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Abstract

Synthetic, Architectural and Bonding Aspects of Carboranyl
Assemblies

This thesis describes the syntheses, structures, bonding characteristics and
degradation reactions of carborane containing compounds. Systems containing one,
two and three carborane units are considered.

Chapter One outlines the general chemistry of icosahedral carborane
compounds, reviewing their contributions to bonding theory and highlighting their
specific properties and potential applications. |

Chapter Two describes the syntheses of one cage carborane derivatives. Of
specific interest are closo-derivatives of general formula RCBjoH;oCX (X=0H, F,
CO,H, CO3°), which have the potential to form an exo-w bond (a multiple bond
between the cage carbon atom and the X substituent). General synthetic techniques are
explored with regard to hydroxy, carboxy, halo and heteroaryl denvatives. New and
novel routes to fluorinated and sulfonylated carboranes are also discussed.

Chapter Three discusses how substitution at the carboranyl cage carbon atoms
affects the bonding characteristics of the derivative. NMR spectroscopic and X-ray
crystallographic data are used to illustrate exo-w bonding, with particular reference to
carboranes of general formula RCB1gH19CX, (X=0H, F, CO2H, CO;"). Hydrogen
bonding interactions within one-cage systems containing a pyridyl or thiophenyl group,
are also investigated, with reference to IR spectroscopic and X-ray crystal diffraction
studies.

Chapter Four examines the chemistry of multi-carboranyl assemblies, with
particular reference to 2,4,6-tri-(carboranyl)-1,3,5-triazines. The synthesis of these
derivatives is shown to be more facile than for the 1,3,5-tri-(carboranyl)-benzene
analogues. X-ray powder and crystal diffraction studies illustrate the structural
similarities between the triazine derivatives and their benzene counterparts. The
relative chemical and thermal stabilities of the 2,4,6-tri-(carboranyl)-1,3,5-triazines are
also discussed.

Chapter Five examines the deboronation reactions of one and three-cage
carborane derivatives. Fluoride ion deboronation reactions of one cage systems
containing heteroaryl substituents are discussed. In 1,7-di-(2'-thiophenyl)- and 1,7-di-
(3"-pyridyl)-meta-carboranes cage B-F fluorination is observed. Degradation by
standard deboronation methods of the 2,4,6-tri-(ortho, meta and para-carboranyl)-
1,3,5-tr1azines discussed in Chapter Four is also discussed.

Lynn Ahlfeld Boyd (October 1997)
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Abbreviations

IR Infrared Spectroscopy
Band intensity : s - strong, m - medium, w - weak, br. - broad
m.p. melting point
b.p. boiling point
NMR Nuclear Magnetic Resonance Spectroscopy

Multiplicity : m - multiplet, s - singlet, d -~ doublet, t - triplet,
tt - triplet of triplets etc., br. -broad

COSY Correlation Spectroscopy

Uv Ultraviolet Spectroscopy

m/z . mass/charge ratio (mass spectroscopy)
EIt Electron Ionisation

CI*/CI- Chemical Ionisation ;

FAB Fast Atom Bombardment

TLC Thin Layer Chromatography

Prep. TLC  Preparative Thin Layer Chromatography
GC Gas Chromatography

GCMS Gas Chromatographic Mass Spectroscopy
XPD X-ray Powder Diffraction

XPS X-ray Photoelectron Spectroscopy

ortho-carborane 1,2-dicarbadodecaborane, o-HCB 10H10QCH
meta-carborane 1,7-dicarbadodecaborane, m-HCB10H10CH
para-carborane 1,12-dicarbadodecaborane, p-HCB 10H10CH

NFBS N-fluorobenzenesulfonimide
F-TEDA 1-(chloromethyl)-4-fluoro-
1,4diazoniabicyclo[2.2.2]octanebis(tetrafluoroborate)

pyF* 1-fluoro-2,6-dichloro-pyridinium as the tetrafluoroborate salt
- DME Dimethylethoxyether, monoglyme

Ether Diethyl ether

THF Tetrahydrofuran

Proton Sponge 1,8-N,N,N',N'-tetramethylnapthalenediamine

VSEPR Valence Shell Electron Pair Repulsion

e.d. electron density

NLO Non-linear optics

BNCT Boron Neutron Capture Therapy
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Chapter One . Introduction

1.1 INTRODUCTION

Cluster compounds of the main group elements have long been the subject of
study for those interested in meeting the challenges set by electronically diverse
compounds. Clusters are of many types, from homonuclear charged or uncharged
species such as Zintl 1ons (e.g. Sns2-), buckminsterfullerenes (e.g. Cgp), or phosphorus
(P4), to heteroatomic species like the boron hydrides (e.g. BgHg?"), where a central
core of boron atoms 1s surrounded by bound hydrogen atoms. Many cluster compounds
are electron deficient species, and the study of such compounds has led to the
advancement of bonding theories and to the discovery of novel molecular architectures.

The cluster compounds of interest in this thesis are the icosahedral carboranes,
C>B1oH 12, and their derivatives. This chapter will give an overview of the interesting
peculiarities of this group of compounds, discussing their history and what has led to
the development of the field of study, and the rationalisation of their structures. Their

properties and some applications are also reviewed. '

1.2 STRUCTURE AND BONDING IN BORON HYDRIDES AND
CARBORANES - AN OVERVIEW

a) Cluster Bonding

Between 1912 and 1936, Stock made and 1solated many boron hydrides.

including those of formulae BoHg, B4H1o, BsHo, BsH;, BeHi¢ and BgH 4.
Although he knew the molecular formulae of these compounds, the structures were
unknown. Later, Longuet-Higgins deduced the structure of diborane® and through the
concept of three-centre-two-electron (3c2e) bonds, the bonding of diborane, B>Hg,
could be rationalised. In diborane each boron atom donates two of its three electrons to
form two ¢ bonds with its attached protons. This leaves each boron with two orbitals
and one electron. The two borons and two bridging hydrogen atoms use four electrons
(one from each boron, one from each hydrogen) and six orbitals (two from each boron,

one from each hydrogen) to form two three-centre-two-electron bonds.

figure 1.1: bonding in diborane

An extension of this theory led to the development of "styx" rules by W.N.

Lipscomb, which could be used to rationalise the bonding of cluster boron hydrides.*

.



Chapter One : Introduction
Each styx solution gave a unique "code" to describe the number and type of each bond
present in the structure; s being the number of B-H-B bonds, ¢ referring to three-centre
BBB bonds, y to 2c2e B-B bonds and x to the number of extra terminal hydrogen
atoms, usually in the form of BHj groups. The structures rationalised by these rules
had been confirmed by X-ray crystallographic studies by Lipscomb for many of the
larger boron hydrides including compounds such as decaborane, BigH14.° With many
clusters, however, so many possible combinations of 3c2e BHB and BBB and 2c2e BH
and BB bonds exist (e.g. figure 1.2), that localised bonding descriptions are of limited

value. A molecular orbital approach may be used instead.6,’

styx = 2302 styx =3211

figure 1.2: possible solutions to the bonding in BsHg

As more structures of the boron hydrides were elucidated, it became apparent

that the boron hydrides (and carboranes) were deltahedral fragments, originating from a
closed deltahedral (i.e. all the faces are triangular) parent compound. For example, the
arachno species, decaborane, B10H142':, can be viewed as a fragment of nido-B11H13%,
which is in turn a fragment of the parent deltahedral icosahedron dodecaborane, closo-
BioHy22-. A pattern was acknowledged to exist between the classes of cluster
fragments, namely closo (cage-like), nido (nest-like), arachno (web-like) and hypho
(net-like), and a consideration of the electrons within these species related the skeletal

structures to the number of skeletal electron pairs the compound contained.

B H ™ BoH 4

figurel.3: closo, nido and arachno boranes formed by successive removal of an

icosahedral vertex

-3-



Chapter One : Introduction

The icosahedral carboranes, CrBioH 2, with which this thesis 1s concerned are
formally derived from the icosahedral dodecaborate anionic species, BjoH 122-. The
bonding in both compounds, and indeed in many heteroboranes, can be treated in the

same manner due to the isoelectronic relationship between {BH"} and {CH} units.

figure 1.4: dodecaborate anion and icosahedral dicarbadodecaborane are

electronically equivalent (isoelectronic)

Each carbon and boron atom of the "CoB " cluster contains one s and three p

orbitals. To bond the protons to the cluster, a hybrid sp. orbital, radial to each core

atom on the cage surface, donates one electron to form a ¢ bond. The remaining 24 p
(py,py) orbitals which lie tangential to the cage surface are available for cluster bonding

together with the inward facing sp, hybrid orbital.

y X

figure 1.5: orbital hybridisation at each icosahedral vertex

For skeletal bonding of the i1cosahedron, each boron atom can donate two
electrons and each carbon, three electrons. Including any charge on the compound, this
equates to a total of 26 electrons (13 pairs) which can contribute to binding the 12
vertex closo Bi1oH22- or CaB1gH |2 cage together through 13 bonding molecular
orbitals. For the 12 vertex icosahedron there are always 13 bonding molecular orbitals,

although their symmetry and degeneracies are dependant upon the symmetry of the

compound.



Chapter One : Introduction

This relationship holds true for all n vertex polyhedra; the atoms of a closed
cluster are agsumed to occupy the vertices of an n vertex deltahedron and supply (n + 1)
pairs of skeletal electrons to the (n + 1) skeletal bonding orbitals.6 If each open cage
structure is treated as a fragment of the closo BmHm?" (or closo-CaBmHm+2 (a=0-2)),

removal of a {BH2*} unit (or {CH*} unit) from the parent compound leaves a

compound of formula B,H,4, which has the same number of bonding electron pairs
and as the parent, but one less vertex. Protonation of this species with a combination of

exo, endo and bridging hydrogens converts it to BmHm+22" (c.f. figure 1.3), which still

retains the same number of skeletal electron pairs. This gives a nido n vertex residue

with (n + 2) pairs of electrons. This relationship applies to more open structures as well

and 1s summarised for carboranes in table 1.1.

o | | | 6-
B,H % B, H,* BjoH o™
26 skeletal electrons 26 skeletal electrons 26 skeletal electrons
13 electron pairs 13 electron pairs 13 electron pairs

figurel.6: closo, nido and arachno boranes formed by successive removal of BH**

from an icosahedral vertex

number of skeletal electron pairs

closo (cage-like) n+l
nido (nest-like) n+2
arachno (web-like) n+3
hypho (net-like) n+4

table 1.1: relationship between skeletal electron pairs and cage geometry in

carboranes®

b) Electronic Distribution

In the closed polyhedral structures, the electrons populate the skeletal bonding
orbitals, effectively forming a pseudo-spherical distribution of electron density over the

atoms which define the twelve vertex icosahedron (figure 1.5).
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In the icosahedral BjoH122- unit, electron density can be assumed to be
relatively evenly spread over the deltahedral surface. However, when heteroatoms,
such as carbon, are incorporated into the cage structure, the electron distribution is
altered. The protons attached to the carbon sites of the carborane are more
electropositive than the boron-attached protons. It is for this reason that when a
metallating reagent is introduced to the parent carborane system, C2B1oH12, the protons
of the carbon atoms, being the most acidic, are metallated preferentially. Following this

reasoning, the boron atom of the BH vertex most highly connected to a CR (R=H, alkyl

or aryl) vertex is the most electropositive boron, and this explains its preferential
removal by a strong nucIEOphile during deboronation reactions. These features will be
discussed further in later chapters.

The twelve vertex "B12" icosahedron has maximum symmetry (I,), however, as
the icosahedron is altered to incorporate heteroatoms, two carbons in the case of the
icosahedral carboranes, C2BigH12, the cage symmetry 1s reduced. The differing
electronegativities of the cluster atoms, leads to distortions in the cage geometry as a
result of redistribution of electron density. As the carbons are further substituted, more
distortions arise, the nature of which is dependent upon the substituent. As well as -
theoretical studies, such as ab initio and IGLO calculations8, X-ray crystallographic

studies quantify these distortions, and nuclear magnetic resonance spectroscopy also

aids the analysis of such changes.?

1.3 NOMENCLATURE!0

The principal systems which will be discussed in this thesis are the 12-vertex-
closo and the 11-vertex-nido species. In altering the cage type, the cage numbering
scheme also changes. The degree of cage opening is described by a prefix closo, nido,
arachno or hypho as in table 1.1, In the borane and carborane structures, an apical

atom 1s labelled atom 1. Successive belts of cage atoms are numbered in a clockwise

manner, with carbon atoms having priority over boron vertices.

figure 1.7: cage numbering scheme for closo and nido cage systems

-6-
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1.4 PROPERTIES AND APPLICATIC

Neutral carboranes containing two carbon atoms are derived from the

311

polyhedral boron hydride species, ByHp?", and have the general formula C2ByH(n+2)
(n=5-12). The carborane of interest in this thesis is dicarbadodecaborane, C2B10H]2,
(and derivatives thereof) which exists as an icosahedron with twenty deltahedral faces.

Three isomers are possible and all are known. These are 1,2-, 1,7- and 1,12-

dicarbadodecaborane or ortho-, meta- and para-carborane respectively. In figure 1.8,
the connectivities which would illustrate a two-centre two-electron bond in a "normal”

compound, are not indicative of a formal bond. They simply illustrate the shape and

connectivities within the cluster. Unmarked vertices represent a BH group.

figure 1.8: ortho-, meta- and para-carborane

The discovery that the boron hydrides produced a lot of energy when burned,
led to their investigation as rocket fuels during the 1_960's. Decaborane, BjgH14, was
produced on a multi-ton scale for this purpose. As will be discussed further in Chapter
Two, the icosahedral carboranes C9B1gH12 are readily accessible from decaborane.

The carboranes can undergo substitution reactions at cage carbon and boron
sites without cage degradation occurring, however the predominant feature of the
carboranes is their remarkable chemical and thermal stability. Ortho-carborane is
stable up to ¢.400°C and remains intact in the presence of oxidising agents, alcohols and
strong acids. Above ¢.400°C however, isomerisation can occur to the meta and then
para-isomer. The ortho- to meta- transformation is quantitative (460°C), but
isomerisation to para-carborane (620°C) is not very efficient. Various mechanisms
have been postulated for the rearrangement.!? The diamond-square-diamond
mechanism (scheme 1.1) can explain the isomerisation ortho to meta-carborane but
cannot be used for isomerisation to para. Alternative mechanistic rearrangements

include rotation of a triangular face and rotation of two pentagonal faces (figure 1.9).

Both these methods explain both 1somerisations in the icosahedral carborane. The
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driving force for the isomerisation is proposed to be the reduction in the overall dipole

of the carborane upon increased separation of the carbon atoms.

ortho meta

scheme 1.1: thermal isomerisation of ortho- to meta-carborane via a diamond-square-

diamond mechanism

figure 1.9: isomerisation through triangular face rotation and by rotation of a

pentagonal pyramid

Reverse isomerisation from meta to ortho-carborane has also been achieved by
isomerisation of the meta-carboranyl dianion, followed by oxidation of the ortho-
carborane dianion to the neutral closo species.!3

The carborane cage has a strong electron withdrawing effect and tends to
withdraw any available electron density into its delocalised electronic system. This
electron-withdrawing effect decreases as the isomers are progressed from ortho through

to para, in both closo and nido species.
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decreasing electron withdrawing power

figure 1.10: relative electron withdrawing potential of unsubstituted closo and nido

carboranes

The electron withdrawing power of the ortho-carboranyl moiety is considerably
greater than that of its aryl counterparts. This is illustrated by a comparison of pK,

values (figure 1.11). The same is true of the mera and para isomers.

pK,=3.2 pK,=4.2 pK, =35.25 pK,=10.0

figure 1.11: comparison of pK, values between aryl and ca(boranyl systems

The chemical and thermal stability associated with carboranes has led to their
incorporation into polymeric!4, macrocyclic!® and dendritic!6 species. The field of
carboranyl polymers has been the most widely explored, leading to the synthesis of
polymers (primarily incorporating meta and para-carboranyl units for geometric
considerations) which are stable to diverse chemical environments, to elevated
temperatures and which are of high strength. Although the "Dexsils", polymers in
which carborane polyhedra are linked through short siloxy (R2SiO), chains, have found
commercial application!’, many of these multi-carboranyl assemblies have yet to find

practical application, as adequate properties are often achievable by organic systems at

lower cost.
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Dexsil 100 crystalline polymer | Dexsil 200 elastomer

figure 1.12: carborane containing polymers

Pyrolysis of carborane (or boron) containing polymers can lead to the formation

of thermally stable coatings!8 and ceramic materials.!? As carborane compounds
contain the elements required for the formation of thin boron carbide films, they have
potential as source materials for chemical vapour deposition (CVD) techniques.29

Synchrotron radiation has been used to prepared a BsC boron carbide/Si(1II)

heterojunction diode by the radiation induced decomposition of ortho-carborane.2!
Boron compounds have found application in the field of medicine, as a

treatment for tumours. Boron Neutron Capture Therapy (BNCT) relies upon the decay
of the 105B nucleus when bombarded with a neutron, to give an in situ dose of o

radiation to the tumour. Compounds with a high boron content which are stable under
physiological conditions and which have tumour targeting selectivity are required for

this treatment, and much effort is being expended in this field.22

Y

T,Li + vy + 048 MeV

scheme 1.2: 10B neutron capture process

4)He + ';Li + 2.79MeV (6%)

Metallacarborane complexes have been proven to possess catalytic activity. In
particular, rhodacarborane catalysts?3, prepared from the reaction of a rhodium(I) cation

with a nido-C2BgH|>- residue, have shown activity as homogeneous hydrogenation,

isomerisation and hydrosilylation catalysts.

-10-



Chapter One ; Introduction

figure 1.13: rhodacarboranes have proven to be successful catalysts for specific

reactions

The synthesis of compounds which have a large difference between the ground
and excited state dipole moments, which are not highly coloured, and which crystallise
in a non-centrosymmetric space group leads to materials which are of interest in the

field of non-linear optics. Ortho-carborane has a ground state dipole moment of 4.45D,

and derivatives of this and other carborane isomers have been investigated as potential
non-linear optical materials.24

Unlike many salts of organic and inorganic acids, salts of polyborates dissolve

readily in organic solvents. This allows their extraction from the aqueous to the organic

phase. Using this principle, metallacarboranes of the type [(C2BgH{1)2-3-MID]- have
been used to aid the extraction of metals including radionuclides from spent nuclear

fuels.

The dicarbollide anion, [C2BgH11]4", is known to stabilise metals in high
oxidation states by forming sandwich complexes M(C2BgH11)2¢". Salts of these anions
are generally oxygen and moisture stable and so relatively easy to handle. For this
reason, the dicarbollides of formula M(C2BgH11)2"" have been investigated as charge

transfer devices.2?

1.5 AIMS AND OBJECTIVES

This chapter has outlined the general chemistry of icosahedral carborane cluster

compounds, reviewing their contributions to bonding theory and highlighting their
superb chemical and thermal stability. The following chapters will look in detail at
specific carborane derivatives together with their chemical, bonding and structural
characteristics. |
Chapter Two will discuss primarily the synthesis of one cage carborane

derivatives relevant to this study. In particular, aryl and heteroaryl, carboxy and

hydroxy derivatives are discussed and new synthetic routes to fluorinated and

sulfonylated carboranes are described.
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Chapter Three will examine how substitution of a carboranyl carbon atom
affects the bonding characteristics of the derivative. Exo-m bonding, where the exo-
substituent donates electron density back into the carborane cage, is discussed with
particular reference to carboxy, hydroxy and fluoro-carboranes. Hydrogen bonding
interactions within one-cage systems substituted with a heteroaryl functionality, are
also of interest.

Chapter Four will consider the chemistry of multi-carboranyl assemblies,
looking at the syntheses of two and three-carborane cage assemblies. Of particular
interest are the 2,4,6-tri-(carboranyl)-1,3,5-triazine derivatives and their structures and
chemical and thermal stabilities are discussed.

Deboronation reactions of one and three cage carborane containing compounds
are explored in Chapter Five. Deboronation by fluoride ion of one cage hetero-aryl
carboranes are discussed, and cage fluorination observed in several instances. The
degradation reactions of the 2,4,6-tri-(carboranyl)-1,3,5-triazine derivatives discussed

in Chapter Four are also of interest in this chapter.
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Chapter Two : Synthetic Strategies

2.1 INTRODUCTION

Although there are many carboranes, only the chemistry of icosahedral
dicarbadodecaboranes, ortho-, meta- and para-CoBioH12, and their deboronated
anionic fragments, dicarbaundecaborane, Cy>BoH 112", are discussed in this thesis. This

chapter deals primarily with closo-monocarboranyl derivatives; compounds containing
two or more cages will be discussed in Chapter Four and nido systems in Chapter Five.
The chemistry of icosahedral carboranes has been extensively developed and an

overview of this will be given in the initial part of this chapter. The main focus of the

experimental work will be on systems capable of exo-m bonding to the carborane cage,
namely hydroxide, carboxylic acid and fluorine derivatives. Pyridyl and thiophenyl
derivatives are also of interest as systems which exhibit intra- and inter-molecular

hydrogen bonding. A novel route to sulfonylated carboranes has also been devised.

2.2 CARBORANE DERIVATISATION - AN OVERVIEW
2.2.1 Acetvlenes and Decaborane

Closo icosahedral carboranes are formed from the reaction of the nido species

decaborane, BjgpHj4 with a suitably derivatised acetylene.!:2 The most simple

carborane, ortho-carborane is produced in high yield when the decaborane adduct,
BioH 1oLy (where L represents a Lewis base and is generally either CH3CN, (CH3);S or
(CH3):N.CgHs), 1s reacted with acetylene gas, yielding closo-l,2-

dicarbadodecaborane(12) as a white crystalline solid. Derivatisation of the acetylene

gives easy access to many mono- and di- C-substituted ortho-carboranes.

L

M + RC=CR —>» @/m

N\

scheme 2.1: reaction of decaborane as the arachno adduct B jpH j3L2 and acetylene

From these compounds, often the meta and occasionally the para isomers can
be formed through thermal isomerisation? of the ortho-carboranyl starting material.
There are of course limitations to this strategy in that not all functional groups can be
made to form an acetylene, for example, functionalities containing a hydroxide or a
carboxylic acid group. Equally, the ortho-carboranyl derivative from which we mdy
wish to form the meta- or para- isomer may not be suitably stable to heat and

subsequently degrade when thermal isomerisation is attempted. Alternative synthetic

routes must therefore be employed.
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2.2.2 Derivatisation Through Metallation
) Alkali Metal Derivati

As the hydrogen atoms attached to the carborane cage carbon atoms are acidic?,

they are prone to nucleophilic attack. This property allows the dilithiation of all three

carborane isomers to be achieved readily by means of reagents such as butyl lithium, to

produce air and moisture sensitive salts which can be further reacted with an
appropriate halo-compound to give the required derivative.2:3.6

I"h Ph

. . |
C\ /H 1. n-Bul.1 C\ CH2C02Et

¢’ ii. BrCH,CO,Et @
s ——————————

scheme 2.2: substitution via carborane lithiation

(\

Monolithiation is also achieved with relative ease, however, a degree of

disproportionation, often solvent dependent, i1s observed in many cases due to the

solution equilibrium of the intermediates formed.
L * + by H
H Li H
scheme 2.3: solution equilibrium of lithio-carborane

This method of derivatisation has proven successful in the synthesis of many

compounds which form the subject matter of this thesis. Specific examples and
reaction conditions will be discussed in section 2.2.3.
Other, less widely exploited, metal salts of carboranes include sodium,

potassium and calcium.”.89 These are prepared from the relevant metal amide in liquid
ammonia at low temperature, but given the ease with which lithium salts can be

prepared, these other salts have not been widely developed as precursors to carborane

derivatives.

0) Magnesium and Grignard Reager;
On an equal footing with lithiation is the derivatisation of carboranes through a
Grignard intermediate.>»10 The carboranyl Grignard reagent is formed through reaction

of the carborane with the appropriate alkyl magnesium halide, or by reaction of a
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suitable halocarborane with magnesium metal. Further reaction with a suitably chosen

reagent yields the required product.

BiH,C B:MgH,C o CH,COH
CH, @ ¢ CH
CH13 _hdg 3 ﬁLli3CY* 3
» —reee Y

scheme 2.4: carborane derivatisation through a Grignard intermediate

As with lithiation, the metallated intermediate of the parent carboranes,

C;B1oH12, may disproportionate giving mono-, di- and unsubstituted carboranyl
products. With Grignard reagents, however, there is an added complication in that they

can rearrange and often mixtures of products are observed.!!

I\,/IgBr l\I/IgBr Ii{
H THF C\C/MgBr Co H
— & &
l\lflgCl (linMgCl
M CH H
g C 3 . C C/

Ether @
40-60% 12-28%

scheme 2.5: solution equilibria of carboranyl Grignard reagents.
Top: disproportionation, bottom: rearrangement

The balance of this equilibrium is solvent and halide dependent. The varying
electronegativities of the respective halides lead to differences in acidity of the cage
proton explaining why chloride derivatives rearrange to a greater extent than bromide

derivatives.

¢) Copper and Palladium

If the prospective substituent is incompatible with the lithiated carborane
intermediate, substitution can be effected via a copper coupling reaction using
copper(l).12:13,14 This method is commonly used to obtain mono and diaryl substituted

meta- and para-carboranes and monoarylated ortho-carboranes which are otherwise

unavailable by means of lithiation or thermal isomerisation, or whose yields are low by

these means.
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Literature published on this method of coupling varies between research groups.

Some claim that palladium is required for a successful carborane-aryl coupling
reaction!5, however, work within this research group has led to continued success with

the use of copper(I) chloride and pyridine to effect the coupling in both aryl and

heteroaryl substitution reactions. For example:

1. BuLi

i1.CuCl/py CeHsl
HC@CH —>» HC CCu ——» HC C—Q

scheme 2.6: carborane substitution through a copper intermediate

As with other carborane metallations, some disproportionation is observed, and

often the disubstituted carborane is 1solated as a minor product.

i

arborane Deri

2.3 Svnthesis Of Particular One-Cage Closo-

a) Hydroxides and Ketones
We were interested in synthesising hydroxy carboranes, RCB1gH19COH, and

their oxy anions, IiCBloHloCO', in order to look for exo-n bonding effects in this type
of system. Deprotonation of the hydroxide functionality, discussed in part c), leaves an
electron pair on the oxygen, which can delocalise back into the cage system, causing
the cage C-C bond to lengthen and the C-O bond exo to the cage to shorten significantly
and to gain m-character in the ortho-carboranyl system!¢ (scheme 2.7). A study of the

parent compounds is obviously required to highlight the effect of exo-m bonding.

scheme 2.7: back donation of electron density in deprotonated hyroxy carboranes

Hydroxy-carboranes cannot be synthesised directly from the reaction of
decaborane and acetylenic hydroxide due to the extended delocalisation in the
acetylene, but one possible method for their preparation is to pass molecular oxygen or
dry air over the lithio carborane salt, which once acidified will yield the appropriate
hydroxycarborane.!? Yields by this method are in the range 30-40%. An alternative

method is to use peroxides!$, in the ratio carborane:peroxide 2:1, where the hydroxy
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carborane can be achieved in up to 50% yield. This yield cannot be increased as the

peroxide splits, one half generating the relevant ketone, the other the hydroxide.

+ 0-0

Q—C@ Ll\_/ 00

scheme 2.8: mechanism of the reaction between lithio-carborane and benzoyl peroxide

An alternative route to carboranyl ketones, RCB1oH19CCOR, is via carboxylic
acid chlorides.!® Through reaction of lithiocarborane and the chloride of the

appropriate carboxylic acid, a range of carboranyl ketones can be synthesised with

relative ease.

Il’h Ph

C

R
-~ Co __Cw
@’L‘ + RCOCl ——3 @ R

scheme 2.9: formation of a carboranyl ketone

’ Organic chemists have also looked to carboranes as protecting groups in the
syntheses of aldehydes and ketones.2? Protecting groups that have been employed in

the synthesis of such compounds include acetals and ketals, however these are of
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limited use as they are easily cleaved by acid hydrolysis and Lewis acid co-ordination -

conditions in which carboranes are, conversely, very stable. The carborane can be

removed by the action of base which leaves the desired aldehyde or ketone intact.

0O
| C
| R/ C\ R2

KOH/THF.H,0

scheme 2.10: carboranyl protection of a ketone

arboxylic Acid
The family of carboranyl carboxylic acids, RCB10H10CCO3H, were of interest
to us, again as subjects for the study of exo-m bonding effects in éarboranyl compounds.
Upon deprotonation of the acid, an extra pair of electrons from the exo-functionality
becomes available to the cage system (scheme 2.11). The carborane cage has the
ability to attract electron density away from the carboxylate carbon atom, creating a

pseudo CO32- system. The synthesis of the parent carboxylic acids gives an in-road to

such systems which should mimic the carbonate anion and create an exo-m bond

between the carbonyl and cage carbon atoms.

scheme 2.11: the proposed similarity between the carborane cage and the O anion

Like their hydroxy analogues, carboranyl-carboxylic acids cannot be
synthesised from an acetylene, however, their synthesis is straightforward and high
yielding if the lithio-carborane is taken as the reaction intermediate.2! In several
literature examples solid carbon dioxide is poured directly into the reaction ves-sel, but
the use of dried gaseous CO3 gives higher yields, as any moisture present will
hydrolyse the lithiocarborane. Carboxylic acid derivatives can be synthesised from

carboranyl-Grignard intermediates but the reaction is less efficient, requiring longer

reaction times, and a higher gas pressure.22
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scheme 2.12: formation of a carboranyl carboxylic acid

Carboxylic acid derivatives can also be made indirectly, for example by
hydrolysis of an acid chloride, or by oxidation of a hydroxide if there is a funtionality

between the carborane and the carboxylic acid group.23

Deprotonation of Hvdroxide and Carboxvlic Acid Derivati

The purpose of synthesising carboranyl hydroxide and carboxylic acid
derivatives was to examine the effect of the exo-substitutent on electron density and

distribution within the closo cage structure as outlined in the preceeding section. By

deprotonating the hydroxide compounds, an electron rich O- substituent is generated,

and for comparison, a CO3- functionality when the carboxylic acid derivative is

deprotonated. As the protons of the hydroxides and carboxylic acids are suitably

acidic, their deprotonation is achieved readily by the action of an appropriate base.
Studies of this sort have been conducted in the past on hydroxides, thiols and amine

substituents16,24.25 - we aim to extend the study to carboxylic acids.

scheme 2.13: formation of an exo-1 bond through deprotonation of a carboranyl
substituent. X=0, S, NR, CO>
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|
e
AI111E10 -
-~

CC

HyC Ne N CH;
H3C CH3

Proton Sponge -

figure 2.1: proton sponge

Proton sponge, like other 1,8-diaminonaphthalene derivatives, is an extremely
strong protic base (pK; = 12.34)26 and can efficiently deprotonate carboranyl
hydroxide and carboxylic acid derivatives (e.g. pKa(PhCB1oH10COH) = 5.25,
pK.(PhCB1oH10CCO2H) = 3.2). Adding to its basicity and its deprotonation ability is
its strained ring configuration.2’ The lone pairs on the pendant dimethylamino groups
of the naphthalene ring system cause the naphthalene to adopt an unfavoured, non-

planar configuration. When a proton is "captured” by the nitrogen lone pairs of the

is relieved, and the naphthalene group becomes planar.28 In doing this, the acidic

proton is drawn away from the O- or COz" entity and electron density on the substituent
becomes localised.

Past studies!6é on the deprotonation of hydroxy-carboranes have shown this
particular naphthalene derivative to be the most effective, causing the greatest shift in
the infrared spectrum between the pafent hydroxide and the prepared hydroxy salt.
Other amine bases such as tﬁmethylamiﬁe, triethylamine, TMEDA and pyridine also
give the deprotonated product29:30 but the effect is less dramatic, in that hydrogen

bonding persists to the oxygen atom which is therefore not completely deprotonated.

ny :
Aqueous ammonia has been reported to efficiently remove the acidic proton
from carboranyl hydroxides.!8 There are, however, conflicts of opinion which claim

this same procedure causes degradation of this, and other systems, to the

dicabaundecaborate anion3!, and not deprotonation.

1ii) Metallation
Many metal salts of carboranyl hydroxides and carboxylic acids32 are known

and are in fact intermediates in the formation of such carboranyl derivatives. Obviously
the metal salt of such a derivative influences the electron density on the O- or COz"

substituent, however, the relationship between the two ions is electrostatic and there is
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still a degree of interaction between the species. The effect of deprotonation

subsequently appears less than with amine bases, in particular proton sponge, where the

acidic proton is held at a considerable distance from the exo- substituent.

l ati a n
There are various methods by which a halogen atom can be substituted onto a
carboranyl cage atom, attaching itself to either a boron or to a carbon. As the scope of
this thesis is the dicarbadodecaboranyl system, let us consider the halogenation of the

ortho, meta, and para-carboranes, in particular, substitution of a halogen at the carbon
sites.

As in strictly organic systems, fluorination is also a special case for carboranes,
and subsequently will be treated separately. When the halogen concerned is either
chlorine, bromine or iodine, the same general procedures and conditions apply to each

and these will be considered together.

) Fluorinati

Interest in synthesising carboranyl fluorides arose as the fluorine atom is
1soelectronic with‘ the O- ion and the OH group, and if prepared, these subjects for
comparison of exo-m bonding effects become available.

There are numerous examples of cage boron atom fluorination occurring in
icosahedral carboranes, effected by a variety of means. The first reported example is by
Russian workers33, who employed HF to convert a diazotised cage boron to a BF
functionality.:

R R

|
C. R NaNO, R

l .
Ca v HF
HF, -10C |
NH, NN*

scheme 2.14: fluorination of cage boron atoms

Similarly harsh conditions, where antimony pentafluoride acts as the
fluorinating agent have been used to effectively synthesise BF connectivities in
uncharged closo ortho- and meta-carboranes.3* In charged species, namely CBj1H12"
and BjgH102- and substituted derivatives thereof, other reagents have been used such as
BF3.0Et335, liquid anhydrous hydrogen fluoride (LAHF)36, and the N-F reagent, 1-
(chloromethyl)-4-fluoro-1,4-diazoniabicyclo-[2.2.2]-octane-bis-(tetrafluoroborate) (F-
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TEDA)37, Fluorination at boron has also been achieved by insertion of BF into a nido

cage residue.38

H -

(lj 1 i, 2 n-BuLi

scheme 2.15: formation of fluorinated carboranes through insertion reactions

B-F bond formation in nido-RR'-C2BgH|g systems, occurring during the use of
fluoride ion to effect deboronation, will be discussed separately in Chapter Five.

Cage fluorination on boron has also been observed in smaller carboranes e.g. -
closo-2,4-CoBsH73%:40.41  where fluoride ion displaces previously substituted higher
halogens. It is proposed that any attacking halogen smaller than that alreaﬂy substituted

on the carborane will replace the original halogen, for example:

scheme 2.16: cage fluorination of small carboranes by fluoride ion

None of the above methodologies have been employed in the synthesis of C-F
functionalised icosahedral carboranes, and to date only one paper has been published on
carboranyl carbon fluorination, highlighting the fluorination of the cage system of the
ortho, meta and para-C2B1oH|2 icosahedra.42 The fluorination of carboranyl carbons
was reported for the meta-carboranyl isomer. 1,7-difluoro-meta-carborane was
synthesised using perchloryl fluoride as the fluorinating agent, however, no structural
or NMR spectroscopic data were presented. When fluorination of the ortho- isomer
was attempted using this reagent, the reaction mixture exploded. No data were given
for the para- system. In this previous study, it was also found that the use of elemental

fluorine fluorinated only the cage boron atoms, leaving the carbons unreacted.
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0
HCB CH + 10CIF —» " HCB,.Cl,«CH*+ 10 HF
} 10t 10 HF. 0C p} 10C10

T 3 O

4, ClF; 0 v,

m» HCB 10H10CH —» mr>HCB lOCleIO-xCH +m HCB|0FCleg_xCH

p HF,0C p p
x=1-6

0 4,
m}HCBlonCH + 10 Fz Y m}HCBloFl()CH + 10 HF

p HF,0C p
. . 2CIO4F 10 F,
m-L1CB10H10CL1 e o m-FCBlonCF —+m-FCB,0F10CF
- 2LiClO; - 10 HF

scheme 2.17: fluorination reactions of ortho, meta and para-carboranes

It is interesting to note the differences in the reaction between ortho-carborane

and elemental fluorine, where decafluoro-ortho-carborane is the dominant product and
no selectivity is observed, and the insertion reaction of BF3 into the nido-Li2C2BoH 11

where the 3-F isomer is produced exclusively. A degree of selectivity is also available

through other fluorination agents mentioned earlier.

1lorination, Bromination and Iodinatior
There are various methods by which a Cl, Br or I moiety can be introduced on

to the cage carbon atoms. The starting point is generally either the lithio or Grignard
derivative of the appropriate carborane. Each method has its relative merits for each

1somer.

Generally, chlorination is achieved by the action of elemental chlorine or CCly
on the lithio- or halomagnesio-carborane.43.44,:4546 For example:

p-RCB lOH lOCLi + XZ T P‘RCB 1 OH 10CX + LiX

X= Cl, Br,l;R= H, CH3

scheme 2.18: reaction of lithio-carborane with elemental halogen

Problems are sometimes encountered in chlorination reactions.44.47.48
Halogenation of both cage carbon and boron atoms is sometimes observed, and if the

starting Grignard has X=Br or I, often brominated or iodinated products are isolated.

-26-



Chapter Two : Synthetic Strategies

For example,
Clz or CCl4
o-HCBleoCMgBr e O'CICBloHl()CCl + O*HCB][)HQCICCI
THEF + C6H6
Cl,
o (m)-RCB,oH;(CMgX ———> 0 (m)-RCB;jH,CX + o (m)-RCB, H;,CCl
THF
X =Br, I ~95% ~ 3% '

scheme 2.19: side reactions encountered in chlorination reactions using elemental
chlorine

As a preferred alternative to elemental chlorine, sulfuryl chloride, sulfur
sesquichloride and p-tolyl-sulfonyl chloride can effect chlorination.#* In the first two
instances, both B and C positions are attacked by the chlorine, however the use of p-

tolyl-sulfonyl chloride leads uniquely to C substituted carboranes.

O
4, -RCB]()HmCMgBl' + H3C'@— %"‘ Cl —>» o -RCBI()HloCCl

o THF
R = H, CH,

scheme 2.20: chlorination of para-carborane with p-tolyl-sulfonyl chloride

Bromination of the Grignard derivative is effected by the use of elemental

bromine. This gives yields of ¢.40% for ortho-carborane44 and the bromo-carborane

derivatives are more efficiently prepared from the lithio-carborane derivatives.

Iodination of ortho-carborane is facile, both from lithio- and Grignard

carboranes, giving a good yield of product from the reaction with I1C1.44

o-BrMgCBH,,CMgBr o -LiCB,H,,CLi

ICI ICI
CeHp
O 'ICB IOH lOCI

scheme 2.21: iodination of carborane derivatives

Iodination of meta-carborane works best with lithio-carborane and ICl, as the

Grignard starting material gives chlorinated products with this reagent. The chlorinated

products are more readily available from the reaction of elemental chlorine on the meta-

carborany! Grignard.
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Sulfonvlation of Carborane

il

Sulfur moieties can be attached with relative ease to a carboranyl carbon atom
through reactions4? such as

H'I'
RCBlonCNa + § —7P RCBloH“)CSH

NaSCB,(H;,CSNa + 2CH;l ——3= CH;3SCB,oH,(CSCH;

scheme 2.22: synthesis of carboranyl sulfides

The introduction of a sulfur-oxygen moiety however, be it a sulfoxide, a sulfone
or a sulfinic acid function has always been achieved through the oxidation of the
appropriate sulfide, by oxidants such as hydrogen peroxide*?, p-nitroperbenzoic acid>,

sodium hypochlorite3! and peracetic acid’?; no SO functionality reported has been

immediately incorporated into the carborane cage. For example:

m-RCBloHIOCSCH3 + H202 Y o m-RCB10H10CSOZCH3
R=H, CH3

0
p-PhSCBH,,CSPh + 02NO<0 = p-PhSCBoH|(CSO;Ph

Cly

m-HSCBoH;(CSH ——» m-CISCB,H,,CSCI
CCl,
NaOCl
H,0, CCl,
2AICl,
m-HO3SCB10H10CSO3H - —— m-C1028CB10H|0CSOZCl
. H*

scheme 2.23: indirect synthesis of sulfonylated carboranes

There is only one exception to date, and that is sulfonylation through reaction of
lithio-carborane with sulfur dioxide, followed by hydrolysis.4?

i. SO,
ii. H,0"

m-RCBwHwCLi N P ?TI'RCBIQI"I]()CSOzH
R=H, CH3

scheme 2.24: direct sulfonylation of carboranes
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2.3 RE TS AND DISCUSSIO
Hydroxide and carboxylic acid derivatives, RCBjgoH 10COH and

RCB10H10CCO,H, were the initial synthetic subjects in the study of exo-w bonding
effects. From this starting point, the synthesis of fluoro-carboranes, RCB10H10CF, was
investigated giviné interesting results. Subsequent synthetic targets were the
sulfonlyated carboranes, RCB1oH10CSO2R, and the development of a one-pot synthesis
for such compounds. Heterocyclic carboranes, (2-thiophenyl)-CBigHi0oCH and (3-
pyridyl)-CB10H10CH, have also been synthesised and illustrate intra- and inter-

molecular hydrogen bonding.

General synthetic information and analytical data are reported in the following
discussion, whilst specific synthetic procedures and analytical data (infrared
spectroscopy, elemental analysis, mass spectroscopy, melting point, multi-nuclear FT-

NMR spectroscopy) are detailed at the end of this chapter.

2.3.1 Startin terial

When evaluating the effect of an exo substituent on the carborane cage, a

reference compound is required. The synthesis of basic carboranes, namely 1-

bromomethyl-, 1-methyl- and 1-phenyl-ortho-carborane, and mono- and di-phenyl
meta- and para-carboranes by standard literature methods detailed earlier, has provided

such reference materials.

2.3.2 Carboranyl Hydroxides and Ketones
Earlier work had illustrated that deprotonation of the hydroxide functionality of

ortho-carboranes gives a short C-O bond and a lengthened cage C-C bond!6, however,
although exo-n bonding is obviously present, the structural determination of the parent

hydroxide had not been carried out. In the current study, 1-phenyl-2-hydroxy-ortho-

carborane has been resynthesised and X-ray quality crystals grown from hexane.

Ph Ph

| g i n-BulLi |

G~ ii.(PhCO,), Ca

scheme 2.25: synthesis of 1-phenyl-2-hydroxy-ortho-carborane

OH

Other hydroxides isolated, following literature preparations are the 1-hydroxy-

meta-carborane and 1-hydroxy-para-carborane. The 1-(benzoyloxy)-para-carborane

was also i1solated from the latter reaction (c.f. scheme 2.8).
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Synthesis of di-hydroxy-ortho-, meta- and para- carboranes was also attempted,
but without success. When substitution of one position is required, using a peroxide,

two products are obtained. With di-substitution the synthesis becomes less clean,

giving a large mixture of similar products.

2.3.3 Carboranyl Carboxylic Acids

The synthesis of carboxylic acids according to literature methods, from reaction

of lithio-carborane and carbon dioxide has been followed for the large part in this study.
The only change made was that the carbon dioxide gas employed, either from a

cylinder, or from the evaporation of solid carbon dioxide, was passed through a P20s
drying column before reaction with the lithio-carborane. 1-phenyl-2-carboxy-ortho-
carborane has been synthesised and structurally characterised, the crystals having been

grown from 40-60° petroleum ether. Other carboxylic acid derivatives synthesised for

this study were 1,7-dicarboxy-meta-carborane, 1-phenyl-12-carboxy-para-carborane

and 1,12-di-carboxy-para-carborane.

Ph - L Ph
i. n-BuLi (l:\ CO,H

. H
O il. C02
_———-——-—*
@ ii. Hy0" @/

scheme 2.26: synthesis of 1-phenyl-2-carboxy-ortho-carborane

arboxvlic acic

2.3.4 Deprotonation of hvdroxides and

The earlier study of exo- bonding in hydroxy-carboranes has been extended

here to the carboxylic acid functionality for the reasons described in the earlier text.

Various methods of deprotonation were employed.

a) Proton Sponge

This amine base was found to be the most successful deprotonating agent for the
hydroxy carboranes.!6 It is also successful in removing the proton from the carboxylic
acid functionality, allowing some electron density of the CO3" to be delocalised into the
cage system (see Chapter Three). As well as 1-phenyl-2-carboxy-ortho-carborane, 1,7-
dicarboxy-meta- and 1,12-dicarboxy-para-carborane have been deprotonated.using this
base. |
b) Ammonia

Early workers claimed that aqueous ammonia could remove an acidic proton

from a carboranyl hydroxide, whilst later work suggested that this in fact led to cage
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degradation. Attempted deprotonation of 1-phenyl-2-carboxy-ortho-carborane with
aqueous ammonia in the current study, resulted in a mixture of deprotonated and
deboronated materials. Given the lack of selectivity of this base, it cannot be

considered an ideal candidate for successful deprotonation and was not used in further

deprotonation reactions.

¢) Metallation

Although metal salts form ionic bonds with carboxylate "ligands”, when
combined with the 18-crown-6 cyclic ether the metal is held further from the CO2-
group. X-ray quality crj}stals have been grown of the deprotonated 1-phenyl-2-
carboxy-ortho-carborane derivative but have proven to be disordered. The 1,7-di-

carboxy-meta-carborane was also deprotonated by this method. The proton was

initially removed by the action of KOH, then 18-crown-6 ether added to form the salt.
Reaction conditions must be controlled to minimise cage deboronation by KOH.

Copper (II) sulfate was used to deprotonate the 1,12-di-carboxy-para-carborane with

the aim of creating a polymeric deprotonated carboxylic acid system.

2.3.5 Fluorination

The discussion in section 2.2.3d) has illustrated that electrophilic fluorinating
agents are capable of causing a degree of boron fluorination in icosahedral carboranes,
however, there have been no instances noted of them leading to carboranyl C-F

halogenated species. In contrast, electrophilic NF reagents, where the fluorine carries a

0* polarisation, have been used successfully to fluorinate wholly organic aromatic

Q O o :Il:*/l N
/

species.>3:4

o"'S:N_F w
O / ClI© N “cl
SSso N |
R
CH,CI
NFBS F-TEDA pyF’

figure 2.2: examples of electrophilic fluorinating agents; N-Fluorobenzenesulfonimide

(NFBS), 1-(chloromethyl)-4-fluoro-1,4-diazoniabicyclo[2.2.2 ]Joctane
bis(tetrafluoroborate) (F-TEDA, or F-TEDA-BF4), and 1-fluoro-2,6-dichloro-

pyridinium tetrafluoroborate (pyF+*).
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In particular, N-Fluorobenzenesulfonimide (NFBS)34, reacts with lithio-

aromatics, effecting fluorination under relatively mild conditions and in reasonable

‘yield. For example,

L1 1.2 eq. NFBS F
_—*
L) s (L
-718C-r.t.
16%
CH; CH,
50 eq., 1 eq. NFBS
neat I F
reflux, 9days Z o:m.p=63:7:28
19%

scheme 2.27: fluorination of aromatic systems by NFBS

Given the relative similarities of the lithio-aromatic and lithio-carboranyl
systems, we decided to examine the possibility of fluorinating a carboranyl carbon, via

the lithio-carborane intermediate, using the reagent NFBS. 1-fluoro-12-
(phenylsulfonyl)-para-carborane and 1-phenyl-2-fluoro-ortho-carborane were
successfully isolated (scheme 2.28), and NMR evidence indicated that this reagent also

C-fluorinated other carborane derivatives, such as methyl-ortho-carborane and phenyl-

meta- and para-carboranes (table 2.1).

1. BuLi
@CH 11 NFBS
24%
1. 2BuLi
H—- C@C—H __).." NEBS F— @C— SO,Ph
4%

scheme 2.28: fluorination of carboranyl systems by NFBS
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»-PhCB1oH0CLi -150.64 -PhCB1oH0CF

n-BuLi - -220.1 (t of t, 1Jyp=48Hz, H3CCH,CH,CH3F
2Jyr=24Hz)

* this peak 1s not observed in the final product

1solated)

1solated)
_PhSO;CB0H 10CF (4%)
_ pPhCBiHiCLi |  -15064

table 2.1: reaction summary of NFBS with lithio-carboranes

I9F NMR spectra showed a sharp singlet in the range -147 to -157ppm for the
carboranyl C-F compounds, values typically seen for C-fluorinated aromatic systems.
I3C{1H} NMR spectra showed the carboranyl fluorinated carbon as a doublet due to
the C-F splitting. Coupling constants of 312.5Hz and 302.5Hz were observed for 1-
phenyl-2-fluoro-ortho-carborane (figure 2.3) and 1-fluoro-12-(phenyl-sulfonyl)-para-
carborane respectively. Some work has 'suggested that the C-F coupling constant is
indicative of bond length.’> If this obtains here, the carboranyl C-F bond would be

short implying a degree of exo-m bonding between the cage carbon and the fluorine.

This idea will be developed in Chapter Three.
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I9F ortho-PhCB1cH10CF -149ppm

htﬂ“ﬁ-ﬂ— e AR L _ _ JLIENENERY __ X __ ___§E__ "~ FEF "~ T N

-ﬂ-mﬁw-ﬂ-—m
180 B A =120 «| 3R R +1u8 (LR R R Ty

figure 2.3a: 19F NMR spectrum of 1-fluoro-2-phenyl-ortho-carborane

'8 ¢ -8 i -3¢ -4 «5f ~68 « 78

I3C{1H} ortho-PhCBgH(CF

| Jep=312.5Hz |

| —L 80.49ppm !

| C-Ph .
Jt\j 110.3ppm 105.3ppm o

T ’
128 ' 20 1% i d 105 e ¥ " i " " "

figure 2.3b: 13C{1H) NMR spectrum of 1-fluoro-2-phenyl-ortho-carborane

Increasing the reaction time, executing the reaction at a variety of temperatures °
and changing the reaction solvent did not augment the yields. However, although the
yields of these fluoro-carboranes were not high, typically less than 25%, the reagents

were safe, relatively easy to handle, and the reaction conditions were mild. Through

NFBS, we have shown that fluorination of the carboranyl carbon atoms can be

achieved, without the need for the specialised equipment required to handle other

fluorinating agents such as HF, F5 and perchloryl fluoride.

The reagent had a drawback however, and this was apparent in the reaction

between dilithio-ortho-carborane and NFBS. The stability of the fluoro-carborane
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compounds was unknown, although the two isolated products named above appeared
stable to air and moisture. It is known that the decafluoro-ortho- and meta-carboranes
hydrolyse with cage degradation, in the presence of water or moist air, the meta-being
the more stable and consequently taking longer to degrade. Ultimately both degrade to
boric acid. The para-carborane derivative, p-Ca2H2B1oF10 is stable to moisture,
although refluxing with water in acetonitrile solution again results in complete
degradation to boric acid.4? In other C-halogenated system, generally C-halogenated
carboranes are stable in the order para > meta > ortho, with the order of halogen
stability being I>Br>Cl.44,45 If this sequence were to continue, obviously the
fluorinated derivatives would be the most labile, although this appeared to be disproven
by the apparent stability of the above mentioned C-F carboranes.

In the reaction between dilithio-ortho-carborane and NFBS, the C,BoHj2 cage -
was degraded ultimately to boric acid (c f. table 2.1), although initially some degree of
fluorination did occur. Following the above stability scheme and given that fluoride ion
is known to cause degradation in icosahedral cages (see Chapter Five), decomposition

of difluoro-ortho-carborane ultimately to boric acid is a likely result,

F
Li |

C c. .F
E; ;\ CLi NFBS ~

C —— > B(OH),
scheme 2.29: reaction between NFBS and di-lithio-ortho-carborane

Another drawback of NFBS was the production of sulfonylaied side products.
The serendipitous product, 1-phenyl-12-(phenylsulfonyl)-para-carborane (scheme
2.28), obtained from the reaction of dilithiopara-carborane with NFBS, showed that
perhaps this was not the ideal electrophilic fluorinating agent for carboranes. In the
unisolated reaction products of a variety of lithio-carboranes with NFBS, infrared
spectroscopic bands in the range 1350 -1440cm-! indicated the presence of the S=0
functionality. This led us to consider other electrophilic fluorinationg agents and pyF*
as its tetrafluoroborate salt, was chosen as it seemed unlikely to lead to a variety of
substitution products on the carborane.

The reaction between di-lithio-ortho-carborane and pyF* was followed by 1°F
NMR spectroscopy and the formation of a variety of peaks in the aromatic C-F region
noted, the same region in which we would observe carboranyl C-F species.

There was obviously a degree of fluorination occurring, perhaps the formation

of mono- and di-fluoro-ortho-carboranes. However, with this particular NF reagent
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there was a side reaction which interfered with and in fact appeared to dominate the

desired reaction pathway, and that was the migration of the F* to a ring position.

(PhSO,),NF + n-BuLi —— CH,CH,CH,CH,F + (PhSO,),NLi

F
Z N
. | + n-BuLi —> - | +LiBF,

Cl 1\{* Cl Cl N
F BF;

scheme 2.30: control reactions of NF reagents with butyl lithium

In the syntheses discussed earlier, as a control reaction for the identification of

side products, NFBS was reacted with Li* (in the form of BuLi). The product was
found to be 1-fluorobutane, evident as a triplet of triplets at -22bppm in the 1F NMR

spectrum. This chemical shift was not observed in any reaction between a lithio-

carborane and NFBS, indicating that the fluorine of NFBS formed the fluoro-carborane
and not lithium fluoride. However, where the NF reagent was pyF*, there was a

problem in that pyF* rearranged in the presence of Li* (from BuLi) to give a strong
fluorine signal at -157ppm indicating the fluorine had migrated to a carbon ring
position.

This same signal was observed in reactions between dilithio-ortho-carborane
and pyF* (8(1°F) = -157ppm), and lithiated phenyl-ortho-carborane and pyF*(8(19F) =
-158ppm). At this stage it was unclear whether the carborane was being fluorinated or
if the pyF* was simply rearranging. However, on working up the reaction of phenyl
ortho-carborane and pyF*, the major product was found to be 1-phenyl-ortho-
carborane. Obviously ring substitution of the pyridyl group was taking place, and any
carboranyl C-F substitution was a minor side reaction.

Of the two NF reagents tried, NFBS proved to be the more successful at
effecting cage carbon fluorination, although it did lead to a degree of sulfonylated side-
products. In order to evaluate the electronic effects the fluorine and sulfonyl entities

independently exert on the carborane cage, the synthesis of sulfonylated carboranes was

investigated.
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2.3.6 Sulfonylation

On investigation of the reaction between lithio-carboranes and the sulfonyl
halides, RSO»Cl and RSOsF, we discovered that, most probably as a result of the

differing electronegativities of the respective halogens, we could achieve either

- chlorination (with PhSO»C)) or sulfonylation (with PhSO2F) of the carboranyl carbon

atoms using these reagents. On reaction of lithio-carborane with benzene sulfonyl
chloride, the sulfonylated carboranyl product was anticipated. However, only the

chlorinated product was formed. Reviewing earlier work#4, a similar observation had
been made where p-tolyl-sulfonyl chloride led to C-chlorinated carboranes. The

reaction worked well for para-carboranyl isomers but unfortunately, was not so

successful for ortho and meta derivatives.

i. BuLi

ii. PhSO,CI
H—C —H —— 225 H-cK[ c-cl

48 %

scheme 2.31: reaction of lithio-carboranes with benzene sulfonyl chloride

Following on from this result, benzenesulfonyl fluoride would be expected to be
the ideal reagent to1 effect fluorination, and so improve drastically the efficiency with
which fluorinated carboranes could be produced. However, as has been noted for the
reaction of aryl sulfonyl fluorides with metallo-aryl species,’® no fluorination was
observed and sulfonylated carborane was the unique 'product. This result led to the
development of a simple one-pot method involving safe, readily available reagents
which avoided the use of the more hazardous oxidising agents and forcing conditions
which have been used previously (section 2.2.5).

In the example of para-carborane, monolithiated with BuLi, only disulfonylated
carborane was produced - no mono substituted carborane was found, and unreacted

carborane was recovered by sublimation .

1. BuLi

1i. PhSO,F
H— C@C— H ————23 PhO,S— C@C— SO,Ph

90%

scheme 2.32: reaction of lithio-carborane and benzene sulfonyl fluoride

Similar results have been observed in wholly aromatic systems.56:57 In these

systems direct sulfonylation methods are again rare, however this disulfonylation effect
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with arenesulfonyi fluorides has been found in reactions involving alkyl organometallic

reagents possessing an o.-proton.

0 Sy
I /0

R2CH2M + Af—ﬁ-F

E O &S‘Ar
E O
§ . ArSO,F
Y :
ﬁ) R,CHM I? S,
Ar—S- CHR2 """"""""""""" > Af"ﬁ" CRZ
0, O

scheme 2.33: mechanism of disulfonylation of alkyl groups with aryl sulfonyl fluoride

This mechanism is easily transferred to the para-carboranyl system, and also

supports the argument of disulfonylation in ortho-carboranes being prevented by steric

hindrance.

y B | o
o H C@Ch (")
N - bl
O O

scheme 2.34: mechanism of di-sulfonylation of para-carborane with benzene sulfonyl

fluoride

Where the second carbon was previously substituted, mono-sulfonylated
products were obtained. Apart from examples in which the second carbon was
protected with a silyl group, where the silyl functionality was cleaved by F- and left the
carborane unreacted, this reagent worked well for all three carborane isomers, in yields
of 33%, 72% and 97% for the mono-phenyl-ortho, meta and para-isomers respectively.
The yield of the ortho-isomer may have been hampered as a result of the bulky -SO,Ph
group attacking the already sterically hindered C(2) position of the 1-phenyl-ortho-

carborane.
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Fh 1. n-BuLi IIJh

S

scheme 2.35: sulfonylation of substituted carboranes

roduct

0-HCB10H10CSO,Ph
0-PhCB 10H10CSO2Ph
m-PhCB10H10CSO2Ph

27%
33%
72%
90%
90%

n-PhSO2CB10H10CSO,Ph
p-PhSO2CB10H10CSO,Ph
n-PhCB 10H10CSO,Ph 97 %
»-HCB 10H 10CH 100%

table 2.2: reaction summary of benzene sulfonyl fluoride with lithio-carboranes

The carborane substitution reaction is analogous to the reaction between a
metallated aryl ring, (where there 1s no possible second metallation position), and ary!

sulfony! fluoride where no disulfonylated products are observed.37

O O

] ]
ArM + Ar—-lSI-—F — Ar'—lsl-—Ar'

O O

scheme 2.36: sulfonylation of an aryl ring with arylsulfonyl fluoride

Previous work in the field of polymer chemistry has investigated, amongst '
others, poly-(arylene sulfones)>8 and poly-(arylene ether sulfones)39, aromatic systems
which contain SO, linkages. Carboranes themselves have been studied within the
context of polymer chemistry and found to produce durable, high strength, high quality
materials. With this simple synthesis of sulfonylated carboranes, there is no obvious

reason why functionality cannot be incorporated into the aryl ring of the arylsulfonyl
fluoride to give further derivatisation options, including perhaps a system suitable for

polymerisation (scheme 2.37).
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 Ar(OM), + ArX; —— [Ar-0-Ar-O] + 2MX

where Ar=e.g. HOO' S‘Q‘ OH M=alkali metal
X=halogen
Ar'=e. g. Bl“@‘ S— C@C" S-Q-

scheme 2.37: possible monomers for polymensanon of sulfonylated carboranes

following the given reaction scheme

2.3.7 Arvl and Heteroarvl Carboranes
a) ortho-carboranes

Mono-aryl-ortho-carboranes can be prepared from the aryl-alkyne derivative

and decaborane, or from the carboranyl copper derivative and aryl iodide or bromide as
described in section 2.2.2. For specific cases, certain routes are preferred depending on
the ease with which the relevant acetylene can be prepared. Where we wish to
substitute an aryl or heteroaryl functionality onto both carbons, there is the factor of

steric bulk to consider. For example, di-(phenyl)-ortho-carborane is preferentially

prepared from 1,2-di-(phenyl)-acetylene.

M + PhC=CPh —>» 7N\

A\

scheme 2.38: synthesis of 1,2-di-(phenyl)-ortho-carborane

As in many examples of organic chemistry, heterocycles show subtle

differences in chemical reactivity. In the known reaction of 2-bromo-pyridine with
ortho-carborane via the copper coupling reaction!3, di-(2'-pyridyl)-ortho-carborane is
the unique product, possibly as a result of intramolecular hydrogen bonding causing
activation of the second carboranyl carbon position. To further examine hydrogen
bonding effects in heteroaryl-carboranes, the syntheses of 3'-pyridyl and 2'-thiophenyl-
ortho-carboranes were carried out.

The reaction of 3-bromopyridyl and cuprocarborane was found to give only
mono-substituted product irrespective of reactant quantities. Crystallograpilic data on
crystals grown from ethanol/water showed this pyridyl derivative to exhibit inter-
molecular hydrogen bonding. Unlike the 2'-pyridyl analogue, there was no intra-

molecular hydrogen bonding effect and the carborane remained mono-substituted as the
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pyridine ring was sufficiently bulky to hinder disubstitution. If the di-3'-pyridyl system

were required, the acetylene would need to be prepared then reacted with decaborane.%0

i | :l: Z |
1. Buli N N\.‘ N N N
ii. CuCl/py . g P

iii. 2-BrPy
1
O C/H
& Q)
1. BUL\ N
1i. CuCl/py H

1i1. 3-BrPy

scheme é.39: syntheses of 2'- and 3'-pyridyl ortho-carboranes

Reaction of lithio-ortho-carborane with 2-iodo-thiophene gave mono-thiophenyl
ortho-carborane®! as the unique product. Crystallisation from chloroform yielded X-

ray quality crystals which although disordered, showed some intramolecular hydrogen
bonding to be present. Infrared spectroscopy conversely showed intermolecular
hydrogen bonding to be present. (This will be discussed further in Chapter Three.)
This hydrogen bonding interaction between the ring sulfur and the carboranyl proton
might have been expected to give di-substituted product as in the 2'-pyridyl example,
however, sulfur is considerably larger than nitrogen so the second carboranyl carbon is

quite heavily protécted from substitution by the sheer bulk of the thiophenyl ring.

H i. Buli

T
SC\; od 1. CuCl/py
e ————

il [ I
SN

scheme 2.40: synthesis of thiophenyl ortho-carboranes

ta-
To form the meta-carboranyl analogues of the above compounds, the synthetic

strategy was to go via the carboranyl copper intermediate. To form the mono-

substituted derivatives, the reaction was straightforward and high yielding, however,
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' Chapter Two : Synthetic Strategies
when the appropriate quantities to form the di-substituted derivatives were reacted,
mono-arylated carborane was the predominant product, with the desired di-arylated
carborane only being obtained in low yield.

The reaction of lithio-meta-carborane with 3-bromopyridine in the presence of
- Cu(I) and pyridine gave mono-substituted product in 54% yield with only a trace
amount of di-substituted product being recovered. The same was true of the reaction
between 2-iodo-thiophene and meta-carborane where 1-(2'-thiophenyl)-meta-carborane

was the major product.

Why this should be is unclear, although there may a problem in that the copper

forms a stable or insoluble complex with the mono-pyridyl or mono-thiophenyl meta-

carborane which hinders reaction at the second carbon position.

2.4 EXPERIMENTAL DETAIL)

-Bromomethvl-ortho-carboraneé?
Ber(E

@o’

1-bromomethyl-ortho-carborane was prepared according to literature methods

H

from the reaction of decaborane (23.92g, 0.2mmol) with propargyl bromide (15mL,
0.23mol). The crude product was isolated as a yellow oil which distilled (83.5 - 86°C,
0.01mm Hg) to give a clear liquid distillate which solidified to a white crystalline solid
on standing (37.5g).

Yield : 718% [R: 3065 m (carboranyl C-H); 3032 m; 2979 m; 2840 w; 2617 br. s
(carboranyl B-H); 1849 w, 1426 s; 1249 s; 1185 s; 1122 s; 1060 s; 1015 s; 1002 s; 972
w; 935 m; 914 s; 882 s; 820 5; 782 m; 761 w; 721 s; 682 s; 665 s; 633 5: 595 wW: 556 m;
500 m; 450 m cm-! m/A(EI*): 472 (dimer); 392; 237 (C3B1oH3Br) Elemental analysis
(C3B1oH13Br): C 15.27% (15.19%), H 5.50% (5.53%), Br 33.74% (33.70%) m.p.:
33.3°C

NMR (CDCl3)/ppm: !H: 4.01(1H, br. s, carboranyl C-H), 3.97(2H, s, methyl C-H), 3.6-
1.1(10H, br., carboranyl B-H); 13C{1H}: 71.63 (carboranyl C-CH,Br), 61.65
(carboranyl C-H), 32.92 (CH»Br)
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1-methyl-ortho-carborane®?

Ir--

H3C

|
H
Ry

1-methyl-ortho-carborane was prepared according to literature methods from

the reaction of 1-bromomethyl-ortho-carborane (25.26g, 0.11mol) with magnesium

filings (3.1g, 0.13mol, 20% excess) and subsequent hydrolysis of the resulting
Grignard. (A few drops of dibromoethane were added to help initiation of the Grignard

reaction). The crude product was recrystallised from methanol (gave a sticky white

solid), then sublimed under dynamic vacuum giving the desired product as a white

crystalline solid (7.81g).

Yield : 45% IR : 3061 s (carboranyl C-H); 2999 w; 2944 s (methyl CH3); 2871 s; 2635
br.,s (carboranyl B-H); 1851 m; 1444 s; 1389 s; 1261 w; 1228 m; 1131 s; 1095 s; 1081
s: 1033 s; 1015 s; 996 s; 974 m; 934 m; 915 m; 901 m; 881 m; 785 s; 768 m; 720 s; 675
m: 655 m: 591 w; 495 m; 459 w cm-! m/z(EI*): 316 ((CH3C2B10H10)2); 158
(C3B10H14) |
NMR (CDCl3)/ppm: 1H: 3.57 (1H, br. s, carboranyl CH), 2.02 (3H, s, methyl CH), 3.5-
0.8 (10H, br., carboranyl BH)

1-phenyl-ortho-carborane!

1-phenyl-ortho-carborane was prepared according to literature methods from the
reaction of decaborane dimethylsulfide (24.9g, 0.1mol) with phenyl acetylene (11.5mL,
0.1mol). The crude product was distilled under dynamic vacuum (0.01lmm Hg, 92-
08°C) giving a white solid residue which was recrystallised from acetic acid, then

sublimed under dynamic vacuum (75°C) to give a white crystalline solid (14.87g).

Yield : 68% [R : 3110 w (phenyl CH); 3082 s (carboranyl CH); 3038 m (phenyl CH);
2642 m, 2605 s, 2565 s (carboranyl BH); 1581 w; 1494 s; 1473 w; 1446 s; 1337 w;
1160 m; 1067 s; 1037 m; 1017 m; 1001 s; 913 w; 874 w; 799 m; 749 m: 734 m; 724 m,
685 s; 667 m; 601 w; 561 m; 487 m cm-! m/z (EI*): 220 (CgByoH16) Elemental
analysis (CgB1oHi¢): C43.48% (43.61%), H 7.46% (7.32%) m.p.: 68.4°C
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NMR (CDCl3)/ppm: 1H: 7.51, 7.47, 7.36 (SH, m, phenyl CH); 3.97 (1H, br. s,
carboranyl CH); 4.0-1.0 (10H, br., carboranyl BH); 13C{lH}: 130.6, 129.5, 128.2
(phenyl CH), 60.86 (carboranyl CH)

eta-carborane!?
H. @C/@ ©\ @:/@

Meta-carborane (2.86g, 20mmol) was dissolved in DME (100mL) monolithiated
with a solution of n-BuLi (2.38M in hexanes, 8.6mL, 20mmol) and left to equilibrate at

1-phenvl-meta-carborane and 1,7-di-phenyl-

room temperature under N2 for 20 minutes. Against a flow of N2, CuCl (1.98g,
20mmol) was added then pyridine (14mL) and the resulting cloudy brown solution
refluxed for 30 minutes. Iodobenzene (2.5mL, 22mmol) was added and the solution
left to reflux for a further 48 hours. The refluxing solution was cooled to room
temperature, and stirred with diethyl ether (150mL) at room temperature for several
hours to destroy the copper-pyridine complex. The solution was filtered and the filtrate

transferred to a sep.arating funnel, washed with 2M HCI (2 x 75mL), then with distilled
water (2 x 75mL). The organic layers were dried over MgSOQy, filtered, and the solvent

removed under reduced pressure to give a brown solid which was sublimed under
dynamic vacuum (62°C) to give a white solid (1.59g). This identified as 1-phenyl-
meta-carborane. The nonsublimed residue was dissolved in diethyl ether, decolourised
with activated charcoal and filtered. The solvent was allowed to evaporate slowly to

give a crystalline solid (0.46g) which analysed as 1,7-diphenyl-meta-carborane.

[-phenyl-meta-carborane
Yield : 36% IR_: 3092 w, 3062 m (carboranyl C-H), 3054 m (pheny! C-H); 2604 br., s |

(carboranyl B-H); 1495 s; 1447 s; 1261 m; 1133 w; 1080 s; 1047 m; 875 m; 835 w; 806 .
m; 740 s; 691 s; 663 w; 605 w; 577 w; 527 w; 491 m cm-1 m/z (EI*): 220 (CgH14B10),
143 (CoH11B10) m.p.: 42-43°C

NMR (CDCl3)/ppm: !H: 7.4 (2H, m, phenyl CH), 7.3 (3H, m, phenyl C-H), 3.08 (1H,
s, carboranyl C-H), 4.4-0.8 (10H, br., carboranyl B-H); 13C {lH}: 135.6 (ipso O),
129.2, 128.8, 128.2 (phenyl C-H), 78.9 (carboranyl C-phenyl), 55.5 (carboranyl C-H);
IIB{!H}: -4.19 (1B), -9.01 (1B), -10.69 (4B), -13.68 (2B), -15.41 (2B)
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1.7-diphenyl meta carborane
Yield: 0.46g, 2mmol IR: 3092 w, 3062 w, 3040 w, 3024 w (phenyl CH); 2622 m, 2604

s, 2586 s (carboranyl BH); 1495 w; 1445 w; 1385 w; 1261 s; 1099 s; 1083 s; 1023 s;
874 w; 851 w; 801 s; 743 w; 690 m cm-1 m/z(EI*): 296 (C14B10H10), 220 (C7B1oH5)
mp.:117-118.5°C

NMR (CDCl3)/ppm: 1H: 7.48 (4H, m, phenyl CH), 7.2 (6H, m, phenyl CH), 4-1 (10H,
br., carboranyl BH)

1-phenvl-para-carborane and 1.12-di-phenvl-para-carbora

Para-carborane (5.78g, 40mmol) was dissolved in dry DME (200mL) and -
monolithiated with a solution of butyl lithium (2.38M in hexanes, 16.9mL, 40mmol) to
give a pale yellow solution after 20 minutes equilibration at room température. CuCl
(3.98g, 40mmol) was added against a flow of N2, followed by pyridine (26mL) giving a
dark brown cloudy solution which was refluxed for 30 minutes. Iodobenzene (SmL,
44mmol) was added and the solution left to reflux for 3 days.

The resulting cloudy red solution was cooled to room temperature, diethyl ether

(150mL) added and the solution stirred for 3 hours at room temperature to destroy the

copper-pyridine complex. The resulting precipitate was filtered off and the filtrate
transferred to a separating funnel where it was washed firstly with 2M HCI (2 x 75mL)
then with distilled water (2 x 75SmL). The aqueous layers were re-extracted with diethyl
ether, then the combined organic layers dried over MgSQy, filtered, and the solvent
removed under reduced pressure. The resulting residue was sublimed (50°C) to give 1-

phenyl-para-carborane as a white solid. Unsublimed residue was 1,12-diphenyl-para-

carborane.

I-phenyl-para-carborane
Yield : 60% [R: 3092 w (phenyl C-H); 3057 s (carboranyl C-H); 3024 w (phenyl C-H);

2598 s (carboranyl B-H); 1494 s; 1475 w; 1446 s; 1138 m; 1083 s; 1021 w: 1003 m:
909 w; 893 w; 830 m; 773 s; 741 s; 691 s; 672 m; 607 m; 582 w; 489 s cm*! pi/z (EI):
220 (CgB1oH16) Elemental analysis (CgBigHi¢): C 43.76% (43.61%), H 7.29%
(7.32%) m.p.: 99-}00°C b.p.: 327-330°C

NMR (CDCl3)/ppm: H{11B}: 7.21 (3H, d, Jyy c. 7.5Hz; t, Jyy c. 7.5Hz, ortho and
para C-H); 7.18(2H, t, Jyy c. 7.5Hz, meta C-H); 2.78 (1H, sextet, Jyuyg ¢. 3.59Hz,
carboranyl C-H); 2.53 (5H, B(2)-B(6)); 2.29 (5H, B(7)-B(11)): 13C{1H}: 136.7 (ipso
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C) 128.2 (para C), 128.0 (meta C), 126.9 (ortho C), 86.4 (carboranyl C-phenyl), 59.7
(carboranyl C-H); 11B{lH}: -9.16 (5B, d, Jgy=163Hz, B(2)-B(6)), -11.85 (3B, d,
Jgu=171Hz: B(7)-B(11))

1. 12-di-vhenvl-para-carborane

Yield : 0.10g, 0.4mmol [R: 3106 w, 3092 w, 3056 m, 3040 w (phenyl! C-H); 2604 s
(carboranyl B-H); 1597 m; 1579 m; 1498 s; 1445 s; 1261 m; 1187 w; 1108 w; 1085 s;
1029 m; 1002 m; 913 m; 790 s; 755 m; 729 s; 691 s; 646 s; 602 s; 485 s cm-l /7
(EI*): 296 (C14B10H20), 220 (CgB1oH16) Elemental analysis (C14B1oH20): C 55.75%
(56.73%), H 6.93% (6.80%) m.p.: 214.2°C

NMR (CDCl3)/ppm: H: 7.2 m (10H, phenyl C-H), 4.0-1.2 br. (10H, carboranyl B-H);
13C{1H}: 136.97 (ipso C), 129.06, 128.77, 127.81 (phenyl CH), 83.48 (carboranyl C);
11B{1H}: -9.27 (10B, d, Jp=163Hz)

CARBORANYL HYDROXIDES AND KETONE

Ot

Dry benzoyl peroxide is shock sensitive and so is stored with 30% water by

Benzoyl Peroxide

weight. The benzoyl peroxide therefore must be dried before being used in these

reactions as lithium carboranyl salts are moisture sensitive. To do this 1.74g of benzoyl

peroxide (5 mmole) was dissolved in toluene then dried over MgSOy, before being

filtered and further dried over 4 A molecular sieves.

1-hydroxy-ortho-carborane!s
* H
l

&
Ortho-carborane (2.89g, 20mmol) was dissolved in DME (20mL) and

dilithiated with a solution of n-BuLi (2.52M in hexanes, 16mL, 40mmol). After 20

minutes stirring at room temperature, the solution was cooled in an ice bath and dry

OH

benzoyl peroxide (Smmol in 63mL of toluene) added dropwise over a 30 minute period.
The solution was refluxed for 24 hours. After cooling to room temperature, 2M HCI
(40mL) and water (100mL) were added with vigorous stirring., The solution was

transferred to a separating funnel, washed with 10% NaOH, the organic layer isolated
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and washed a further twice with NaOH. The combined aqueous layers were acidfied

with conc. HCI and extracted into ether. This organic layer was washed with NaHCO3
and tested for peroxides before removing the solvent under reduced pressure. The
resulting orange oil was purified by column chromatography on silica (CHCI3) giving

- the hydroxide as a pale yellow solid (0.38g).

Yield : 24% (based on 50% conversion) [R: 3520 br. (OH); 3063 m (carboranyl CH);
2963 m; 2599 s (carboranyl BH); 1685 w; 1604 w; 1412 w; 1261 s; 1095 s; 1017 s; 942
w: 864 m: 800 s; 721 m; 695 m; 678 m; 662 m; 545 w, 499 w cm-!

NMR(CDCl3)/ppm: 1H: 4.30 (1H, s, OH); 3.97 (1H, s, carboranyl CH), 4.2-0.8 (10H,
br., carboranyl BH); 13C{!H}: 100.18 (s, carboranyl C-OH), 63.91 (d, Jch=192Hz,

carboranyl CH)

1-phenvl-2-hvdroxyv-ortho-carborane!s
Ph
Lo

&

1-phenyl-ortho-carborane (2.20g, 10 mmole) was dissolved in dry toluene
(20mL) and lithiated with a solution of n-BuLi (4mL, 2.5M in hexanes, 10 mmol).
After stirring under reflux for two hours, the solution was cooled in an ice bath before
dry ether (20mL) was added. Over a period of twenty minutes, benzoyl peroxide
solution was added dropwise to the yellow solution whilst still in the ice bath. This
resulted in a cloudy orange solution which reverted back to yellow at the end of the
addition. The solution was left to reflux for a further two hours. After cooling to room
temperature, distilled water (30mL) was added dropwise followed by 10% sodium
hydroxide solution (50mL) giving two layers which were transferred to.a separating
funnel. The organic layer was isolated and washed with the sodium hydroxide solution
a further twice. The combined aqueous layers were acidified with HCI giving a white
precipitate. This solution was washed with three portions of ether and the organic

layers washed with potassium bicarbonate solution (3 x 50mL). The organic layers
were dried over MgSQy, filtered and the solvent removed giving a viscous yellow oil

which solidified after two hours drying on a vacuum line. The resulting yellow solid

was recrystallised from hexane to give clear colourless needles.

Yield: 21% (based on 50% conversion) [R: 3644 s, 3484 s (O-H); 2594 s (carboranyl
B-H); 1616 m; 1489 m; 1439 m; 1226 s (C-O); 1067 m; 1030 m; 939 w: 883 w; 800 w;
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726 m; 687 m; 572 m; 410 m cm*! m/z_(EI*): 236 (CgB1oH160) Elemental analysis
(C3B10H160.!/2H20): C 38.83% (39.16%), H7.01% (6.98%) m.p.: 71.1°C
NMR (CDCl3)/ppm: 1H: 1-4 (10H, br., carboranyl B-H); 1.25 (1H, s, O-H); 7.7 (2H, m,
phenyl CH), 7.4 (3H, m, phenyl C-H); 13Cc{1H}: 131.1, 130.5, 129.9 (ipso C), 128.7
(phenyl C-H); 102.7 (carboranyl C-OH); 83.7 (carborany! C-Ph); !B{!H}: -6.19 (1B,
d, Jgg=149Hz, B12); -10.65 (1B, d, Jgy=c.160Hz, BY9); -12.5 (6B, d, Jgy=164Hz2);
-16.37 2B, d, Jpy=151Hz)

1-hvdroxv-meta-carborane¢4

H
!

@ ~OH

Meta-carborane (1.47g, 10mmol) was dissolved in DME (25mL) and dilithiated
with a solution of n-BuLi (2.52M in hexanes, 8.5mL, 20mmol). After stirring for 20

minutes at ambient temperature, the solution was cooled in an icebath and a solution of
dry benzoyl peroxide (2.5mmol in 32 mL toluene) added dropwise over a 20 minute

period. The solution was refluxed for 48 hours. Once cool, water (100mL) and ether
(250mL) were added, and the solution washed with 20% NaOH solution. The

combined aqueous layers were acidified with conc. HCI and the hydroxy-carborane

extracted into ether. The organic layer was washed with NaHCOj3, and tested for
peroxides before the solvent was removed under reduced pressure. Column

chromatography (silica, CH2Cl: cyclohexane 1:1, Rp=0.91) yielded the product as fine

white needles.

Yield: 14% [R: 3245 br. (OH); 3057 m (carboranyl CH); 2607 s (carboranyl BH); 1399
s; 1262 w; 1208 s; 1131 m; 1068 m; 1003 s; 932 m; 905 m; 834 w; 807 w; 779 w: 726
s; 603 w; 521 w; 496 w; 469 w ecm-! m/z:(EI*) 161, (CI-) 159 (C2B1oH20) Elemental
analysis (CaB1gH120): C 15.57% (14.99%), H 7.69% (7.55%)

NMR (CDCl3)/ppm: 1H: 3.39 (1H, s, OH), 2.85 (1H, s, carboranyl CH), 4.2-0.9 (10H,
br., carboranyl BH)

1-hydroxy-para-carborane and 1-(be z loxy)-para- rance!s
B B

Para-carborane (1.47g, 10mmol) was dissolved in DME (20mL) and
monolithiated with a solution of n-butyl lithium (2.52M in hexanes, 4mL, 10mmol).
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This solution was left stirring at room temperature for 20 minutes to equilibrate before
being cooled in an ice bath and diluted with dry diethyl ether (15mL). A solution of dry
benzoyl peroxide in toluene (Smmol in 62.5mL toluene) was added dropwise over 30
minutes. The solution was warmed slowly to room temperature then refluxed for 48
ﬁoﬁrs. The resulting solution was cooled, hydrolysed with H»O (30mL), transferred to
a separating funnel and washed with a cold solution of 10% sodium hydroxide. The
combined aqueous layers were acidified with HCI, and the resulting white precipitate

extracted into ether.

The organic layers were kept separately from each other. Each was dried over
MgSOQOyg, filtered and the solvent removed under reduced pressure. Sublimation of the
residue from the first organic layer at 40°C isolates the hydroxy carborane. At 80°C
unreacted para-carborane was recovered. The orange oily residue from the second
organic layer solidified on standing. Sublimation of this solid under dynamic vacuum
(50°C) gave a white powdery solid (0.91g) which identified as 1-(benzoyloxy)-para-

carborane.,

-hydroxy-para-carbor

Yield : 20% [R: 3568 m, 3354 br. m (O-H); 3059 m (carborany! C-H); 2923 s; 2853 m:
2611 s (carboranyl B-H); 1687 m (C-0); 1377 w; 1317 w; 1257 s; 1195 m; 1165 m;
1127 m; 1089 s; 1065 s; 1011 m; 899 m; 877 w; 826 w; 801 m; 755 m; 715 s; 695 s:
670 m; 626 m cm-1 m/z(EI*): 160 (C2B1oH120)

NMR (CDCls)/ppm: H{!1B}: 3.32 (1H, br., OH), 2.46 (5H, s, BH), 2.44 (1H, s, CH),
2.06 (5H, s, BH); !1B{1H}: -9.89 (5B, d, Jgy=167Hz), -14.12 (5B, d, Jpi=165H2)

-t DENZO Vi-Dara-carpor

Yield : 73% (based on 50% conversion) [R: 3500-2200 br.; 3071 m (carboranyl C-H);
2834 m; 2608 m, 2562 m (carboranyl B-H); 2089 w; 1915 w; 1792w; 1685 s (C=0):

1618 w; 1601 m; 1583 m; 1496 w; 1453 s; 1424 s; 1326 s; 1291 s; 1209 w; 1179 m:
1127 m; 1099 w; 1071 m; 1026 m; 999 w; 934 s; 804 m; 707 s; 683 m: 667 s: 551 m
em-1 mp.: 103-105°C

NMR (CDCl3)/ppm: 'H{11B}: 8.1 (2H, d, ortho phenyl CH), 7.6 (1H, m, para pheny!
CH), 7.5 (2H, m, meta phenyl CH), 2.47 (5H, br. s, carboranyl BH), 2.44 (1H, s,
carboranyl CH), 2.07 (5H, br. s, carboranyl BH); 13C{!H}: 173.0 (C=0); 134.5 (ipso
C-H), 129.9, 130.9, 129.2 (phenylC-H); 11B{H}: -13.27 (5B, d, Jgu=165Hz), -17.50
(3B, d, IJgy=166Hz)
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CARBORANYL CARBOXYLIC ACID:!

1-phenyl-2-carboxyv-ortho-carborane!0.65.66
¥

EC\E C/é"" OH

1-phenyl-2-carboxy-ortho-carborane was prepared by a modification of

literature methods from the reaction of lithiated monophenyl-ortho-carborane (2.20g,

10mmol) with gaseous carbon dioxide. The carbon dioxide gas, evolved from solid
carbon dioxide, was passed through a diphosphorus pentoxide drying column before
being bubbled through the solution overnight. The resultant solution was hydrolysed
with dilute HCI solution (5%). The crude product was isolated as a yellow oil (3.00g)

which was recrystallised from 40-60° Petroleum Ether to give a white crystalline solid
(1.48g). '

Yield : 56% [R: 2867 br. m; 2651 s, 2592 s, 2586 s, 2570 s (carboranyl B-H); 1723 s
(C=0); 1494 m; 1448 m; 1415 s; 1284 s; 1132 w; 1065 w; 1021 w; 1003 w; 922 w;
792 w: 756 m: 721 m:; 704 w: 687 s cm*! m/z (EI*): 528 (dimer), 483 (dimer - CO»),
264 (B10C9H1602, single compound), 220 (mono-phenyl-ortho-carborane) pip.:
146.2°C Elemental analvsis (CoB1gH1602): C 40.58% (40.90%); H 6.07% (6.10%)
NMR (in CDCl3)/ppm: 1H: 1-4 (10H, br. m, B-H); 7.3, 7.6 (5H, m, aromatic C-H);
10.2 (1H, br., CO2H); 13C{IH}: 75.3 (carboranylC-CO,H); 83.7 (carboranyl C-Ph);
128.6, 130.2 (ipso C), 130.7, 130.8 (aromatic C-H); 163.7ppm (CO,H); 11B{!H}: 2.93
(1B, d, Jgy=136Hz); -0.25 (1B, d, Jgy=149Hz); -6.44 (4B, d, Jgyy=141Hz); -7.36 (4B,
d, Jg.y=143Hz) [!1B{IH} (250MHz Bruker): -0.40 (1B), -3.58(1B), -9.76(8B))

Reactions of 1-phenvl-2-carboxv-ortho-carborang

9 L
ol .-
1, UCDIOULULIQLIOV] 1 PTOULOIL SO
il - - '

Ph -P@ H3C ;_(;H;;
» fo "o
C\C/ ~0 H"' @
L i
H;C EH;;

1-phenyl-2-carboxy-ortho-carborane (0.26g, Immol) was dissolved in diethyl
ether and a solution of 1,8-bis--(dimethylamino)-naphthalene (0.21g, 1mmol) in diethyl
ether added dropwise. A white precipitate of 1-phenyl-2-carboxy-ortho-carboranyl

anion as its salt with proton sponge (0.44g) formed instantly.
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Yield : 92% [R: 3064 w, 3001 w, 2962 m, 2875 w (proton sponge, carboranyl phenyl);
2643 s, 2598 s, 2573 s (carboranyl B-H); 1670 s (carboxylate C=0), 1626 m, 1605 m,
1579 w; 1517 w; 1463 s; 1445 m; 1430 m; 1389 m; 1303 s; 1219 m; 1194 w; 1177 m;
1161 m; 1092 m;. 1032 m; 1005 m; 896 w; 833 s; 797 m; 768 s;: 781 m: 758 s; 725 m;
714 m: 693 s; 621 m; 490 s cm-! Elemental analysis (C23B1gH34N203): C 57.08%
(57.72%); H7.17% (7.16%); N 5.22% (5.85%)

NMR (CD3CN): 1H: 7.2, 7.1, 6.9, 6.7 (10H, m, aromatic CH), 4.41 (1H, s br., NH),
3.5-1.5 (10H, br., carboranyl BH), 1.6 (12H, m, CH3); 13C{IH}: 134.0, 130.8, 129.8,
128.0, 126.3, 122.1, 113.3 (aromatic C); 107.9, 92.8, 77.9 (carboranyl C-phenyl), 61.5
(carboranyl C-CO3), 44.4 (CH3); 1B{!H}: -2.46 (1B, d, Jpy=147Hz), -4.43 (1B, d,
Jpu=163Hz), -8,75 (2B, d, Jpy=151Hz), -10.44 (4B, d, Jgy=171Hz), -12.34 (2B, d,
Jgg=160Hz) [minor product is deboronated, -13.28 (1B, d, Jgy=177Hz), -16.33 (1B, d,
Jpy=130Hz), -17.64 (1B, d, Jgg=144Hz), -19.28 (1B, d, Jgy=145Hz), -22.18 (3B, d,
Jpu=154Hz), -32.36 (1B, dd, lJpug=c.128Hz, 2JBH'--éci.m‘-‘lBHz), -35.51 (1B, d,
Jpy=135H2z)]

1-phenyl-2-carboxy-ortho-carborane (0.26g, 1mmol) was dissolved in diethyl
ether (25mL) and left to stir overnight with a solution of aqueous ammonia (0.88 sp.

gr., 100mL). The layers were separated, and the aqueous layer evaporated to give a
white solid residue (0.30g) which was a mixture of the ammonium salt of the carboxy

anion (major) and deboronated carborane '(minor product - cf, IR, H1B{1H}).

IR: 3321 s (NH4%); 3156 w, 3134 w (phenyl C-H); 3004 br. m; 2797 m; 2671 m, 2645
m, 2617 s, 2595 s, 2576 s, 2559 s, 2538 s (carboranyl B-H, closo and nido species);
1678 m;'1623 s (C=0); 1485 s; 1445 s; 1418 s; 1345 s; 1109 s; 1067 s: 799 w; 771 m:
755 w; 696 m cm-}

NMR (D;0)/ppm: !H: 6.78 (3H, m, phenyl CH), 6.74 (2H, m, phenyl CH); 13C{1H}:
162.25 (COy"); 131.57, 130.07, 128.37, 126.03 (phenyl CH); 83.83 (carboranyl C-Ph),
82.11 (carboranyl C-CO3-); !1B {IH}: -0.18 (1B), -1.28 (1B), -7.57 (8B) [minor
product (nido species): -14.08, -15.19, -16.37, -30.03, -33.07]
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To a solution of potassium hydroxide (0.14g, 2.5mmol) in distilled water
(20mL), 1-phenyl-2-carboxy-ortho-carborane (0.13g, 0.5mmol) was added. This gave
a slightly misty solution. On the addition of 18-crown-6 (0.13g, 0.5mmol) a white
precipitate (0.22g) was formed and subsequently isolated by filtration, Long, clear

colourless needles were grown by recrystallisation from ethanol/water.

Yield : 82% [R: 3379 br (H20); 3047 w (phenyl C-H); 2908 s; 2825 m; 2527 s
(carboranyl B-H); 1593 s (C=0); 1493 m; 1472 s; 1454 m; 1431 m; 1350 s; 1284 m;
1249 m: 1133 s; 1103 s; 1026 m; 961 s; 915 m; 837 m; 777 w; 700 m cm*! Elemental

analysis (C21B10H3908K): C 43.66% (44.51%); H 6.79% (6.94%)
NMR (CDCl3)/ppm: 1H: 7.3 m, 7.1 m (5§H, phenyl C-H); 1-4 (10H, br., carboranyl B-

H); 3.62 s (20H, 18-crown-6 CH2); 13C{1H}: 167.16 (COy"), 146.25 (ipso C); 127.99,
127.65, 125.30 (phenyl C-H), 83.2 (carboranyl C-Ph); 70.81 (18-crown-6 CHj);
11B{1H}: -2.44 (1B, d, Jgy=152Hz), -4.72 (1B, d, Jgy=143Hz), -9.51 (4B, d,
Jpy=139Hz), -10.89 (4B, d, Jgy=129Hz) [on standing in solution, the closo species
was deboronated to the nido species: 13C {{H}: 130.5, 129.3, 128.2 (phenyl CH);
11B{1H}: -11.4 (1B, d, Jpy=c.120Hz), -13.12 (1B, d, Jpy=c.130Hz), -13.80 (1B, d,
Jeu=c.120Hz), -17.02 (1B, d, Jgg=131Hz), -19.19 (2B, d, Jgy=121Hz), -22.89 (1B, d,
Jgy=147Hz), -33.12 (1B, dd, !Jgy=c.144Hz, 2Jgy=c.64Hz), -36.40 (1B, d,
Jgy=138Hz)]

1,7-dicarboxy-meta-carborane
HO, OH

O=Ch @Cfc= 0

Meta-carborane (2.20g, 15mmol) was dissolved in DME (100mL) and
dilithiated with a solution of n-BuLi (2.42M in hexanes, 14mL, 34mmol). After being
allowed to equilibrate, gaseous carbon dioxide (produced from the reaction between
sodium carbonate and hydrochloric acid) was passed through the reaction solution

resulting in a cloudy white solution. Once the addition of carbon dioxide was judged

-52-



Chapter Two : Synthetic Strategies
to be complete, the lithio-carboxy-salt was transformed to the di-carboxylic acid by the
addition of HCI (2M, 60mL). The solution became clear as the diacid was produced.
Diethyl ether was added to the solution, the reaction solution transferred to a separating
funnel where the organic layer was isolated, and the aqueous layer extracted a further
twice with ether. The combined organic layers were dried over MgSOQy, filtered, and

the solvent removed under dynamic vacuum to yield a yellow oil which crystallised on

standing.

Yield: 65% [R: 3520 br. m (H,0); 3446 br, m; 3068 w; 2963 w; 2621 s (carboranyl
BH); 1994 br, m; 1747 s (carbonyl CO); 1437 m; 1262 s; 1035 s; 843 w; 801 m; 700 m;

621 w: 506 w; 413 w cm-! Elemental analysis (C4H12B1004): C 21.03% (20.69%), H

5.59% (5.17%) -
NMR (CD3CN)/ppm: 13C{1H}: 161.75 (CO3H), 68.69 (carboranyl C)

-diCl'OX - 1 h K{ ‘] N -

Single deprotonation of 1

crown-6-ether
1,7-dicarboxy-meta-carborane (0.60g, 3mmol) was added to an aqueous

1S, 1

solution of KOH (0.30g, Smmol, in 40mL H;0) giving a misty solution and some
undissolved sticky solid. The solution was decanted from undissolved residue and 18-
crown-6 ether (0.68g, 3mmol) in H20 (c. SmL) added dropwise. Solvent was removed
under reduced pressure leaving a yellow solid whic{x left clear colourless flat platelets
on recystallisation from ethanol. The NMR solutions became pink with time, and in

fact the compound deboronated on standing in solution.

[R: 3455 br. (H20); 2952 m, 2900 s (methyl CHj); 2622 s, 2589 s, 2558 s (carboranyl
BH); 1639 (carboxylate CO); 1569 m (CO crown ether); 1476 m; 1455 m; 1352 s; 1325
s: 1287 m; 1253 m; 1106 s; 965 s; 839 s; 769 m; 755 m; 735 m; 530 w cm-1

1 ll ro

Deprotonation of 1.7-di-carboxy-meta-carboran

Arporane. proton Sponge
1,7-di-carboxy-meta-carborane (0.12g, 0.5mmol) was dissolved in acetonitrile
(c.5mL) and a solution of proton sponge (0.11g, 0.5mmol) in ether (c.5mL) added. The

product (doubly deprotonated) dropped out of solution as a white precipitate and was

removed by filtration. No singly deprotonated species was observed.
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Yield: 80% ; IR: 3447 br. s (NH); 3098 m, 3058 m, 3024 m, 3000 (naphthalene CH);
2960 m, 2926 m (methyl CH); 2620 s, 2609 s, 2600 s, 2576 s (carboranyl BH); 1684 m
(CO), 1653 s (CO); 1472 m; 1458 m; 1340 s; 1262 m; 1222 w; 1099 m; 838 m; 774 m;
623 m; 486 m; 419 m cm-!; Elemental analysis (C4B10H1004.2C14H19N3): C 57.00%
(58.16%), H 7.36% (7.32%), N 8.30% (8.48%)
NMR (D>0)/ppm: 1H: 7.33 (2H, d, Jc1=8.3Hz, o or p-CH), 7.27 (2H, d, Jcy=7.8Hz, p
or 0-CH), 7.04 (2H, t, Jcy=7.5Hz, m-CH), 2.50 (12H, s, CH3); 13C{1H}: 169.57 (CO3-
); 146.24, 137.53, 132.73, 130.45, 128.12, 124.84, 122.50, 121.14 (naphthalene C);
81.59 (carboranyl C)

D) CAroorane. proton Sponge
1,7-di-carboxy-meta-carborane (0.13g, 0.5mmol) was dissolved in acetonitrile
(c.10mL) and a solution of proton sponge (0.21g, 1.0mmol) in ether (c.5mL) added.

The product (doubly deprotonated carboxylic acid) dropped out of solution as a white

precipitate and was removed by filtration.

Yield: 75%; IR: 3447 br. s (H20); 3058 m, 3924 m (naphthalene CH); 2958 m, 2924 m,
2882 m (methyl CH3); 2622 s, 2608 s, 2598 s, 2588 5, 2574 s, 2548 s (carboranyl BH);

1654 s, 1646 s, 1637 s, 1628 s, 1618 s (CO); 1459 m; 1332 m; *1304 m; 1262 m; 1174
m: 1099 m: 1029 m; 831 m; 774 m; 748 m; 635 m; 487 m cm-}; Elemental analysis
(C4B10H1004.2C14H19N2): C 57.28% (58.16%), H 7.40%, (7.32%), N 8.36% (8.48%);
NMR (D20)/ppm: 1H: 7.17 (4H, d, JCH=7.2Hz, o or p-CH), 7.09 (4H, d, Jcy=7.8Hz, p
or 0-CH), 6.90 (4H, t, Jcy=7.7Hz, m-CH), 5.2 (2H, br., NH), 2.39 (24H, s, CHj3);
13C{1H}: 169.15 (COy"); 146.14 (m-CH), 137.38 (CH), 130.42 (CH), 124.89, 122.63,

120.93; 81.79 (carboranyl C); 48.32, 47.89 (CH3); !IB{lH}: 6.75 (br.), -11.67 (d,
Jpy=c.120Hz), -14.5 (br.)

1-phenvl-12-carboxv-para-carborane

O-<on

1-phenyl-para-carborane (0.24g, 2mmol) was dissolved in DME (80mL) and
lithiated with a solution of n-BuLi (2.59M in hexanes, 1.4mL, 3.6mmol). After

equilibrating for 1 hour at room temperature, carbon dioxide (evolved from solid

carbon dioxide) was bubbled through the lithiocarborane solution for 4 hours. The

resultant cloudy solution was acidified with 2M HCI then extracted into ether. The
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organic layer was washed with H20, then the solvent removed under reduced pressure

leaving a pale yellow solid (0.32g) which was recrystallised from hexane.

Yield: 12%

NMR (CDCl3)/ppm: 1H{!!B}: 7.2 (2H, m, m-CH), 7.1 (3H, m, o- and p-CH), 5.3 (br.,
CO»H), 3.31 (5H, s, carboranyl BH), 2.52 (3H, s, carboranyl BH); 13C{1H}: 164.52
(CO,H), 136.70 (ipso C), 129.40, 127.45, 126.23 (phenyl CH), 86.35 (carboranyl C-
Ph?), 78.63 (carboranyl C-CO2H?); !B{!H}: -9.64 (5B, d, Jgy=c.170Hz), -10.45 (5B,
d, Jgy=c.165Hz)

1,12-di-carboxy-para-carborane

0 0
Sc- c@c—c’f
HO OH

Para-carborane (1.44g, 10mmol) was dissolved in DME (200mL) and
dilithiated with a solution of n-BuLi (2.59M in hexanes, 9mL, 23mmol) giving a

slightly cloudy white solution. After one hour at room temperature, CO2 (from the
evaporation of solid carbon dioxide) was bubbled through this solution for c.8hours

giving an intensely white cloudy solution. The addition of 2M HCI dissolved most of
the product and extraction into ether followed by washing with H2O left the
dicarboxylic acid in the organic layer. The product was dried with anhydrous

magnesum sulfate, filtered and the solvent removed under reduced pressure to leave a

white powder (1.50g).

Yield: 65% [R: 3450-2000 br; 2627 s (cﬁrbomnyl BH); 2534 m; 1717 s (carbonyl CO);
1414 s: 1281 s; 1137 m; 1087 m; 1059 w; 985 m; 926 Iﬁ; 839 w; 803 w; 760 w; 738 w:
717 s; 453 m; 435 m cm-1 m/z(EI*): 232 (C4B1oH1202)

NMR (CD3CN)/ppm: 13C{1H}: 162.42 (CO2H), 78.85 (carboranyl C); !!B {!H}:
-13.49 (10B, d, Jgy=172Hz) [sample contained an impurity of l-carboxy-para-
carborane: 13C{1H}: 162.52 (CO,;H), 71.35 (C-CO3zH), 57.83 (carboranyl CH);
11B{1H}: -13.04 (d, Jgy=c.160Hz), -14.79 (d, Jgy=c.164Hz)]

vit oton spon

Deprotonation of 1,12-di-carboxv-para-carbor

a) carborane:proton sponge 1:1

1,12-di-carboxy-para-carborane (0.12g, 0.5mmol) was dissolved in ether

(c5mL) and a solution of proton sponge (0.11g, 0.5Smmol in ¢.5mL ether) added. A

white precipitate formed instantly. The solution was washed with acetonitrile, ether
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and water and the product (singly deprotonated) was isolated as a white precipitate by

filtration.

Yield: 85% IR: 3448 m br. (NH); 3048 w, 3002 w (naphthalene CH); 2964 w, 2888 w,
2814 w (CH3): 2626 s, 2614 s (carboranyl BH); 1732 m, 1718 m (CO3H impurity);
1684 s (CO»y°); 1617 (CO2°) m; 1463 s; 1367 m; 1261 m; 1221 m; 1163 m; 1097 m;

1030 m, 1022 m; 805 m; 781 m; 768 m; 721 s; 581 m cm-! Elemental analysis
(C18B10H3004N>2): C 46.96% (46.99%), H 6.63% (6.96%), N 6.05% (6.45%)

NMR (D20)/ppm: H: 7.5, 7.4, 7.2 (m, naphthalene CH), 5.0 (br., NH), 2.56 (m, CH3),
4-1ppm (br., carboranyl BH); 11B{!H}: -13.68 (d, Jpy=161H2)

arborane:proton sponge
1,12-di-carboxy-para-carborane (0.12g, 0.5mmol) was dissolved in ether (or
acetonitrile, cS5mL) and a solution of proton sponge (0.21g, 1.0mmol in c.SmL ether)
added. A white precipitate formed instantly. The solution was extracted with
acetonitrile and water then washed with ether. Removal of the solvent from the

aqueous layer left the product (doubly deprotonated) as a white crystalline solid.

Yield: 90% IR: 3448 s, br. (NH); 3020 m, 3000 m (naphthalene CH); 2886 w, 2846 w,
2810 w (methyl CH3); 2638 s, 2621 s, 2604 s, 2592 s (carboranyl BH); 1617 s (CO;y),
1465 s, 1365 s, 1332 s, 1276 m, 1221 m, 1194 m, 1165 m, 1119 m, 1029 m, 1007 m,
896 w, 841 m, 780 s, 739 m, 584 m, 488 m cm-! Elemental analysis
(C4B1oH1004.2C14H19N?2): C 52.20% (58.16%), H 7.44% (7.32%), N 7.62% (8.48 %)

NMR (D20O)/ppm: 1H: 7.25 (2H, d, Icy=4.5Hz, o or p-CH), 7.22 (2H, d, Jcy=3.4Hz, p
or 0-CH), 6.99 (2H, t, Jcy=8Hz, m-CH); 2.45 (24H, s, CHj3), 3.5-1.0 (10H, br.,
carboranyl BH) 13C{!H} : 170.56 (CO2"); 146.13, 137.44, 131.56, 129.29, 123.61,
121.02 (naphthalene C); 86.22 (carboranyl C-CO3"), 47.98 (CH3); 1IB{1H}: -13.79 (d,
Jpy=159H2)

Deprotonation of 1.12-di-carboxv-para-carborane with copper(ll

sulfate
“'\ 0 0'- "#
Lo ‘BC-C@ —cy L]
’ 0 0 “

1,12-dicarboxy-para-carborane (0.13g, 0.56mmol) was dissolved in ethanol (c.
20mL) and neutralised by the addition of IN NaOH. A solution of CuS0O4.5H50
(0.15g, 0.6mmol in 3mL H30) was added, instantly turning the solution bright blue.
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This solution was left stirring overnight at room temperature, with no change. Solvent

was removed on a vacuum line leaving a pale blue solid. Washing this with THF gave
a blue precipitate which was removed by filtration. Upon standing, the THF washings
 evaporated to leave a green solid. The blue solid tumed slowly green upon standing in

solvent (THF, acetone), suggesting different copper salts or adducts were being formed.

IR: (blue solid) 3421 br. s; 2985 w; 2893 w; 2617 s (carboranyl BH); 1667 (CO-); 1395
s: 1143 s; 1112 s; 1039 s; 996 m; 888 w; 847 w; 792 s; 741 m; 623 m; 499 m cm-1
(green solid) 3444 br. m; 3066 w; 2963 m; 2615 s (carboranyl BH); 1664 s, 1655 s
(CO-): 1399 s; 1261 s; 1097 55 1021 55 869 w; 801 55 732 w; 668 w; 644 w; 465 w cm-l

note - blue solid was insoluble. Green solid was sparingly soluble in chloroform. but

went off to a blue solid which then precipitated out of solution.

NOTE: all deprotonated carboxylic acids were destroyed by dichloromethane and

chloroform solutions.

REACTIC

ITH ELECTROPHILIC FLUORINATIN

[ R

LN

Two electrophilic fluorinating agents were investigated as possible fluorinating

agents for carboranyl carbons, N-Fluorobenzenesulfonimide (NFBS), and 1-fluoro-2,6-

dichloropyridinium tetrafluoroborate (pyF™).

A EI //0 \/ | OFs
oo
o ©O F
NFBS pyF’

-Fluorobenzenesulfonimide-4
This is a commercially available electrophilic fluorinating agent which effects

the fluorination of a wide variety of neutral and carbanionic nucleophiles in a one-step
procedure. In the experiments conducted within the scope of this thesis, NFBS has
proven mildly successful in the fluorination of dicarbadodecaboranes from their lithio
intermediates. Before use, the reagent was recrystallised from diethyl ether.

[R: 3095 m, 3072 m (phenyl CH); 1998 w; 1978 w; 1917 w; 1819 w; 1781 w; 1581 s
(S=0); 1476 s, 1451 5, 1394 5, 1343 5, 1313 s (S=0); 1290 m; 1197 s; 1081 s; 1023 w;
099 w; 924 m; 848 s; 793 s; 752 s; 727 s; 719 s: 679 s: 623 m: 589 m em*! Elemental
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analysis (C12H1oNS204F): C 45.40% (45.71%); H 3.20% (3.19%); N 4.33% (4.44%);
S 19.51 (20.33%) m.p.: 111-113.4°C (lit. 114-116°C)54

NMR (CDCl3)/ppm: !H: 8.0 (4H, d, ortho CH), 7.78 (4H, t, meta CH), 7.61 (2H, t,
para CH); 13C{1H}: 136.65 (para CH), 135.33 (ipso C), 130.57, 130.24 (ortho, meta
CH); 19F: -37.89

Control Reactions

eaction between NFB d Bu

BuLi + (PhSOz)zNF e CH3CH2CH2CH2F + (PhSOz)zNLi

NFBS (0.3g, Immol) was dissolved in sodium dried diethyl ether (40mL) under
a dry dinitrogen atmosphere. The addition of a solution of n-BuLi (2.5M in hexanes,
0.4mL, 1mmol) changed the solution from clear and colourless to a cloudy pale yellow

colour. The solution was analysed by 19F NMR spectroscopy after stirring at room

temperature for 1hour.
NMR (CDCl3)/ppm: 19F: -220.31 (tt, 2Jyp=48Hz, 3Jyr=24Hz)

Reaction between pyF+ and BuLi

7 ‘
|| + nBuLi —> | || +LiBF,
Cl Nl* Cl cl1” N (I
F BF

PyF* (0.38g, 1.5mmol) was suspended in sodium dried ether, cooled in an ice-
bath and lithiated with a solution of n-BuLi (2.42M in hexanes, 0.6mL, 1.5mmol). As
the solution warmed slowly to room temperature the solution changed from clear

yellow to orange to deep red to orange with ppt and finally to a clear yellow solution
with a white ppt. The organic solvent was removed to leave an orange solid (0.41g).

NMR (CDCl3)/ppm: 19F: -148.4 (minor), -150.16 (major), -153.56 (minor)

Reaction of ortho-carborane with NFB

H F
| i. 2nBuLi |

C. c’H ii. NFBS - _GC. _F

C ————=  B(OH)3
Ortho-carborane (0.36g, 2.5mmol) was dissolved in DME (25mL) and
dilithiated with a solution of n-BuLi (1.61M in hexanes, 4.5mL, 7mmol). After 20

minutes at room temperature, NFBS (4.96g, 15mmol) was added giving a clear orange
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solution immediately. The reaction was followed by 19F NMR spectroscopy. After 2
days stirring at room temperature, 1F NMR spectroscopy showed peaks at -39ppm and
at -154ppm, corresponding to unreacted NFBS and to carboranyl CF respectively.
Ether was added to the solution and the solution washed with distilled water. The
organic layer was dried over anhydrous MgSOy, filtered and the solvent removed to
leave an orange solid. Sublimation of this solid gave a sticky white residue which,
when washed with acetonitrile appeared to degrade to a nido cage (IR 2526cm-1) then
ultimately to boric acid. Unsublimed residue was 1dentified as (PhSO2)2NH.

Reaction of ortho-carborane with pyF+
Ortho-carborane (0.43g, 3mmol) was dissolved in DME (20mL) and dilithiated

with a solution of n-BuLi (2.5mL, 2.52M in hexanes, 6mmol). After 20 minutes

stirring at room temperature, pyF* (1.52g, 6mmol) was added to the lithio-carborane
suspension resultiﬁg in a highly exothermic reaction. !°F NMR spectroscopy showed 1
peak at -154ppm after 15 minutes of reaction. The solution was left to reflux for 3
~ hours, cooled, washed with ether and water and the solvent removed from the organic
layer. Column chromatography (silica, 1:4 CHCl3:cyclohexane) of the resulting brown

oil gave four fractions. Fractions 2-5 showed fluorinated products, but no clean

fluorinated carborane was isolated.

fractions 2-5 19F NMR (Et20)/ppm: -76.47 (pyF*), -149.80, -151.26, -184.14

Reaction of 1-methvl-ortho-carborane with NFB!
H3(‘3

C.

&

1-methyl-ortho-carborane (0.80g, Smmol) was dissolved in dry ether and
lithiated with a solution of n-BuLi (2.52M in hexanes, 2.5mL, 6mmol). After 1 hour

F

. stirring at room temperature, NFBS (1.57g. Smmol) was added, changing the resulting
clear, colourless solution instantly to bright yellow. The reaction was followed by 19F
NMR spectroscopy. The solution was refluxed for 4 hours giving a yellow solution and
precipitate. (Even when the reflux period was extended, only 1/3 of the NEBS added
reacted). The solid was removed by filtration and the organic layer washed with
distilled water. The organic layer was dried over MgSOQy, filtered, and the solvent
removed under reduced pressure to leave a brown oil (1.32g). Purification of this oil by

column chromatography (1:2 CH,Clj:cyclohexane) was unsuccessful as the product

decomposed on the column, although traces of carboranyl C-F were seen in fractions 3-
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decomposed on the column, although traces of carboranyl C-F were seen in fractions 3-
4 (19F : -152.04ppm). (Fractions 15-20 have 19F peak at -129.09ppm). Other reaction

products were unreacted 1-methyl-ortho-carborane and 1-methyl-2-(phenylsulfonyl)-
ortho-carborane (IR: 1495, 1447c¢cm-})

data for oil :
NMR (Et20)/ppm: 19F: -39.19 (unreacted NFBS), -109.45 (F-), -152.25 (carboranyl C-

F)

Reaction of 1-phenvl-ortho-carborane with NFBS

Y

C F

S E"\C/’

1-phenyl-ortho-carborane (0.66g, 3Immol) was dissolved in dry ether, cooled in

an ice bath and lithiated with a solution of n-butyl lithium (2.5M in hexanes, 1.6mL,
3mmol) giving a clear yellow solution which was allowed to warm slowly to room
temperature. The solution was cooled again in an icebath before the addition of NFBS

(0.95g, 3mmol) to give a brown solid in a clear yellow solution. The solid was
removed by filtration, and the liquid transferred to a separating funnel and washed with
distilled water. The organic layer was isolated and the solvent removed under reduced
pressure to give a yellow oil. This oil was sublimed under dynamic vacuum giving a
white solid which was a mixture of 1-phenyl-2-fluoro-ortho-carborane and unreacted 1-
phenyl-ortho-carborane. These were separated by preparative TLC (cyclohexane) to

isolate the white crystalline product (0.17g).

Yield : 24% [R: 3090 w; 3070 w; 2962 w; 2924 w; 2645 m, 2576 s (carboranyl B-H);
1494 m; 1447 m; 1250 m; 1232 s (C-F?); 1193 m; 1106 w; 1070 s; 1029 s; 1002 m; 980
w; 933 m; 880 w; 783 m; 750 m; 723 s; 683 s; 596 w; 571 s; 495 w: 479 s ecm-! py/-
(EI*): 239 (CgB1oHis5F) Elemental analysis (CgBigHis5F): C 40.67% (40.32%), H
6.52% (6.34%) m.p.: 87.2 - 88.2°C

NMR (CDCl3)/ppm: 1H: 7.71 (2H, d, meta phenyl CH), 7.4 (3H, m, ortho, para pheny!
CH), 4.1 - 0.9 (10H, br., carboranyl BH); 1H{!1B}: as !H, with BH region 2.95 (1H,
s), 2.94 (1H, s), 2.65 (2H, s), 2.44 (2H, s), 2.30 (1H, s), 2.22 (1H, s), 2.12 (2H, s);
13C{1H}: 80.5 (carboranyl C-Phenyl); 105.2, 110.3 (d, Jcp = 312.5Hz, carboranyl CF);
HB{1H}: -5.83 (1B, Jgy=149Hz), -10.50 (1B, Jgy= 151Hz), -11.87 (4B, Jgy=221Hz),
-12.76 (2B, Jgy=148Hz), -13.78 (2B, Jgy=156H2z); 19F: -149
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(11B{1H} (250MHz Bruker): -5.88 (1B), -10.73 (1B), -11.94 (4B), -12.73 (2B), -13.71
(2B)]

Reaction of 1-phenyl-ortho-carhorane with pyF+
1-phenyl-ortho-carborane(1.13g, Smmol) was dissolved in dry ether (40mL),

cooled in an ice-bath, and lithiated with a solution of n-BuLi (2.4mL, 2.42M in

hexanes, Smmol). ' After warming to room temperature, pyF* (1.28g, Smmol) was
added giving a cloudy red solution which quickly changed to cloudy yellow with the
evolution of heat. 19F NMR spectroscopy showed only one peak at -158ppm (cf.
reaction between pyF* and n-BuLi). The reaction was left stirring overnight at room
temperature giving an almost clear yellow solution. Remaining precipitate was
removed by filtration and the solvent removed leaving a yellow oil which solidified on

standing. NMR spectroscopy suggested this was primarily unconverted starting

material, with the pyF* having rearranged giving ring substitution,

[R: 3065 m (carboranyl CH), 2597 s (carboranyl BH) c¢m-! (¢f. 1-phenyl-meta-
carborane 3062, 2604 cm-1)
NMR(CDCl3)/ppm: 1H: 7.79, 7.58, 7.43, 7.35 (m, phenyl CH), 4.22 (s, carboranyl

CH), 4.2-1.2 (s, carboranyl BH); 13C{1H}: 60.31 (carboranyl CH), 69.5 (carborany! C-
phenyl), 127.42, 1128.86, 129.92 (phenyl CH), 133.28 (ipso C)

Reaction of 1-phenvl-meta-carborane with NFB¢

1-phenyl-meta-carborane (0.27g, 1.3mmol), dissolved in toluene was lithiated

with a solution of n-BuLi (2.71M in hexanes, 0.5mL, 1.3mmol) and left to equilibrate
for 1hour at ambient temperature. NFBS (0.5g, 1.6mmol) was added and the solution
left stirring at room temperature for 5 days, resulting in a cloudy orange solution which
settled to a clear orange solution and precipitate. The precipitate was removed by
filtration and the solvent removed from the filtrate under reduced pressure. The
resulting brown oil was washed with pentane, yielding more precipitate which in turn
was filtered off. The solvent was again removed leaving a yellow oil containing the
desired product. The oil was separated using prep. TLC (2:1 CH»Clj:cyclohexane) and
the product isolated from the top band as a white powder (0.07g). (Previous attempts of

this prep. revealed that the compound was unstable to alumina and silica column

chromatography.)
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Yield : 24% IR: 3070 w, 3058 w (phenyl CH); 26035 s (carboranyl BH); 1494 m, 1446
m; 1261 m; 1224 m; 1079 s; 1046 s; 1023 s; 1002 m; 874 m, 863 m; 799 s; 739 s; 689

s: 661 m; 603 w; 576 w; 529 w; 490 w cm-1
NMR (CDCl3)/ppm: 19F: -157 (carboranyl CF)

Reaction of meta-carborane with NFBS

Meta-carborane (0.38g, 2.6mmol) was dissolved in DME and a solution of n-
BuLi (1.47M in hexanes, 4.5mL, 6.6mmol) added against a flow of dinitrogen to
dilithiate the carborane. After 20 minutes equilibration at room temperature, NFBS
(3.96g, 12.6mmol) was added producing an exothermic reaction resulting in a cloudy
orange solution. The reaction was followed by 19F NMR spectroscopy and after 48
hours reaction, peaks at -39.2 (NFBS), -110 (F-), -155.5 and -157.0 (intensities ¢, 3:1)
were noted. The reaction solution was diluted with diethy! ether, washed with distilled
water and the aqueous layers re-extracted with ether. The combined organic layers
were dried over anhydrous MgSQOy, filtered and the solvent removed under reduced

pressure. The resulting solid decomposed on silica.
organic layver ; 1°F NMR (Et;0)/ppm: -39.2 (NFBS), -157.1 (carboranyl C-F)

Reaction of 1-phenvl-para-carboranc with NFB

1-phenyl-para-carborane (0.12g, 0.5mmol) was dissolved in DME (40mL) and

lithiated with a solution of BuLi (2.59M in hexanes, 1mL, 2.2mmol) to give a slightly

cloudy solution. After stirring this solution for 30 minutes at room temperature, NFBS

(0.52g, 1.6mmol) was added giving an intense yellow solution instantly. The reaction
was followed by 19F NMR spectroscopy and after 2 hours stirring at ambient:

temperature, no NFBS was detected in the reaction solution. The solution was diluted

with diethyl ether and washed with distilled water. The aqueous layers were re-
extracted with ether and the combined organic layers dried over MgSOy, filtered. The

solvent was removed under reduced pressure. The resulting yellow oil contained

unreacted phenyl-para-carborane and 1-phenyl-12-fluoro-para-carborane.

NMR (CDCl3)/ppm: 19F : -150.64 (carboranyl C-F)
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Reaction of para-carborane with NF

0
-0
O

Para-carborane (0.40g, 2.8 mmole) was dissolved in DME (20mL) and lithiated

with a solution of n-BuLi (4.5mL, 6.6 mmole - excess reagent was used to try to

prevent starting material being an imptirity in the final product mixture). After stirring
at room temperature for 90 minutes, NFBS (4.77g, 15 mmole) was added, instantly

turning the solution dark orange. The solution was left stirring at room temperature and

the reaction was followed by 1°F NMR spectroscopy. After three days the reaction was
deemed to be complete. The reaction solution was diluted with ether (150mL) and
washed with water (4 x 150mL) to remove DME. The aqueous layers were extracted
into ether and the combined organic layers dried over MgSOy4 and filtered. The volume
of ether was reduced and a white solid, PhSOjLi, dropped out of solution. The excess

unused reagent proved extremely difficult to remove. The residue was transferred to

sublimation apparatus and sublimed under dynamic vacuum (62°C) to give a red oily
residue on the cold finger. This was washed into a conical flask with acetone and the

acetone left to evaporate. After a few days, clear colourless crystals had grown which

analysed as 1-fluoro-12-(phenylsulfonyl)-para-carborane.

Yield: 4% [R: 3068 w (phenyl C-H); 2962 w; 2631 s (carboranyl B-H); 1581 w; 1476
w; 1450 s (S=0); 1339 s (C-For C-S); 1312 m; 1290 w; 1232 s (C-F?); 1181 m; 1154
s; 1087 s; 1072 m; 998 w; 986 w; 939 w; 879 m; 862 w; 761 s; 731 m; 720 s; 687 s; 602
s; 592 s; 539 s; 504 w; 454 w cm-! m/z(EI*): 302 (CgB1oH15S02F), 238, 141
(C2B10H10), 77 (Ce¢Hs) Elemental analysis (CgB1oH15SO2F): C 30.96% (31.80%), H
4.83% (5.00%) m.p.: 365°C

NMR (CDCl3)/ppm : 1H: 7.74, 7.55 (m, phenyl CH), 7.74; 13C{1H}: 135.7 (ipso C),
135.1 (C6), 129.6 (C5), 129.1 (C4); 122.90, 118.09 (d, Jcr=302.5Hz, Cl), 84.35 (C3);
11B{1H}(250MHz Bruker): -14.61 (5B, Jgy = 159Hz), -15.63 (5B, Jpi; = 195Hz); 19F:
-147.5 (s)

-63-



Chapter Two : Synthetic Strategies

REACTIONS WITH BENZENESULFONYL FLUORIDE

1-(phenvlsulfonvl)-ortho-carborane

H
[ o, L
@c/ %

Ortho-carborane (0.72g, Smmol) was dissolved in DME (60mL) under a dry

dinitrogen atmosphere and monolithiated with a solution of n-BuLi (2.5M in hexanes,

2mL, Smmol). After 20 minutes stirring at room temperature, benzenesulfonyl
fluoride (0.7mL, 5.5mmol) was added giving a cloudy white solution instantly. After 4

hours at room temperature, the solution was diluted with diethyl ether and washed with
distilled water. The isolated organic layer was dried over MgSOQy, filtered and the

solvent removed under reduced pressure. Washing the resulting brown solid with a

small quantity of ethanol yielded a white insoluble powdery solid (0.38g).

Yield : 27% [R: 3420 br.,s, 3376 br., s, 3284 br., s; 3068 s (carboranyl CH); 2600 s,
2574 s (carboranyl BH); 1685 w, 1655 w; 1447 s, 1419 s (sulfonyl SO); 1237 s; 1187 s;

11131 s; 1039 s; 1019 s 997 m; 884 w; 799 w; 756 m; 735 m; 717 m; 688 m; 627 m;
611 m; 572 m; 492 w cm-1

1-phenvl-2-(phenvisulfonvl)-ortho-carboran

Y QO
\Y
c"s\\
0

1-pheny-ortho-carborane (0.22g, 1mmol) was dissolved in DME (45mL) and
lithiated with a solution of nBuLi (2.59M in hexanes, 0.6mL, 1.5mmol). After
equilibrating at room temperature for 1.5 hours, benzenesulfony! fluoride (0.15mL,
l.3mm61) was added yielding a yellow solution. This was diluted with diethyl ether,
-washed with distilled water, and the organic layers dried over MgSO,4. Solvent was
removed from the subsequent filtrate under reduced pressure to leave a pale brown oily

solid. Washing this oil with a small quantity of ethanol yielded the product as fine
white crystals (0.12g).



Chapter Two : Synthetic Strategies

Yield : 33% IR: 3090 w, 3068 w, 3030 w (phenyl CH); 2962 w, 2934 w; <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>