H atom, followed by reaction with an
electrophile.31 As this chemistry involves a reactive intermediate, the deprotonated
carborane, the differences in behaviour of the different isomers of C2B10H12 come into
play when trying to enforce selectivity in C-substitution of the carborane.

When in ethereal solution [1,2-closo-C2B10H12], following treatment with one
equivalent of strong base to remove one proton, will not exist solely as [1,2-closoC2B10H11]-. Instead, it equilibrates to give a mixture of [1,2-closo-C2B10H12], [1,2-closoC2B10H11]- and [1,2-closo-C2B10H10]2- in an approximate ratio of 1:8:1,33 as shown in
figure 1.5.1.

Figure 1.5.1: Equilibrium of monolithiated [1,2-closo-C2B10H12] in ethereal solution.
Conducting the reaction in a different solvent34 can help alleviate this issue, by pushing
the equilibrium closer to the monoanion. Another route to the mono-substitution of [1,2closo-C2B10H12] is initial addition of a bulky silyl group, which is too sterically
demanding to be substituted at two adjacent vertices, followed by the desired substituent
to the other carbon vertex, and finally removal of the silyl group to give the desired
mono-substituted product,35 as shown in scheme 1.5.1.

Scheme 1.5.1: Protecting group strategy for monosubstitution of [1,2-closo-C2B10H12].
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In the cases of [1,7-closo-C2B10H12] and [1,12-closo-C2B10H12], the equilibrium
between the singly and doubly deprotonated species in solution heavily favours the
monoanion,33 due to the reduced polarity of the C-H (and presumably C-base) bonds in
the carbons-apart isomers compared to that of [1,2-closo-C2B10H12].
Disubstitution of any of the isomers obviously does not have this issue, and the absence
of cross-reactivity with B-H substitution allows use of excess reagents in reaction to
ensure full conversion and streamline any purification.

While this approach of deprotonation followed by direct treatment with an electrophilic
source of the desired substituent works well for many groups, not all derivatives can be
prepared this way. For example, while substitution of carboranes with alkyl groups
works well, attempts to attach aromatic groups to carboranes by this method are
unsuccessful. More recent work has shown that copper-mediated couplings are effective
in these cases. Deprotonation of the carborane as normal, followed by treatment with
copper(I) chloride (and in some cases pyridine) gives a species which will react with an
aryl iodide to give the C-aryl carborane in good yields36 (scheme 1.5.2).

Scheme 1.5.2: Copper-mediated coupling of [1,2-closo-C2B10H12] and aryl halides.
This can be applied to [1,2-closo-C2B10H12] compounds and also the other isomers. [1Ph-1,2-closo-C2B10H11] is readily prepared by insertion of phenylacetylene into
decaborane and, in the absence of equipment to thermally isomerise this, [1-Ph-1,7closo-C2B10H11] is difficult to prepare without employing this copper-coupling
methodology.

Copper-coupling also facilitates the preparation of bis(carborane)s (figure 1.5.2) in high
yields.37 While known for a long time after preparation by insertion of bis(acetylene)
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into two decaborane units,38 the low yield of this reaction prohibited extensive research
into bis(carborane) chemistry until these higher-yielding routes were discovered.
Bis(carborane)s consist of two C2B10 units bound together by a standard 2c-2e C-C
bond. While initially a curiosity for their structure, it has been shown that the chemistry
of these compounds differs substantially from that of their single-cage precursors.39

Figure 1.5.2: 1,1’-bis(o-carborane), 1,1’-bis(m-carborane) and 1,1’-bis(p-carborane).
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1.6 Metallacarboranes

There are many methods for insertion of a metal atom into a carborane cluster but the
most common, and most straightforward, is insertion of a cationic metal fragment into
an anionic open-cage carborane.40 The most well-known and well-developed class of
metallacarboranes are MC2B9 compounds. These compounds have readily-accessible
precursors: [7,8-nido-C2B9H11]2-, [7,9-nido-C2B9H11]2- and their substituted derivatives.
These dianions are often prepared in situ from their protonated monoanionic forms,
which themselves can be readily prepared by the removal of a {BH}2+ unit from the
appropriate closo-C2B10 isomer by strong base in protic conditions41 as shown in figure
1.6.1.

Figure 1.6.1: Decapitation of [1,2-closo-C2B10H12] and metathesis to the
trimethylammonium salt of the product.

Removal of the proton bridging the open face can be done rapidly by treatment with a
strong base such as n-BuLi, giving the dianion which will react with a wide range of
metal complexes to give the icosahedral metallacarborane product. Due to the ubiquity
of this route, thousands of metallacarboranes have been prepared and characterised.42
The most common isomer is the 3,1,2-form, as it is formed from decapitation and
metallation of [1,2-closo-C2B10H12]. The very first reported metallacarborane, published
in 1965 by Hawthorne et al,43 is an example of such a compound: the dicarbollide
analogue of ferrocene, shown in figure 1.6.2.
This “full-sandwich” complex represented the first of many full- and “half-sandwich”
complexes, which are now more commonly known as metallacarboranes. The halfsandwich [3-Cp-3,1,2-closo-FeC2B9H11] (also shown in figure 1.6.2) was reported
shortly afterwards43 and, although somewhat ironically it does not have a Wadian
electron count, it represents the beginning of a long list of 3,1,2-metallacarboranes.
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Figure 1.6.2: [Fe(C2B9H11)2]2- and [3-Cp-3,1,2-closo-FeC2B9H11].
The most directly comparable Wadian analogue of this, [3-Cp-3,1,2-closoCoC2B9H11]44 is almost as archetypal for metallacarborane chemistry as [1,2-closoC2B10H12] is for carborane chemistry. To a greater extent than icosahedral carboranes,
multiple isomers of MC2B9 compounds are possible.45 While full discussion of the nine
possible isomers is not of great relevance to this thesis, it should be noted that
isomerisation of metallacarboranes is achievable at far lower temperatures than required
for carboranes, and that they follow the same pattern of increasing thermodynamic
stability with increasing distance between the cage carbon atoms.

Figure 1.6.3: A berylacarborane,46 stannacarborane47 and uranacarborane.48

Many different metal fragments have been included in metallacarboranes, with some
able to afford unusual electron counts within the cluster. However, the vast majority of
metal fragments used in this type of chemistry are isolobal with {BH} fragments, giving
metallacarboranes of equivalent geometry and connectivity to their carborane
analogues. d-block elements are the common elements used for metallacarborane
synthesis, but s-, p- and f-block elements have all been incorporated into
heterocarborane clusters, and a small selection of examples is shown in figure 1.6.3.
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Metallacarboranes can be considered as either (hetero)carborane clusters with a metal
vertex or as a metal complex with a strongly-binding dicarbollide ligand. They show,
like carboranes, a great deal of stability with respect to solvent, temperature and
oxidation. They can include a large variety of different substituents, and the metals
themselves can also be tuned in terms of reactivity. This has led to their use in a wide
variety of applications, including catalysis.49

One particular example of this is a hydrosilylation catalyst reported by Hawthorne et al
in 1984.50 A 3,1,2-rhodacarborane showed catalytic activity despite the metal centre
formally possessing 18 valence electrons and an oxidation state of 3+, which would
impart low reactivity on it. Following incorporation of bulky groups on the cage carbon
atoms to trap it out, the catalytically active species was determined to be an exopolyhedrally metallated nido-species which was in tautomerism with the parent
compound in solution (figure 1.6.4). This exo-nido-tautomerism represents a movement
of a large portion of the compound from a very stable position (18e, 3+ oxidation state)
to a much more reactive position (16e, 1+ oxidation state).

Figure 1.6.4: Tautomerism of [1-R-2-R’-3,3-(PPh3)2-3-H-3,1,2-closo-RhC2B9H11].
When considering a metallacarborane as a metal complex with a dicarbollide ligand, the
obvious comparison is that of a metal complex with a cyclopentadienide ([Cp]-) ligand.
Both ligands are anionic, η5 and occupy three coordination sites on the metal. While
there are differences in formal charges and number of electrons donated, a striking
difference is that the dicarbollide ligand binds via a C2B3 face, rather than using five
equivalent atoms as in [Cp]-.
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All five atoms which comprise the C2B3 face are involved in the frontier molecular
orbitals which bind to the metal. However, the carbon atoms contribute to these to a
lesser extent than do the boron atoms.51 The effect of this is that the carbon atoms bind
less strongly to the metal than do the boron atoms, and so exert a smaller structural trans
effect than the boron atoms.

While the direct structural effects of this are hard to observe, largely due to the carbon
atoms lying closer to the polyhedral centroid than the boron atoms due to their smaller
atomic radii, the variation in structural trans effect of the boron and carbon atoms of the
dicarbollide ligand can be observed indirectly in the impact it has on the other ligands
bound to the metal centre. In some cases this can be seen in direct metal-ligand
distances when the exo-polyhedral ligands bound to the metal are identical, but in cases
such as Cp ligands this can be very difficult to observe. A more obvious effect can be
seen when the exo-polyhedral ligands vary in their donor strength and so their positions
will be influenced by the dicarbollide ligand. This Exo-polyhedral Ligand Orientation
(ELO) effect52 consistently shows that boron atoms, with their greater structural trans
effect, will be bound trans to the weaker exo-polyhedral ligands while the weaker-bound
carbon atoms will be bound trans to the stronger exo-polyhedral ligands.

Figure 1.6.5 shows the orientation of the exo-polyhedral ligands in [3,3-(PPh3)2-3(NO3)-3,1,2-closo-RhC2B9H11]53 and [3-(C9H7)-3,1,2-closo-CoC2B9H11]54 relative to the
C2B3 face, showing that the weaker structural trans effect donors (nitrate and bridgehead
carbon atoms, respectively) are positioned above the cage carbon atoms.

Figure 1.6.5: ELO in [3,3-(PPh3)2-3-(NO3)-3,1,2-closo-RhC2B9H11] and [3-(C9H7)3,1,2-closo-CoC2B9H11] (H atoms, phenyl groups are omitted for clarity).
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As previously noted, supraicosahedral metallacarboranes are well-known. 13-vertex
MC2B10 compounds were reported as early as 1971,23 and 14-55 and 15-vertex56 species
are also known. These larger metallacarboranes are similar to their 12-vertex brethren
and are readily prepared, although yields decrease as cluster size increases. In both
icosahedral and supraicosahedral metallacarboranes, multiple metal fragments can be
readily incorporated57 into a species.
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1.7 Nomenclature and numbering

(Hetero)boranes offer an interesting case for numbering. While some unusual polyhedra
can be found, most have fully triangulated faces and so are either full, closed, deltahedra
or fragments of such deltahedra. The closed deltahedra are found in the case of closocompounds, while the fragments are nido-, arachno-, etc compounds.

In closo-(hetero)boranes, the numbering is based on the parent polyhedron, irrespective
of what the vertices of the actual compound are. For example, icosahedral carboranes do
not themselves possess icosahedral symmetry as all 12 vertices are not equivalent, but
they are numbered based on the parent icosahedron.

Vertex 1 is the vertex on the highest order rotational axis of the polyhedron, and the
numbering starts from there and numbers symmetry-equivalent sets of vertices moving
“down” the cluster in belts. Examples of this are shown in figure 1.7.1. With
compounds containing different vertices, the heaviest element is numbered vertex 1,
with the following numbering aiming to give the lowest numbers possible for other
heteroatoms. When multiple vertices are of the same element, their substituents come
into effect for numbering, following the same rules for priority, and if they are the same
then numbering is done to give the lowest overall numbering scheme.

The exception to this is in (hetero)carboranes, where the carbon atoms are given priority
to emphasise the relationship between the starting carborane and the (hetero)carborane
product. This means that in MC2B9 species where the two carbon atoms and metal atom
share a triangular face the numbering will be 3,1,2 where 3 is the metal vertex and 1 and
2 are the carbon vertices.

Figure 1.7.1: Numbering schemes for the icosahedron and docosahedron.
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For open cages, the numbering begins on the vertex opposite the open face, and then
follows the same rules as above for the remaining vertices. This gives the 7,8- and 7,9numbering for nido-C2B9 compounds, as they are the lowest possible numbers that can
be given to the carbon atoms when they are part of the open face.
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1.8 Scope of thesis

Chapter two of this thesis describes the synthesis and characterisation of
nitrosocarboranes and related compounds, including the first bis(carborane)-based
nitrosocarboranes and some of their derivatives.

The first section of the chapter discusses examples of both new and previously reported
nitrosocarboranes based on 1,2- and 1,7-closo-C2B10 compounds, offering more
extensive spectroscopic data for the known compounds. It also includes several
crystallographic studies of some of these species, including diffraction studies from two
in situ crystallisations of liquid samples.

The second section concerns the preparation of hydroxyaminocarboranes from
nitrosocarboranes. An investigation into the mechanism is described by which the 1,1’bis(o-carborane) derivative is formed in the process of attempted isolation of the
mononitroso-compound.

The third section details Diels-Alder cycloadducts of nitrosocarborane compounds,
including crystallographic studies. This includes the in situ “trapping” of dinitrosospecies which are not isolatable to confirm that the dinitroso-species are transiently
formed.

Chapter three describes the preparation and crystallographic study of a series of
compounds designed to investigate the existence of the Enhanced Structural Carborane
Effect, a phenomenon explained in the chapter itself wherein an exo-polyhedral tether
can show aromaticity with the cage carbon atoms of a (hetero)carborane to influence the
bonding of those carbon atoms within the cluster.

It also describes the serendipitous preparation of a ruthenacarborane where the carbonbound olefin-functionalised tether is coordinated to the metal atom, along with the
subsequent substitution chemistry of this compound and comparison of the molecular
parameters obtained from these compounds to give insights into ligand behaviour in
these systems.
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Chapter four contains experimental data relevant to chapters two and three, covering the
syntheses of all new compounds prepared for these chapters along with some improved
or alternative syntheses of known compounds.

Appendix one contains crystallographic information for all diffraction studies of new
compounds described in chapters two and three.

Appendix two contains copies of the three publications associated with the work
contained within this thesis.

Appendix three contains crystallographic information files and a digital copy of this
thesis.
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Chapter 2: Nitrosocarboranes and related compounds
2.1 Introduction
C-nitrosocarboranes were first reported in 1964 by Kauffman and co-workers,1 who
prepared [1-NO-1,2-closo-C2B10H11] (I)

and [1-NO-2-Me-1,2-closo-C2B10H10].

Zakharkin and co-workers followed this in the 1970s2,3,4 with reports of the synthesis of
compounds including [1-NO-1,7-closo-C2B10H11] (II) and [1,7-(NO)2-1,7-closoC2B10H10] (III) along with [1-NO-1,12-closo-C2B10H11] and [1-NO-7-Me-1,7-closoC2B10H10] and some further reactivity of nitrosocarboranes.
The area then received little attention until Fox and co-workers5 reported an improved
synthetic route and detailed characterisation of [1-NO-2-Me-1,2-closo-C2B10H10] and
[1-NO-2-Ph-1,2-closo-C2B10H10]

(IV)

in

2009.

They

also

reported

some

transformations of the NO-group, including hydrogenation to give [1-N(H)OH-2-Ph1,2-closo-C2B10H10] (V) from IV.6
It is well-known that nitrosyl ligands in transition metal complexes can bind in two
ways: as a 1-electron donor with a bent M-N-O functionality, or as a 3-electron donor
with a linear M-N-O functionality (fig 2.1.1).7 Switching between the two binding
modes is also known.8 Organic nitroso groups are uniquely found with bent C-N-O
linkages, and infrared spectra and crystallographic determinations of reported
nitrosocarboranes support bent NO geometries in those species.

Figure 2.1.1: Nitrosyl ligand binding modes: bent (left) and linear (right).

However, crystallographic parameters are, obviously, measuring the solid state structure
of the given compounds and IR spectroscopy has previously been noted as unreliable in
determination of NO geometries.9 The evidence therefore does not preclude the
32

possibility of some tautomerism between bent and linear NO groups in
nitrosocarboranes which is heavily weighted towards the bent form.

The possibility of a group bound to a carborane cage which can switch between a 1electron and 3-electron donor form is a very desirable prospect: donation of 2 electrons
into a heteroborane cluster could offer a route into an intramolecular reduction that
would open the cage into a nido-structure.10 DFT calculations kindly performed by
David McKay in Gaussian 03 Revision D.01, using the BP86 functional and 6-31G**
basis sets on all atoms, (fig 2.1.2) show the effect on [1-NO-1,2-closo-C2B10H11] (I) of
moving the nitroso group into a linear position.

An overall activation energy barrier for the bent to linear tautomerism of 27.3 kcal/mol
is feasible to overcome experimentally. Forcing a linear C-N-O unit causes a shortening
of the C-N bond from 1.523 Å, a standard C-N single bond distance, to 1.219 Å,
indicating multiple bond character. The distance between the cage carbon atoms
increases substantially during this process, moving from 1.633 Å to 2.858 Å, which
shows very clear opening of the carborane cage.

‡

[+27.3]

+21

0

Figure 2.1.2: Calculated changes in the geometry of I on increasing C-N-O bond angle
(distances in Å, energies in kcal/mol).
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Based on this, work was undertaken to prepare and characterise a larger number of
nitrosocarboranes with the intent of subsequent trial cage expansion reactions via this
potential tautomerism.

The first part of this chapter describes the synthesis and characterisation of some simple
C-nitrosocarboranes, including crystallographic determination of structure for some of
the examples. Some of these compounds (I, II and III) have been previously reported
but previously lacked, by modern standards, good characterisation.

This is followed by a description and discussion of the synthesis and mechanistic
implications of the formation of hydroxylamine species isolated from aqueous-phase
treatment of specific nitrosocarboranes. The final section of this chapter describes the
preparation of Diels-Alder adducts of nitrosocarboranes, and their use in “trapping out”
the unisolatable but putatively formed compounds [1,2-(NO)2-1,2-closo-C2B10H10] and
[1-(1′-2′-NO-1′,2′-closo-C2B10H10)-2-NO-1,2-closo-C2B10H10].
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2.2 General synthesis and properties of C-nitrosocarboranes

The most accessible route to prepare nitrosocarboranes has remained largely unchanged
since Kauffman’s paper in 1964.1 Treatment of the appropriate lithiocarborane with
nitrosyl chloride at reduced temperature yields the corresponding nitrosocarborane
according to the general reaction shown in figure 2.2.1.

Figure 2.2.1: General reaction scheme for nitrosocarborane synthesis.

Fox et al published improved reaction conditions wherein they showed that dropwise
addition of an ethereal lithiocarborane solution to an alkane solution of an excess of
nitrosyl chloride held at low temperature maximised the yield of NO-substituted product
and minimised the production of [(RC2B10H10)2NH] species.5
Slight alterations to this procedure, specifically reduction of reaction times at low
temperature from 2-3 hours to 10-15 minutes, purification of the resulting products by
chromatography rather than sublimation and the discovery that the exact quantity of
nitrosyl chloride need not be measured provided a large excess was used facilitated the
fast and easy synthesis of the compounds described in the first section of this chapter.

All the nitrosocarboranes described here are bright blue in colour which, amongst other
things, suggests the presence of the bent CNO linkage, as the blue-green colour in
organonitroso compounds is attributed to an electronic π to π* transition. Linear nitrosyl
moieties do not exhibit this transition. Nitrosocarboranes are insoluble in water and
soluble in common organic solvents ranging from hydrocarbons to alcohols.

They are air-stable in the solid/liquid phase, at least for significant periods of time.
Additionally they seem to be air-stable in aprotic and water-immiscible solvents in air.
35

Nitrosocarboranes decompose in the presence of protic solvents, and in aprotic but
water-miscible solvents which are exposed to the atmosphere.

As a general qualitative observation, nitrosocarboranes tend to be more volatile than the
parent carborane, presumably due to the loss of the cage CH to cage BH dihydrogen
interactions present in the parent species. Some of this work, specifically the preparation
of 3, 6 and 7, was done in collaboration with Louise Schaefer during her summer
placement in the group.
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2.3 Synthesis of nitrosyl chloride

Nitrosyl chloride, presumably owing to its toxicity and being a gas at room
temperature/pressure, is difficult to obtain commercially and then expensive if so. Due
to this, a laboratory-amenable preparation of NOCl was required to supply the reagent
in sufficient quantities for this work. There are many known routes to produce nitrosyl
chloride but the most appropriate found was that of Morton and Wilcox, the reaction of
sodium nitrite and concentrated hydrochloric acid following the simple reaction shown
in equation 2.3.1.11 This was adapted for our needs.

Equation 2.3.1: Reaction scheme for nitrosyl chloride synthesis.

Dropwise addition of a water solution of sodium nitrite to concentrated hydrochloric
acid released nitrosyl chloride as a yellow-brown gas which was then passed through a
series of drying tubes by a moderate flow of nitrogen: in order NaNO2, KCl, CaCl2. The
gas was then condensed in a bespoke vessel using liquid nitrogen and stored at room
temperature over 3 Å molecular sieves. The reagent was then transferred under reduced
pressure to dry, degassed, petroleum ether cooled with liquid nitrogen when required.
The experimental setup is shown in figure 2.3.1.

Figure 2.3.1: The reaction vessel (left), drying tubes (centre) and storage vessel (right,
cutout).
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2.4 [1-NO-1,2-closo-C2B10H11] (I)
Treatment of [1,2-closo-C2B10H12] with 1 equivalent of n-BuLi followed by NOCl, and
work-up involving column chromatography on silica, gave I (fig 2.4.1) in 24.3% yield
as a blue solid. I was found to be quite volatile: removal of solvent in vacuo led to
sublimation of some of the product, contributing to the modest isolated yield.

Air-drying the sample was effective in allowing the residual solvent to evaporate
without simultaneous loss of I, leading to an accurate elemental analysis result. Theory:
C 13.9, H 6.40, N 8.09. Found C 14.1, H 6.62, N 7.94%. The infrared spectrum shows
strong absorptions at 2600 and 1570 cm-1, corresponding to BH and NO stretches
respectively. The frequency of the NO stretch is consistent with a bent CNO group. The
mass spectrum of I shows the expected molecular ion signal at m/z 173, with the
standard envelope due to boron isotopic distribution.
The 1H NMR spectrum shows a broad singlet at 4.45 ppm, assigned to the remaining
cage CH. This chemical shift is significantly different to the shift of the parent
carborane [1,2-closo-C2B10H12] (3.5 ppm), suggesting that the NO group is withdrawing
electron density from the adjacent cage CH, deshielding it with respect to the starting
material. The

11

B{1H} spectrum shows resonances at -2.6 (1B), -3.6 (1B), -9.3 (2B)

and -13.4 (6B) ppm, consistent with the expected Cs symmetry of I assuming that the 13.4 ppm signal is a coincidence of three resonances each integrating to two equivalent
boron atoms.

Fig 2.4.1: Chemdraw structure of I.
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2.5 [1-NO-2-CH2Cl-1,2-closo-C2B10H10] (1)
Similarly, lithiation and nitrosylation of [1-CH2Cl-1,2-closo-C2B10H11] gave, following
work-up, compound 1 (fig 2.5.1) in 44.9% yield as a blue solid. While air-stable for
significant periods of time, exposure to air over several months leads to decolourisation
of the sample, the only simple nitrosocarborane investigated to behave in this way.
Nonetheless, the compound shows no decomposition over shorter periods of time,
suggesting that the process is very slow.

Elemental analysis of 1 is within acceptable limits: theory C 16.3, H 5.46, N 6.32; found
C 17.2, H 5.76, N 5.98%. The infrared spectrum shows two strong bands at 2599 and
1570 cm-1, assigned respectively to BH and bent NO stretching. The mass spectrum
shows the typical carborane envelope centred on m/z 221/222 expected for the
molecular ion of 1.
The 1H NMR spectrum shows a singlet at 4.90 ppm which is assigned to the CH2Cl
group. The

11

B{1H} NMR spectrum has resonances at δ -2.6 (1B), -4.6 (1B), -9.8

(2B), -10.8 (2B) and -12.5 (4B). Taking the signal at -12.5 ppm as two coincident 2Bintegral signals, this pattern fits with the anticipated Cs symmetry of 1 in solution.

Fig 2.5.1: Chemdraw structure of 1.
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2.6 [1-NO-2-CH2OCH3-1,2-closo-C2B10H10] (2)
[1-CH3OCH2-1,2-closo-C2B10H11] was lithiated and nitrosylated to give, ultimately, 2 in
38.5% yield. Column chromatography on silica with petrol eluent gave a single mobile
blue band, 2, which on removal of solvent was found to be a liquid at room temperature
whereas [1-CH3OCH2-1,2-closo-C2B10H11] is a white solid.
Elemental analysis of 2 is within acceptable error: theory C 22.1, H 6.96, N 6.45; found
C 22.9, H 7.17, N 5.75%. The infrared spectrum of 2 shows the expected bands for BH
and NO stretches at 2608 and 1568 cm-1 respectively. The mass spectrum contains an
envelope centred on m/z 217, corresponding to the molecular ion of 2.
The 1H NMR spectrum has two singlets at 4.66 and 3.46 ppm, with integrals in a 2:3
ratio. These correspond to the CH2 and CH3 in the ether substituent of the carborane.
The

11

B{1H} NMR spectrum exhibits five resonances at -2.6 (1B), -4.7 (1B), -10.6

(2B), -11.2 (2B) and -12.8 (4B). Taking the final signal as two 2B-integral
coincidences, this spectrum supports the expected solution-phase Cs symmetry of the
compound.

A diffraction-quality crystal of 2 was grown in situ while mounted on the X-Ray
diffractometer. A sample of 2 was sealed in a Lindemann tube and, following annealing
by rapid freezing and thawing, cooled slowly using the cryostream attached to the
diffractometer to give a crystal of sufficient quality for data collection (fig 2.6.1).

Fig 2.6.1: Crystallographically determined structure of 2.
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Compound 2 crystallised in the common space group P21/c with two independent
molecules in the asymmetric unit and no significant structural, conformational or
geometric differences between the two. ESDs for B-B connectivities in the cage range
0.006-0.008 Å, offering a relatively precise structure for a crystal grown in this manner.

The C1-N1-O1 unit is clearly bent, with angles of 112.4(3) and 112.1(4)°, consistent
with the infrared spectrum and the previously reported phenyl compound IV (CNO
113.0(2)°).5 The N1-O1 and C1-N1 bond lengths are consistent with a double and single
bond respectively: 1.185(4) and 1.183(5) Å for the former; 1.494(5) and 1.501(5) Å for
the latter.

The NO group is oriented away from C2 with C2-C1-N1-O1 torsion angles of 179.7(3)
and 178.1(4)° for the two crystallographically independent molecules, closer to trans
than that observed in the crystal structure of IV (164.7(1)°) but consistent with the
general orientation of the NO group in these species.
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2.7 [1-NO-2-(p-MeC6H4)-1,2-closo-C2B10H10] (3)
Starting from [1-(p-MeC6H4)-1,2-closo-C2B10H11], 3 was prepared by lithiation and
nitrosylation, and ultimately purified by column chromatography to give the pure blue
solid product in modest yield (15.6%).

Elemental analysis for 3 was adequate: theory C 41.1, H 6.51, N 5.32.; found C 40.3, H
6.64, N 5.76%. The infrared spectrum of 3 showed the expected strong absorptions for
BH and bent NO stretching at 2607 and 1564 cm-1 respectively. The mass spectrum
exhibited the standard boron isotope envelope centred on m/z 263, corresponding to the
molecular ion of 3.
The 1H NMR spectrum shows resonances at δ 7.70 and 7.20, both doublets integrating
to 2H each, which closely resemble those found in the starting material [1-(p-MeC6H4)1,2-closo-C2B10H11] and belonging to the four aromatic CH atoms of the p-tolyl group
bound to C2. An additional signal at δ 2.38, a well-resolved singlet integrating to 3H,
was assigned to the CH3 of the p-tolyl group. Fitting with the solution-phase Cs
symmetry

of

3,

the

11

B{1H}

NMR

spectrum

shows

five

signals

at

δ -1.9, -4.6, -9.8, -10.4 and -12.5. Relative integrals of 1:1:2:2:4 fit with the pattern
already seen in the 1,2-substituted single cage nitrosocarboranes with the 4B signal
taken as a coincidence of two 2B resonances.

Single crystals of 3 were grown from both cooling and slow evaporation of a
concentrated petrol solution. The resulting determination showed substantial disorder in
one of the two crystallographically independent molecules, and minor disorder in the
other. Samples from both batches of crystals were found to be identical: space group
C2/c, Z’ = 2 and possessing the same unit cell parameters. Nonetheless, the structure of
3 could be reliably determined from the less-disordered of the two molecules (ESDs of
B-B connectivities 0.007-0.009 Å).

The more ordered molecule (fig 2.7.1) shows positional disorder between C1 and B7 in
the ratio 71:29. This also means the substituents of C1 and B7, namely the nitroso group
N1O1 and H7 respectively, are disordered over these two sites in the cage in this ratio.
The major component of this shows a C1-N1-O1 bond angle of 112.4(5)°, practically
identical to that found in 2.
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The C1-N1 and N1-O1 distances are 1.440(7) and 1.188(7) Å. The N-O bond length fits
well with the corresponding distance in 2, while the slight shortening of the C-N linkage
compared to 2 may be due to the disorder present in the molecule - the boron-character
of the site moving the atom position further from the centroid of the cage and so closer
to the substituent.

The second independent molecule of the asymmetric unit is disordered to such a degree
that no reliable information may safely be gleaned from it.

Fig 2.7.1: Structure determination of compound 3. Only the major component of the
disorder is shown.
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2.8 [1-NO-2-SiMe3-1,2-closo-C2B10H10] (4)
Compound 4 (fig 2.8.1) was prepared from [1-SiMe3-1,2-closo-C2B10H11], n-BuLi and
NOCl and was purified by column chromatography, giving a single mobile blue band
which, on removal of solvent, yielded 42.6% of a blue solid. While a solid at room
temperature, gentle warming even by body heat transfer while handling causes 4 to
melt.

A sample of 4 gave a fairly accurate elemental analysis: theory 24.5, H 7.80, N 5.71;
found C 24.7, H 7.96, N 5.10%. The infrared absorption spectrum shows two maxima
for BH stretching at 2603 and 2582 cm-1 and an NO stretching band at 1567 cm-1, in the
expected range for the bent NO group. The mass spectrum of 4 showed the expected
envelope for the molecular ion centred on m/z 245.
The 1H NMR spectrum has a sharp singlet at δ 0.39 which corresponds to the CH3
groups of the silyl substituent of C2. The 11B{1H} spectrum only shows three signals at
δ -1.7, -8.2 and -11.7 in a 1:1:3 integral ratio. The symmetry of 4 in solution would only
be Cs, and so the molecule would possess six unique boron environments in the ratio
1:1:2:2:2:2. The observed spectrum must be due to several coincident resonances.

Fig 2.8.1: Chemdraw structure of 4.
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2.9 [1-NO-2-SiMe2tBu-1,2-closo-C2B10H10] (5)
Lithiation and nitrosylation of [1-SiMe2tBu-1,2-closo-C2B10H11], and work-up involving
column chromatography gave pure 5 as a blue solid in 53.1% yield.

Elemental analysis results gave excellent agreement with the theoretical values for 5:
theory C 33.4, H 8.77, N 4.87; found C 33.8, H 8.97, N 4.56%. The infrared spectrum,
similarly to 4, showed two maxima for BH stretching at 2603 and 2580 cm-1, and an
absorption at 1566 cm-1 for bent NO stretching. The mass spectrum showed the
expected molecular ion peak at m/z 288, surrounded by the standard carborane isotopic
envelope.
The 1H NMR spectrum of 5 contained two singlets at δ 1.04 and 0.38 of relative
integrals 3:2. These correspond to the nine protons of the tBu and the six protons of the
two Me groups bound to the silicon atom respectively. The

11

B{1H} NMR spectrum

possesses five resonances at δ -0.8, -2.0, -7.9, -10.8 and -11.8 of relative integral
1:1:2:2:4. With the final resonance a coincidence of two integral-2 resonances, this fits
with the solution-phase Cs symmetry of 5.
Dissolving 5 in a minimal volume of petrol and allowing the solvent to evaporate
slowly at room temperature afforded a very large single crystal, which had a portion cut
from it for the X-Ray diffraction study (fig 2.9.1).

The structural determination from this crystal was very accurate, giving ESDs on B-B
connectivities of 0.0013-0.0014 Å. The compound crystallised in space group P21/n
with one molecule in the asymmetric unit. The Cs symmetry of the molecule in solution
is not preserved in the solid state, with the loss of the effective mirror plane which
would lie along C1-C2-N1.

The C1-N1-O1 angle is 112.98(7)°, C1-N1 is 1.5143(11) Å and N1-O1 is 1.1736(10) Å,
demonstrating once again a bent CNO linkage, single and double bond character
respectively. The NO group is directed away from the silyl substituent on the second
cage carbon atom: the O1-N1-C1-C2 torsion angle is 176.44(7)°.

45

In the silyl substituent, the tBu group does not sit opposite the NO substituent of C1,
preventing the presence of a mirror plane in the molecule. Instead, one of the two
methyl groups occupies this position. The packing diagram of 5 shows no obvious
potential steric clashes which are avoided by this arrangement, suggesting that this is
simply just how the molecule crystallises.

Fig 2.9.1: Crystallographically determined structure of 5.

46

2.10 [1-NO-2-tBu-1,2-closo-C2B10H10] (6)
Nitrosylation of [1-tBu-1,2-closo-C2B10H11] and purification by preparative TLC gave a
trace quantity of 6 (fig 2.11.1) as a blue solid. Characterisation of this compound is
therefore somewhat limited, and insufficient material was obtained to grow single
crystals of 6.

The poor yield may be due to the steric bulk of the tert-butyl substituent on C2. The
synthesis of compound 4, a superficially very similar species, was much higher
yielding, and the electronic properties of the trimethylsilyl group should be similar to
that of tert-butyl. The distance from the cage carbon to the substituent C/Si atom,
however, would be substantially shorter in 6 than 4 (the crystallographically determined
bond distance for C2-Si1 in [1-SiMe3-1,2-closo-C2B10H11] is 1.937(5) Å,12 while the
Ccage-CtBu distance in [1-tBu-1,2-closo-C2B10H11] is 1.562(2) Å).13
The infrared absorption spectrum of 6 shows three maxima for BH stretching at 2655,
2610 and 2581 cm-1, as well a band at 1565 cm-1 for NO stretching. The 1H NMR
spectrum shows a sharp singlet at δ 1.49 for the nine protons of the tert-butyl
substituent. The 11B{1H} NMR contains four resonances of relative integral 1:1:6:2 at δ
-2.5 , -4.6, -11.2 and -12.5. This can be rationalised with the expected Cs-symmetry
pattern of 1:1:2:2:2:2 by taking the 6B signal as three coincidence 2B signals.

Fig 2.10.1: Chemdraw structure of 6.
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2.11 [1-NO-2-(4-CF3C6F4)-1,2-closo-C2B10H10] (7)

[1-(4-CF3C6F4)-1,2-closo-C2B10H11] was lithiated and nitrosylated. Work-up, including
column chromatography on silica, gave impure 7 (fig 2.11.1) as a blue solid in trace
yield. Preparative TLC (silica) and column chromatography (florisil) were also
employed but no analytically pure sample could be obtained. Attempts to recrystallize 7
were also unsuccessful.
The infrared spectrum showed bands at 2596 and 1569 cm-1, for the BH and NO
stretching modes respectively. The mass spectrum contained a molecular ion peak, and
corresponding boron isotope envelope, at m/z 390.
The 19F NMR spectrum showed more resonances (δ -53.40 (s), -55.63 (d), -56.88 (app.
t), -105.03 (s), -110.18 (s), -123.66 (s), -126.94 (s), -137.28 (m) and -138.07 (m)) than
could be rationalised for 7, which did not belong to the starting material [1-(4CF3C6F4)-1,2-closo-C2B10H11] (resonances at δ -56.71 (m, 3F), -135.19 (m, 2F) and 137.29 (m, 2F).

The

11

B{1H} NMR spectrum, however, showed only the expected resonances for 7,

suggesting that the inseparable impurities were minor or non-carborane compounds.
Four resonances were observed at δ -1.1,-2.5, -9.3 and -12.0 with integrals of ratio
1:1:6:2. This fits the expected 1:1:2:2:2:2 ratio of unique boron environments in 7 with
three coincident signals accounting for the 6B-integral observed resonance. The 1H
NMR spectrum of 7, unsurprisingly, contained no significant resonances beyond the
broad, poorly resolved signals for the BH positions.

Fig 2.11.1: Chemdraw structure of 7.
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2.12 [1-NO-1,7-closo-C2B10H11] (II)
[1,7-closo-C2B10H12] was treated with one equivalent of n-butyllithium and an excess of
nitrosyl chloride. Work-up and column chromatography of the crude mixture gave a
single mobile blue band. Careful removal of solvent in vacuo gave II (fig 2.12.1) as a
volatile blue solid in 44.9% yield. II was found to be even more volatile than I, and so
loss of product while attempting to dry the sample was unavoidable. No sample of
sufficient dryness was obtained for an accurate elemental analysis of II.
The infrared spectrum of II contains two strong absorptions at 2610 and 1562 cm-1 for
BH and NO stretching modes respectively. The mass spectrum shows the expected
isotopic envelope centred on m/z 173 for the molecular ion of II.
The 1H NMR spectrum shows a broad singlet at δ 3.11 corresponding to the cage CH
atom. The

11

B{1H} NMR spectrum consists of five signals at δ -6.6, -8.4, -11.1, -13.2

and -17.0. The relative integrals of these signals (1:1:2:4:2) fit well with the 1:1:2:2:2:2
pattern expected for II.

Fig 2.12.1: Chemdraw structure of II.
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2.13 [1-NO-7-Ph-1,7-closo-C2B10H10] (8)
Deprotonation of [1-Ph-1,7-closo-C2B10H11], nitrosylation and work-up, culminating in
purification by column chromatography and vacuum-drying gave pure 8 as a blue liquid
in 61.7% yield.

Elemental analysis of 8 was adequate: theory C 38.5, H 6.06, N 5.62; found C 37.9, H
6.04, N 4.62%. The IR spectrum shows, predictably, bands at 2613 and 1562 cm-1 for
BH and NO stretching respectively. The molecular ion signal in the mass spectrum is
centred on m/z 249.
The 1H NMR spectrum shows a complex multiplet centred on 7.28 ppm, assigned to the
5 aromatic protons of the phenyl substituent. The

11

B{1H} NMR spectrum consists of

five observed resonances: δ -5.5 (1B), -8.7 (1B), -11.0 (4B), -13.1 (2B) and -15.3 (2B).

Following the same technique as described for 2, a sample of 8 in a Lindemann tube
was cooled to grow a crystal suitable for a diffraction study (fig 2.13.1), albeit of poorer
quality than 2. A combination of the poor determination of the structure (ESDs of B-B
connectivities 0.02-0.03 Å, almost an order of magnitude less precise than for 2) and
positional disorder of the CNO group between two sites makes comments on specific
distances and angles difficult, but the structural identity of 8 is confirmed.

The C1 and B10 positions and their corresponding substituents, N1O1 and H10, are
disordered in a 54:46 ratio. The major component has a C1-N1-O1 angle of 117(3)°,
larger than that found in other crystallographically determined CNO linkages, but the
imprecise nature of this structure can only reliably confirm that the CNO unit is bent (as
opposed to linear) and not offer any quantitative measurements of geometry.
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Fig 2.13.1: Crystallographically determined structure of 8 (major component).
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2.14 [1,7-(NO)2-1,7-closo-C2B10H10] (III)
A diethyl ether solution of [1,7-closo-C2B10H12] was treated with 2.1 equivalents of
n-butyllithium and the resulting white suspension was added as close to dropwise as
possible to a cooled petrol solution of nitrosyl chloride. Quenching as normal with weak
aqueous base, and purification of the blue organic layer by preparative TLC gave,
following very careful removal of solvent, III (fig 2.14.1) as a very volatile blue solid in
1.5% yield along with a small quantity of II.

Although chemically air-stable, III was found to be even more volatile than I or II,
slowly subliming with evaporating solvent in open air. A combination of this volatility
and the difficulty of adding a suspension slowly to minimise side reactions can account
for the exceptionally low yield of this compound. No accurate elemental analysis of III
was obtained due to a combination of poor yield and difficulty drying the compound.
The infrared absorption spectrum shows a band for BH stretching at 2618 cm-1 and a
single band for bent NO stretching at 1565 cm-1. The presence of only a single band for
a compound containing two NO groups can be rationalised by considering that, due to
the solution-phase C2v symmetry of III, the symmetric NO stretch could result in no
change in dipole moment, rendering the vibrational mode IR-silent, while the observed
band is the asymmetric stretching mode. The mass spectrum of III contains an envelope
centred on m/z 201, corresponding to the molecular ion, and an envelope centred on m/z
231 which may correspond to III + an additional NO group, presumably arising from
dissociation of an NO group for one molecule during the ionisation process and its
association with a second molecule of III to give this ion.
The 1H NMR spectrum is featureless aside from the poorly-resolved broad multiplet for
BH sites and solvent signals. The

11

B{1H} NMR spectrum contains four resonances at

δ -8.3, -11.8, -13.6 and -17.4 of relative integral 1:1:2:1. This pattern is the same as that
observed in [1,7-closo-C2B10H12], which fits with the C2v symmetry of a symmetrically
disubstituted derivative.
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Fig 2.14.1: Chemdraw structure of III.

53

2.15 Nitrosylation of 1,1′-Bis(m-carborane)
1,1′-Bis(m-carborane) was dissolved in diethyl ether and deprotonated with three
equivalents of n-BuLi. The solution was added dropwise to a cooled petrol solution of
nitrosyl chloride. Following work-up, the products were separated by column
chromatography on silica, giving two mobile blue bands: [1-(1′-1′,7′-closo-C2B10H11)-7NO-1,7-closo-C2B10H10] (9) at Rf 0.67 and [1-(1′-7′-NO-1′,7′-closo-C2B10H10)-7-NO1,7-closo-C2B10H10] (10) at Rf 0.79. Both 9 and 10 were isolated as blue solids after
removal of solvent.

2.15.1 [1-(1′-1′,7′-closo-C2B10H11)-7-NO-1,7-closo-C2B10H10] (9)
Compound 9 (fig 2.15.1.1) was isolated in 10.0% yield, arising from either incomplete
lithiation or nitrosylation of 1,1′-bis(m-carborane) and subsequent reprotonation during
work-up. The infrared spectrum of 9 contains a band at 2614 cm-1 for BH stretching and
1564 cm-1 for bent NO stretching. The mass spectrum shows the classic boron isotope
envelope centred on m/z 315 for the molecular ion of 9.
The 1H NMR spectrum contains a broad singlet at δ 3.00 corresponding to the cage CH
of the non-nitrosylated cage. The

11

B{1H} NMR spectrum shows seven resonances at

δ -3.2, -4.8, -7.6, -10.5, -11.5, -13.6 and -14.5 of relative integral 1:1:2:6:2:4:4. The two
different C2B10 cages of 9 would each have Cs symmetry to give a 1:1:2:2:2:2 splitting
pattern from each for a total of 20 boron atoms. The observed resonances fit with this
pattern with a substantial number of coincidences, which is to be expected and indeed is
commonly observed in bis(carborane) species.

Fig 2.15.1.1: Chemdraw structure of 9.
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2.15.2 [1-(1′-7′-NO-1′,7′-closo-C2B10H10)-7-NO-1,7-closo-C2B10H10] (10)
Compound 10 was isolated in 42.5% yield as a crystalline blue solid. The elemental
analysis of 10 was very accurate: theory C 14.0, H 5.85, N 8.13; found C 14.1, H 5.98,
N 8.12%.
The infrared spectrum contains bands at 2618 and 1565 cm-1 for BH and bent NO
stretching. The presence of only a single NO stretching band implies that the symmetric
stretching mode of 10 is not IR-active due to the C2h symmetry of the molecule,
meaning the asymmetric stretching mode is the only one observed here. The mass
spectrum of 10 contains an isotopic envelope centred on m/z 344 for the molecular ion
peak.
No significant resonances were observed in the 1H NMR spectrum apart from the broad
multiplet of the cage BH sites. The 11B{1H} NMR spectrum consists of six resonances
at δ -4.9, -7.6, -10.2, -11.3, -13.5 and -14.9 of relative integral 1:1:2:2:2:2. Identical
substitution of the two C2B10 units renders them symmetry-equivalent in solution and so
this pattern fits perfectly for an overall symmetry of C2h and no coincidences.
Crystals of 10 (fig 2.15.2.1) were grown by cooling a concentrated ethanol-hexane
solution to -30 °C. The later discovery that nitrosocarboranes are unstable to protic
solvents suggests that the limited time retarded the decomposition that could have
occurred.

Compound 10 crystallised in space group P42/n with half a molecule (i.e. a single cage)
in the asymmetric unit. The determination was fairly precise (ESDs on B-B
connectivities of 0.002-0.003 Å) although the oxygen atom of the NO group was
disordered over four sites in a 9:12:19:60 ratio.
The crystallographically-imposed Ci symmetry fixes the torsion angle O-N-N’-O’ of
any of the parts to be 180°. Likewise, the torsion angle of the cage C atoms C7-C1-C1’C7’ is fixed by symmetry to be 180°. The C1-C1’ distance connecting the two cages is
1.529(2) Å, consistent with the distance in 1,1′-bis(m-carborane)14 of 1.540(1) Å and a
C-C 2-centre-2-electron bond.
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The C7-N71 distance is 1.502(2) Å, fitting a bond order of 1 well. Taking the major
(60%) component, the C7-N71-O73 angle is 120.7(2)° and the N71-O73 distance is
1.089(3) Å. The angle shows an obviously bent geometry for the CNO linkage,
although the angle is slightly wider than seen in other examples in this chapter. The
N-O distance is substantially shorter than expected for an N-O double bond in a bent
nitroso-group but this mismatch may be an artificial consequence of the disorder.

Fig 2.15.2.1: Crystallographically determined structure of 10 (major component).
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2.16 Attempted mononitrosylation of 1,1’-bis(o-carborane)
Treatment of a diethyl ether solution of 1,1′-bis(o-carborane) with 1.1 equivalents of
n-butyllithium, dropwise addition of the resulting solution to cooled nitrosyl chloride in
petrol and quenching with weak aqueous base gave a blue organic phase. The organic
phase began to decolourise immediately, giving a yellow solid by the time it was
washed and reduced under vacuum. Purification by elution through a short silica plug
and finally preparative TLC gave [1-(1′-1′,2′-closo-C2B10H11)-2-N(H)OH-1,2-closoC2B10H10] (11) as a white solid in 5.4% yield.
The transient blue colour observed during work-up indicates the presence of the desired
product [1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10] (12) before it is
formally reduced15 to give the hydroxylamine 11. Exposure to water during the standard
work-up conditions can provide H atoms with which to effect the conversion from NO
to N(H)OH.

Elemental analysis of 11 was acceptable but not particularly accurate, perhaps owing to
the limited mass of material available for the determination: theory C 15.1, H 7.30, N
4.41; found C 16.1, H 7.04, N 3.66%.
The 11B{1H} NMR spectrum of 11 contained two well-resolved resonances at δ -1.9 and
-6.2, integrating to one and three boron atoms respectively, and a large region of
overlapping resonances with maxima at δ -9.5, -10.5 and -12.8 which integrated to 16
boron atoms overall. This poor resolution is to be expected given the linewidth of

11

B

NMR and the potential for twelve unique boron environments within a small chemical
shift range (two cages with a 1:1:2:2:2:2 splitting pattern each).
The 1H NMR spectrum shows a broad doublet at δ 6.11, a sharp doublet at δ 5.51 and a
broad singlet at δ 3.98, all of equal integral. The last resonance corresponds to the cage
CH of the unsubstituted cage, the sharp doublet to the OH proton and the broad doublet
to the NH proton. Confirmation of this assignment came from a 1H,15N HMQC
experiment which showed correlation between the 6.11 ppm resonance and
gave an approximate 15N chemical shift of 133 ppm.
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15

N, and

The mass spectrum of 11 contained an envelope centred on m/z 317 for the molecular
ion of 11, and an accurate mass measurement (317.3780) gave excellent agreement with
the calculated value (317.3783).

Final, definitive, confirmation of the structure of 11 (fig 2.16.1) came from a single
crystal X-Ray diffraction study using a crystal grown from cooling a concentrated petrol
solution. 11 crystallised in space P21/n with Z’ = 0.5, meaning that only a single cage of
the bis(carborane) unit is present in the asymmetric unit with the crystallographic
inversion centre positioned in the centre of the C-C bond between the two cages.

The C2N21(H21)O22H22 linkage is therefore modelled as 50% occupancy with the
other 50% modelled as B2H2. There is additional 1:1 disorder between B6H6 and
C6H6.

Fig 2.16.1: Crystallographically determined structure of 11 (disorder not shown).
The positions of the carbon sites within 11 were determined by VCD16 and BHD.17 The
relevant values, along with U(eq) values, are shown in table 2.16.1. The location and
occupancy of C1 is unambiguous due to its proximity to the crystallographic inversion
centre which generates the second cage of the molecule, but its values are included for
completeness. Due to the 50% occupancy of the N(H)OH group on position 2
refinement of a half-occupancy H atom at this site was not viable.
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Vertex

VCD (Å)

BHD (Å)

U(eq)

1

1.604

0.015

2

1.640

0.019

3

1.688

1.146

0.018

4

1.692

1.140

0.017

5

1.701

0.946

0.017

6

1.643

0.896

0.016

7

1.700

1.085

0.021

8

1.678

1.067

0.019

9

1.676

1.118

0.019

10

1.685

1.137

0.019

11

1.689

1.098

0.021

12

1.674

1.180

0.022

Table 2.16.1: VCD, BHD and U(eq) data for the C2B10H11 group in 11.
The VCD values for vertices 2 and 6 are very similar, and shorter than all others except
vertex 1, and the BH distance at vertex 6 is shorter than that of vertices 4-12, but not to
the extent expected for a 100% occupied carbon site. With position 2 refined as 100%
carbon this B3-H3 distance is still shorter than expected (0.862 Å). Modelling both
vertices 2 and 6 as 50/50 C/B leads to a more satisfactory refinement with B6-H6
1.065(16) Å. The U(eq) values show no substantial evidence for the carbon positions in
this instance.
The C1-C1’ distance in 11 is 1.531(2) Å, virtually identical to the distance in 1,1’-bis(ocarborane)18 of 1.5339(8) Å. The C1-C2 distance is 1.7677(18) Å, substantially longer
than that of 1,1’-bis(o-carborane) which, despite possessing 1:1 B/C disorder at vertices
2 and 3 (similar to that of 11), shows an average C1-C2/C3 distance of 1.697(2) Å. The
elongation of this connectivity in 11 is clearly not due to the partial B character of
vertex 2 and so must be attributed to the steric bulk of the N(H)OH group, and its
interaction with the pendant carborane group. Indeed, the 1:1 carbon/boron vertex 6
shows a C1-B/C6 distance of 1.6960(18) Å, in line with that of 1,1’-bis(o-carborane). It
should also be noted that the C1-C2 length in [1-N(H)OH-2-Ph-1,2-closo-C2B10H10] (V)
(see section 2.19) is 1.730(2) Å, showing the greater steric impact of the pendant
carborane group of 11 compared to the phenyl group in V.
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C2-N21 is 1.339(3) Å, shorter than any C-N bonds described so far in nitrosocarboranes
in this chapter and shorter than the corresponding distance in both the previously
reported6 and recently determined (described later in this chapter) structures of [1N(H)OH-2-Ph-1,2-closo-C2B10H10] (V) of 1.42-1.43 Å. This shortening of the distance
is likely due to the disorder associated with the C2-N21 linkage: both the halfoccupancy of N21 and the half-boron character of C2 could explain this, the latter by
movement of the vertex further from the centroid of the C2B10 cage and so closer to the
nitrogen atom by virtue of the relative atomic radii of carbon and boron.

N21-O22 is 1.427(3) Å showing clear single-bond character and matching better with
the equivalent value for both structures of V (1.43-1.44 Å). The C2-N21-O22 angle is
111.9(2)°, very close to the angle observed in both nitroso linkages and V. The C1-C2N21-O22 torsion angle is 118.5(2)°, reflecting a change from the almost trans
positioning of nitroso linkages, but expected due to the change from sp2 to sp3
hybridisation of the nitrogen atom.

Somewhat surprisingly, the N(H)OH groups show no signs of intermolecular hydrogenbonding in the crystal packing of 11. Presumably this is due to the dominance of the
bis(carborane) structure in determining packing of the molecules.
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2.17 Non-aqueous preparation of [1-NO-2-Ph-1,2-closo-C2B10H10] (IV)
The potential for the aqueous work-up conditions to be responsible for the formation of
the hydroxylamine 11 from the desired nitroso-product led to the development of a nonaqueous protocol in the hope of facilitating the synthesis of [1-(1′-1′,2′-closo-C2B10H11)2-NO-1,2-closo-C2B10H10] (12).
The known compound IV (fig 2.17.1) was used to trial this work-up for
nitrosocarborane synthesis. Preparation from [1-Ph-1,2-closo-C2B10H10], n-BuLi and
ONCl was conducted as normal, with the dark green reaction mixture then warmed to
room temperature and reduced in vacuo, removing solvent and excess nitrosyl chloride,
to give a light blue residue.

This residue was extracted into petrol and filtered. The filtrate was adsorbed onto florisil
and purified by column chromatography on florisil with pure petrol eluent to give IV in
42.2% yield. An identical reaction with the standard aqueous work-up gave IV in 52.2%
yield. This showed that avoiding water and silica during work-up was viable and the
non-aqueous protocol was consequently applied in the synthesis of 12.

Fig 2.17.1: Chemdraw structure of IV.
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2.18 Successful mononitrosylation of 1,1’-bis(o-carborane)
1,1′-bis(o-carborane), 1.1 equivalents of n-BuLi and excess nitrosyl chloride were
combined as standard to give a dark green solution. Removal of volatiles under reduced
pressure, extraction into petrol, filtration, and removal of solvent from the filtrate gave a
light blue residue. This was purified by column chromatography on florisil with petrol
eluent, giving a single blue band which, following removal of solvent, yielded the
desired product [1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10] (12) as a blue
solid in 5.0% yield.

The yield is comparable to the yield of 11 obtained from the aqueous work-up protocol,
suggesting that 12 forms 11 quantitatively (or close to) when exposed to water.
Elemental analysis for 12 was relatively accurate, with experimental values C 14.6, H
6.72, N 4.04% showing good agreement with H and N content but some error on C
compared to the theoretical values C 15.2, H 6.71, N 4.44%.

The

11

B{1H} NMR spectrum of 12 is more well-defined than that of 11, with five

observed resonances at δ -1.6, -2.8, -8.9, -9.6 and -12.7 integrating 1:1:4:2:2. Although
the two cages are asymmetrically substituted there are obvious coincidences present.
The cage CH resonance in the 1H NMR spectrum of 12 is a broad singlet at 4.25 ppm.
This deshielding of the cage CH compared to 11, with δ(cage CH) 3.98, indicates that a
nitrosocarborane

substituent

is

more

electron-withdrawing

than

a

hydroxylaminocarborane substituent.

The infrared absorption spectrum of 12 contains, predictably, strong bands at 2590 and
1573 cm-1 for BH and NO stretching respectively. The standard EI mass spectrum
contains a boron-isotope envelope centred on m/z 315 for the molecular ion of 12. An
accurate mass measurement found this to be 315.3620, in very good agreement with the
calculated 315.3627, supporting the identity of 12.

Cooling a concentred petrol solution of 12 to -30 °C yielded diffraction-quality single
crystals. The compound crystallised in space group P21/n with half a molecule in the
asymmetric unit. This necessitates 1:1 disorder of C2N21O22 and C2’H2’. The
determination (fig 2.18.1) is quite precise, with B-B connectivities possessing errors of
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0.002 Å. Crystals of 12 were found to be both isomorphous and isostructural with those
of 11.
The C1-C1’ distance in 12 is 1.555(2) Å, slightly longer than that of 11 (1.531(2) Å)
and 1,1’-bis(o-carborane) (1.5339(8) Å). The C2-N21 distance is 1.441(3) Å which is
longer than that of 11 (1.339(3) Å) but, as previously mentioned, the positional disorder
in 11, particularly the 50% B character of the C2 position, makes the distance unreliable
in 11. The N21-O22 distance in 12 is 1.145(4) Å, in line with that already observed for
N-O double bonds in other compounds in this chapter. The C2-N21-O22 angle is
113.7(2)°, again fitting well with what has been seen previously.

The C1-C2 distance in 12 is 1.728(2) Å, which represents a significant lengthening over
both IV, [1-NO-2-Ph-1,2-closo-C2B10H10],5 with a C1-C2 distance of 1.677(2) Å and
1,1’-bis(o-carborane)18 with a C1-C2/C3 distance of 1.697(2) Å (1:1 C/B disorder over
two sites) and represents, as previously seen for 11, the effect of steric repulsion
between the NO and pendant carborane groups.

Fig 2.18.1: Crystallographically determined structure of 12 (disorder not shown).

The position of C2 within the primed cage of 12 was determined by VCD and BHD.
The VCD, BHD and U(eq) values are shown in table 2.18.1. The position of C1 was
unambiguous due to its proximity to the crystallographic inversion centre. Due to the
half-occupancy of the substituent at position 2 as NO, free refinement of the halfoccupied H atom was not viable so the BHD distance is omitted. The VCD for position
2, however, clearly shows that the site is predominantly of carbon character.
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Vertex

VCD (Å)

BHD (Å)

U(eq)

1

1.625

0.016

2

1.644

0.020

3

1.679

0.565

0.018

4

1.705

1.027

0.019

5

1.715

1.096

0.019

6

1.728

1.127

0.019

7

1.716

1.053

0.022

8

1.716

1.077

0.021

9

1.700

1.159

0.021

10

1.703

1.180

0.022

11

1.717

1.145

0.022

12

1.692

1.220

0.023

Table 2.18.1: VCD, BHD and U(eq) values for the C2B10H11 group in 12.

The VCD and BHD of position 3 suggest some carbon character. However, refinement
of the structure with position 2 as carbon brings position 3 closer to expected values for
boron (B3-H3 distance on refinement 0.994 Å). This indicates a small degree of carbon
character at vertex 3 but not enough to warrant modelling disorder. As with 11, the
U(eq) values were not conclusive in determining the carbon positions.
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2.19 Reaction of [1-NO-2-Ph-1,2-closo-C2B10H10] (IV) with H2O
To demonstrate that reaction of water with nitrosocarboranes could give
hydroxylaminocarboranes, as posited in the preparation of 11 (with its aqueous workup), IV was dissolved in THF and the blue solution was treated with water and allowed
to stir overnight.

The initially blue solution began to decolourise immediately and, following the
overnight stir, was a pale yellow colour. Following work-up culminating in preparative
TLC, [1-N(H)OH-2-Ph-1,2-closo-C2B10H10] (V) was isolated as a white solid in 12.4%
yield. The remaining mass of product mixture could not be identified, with a significant
portion showing an

11

B{1H} NMR resonance around 20 ppm, characteristic of trigonal

planar boron and suggesting that the majority of IV had decomposed, although the
mechanism of this was not investigated.
V is a known compound,6 and has been synthesised from IV by more conventional
hydrogenation over Pd/C in much greater yields. For our purposes, however, this
provides strong evidence that the formation of 11 involves the action of water on 12.
Cooling a concentrated petrol solution of V gave diffraction-quality single crystals (fig
2.19.1) in a different crystal form to that previously reported.

Fig 2.19.1: Crystallographically determined structure of V (only one independent
molecule shown).
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Table 2.19.1 contains a comparison of selected distances and angles from this
determination of the structure of V and the previously reported dioxane hemisolvate
KUBXUB. Two sets of data are given for this determination for the two independent
molecules (primed and unprimed) present in the asymmetric fraction of the unit cell.

This determination

Parameter

KUBXUB

Unprimed

Primed

C1-C2 (Å)

1.7296(15)

1.7299(15)

1.737(3)

C1-N1 (Å)

1.4235(14)

1.4305(14)

1.423(2)

N1-O1 (Å)

1.4305(13)

1.4323(12)

1.436(2)

C1-N1-O1 (°)

110.75(10)

111.85(8)

110.7(1)

C2-C1-N1-O1 (°)

100.15(11)

84.08(12)

101.6(2)

Table 2.19.1: Selected distances and angles for V.

The bond distances and angles presented above show good agreement between the two
determinations, with only slight variations between the two. The torsion angle C2-C1N1-O1 is significantly different between the two independent molecules of this
determination of V. The unprimed molecule has a torsion angle of 100.15(11)°, in line
with that of KUBXUB, while the other has a much smaller angle of 84.08(12)°. This is
likely due to the hydrogen bonding observed in the packing of V. The primed molecule
also shows a slightly longer C1-N1 and slightly shorter N1-O1 distance, presumably for
the same reason.

A view of the hydrogen bonding within the crystal structure of V is shown in figure
2.20.2 with the two distinct motifs shown with red and blue dashed lines. The unprimed
molecule in the structure is involved in a single hydrogen bonding contact between its
hydroxyl proton and the oxygen atom of the primed molecule, with a H1A-O1’ distance
of 2.04(2) Å and an O1-H1A-O1’ angle of 166(1)°. The primed molecule, with another
symmetry-generated primed molecule, shows reciprocal nitrogen atom to hydroxyl
hydrogen bonding to give the six-membered ring shown in the centre of fig 2.19.2.
Here, the H1’A-N1 distance is 2.15(2) Å and the O1’-H1’A-N1’ angle 155(1)°. The NO-H-N-O-H ring formed by these H-bonding contacts is almost planar, with plane-atom
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distances of 0.023(7), -0.021(7) and 0.011(3) Å for H1’A, O1’ and N1’ respectively
(with the inverse for the symmetry-equivalent atoms).

Figure 2.19.2: Hydrogen bonding contacts in V (phenyl groups and cage hydrogen
atoms omitted for clarity).

The work-up of the other nitrosocarborane compounds discussed so far in this chapter
all involve water, and IV was in fact found to be stable when exposed to water directly.
The insolubility of nitrosocarboranes in water seems to prevent the reduction of the NO
group by limiting the exposure to H2O. The THF in the reaction described here was
necessary to facilitate the miscibility of IV and H2O.
Thus the isolation of 11 in the intended synthesis of 12 seems to be a special case and
warranted further investigation.
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2.20 Deuteration experiments
The observed formation of the hydroxylamine 11 from 1,1’-bis(o-carborane) and the
lack of hydroxylamine formation from 1,1’-bis(m-carborane) in identical reaction and
work-up conditions suggests that the proximity of the cage CH of the primed cage to the
nitroso-group of the unprimed cage in the former may have a role in the protonation
process (fig 2.20.1).

Fig 2.20.1: Potential cage CH-N H-bonding interactions in 12 (left) compared to 9
(right).

2.20.1 [1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-D-1,2-closo-C2B10H10] (13)
In order to test this, the C-deuterated analogue of 1,1’-bis(o-carborane) [1-(1′-2′-D-1′,2′closo-C2B10H10)-2-D-1,2-closo-C2B10H10] (13) was prepared by lithiation of 1,1’-bis(ocarborane) in diethyl ether and addition of D2O. This reaction proceeded cleanly to give,
following work-up, 13 (fig 2.20.1.1) in 92.1% yield.
The identity of 13 was confirmed by its 1H and

11

B{1H} NMR spectra which were

identical to that of 1,1’-bis(o-carborane) except for the absence of the cage CH signal in
the proton spectrum. An accurate mass mass spectrum gave an experimental molecular
mass of 288.3850, perfectly matching the theoretical value.
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Fig 2.20.1.1: Chemdraw structure of 13.

2.20.2 [1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-N(H)OH-1,2-closo-C2B10H10] (14)
Lithiation, nitrosylation and work-up of 13 following the procedure used to produce 11
from 1,1’-bis(o-carborane) gave the hydroxylamine product [1-(1′-2′-D-1′,2′-closoC2B10H10)-2-N(H)OH-1,2-closo-C2B10H10]

(14)

(fig

2.20.2.1),

with

minor

contamination by 11, in 10.7% yield.
The 11B{1H} NMR spectrum of 14 was identical to that of 11, The 1H NMR spectrum
showed the NH and OH resonances in a 1:1 ratio but the cage CH with a much smaller
integral (only due to the presence of some 11). An accurate mass measurement gave an
experimental value of 318.3852, matching well with the theoretical value for [1-(1′-2′D-1′,2′-closo-C2B10H10)-2-N(H)OH-1,2-closo-C2B10H10] of 318.3846.

Fig 2.20.2.1: Chemdraw structure of 14.

2.20.3 Reaction of [1-NO-2-Ph-1,2-closo-C2B10H10] (IV) with D2O
A THF solution of IV was treated with D2O and stirred overnight to give a pale yellow
solution. Volatiles were removed in vacuo and the residue was extracted into diethyl
ether and filtered. Removal of solvent from the filtrate gave a white solid which, by 1H
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NMR spectroscopy, appeared to be the deutero-analogue of V: [1-N(D)OD-2-Ph-1,2closo-C2B10H10]. Attempted purification by chromatography, however, led to the
recovery of protonated V presumably by H/D exchange while adsorbed onto silica.

2.20.4 Conclusions from deuteration experiments

By the preparation of 14, it was shown that the hydrogen atom bound to the cage carbon
atom is not incorporated into the N(H)OH group on its formation. The incorporation of
the hydrogen atoms into the hydroxylamine group from water in the treatment of IV,
supported by the incorporation of deuterium atoms when IV is allowed to react with
D2O, corroborates that the source of these hydrogen atoms, and implicitly the source of
the hydrogen atoms in the hydroxylamine group of 11, is from the water in the work-up.

The hypothesis tentatively suggested to rationalise why this only occurs in the case of
attempted mononitrosylation of 1,1’-bis(o-carborane) is that the adjacent cage CH
hydrogen bonds a water molecule (figure 2.20.4.1), bringing it close to the nitrosogroup of 12 and facilitating its reduction to give 11.

Figure 2.20.4.1: Hypothesised cage CH-mediated delivery of a water molecule to the
NO-group of 12.
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2.21 Diels-Alder adducts

Two obvious omissions from this library of nitrosocarboranes are the dinitrososubstituted compounds [1,2-(NO)2-1,2-closo-C2B10H10] and [1-(1′-2′-NO-1′,2′-closoC2B10H10)-2-NO-1,2-closo-C2B10H10] formed from o-carborane and bis(o-carborane)
respectively.

Attempts to isolate either of these species were unsuccessful. Although in both cases a
transient blue colour is observed in the mixture it decolourises irrespective of which
work-up protocol is employed. Referring to well-known organonitroso chemistry, the
NO functions of dinitroso compounds are known to link to give colourless and
zwitterionic species.19 These tautomeric dimers are the favoured form in both inter- and
intramolecular instances.

On inspection of both putative compounds [1,2-(NO)2-1,2-closo-C2B10H10] and
[1-(1′-2′-NO-1′,2′-closo-C2B10H10)-2-NO-1,2-closo-C2B10H10] it can be seen that the
proximity of the two NO moieties to each other facilitates the possible formation of
furoxan and cis-azodioxy species respectively (figures 2.21.1.1 and 2.21.1.2).

Neither of these proposed NO-coupled compounds could be isolated, however, so a
different approach was required. It is well-documented that organonitroso compounds
can form cycloaddition adducts with cyclic 1,3-dienes,20 and that they can do so even
after bis-nitroso linking.

Fig 2.21.1.1: Putative formation of a furoxan ring from [1,2-(NO)2-1,2-closo-C2B10H10].
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Fig 2.21.1.2: Putative formation of a cis-azodioxy bridge from [1-(1′-2′-NO-1′,2′-closoC2B10H10)-2-NO-1,2-closo-C2B10H10].
Two proof-of-concept reactions were carried out, leading to the production of [1(NOC10H16)-1,2-closo-C2B10H11] (15) and [1-(NOC6H8)-2-Ph-1,2-closo-C2B10H10] (16).
Formation of Diels-Alder adducts from nitrosocarboranes generates at least one
diastereotopic centre, with all possessing the potential for exo/endo diastereomeric
product

mixtures.

However,

all

adducts

described

hereafter

are

prepared

diastereoselectively, at least with respective to the exo/endo addition of the diene to the
nitroso-group. A generalised reaction is shown in scheme 2.21.1.1.

Scheme 2.21.1.1: General preparation of Diels-Alder adducts of nitrosocarboranes.
In compounds 15, 16, 17 and 19 the 1H NMR spectra show complicated but wellresolved multiplets. The implication of this, which was then confirmed by X-Ray
diffraction studies for 15, 17 and 19, is that a single diastereoisomer of the Diels-Alder
adduct is formed in each instance (17 possesses additional diastereoisomerism due to its
disubstitution). Shown in these structural determinations (and also found in the
disordered 18) is that the Diels-Alder cycloadduct formed in each case is exclusively the
endo-isomer, defined as having the double-bond of the adduct closer to the cage than
the alkyl arm.
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2.22 [1-(NOC10H16)-1,2-closo-C2B10H11] (15)
[1-NO-1,2-closo-C2B10H11] in CH2Cl2 was treated with one equivalent of α-terpinene.
After full decolourisation of the solution, the solution was reduced in volume under
reduced pressure and purified by preparative TLC to give 15 as a white solid in 96.9%
yield.

Elemental analysis of 15 was in excellent agreement with theoretical values
(experimental C 46.6, H 8.99, N 4.43%, theory C 46.6, H 8.79, N 4.53%) and the EI
mass spectrum contains the expected envelope centred on m/z 309 for the molecular ion.
The 11B{1H} NMR spectrum consists of six resonances at δ -4.0 (1B), -6.0 (1B), -10.7
(2B), -11.7 (4B), -14.1 (1B) and -14.8 (1B). This integral pattern reflects the asymmetry
imposed on the molecule as a whole by the NOC10H14 group.
The 1H NMR spectrum contains a broad singlet at δ 3.91 for the cage CH proton of 15.
The various signals from the Diels-Alder substituent are all present and integrate well
against the cage CH resonance: δ 6.48 (d, 1H, C=CH), 6.24 (d, 1H, C=CH), 1.91 (m,
2H, CH2), 1.76 (m, 1H, CH), 1.69 (s, 3H, CH3), 1.30 (m, 2H, CH2), 1.03 (d, 3H, CH3)
and 1.00 (d, 3H, CH3). In addition to the previously discussed diastereoselectivity, 15
shows regioselectivity due to the single set of resonances for one of the potential
regioisomers.

Cooling a CH2Cl2/petrol solution of 15 afforded diffraction-quality crystals which
confirmed unequivocally its identity (fig 2.22.1). Compound 15 crystallised in space
group P-1 with four molecules in each asymmetric unit. The presence of an inversion
centre means that both enantiomers, via the chirality of the NOC14H16 group, cocrystallised 1:1. The determination is fairly precise, with ESDs on B-B connectivities of
0.003 Å.

The crystal structure also affords the configuration of the oxazine group. The methyl
group is located adjacent to the nitrogen atom and the isopropyl group adjacent to the
oxygen atom of the N-O linkage. Within the cyclic system, the C=C double bond
(average C7-C8 distance 1.338(5) Å) is located close to the cage while the C-C single
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bond bridge (average C4-C5 distance 1.555(4) Å) is orientated away from the cage.
This is the endo-diastereoisomer.

The methyl and isopropyl groups have similar inductive effects on the diene system,
and so their position in 15 is likely for steric reasons, the larger isopropyl group being
positioned to avoid clashing with the carborane cage.

The four unique molecules in the asymmetric unit are equivalent with no significant
variation in bond distances and angles between them. The average C1-N1 and N1-O1
distances are 1.467(2) and 1.484(3) Å respectively, clearly showing that both are single
bonds. The average C1-N1-O1 angle is 106.00(14)°, slightly smaller than that observed
for both nitroso and hydroxylamino linkages, and the C2-C1-N1-O1 torsion angle is
99.4(16)°. The average C1-C2 distance is 1.713(3) Å, representing a significant increase
over that of [1,2-closo-C2B10H12]21, which has a C1-C2 distance of 1.630(6) Å, although
the cause of this is uncertain.
The reduction in bond and torsion angles compared to V despite both possessing sp3hybridised nitrogen atoms is likely due to the bulky NOC10H16, with the proximity of
the methyl substituent to the carborane cage forcing the group to twist further.

Fig 2.22.1: Crystallographically determined structure of 15 (only one independent
molecule shown).
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C1 is bound to the large cycloadduct and so is unambiguous in its position. VCD and
BHD methods were used to determine the location of the second carbon atom in the
cage. Table 2.22.1 contains VCD, BHD and U(eq) values for the four unique molecules
in the asymmetric fraction of the unit cell of 15 (A, B, C and D).

Vertex VCD (Å) BHD (Å)

U(eq)

Vertex VCD (Å) BHD (Å)

U(eq)

1A

1.635

-

0.016

1C

1.643

-

0.014

2A

1.525

0.411

0.014

2C

1.532

0.442

0.012

3A

1.725

1.006

0.019

3C

1.726

1.116

0.017

4A

1.715

1.086

0.022

4C

1.721

1.108

0.018

5A

1.718

1.159

0.023

5C

1.713

1.128

0.017

6A

1.716

1.100

0.018

6C

1.719

1.065

0.017

7A

1.708

1.088

0.021

7C

1.713

1.125

0.019

8A

1.698

1.038

0.025

8C

1.693

1.135

0.020

9A

1.674

1.059

0.029

9C

1.682

1.101

0.020

10A

1.706

1.056

0.023

10C

1.706

1.135

0.019

11A

1.711

1.095

0.019

11C

1.720

1.109

0.019

12A

1.696

1.075

0.024

12C

1.708

1.148

0.020

1B

1.640

-

0.016

1D

1.639

-

0.015

2B

1.533

0.452

0.013

2D

1.531

0.406

0.015

3B

1.722

1.061

0.018

3D

1.729

1.046

0.017

4B

1.721

1.106

0.019

4D

1.717

1.083

0.018

5B

1.713

1.110

0.022

5D

1.713

1.069

0.019

6B

1.720

1.086

0.020

6D

1.716

1.086

0.020

7B

1.713

1.105

0.021

7D

1.713

1.106

0.020

8B

1.701

1.116

0.021

8D

1.703

1.150

0.021

9B

1.679

1.130

0.022

9D

1.677

1.104

0.022

10B

1.704

1.119

0.023

10D

1.707

1.181

0.023

11B

1.718

1.087

0.022

11D

1.719

1.107

0.021

12B

1.699

1.105

0.022

12D

1.700

1.055

0.021

Table 2.22.1: VCD, BHD and U(eq) parameters for 15.
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VCD and BHD values for all four molecules are conclusive. In each molecule vertex 2
has a VCD of ca. 1.53 Å while the other vertices’ VCDs (except C1) all lie within a
range of 1.67-1.73 Å. BHD values for vertex 2 were all between 0.40 and 0.45 Å while
all other vertices with bound hydrogen atoms gave B-H distances above 1 Å. The U(eq)
values for each vertex are not as pronounced in their differences as the VCD and BHD
values but still show a smaller value for vertex 2 than any of the other vertices,
including vertex 1 which is already refined as carbon. From this, vertex 2 could be
conclusively assigned as the cage carbon atom.

Hydrogen-bonding is evident in the structure with H2A H-bonding to O2B, and H2B to
O2A as shown in fig 2.22.2. The same is seen for the other two molecules in the
asymmetric unit C and D. The hydrogen atom bound to the cage carbon in carboranes
has long been known to be protic and to form hydrogen bonds in the solid state with
appropriate partner atoms. The average H---O distance in this structure is 2.27(1) Å,
with little variation in the four distances used for this average.

Fig 2.22.2: H-bonding interactions between molecules A and B (all other H-atoms
omitted for clarity).
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2.23 [1-(NOC6H8)-2-Ph-1,2-closo-C2B10H10] (16)
[1-NO-2-Ph-1,2-closo-C2B10H10] (IV) was dissolved in CH2Cl2 and treated with
1,3-cyclohexadiene, which rapidly decolourised the solution from bright blue to give,
after removal of solvent, a yellow residue. This was purified by preparative TLC to give
16 (fig 2.23.1) as a white solid in 30.6% yield.

Compound 16 gave a good CHN microanalysis result: C 50.8, H 7.11, N 4.08% with
theoretical values of C 51.0, H 7.04, N 4.25%. EIMS showed the expected molecular
ion at m/z 329.

The

11

B{1H} NMR spectrum shows five resonances of integral 1:1:1:4:3 at

δ -4.5, -5.2, -9.3, -11.2 and -12.8, reflecting the same low symmetry seen in 15.
The 1H NMR spectrum contains three multiplets of relative integral 2:1:2 at δ 7.64, 7.41
and 7.35 for the phenyl group on C2. The oxazine NOC6H8 group gives rises to two 1H
integral resonances at 6.58 and 6.43 ppm for the alkene CH positions, and 4.41 and 4.07
ppm (also 1H integral) resonances for the bridgehead CH positions. Four 1H-integral
resonances at δ 1.75, 1.55, 1.27 and 1.17 are observed for the CH2-CH2 linkage, their
inequivalence reflecting the rigidity of the tricyclic group. All of these resonances are
multiplets, due to the coupling between adjacent sites, but they are well-resolved
suggesting that only one diastereoisomer, presumably the endo, is formed.

Fig 2.23.1: Chemdraw structure of 16.
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With the synthesis of 15 and 16 proving so facile, attention was turned to the
aforementioned unisolatable species arising from the attempted preparation of [1,2(NO)2-1,2-closo-C2B10H10]

and

[1-(1′-2′-NO-1′,2′-closo-C2B10H10)-2-NO-1,2-closo-

C2B10H10], specifically the possibility of trapping out these compounds by forming their
Diels-Alder adducts.
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2.24 [1,2-(NOC6H8)2-1,2-closo-C2B10H10] (17)
[1,2-closo-C2B10H12] in diethyl ether was doubly deprotonated with n-BuLi and added
to nitrosyl chloride in petrol at -78 °C. The reaction mixture was warmed to room
temperature and both the excess ONCl and solvent were removed in vacuo. The residue
was extracted into CH2Cl2 and filtered to give a blue filtrate. To this solution, an excess
of 1,3-cyclohexadiene was added and the mixture stirred to give a yellow-brown colour.
Purification of this mixture by preparative TLC gave the meso (17a) and racemic (17b)
diastereoisomers of 17, each in around 6% yield. The two diastereoisomers were well
separated on the TLC plates, and were both isolated as white solids. Both isomers gave
good elemental analysis results, and showed the expected molecular ion signal in their
mass spectra at m/z 362.
The 1H NMR spectra of both 17a and 17b are very similar, which is expected given that
the exopolyhedral NOC6H8 groups should be largely in the same chemical environment
in both isomers. As with 16, the resonances are all well-resolved multiplets of equal
integral suggesting that both substituents are endo. In both 17a and 17b the two
NOC6H8 groups should be equivalent, via a mirror plane and a C2 rotation axis
respectively, and this is demonstrated by the relative simplicities of the spectra.
The 11B{1H} NMR spectra of 17a and 17b, however, are markedly different. 17a shows
four resonances of integral 1:1:2:1 (2:2:4:2 in actual boron atoms present) at -7.0, -10.8,
-13.6 and 16.8 ppm. The mirror plane present in the molecule gives rises to three pairs
of equivalent boron environments from those atoms not found on the plane and four
unique environments from the four atoms which the plane bisects. The simplicity of the
observed spectrum, and particularly the broad character of the resonance at -13.6 ppm,
suggests a high degree of coincidence.

The

11

B{1H} NMR spectrum of 17b contains five signals of equal integral at

δ -7.1, -11.9, 12.4, -14.3 and -15.2. The C2 rotation axis present in the molecule does not
pass through any cage vertices and so five pairs of equivalent boron environments are
generated by it, and indeed this is observed in the spectrum.

Both isomers were crystallised by slow diffusion of petrol into concentrated CH2Cl2
solutions at -30 °C.
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2.24.1 [meso-1,2-(NOC6H8)2-1,2-closo-C2B10H10] (17a)
Compound 17a (fig 2.24.1.1) crystallised in space group Pnma, with a crystallographic
mirror plane lying along the molecular mirror plane bisecting the C1-C2 bond of 17a
and giving a Z’ of 0.5. The determination was precise, with ESDs on B-B connectivities
of 0.0017-0.0019 Å.

The distances C1-N1 and N1-O2 are 1.3970(16) Å and 1.4707(14) respectively. The
C-N linkage is significantly shorter than that found in 15 (1.467(2) Å), which perhaps
reflects the lesser steric crowding of the NOC6H8 group compared to NOC10H16 with
respect to the carborane cage. The N-O distance is only around 0.01 Å shorter than that
in 15.

The C1-N1-O2 angle is 109.87(9)° and the C2-C1-N1-O2 torsion angle is 107.91(9)°.
These are larger than those found in 15 (106.00(14) and 99.4(16) respectively) and
indicate that the presence of two fairly bulky substituents leads to the NOC6H8 groups
twisting away from each other somewhat. The C1-C2 distance is 1.947(2) Å,
considerably longer than the C1-C2 distance in [1,2-closo-C2B10H12]21 of 1.630(6) Å,
and demonstrating that the two exopolyhedral substituents are interacting sterically to
force each other, and the cage carbon atoms, further apart.

This is not unprecedented, since derivatives of [1,2-closo-C2B10H12] substituted at the 1
and 2 positions with sterically bulky groups have shown this elongation of C1-C2
previously. For example, Hutton et al22 prepared and crystallographically studied [1,2(CMe2(η-C5H4)Fe(η-C5H5))2-1,2-closo-C2B10H10] which features a C1-C2 distance of
1.938(2) Å, very close to the distance observed in 17a. Notably this ferrocenyl species
and related compounds could not be formed directly from [1,2-closo-C2B10H12] and
instead had to be prepared by reduction and oxidation of the corresponding
[1,7-closo-C2B10] derivatives.
Within the exopolyhedral rings themselves, the C=C double bond is again located on
the bridge closest to the carborane cage (C4-C5 is 1.338(2) Å) while the C-C single
bond bridge is orientated away from the cage (C7-C8 is 1.557(2) Å).
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Fig 2.24.1.1: Crystallographically determined structure of 17a.

2.24.2 [rac-1,2-(NOC6H8)2-1,2-closo-C2B10H10] (17b)
Compound 17b (fig 2.24.2) crystallised in space group C2/c with a 2-fold
crystallographic rotation located along the C2 molecular rotation axis. As such, half a
molecule of 17b is found in the asymmetric unit, with the remainder of the molecule
generated from this rotation. The determination is of very similar precision to 17a, with
B-B ESDs of 0.0017-0.0019 Å.

The bond distances found in 17b are also very close to those seen in 17a: C1-N1
1.3892(13), N1-O2 1.4645(11), C4-C5 (in this instance the C-C single bond)
1.5551(16), C7-C8 (in this instance the C-C double bond) 1.3354(16) and C1-C2
1.9485(19) Å. All of these lengths are effectively the same, considering the ESDs, as
those in 17a. The C1-N1-O2 bond angle is 110.02(8)° and the C2-C1-N1-O2 torsion
angle is 108.65(8)°. These values are, again, very close to those of 17a. The position of
the double and single bonds in the bridges of the exopolyhedral groups are also
positioned in the same way.
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Fig 2.24.2: Crystallographically determined structure of 17b.

82

2.25 [1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2-(NOC6H8)-1,2-closo-C2B10H10] (18)
and [1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10] (19)
1,1′-bis(o-carborane) was treated with two equivalents of n-BuLi followed by excess
ONCl, and the resulting reaction mixture was worked up as for 17. Preparative TLC of
the product mixture gave the major disubstituted product 18 as a yellow solid and the
minor monosubstituted product 19 as a pale yellow solid.

2.25.1

[1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2-(NOC6H8)-1,2-closo-C2B10H10]

(18):

Compound 18 was isolated in 11.3% yield as a diastereomeric mixture. Multiple
attempts at separation did not provide any resolution of the racemic and meso forms of
18, and instead revealed that the compound slowly decomposes over time preventing
attainment of a satisfactory CHN microanalysis sample. EIMS of 18 contained an
isotopic envelope centred on m/z 504/505 corresponding to the molecular ion peak.

The

11

B{1H} NMR spectrum was poorly resolved but exhibited maxima

at -1.1, -6.6, -10.0 and -11.8 ppm. Given that bis(carborane) derivatives can show this
poor resolution even without diastereoisomerism this is to be expected for 18.
The 1H NMR spectrum is more well-defined but still less so than in 17a and 17b,
reflecting the overlap of very similar (but not identical) multiplets. The signals at δ 6.63,
6.50, 4.63 and 4.38 for the alkene CH protons (first two) and the bridgehead CH protons
(last two) integrate equally, as expected. The signals for the CH2 fragments, at δ 2.30,
2.14 and 1.41, are particularly poorly-resolved but integrate 1:1:2, fitting with the
pattern established in 16, 17a and 17b.

Single crystals of 18 (fig 2.25.1.1) were grown by slow evaporation of a CH2Cl2
solution. Compound 18 crystallised in space group P21/n and the determination was
fairly precise (B-B ESDs of 0.003 Å). Z’ = 0.5, with the second cage generated by
inversion symmetry.

There is disorder present in the NOC6H8 group, with both enantiomers of the chiral N1
centre present in a 75:25 ratio. The 3:1 disorder of the NOC6H8 group can be
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rationalised in two ways: one, that the meso form selectively crystallised and shows
crystallographic disorder; or two, that the meso and racemic forms co-crystallised up to
the limit of 2:1 respectively. This disorder in the NOC6H8 substituent renders any
geometric values inaccurate, and so they are not discussed in this chapter.

The C1-C2 distance is 1.946(2) Å, virtually identical to that observed in 17a and 17b.
Steric crowding between the NOC6H8 group and the second carborane cage explains this
lengthening compared to the same length in 1,1’-bis(o-carborane). The C1-C1’ distance
is 1.509(2) Å, slightly shorter than the standard length for the 2c-2e bond between the
two carborane units.

Fig 2.25.1.1: Crystallographically determined structure of 18 (major component).

2.25.2 [1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10] (19):
A small quantity of 19 was isolated from the reaction to prepare 18. Compound 19
could also be synthesised by treatment of 12 with 1,3-cyclohexadiene. Although
showing none of the decomposition of 18, the low mass attained of 19 prevented
acquisition of an accurate elemental analysis. The mass spectrum showed a molecular
ion envelope centred on m/z 395 which corresponds to the molecular ion of 19.
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The 11B{1H} NMR spectrum shows some measure of poor resolution with well-defined
resonances observed at δ -2.0 and -6.0, and overlapping resonances with maxima at
δ -10.0 and -12.9.
The 1H NMR spectrum, however, was clearly resolved with a broad singlet at 4.24 ppm
for the single cage CH of 19 integrating 1:1 with every multiplet observed arising from
the NOC6H8 group: δ 6.65 and 6.50 (alkene CH protons), 4.66 and 4.34 (bridgehead CH
protons), and 2.29, 2.07, 1.54 and 1.43 (alkyl CH2 protons).
Crystals of 19 (fig 2.25.2.1) were grown by a combination of slow evaporation and
cooling of a concentred petrol solution. Compound 19 crystallised in P21/n with one
complete molecule in the asymmetric unit and no disorder. The determination was of
lower precision than most of those in this chapter, with B-B ESDs of 0.007-0.008 Å.

The C1-C2 distance is 1.951(6) Å, showing the same elongation due to steric crowding
as seen in 17a, 17b and 18. The C1’-C2’ distance, for comparison, is 1.658(6) Å, a
much more standard C-C connectivity. The C1-C1’ distance is 1.517(6) Å, longer than
that of 18 but still slightly shorter than that of 1,1’-bis(o-carborane). The C2-C1-C1’C2’ torsion angle is 108.1(4)° which places the CH of the primed cage neither directed
to the NOC6H8 group of the same molecule or transoid to it.
The C2-N21 and N21-O22 distances are 1.377(5) and 1.459(4) Å. These are both very
close to the corresponding C-N and N-O distances in 17a and 17b. The C2-N21-O22
bond angle is 109.3(3)°, again very close to that of 17a and 17b. The C1-C2-N21-O22
torsion angle is 103.2(3)°, slightly smaller than that seen in 17a and 17b.

As there is no disorder, the C-C double and single bond positions in the exopolyhedral
fused ring system are clear here: C27-C28 is 1.335(6) Å and sits close to the carborane
cage; C24-C25 is 1.517(6) Å and sits transoid to the carborane cage with respect to the
N-O linkage. This shows the same selectivity with regards the approach of the diene to
the nitroso group as seen in all the structures of Diels-Alder adducts discussed in this
chapter.
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Fig 2.25.2.1: Crystallographically determined structure of 19.
The location of C2’ was determined by VCD and BHD analysis. Table 2.25.2.1 lists the
relevant VCD, BHD and U(eq) values for 19. Position 2 is clearly shown by VCD and
BHD to be the carbon vertex. The U(eq) value of vertex 2 is considerably smaller than
that of any other position and corroborates the VCD and BHD evidence for the
assignment of vertex 2 as carbon.

Vertex

VCD (Å)

BHD (Å)

U(eq)

1

1.607

2

1.522

0.566

0.014

3

1.714

1.085

0.024

4

1.700

1.130

0.024

5

1.691

1.017

0.023

6

1.715

1.144

0.021

7

1.699

1.085

0.027

8

1.685

1.117

0.030

9

1.672

1.060

0.026

10

1.688

1.091

0.024

11

1.692

1.107

0.023

12

1.676

1.165

0.027

0.021

Table 2.25.2.1: VCD, BHD and U(eq) data for 19.
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2.26 Attempted polyhedral expansion of [1-NO-2-Ph-1,2-closo-C2B10H10] (IV)
Preparation of a 13-vertex metallacarborane by exploiting the potential bent-linear
tautomerism of the nitroso-group of IV was attempted according to scheme 2.26.1.
Insertion of a metal fragment into an open, neutral, carborane cage would require a
neutral metal complex reagent with at least two labile L-type ligands to give a neutral
product. The metal would also have to be in a low oxidation state in the precursor as
insertion into a cluster would formally increase its oxidation state by 2.

Scheme 2.26.1: Proposed polyhedral expansion of IV.

The compounds Mo(CO)4(piperidine)2 and Mo(CO)4(1,5-cyclooctadiene) were heated
to reflux in THF solutions with IV but gave no evidence of the formation of the desired
13-vertex product, instead forming black mixtures which yielded no isolatable products.

Addition of IV to an acetonitrile solution of Mo(CO)3(MeCN)3 and heating the initial
green solution to reflux again did not yield the desired metallacarborane product. A
white compound was ultimately isolated from the reaction mixture which was identified
as [1-NH2-2-Ph-1,2-closo-C2B10H10]23 by an X-Ray diffraction study.
Although in aprotic and anaerobic conditions during the reaction, the work-up
subsequently exposed the reaction mixture to air, which could readily supply the
hydrogen atoms which are found in the amine group of the isolated compound. It can be
taken from this that the formal reduction of the NO group is quite facile for a low
oxidation state transition metal complex, which will be a strong reducing agent.

Any transition metal fragment that fits the criteria outlined above for use in metallation
of nitrosocarboranes will also be a powerful reductant, and so this line of investigation,
at least for this work, was not taken any further.
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2.27 Chapter summary

This chapter has described the synthesis, isolation and characterisation of eleven new
and three previously-reported nitrosocarboranes in mostly modest to good yields. The
three compounds in this list which are already present in the literature ([1-NO-1,2closo-C2B10H11]1 (I), [1-NO-1,7-closo-C2B10H11]3 (II) and [1,7-(NO)2-1,7-closoC2B10H10]4 (III)) have been characterised more thoroughly than in their previous
reports.

The eleven new nitrosocarboranes (1-10 and 12) contain within their number the first
examples of bis(carborane) nitroso-species (9, 10 and 12) along with two species which
are liquids at room temperature (2 and 8). In addition to this large increase in the
number of known nitrosocarborane species, this chapter includes several structural
determinations, including those of 2 and 8 by cooling the samples in situ.

The unexpected synthesis of the hydroxylaminocarborane 11 in the attempted
preparation of [1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10] (12) led to
investigation into its formation with the resulting hypothesis that the adjacent cage CH
aids in “delivery” of a water molecule to the NO group of 12 to give 11. It also led to
the preparation of the known compound [1-N(H)OH-2-Ph-1,2-closo-C2B10H10]6 (V) by
a novel route and, ultimately, development of a non-aqueous work-up protocol for
nitrosocarborane synthesis which facilitated the successful preparation of 12.

Additionally, a Diels-Alder cycloadduct of 12 was prepared (19) during the final work
in this chapter. Diels-Alder cycloadducts of [1-NO-1,2-closo-C2B10H11] (I) and [1-NO2-Ph-1,2-closo-C2B10H10] (IV) were prepared, giving [1-(NOC10H14)-1,2-closoC2B10H11] (15) and [1-(NOC6H8)-2-Ph-1,2-closo-C2B10H10] (16), respectively, and
providing a route to isolate derivatives of the (by all efforts undertaken during this
work) unisolatable compounds [1,2-(NO)2-1,2-closo-C2B10H10] and [1-(1′-2’-NO-1′,2′closo-C2B10H10)-2-NO-1,2-closo-C2B10H10].
These compounds (17a, 17b and 18) confirm the transient existence of the
dinitrosocarborane species and represent the first derivatives of these compounds to be
isolated.
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Chapter 3: The Structural Carborane Effect and ruthenacarborane
carbonyls
3.1 Introduction

In 3,1,2-MC2B9 metallacarboranes the relative strength of bond from cage C atoms to
the metal vertex has long been known to be weaker than that from cage B atoms. The
underlying reason for this is that the contribution to the Frontier Molecular Orbitals
positioned at the C2B3 face from the carbon atoms is smaller than that of the boron
atoms.1

Due to the relative atomic radii of carbon and boron, however, the direct effects of this
phenomenon are difficult to observe.2 A good indirect demonstration of this difference
in M-C and M-B bond strength is Exopolyhedral Ligand Orientation,2 where it can be
observed that strong exopolyhedral ligands on the metal vertex will orient themselves
trans- to the weakly binding carbon vertices of the carborane cage while weakerbinding ligands will be oriented trans- to the strongly binding boron vertices and so
effectively cis- to the carbon vertices of the carborane. While known for a long time,
this phenomenon has not been formally described or named, from this project the name
Structural Carborane Effect is coined.3 where the name.
Comparisons between cyclopentadienide [Cp]- ligands and dicarbollide [C2B9]2- ligands
have been present in the literature since the earliest reports of metallacarboranes due to
their isolobality and η5 bonding from a 5-membered ring.4 In organometallic chemistry,
substituting a [Cp]- ligand with an indenyl [C9H7]- ligand gives rise to a difference in
bonding leading to both the Kinetic5 and Structural Indenyl Effects.6

As an indenyl ligand shows aromaticity in both 5- and 6-membered rings the two
bridging carbon atoms are involved in both to a lesser degree than the atoms only
involved in one ring. When bound η5 to a metal centre, the effect this has is that these
two positions of the five-carbon ring are more weakly bound than the three positions
solely involved in the 5-membered aromatic ring. This, in turn, leads to longer M-C
bond distances to these bridging carbon atoms than the other three (the Structural
Indenyl Effect) and a greater disposition of the indenyl ligand to “slip” from η5 to η3-

91

bound which enables more rapid substitution at the metal centre compared to the Cp
analogue (the Kinetic Indenyl Effect).

Combining these two concepts by fusing an organic aromatic ring to a carborane could
further reduce the bonding strength of the cage carbon atoms to the vertex in the 3position of the cluster and give rise to an Enhanced Structural Carborane Effect. The
simplest molecule of this type has been known for some time, and goes by the informal
name benzocarborane (VII).7 This chapter describes the preparation of several
derivatives

of

benzocarborane,

dihydrobenzocarborane

(VI),

and

its

closest

an

expanded

non-conjugated

analogue

polyaromatic

derivative

biphenylcarborane (VIII) (figure 3.1.1), and comparison of their crystallographicallydetermined bond distances. Additionally, the chapter describes some unexpected ligandsubstitution chemistry of one of the derivatives of VI.

Fig 3.1.1: dihydrobenzocarborane (VI), benzocarborane (VII) and
biphenylcarborane (VIII).
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3.2 Alternative syntheses of reported compounds

3.2.1 Alternative synthesis of benzocarborane [μ-1,2-(C4H4)-1,2-closo-C2B10H10]
(VII)
Matteson and Hota reported the first synthesis of VII in 19717 by radical bromination of
VI using activated N-bromosuccinimide followed by thermal dehydrobromination to
give VII. When reproduction of this preparation was attempted, the radical bromination
gave a complex mixture of products that proved very difficult to purify.

Matteson and Grunzinger published the synthesis of a dibrominated derivative of VI
using aluminium and bromine in 1974.8 This was adapted by tuning the stoichiometry
of the reaction to give primarily the monobrominated derivative of VI.

Treatment of a CH2Cl2 solution of [μ-1,2-(C4H6)-1,2-closo-C2B10H10] (VI) with
catalytic AlBr3 and 1.2 equivalents of Br2 (added in two portions) gave, following
removal of AlBr3 by filtration and solvent under reduced pressure, a yellow residue that
was purified by column chromatography to give a colourless oil, [μ-1,2-(C4H5Br)-1,2closo-C2B10H10]. This oil was of sufficient purity to proceed with the preparation of [μ1,2-(C4H4)-1,2-closo-C2B10H10] (VII) by brief heating in dimethylformamide (DMF)
and purification by elution through a silica plug to give analytically pure product in
67.7% overall yield from VI (figure 3.2.1.1).
A crystallographic determination of VII had already been reported by Wade et al9 and
data from this are used for the analysis later in this chapter.

Figure 3.2.1.1: Chemdraw structure of VII.
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3.2.2 Improved synthesis of biphenylcarborane [μ-1,2-(C6H4)2-1,2-closo-C2B10H10]
(VIII)

Successive treatment of a 1,2-dimethoxyethane solution of [1,2-closo-C2B10H12] with
two equivalents of n-BuLi solution, two equivalents of CuCl, seven equivalents of
pyridine and one equivalent of 2,2’-diiodobiphenyl followed by reflux-heating for 70
hours gave a maroon suspension. This was worked up following the protocol of Wade et
al10, after purification by column chromatography and cold petrol washing to remove
starting materials, to give VIII as a white solid in 56.1% yield (figure 3.2.2.1).

This represents a significant improvement in yield compared to the published route
involving insertion of bis-(2-bromophenyl)acetylene into B10H14 and subsequent
zinc/copper-mediated coupling of the aromatic rings to give VIII in 6.6% overall
yield.11

Figure 3.2.2.1: Chemdraw structure of VIII.

Although single crystals were grown by cooling a petrol solution of VIII sufficient for a
structural determination, a more precise determination of the same crystal form is
published in the literature. Any crystallographic values given for VIII are, therefore,
taken from LODXIN, the published structure.11

Figure 3.2.2.2 shows the carbon-carbon distances in VIII. Inspection of these values
shows clearly that, excepting the cage C-C linkage, the C-C distances of the central C6
ring of the system fall into either a 1.48-1.50 Å or 1.40-1.41 Å range with no distances
intermediate to this. These distances also alternate, following a typical pattern for more
localised carbon-carbon single and double bonds rather than a delocalised system with
intermediate bond orders.
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The peripheral rings show much less variation in their distances, with all lengths in the
two C6 rings (including the linkage shared with the central ring) lying within a range of
approximately 1.38-1.41 Å. This pattern is consistent with more delocalised π-character
in the peripheral rings, as opposed to localised single and double C-C bonds. The C-C
linkages which are shared between C6 rings here are obviously involved in aromaticity
of either resonance structure (described below) but still exhibit distances consistent with
double or aromatic C-C bonds.

Figure 3.2.2.2: C-C distances in LODXIN, given in Å.

Standard fused organic aromatic systems can be described as having multiple resonance
structures. Clar’s rule12 states that the resonance structures which contain more disjoint
aromatic sextets are a better description of the aromaticity in that system. In
phenanthrene, shown in figure 3.2.2.3, structure A (with sextets in the two peripheral
rings) is a more accurate representation of the bond character than structure B (with a
single sextet in the central ring) and so overall the central ring possesses more double
bond character on the CH-CH linkage.
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Figure 3.2.2.3: resonance structures of phenanthrene, A (left) and B (right).

It can be seen that in VIII the same bonding motif is present: the peripheral rings are
more aromatic in character than the central ring, and this can be rationalised by Clar’s
rules analogously to phenanthrene. An implication of this is that the Ccage-Ccage linkage
in VIII may possess a higher bond order than that in either VI or VII due to its position
containing some double bond character.
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3.3 C2B10 structural comparison
In searching for evidence of the Enhanced Structural Carborane Effect (ESCE), the C1C2 and C1/C2-B3/B6 distances (as B3 and B6 are equivalent) in VI, VII and VIII must
be compared (fig 3.3.1). Contribution of electron density into another delocalised
system would be represented by a decrease in cage C-C bond distance and an increase
in cage C-B bond distances compared to a system without this additional aromaticity.

Fig 3.3.1: Distances compared in table 3.3.1.

Table 3.3.1 contains the average distances for these connectivities. Clearly evident when
moving from the dihydrobenzocarborane (VI) to the benzocarborane (VII) structures
are a shortening by approximately 0.01 Å of the C1-C2 bond and a lengthening of the
average C-B bonds by approximately 0.025 Å. While small changes, these are
sufficiently larger than the errors on the measurements to conclude that there is an
ESCE present in VII which is not found in VI.

C1-C2 (Å)

Ccage-B3/6 (Å)

VI9

1.662(2)

1.721(3)

VII9

1.651(5)

1.746(4)

VIII11

1.643(2)

1.739(7)

Table 3.3.1: Average bond distances for VI, VII and VIII.

The biphenylcarborane (VIII) C1-C2 bond is shorter still than that of VII by
approximately 0.01 Å, while the average C-B distance is very slightly, and not
statistically significantly, shorter than that of VII. As noted in the previous section,
some double-bond character of the C1-C2 linkage in VIII can be rationalised by
resonance structures and Clar’s rules in its exo-polyhedral aromatic system, which
explains why this distance is shorter still than in VII.
97

The average Ccage-B3/6 distance in VIII lies between that of VI and VII. In this
instance it would be expected that, if observable in VIII, the ESCE present in this
compound would be less pronounced that that seen in VII, due to the reduced
aromaticity in the C6 ring containing the cage carbon atoms relative to VII. As this is
the case, it is implied from the average C-B distance that VIII does exhibit the ESCE,
but it is less pronounced than the effect in VII.
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3.4 Preparation of [HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10]
An ethanol solution of VIII and 2.5 equivalents of KOH was heated to reflux for 20
hours. Cooling, removal of excess KOH by precipitation of K2CO3 by bubbling CO2
through the solution, filtration and removal of solvent from the filtrate gave crude K[μ7,8-(C6H4)2-7,8-nido-C2B9H10] as a yellow solid. This was taken up in water and treated
with a water solution of NMe3.HCl to precipitate [HNMe3][μ-7,8-(C6H4)2-7,8-nidoC2B9H10] (figure 3.4.1) as an off-white solid. This was collected by filtration, washed
with water and diethyl ether, and vacuum-dried to give the product in 62.3% yield.

CHN microanalysis gave acceptable agreement with the theoretical values C 59.41 H
8.21 N 4.08 and experimentally-determined content C 58.31 H 7.93 N 3.77%. An
electron-ionisation mass spectrum also showed, unusually, an isotopic envelope centred
on m/z 283 for the anionic carborane component (ionised to be cationic).

The

11

B{1H} NMR spectrum consists of resonances at δ -6.7 (2B), -15.5 (1B), -17.0

(2B), -18.3 (2B), -31.9 (1B) and -36.6 (1B). These fit the expected pattern of 2:2:2:1:1:1
based on the Cs symmetry of the nido-cage. The resonances at -31.9 and -36.6 ppm are
chemical shifts typical of anionic nido-species.
The 1H NMR spectrum contains three multiplets at δ 7.85, 7.41 and 7.06 which
integrate for 2:2:4 H atoms respectively and comprise the expected resonances for the
biphenyl substituent. The spectrum also shows a broad singlet at 8.61 ppm (1H) and a
sharp singlet at 3.04 ppm (9H) for the NH and N(CH3)3 protons of trimethylammonium
cation.

Figure 3.4.1: Chemdraw structure of [HNMe3][μ-7,8-(C6H4)-7,8-nido-C2B9H10].
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3.5 Preparation of {CpCo} derivatives of VI, VII and VIII

Treatment of a THF solution of the [HNMe3][μ-7,8-{C4H6}-7,8-nido-C2B9H10] with 2
equivalents of n-BuLi solution followed by 3 equivalents of NaCp solution and 3.5
equivalents of CoCl2, and overnight stirring, gave a brown reaction mixture. Aerial
oxidation of the mixture and purification involving thin layer chromatography gave the
product [3-Cp-μ-1,2-(C4H6)-3,1,2-closo-CoC2B9H9] (20) in 47.8% yield (figure 3.5.1.1).
An analogous reaction starting with [HNMe3][μ-7,8-(C4H4)-7,8-nido-C2B9H10] and
culminating in purification by column chromatography gave [3-Cp-μ-1,2-(C4H4)-3,1,2closo-CoC2B9H9] (21) in 83.9% yield (figure 3.5.2.1).
The same reaction conditions with [HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10] gave [3Cp-μ-1,2-(C6H4)2-3,1,2-closo-CoC2B9H9] (22) in 44.7% yield (figure 3.5.3.1).
Diffraction-quality crystals of 20, 21 and 22 were grown from CH2Cl2/petrol at -30 °C.
Compound 20 is a yellow solid, similar to the parent compound [3-Cp-3,1,2-closoCoC2B9H11]. Compound 21, however, is a dark orange solid powder or red crystalline
material and 22 is somewhat intermediate in colour as a yellow-orange solid. These
colours may be incidental, but also may reflect a change in electronics at the metal atom
between 20 and 21/22.

In addition to the crystallographic studies, all three compounds were characterised by
1

H and 11B{1H} NMR spectroscopies, mass spectrometry and elemental analysis.
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3.5.1 [3-Cp-μ-1,2-(C4H6)-3,1,2-closo-CoC2B9H9] (20)
Compound 20 gave an acceptable microanalysis result: C 42.0 H 6.71% compared to
the theoretical C 42.8 H 6.53%. EIMS gave the expected boron isotope envelope
centred on m/z 308/309 for the molecular ion of 20. The 11B{1H} NMR spectrum of 20
consists of six resonances of relative integral 1:1:2:2:2:1 at δ 5.8, 3.3, -3.0, -6.8, -10.8
and -14.9, fitting the Cs symmetry of the compound with no coincident signals.
The 1H NMR spectrum contains a singlet at δ 5.44 corresponding to the five Cp protons,
which are equivalent in solution at room temperature. There are three signals observed
for the C4H6 tether of equal integral (each 2H to the 5H of the Cp resonance). An
apparent singlet at 5.85 ppm for the two equivalent alkene CH positions is close to the
analogous shift in VI (5.60 ppm) while two apparent doublets at 3.38 and 3.20 ppm
correspond to the adjoined alkyl CH2 groups. This inequivalence compared to the single
resonance observed in VI reflects the loss of one of the mirror planes on replacement of
B3 by Co and so gives a signal from the protons positioned close to the metal vertex and
a signal from the protons positioned away from it.

Figure 3.5.1.1: Crystallographically-determined structure of 20.
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3.5.2 [3-Cp-μ-1,2-(C4H4)-3,1,2-closo-CoC2B9H9] (21)
Elemental analysis of 21 gave a composition of C 42.5 H 6.12%, a fairly good fit to the
theoretical values of C 43.1 H 5.92%. The molecular ion signal in the mass spectrum
was observed centred on m/z 306/307, as expected. The

11

B{1H} NMR spectrum

consisted of the expected six resonances for Cs symmetry at δ 2.5, 0.6, -2.8, -7.8, -11.9
and -13.8 of relative integral 1:1:2:2:2:1.
The 1H NMR spectrum contains a Cp signal at 5.15 ppm, an upfield shift from the
corresponding resonance in 20 of 0.29 ppm, possibly representative of stronger Co-Cp
bonding due to weakening of Co-Ccage bonding from the enhanced structural carborane
effect. The {C4H4} tether gives two multiplets of equal (2H) integral at 7.15 and 6.16
ppm. The higher frequency signal is a substantial downfield shift from VII (two equalintegral resonances at 6.46 and 6.26) and presumably arises from the cage-adjacent CH
positions in the tether as they will be more affected by the Co atom.

Figure 3.5.2.1: Crystallographically-determined structure of 21.
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3.5.3 [3-Cp-μ-1,2-(C6H4)2-3,1,2-closo-CoC2B9H9] (22)
CHN microanalysis of 22 was relatively inaccurate, with the experimental values of C
55.0 H 5.47% only approximately matching the theoretical values of C 56.1 H 5.45%.
The mass spectrum of 22 contained an envelope centred on m/z 406/407 for the
molecular ion. The

11

B{1H} NMR spectrum of 22 consists of the expected six

resonances of relative integral 1:1:2:2:2:1 at δ 4.6, 3.3, -2.5, -6.4, -11.4 and -13.4.
The 1H NMR spectrum contains a singlet at δ 4.77 for the Cp protons. This significant
upfield shift of the Cp resonance from that of both 20 and 21 (5.44 and 5.15 ppm
respectively) would not be expected based on electronic effects at the Co vertex, but
may be due to some interaction between the C5H5 ring and the large aromatic tether of
22, which can be seen in the molecular structure.

Figure 3.5.3.1: Crystallographically-determined structure of 22.
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3.6 CpCoC2B9 structural comparison
In searching for evidence of the Enhanced Structural Carborane Effect in MC2B9
compounds, the C1-C2 distance was, as with the C2B10 comparison earlier in this
chapter, compared between the dihydro-, benzo- and biphenyl- CpCo derivatives 20, 21
and 22. The average C1/C2-M3 and C1/C2-B6 distances were also determined (figure
3.6.1) and are given in table 3.6.1.

Fig 3.6.1: Distances compared in table 3.6.1.

C1-C2 (Å)

Ccage-Co3 (Å)

Ccage-B6 (Å)

20

1.656(3)

2.038(3)

1.727(5)

21

1.639(2)

2.067(3)

1.764(2)

22

1.620(8)

2.042(14)

1.750(10)

Table 3.6.1: C-C and average C-M3 and C-B6 distances in 20, 21 and 22.

Comparing the dihydro-derivative 20 and benzo-derivative 21 shows the same trend
seen in the C2B10 compounds VI and VII: going from 20 to 21 there is a decrease in CC distance (of 0.017(4) Å), an increase in C-Co distance (of 0.029(4) Å) and an increase
in C-B distance (of 0.037(5) Å).

These changes indicate convincingly that the ESCE is present in 21 and not in 20. The
lesser amount of bonding between the cage carbon atoms and the metallacarborane cage
and simultaneous increase in degree of participation in delocalised bonding in the exopolyhedral ring in 21 is evident in the extension of the cage C to M/B connectivities and
the shortening of the C1-C2 bond.

The biphenyl-derivative 22 again shows a shorter cage C-C distance than the benzoderivative 21. As in the case of the parent compound VIII, the linked aromatic moiety
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of 22 shows stronger delocalised bonding character (C-C distances within range 1.371.42 Å) in its peripheral C6 rings and stronger alternating single (C-C distances 1.481.50 Å) and double (C-C distances 1.40-1.42 Å) bond character in its central C6 ring,
which includes the C1-C2 linkage of the metallacarborane cage. This is consistent with
the same Clar structure described in section 3.2.2 and so the expected double bond
character of C1-C2 in 22 explains its short bond distance.

The Ccage-Co3 and Ccage-B6 distances in 22 are intermediate to those of 20 and 21,
which follows the same pattern seen in the C2B10 compounds VI, VII and VIII. As
discussed in that case, the biphenyl-derivative here seems to demonstrate an Enhanced
Structural Carborane Effect, but to a lesser extent than the benzo-derivative 21.

The angle between the planes of C1C2B7B8B4 and the five-carbon Cp unit in 20 is
8.20(12)°. The corresponding angle in 21 is 8.24(5)°, practically identical. The Cp ring
is very slightly more parallel to the carborane face in 22 where the average angle (two
independent molecules) is 6.55(26)°. The Cp ring plane to C1C2B7B8B4 angle in the
published structure13 of [3-Cp-3,1,2-closo-CoC2B9H11] is 3.61(9)°. Compounds 20-22
all show a small but consistent increase over this angle, suggesting that while there may
be some interaction between the Cp rings and the exo-polyhedral tethers the ESCE is
the sole reason for the variation in their Co-C bond distances.
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3.7 Preparation of {(CO)3Ru} derivatives of VI, VII and VIII
Lithiation of a THF solution of [HNMe3][μ-7,8-(C4H6)-7,8-nido-C2B9H10] followed by
slow addition to a THF solution of ½ an equivalent of [Ru(CO)3Cl2]2 at 0 °C gave an
orange solution. On completion of the addition, the cooling bath was removed and the
reaction mixture was reduced in vacuo immediately.

Purification of the crude mixture by elution through a short silica plug with 2:1
CH2Cl2/petrol followed by preparative TLC with 1:2 CH2Cl2/petrol gave [3,3,3-(CO)3μ-1,2-(C4H6)-3,1,2-closo-RuC2B9H9] (23) as a white solid in 24.6% yield (figure
3.7.1.1), along with a minor product [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closoRuC2B9H9] (24) as a yellow solid. 23 has previously been prepared as a minor product
in the synthesis of its 13-vertex analogue.14

Analogous reactions starting with [HNMe3][μ-7,8-(C4H4)-7,8-nido-C2B9H10] or
[HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10] gave [3,3,3-(CO)3-μ-1,2-(C4H4)-3,1,2-closoRuC2B9H9] (25) (figure 3.7.2.1) or [3,3,3-(CO)3-μ-1,2-(C6H4)2-3,1,2-closo-RuC2B9H9]
(26) (figure 3.7.3.1), both yellow solids, in 7.7% and trace yields respectively. In these
two reactions, no additional ruthenacarborane products were isolated.
Compounds 23, 25 and 26 were characterised by 1H NMR,

11

B{1H} NMR and IR

spectroscopies, mass spectrometry and (except for 26) elemental analysis. Single
crystals of all three were grown from CH2Cl2/petrol at reduced temperatures, to allow a
structural determination of each.

Compound 24, and its further chemistry, are discussed later in this chapter in sections
3.9 and 3.10.
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3.7.1 [3,3,3-(CO)3-μ-1,2-(C4H6)-3,1,2-closo-RuC2B9H9] (23)
Compound 23 gave a passable elemental analysis result: C 28.3 H 4.28% compared to
the theoretical C 29.3 H 4.09%. The mass spectrum of 23 showed a boron isotope
envelope centred on m/z 369 for the molecular ion, along with envelopes centred on m/z
342, 313 and 283 for loss of one, two or three CO ligands.

The infrared spectrum of 23 contains a broad BH band with maximum absorption at
2575 cm-1 and three CO stretching bands at 2102, 2051 and 2044 cm-1. The

11

B{1H}

NMR spectrum of 23 consists of five resonances of relative integral 1:1:4:1:2 at δ
8.2, -3.8, -5.2, -8.6 and -10.0 respectively, corresponding to the 1:1:1:2:2:2 pattern
expected for a Cs symmetry 3,1,2-MC2B9 compound with a coincidence of two 2B
resonances.
The 1H NMR spectrum contains three equal-integral resonances for the C4H6 tether at δ
5.83, 3.18 and 3.00, with the downfield signal corresponding to the alkene CH and the
two upfield signals to the alkyl CH2 positions. The alkene CH resonance is practically
identical to the analogous signal in 20, while the two alkyl resonances are shifted
slightly upfield compared to 3.38 and 3.20 ppm in 20, likely reflecting the influence of
the cage electronics (changed due to the presence of the metal atom) being greater at the
cage-adjacent tether protons.

Figure 3.7.1.1: Crystallographically-determined structure of 23.
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3.7.2 [3,3,3-(CO)3-μ-1,2-(C4H4)-3,1,2-closo-RuC2B9H9] (25)
Compound 25 also gave a passable elemental analysis result, C 28.5 H 3.67% found
compared to C 29.4 H 3.56% theoretical values. The EIMS of 25 showed the expected
molecular ion envelope centred on m/z 367 along with envelopes for successive loss of
CO ligands centred on m/z 340, 312 and 283.

The

11

B{1H} NMR spectrum only contained four resonances at δ 5.4, -2.4, -6.3

and -10.6. These resonances integrate in a 1:1:6:1 ratio, leading to the assumption that
the 6B resonance is a 2+2+2 coincidence. The 1H NMR spectrum contains two equalintegral multiplets at δ 6.99 and 6.05 for the tether C4H4 protons. These resonances are
somewhat shifted upfield from the CpCo analogue 21 (δ 7.15 and 6.16) in a similar
fashion to that seen in the C4H6 compounds 20 and 23.
The infrared absorption spectrum of 25 contains a BH stretching band with νmax at 2557
cm-1 and two CO stretching bands at 2109 and 2054 cm-1. The energies of the CO
stretching vibrations are very similar to that of 23 (2102, 2051 and 2044 cm-1)
suggesting that the overall C-O and M-C bond strengths are similar.

Figure 3.7.2.1: Crystallographically-determined structure of 25 (one set of disordered
CO ligands shown).
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3.7.3 [3,3,3-(CO)3-μ-1,2-(C6H4)2-3,1,2-closo-RuC2B9H9] (26)
The low yield of 26 was somewhat unexpected; however discussion later in this chapter
on the steric interaction between the carbonyl ligands and biphenyl tether of 26 may
explain the reduction in yield compared to 23 and 25.

Due to the trace yield of 26, no satisfactory elemental analysis result could be obtained
for it. The mass spectrum of 26 contained the isotopic envelopes centred on m/z 468,
440, 412 and 384; corresponding to the molecular ion, loss of one CO, loss of two CO,
and loss of all three CO ligands respectively. An infrared spectrum of 26 reveals a BH
stretch at 2557 cm-1 and two CO stretches at 2110 and 2056 cm-1. These CO stretching
vibrations are close in energy to those in 23 and 25.
The 11B{1H} NMR spectrum of 26 consists of six resonances in the, expected, integral
pattern 1:1:2:2:2:1 at δ 8.0, -1.4, -4.9, -6.5, -7.1 and -9.1. The 1H NMR spectrum
contains multiplets integrating 2:2:4 at 8.10, 7.55 and 7.39 ppm. The former and latter
of these are very similar to the analogous resonances in the CpCo derivative 22 (8.16
and 7.43 ppm) while the 7.55 ppm signal is shifted slightly upfield from 22 (7.71 ppm)
in a fashion consistent with that seen in 23 and 25 compared to 20 and 21 and
suggesting that this resonance corresponds to the CH position closest to the
metallacarborane cage.

Figure 3.7.3.1: Crystallographically-determined structure of 26.
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3.8 (CO)3RuC2B9 structural comparison
As in the {CpCo} derivatives, the 3,1,2-RuC2B9 cage gives three distances of interest
with respect to the ESCE (fig 3.8.1). These values for 23, 25 and 26 are given in table
3.8.1.

Fig 3.8.1: distances compared in table 3.8.1.

C1-C2 (Å)

Ccage-Ru3 (Å)

Ccage-B6 (Å)

23

1.6627(19)

2.2783(16)

1.7424(16)

25

1.627(3)

2.3203(27)

1.758(4)

26

1.5963(12)

2.3538(13)

1.7451(20)

Table 3.8.1: C-C and average C-M3 and C-B6 distances in 23, 25 and 26.

As seen in the previous cases, the cage carbon to metal and cage carbon to boron
distances in 23, the C4H6 derivative, are shorter than those in 25, the C4H4 derivative.
These differences, 0.058(3) Å for Ccage-Ru3 and 0.016(4) Å for Ccage-B6, are
significantly larger than the errors associated with the measurements. The change in
Ccage-B6 distance is smaller than that seen in the CpCo compounds (0.037(5) Å) while
the change in Ccage-M3 distance is larger than in the CpCo case (0.029(4) Å) which
most likely reflects the larger size of ruthenium compared to cobalt, giving longer
connectivities in the cage.

The C1-C2 distance in 23 is 0.036(4) Å longer than the corresponding distance in 25.
This change is significantly larger than the change in the CpCo compounds (0.017(4) Å)
and the C2B10 compounds (0.011(5) Å) and is perhaps reflective of the greater
flexibility of the cage geometry in the ruthenacarboranes (due to the longer Ru-Ccage
connectivities being more able to accommodate the effects of the tethered aromatic ring
in 25).
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Overall, these measurements are consistent with the ESCE trend seen in the C2B10 and
CpCoC2B9 species discussed earlier in this chapter.
In the case of the biphenyl derivative, 26, the C1-C2 distance is significantly shorter
than that of 25 (by approximately 0.03 Å) as was seen in the CpCo and C2B10
comparisons. The C-C distances in the exo-polyhedral system of 26 show the same
pattern seen in VIII and 22: the peripheral rings’ distances all lie within a range of 1.391.42 Å while the central ring, containing C1-C2, shows alternating single bond (1.481.50 Å) and double bond (approx. 1.42 Å) distances. The short C1-C2 in 26 can
therefore be rationalised the same way as the previous two biphenylcarborane cases:
double bond character is present in the linkage.

The Ccage-B6 distance in 26 is intermediate of those in 23 and 25, also following the
same pattern seen in the previous derivatives. In this instance the Ccage-Ru3 distance is
actually longer than that of 25 by 0.034 Å, rather than being shorter as expected from
the other derivatives already discussed in this chapter. Inspection of the crystal structure
of 26 shows that one of the carbonyl ligands lies trans to the cage carbon atoms, in
contrast to 23 and 25 in which the {(CO)3Ru} unit is oriented to avoid a CO ligand in
this position. This is discussed further in section 3.11. The space-filling diagram of 26
(fig 3.8.2) suggests that this is to minimise steric clashing between the biphenyl tether
and the ligands of the metal. This strongly donating ligand being positioned trans to the
cage C atoms will weaken the Ru-C bonding and lengthen this distance.

Fig 3.8.2: Space-filling view of 26.
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3.9 [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (24)
An unexpected minor product in the preparation of 23 was the yellow dicarbonyl
compound 24 (figure 3.9.1) where, compared to 23, one of the carbonyl ligands has
been displaced by coordination of the alkene tether. Isolated in only 4.3% yield
(compared to 24.6% of 23), the implication is that during the reaction some 23 is
converted to 24.

Figure 3.9.1: Crystallographically-determined structure of 24.

Compound 24 gave an acceptable elemental analysis result: theory C 29.3 H 4.09; found
C 28.3 H 4.28%. The mass spectrum of 24 fitted the expected pattern: practically
identical to that of 23 without its molecular ion envelope. Three significant isotopic
envelopes are observed for 24: centred on m/z 342, 313 and 282/283 for the molecular
ion, loss of one CO group and loss of two CO groups respectively.
The 11B{1H} NMR spectrum 24 consists of 6 resonances of relative integral 1:1:2:2:1:2
at δ 8.0, 0.8, -4.2, -7.1, -10.2 and -17.7. This is consistent with the Cs symmetry of 24,
and gives a weighted average

11

B shift of -6.6 ppm. The weighted average

11

B shift of

23 is -5.0 so the boron atoms of 24 are clearly somewhat more shielded.
The 1H NMR spectrum of 24 contains three distinct resonances for the tether protons
which appear at very different chemical shifts to the pattern characteristic of a {C 4H6}
tether unbound to the metal vertex. A multiplet at δ 4.09 (Ha), a doublet at δ 3.70 (Hb)
and a multiplet at δ 3.44 (Hc) all integrate equally to 2 protons apiece.
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A 1H-1H COSY spectrum of 24 shows strong Ha-Hc and Hb-Hc correlations. Based on
this the positions of the three protons are tentatively assigned as shown in figure 3.9.2 as
the crystallographically determined Ha-Hc distance (2.408 Å) is shorter than the Ha-Hb
distance (2.741 Å). The more straightforward splitting of the Hb resonance corroborates
the idea that it couples to fewer adjacent protons than either Ha or Hc. Conversely, the
resonance with the least clean splitting, Hc, would exhibit the most coupling with this
assignment.

Fig 3.9.2: Assignment of tether protons in 24 (symmetry-equivalent and cage H atoms
omitted for clarity).

The infrared absorption spectrum of 24 shows, predictably, three strong bands at 2559
(BH str), 2064 (CO str) and 2021 (CO str) cm-1. The lower frequency of the CO
absorptions compared to 23 (2102, 2051 and 2044 cm-1) implies stronger M-C bonding
in 24, which is consistent with carbonyl ligands solely trans to weakly-bound cage
carbon atoms.

Diffusion of petrol into a concentrated CH2Cl2 solution of 24 yielded diffraction-quality
single crystals suitable for a structural determination which confirmed its identity
conclusively. The molecular geometry of 24 is discussed in more detail later in this
chapter.
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3.9.1 Interconversion of [3,3,3-(CO)3-μ-1,2-(C4H6)-3,1,2-closo-RuC2B9H9] (23) and
[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (24)
As previously noted, the dicarbonyl-ene compound 24 is isolated as a minor product in
the synthesis of the tricarbonyl compound 23. The two compounds are readily
interconvertible (scheme 3.9.1.1), and preparation of 24 from 23 provided it in
sufficient quantities for further reactions.

The most straightforward route investigated for the conversion of 23 to 24 was simply
heating of a THF solution of 23 to reflux for two days. Removal of solvent gave 24 in
88.8% yield without need for further purification.

Alternatively, addition of a stoichiometric quantity of trimethylamine N-oxide to a
CH2Cl2 solution of 23 also afforded 24, following work-up, in 73% yield.
The reverse reaction, conversion of 24 to 23 is even more straightforward. Introducing
CO over a CH2Cl2 solution of 24 gave almost complete decolourisation and, after longer
stirring and removal of volatiles, a white solid which was identified as pure 23 by NMR
spectroscopy, with no side-products observed.

Scheme 3.9.1.1: Interconversion of 23 and 24.
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3.10 Substitution chemistry of [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9]
(24)
With the coordination of the relatively weakly donating “ene” ligand to the ruthenium
centre of 24, its potential lability or hemilability was a clear avenue of investigation to
explore. Compound 24 was screened for catalytic activity in the Diels-Alder
cycloaddition of cyclopentadiene and methacrolein but showed no improvement in rate
over the control reaction.15 Overnight heating to reflux of a MeCN solution of 24 also
showed no reaction, and only starting material was recovered with none of the
acetonitrile-substituted desired product observed.
The relative stability of the “ene”-Ru bond is shown by this behaviour, as weakly
donating ligands are failing to displace it even transiently, at least to the best of our
observations. Treatment of 24 with stronger donor ligands, however, proved successful
and led to the isolation of four new compounds 27-30.

Single crystals sufficient for X-Ray diffraction studies were grown for all four
compounds by diffusion of petrol into concentrated CH2Cl2 solutions of 27-30 at -30
°C.
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3.10.1 [μ-1,2-(C4H6)-3,3-(CO)2-3-(PMe3)-3,1,2-closo-RuC2B9H9] (27)
Addition of an excess of PMe3.THF to a CH2Cl2 solution of 24 gave, following removal
of volatiles and purification by preparative thin layer chromatography, the white solid
27 in 67.2% yield (figure 3.10.1.1).

The CHN microanalysis results for 27, of C 31.2 H 5.88%, were in good agreement
with the theoretical values of C 31.6 H 5.79%. The electron impact mass spectrum of 27
showed boron isotopic envelopes centred on m/z 418, 390 and 360, which correspond to
the expected molecular ion, loss of one CO and loss of two CO groups respectively.
The 11B{1H} NMR spectrum of compound 27 consists of five resonances at δ 2.1, -5.2,
-7.3, -9.5 and -12.4 of integral pattern 1:3:2:1:2. This is, with the 3B resonance a 1+2
coincidence, representative of the solution-phase Cs symmetry of 27 implying rotation
of the {(PMe3)(CO)2Ru} fragment.
The 1H NMR spectrum of 27 contains a 9H-integral resonance at δ 1.85 for the methyl
protons of the PMe3 group, showing no coupling to anything other than the phosphorus
centre (JPH = 10.56 Hz) to produce the observed doublet. The C4H6 tether gives rises to
three 2H-integral resonances at δ 5.73, 3.08 and 2.93. The first, an apparent singlet at
the resolution of the spectrometer, corresponds to the (uncoordinated) alkene CH
positions in the tether while the latter two resonances, both apparent doublets,
correspond to the alkyl CH tether protons.

The

31

P{1H} NMR spectrum of 27 consists of a single resonance at δ 11.08 for the

PMe3 ligand, a singlet due to the proton-decoupling of the NMR experiment. The IR
spectrum shows three strong absorptions for BH, CO and CO stretches respectively at
2547, 2039 and 1989 cm-1. The CO stretching frequencies are lower than in both 23 and
24, possibly indicating that the strongly donating phosphine enhances M-C bonding,
superseding any cage carbon/boron structural trans effects.
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Figure 3.10.1.1: Crystallographically-determined structure of 27.

3.10.2 [μ-1,2-(C4H6)-3,3-(CO)2-3-(P(OMe)3)-3,1,2-closo-RuC2B9H9] (28)
Treatment of a CH2Cl2 solution of 24 with an excess of P(OMe)3 gave, following
workup analogous to that of 27, a white solid (28) in 41.2% yield (figure 3.10.2.1).

An elemental analysis result for 28 of C 28.9 H 5.43% gives good agreement with the
theoretical result of C 28.4 H 5.19%. The mass spectrum for 28 contains three boron
isotope envelopes centred on m/z 466, for the molecular ion of 28, 438, for the loss of
one CO group, and 409/410, for the loss of two CO groups.
The 11B{1H} NMR spectrum shows, due to a 2+2 and 2+1 coincidence, four resonances
at δ 2.5, -4.5, -7.2 and -11.1 in a 1:1:4:3 integral pattern. This is consistent with the
1:1:1:2:2:2 pattern expected for solution-phase Cs symmetry provided by rotation of the
Ru-ligand fragment.
The 1H NMR spectrum of 28 contains a doublet at 3.86 ppm, which integrates to 9H, for
the nine methyl protons in the trimethylphosphite group (JPH = 11.74 Hz). The alkene
CH resonance appears as a fairly well-resolved 2H-integral triplet at 5.75 ppm and the
alkyl CH protons are represented by an apparent singlet at 3.07 ppm which integrates to
4H. As no feasible fluxionality within the structure of 28 could render these four
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protons equivalent, the appearance of this single resonance must be due to
coincidentally very similar environments for the H atoms.
The 31P{1H} NMR spectrum consists of a single resonance at δ 133.75 for the phosphite
ligand, appearing as a singlet due to the proton decoupling in the NMR experiment. An
infrared absorption spectrum of 28 contains a strong band at 2553 cm-1 for cage BH
stretching, and two strong bands at 2057 and 2010 cm-1 for CO stretching. The CO
stretching frequencies are higher than those of the PMe3 compound 27 by
approximately 20 cm-1 which reflects the lower electron density at the ruthenium centre
with the weaker phosphite ligand compared to a phosphine.

Figure 3.10.2.1: Crystallographically-determined structure of 28.

3.10.3 [μ-1,2-(C4H6)-3,3-(CO)2-3-(PPh3)-3,1,2-closo-RuC2B9H9] (29)
Analogous treatment of 24 with one equivalent of PPh3 gave, following work-up, 29 as
a pale yellow solid in 66.5% yield (figure 3.10.3.1). Again, CHN microanalysis of 29
matched the theoretical values well: theory C 51.7 H 5.01; found C 51.4 H 5.00%.
EIMS of 29 gave a spectrum containing three envelopes for the molecular ion, loss of
one CO and loss of two CO groups centred on m/z 604, 576 and 547 respectively.
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The

11

B{1H} NMR spectrum of 29 is superficially very similar to that of 28, with the

same integral pattern of 1:1:4:3 observed for four resonances at δ 2.9, -0.2, -7.0
and -10.0. The 1H NMR spectrum of 29 contains resonances at δ 7.62 and 7.46 for the
phenyl groups of the phosphine ligand, integrating to 15H overall. The C 4H6 tether
gives rises to three 2H-integral resonances in the proton spectrum: a triplet at δ 5.65 for
the alkene CH positions and two apparent doublets at δ 2.90 and 2.66 for the alkyl CH
positions.
The 31P{1H} NMR spectrum consists of a singlet at 48.32 ppm for the PPh 3 group. The
IR spectrum of 29 contains a strong absorption at 2559 cm-1 for BH stretching and two
strong bands at 2041 and 1992 cm-1 for CO stretching. The CO stretching frequencies
are practically identical to that of the PMe3 analogue 27. This suggests,
counterintuitively, that in these compounds the less basic PPh3 ligand has a very similar
electronic effect on the ruthenium centre to the more basic PMe3.

Figure 3.10.3.1: Crystallographically-determined structure of 29.
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3.10.4 [μ-1,2-(C4H6)-3,3-(CO)2-3-(tBuNC)-3,1,2-closo-RuC2B9H9] (30)
Treatment of a CH2Cl2 solution of 24 with an excess of tBuNC gave, after removal of
volatiles and purification by preparative TLC, 30 as a white solid in 32.3% yield (figure
3.10.4.1). The fairly low yield of this preparation could be rationalised as a function of
the lower donor strength of the tBuNC ligand compared to the phosphorus ligands used
in 27-29.

An accurate elemental analysis result was obtained for 30: theoretical values C 36.8 H
5.70 N 3.30%, experimental values C 36.8 H 5.81 N 3.24%. The mass spectrum of 30
contains an envelope centred on m/z 424 for the molecular ion. Additional envelopes for
the molecular ion with loss of CO, 2 CO and CO + tBuNC groups were found centred
on m/z 397, 367/368 and 311 respectively.
The 11B{1H} NMR spectrum of 30 consists of the expected six resonances at δ 4.1, -4.7,
-6.0, -6.9, -10.2 and -11.7 with an integral pattern of 1:1:2:2:1:2. This is the pattern
expected for Cs symmetry, which is effectively seen in the crystal structure of 30.
The 1H NMR spectrum contains a singlet of 9H relative integral at δ 1.58 for the nine
protons of the isocyanide ligand. There are also the characteristic three resonances at δ
5.72, 3.10 and 2.97 for the C4H6 tether.
The infrared spectrum of 30 shows a BH stretching band at 2545 cm-1, a CN stretching
band at 2192 cm-1, and two CO stretching bands at 2062 and 2020 cm-1. These CO
stretching frequencies are higher than those of 27, 28 and 29 (reflecting that the
isocyanide is a weaker donor than phosphine and phosphite ligands) while being
practically the same as those of the tether-bound 24 (bands at 2064 and 2021 cm-1). This
last comparison suggests the alkene-Ru bond of 24 is similar in strength to the tBuNCRu bond.
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Figure 3.10.4.1: Crystallographically-determined structure of 30.
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3.11 Exo-polyhedral Ligand Orientations

An additional effect of the smaller contribution from carbon vertices than boron vertices
to the fronter molecular orbitals found on the C2B3 face of the “dicarbollide” ligand is
that the carbon atoms show a weaker structural trans effect than boron atoms in bonding
to metal centres.

This is then reflected in the positions of the exo-polyhedral ligands also bound to the
metal: ligands with strong structural trans effects will be found trans, or close to trans,
to the carbon vertices of the cage, while weaker structural trans effect ligands will be
positioned trans, or close to trans, to the binding boron vertices of the cage (which have
a stronger structural trans effect than carbon vertices).

3.11.1 Tricarbonyl orientations

Compounds 23, 25 and 26 all include three exo-polyhedral carbonyl ligands bound to
the ruthenium centre. The orientations of the carbonyl ligands relative to the C2B3 face
of the cluster are shown in figures 3.11.1.2-3.11.1.4 (note that 25 contains 50:50
disorder in its carbonyl ligands, shown as A and B).
Table 3.11.1.1 contains the Ru-C, C-O and θ (the modulus of the torsion angle C-Ru-AB where A is the centroid of C1C2B7B8B4 face and B the centroid of the C1-C2
connectivity, see figure 3.11.1.1) for 23, 25 and 26. A ligand with θ = 0° would lie
directly over the centre of the C1-C2 connectivity, and a ligand with θ = 180° would lie
exactly opposite the C1-C2 connectivity.

Figure 3.11.1.1: Generalised scheme for θ where θ is defined as the torsion angle L-MA-B. A is the centroid of the metal-bound C2B3 face (blue dot) and B is the centroid of
C1-C2 (red dot).
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Structure

23

25A

25B

26

θ (°), Ru-C (Å), C-O

θ (°), Ru-C (Å), C-O

θ(°), Ru-C (Å), C-O

(Å)

(Å)

(Å)

0.00, 1.9991(17),

124.69(5), 1.9192(12),

124.69(5), 1.9192(12),

1.1349(17)

1.1368(12)*

1.1368(12)*

39.10(18), 2.066(4),

87.10(16), 1.961(4),

150.02(15), 1.907(4),

1.133(4)

1.139(5)

1.144(5)

27.01(18), 1.921(4),

105.67(15), 1.886(4),

140.77(16), 1.936(4),

1.134(5)

1.138(5)

1.144(5)

62.45(6), 1.9618(10),

62.78(5), 1.9804(10),

178.03(5), 1.8909(10),

1.1358(12)

1.1360(13)

1.1414(12)

Table 3.11.1.1: Ru-C, C-O and θ values for 23, 25 and 26 (*A crystallographic mirror
plane gives two equivalent CO ligands).

Compound 23 contains a carbonyl ligand positioned directly above the C1-C2
connectivity of the cage, shown by θ = 0° in the table above. Due to a crystallographic
mirror plane, the other two carbonyl ligands are equivalent and are found at
approximately 120° from the first ligand. The Ru-C distance for the carbonyl above the
cage carbon atoms is substantially longer than the other ligands by around 0.08 Å.
Given that it is positioned opposite solely boron vertices of the cage, while the other
two carbonyl ligands are each approximately opposite a cage carbon atom this is to be
expected.

Figure 3.11.1.2: Carbonyl orientation and Ru-CO distances in 23.

Although less conclusive due to the smaller difference, the C-O distances show a
corroborative pattern: the carbonyl ligand opposite boron vertices has a shorter distance
than the other two by around 0.002 Å. A shorter C-O distance indicates a weaker metalcarbonyl interaction.
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Compound 25 contains two {Ru(CO)3} conformers with a substantial difference
between the two. Conformer A shows the expected pattern where an increasing θ for a
carbonyl ligand correlates with a shorter Ru-C and longer C-O length in that ligand, as
seen for 23. In this instance there are three unique ligands with θ 27, 87 and 150°, Ru-C
2.066(4), 1.961(4) and 1.907(4) Å and C-O 1.134(5), 1.139(5) and 1.144(5) Å which
represents a CO above one of the cage carbon atoms, a CO intermediate and a CO
directly trans to one of the cage carbon atoms, respectively. The C-O distances in
conformer A show a small (statistically insignificant) increase with increasing θ which
fits with the Ru-C trend.

Figure 3.11.1.3: Carbonyl orientations and Ru-CO distances in 25 (conformers A, left,
and B, right).

Conformer B in 25, however, does not fit the expected pattern. In this case the shortest
Ru-C length of 1.886(4) Å is found on a carbonyl ligand with θ 106° which does not lie
directly trans to a cage carbon atom. The carbonyl ligand in this conformer which does
lie trans to a cage C atom, with θ 141°, has a Ru-C distance of 1.936(4) Å, 0.05 Å
longer than that of the previous ligand. In this case the C-O distances observed show the
expected trend, but again not to a statistically significant level due to the small changes
in this distance across the ligands. The reason for the anomalous θ / Ru-C trend is
uncertain.

As discussed in section 3.8, it can be clearly seen that in 26 one of the carbonyl ligands,
unusually, sits almost completely trans to the C1-C2 connectivity of the cage with θ =
178.03(5)°. The space-filling diagram (figure 3.8.2, p112) also shown in the previous
section demonstrates that it would be sterically very demanding for one of the carbonyl
ligands to lie above the C1-C2 connectivity and so presumably this forces the three
carbonyl ligands into the positions observed.
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Figure 3.11.1.4: Carbonyl orientation and Ru-CO distances in 26.

The Ru-C distances for the carbonyl ligands observed in 26 are as expected, however.
The ligand opposite the cage carbon atoms shows a markedly shorter distance of
1.8909(10) Å than the other two ligands with M-C distances of 1.9618(10) and
1.9804(10) Å. The precision of the determination for 26 makes the differences in C-O
distances between the carbonyl ligands more significant. The two carbonyl ligands at θ
62/63° show, unsurprisingly, virtually identical C-O distances of 1.1358(12) and
1.1360(13) Å while the ligand at θ 178° shows a lengthening of C-O to 1.1414(12) Å.
While this difference is the same (approximately 0.005 Å) as seen in 23 and 25, the
smaller ESDs in the structure of 26 make this more reliable.
The same parameters in published structures of [3,3,3-(CO)3-3,1,2-closo-MC2B9H11]ncompounds are shown in table 3.11.1.2, which contains θ (as previously, with the C-MA-B torsion angle used here) and carbonyl bond distances for the five such examples
found in the CSD. All five structures show one CO at very low θ and the other two CO
ligands at high θ. It can be seen clearly in the cases of the Fe species KISCEU that,
despite high ESDs, the M-CO distance of the carbonyl at low θ is significantly longer
than the two at high θ. In CSCREC, a structure with much smaller ESDs, the differences
in distances are smaller but still show a decrease in M-CO length as θ increases.
MOGSAC has two very similar M-CO distances at very different values of θ, but the
ESDs on these distances are relatively high, and a second high θ carbonyl ligand shows
a significant reduction in M-CO. The structures HOSGIF and KOBLOC appear to
contradict the emerging overall pattern, however they have very large ESDs on bond
distances and so are of limited value in this comparison. Additionally, VCD analysis of
HOSGIF suggests that the cage carbon atoms may have been erroneously assigned.
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Refcode, M,

θ (°), M-C (Å), C-O

θ (°), M-C (Å), C-O

θ(°), M-C (Å), C-O

n

(Å)

(Å)

(Å)

HOSGIF,16

0.4(17), 1.920(8),

116.6(11), 2.00(2),

124.8(12), 1.820(19),

Mo, 2

1.179(9)

1.13(3)

1.22(3)

MOGSAC,17

0.7(9), 1.897(14),

122.2(8), 1.894(13),

122.3(8), 1.876(14),

Tc, 1

1.181(17)

1.140(15)

1.167(18)

CSCREC,18

33.43(2), 1.8967(13),

87.27(3), 1.8928(9),

150.22(2),

Re, 1

1.1629(8)

1.1542(5)

1.8765(13), 1.1580(8)

KOBLOC,19

18.3(17), 1.87(3),

110.0(13), 1.89(2),

134.7(13), 1.84(2),

Re, 1

1.18(4)

1.19(3)

1.19(3)

KISCEU,20

12.9(6), 1.844(10),

113.2(5), 1.792(9),

135.9(5), 1.777(9),

Fe, 0

1.118(12)

1.131(11)

1.143(11)

Table 3.11.1.2: M-C, C-O and θ values for literature [3,3,3-(CO)3-3,1,2-closoMC2B9H11]n- structures.
Overall then, the literature structures of tricarbonyl 3,1,2-metallacarboranes seem to
support the pattern observed in 23 and conformer A of 25 that M-CO distances decrease
with increasing θ, indicating that ligands trans, or approaching trans, to the cage carbon
atoms bind more strongly than those cis, or approaching it, do.

3.11.2 Dicarbonyl orientations

Compounds 24 and 27-30 all contain {Ru(CO)2L} fragments. As with the tricarbonyl
compounds discussed in section 3.11.1, θL or θCO and Ru-L or Ru-C distances for each
ligand in these compounds are given in table 3.11.2.1. In the case of 24, θL and Ru-L are
calculated from the centroid of the “ene” carbon atoms. Diagrams showing the ligand
orientation and Ru-L distances are shown in figures 3.11.2.1-3.11.2.3 and 3.11.2.53.11.2.6.
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Structure

24

27

28

29

30

θCO (°), Ru-C (Å), C-O

θCO (°), Ru-C (Å), C-O

(Å)

(Å)

115.73(6), 1.9285(11),

121.55(7), 1.9263(9),

1.1470(13)

1.1402(11)

5.28(18), 1.940(3),

123.57(15), 1.895(3),

123.69(12),

1.141(3)

1.142(4)

2.3408(14)

13.2(3), 1.946(5),

138.8(3), 1.883(5),

1.139(6)

1.149(6)

28.21(12), 1.950(2),

146.64(10), 1.871(2),

1.139(2)

1.152(2)

110.48(10), 1.8945(19),

133.55(9), 1.8964(19),

11.08(11),

1.138(2)

1.131(2)

2.0301(17)

θL (°), Ru-L (Å)

0.20(5), 2.1934(9)

107.0(2), 2.2756(15)

98.64(9), 2.3912(5)

Table 3.11.2.1: θ and bond distances for compounds 24, 27-30.

In compound 24 the non-carbonyl ligand is the alkene tether of the metallacarborane
cage, and so is constrained to be bound above the cage carbon atoms with a θ of
approximately 0°. This gives rise to two very similar carbonyl ligands.

In 24 the C4-C5 distance, that of the bound alkene moiety, is 1.4029(16) Å, which
represents a slight lengthening compared to the unbound alkene moiety of 23 with a
corresponding distance of 1.338(2) Å. A more significant change is in the cage carboncage carbon distance: in 24 C1-C2 is 1.7011(13) Å which is a increase of 0.038(2) Å
over the distance in 23 of 1.663(2) Å. As there is no ESCE expected in either molecule,
this elongation in 24 is presumably to better accommodate the binding of the tether to
the ruthenium centre.

Figure 3.11.2.1: Ligand orientation and Ru-ligand distances in 24.
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The conformation of ligands in compound 27 includes one carbonyl ligand lying above
the cage carbon atoms, with a θ value of 5°. The second carbonyl lies approximately
trans to one of the cage carbon atoms, with θ = 124°. The former ligand has a
significantly longer Ru-C than the latter, by 0.045(4) Å, which fits with what would be
expected for CO ligands in these positions. The C-O distances are, however, virtually
identical. The trimethylphosphine ligand in 27 lies in a similar position to the second
carbonyl, with θL also 124°. This obviously positions it trans to a carbon cage atom and
demonstrates that in 27 PMe3 has a stronger structural trans effect than CO, as it forces
one of the carbonyl ligands to be trans to boron vertices of the C2B3 face.

Figure 3.11.2.2: Ligand orientation and Ru-ligand distances in 27.

The trimethylphosphite compounds 28 shows a very similar exo-polyhedral ligand
orientation to 27. In this structure one of the carbonyls lies above the cage carbon atoms
again, with θ = 13° and possesses a long Ru-C distance (1.946(5) Å). The second
carbonyl ligand, at θ = 139° has a Ru-C distance of 1.883(5) Å, reflecting the same
pattern seen in 27 but slightly more exaggerated (a 0.063(7) Å difference in Ru-C
distance). In this case the C-O distances are more distinguished: the θ = 13° carbonyl
showing a distance of 1.139(6) Å and the θ = 139° ligand a distance of 1.149(6) Å, a
smaller but distinct change in length which fits with the strength of Ru-C bonding seen.

Figure 3.11.2.3: Ligand orientation and Ru-ligand distances in 28.
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The P(OMe)3 ligand of 28 sits at θ = 107°, close to the PMe3 ligand’s position in 27
which would suggest it is a similarly strong donor ligand, in contrast to the known
weakness of phosphite ligands compared to the corresponding phosphines. It can be
seen, however, that there is a hydrogen-bonding contact between one of the phosphite
oxygen atoms and a hydrogen atom of the cage tether (O10-H6B distance 2.510(3) Å),
shown in figure 3.11.2.4. This H-bonding may play a role in determining the
conformation of the ligands of 28.

Figure 3.11.2.4: Crystallographically-determined structure of 28 with O10-H6B contact
highlighted.

The triphenylphosphine complex 29 again shows a similar {Ru(CO)2L} geometry to 27
and 28. In 29 one of the carbonyl ligands is found at θ = 28° which, while not as centred
over the cage C1-C2 connection as the corresponding low θ ligand in the other
phosphorus-ligand complexes, still clearly sits above one of the cage carbon atoms.
Unsurprisingly it shows long Ru-C and short C-O distances of 1.950(2) and 1.139(2) Å
respectively. The other carbonyl ligand in 29, at θ = 147°, has Ru-C and C-O distances
of 1.871(2) and 1.152(2) Å, clear evidence of its stronger Ru-C bonding.
The PPh3 ligand at θ = 99° contributes a lot more steric bulk than either PMe3 or
P(OMe)3. As PPh3 is recognised as less basic than PMe3 the similarity in conformation
in 29 to that of 27 is somewhat surprising. However, the increased bulk of the phenyl
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substituents on the phosphine may contribute to preventing it from occupying a position
above the cage carbon atoms (and more specifically the tether attached to them)
irrelevant of electronics. This is more evident in the space-filling diagram for 29 shown
in figure 3.11.2.6, where a potential steric clash between one of the phenyl groups on
the phosphine and the carborane tether can be clearly seen.

Figure 3.11.2.5: Ligand orientation and Ru-ligand distances in 29.

Figure 3.11.2.6: Space-filling diagram of 29.

The final compound in this series, 30, contains an isocyanide ligand. In this case the two
carbonyl ligands are positioned trans, or close to trans, to a cage carbon atom each, with
θ = 110 and 134°. Predictably for two CO groups with similar θ, the Ru-C and C-O
distances are very similar: 1.8945(19) and 1.138(2) Å for the smaller θ ligand, and
1.8964(19), 1.131(2) Å for the larger θ ligand.
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The tBuNC ligand in 30 is positioned above the cage carbon atoms, with θ = 11°. This
clearly shows that the isocyanide has a weaker structural trans effect than CO, but is a
stronger donor than the alkene tether as it must displace the tether to bind to the
ruthenium centre.

Figure 3.11.2.6: Ligand orientation and Ru-ligand distances in 30.
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3.12 Chapter Summary

This chapter has shown evidence for the Enhanced Structural Carborane Effect by
comparing crystallographic parameters in [μ-1,2-(C4H6)-1,2-closo-C2B10H10] (VI)
“dihydrobenzocarborane”

and

[μ-1,2-(C4H4)-1,2-closo-C2B10H10]

(VII)

“benzocarborane”, the former of which does not demonstrate the ESCE while the latter
does.

In addition to the C2B10 parent compounds, {CpCo} and {(CO)3Ru} derivatives of VI
(20 and 23) and VII (21 and 25) were prepared and subjected to analogous analysis of
their crystallographic structures, which again showed evidence for the presence of the
ESCE in the “benzocarborane”-derivatives and not the “dihydrobenzocarborane”derivatives.

A further set of C2B10 (VIII), CpCoC2B9 (22) and (CO)3RuC2B9 (26) derivatives of [μ1,2-(C6H4)2-1,2-closo-C2B10H10] “biphenylcarborane” showed evidence for a lesser
ESCE than in the “benzocarborane”-based compounds.

The

unexpected

isolation

of

the

[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9]

tether-bound
(24)

in

the

compound
preparation

of

[μ-1,2-{C4H6}-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (23) led to synthetic investigation
into the substitution of the alkene to give a series of phosphine complexes (27, 28 and
29) and an isocyanide complex (30).

Crystallographic study of compounds 23-30, specifically focussing on the exopolyhedral ligand orientations, showed that the position of a carbonyl ligand relative to
the C2B3 face of the cage has a significant effect on the strength of its bonding to the
metal centre. In the case of the {Ru(CO)2L} complexes 24 and 27-30, it was shown that
the donor strength or steric effect of the ligand L determined its orientation.

132

3.13 References

1.

D. M. P. Mingos, M. I. Forsyth and A. J. Welch, J. Chem. Soc. Dalton Trans.,
1978, 1363.

2.

A. McAnaw, G. Scott, L. Elrick, G. M. Rosair and A. J. Welch, Dalton Trans.,
2013, 42, 645.

3.

S. L. Powley, W. Y. Man, G. M. Rosair and A. J. Welch, J. Organomet. Chem.,
2015, 792, 51.

4.

M. F. Hawthorne, D. C. Young and P. A. Wegner, J. Am. Chem. Soc., 1965, 87,
1818.

5.

(a) A. J. Hart-Davis and R. J. Mawby, J. Chem. Soc. A, 1969, 2403.
(b) F. Basolo, Coord. Chem. Rev., 1982, 42, 7.
(c) M. J. Calhorda, Chem. Eur. J., 2002, 8, 868.

6.

(a) R. Atencio, K. V. Domasevitch and M. J. Zaworotko, Cryst. Eng., 2000, 3,
63.
(b) R. Tifoin and S. Aldridge, Dalton Trans., 2013, 42, 12836.

7.

(a) N. K. Hota and D. S. Matteson, J. Am. Chem. Soc., 1968, 90, 3570.
(b) D. S. Matteson and N. K. Hota, J. Am. Chem. Soc., 1971, 93, 2893.

8.

D. S. Matteson and R. E. Grunzinger, Inorg. Chem., 1974, 13, 671.

9.

R. C. B. Copley, M. A. Fox, W. R. Gill, J. A. K. Howard, J. A. H. MacBride, R.
J. Pearce, G. P. Rivers and K. Wade, Chem. Commun., 1996, 2033.

10.

R. Coult, M. A. Fox, W. R. Gill, P. L. Herbertson, J. A. H. MacBride and K.
Wade, J. Organomet. Chem., 1993, 462, 19.

11.

Y. Morisaki, M. Tominaga, T. Ochiai and Y. Chujo, Chem.-Asian J., 2014, 9,
1247.

12.

(a) E. Clar, Polycyclic Hydrocarbons, Academic Press, London, UK, 1964.
(b) E. Clar, The Aromatic Sextet, Wiley, New York, USA, 1972.
(c) G. Portella, J. Poater and M. Solà, J. Phys. Org. Chem., 2005, 18, 785.

13.

J. G. Planas, C. Viñas, F. Teixidor, M. E. Light and M. B. Hursthouse, Cryst.
Eng. Comm., 2007, 9, 888.

14.

A. Burke, PhD thesis, Heriot-Watt University, 2004.

15.

J. W. Faller, B. J. Grimmond and D. G. D'Alliessi, J. Am. Chem. Soc., 2001,
123, 2525.

16.

J.-H. Kim, M. Lamrani, J.-W. Hwang and Y. Do, Inorg. Chim. Acta., 1998, 145,
283.
133

17.

J. F. Valliant, P. Morel, P. Schaffer and J. H. Kaldis, Inorg. Chem., 2002, 41,
628.

18.

A. Zalkin, T. E. Hopkins and D. H. Templeton, Inorg. Chem., 1966, 5, 1189.

19.

P. A. Chetcuti, P. Moser and G. Rihs, Organometallics, 1991, 10, 2895.

20.

S. S. Lee, C. B. Knobler and M. F. Hawthorne, Organometallics, 1991, 10, 670.

134

Chapter 4: Experimental
4.1 General experimental

4.1.1 Syntheses and spectroscopy

Experiments were performed under dry, oxygen-free, N2 using standard Schlenk
techniques, although subsequent manipulations were sometimes performed in the open
laboratory. Diethyl ether, tetrahydrofuran (THF), dimethoxyethane (DME) and 40-60
petroleum ether (petrol) were freshly distilled under nitrogen from sodium wire
immediately before use. CH2Cl2 (DCM) was distilled under nitrogen from CaH2. All
solvents were degassed (3 x freeze-pump-thaw cycles) before use. Deuterated solvents
were stored over 3 or 4 Å molecule sieves. Preparative TLC employed 20 x 20 cm
Kieselgel F254 glass plates and column chromatography used 60 Å silica or Florisil as
the stationary phase.
NMR spectra were recorded at 300.1 MHz (1H) or 96.3 MHz (11B) on a Bruker AVIII300 spectrometer or at 400.1 MHz (1H), 128.4 MHz (11B), 376.5 MHz (19F) or 162.0
MHz (31P) on a Bruker AVI-400 or AVIII-400 spectrometer in CDCl3 at room
temperature unless stated otherwise. Infrared spectra were recorded as CH2Cl2 solutions
on a PerkinElmer Spectrum 100 FTIR spectrophotometer. Elemental analyses were
conducted using an Exeter CE-440 elemental analyser. Electron impact mass
spectrometry (EIMS) was carried out using a Finnigan (Thermo) LCQ Classic ion trap
mass spectrometer at the University of Edinburgh.
[1-R-1,2-closo-C2B10H11] (R = CH2Cl,1 CH2OCH3,2 p-MeC6H4,3 SiMe3,4 SiMe2tBu5,
t

Bu6

or

4-CF3C6F47),

1,1’-bis(m-carborane)10,

[1-Ph-1,7-closo-C2B10H11],8

1,1’-bis(o-carborane),9

[HNMe3][μ-7,8-(C4H6)-7,8-nido-C2B9H10]11

and

2,2’-

diiodobiphenyl12 were prepared by literature methods or slight variations thereof.
[HNMe3][μ-7,8-(C4H4)-7,8-nido-C2B9H10] was prepared analogously. All other reagents
were supplied commercially and used as received.
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4.1.2 Crystallography

Details of growth of diffraction-quality crystals of all crystallographically studied
compounds are given individually. Compounds 2 and 8 are liquids at room temperature
so single crystals of these species were grown in situ in a 0.3mm glass capillary tube on
the diffractometer.13 Variable and carefully controlled cooling was supplied by an
Oxford Cryosystems series 700 Cryostream.

The liquid sample (ca. 1.5 cm) was

carefully introduced into the capillary to minimise air gaps and the capillary mounted in
a brass pin and sealed as close to the meniscus as possible so that the capillary tube
would not collide with the Cryostream during data collection. The capillary has to be
sufficiently long so that the meniscus could be moved in and out of the cold stream
using the height adjustment on the goniometer head. In particular it is necessary that
the liquid level can be moved far enough beyond the cold stream so that the uppermost
layer melts providing a liquid-solid interface where crystal growth could take place.
With the goniometer at χ = 90 º (capillary horizontal) the sample was cooled at 250 K
hr–1 to determine the approximate freezing point, warmed to ca. 20 º above the freezing
point then cooled slowly at 30 K hr–1. Evidence of crystallinity was checked by taking
X-ray images as well as observing the sample with the video microscope. Successive
warming and cooling cycles took place close to the melting point until a diffraction
pattern suitable for data collection was obtained. Finally the samples were cooled
slowly to 150 K for data collection.

All other samples (crystalline at room temperature) were mounted in inert oil on a
cryoloop and cooled to 100 K by the Cryostream. Unit cell and intensity data were
collected on the diffractometer (Bruker X8 APEXII) using Mo-Kα X-radiation.
Indexing, data collection and absorption correction were performed using the APEXII
suite of programs.14 Using OLEX215 structures were solved with the OLEX2.solve16,
SHELXS17 or SHELXT18 programmes and refined by full-matrix least-squares
(SHELXL).19 Compound 2 was refined as a racemic twin using HKLF 4. The crystal
of 8 was not single and refined as three components with contributions 0.62:0.28:0.09
(HKLF 5).

Cage C atoms not identified by the fact that they were bound to a

substituent (compounds 11, 12, 15 and 19) were distinguished from B atoms by
application of the Vertex-Centroid Distance Method20 and the Boron-H Distance
Method,21 with both methods affording excellent agreement.
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In compound 10 the crystallographically-unique O atom is disordered over four sites
and in 8 the C1N1O1 and B10H10 units are mutually disordered. In compounds 11 and
12 the imposed Ci symmetry requires the NO group (12) and the N(H)OH group (11) to
be disordered between vertices C2 and C2′ and the NOC6H8 substituent in compound 18
suffers from internal disorder between the two possible enantiomers.

In compound 25 the {Ru(CO)3} fragment is modelled as two rotational conformers of
effectively equal population (SOF for CO ligands labelled A 0.5010(16), SOF for CO
ligands labelled B 0.4990(16)) and in compound 30 the tBu unit is also modelled as two
rotational conformers (major SOF 0.776(13) and minor SOF 0.224(13)). In 28 there is a
large peak of residual electron density within 1 Å of the metal atom but no sensible
model could be found for this. In 22 the space group is noncentrosymmetric and the
Flack parameter (0.49(2)) suggests a racemate but this is consistent with the effective Cs
symmetry of both crystallography-independent molecules.

For all structures except for that of compound 8 (for which B–H was fixed at 1.12 Å) H
atoms bound to cage B or C atoms were allowed to refine positionally, although in the
disordered 11 and 12 B2–H2 was restrained to 1.10(1) Å.

In compounds with

hydroxylamine groups (11 and V) the NH and OH H atoms were also allowed
positional refinement. Other H atoms were constrained to idealised geometries; Caryl–H
= Cene–H = 0.95 Å, Cmethyl–H = 0.98 Å, Cmethylene–H = 0.99 Å, Ctertiary–H = 1.00 Å,
Cη-bonded to M-H = 1.00 Å. All H displacement parameters, Uiso, were constrained to be
1.2×Ueq (bound B, C, N or O) except Me H atoms [Uiso(H) = 1.5×Ueq C(Me)].
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4.1.3 List of compounds

Nitrosyl chloride
(I)

[1-NO-1,2-closo-C2B10H11]

(1)

[1-NO-2-CH2Cl-1,2-closo-C2B10H10]

(2)

[1-NO-2-CH2OCH3-1,2-closo-C2B10H10]

(3)

[1-NO-2-(p-MeC6H4)-1,2-closo-C2B10H10]

(4)

[1-NO-2-SiMe3-1,2-closo-C2B10H10]

(5)

[1-NO-2-SiMe2tBu-1,2-closo-C2B10H10]

(6)

[1-NO-2-tBu-1,2-closo-C2B10H10]

(7)

[1-NO-2-(4-CF3C6F4)-1,2-closo-C2B10H10]

(II)

[1-NO-1,7-closo-C2B10H11]

(8)

[1-NO-7-Ph-1,7-closo-C2B10H10]

(III)

[1,7-(NO)2-1,7-closo-C2B10H10]

(9)

[1-(1′-1′,7′-closo-C2B10H11)-7-NO-1,7-closo-C2B10H10]

(10)

[1-(1′-7′-NO-1′,7′-closo-C2B10H10)-7-NO-1,7-closo-C2B10H10]

(11)

[1-(1′-1′,2′-closo-C2B10H11)-2-N(H)OH-1,2-closo-C2B10H10]

(IV)

[1-NO-2-Ph-1,2-closo-C2B10H10]

(12)

[1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10]

(V)

[1-N(H)OH-2-Ph-1,2-closo-C2B10H10]

(13)

[1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-D-1,2-closo-C2B10H10]

(14)

[1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-N(H)OH-1,2-closo-C2B10H10]

(15)

[1-(NOC10H16)-1,2-closo-C2B10H11]

(16)

[1-(NOC6H8)-2-Ph-1,2-closo-C2B10H10]

(17)

[1,2-(NOC6H8)2-1,2-closo-C2B10H10]

(18)

[1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2-(NOC6H8)-1,2-closo-C2B10H10]

(19)

[1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10]
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(VII) [μ-1,2-(C4H4)-1,2-closo-C2B10H10]
(VIII) [μ-1,2-(C6H4)2-1,2-closo-C2B10H10]
[HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10]
(20)

[μ-1,2-(C4H6)-3-Cp-3,1,2-closo-CoC2B9H9]

(21)

[μ-1,2-(C4H4)-3-Cp-3,1,2-closo-CoC2B9H9]

(22)

[μ-1,2-(C6H4)2-3-Cp-3,1,2-closo-CoC2B9H9]

(23)

[μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9]

(24)

[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9]

(25)

[μ-1,2-(C4H4)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9]

(26)

[μ-1,2-(C6H4)2-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9]

(27)

[μ-1,2-(C4H6)-3,3-(CO)2-3-(PMe3)-3,1,2-closo-RuC2B9H9]

(28)

[μ-1,2-(C4H6)-3,3-(CO)2-3-(P(OMe)3)-3,1,2-closo-RuC2B9H9]

(29)

[μ-1,2-(C4H6)-3,3-(CO)2-3-(PPh3)-3,1,2-closo-RuC2B9H9]

(30)

[μ-1,2-(C4H6)-3,3-(CO)2-3-(tBuNC)-3,1,2-closo-RuC2B9H9]
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4.2 Nitrosocarboranes and related compounds

4.2.1 Nitrosyl chloride
Following the general method of Morton and Wilcox,22 NaNO2 (10.5 g, 0.15 mol) was
dissolved in water (25 mL) and added dropwise to 12M hydrochloric acid (60 mL, 0.72
mol). The resulting yellow-brown gas was carried by a flow of N2 through drying tubes
containing (in order) NaNO2, KCl and CaCl2. The gas was condensed using liquid N2
into a bespoke vessel where it was stored over 3 Å molecular sieves at room
temperature under its own pressure. When required, a small quantity of the gas was
transferred under reduced pressure and condensed using liquid N2 into the reaction
vessel containing dry, degassed, petrol.
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4.2.2 [1-NO-1,2-closo-C2B10H11] (I)
[1,2-closo-C2B10H12] (500 mg, 3.47 mmol) was dissolved in degassed diethyl ether (30
mL). n-BuLi (3.50 mmol) was added and the solution was stirred under N2 for 3 hours.
The solution was added dropwise to a large excess of nitrosyl chloride in petrol (30 mL)
at -78 °C and the resulting blue-green solution was stirred for 30 minutes, then added to
a saturated solution of NaHCO3 in water (100 mL). The resulting blue organic phase
was separated, washed with 60 mL water, concentrated and applied to a silica column.
Elution

with

petrol

afforded

a

blue

mobile

band

which

yielded

[1-NO-1,2-closo-C2B10H11] (I) as a volatile blue solid on removal of solvent.
Yield:

146 mg, 24.3%.

Elemental analysis:

C2H11B10NO requires C 13.9, H 6.40, N 8.09. Found C 14.1, H
6.62, N 7.94%.

11
1

1

B{ H} NMR:

H NMR:

δ -2.6 (1B), -3.6 (1B), -9.3 (2B), -13.4 (6B).
δ 4.45 (s, 1H, cage CH).

IR:

νmax 2600 (BH), 1570 (NO) cm–1.

EIMS:

envelope centred on m/z 173 (M+).
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4.2.3 [1-NO-2-CH2Cl-1,2-closo-C2B10H10] (1)
A dry, degassed, diethyl ether (20 mL) solution of [1-CH2Cl-1,2-closo-C2B10H11] (500
mg, 2.26 mmol) was treated with 1.1 equivalents of n-butyllithium solution. The
resulting solution was added dropwise to a petrol (20 mL) solution of an excess of
nitrosyl chloride at -78 °C. The resulting green solution was quenched with aqueous
sodium bicarbonate and the blue organic layer was separated and washed with water.
This was reduced and purified by column chromatography (silica/petrol) to give
[1-NO-2-CH2Cl-1,2-closo-C2B10H10] (1) as a blue solid.
Yield:

258 mg, 44.9%.

Elemental analysis:

C3H12B10ClNO requires C 16.3, H 5.46, N 6.32. Found C 17.2, H
5.76, N 5.98%.

11
1

1

B{ H} NMR:

H NMR:

δ -2.6 (1B), -4.6 (1B), -9.8 (2B), -10.8 (2B), -12.5 (4B).
δ 4.90 (s, 2H, CH2Cl).

IR:

νmax 2599 (BH), 1570 (NO) cm–1.

EIMS:

envelope centred on m/z 221/222 (M+).
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4.2.4 [1-NO-2-CH2OCH3-1,2-closo-C2B10H10] (2)
[1-CH3OCH2-1,2-closo-C2B10H11] (450 mg, 2.39 mmol) in dry, degassed, diethyl ether
(20 mL) was treated with n-BuLi (3.75 mmol). The deprotonated carborane solution
was added dropwise to an excess of nitrosyl chloride in petrol (20 mL) at -78 °C.
Quenching of the resulting green solution with NaHCO3 in water, separation of the blue
organic layer, washing with water and purification by column chromatography
(silica/petrol) gave [1-NO-2-CH2OCH3-1,2-closo-C2B10H10] (2) as a blue liquid.
Yield:

200 mg, 38.5%.

Elemental analysis:

C4H15B10NO requires C 22.1, H 6.96, N 6.45. Found C 22.9, H
7.17, N 5.75%.

11
1

B{1H} NMR:

H NMR:

δ -2.6 (1B), -4.7 (1B), -10.6 (2B), -11.2 (2B), -12.8 (4B).
δ 4.66 (s, 2H, CH2O), 3.46 (s, 3H, OCH3).

IR:

νmax 2608 (BH), 1568 (NO) cm–1.

EIMS:

envelope centred on m/z 217 (M+).

Diffraction-quality crystals grown by slow cooling a sample of [1-NO-2-CH2OCH3-1,2closo-C2B10H10] in a Lindemann tube.
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4.2.5 [1-NO-2-(p-MeC6H4)-1,2-closo-C2B10H10] (3)
A solution of [1-(p-MeC6H4)-1,2-closo-C2B10H11] (503 mg, 2.15 mmol) in dry,
degassed, diethyl ether (20 mL) was deprotonated with 1.1 equivalents of n-BuLi and
added dropwise to an excess of nitrosyl chloride in petrol (20 mL) at -78 °C. The
reaction mixture was quenched by addition of aqueous NaHCO3. The blue organic layer
was separated, washed with water and purified by column chromatography
(silica/petrol) to afford [1-NO-2-(p-MeC6H4)-1,2-closo-C2B10H10] (3) as a blue solid.
Yield:

90 mg, 15.6%.

Elemental analysis:

C9H17B10NO requires C 41.1, H 6.51, N 5.32. Found C 40.3, H
6.64, N 5.76%.

11
1

B{1H} NMR:

H NMR:

δ -1.9 (1B), -4.6 (1B), -9.8 (2B), -10.4 (2B), -12.5 (4B).
δ 7.70 (d, 2H, C6H4), 7.20 (d, 2H, C6H4), 2.38 (s, 3H, CH3).

IR:

νmax 2607 (BH), 2585 (BH), 1564 (NO) cm–1.

EIMS:

envelope centred on m/z 263 (M+).
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4.2.6 [1-NO-2-SiMe3-1,2-closo-C2B10H10] (4)
[1-Me3Si-1,2-closo-C2B10H11] (400 mg, 1.85 mmol) was dissolved in dry, degassed,
diethyl ether (20 mL) and deprotonated with 1.1 equivalents of n-butyllithium solution.
The resulting yellow solution was added dropwise to an excess of nitrosyl chloride in
petrol (20 mL) which was cooled to -78 °C. Quenching of the reaction with an excess
of NaHCO3 in water gave a blue organic layer. This was separated, washed with water
and

purified

by

column

chromatography

(silica/petrol)

to

give

[1-NO-2-SiMe3-1,2-closo-C2B10H10] (4) as a blue solid.
Yield:

193 mg, 42.6%.

Elemental analysis:

C5H19B10NOSi requires 24.5, H 7.80, N 5.71. Found C 24.7, H
7.96, N 5.10%.

11
1

1

B{ H} NMR:

H NMR:

δ -1.7 (2B), -8.2 (2B), -11.7 (6B).
δ 0.39 [s, 9H, Si(CH3)].

IR:

νmax 2603 (BH), 2582 (BH), 1567 (NO) cm–1.

EIMS:

envelope centred on m/z 245 (M+).
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4.2.7 [1-NO-2-SiMe2tBu-1,2-closo-C2B10H10] (5)
[1-SiMe2tBu-1,2-closo-C2B10H11] (400 mg, 1.55 mmol) was dissolved in dry, degassed,
ether (20 mL), treated with n-BuLi (1.63 mmol) and added dropwise to nitrosyl chloride
in petrol (20 mL) at -78 °C.

The reaction was quenched with aqueous sodium

bicarbonate and the blue organic layer was separated, washed with water and purified
by

column

chromatography

(silica/petrol)

resulting

in

isolation

of

[1-NO-2-SiMe2tBu-1,2-closo-C2B10H10] (5) as a blue solid.
Yield:

236 mg, 53.1%.

Elemental analysis:

C8H25B10NOSi requires C 33.4, H 8.77, N 4.87. Found C 33.8, H
8.97, N 4.56%.

11
1

B{1H} NMR:

H NMR:

δ -0.8 (1B), -2.0 (1B), -7.9 (2B), -10.8 (2B), -11.8 (4B).
δ 1.04 [s, 9H, C(CH3)], 0.38 [s, 6H, Si(CH3)2].

IR:

νmax 2603 (BH), 2580 (BH), 1566 (NO) cm-1.

EIMS:

envelope centred on m/z 288 (M+).

Diffraction-quality crystals grown by slow evaporation of a concentrated petrol solution
of [1-NO-2-SiMe2tBu-1,2-closo-C2B10H10].
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4.2.9 [1-NO-2-tBu-1,2-closo-C2B10H10] (6)
A dry, degassed, diethyl ether solution of [1-tBu-1,2-C2B10H11] (86 mg, 0.40 mmol) was
treated with n-BuLi (0.4 mmol) and added dropwise to an excess of nitrosyl chloride in
dry, degassed, petrol. Following quenching with NaHCO3 in water and separation of the
organic phase, the crude product from the organic layer was purified by preparative
TLC

(silica/petrol)

to

give

a

small

quantity

of

blue

[1-NO-2-tBu-1,2-closo-C2B10H10] (6).
Yield:

trace

11

δ -2.5 (1B), -4.6 (1B), -11.2 (6B), -12.5 (2B).

1

B{1H} NMR:

H NMR:

IR:

δ 1.49 (s, 9H, CMe3).
νmax 2655 (BH), 2610 (BH), 2581 (BH), 1565 (NO) cm-1.
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solid

4.2.10 [1-NO-2-(4-CF3C6F4)-1,2-closo-C2B10H10] (7)
[1-(4-CF3C6F4)-1,2-closo-C2B10H11] (322 mg, 0.89 mmol) was dissolved in dry,
degassed, diethyl ether (20 mL), treated with n-BuLi (1.00 mmol) and added dropwise
to an excess of nitrosyl chloride in dry, degassed, petrol (20 mL) held at -78 °C. An
aqueous solution of an excess of sodium bicarbonate was added to the green reaction
mixture and the organic layer was separated, washed with water and reduced in vacuo.
Chromatography (petrol/silica) gave impure [1-NO-2-(4-CF3C6F4)-1,2-closo-C2B10H10]
(7) as a blue solid.

Yield:

trace

11

B{1H} NMR:

δ -1.1 (1B), -2.5 (1B), -9.3 (6B), -12.0 (2B).

19

F NMR:

δ -53.40 (s), -55.63 (d), -56.88 (app. t), -105.03 (s), -110.18
(s), -123.66 (s), -126.94 (s), -137.28 (m) and -138.07 (m).

IR:

νmax 2596 (BH), 1569 (NO) cm-1.

EIMS:

envelopes centred on m/z 390 (M+), 355 (M+ -O -F), 320 (M+ CF3).
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4.2.11 [1-NO-1,7-closo-C2B10H11] (II)
n-Butyl lithium (2.78 mmol) was added to [1,7-closo-C2B10H12] (400 mg, 2.78 mmol) in
dry, degassed, diethyl ether (10 mL) at 0 °C. The deprotonated carborane solution was
added to an excess of nitrosyl chloride in dry, degassed, petrol (10 mL) at -78 °C.
Quenching the reaction with aqueous NaHCO3 gave a blue organic layer which was
separated from the aqueous phase, washed with water and purified by column
chromatography (silica/petrol). Careful removal of solvent from the resulting blue band
yielded II as a volatile blue solid.

Yield:

216 mg, 44.9%.

11

δ -6.6 (1B), -8.4 (1B), -11.1 (2B), -13.2 (4B), -17.0 (2B).

1

B{1H} NMR:

H NMR:

δ 3.11 (br s, 1H, cage CH).

IR:

νmax 2610 (BH), 1562 (NO) cm–1.

EIMS:

envelope centred on m/z 173 (M+).
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4.2.12 [1-NO-7-Ph-1,7-closo-C2B10H10] (8)
A solution of [1-Ph-1,7-closo-C2B10H11] (850 mg, 3.86 mmol) in dry, degassed, diethyl
ether was treated with n-butyllithium solution (4.25 mmol) and added to a petrol
solution of an excess of nitrosyl chloride at -78 °C. Addition of aqueous NaHCO3 to the
reaction mixture gave a blue organic phase which was separated, washed with water and
purified by column chromatography to give a blue band which, following removal of
solvent, gave [1-NO-7-Ph-1,7-closo-C2B10H10] (8) as a blue liquid.
Yield:

594 mg, 61.7%.

Elemental analysis:

C8H15B10NO requires C 38.5, H 6.06, N 5.62. Found C 37.9, H
6.04, N 4.62%.

11
1

B{1H} NMR:

H NMR:

δ -5.5 (1B), -8.7 (1B), -11.0 (4B), -13.1 (2B), -15.3 (2B).
δ 7.28 (m, 5H, Ph).

IR:

νmax 2613 (BH), 1562 (NO) cm–1.

EIMS:

envelope centred on m/z 249 (M+).

Diffraction-quality crystals were grown from cooling [1-NO-7-Ph-1,7-closo-C2B10H10]
in a Lindemann tube.
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4.2.13 [1,7-(NO)2-1,7-closo-C2B10H10] (III)
A solution of [1,7-closo-C2B10H12] (200 mg, 1.39 mmol) in dry, degassed, diethyl ether
(20 mL) was treated with n-BuLi (3.00 mmol) at -78 °C. The solution was warmed to
room temperature and then heated at reflux for 60 minutes to give a cloudy white
suspension. This was added dropwise to a solution of an excess of nitrosyl chloride in
10 mL of dry, degassed, petrol at -78 °C. The resulting green solution was stirred for 10
minutes and then quenched by addition to a saturated solution of NaHCO3 (50 mL).
The green-blue organic layer was separated, washed with 30 mL water, dried and
reduced to dryness in vacuo. The residue was extracted into petrol and filtered. The
blue filtrate was reduced in volume and purified by preparative thin layer
chromatography (petrol eluent) to give III as a volatile blue solid at Rf 0.90.
Yield:

4.1 mg, 1.5%.

11

δ -8.3 (2B), -11.8 (2B), -13.6 (4B), -17.4 (2B).

1

B{ H} NMR:

IR:

νmax 2618 (BH), 1565 (NO) cm–1.

EIMS:

envelopes centred on m/z 231 (M+ +NO) and 201 (M+).
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4.2.14 [1-(1′-1′,7′-closo-C2B10H11)-7-NO-1,7-closo-C2B10H10] (9) and [1-(1′-7′-NO1′,7′-closo-C2B10H10)-7-NO-1,7-closo-C2B10H10] (10)
1,1′-Bis(m-carborane) (200 mg, 0.70 mmol) was dissolved in dry, degassed, diethyl
ether (20 mL) and treated with n-butyllithium solution (2.10 mmol). The solution was
stirred for 30 minutes at room temperature and heated at reflux for a further 30 minutes.
The carborane solution was added dropwise to an excess of nitrosyl chloride in dry,
degassed, petrol (20 mL) at -78 °C. The reaction mixture was quenched with NaHCO3
in water, and the resulting blue organic layer was separated, washed with water and
dried. Purification by column chromatography with petrol eluent on silica gave two
blue bands, [1-(1′-1′,7′-closo-C2B10H11)-7-NO-1,7-closo-C2B10H10] (9) at Rf 0.67 and
[1-(1′-7′-NO-1′,7′-closo-C2B10H10)-7-NO-1,7-closo-C2B10H10] (10) at Rf 0.79.

4.2.14.1 [1-(1′-1′,7′-closo-C2B10H11)-7-NO-1,7-closo-C2B10H10] (9)
Yield:

23 mg, 10.0%.

11

δ -3.2 (1B), -4.8 (1B), -7.6 (2B), -10.5 (6B), -11.5 (2B), -13.6

B{1H} NMR:

(4B), -14.5 (4B).
1

H NMR:

δ 3.00 (br s, 1H, cage CH).

IR:

νmax 2614 (BH), 1564 (NO) cm–1.

EIMS:

envelope centred on m/z 315 (M+).
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4.2.14.2 [1-(1′-7′-NO-1′,7′-closo-C2B10H10)-7-NO-1,7-closo-C2B10H10] (10)
Yield:

101 mg, 42.5%.

Elemental analysis:

C4H20B20N2O2 requires C 14.0, H 5.85, N 8.13. Found C 14.1, H
5.98, N 8.12%.

11

B{1H} NMR:

δ -4.9 (2B), -7.6 (2B), -10.2 (4B), -11.3 (4B), -13.5 (4B), -14.9
(4B).

IR:

νmax 2618 (BH), 1565 (NO) cm–1.

EIMS:

envelope centred on m/z 344 (M+).

Diffraction-quality

crystals

of

[1-(1′-7′-NO-1′,7′-closo-C2B10H10)-7-NO-1,7-closo-

C2B10H10] were grown from cooling a concentrated ethanol-hexane solution.
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4.2.15 [1-(1′-1′,2′-closo-C2B10H11)-2-N(H)OH-1,2-closo-C2B10H10] (11)
A solution of 1,1′-bis(o-carborane) (100 mg, 0.35 mmol) in diethyl ether (15 mL) was
treated with n-BuLi (0.38 mmol) and added dropwise to nitrosyl chloride in petrol (15
mL) at -78 °C. The dark green solution was added to a saturated aqueous NaHCO 3
solution, giving a blue organic layer which decolourised after 2 minutes. The organic
phase was separated and washed with water (30 mL) resulting in a pale yellow solution.
This was dried with MgSO4, filtered and reduced to give a yellow solid. Purification by
elution through a short silica plug with DCM eluent followed by preparative TLC
(DCM/petrol 3:1) gave [1-(1′-1′,2′-closo-C2B10H11)-2-N(H)OH-1,2-closo-C2B10H10]
(11) as a white solid at Rf 0.44.
Yield:

6 mg, 5.4%.

Elemental analysis:

C4H23B20NO requires C 15.1, H 7.30, N 4.41. Found C 16.1, H
7.04, N 3.66%.

11

B{1H} NMR:

δ -1.9 (3B), -6.2 (1B), -9 to -13 (overlapping resonances with
maxima at -9.5, -10.5, -12.8, 16B).

1

δ 6.11 (br d, 1H, NH), 5.51 (d, 1H, OH), 3.98 (br s, 1H, cage

H NMR:

CH).
EIMS:

envelope centred on m/z 317.

Accurate mass: calculated

317.3783, found: 317.3780.

Cooling

a

petrol

solution

of

[1-(1′-1′,2′-closo-C2B10H11)-2-N(H)OH-1,2-closo-

C2B10H10] yielded diffraction-quality crystals.
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4.2.16 [1-NO-2-Ph-1,2-closo-C2B10H10] (IV)
[1-Ph-1,2-closo-C2B10H10] (250 mg, 1.13 mmol) in dry, degassed, diethyl ether (15 mL)
was treated with n-BuLi (1.25 mmol) and the resulting yellow solution was added
dropwise to an excess of nitrosyl chloride in dry, degassed, petrol (15 mL) at -78 °C to
give a dark green solution.

4.2.16.1 Aqueous work-up

Quenching the reaction mixture with NaHCO3 in water and work-up as described
previously, including purification by silica column chromatography (petrol eluent) gave
IV in 52.2% yield.

4.2.16.2 Non-aqueous work-up

Warming to room temperature and evaporation of the excess nitrosyl chloride and
solvents gave a light blue residue. This was extracted into petrol and filtered. Removal
of solvent from the filtrate and purification by column chromatography on florisil
(petrol eluent) gave IV in 42.2% yield.
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4.2.17 [1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10] (12)
A solution of 1,1′-bis(o-carborane) (180 mg, 0.63 mmol) was dissolved in dry,
degassed, diethyl ether (15 mL) and treated with 0.7 mmol of n-BuLi at 0 °C. The
cloudy white suspension was stirred at room temperature for 45 minutes then added
dropwise to an excess of nitrosyl chloride in petrol (15 mL) at -78 °C. The resulting
dark green solution was stirred for 60 minutes at low temperature. After warming to
room temperature, the nitrosyl chloride and solvents were removed under reduced
pressure to leave a light blue solid. This was extracted into petrol (20 mL) and filtered.
The blue filtrate was reduced and purified by chromatography on florisil with petrol as
the eluent. A single blue mobile band was collected which, following removal of
solvent, gave [1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10] (12) as a blue
solid.

Yield:

10 mg, 5.0%.

Elemental analysis:

C4H21B20NO requires C 15.2, H 6.71, N 4.44. Found C 14.6, H
6.72, N 4.04%.

11
1

B{1H} NMR:

H NMR:

δ -1.6 (2B), -2.8 (2B), -8.9 (8B), -9.6 (4B), -12.7 (4B).
δ 4.25 (br s, 1H, cage CH).

IR:

νmax 2590 (BH), 1573 (NO) cm–1.

EIMS:

envelope centred on m/z 315 (M+). Accurate mass: calculated
315.3627, found: 315.3620.

Diffraction-quality crystals of [1-(1′-1′,2′-closo-C2B10H11)-2-NO-1,2-closo-C2B10H10]
were obtained from cooling a concentrated petrol solution.
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4.2.18 [1-N(H)OH-2-Ph-1,2-closo-C2B10H10] (V)
[1-NO-2-Ph-1,2-closo-C2B10H10] (40 mg, 0.16 mmol) was dissolved in THF (5 mL) and
water (1 mL) was added. The blue solution began decolourising immediately and, after
stirring overnight, had become very pale yellow. The solvent was removed and the
residue was extracted into diethyl ether and filtered. Reduction of volume of the filtrate
and purification by TLC (DCM/petrol 1:1) gave [1-N(H)OH-2-Ph-1,2-closo-C2B10H10]
(V) as a colourless band at Rf 0.30.
Yield:

5 mg, 12.4%.

Elemental analysis:

C8H17B10NO requires C 38.2, H 6.82, N 5.57. Found C 38.3, H
6.43, N 5.31%.

11
1

B{1H} NMR:

H NMR:

δ -3.8 (1B), -5.7 (1B), -10.6 (4B), -12.1 + shoulder (4B).
δ 7.70 (m, 2H, Ph), 7.44 (m, 3H, Ph), 5.70 (br d, 1H, NH), 5.18
(d, 1H, OH).

EIMS:

envelope centred on m/z 252 (M+). Accurate mass: calculated
251.2312, found: 251.2314.

Diffraction-quality crystals of [1-N(H)OH-2-Ph-1,2-closo-C2B10H10] were grown by
cooling a concentrated petrol solution.
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4.2.19 [1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-D-1,2-closo-C2B10H10] (13)
1,1′-bis(o-carborane) (200 mg, 0.70 mmol) was dissolved in 15 mL of dry, degassed,
diethyl ether and treated with n-BuLi (1.5 mmol) at 0 °C. The white suspension was
stirred at room temperature for 1 hour before D2O (1 mL, 55 mmol) was added and the
mixture agitated before being allowed to settle. H2O (15 mL) was added and the layers
separated.

The aqueous phase was extracted with diethyl ether (15 mL) and the

combined organic phases were dried over MgSO4, filtered and reduced in vacuo to give
[1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-D-1,2-closo-C2B10H10] (13) as a white solid.
Yield:

186 mg, 92.1%.

EIMS:

envelope centred on m/z 288 (M+). Accurate mass calculated
(12C410B411B161H202H2): 288.3850. Found: 288.3850.
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4.2.20 [1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-N(H)OH-1,2-closo-C2B10H10] (14)
[1-(1′-2′-D-1′,2′-closo-C2B10H10)-2-D-1,2-closo-C2B10H10] (170 mg, 0.59 mmol) was
treated with n-BuLi, nitrosylated and worked up exactly as for 11. Purification of the
crude mixture by thin layer chromatography (DCM/petrol 3:1) afforded[1-(1′-2′-D-1′,2′closo-C2B10H10)-2-N(H)OH-1,2-closo-C2B10H10] (14) as a colourless band at Rf 0.51
together with minor contamination of [1-(1′-1′,2′-closo-C2B10H11)-2-N(H)OH-1,2-closoC2B10H10].
Yield:

20 mg, 10.7%.

Elemental analysis:

C4H22B20DNO requires C 15.1, H 7.60, N 4.40. Found C 15.0, H
7.40, N 4.05%.

11

B{1H} NMR:

δ -1.9 (3B), -6.2 (1B), -9 to -13 (overlapping resonances with
maxima at -9.5, -10.5, -12.8, 16B).

1

H NMR:

EIMS:

δ 6.10 (br d, 1H, NH), 5.50 (d, 1H, OH).
envelope centred on m/z 318 (M+). Accurate mass calculated
(12C410B411B1614N16O1H222H): 318.3846. Found: 318.3852.
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4.2.21 [1-(NOC10H16)-1,2-closo-C2B10H11] (15)
[1-NO-1,2-closo-C2B10H11] (40 mg, 0.23 mmol) was dissolved in DCM (5 mL) and αterpinene (0.04 mL, 0.25 mmol) was added.

The solution was stirred until it

decolourised. Removal of solvent in vacuo and purification by preparative TLC (1:2
CH2Cl2/petrol) gave [1-(NOC10H16)-1,2-closo-C2B10H11] (15) as a white solid at Rf 0.74.
Yield:

69 mg, 96.9%.

Elemental analysis:

C12H27B10NO requires C 46.6, H 8.79, N 4.53. Found C 46.6, H
8.99, N 4.43%.

11

B{1H} NMR:

δ -4.0 (1B), -6.0 (1B), -10.7 (2B), -11.7 (4B), -14.1 (1B), -14.8
(1B).

1

H NMR:

δ 6.48 (d, 1H, C=CH), 6.24 (d, 1H, C=CH), 3.91 (br s, 1H, cage
CH), 1.91 (m, 2H, CH2), 1.76 (m, 1H, CH), 1.69 (s, 3H, CH3),
1.30 (m, 2H, CH2), 1.03 (d, 3H, CH3), 1.00 (d, 3H, CH3).

EIMS:

envelope centred on m/z 309 (M+).

Diffraction-quality crystals of [1-(NOC10H16)-1,2-closo-C2B10H11] were grown by
cooling a CH2Cl2/petrol solution.
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4.2.22 [1-(NOC6H8)-2-Ph-1,2-closo-C2B10H10] (16)
[1-NO-2-Ph-1,2-closo-C2B10H10] (224 mg, 0.90 mmol) was dissolved in 5 mL of DCM
and 1,3-cyclohexadiene (0.1 mL, 1.05 mmol) was added.

The blue solution

decolourised to pale yellow over 10 minutes stirring. The solvent was removed in
vacuo to leave a pale yellow oil which crystallised overnight under a nitrogen
atmosphere. The crude residue was adsorbed onto silica and washed with petrol to
remove any unreacted starting material and then 1:1 DCM/petrol to extract the product.
Removal of solvent from the eluent gave [1-(NOC6H8)-2-Ph-1,2-closo-C2B10H10] (16)
as a white solid.

Yield:

113 mg, 30.6%.

Elemental analysis:

C14H23B10NO requires C 51.0, H 7.04, N 4.25. Found C 50.8, H
7.11, N 4.08%.

11
1

1

B{ H} NMR:

H NMR:

δ -4.5 (1B), -5.2 (1B), -9.3 (1B), -11.2 (4B), -12.8 (3B).
δ 7.64 (m, 2H, Ph), 7.41 (m, 1H, Ph), 7.35 (m, 2H, Ph), 6.58 (m,
1H, C=CH), 6.43 (m, 1H, C=CH), 4.41 (m, 1H, bridgehead CH),
4.07 (m, 1H, bridgehead CH), 1.75 (m, 1H, CH2), 1.55 (m, 1H,
CH2), 1.27 (m, 1H, CH2), 1.17 (m, 1H, CH2).

EIMS:

envelope centred on m/z 329 (M+).
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4.2.23 [1,2-(NOC6H8)2-1,2-closo-C2B10H10] (17)
[1,2-closo-C2B10H12] (100 mg, 0.69 mmol) was dissolved in dry, degassed, diethyl ether
(15 mL) and treated with n-BuLi (1.5 mmol) at 0 °C. The white suspension was stirred
for 20 minutes at room temperature then added dropwise to an excess of nitrosyl
chloride in dry, degassed, petrol (15 mL) at -78 °C. The resulting dark-green solution
was stirred for 15 minutes at -78 °C and warmed to room temperature before both the
excess nitrosyl chloride and solvents were removed in vacuo. The residue was extracted
into DCM and filtered. The blue filtrate was treated with 1,3-cyclohexadiene (0.25 mL,
3.7 mmol) and stirred for 1 hour. The yellow-brown solution was reduced in volume
and purified by preparative TLC (silica, 1:1 DCM/petrol eluent) to give [1,2(NOC6H8)2-1,2-closo-C2B10H10] (17) as two diastereoisomers: meso at Rf 0.44 and
racemic at Rf 0.59, both off-white solids.

4.2.23.1 [meso-1,2-(NOC6H8)2-1,2-closo-C2B10H10] (17a)
Yield:

16 mg, 6.4%.

Elemental analysis:

C14H26B10N2O2 requires C 46.4, H 7.23, N 7.73. Found C 46.3,
H 7.49, N 8.02%.

11
1

1

B{ H} NMR:

H NMR:

δ -7.0 (2B), -10.8 (2B), -13.6 (4B), -16.8 (2B).
δ 6.63 (m, 2H, C=CH), 6.51 (m, 2H, C=CH), 4.57 (m, 2H,
bridgehead CH), 4.19 (m, 2H, bridgehead CH), 2.24 (m, 2H,
CH2), 2.14 (m, 2H, CH2), 1.52 (m, 2H, CH2), 1.34 (m, 2H, CH2).

EIMS:

envelope centred on m/z 362 (M+).
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4.2.23.2 [rac-1,2-(NOC6H8)2-1,2-closo-C2B10H10] (17b)
Yield:

15 mg, 6.0%.

Elemental analysis:

C14H26B10N2O2 requires C 46.4, H 7.23, N 7.73. Found C 46.9,
H 7.48, N 7.41%.

11
1

B{1H} NMR:

H NMR:

δ -7.2 (2B), -11.9 (2B), -12.4 (2B), -14.3 (2B), -15.2 (2B).
δ 6.62 (m, 2H, C=CH), 6.50 (m, 2H, C=CH), 4.52 (m, 2H,
bridgehead CH), 4.25 (m, 2H, bridgehead CH), 2.20 (m, 2H,
CH2), 2.13 (m, 2H, CH2), 1.50 (m, 2H, CH2), 1.37 (m, 2H, CH2).

EIMS:

envelope centred on m/z 362 (M+).

Diffraction-quality crystals of 17a and 17b were grown by slow diffusion of petrol and
CH2Cl2 solutions at -30 °C.
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4.2.24

[1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2-(NOC6H8)-1,2-closo-C2B10H10]

(18) and [1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10] (19)
1,1′-bis(o-carborane) (100 mg, 0.35 mmol) was dissolved in dry, degassed, ether (15
mL) and treated with n-BuLi (0.76 mmol) at 0 °C. Reaction with nitrosyl chloride and
1,3-cyclohexadiene analogously to 17a/b, and work-up involving preparative TLC
(silica, 1:2 DCM/petrol eluent) gave [1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2(NOC6H8)-1,2-closo-C2B10H10] (18) (Rf 0.66) as a yellow solid together with a small
quantity of [1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10] (19) (Rf 0.84)
as a pale yellow solid.

4.2.24.1 [1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2-(NOC6H8)-1,2-closo-C2B10H10]
(18)

Yield:

20 mg, 11.3%.

11

δ

B{1H} NMR:

-1

to

-12

(overlapping

resonances

with

maxima

at -1.1, -6.6, -10.0, -11.8, 20B).
1

H NMR:

δ 6.63 (m, 2H, C=CH), 6.50 (m, 2H, C=CH), 4.63 (m, 2H,
bridgehead CH), 4.38 (m, 2H, bridgehead CH), 2.30 (m, 2H,
CH2), 2.14 (m, 2H, CH2), 1.41 (m, 4H, CH2).

EIMS:

envelope centred on m/z 504/505 (M+).
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Diffraction-quality crystals of [1-{1′-2′-(NOC6H8)-1′,2′-closo-C2B10H10}-2-(NOC6H8)1,2-closo-C2B10H10] were grown by slow evaporation of a CH2Cl2 solution.

4.2.24.2 [1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10] (19)
11

B{1H} NMR:

δ -2.0 (2B), -6.0 (1B), -7 to -13 (overlapping resonances with
maxima at -10.0, -12.9, 17B).

1

H NMR:

δ 6.65 (m, 1H, C=CH), 6.50 (m, 1H, C=CH), 4.66 (m, 1H,
bridgehead CH), 4.34 (m, 1H, bridgehead CH), 4.24 (br s, 1H,
cage CH), 2.29 (m, 1H, CH2), 2.07 (m, 1H, CH2), 1.54 (m, 1H,
CH2), 1.43 (m, 1H, CH2).

EIMS:

envelope centred on m/z 395 (M+).

Crystals of [1-(1′-1′,2′-closo-C2B10H11)-2-(NOC6H8)-1,2-closo-C2B10H10] were grown
from petrol.
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4.3 Tethered carboranes and metallacarboranes

4.3.1 [μ-1,2-(C4H4)-1,2-closo-C2B10H10] (VII)
[μ-1,2-(C4H6)-1,2-closo-C2B10H10] (380 mg, 1.94 mmol) was dissolved in 15 mL of dry
CH2Cl2. To this, a catalytic quantity (approx. 10 mol%) of AlBr3 was added followed by
Br2 (0.1 mL, 1.94 mmol) in 1 mL of CH2Cl2. The resulting red mixture was stirred until
it decolourised. A second aliquot of Br2 (0.02 mL, 0.4 mmol) in 0.2 mL of CH2Cl2 was
added and stirring was continued 1 hour until the mixture had, again, decolourised.

The AlBr3 was removed by filtration and the solvent was removed from the filtrate to
leave a yellow residue. Column chromatography (silica, petrol eluent) gave a colourless
band at Rf 0.43. Removal of solvent from this band gave crude [μ-1,2-(C4H5Br)-1,2closo-C2B10H10] as a colourless oil, which was of sufficient purity to proceed.
Yield:

400 mg, 76.8%.

[μ-1,2-(C4H5Br)-1,2-closo-C2B10H10] (410 mg, 1.49 mmol) was dissolved in 10 mL of
DMF and heated to 128 °C. Heating was maintained for 15 minutes and the solution
was then cooled to room temperature. The mixture was transferred directly to a short
silica plug and the product was eluted using petrol. Removal of solvent from the
colourless solution gave [μ-1,2-(C4H4)-1,2-closo-C2B10H10] as a white solid.
Yield:

255 mg, 88.1%.

11

δ -7.1 (2B), -9.7 (4B), -12.7 (4B).

1

B{1H} NMR:

H NMR:

EIMS:

δ 6.46 (m, 2H, CH), 6.26 (m, 2H, CH).
envelope centred on m/z 194 (M+).
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4.3.2 [μ-1,2-(C6H4)2-1,2-closo-C2B10H10] (VIII)
[1,2-closo-C2B10H12] (675 mg, 4.68 mmol) was dissolved in 35 mL of dry, degassed,
1,2-dimethoxyethane. The solution was cooled to 0 °C, n-butyl lithium in hexane (3.8
mL, 9.5 mmol) was added by syringe and the resulting white suspension was stirred for
20 minutes. This was frozen and CuCl (941 mg, 9.5 mmol) was added. Thawing under
nitrogen and stirring for 20 minutes at room temperature gave a dark brown suspension.
Pyridine (2.7 mL) was added and the mixture stirred for a further 20 minutes. The
green-brown mixture was frozen, 2,2’-diiodobiphenyl (1.9 g, 4.68 mmol) was added
and a condenser was fitted to the reaction vessel. After thawing, the mixture was heated
to reflux at 100 °C for 70 hours.

The resulting maroon suspension was cooled to room temperature, diluted with 175 mL
of diethyl ether and stirred for 2 hours. The dark solid was removed by filtration and the
filtrate was treated with 125 mL of 3M hydrochloric acid. The orange organic layer was
separated and washed with 2 x 150 mL water before being reduced under vacuum to
give an orange solid. A short column (silica/petrol eluent) gave a white solid from the
eluted solution. This was washed with cold petrol to remove unreacted 1,2-C2B10H12
and 2,2’-diiodobiphenyl and leave the desired pure product, [μ-1,2-(C6H4)2-1,2C2B10H10], as a white solid.
Yield:

772 mg, 56.1%.

11

δ -5.6 (2B), -9.3 (8B).

1

B{1H} NMR:

H NMR:

δ 8.12 (dd, 2H, CH), 7.72 (dd, 2H, CH), 7.52 (td, 2H, CH), 7.42
(td, 2H, CH).

EIMS:

envelope centred on m/z 294 (M+).
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4.3.3 [HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10]
[μ-1,2-(C6H4)2-1,2-closo-C2B10H10] (950 mg, 3.22 mmol) and potassium hydroxide (460
mg, 8.15 mmol) in 60 mL of ethanol were heated to reflux at 95 °C for 20 hours. After
cooling to room temperature, CO2 was bubbled through the solution and the resulting
white solid K2CO3 was removed by filtration. The filtrate was reduced in vacuo to give
a yellow solid. This was dissolved in 10 mL of water and a solution of NMe3.HCl (960
mg, 10.0 mmol) in 10 mL of water was added. The resulting precipitate was collected
by filtration, washed with water and diethyl ether and dried under vacuum to give
[HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10] as an off-white solid.
Yield:

690 mg, 62.3%.

Elemental analysis:

C17H28B9N requires C 59.4 H 8.21 N 4.08. Found C 58.3
H 7.93 N 3.77%.

11

1

B{ H} NMR ((CD3)2CO): δ -6.7 (2B), -15.5 (1B), -17.0 (2B), -18.3 (2B), -31.9 (1B),
-36.6 (1B).

1

H NMR ((CD3)2CO):

δ 8.61 (br s, 1H, NH), 7.85 (m, 2H, tether CH), 7.41 (m,
2H, tether CH), 7.06 (m, 4H, tether CH), 3.04 (s, 9H,
NCH3).

EIMS:

envelope centred on m/z 283.
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4.3.4 [μ-1,2-(C4H6)-3-Cp-3,1,2-closo-CoC2B9H9] (20)
[HNMe3][μ-7,8-(C4H6)-7,8-nido-C2B9H10] (233 mg, 0.95 mmol) was dissolved in 15
mL of dry, degassed, THF and treated with n-BuLi solution (0.8 mL, 2.00 mmol). After
stirring for 45 minutes, the resulting dark yellow solution was frozen and NaCp solution
(1.4 mL, 2.80 mmol) was added followed by CoCl2 (430 mg, 3.31 mmol). The mixture
was allowed to warm to room temperature, protected from light, and was stirred
overnight under nitrogen.

Aerial oxidation of the dark brown reaction mixture, removal of volatiles in vacuo,
dissolution of the residue in DCM and elution through a short silica plug (1:1
CH2Cl2/petrol eluent) gave a mobile yellow band. Removal of solvent from this gave
the crude product as a bronze semi-crystalline solid. Further purification by preparative
TLC on silica plates (1:1 CH2Cl2/petrol eluent) afforded pure [μ-1,2-(C4H6)-3-Cp-3,1,2closo-CoC2B9H9] at Rf 0.58 as a yellow solid.
Crude yield:

140 mg, 47.8%

Elemental analysis:

C11H20B9Co requires C 42.8 H 6.53; found C 42.0 H 6.71%.

11

δ 5.8 (1B), 3.3 (1B), -3.0 (2B), -6.8 (2B), -10.8 (2B), -14.9 (1B).

1

B{1H} NMR:

H NMR:

δ 5.85 (s, 2H, tether CH), 5.44 (s, 5H, C5H5), 3.38 (d, 2H, tether
CH2), 3.20 (d, 2H, tether CH2)

EIMS:

envelope centred on m/z 308/309 (M+).

Diffraction-quality yellow-brown crystals were grown from cooling a CH2Cl2/petrol
solution of 20 to -30 °C.
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4.3.5 [μ-1,2-(C4H4)-3-Cp-3,1,2-closo-CoC2B9H9] (21)
[HNMe3][μ-7,8-(C4H4)-7,8-nido-C2B9H10] (120 mg, 0.49 mmol) was dissolved in 15
mL of dry, degassed, THF. n-BuLi solution (0.45 mL, 1.13 mmol) was added to give a
yellow solution which was stirred for 45 minutes. The solution was frozen and NaCp
solution (0.75 mL, 1.5 mmol) and CoCl2 (225 mg, 1.73 mmol) were added. The mixture
was protected from light, allowed to thaw under nitrogen, and stirred overnight.

The reaction mixture was aerially oxidised and reduced in vacuo to give a brown
residue which was transferred to a short silica plug. Elution with 1:1 CH2Cl2/petrol gave
a yellow mobile band. Further purification of this by column chromatography (silica,
1:1 CH2Cl2/petrol) gave a yellow band at Rf 0.65. Removal of solvent from this band
gave [μ-1,2-(C4H4)-3-Cp-3,1,2-closo-CoC2B9H9] as a dark orange solid.
Yield:

126 mg, 83.9%.

Elemental analysis:

C11H18B9Co requires C 43.1 H 5.92; found C 42.5 H 6.12%.

11

δ 2.5 (1B), 0.6 (1B), -2.8 (2B), -7.8 (2B), -11.9 (2B), -13.8 (1B).

1

B{1H} NMR:

H NMR:

δ 7.15 (m, 2H, tether CH), 6.16 (m, 2H, tether CH), 5.15 (s, 5H,
C5H5).

EIMS:

envelope centred on m/z 306/307 (M+).

Diffraction-quality red block crystals were grown from slow diffusion of petrol ether
into a concentrated CH2Cl2 solution of 21 at -30 °C.
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4.3.6 [μ-1,2-(C6H4)2-3-Cp-3,1,2-closo-CoC2B9H9] (22)
[HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10] (150 mg, 0.44 mmol) was dissolved in 15
mL of dry, degassed, THF and treated with n-BuLi solution (0.35 mL, 0.88 mmol). The
resulting yellow solution was stirred for 40 minutes and then frozen. NaCp solution
(0.65 mL, 1.30 mmol) and CoCl2 (200 mg, 1.54 mmol) were added. The flask was
protected from light and allowed to warm to room temperature under nitrogen and stir
overnight.

The brown solution was aerially oxidised and the volatiles were removed in vacuo.
Column chromatography (silica, 1:1 CH2Cl2/petrol) eluted a major yellow band at Rf
0.61. Removal of solvent from this band gave [μ-1,2-(C6H4)2-3-Cp-3,1,2-closoCoC2B9H9] as a yellow-orange solid.
Yield:

80 mg, 44.7%.

Elemental analysis:

C19H22B9Co requires C 56.1 H 5.45; found C 55.0 H 5.47%.

11

δ 4.6 (1B), 3.3 (1B), -2.5 (2B), -6.4 (2B), -11.4 (2B), -13.4 (1B).

1

B{1H} NMR:

H NMR:

δ 8.16 (m, 2H, tether CH), 7.71 (m, 2H, tether CH), 7.43 (m, 4H,
tether CH), 4.77 (s, 5H, C5H5)

EIMS:

envelope centred on m/z 406/407 (M+).

Diffraction-quality crystals were grown from slow diffusion of petrol into a
concentrated CH2Cl2 solution of 22 at -30 °C.
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4.3.7 [μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (23) and [η-{μ-1,2-(C4H6)}3,3-(CO)2-3,1,2-closo-RuC2B9H9] (24)
A solution of [HNMe3][μ-7,8-(C4H6)-7,8-nido-C2B9H10] (470 mg, 1.91 mmol) in dry,
degassed, THF (25 mL) was treated with n-BuLi (1.55 mL, 3.88 mmol) at 0 °C and
stirred for 40 minutes at room temperature. The resulting orange solution was added
dropwise to a solution of [Ru(CO)3Cl2]2 (490 mg, 0.96 mmol) in dry, degassed, THF
(25 mL) held at 0 °C. Immediately following addition, the resulting orange solution was
removed from the cooling bath and reduced in vacuo to dryness.

The residue was taken up in a 2:1 mixture of CH2Cl2 and petroleum ether, transferred to
a short silica plug and washed through with the same solvent mixture. The solvent was
removed from the eluent and the mixture was purified by preparative TLC (silica, 1:2
CH2Cl2/petrol) to give [μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] as a white
solid at Rf 0.52 and [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] as a yellow
solid at Rf 0.31.

4.3.7.1 [μ-1,2-{C4H6}-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (23)
Yield:

174 mg, 24.6 %.

Elemental analysis:

C9H15B9O3Ru requires C 29.3 H 4.09; found C 28.3 H 4.28%.

11

δ 8.2 (1B), -3.8 (1B), -5.2 (4B), -8.6 (1B), -10.0 (2B).

1

B{1H} NMR:

H NMR:

δ 5.83 (app. s, 2H, tether CH), 3.18 (app. d, 2H, tether CH2), 3.00
(app. d, 2H, tether CH2).

IR:

νmax 2575 (BH), 2102 (CO), 2051 (CO), 2044 (CO) cm–1.

EIMS:

envelopes centred on m/z 369 (M+), 342, 313, 283.
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4.3.7.2 [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (24)
Yield:

28 mg, 4.3%.

Elemental analysis:

C8H15B9O2Ru requires C 28.1 H 4.43; found C 27.4 H 4.36%.

11

δ 8.0 (1B), 0.8 (1B), -4.2 (2B), -7.1 (2B), -10.2 (1B), -17.7 (2B).

1

B{1H} NMR:

H NMR:

δ 4.09 (m, 2H), 3.70 (d, 2H), 3.44 (m, 2H).

IR:

νmax 2559 (BH), 2064 (CO), 2021 (CO) cm–1.

EIMS:

envelopes centred on m/z 342 (M+), 313, 282/283.

Diffusion of petrol into a concentrated CH2Cl2 solution of both 23 and 24 at -30 °C
yielded diffraction-quality single crystals.
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4.3.8 [μ-1,2-(C4H4)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (25)
n-BuLi (0.65 mL, 1.63 mmol) was added to [HNMe3][μ-7,8-(C4H4)-7,8-nido-C2B9H10]
(180 mg, 0.74 mmol) in dry, degassed, THF (10 mL) to give a bright yellow solution.
This was added dropwise to [Ru(CO)3Cl2]2 (200 mg, 0.39 mmol) in dry, degassed, THF
(10 mL) at 0 °C. The cooling bath was removed and the solvent was immediately
removed under vacuum from the orange reaction mixture.

The residue was eluted through a short silica plug using 2:1 CH2Cl2/petrol. The yelloworange eluent was collected, reduced in volume and purified by preparative TLC (silica,
1:2 CH2Cl2/petrol) to give [μ-1,2-(C4H4)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] as a
yellow solid at Rf 0.58.
Yield:

21 mg, 7.7%.

Elemental analysis:

C9H13B9O3Ru requires C 29.4 H 3.56; found C 28.5 H 3.67%.

11

δ 5.4 (1B), -2.4 (1B), -6.3 (6B), -10.6 (1B).

1

B{1H} NMR:

H NMR:

δ 6.99 (m, 2H, tether CH), 6.05 (m, 2H, tether CH).

IR:

νmax 2557 (BH), 2109 (CO), 2054 (CO) cm–1.

EIMS:

envelopes centred on m/z 367 (M+), 340, 312, 283.

Diffraction-quality crystals were grown from slow diffusion of petrol into a
concentrated CH2Cl2 solution of 25 at -30 °C.
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4.3.9 [μ-1,2-(C6H4)2-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (26)
[HNMe3][μ-7,8-(C6H4)2-7,8-nido-C2B9H10] (94 mg, 0.27 mmol) in dry, degassed, THF
(10 mL) was treated with n-BuLi solution (0.55 mmol) and stirred for 25 minutes to
give a yellow solution. This was added dropwise by syringe to a solution of
[Ru(CO)3Cl2]2 (70 mg, 0.14 mmol) in THF (10 mL) held at 0 °C, giving an orange
solution. Immediately after addition, the solution was allowed to warm to room
temperature and the solvent was removed in vacuo.

The residue was taken up in CH2Cl2 and eluted through a short silica plug with the same
solvent. The eluent was reduced in volume and purified by preparative TLC (1:4
CH2Cl2/petrol) to give, following removal of solvent, the product [μ-1,2-(C6H4)2-3,3,3(CO)3-3,1,2-closo-RuC2B9H9 as a yellow solid at Rf 0.35.
Yield:

trace

11

δ 8.0 (1B), -1.4 (1B), -4.9 (2B), -6.5 (2B), -7.1 (2B), -9.1 (1B).

1

B{1H} NMR:

H NMR:

δ 8.10 (m, 2H, tether CH), 7.55 (m, 2H, tether CH), 7.39 (m, 4H,
tether CH).

IR:

νmax 2557 (BH), 2110 (CO), 2056 (CO) cm-1.

EIMS:

envelopes centred on m/z 468 (M+), 440, 412, 384.

Crystals were grown by cooling a CH2Cl2/petrol solution of 26 to -30 °C.
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4.3.10

[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9]

(24)

from

[μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (23)
4.3.10.1 CO abstraction:

[μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (21 mg, 0.054 mmol) was dissolved
in dry, degassed, CH2Cl2 (10 mL) and frozen in liquid nitrogen. Me3NO (4 mg, 0.054
mmol) was added and the solution was warmed to room temperature and stirred for 10
minutes. The reaction mixture was passed through a short silica plug with CH2Cl2
eluent

and

reduced

in

vacuo

to

give

[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] in 73% yield (14 mg).

4.3.10.2 Thermal:

[μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9] (115 mg, 0.31 mmol) was dissolved
in dry, degassed, THF (10 mL) and heated to reflux for 2 days during which the solution
became

yellow.

Removal

of

solvent

and

vacuum-drying

gave

[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] in 88.8% yield (94.3 mg).
In both cases the identity and purity of the product 23 was established by 1H and
11

B{1H} NMR spectroscopy.
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4.3.11 [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (24) + CO
A solution of [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (14 mg, 0.041
mmol) in dry, degassed, CH2Cl2 (5 mL) was placed under an atmosphere of CO. The
solution decolourised from pale yellow to colourless within a few minutes. Stirring was
continued overnight with no further changes. Removal of CO and solvent from the
mixture gave a white solid which was, by
[μ-1,2-(C4H6)-3,3,3-(CO)3-3,1,2-closo-RuC2B9H9].
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1

H NMR spectroscopy, pure

4.3.12 [μ-1,2-(C4H6)-3,3-(CO)2-3-(PMe3)-3,1,2-closo-RuC2B9H9] (27)
1M

PMe3.THF

solution

(0.73

mL,

0.73

mmol)

was

added

to

[η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (25 mg, 0.073 mmol) in CH2Cl2 (5
mL) and the mixture was stirred under nitrogen overnight. The solvent was removed
and the product was purified by preparative TLC (CH2Cl2/petrol 1:1) to give [μ-1,2(C4H6)-3,3-(CO)2-3-(PMe3)-3,1,2-closo-RuC2B9H9] as a white solid at Rf 0.56.
Yield:

20.5 mg, 67.2%.

Elemental analysis:

C11H24B9O2PRu requires C 31.6 H 5.79; found C 31.2 H 5.88%.

11

δ 2.1 (1B), -5.2 (3B), -7.3 (2B), -9.5 (1B), -12.4 (2B).

1

B{1H} NMR:

H NMR:

δ 5.73 (app. s, 2H, tether CH), 3.08 (d, 2H, tether CH2), 2.93 (d,
2H, tether CH2), 1.85 (d, 9H, P(CH3)3, JPH = 10.56 Hz).

31

1

P{ H} NMR:

δ 11.08 (s).

IR:

νmax 2547 (BH), 2039 (CO), 1989 (CO) cm–1.

EIMS:

envelopes centred on m/z 418 (M+), 390, 360.

Diffraction-quality crystals were grown from slow diffusion of petrol into a
concentrated CH2Cl2 solution of 27 at -30 °C.
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4.3.13 [μ-1,2-(C4H6)-3,3-(CO)2-3-(P(OMe)3)-3,1,2-closo-RuC2B9H9] (28)
A solution of [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (25 mg, 0.073
mmol) in CH2Cl2 (5 mL) was treated with P(OMe)3 (0.1 mL, 0.85 mmol). The mixture
was stirred under nitrogen for 45 minutes to give a pale brown solution. The solvent
was removed and the residue purified by preparative TLC (CH2Cl2/petrol 1:2) to give
[μ-1,2-(C4H6)-3,3-(CO)2-3-(P(OMe)3)-3,1,2-closo-RuC2B9H9] as a white solid at Rf
0.35.

Yield:

14 mg, 41.2%.

Elemental analysis:

C11H24B9O5PRu requires C 28.4 H 5.19; found C 28.9 H 5.43%.

11

δ 2.5 (1B), -4.5 (1B), -7.2 (4B), -11.1 (3B).

1

B{1H} NMR:

H NMR:

δ 5.75 (t, 2H, tether CH), 3.86 (d, 9H, P(OCH3)3, JPH = 11.74 Hz),
3.07 (app. s, 4H, tether CH2).

31

1

P{ H} NMR:

δ 133.75 (s).

IR:

νmax 2553 (BH), 2057 (CO), 2010 (CO) cm–1.

EIMS:

envelopes centred on m/z 466 (M+), 438, 409/410.

Crystals of 28 were grown by slow diffusion of petrol into a concentrated CH2Cl2
solution at -30 °C.
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4.3.14 [μ-1,2-(C4H6)-3,3-(CO)2-3-(PPh3)-3,1,2-closo-RuC2B9H9] (29)
A solution of [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (25 mg, 0.073
mmol) in CH2Cl2 (5 mL) was treated with PPh3 (20 mg, 0.076 mmol) and the mixture
was stirred overnight. The resulting pale yellow solution was reduced in volume and
purified

by

preparative

TLC

(1:1

CH2Cl2/petrol)

to

give

[μ-1,2-(C4H6)-3,3-(CO)2-3-(PPh3)-3,1,2-closo-RuC2B9H9] as a pale yellow solid at Rf
0.68.

Yield:

29 mg, 66.5%.

Elemental analysis:

C26H30B9O2PRu requires C 51.7 H 5.01; found C 51.4 H 5.00%.

11

δ 2.9 (1B), -0.2 (1B), -7.0 (4B), -10.0 (3B).

1

B{1H} NMR:

H NMR:

δ 7.62 (m, 6H, Ph), 7.46 (m, 9H, Ph), 5.65 (t, 2H, tether CH),
2.90 (app. d, 2H, tether CH2), 2.66 (app. d, 2H, tether CH2).

31

1

P{ H} NMR:

δ 48.32 (s).

IR:

νmax 2559 (BH), 2041 (CO), 1992 (CO) cm-1.

EIMS:

envelopes centred on m/z 604 (M+), 576, 547.

Single crystals of 29 were grown from slow diffusion of petrol into a concentrated
CH2Cl2 solution at -30 °C.
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4.3.15 [μ-1,2-(C4H6)-3,3-(CO)2-3-(tBuNC)-3,1,2-closo-RuC2B9H9] (30)
A solution of [η-{μ-1,2-(C4H6)}-3,3-(CO)2-3,1,2-closo-RuC2B9H9] (25 mg, 0.073
mmol) in CH2Cl2 (5 mL) was treated with tBuNC (0.1 mL, 0.88 mmol), immediately
decolourising it. The mixture was stirred for 5 minutes with no further changes, then the
solvent was removed in vacuo. The crude residue was purified by preparative TLC
(silica,

DCM/petrol

2:1)

to

give

the

desired

product

[μ-1,2-(C4H6)-3,3-(CO)2-3-(tBuNC)-3,1,2-closo-RuC2B9H9] as a white solid at Rf 0.32.
Yield:

10 mg, 32.3%.

Elemental analysis:

C13H24B9NO2Ru requires C 36.8 H 5.70 N 3.30; found C 36.8 H
5.81 N 3.24%.

11
1

B{1H} NMR:

H NMR:

δ 4.1 (1B), -4.7 (1B), -6.0 (2B), -6.9 (2B), -10.2 (1B), -11.7 (2B).
δ 5.72 (app. s, 2H, tether CH), 3.10 (app. d, 2H, tether CH2), 2.97
(app. d, 2H, tether CH2), 1.58 (s, 9H, C(CH3)3).

IR:

νmax 2545 (BH), 2192 (CN), 2062 (CO), 2020 (CO) cm–1.

EIMS:

envelopes centred on m/z 424 (M+), 397, 367/368, 311.

Diffraction-quality crystals were grown from diffusion of petrol into a CH2Cl2 solution
of 30 at -30 °C.
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Appendix 1: Crystallographic data tables

Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
α (º)
β (º)
γ (º)
U / Å3
Z, Z′
F(000)/e
Dcalc/Mg m–3
μ(Mo-Kα)/mm–1
θmax (º)
Data measured
Unique data, n
Rint
Obs. data (I>2σ(I))
R, wR2 (obs. data)
S (all data)
Variables
Emax, Emin/e Å–3

2
C4H15B10NO2
217.27
monoclinic
P21/c
23.339(2)
7.5382(8)
14.5428(17)
90
106.471(6)
90
2453.6(5)
8, 2
896
1.176
0.067
25.78
61791
4605
0.0832
2855
0.0927, 0.1910
1.091
370
0.25, –0.31

3
C9H17B10NO
263.33
monoclinic
C2/c
35.067(5)
11.1759(17)
17.506(3)
90
119.981(6)
90
5942.7(16)
16, 2
2176
1.177
0.063
26.32
41245
5990
0.0777
3906
0.1341, 0.3557
1.060
496
0.36, –0.65

5
C8H25B10NOSi
287.48
monoclinic
P21/n
7.0341(7)
19.1795(18)
12.5279(11)
90
98.544(4)
90
1671.4(3)
4, 1
608
1.142
0.128
33.21
44494
6302
0.0411
5279
0.0341, 0.0878
1.042
225
0.52, –0.28

8
C8H15B10NO
249.31
orthorhombic
Pbca
8.009(2)
15.970(4)
22.139(6)
90
90
90
2831.7(13)
8, 1
1024
1.170
0.062
22.07
21512
3783
0.1327
1858
0.1302, 0.3038
1.105
202
0.28, –0.21
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10
C4H20B20N2O2
344.42
tetragonal
P42/n
16.3052(5)
16.3052(5)
6.9144(3)
90
90
90
1838.26(14)
4, 0.5
696
1.244
0.064
29.61
37192
2593
0.0433
2457
0.0438, 0.1137
1.145
177
0.33, –0.21

11
C4H23B20NO
317.43
monoclinic
P21/n
7.2022(8)
9.5053(10)
12.9926(15)
90
97.350(7)
90
882.15(17)
2, 0.5
324
1.195
0.055
29.66
17862
2481
0.0512
2063
0.0532, 0.1271
1.107
167
0.24, –0.19

12
C4H21B20NO
315.42
monoclinic
P21/n
7.2275(19)
9.678(3)
12.993(4)
90
93.226(9)
90
907.4(4)
2, 0.5
320
1.154
0.054
31.29
21179
2950
0.0432
2353
0.0536, 0.1483
1.147
160
0.28, –0.39

V
C8H17B10NO
251.32
triclinic
Pbar1
10.4155(10)
11.0414(10)
13.1547(12)
67.377(3)
79.186(3)
89.541(3)
1368.2(2)
4, 2
520
1.220
0.065
27.96
24224
6469
0.0241
5427
0.0382, 0.1012
0.931
433
0.35, –0.39

Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
α (º)
β (º)
γ (º)
U / Å3
Z, Z′
F(000)/e
Dcalc/Mg m–3
μ(Mo-Kα)/mm–1
θmax (º)
Data measured
Unique data, n
Rint
Obs. data (I>2σ(I))
R, wR2 (obs. data)
S (all data)
Variables
Emax, Emin/e Å–3

15
C12H27B10NO
309.44
triclinic
Pbar1
11.9847(18)
16.213(3)
20.179(3)
87.624(6)
88.802(5)
71.721(5)
3719.8(10)
8, 4
1312
1.105
0.059
26.46
30882
14855
0.0377
10171
0.0483, 0.1033
1.024
1009
0.21, –0.25

17a
C14H26B10N2O2
362.47
orthorhombic
Pnma
11.409(4)
16.464(5)
10.356(3)
90
90
90
1945.1(10)
4, 0.5
760
1.238
0.071
28.44
29025
2531
0.0713
1848
0.0436, 0.0984
1.039
150
0.31, –0.25

17b
C14H26B10N2O2
362.47
monoclinic
C2/c
17.316(5)
10.390(3)
11.385(4)
90
110.266(19)
90
1921.6(10)
4, 0.5
760
1.253
0.072
30.93
22471
3025
0.0551
2275
0.0426, 0.1171
1.068
142
0.38, –0.28

18
C16H36B20N2O2
504.67
monoclinic
P21/n
10.1193(7)
10.6700(7)
12.4753(8)
90
99.648(3)
90
1327.94(15)
2, 0.5
524
1.262
0.067
27.16
19862
2902
0.0503
2254
0.0570, 0.1325
1.026
257
0.48, –0.48
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19
C10H29B20NO
395.54
monoclinic
P21/n
9.5006(11)
12.0225(15)
19.411(2)
90
93.031(6)
90
2214.1(4)
4, 1
816
1.187
0.057
24.80
26104
3762
0.1410
2065
0.0900, 0.2205
1.054
353
0.43, –0.40

20
C11H20B9Co
308.49
monoclinic
C2/c
29.207(4)
7.0805(8)
15.0400(18)
90
112.434(7)
90
2874.9(6)
8, 1
1264
1.425
1.171
29.54
24422
3969
0.0828
3081
0.0475, 0.0940
1.069
217
0.38, –0.46

21
C11H18B9Co
306.47
monoclinic
P21/c
7.5695(6)
13.6181(11)
14.8756(12)
90
100.033(5)
90
1510.0(2)
4, 1
624
1.348
1.115
32.72
40135
5557
0.0496
4560
0.0322, 0.0711
1.028
229
0.44, –0.37

22
C19H22B9Co
406.58
orthorhombic
Pca21
21.4471(12)
13.2284(8)
13.4065(7)
90
90
90
3803.5(4)
8, 2
1664
1.420
0.905
28.61
65654
9696
0.0778
7791
0.0484, 0.982
1.044
584
0.51, –0.65

Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
α (º)
β (º)
γ (º)
U / Å3
Z, Z′
F(000)/e
Dcalc/Mg m–3
μ(Mo-Kα)/mm–1
θmax (º)
Data measured
Unique data, n
Rint
Obs. data (I>2σ(I))
R, wR2 (obs. data)
S (all data)
Variables
Emax, Emin/e Å–3
Flack parameter

23
C9H15B9O3Ru
369.57
orthorhombic
Pnma
15.536(11)
10.829(7)
9.115(5)
90
90
90
1533.6(17)
4, 0.5
728
1.601
1.020
35.95
44802
3756
0.0254
3551
0.0175, 0.0406
1.108
124
0.52, –0.75

24
C8H15B9O2Ru
341.56
monoclinic
P21
7.1484(12)
11.290(2)
8.5139(15)
90
95.390(7)
90
684.1(2)
2, 1
336
1.658
1.130
37.56
24496
6497
0.0236
6337
0.0160, 0.0347
1.032
208
0.31, –0.63
0.015(13)

25
C9H13B9O3Ru
367.55
monoclinic
C2/c
12.5891(13)
8.9837(9)
27.262(3)
90
102.255(7)
90
3013.0(6)
8, 1
1440
1.621
1.038
30.41
31447
4522
0.0546
3883
0.0279, 0.0576
1.038
281
0.51, –0.72

26
C17H17B9O3Ru
467.66
triclinic
Pbar1
10.2120(10)
10.3136(10)
10.3514(10)
115.178(5)
90.018(5)
90.089(5)
986.65(17)
2, 1
464
1.574
0.811
41.77
37564
11330
0.0272
11170
0.0194, 0.0422
1.069
299
0.53, –0.88
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27
C11H24B9O2PRu
417.63
monoclinic
Pn
7.671(6)
13.332(10)
9.525(8)
90
103.45(2)
90
947.5(13)
2, 1
420
1.464
0.911
34.92
28499
7350
0.0470
6472
0.0332, 0.0532
1.012
247
0.52, –0.74
0.01(2)

28
C11H24B9O5PRu
465.63
monoclinic
P21
7.8271(4)
15.8356(7)
7.9871(4)
90
95.617(3)
90
985.22(8)
2, 1
468
1.570
0.896
34.02
27954
7823
0.0433
7393
0.0399, 0.0941
1.104
274
2.64, –2.09
0.034(13)

29
C26H30B9O2PRu
603.83
monoclinic
P21/n
10.2364(6)
12.9069(8)
21.3778(11)
90
101.425(2)
90
425
2768.5(3)
4, 1
1224
1.449
0.649
32.83
26872
9706
0.0553
7631
0.0407, 0.0785
1.033
379
0.64, –0.79

30
C13H24B9NO2Ru
424.69
monoclinic
P21/n
9.3786(4)
17.9449(7)
12.1827(5)
90
102.484(2)
90
2001.85(14)
4, 1
856
1.409
0.789
31.17
45111
6407
0.0409
5367
0.0265, 0.0577
1.035
296
0.38, –0.45

Appendix 2: Publications associated with this work
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J. Organomet. Chem., 2015, 792, 51-54.

“Developing Nitrosocarborane Chemistry”
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derivatives

of

benzocarborane,

