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Abstract 

The estrogen receptor (ER) plays an integral role in the proliferation of hormone 

dependent breast cancer. Recently a number of organometallic compounds and closo

carboranes, which demonstrate affinity for the estrogen receptor, were prepared as novel 

types of anti-estrogens. This thesis describes the synthesis and characterization of a new 

class of inorganic anti-estrogens derived from Re-metallocarboranes. 

Chapter 2 describes the first series of targets which include three monoarylated 

Re-metallocarboranes. Two different synthetic routes were used to complex the 

[Re(C0)3t core to carborane ligands, one of which involves microwave irradiation of a 

one pot mixture that produces the desired complexes in almost complete conversion 

ratios. One compound, 2.10, contains a single phenol substituents, which is predicted to 

show ER binding affinity based on previous reports of the closo-carborane analogue. 

Chapter 3 describes the synthesis and characterization of diarylated Re

metallocarboranes. Two of the compounds, 3.7 and 3.8, are expected to show high 

binding affinity for the ER because they are inorganic analogues of the well known anti

estrogen Tamoxifen. 
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Chapter 1 - Introduction 

1.1 The Estrogen Receptor and Breast Cancer 

Estrogen receptor (ER) mediated breast cancer accounts for one third of all 

diagnosed cases of breast cancer. 1 The ER receptor is over expressed on malignant 

cells, which rely on the binding of estrogen in order to proliferate. Specifically, the 

binding of 17/3-estradiol, also known as 17{3-oestradiol,2 (Figure 1.1) leads to the 

dimerization of two adjacent hormone receptor complexes which concurrently 

internalize and attach to specific DNA sequences.3.4 Once the necessary co-factors 

bind, DNA transcription occurs, which, in the case of cancer cells, allows for 

unregulated cell growth. 

In 1997 Brzozowski et al. reported the first crystal structure of the ligand 

binding domain (LBD) of the ER, complexed with 17{3-estradiol.2 Two ER subtypes 

exist, ERa and ER/3, which share some commonalities in ligand binding.5 In the 

estradiol-ER complex, the phenolic hydroxy group of the A-ring hydrogen bonds to 

the glutamic acid residue (Glu353
), arginine (Arg394

), and to a molecule of water 

(Figure 1.2). The hydroxy group of the D-ring {17/3) makes a single hydrogen bond 

with a histine residue (His524
). The remaining stabilization results from the 

hydrophobic interactions of the rings and the binding pocket. The size of the binding 

cavity is 450 A3
, which is almost twice the molecular volume of the natural substrate, 

245 A3
• 

Brzozowski's group also determined the crystal structure of the ER complex 

containing a known antagonist, Raloxifene {RAL) (1.2, Figure 1.1). RAL was shown 

to bind in a manner similar 17{3-estradiol with a phenolic hydroxyl group participating 

in hydrogen bonding similar to that of the A-ring in the estradiol. However, in order 
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for the second hydroxy group in 1.2 to hydrogen bond the bulky side chain of RAL 

induces a rotation of the residue His524 leading to displacement of helix 12 (H12), 

which in turn prevents the formation of the transcription competent ER structure.2
•

The high binding character of RAL results from the secondary amino group located on 

the side chain, which is judiciously positioned to participate in hydrogen bonding to an 

aspartic acid residue (Asp351
). 

0 ' "' 
~ ~ 0 

HO 

~ /, ~-P
0'-

HO 

1.1 1.2 1.3 1.4 

Figure 1.1: 17{3-estradio/ (1.1), Raloxifen (1.2), Tamoxifen (1.3), 4-Hydroxytamoxifen 
(1.4). 

R 
:h=is-524 

0 
NH 

HN \\ 
I N.;::VR I 

I 
I 

ROV~ 

R 

Asp-351 

Glu-353 Arg-394 

Figure 1.2: Binding of17{3-estradiol to the key residues in the ligand binding domain 
(LBD) ofER. 

2 
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1.2 ER Antagonists 

The ability of non-steroidal anti-estrogens, like RAL, to inhibit the binding of 

estrogen, and hence prevent cellular replication was first documented in 19587 when 

Lerner and co-workers prepared the first non-steroidal anti-estrogen, MER -25 (1.7). 

These results governed little interest until Tamoxifen (1.3, TAM), (Z)-1[4-(2

dimethylaminoethoxy)phenyl]-1,2-diphenyl-1-butene, was discovered in 1971.8 

Since its discovery Tamoxifen has been used extensively in the treatment of 

hormone dependant breast cancer.9
'
10 The pharmacological properties ofTAM (Figure 

1.1) result from the phenyl rings participation in hydrophobic interactions with the 

non-polar residues that compose the ER-LBD. The dimethylamino group of 

Tamoxifen interacts with (Asp351 
) in the receptor binding domain and is a key factor in 

11the compound's anti-estrogenic activity.8
' These intermolecular contacts were 

evident in the crystal structure of4-hydroxytamoxifen12 bound to the ERa-receptor. 13 

Unfortunately, the primary metabolite of TAM, 4-hydroxytamoxifen (1.4) is 

prone to isomerization of the Z-isomer, which is an antagonist, 14 to the E-isomer, 

which is a proven estrogen agonist. 15
•
16 It is important to note that hydroxylation of the 

para-position of th~ phenyl ring in 1.3 increases the binding affinity to the ER, 

compared to TAM itself. 8 

There continues to be active searches for Tamoxifen analogues that display 

high affinity and antagonist activity which do not undergo the metabolism to toxic by

products. The analogues typically contain the triarylethylene core (Figure 1.3). 

Zisterer et a/. 17 for example, prepared a number of Tamoxifen analogues where by 

each of the phenyl rings were sequentially replaced with benzyl groups. 17 In particular 

it was observed that insertion of a benzyl group for C-phenyl ring of Tamoxifen was 

3 
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tolerated so long as there was a secondary amine off the B-Ring (1.5). 17 This work 

also demonstrated that ER binding was severely affected by substitution off the B

ring. 

HO 

1.5 1.6 1.7 1.8 

Figure 1.3: 2-Benzyl-1-phenyl-[ 4-(dimethylaminoethoxy )phenyl] -but-1-ene (1.5), 
Iodoxifen (1.6), 18 MER-25 (1. 7), Diethylstilbesterol (1.8). 19 

A greater understanding of the effects of the three dimensional topology of the 

ER-LBD has resulted in the development of new probes whose 3-D structure, rather 

than 2-D structure, were used to afford potent agonists. 20 To probe the 3-D size, shape 

and flexibility of the ER-LBD, Katzenellenbogen et al. prepared a series of cyclofenil 

derivatives (Figure 1.4) containing bicyclic and tricyclic moieties off the ethylene 

unit. 21 Compound 1.10, for example, exhibited a 500% relative binding affinity 

(RBA), with 17{3-estradiol showing 100% RBA, while 1.9 was less efficacious with 

an RBA of 68%.19 Through the use of computational docking models, the high binding 

affinity of 1.10 was attributed to site specific hydrogen bonding of the two hydroxyl 

groups. The first hydroxyl group, analogous to the natural substrate in Figure 1.2, 

interacts with the two residues Arg394 and Glu354
• The second hydroxyl group is well 

positioned to engage in a hydrogen bond with Asp351 and ~47, generally leading to 

more effective binding character of the ligand. It was observed that if the correct 
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spatial orientation of hydrophobic surface was not present in the substrate, a loss in 

binding affinity occurred. For example, 1.11 displayed RBA of 9% indicating that the 

ER selectively requires a core that is not excessively over crowded. 

HO HO 

H~ 
HO HOHO 

1.9 1.10 1.11 

co 
co~... co 

-o -~ o-~OH,'_,t..~'..,... ,,,Ho 

~OH 
M=Re 

1.131.12 

Figure 1.4: Cyclofenil (1.9), 9-[bis(4-hydroxyphenyl)methylene]bicyclo[3.3.J]nonane 
(1.10), 2-[bis(4-methoxyphenyl)methylene]-1,3,3
trimethylbicyclo[2.2.1]heptane (1.11), 3-ethyl-1,2,4-tri-(4
hydroxyphenyl)cyclopentadienyltricarbonyl rhenium (1.12), and 
Ferro~ifen (1.13). 

In a similar view, Katzenellenbogen and coworkers also used the unique 3-D 

topology of organometallic compounds derived from cyclopentadienide (1.12) to 

probe the ER as a means of identifying a new class of anti-estrogens (Figure 1.4).22 

This approach was pioneered by Jaouen and coworkers who developed the use of 

organometallic compounds as anti-estrogens. For example, Ferrocifen (1.13), an 

organometallic analogue of 1.3 was prepared in which the C-ring ofTAM is replaced 
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with a ferrocene moiety?3 The first metabolite of 1.13 has been shown to possess 

anti-cancer properties.24 

1.3 Carborane as ER Binding Agents 

Using the hydrophobic properties of carboranes, which are clusters of boron, 

hydrogen and carbon atoms (vide infra), a group of potent estrogen receptor (ER) 

agonists were designed by Endo et a/.25
•
26 The non-polar carborane was used in place 

of the C- and D-rings of 17/3-estradiol to facilitate enhanced binding interactions 

through stronger hydrophobic interactions. The compounds were simple aryl

carborane derivatives, where the correct positioning of phenol substituents enhanced 

relative binding affinity through-site specific hydrogen bonding interactions between 

the hydroxyl group and the carboxyl group of Glu353
• Screening of a series of 

carborane derivatives with a Luciferase reporter gene assar7 showed that compounds 

with phenol groups off the first carbon in the para-carborane cage, with the second 

carbon bearing a hydrogen atom, a hydroxy group, or hydroxy group with one 

methylene unit spacer, all exhibited greater estrogenic activity than the natural 

substrate (Figure .1.5). 

~OH 

0
~ 

. 
' 

' 

c 
HO/ 

1.14 1.15 

e=BH 

Figure 1.5: Carborane estrogen agonists developed by Endo et al. 25 
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The diaryl-ortho-carborane (vide infra) derivative 1.17, at concentrations of 10· 

7 M, showed 70% inhibition of the transcriptional response to the natural substrate and 

at concentrations of 10-6M showed almost complete inhibition (Figure 1.6)?8 These 

results are in agreement with the work conducted by Katzenellenbogen et a/. 19 which 

showed that large hydrophobic groups can improve estrogen receptor binding if they 

possess the correct 3-D spatial orientation. The carborane derivatives are attractive not 

only because of their impact on estrogen receptor binding but because of their 

potential resistance to catabolism and their potential to be radiolabelled (vide infra).23 

\0;·

~~~000 
1.16 

e=BH 

1.17 

Figure 1.6: Carborane anti estrogens developed by Endo and coworkers. 29 

1.4 Polyhedral Boranes 

Borane hydride clusters were first prepared by Alfred Stock30 in the early 

1930's and were later characterized in the 1950's as three dimensional structures made 

up of an array of three center two electron bonds30 (3c-2e") as shown by electron31 and 

low temperature X-ray diffraction studies.30 The vertices in polyhedral boranes are 

composed of boron atoms that are bonded to each other in a 3c-2e" fashion and to at 

least one exo-hydrogeon atom. These hydrogen atoms have a hydride like character 
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due in part to the formal electron deficiency of the structure and to the 

electronegativity differences between the boron and hydrogen nuclei.30 Polyhedral 

boranes are typically electron deficient structures based on conventional two center 

two electron bonding (2c-2e) models. 

The existence of diborane (1.18, Figure 1.7) was predicted back in 1921 but it 

remained until 1943 before the structure was determined unambiguously. The 

structure consists of a pair of two electron deficient BH3 units which dimerize via a 

pair of (3c-2ej bonds. This simple boron hydride, with a molecular formula of B2H6 

(1.19), is presented as having two bridging hydrogen atoms that are each bonded to 

two boron centers.32
•
33 

H 
' 
' H .~, H' ,' ' .. / 

/B', ,.B, 
H 't' H 

H 

1.18 1.19 

Figure 1.7: 1.18) BH3, 1.19) B2H6(diborane) 

In the 1950's a nnmber of larger neutral boranes including; B~10, BsH11, B6Hu, 

B8H12, and ~His, were reported and characterized. Neutral boron hydrides are 

moisture sensitive and are unstable in air. In contrast the borane hydride anions like 

[B10H10t and [B12H12t, show remarkable stability and are not sensitive to moisture 

or acid.35
•
34 Researchers first predicted, based on topological models, that the 

structures of these clusters would resemble distorted fragments of a regular 

icosahedron, with some exceptions, such as BsH9, that assumes a pyramidal 

geometry.30
•
35 Only upon later examination of borane clusters of different molecular 
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formulae did it become evident that the key structural units present in boron polyhedra 

structures consisted of the most spherical deltahedra, the icosahedron (Figure 

1.8).35,36,37-41 

$ H ~ 
e=BH 

1.20 1.21 1.22 

Figure 1.8: The icosahedron (1.20), B6H10 (1.21), and Bullu (1.22). 

Borane cages have been evaluated for a number of applications, particularly in the last 

decade. The applications include doping of semiconductors along with the production 

of advanced boron-based ceramics.42 The high boron content has led to the use of 

polyhedral borane derivatives as boron delivery vehicles for boron neutron capture 

therapy (BNCT), which is an experimental modality for cancer therapy.42 Other 

applications include the use of such clusters as catalysts for homogenous 

hydrogenation, solvent extractions of radionuclides, and the preparation of novel 

ligands for coordirnl;tion chemistry and radiopharmaceutical chemistry.42 

1.5 Dicarba-closo-dodecaborane 

Of particular importance to this research was a subset of icosahedral 

heteroboranes known as dicarba-closo-dodecaboranes, which have the general formula 

C2B10H12 and are commonly referred to as carboranes. These compounds are derived 

from the [B12H12t polyhedron, in which two of the BK vertices are replaced with 

isolobal CH fragments (Figure 1.9). Carboranes exhibit distinct differences in 
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chemical and physical properties from their parent binary boranes as a result of the 

increased electronegativity of the substituted vertices and changes in the overall formal 

charge. 

H H 
I I

4c-H A3w "l~C-H 
e=BH 

1.23 1.24 1.25 

The first carboranes to be synthesized were C2B3H5(1.23)35
,4

3 and the two isomers of 

CzB4H6 (1.24),35•44 while 1,2-dicarba-closo-dodecaborane, also known as ortho

carborane (abbreviated to o-carborane), (1.25), was first reported in 1963 by two 

different groups.45•46 At present, polyhedral carboranes from CzB3Hs up to C2BtoH12 

have been successfully isolated in at least one isomeric form. 47·48 

It is important to point out that both the carbon and boron atoms within the 

carborane structure are hexacoordinate. The multicenter bonding can be explained 

through the use of molecular orbital (M.O.) theory. Despite the lack of a sufficient 

number of electrons needed to satisfy the conventional valence electron count required 

of stable compounds, the number of bonding orbitals predicted by molecular orbital 

theory for the point group Ih are, in the case of carboranes, filled. Collectively for 

icosahedrons there are 12 tangential molecular orbitals and one spherical orbital (atg) 

which sum to 13 bonding orbitals, a number that coincides with the number of skeletal 

35electrons predicted by Wade's rules for such a structure. Given the molecular 

formula of o-carborane, each boron vertex contributes 2 electrons to the skeletal 

10 
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system with the remaining electrons provided by the carbon vertices, together 

constituting the 26 skeletal bonding electrons. The break down for the electron 

distribution in the cluster requires two electrons from each vertex along with the two 

extra electrons arising from the presence of one extra valence electron naturally 

occurring on the two carbon atoms, with respect to that of boron. The remaining 

number of electrons from each vertex offers a full complement of electrons required to 

constitute the bonding of the terminal hydrogen atoms.35 

1.6 Isomerization of Carboranes 

In 1963 it was reported that attempts to dimerize or possibly polymerize o

carborane via thermal dehydrogenation led not to the desired species but instead to 

two isomeric products.47 Under inert atmosphere and temperatures of 465-500 °C, 

(Scheme 1.1) 1,2-dicarba-closo-dodecaborane isomerized to the 1,7-isomer of 

9carborane (1.26).35
,4 -

52 This 1,7-dicarba-closo-dodecaborane, also known as neo- or 

meta-carborane, abbreviated m-carborane, closely resembled o-carborane in melting 

points (meta- 263 to 265 °C, ortho- 287 to 288 °C), odour, appearance, and solubility. 

1,7-dicarba-closo7dodecaborane was also shown to further thermally isomerize at 

temperatures near 620 °C, to the 1,12-dicarba-closo-dodecaborane, which is referred to 

48 53as para- or p-carborane (1.27).35
• •

There are a number of differences between the isomers in terms of chemical 

and physical properties. These differences are often attributed to the change in overall 

polarity associated with the different positioning of the more electronegative carbon 

vertices within the icosahedral frameworks. The impact of the carbon atom positions 

within the cluster was demonstrated in a pKa study of three analogous C-substituted 
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carboxylic acids.47 The ortho-derivative was appreciably more acidic with a p.Ka of 

22.0 followed by meta-carborane and para-carborane with p.Ka values of 25.6 and 

5526.8 respectively.54
• The increased electronegativity of the two proximal carbon 

atoms in ortho-carborane render this cage more polar than meta- and para-carborane, 

which has the smallest dipole of the three isomers. 

400°C 700°C 

9 
H 

Ortho(1,2) Meta(1,7) Para(1, 12) 

1.25 1.26 1.27 

Scheme 1.1: The thermal isomerization of1,2-dicarba-closo-dodecaborane to the 1, 7
and 1,12-isomers. 

1.7 Characterization of Carboranes 

Carboranes can be readily characterized by a number of techniques. The 

infrared spectrum, for example, of dicarba-closo-dodecaboranes exhibits a significant 

B-H stretch around 2600 cm-1
; a region that generally does not contain signals for 

organic compounds~ The signal is a broad peak reflecting an averaged stretching mode 

for all B-H bonds of the carborane system.55 There is also a C-H stretch mode 

typically observed around 3080 cm-1
• There are also some striking differences between 

ortho- and meta-carborane in the fingerprint region, for example a bending mode 

present at 1212 cm-1 for o-carborane is absent from theIR spectrum for meta-isomer. 

The symmetry point group of the underivatized o-carborane is C2v, with a lowering of 

symmetry occurring upon mono C-substitution.55 The proton NMR spectrum for 
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carboranes typically consists of a very broad, undulating series of signals observed 

between 3.5 ppm and 0.5 ppm, which arise from the hydrogen atoms bound to the 

boron vertices of the cluster. There is also a resonance for the hydrogen atom bound 

to the carbon vertex of the cage which typically occurs around 3.9 ppm. Another key 

instrumental technique employed in the characterization of carboranes, and novel 

carborane derivatives, is mass spectrometry whereby the characteristic 1<13/11B isotopic 

distribution presents itself as a normal distribution about the median value. 56 

1.8 Synthesis of Ortho-Carboranes 

Ortho-carboranes prepared by the reaction of an alkyne, acetylene (1.28) being 

used in the unsubstituted case, with a Lewis base adduct of decaborane, B10H14 

(1.22).35
•
45.46.57

•
58 The Lewis base adduct is prepared by reacting a weakly coordinating 

Lewis base such as alkylamines, alkylsulfides, or acetonitrile (1.29) with 1.22 

(Scheme 1.2). The alkyne can be added directly to the reaction mixture of the Lewis 

base adduct generated in situ, or the adduct can be isolated and subsequently reacted 

with the alkyne at a later time. Carbon substituted ortho-carborane derivatives can be 

prepared directly from the corresponding alkyne provided it does not contain a 

nucleophilic functional group. Alkynes containing alcohols, amines, and carboxylic 

acids must be protected prior to reaction with decaborane. 35 This approach often works 

well for monosubstituted alkynes but gives poor yields for disubstituted compounds.35 
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(CH3CN)2B10H12

1.30 

1.28 1.30 1.25 

Scheme 1.2: The preparation ofo-carborane, CzBJolf/2 (1,2-dicarba-closo
dodecaborane). 

Recently, a new method for the preparation of mono- and di-substituted ortho

carboranes has been developed by Sneddon et al. ,59 which improves the overall yields 

particularly when employing di-substituted alkynes. The method involves reacting the 

alkyne with decaborane in a mixture of toluene and an ionic liquid such 1-butyl-3

methylimidazolium tetrafluoroborate [(bmim)BF4]. These conditions typically 

produce the desired compounds in higher yields and in shorter reaction times than the 

conventional approach described above (Scheme 1.3).59 

H 0 [(bmln)BFJ 

~+ 
OBn toluene, A 

1.31 1.22 1.32 

Scheme 1.3: Preparation ofo-carborane derivatives with functionalized alkynes, 
using ionic liquids. 
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1.9 Reactivity of Ortho-Carboranes 

The pKa for ortho-carborane (22.0) makes it possible to deprotonate the C-H 

vertex using a stoichiometric amount of strong base (MeLi, sec-BuLi, and n

BuLi).35
•
60

-6
2 The resulting mono-lithiocarboranes are nucleophilic and react with a 

range of electrophiles including halogens (X2), alkyl halides, C02, aldehydes, acid 

chlorides, and epoxides (Scheme 1.4). 35 

H 
I 
c H 

/ 
n-BuLi. 

. THF, -30 °C O. 2)W 

1.25 1.33 1.34 

Scheme 1.4: Preparation ofmono-lithiocarborane (1.33) and subsequent reaction 
with C02. 

It should also be noted that equilibrium between the mono-lithiocarborane 

(1.33) and di-lithiocarborane (1.35) species is known to exist in solution, with the 

process favouring the monometallation product when a reaction is run at dilute 

concentrations (Figure 1.1 0). The equilibrium constant for formation of the dilithio 

compound is much smaller for meta- and para-carborane.63 

~ 

O
c -j 

' 
' 

1.33 1.35 

Figure 1.10: Equilibrium between deprotonated fonns ofo-carborane. 
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Ortho-carboranes are stable to a wide range of reaction conditions, the major 

exception being the exposure of the carborane cage to strong Bnmsted or Lewis bases. 

As such, it is possible to conduct a diverse number of transformations on carborane 

derivatives including displacement reactions,64-68 Wittig reactions,69 oxidations and 

reduction reactions.6s.7°Carborane cages containing phenyl substituents are stable to 

most electrophilic aromatic substitution conditions allowing for selective substitution 

of the ring.71•72,
79 Those carboranes substituted with aliphatic hydroxyl components 

have been shown to be successfully oxidized by either strong oxidants such as 

potassium dichromate or milder oxidation methods including Swem oxidation, PCC, 

and even peracids,42•68•73•74 without causing cage degradation. The carboranyl moiety 

has even been shown to be stable against strong reducing reagents such as lithium 

aluminium hydride, palladium catalysed hydrogenation, diisobutylaluminum hydride, 

62 70 72 75 77as well as various borane based reducing agents including BH3·SMe2. · · • · 

The B-H vertices in carboranes are orthogonal to the C-H vertices in terms of 

their reactivity, in that the B-H groups react with strong electrophiles.35•78 

Halogenation of the boron vertices is possible using Lewis acid catalyst, such as AlX3, 

80followed by the addition ofCh, Br2, lz, or mixed halogens such as ICl or IDr.79· 

1.10 Nido-Carboranes 

In the presence of alkoxide bases and secondary amines both o-carborane81 and 

m-carborane82"85 and their C-substituted derivatives, are degraded to the respective 

nido-carboranes (Scheme 1.5). The process involves selective loss of one of the two 

most electrophilic boron vertices, resulting in the formation of an anionic cluster, 

which is significantly more hydrophilic.35•85 In the 1,2-isomer the boron atom removed 

is either of the B3 or B6 atoms while in the 1, 7 -isomer the B2 or B3 centers are lost, 
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yielding 7,8-dicarba-nido-undecaborate, [7,8-C2~H12L and 7,9-dicarba-nido

undecaborate, [7,9-C2B9H 12L respectively. The by-products consist of 

97hydroxyborates and hydrogen gas. The resulting nido-carboranes contain a bridging 

hydrogen atom, which occupies the vacancy left by the lost boron vertex. 85 This 

hydrogen atom has been shown to be fluxional between the 3 boron atoms present on 

the open face of the structure. 86 The regioselective nature of the attack was shown 

convincingly by the stability of closo-B3/B6-disubstituted o-carboranes towards 

base.87 

A wide range of reagents and conditions can be used to prepare both the 7,8- or 

89 90 91 921,9-[C2B9H12r structures including trialkylamines,88· hydrazine,60
• · · 

ammonia,93•95 piperidine,85•94 and even fluoride ion.95·96 It has also been shown that 

electron withdrawing substituents located in the a-position to the cage can promote 

facile degradation to the corresponding nido-carborane when such compounds are left 

in polar protic solvents over extended periods oftime.97 

NaOH 

EtoH, A. 

1.25 1.36 

Scheme 1.5: Degradation ofortho-carborane to the corresponding nido-carborane. 

All isomers of dicarba-closo-dodecaborane are prone to deboronation by base 

however meta-carborane is generally more resistive to cage degradation than ortho

carborane, while para-carborane requires harsh conditions of 30% NaOH in propylene 

glycol heated to 180 °C to afford the corresponding nido-carborane.98 
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1.11 The Dicarbollide Dianion 

Removal of the bridging hydrogen in nido-carborane yields another nido

carborane that is referred to as the dicarbollide dianion (1.37). The removal of this 

hydrogen is accomplished by the addition of stoichiometric amounts of a strong 

base.99-102 The process is reversible particularly when aqueous bases are used (Scheme 

1.6).99-101 

,. Na+ 2Na+H 

NaOH 

1.36 1.37 

Scheme 1.6: Removal ofthe bri~!fng hydrogen in 7,8-dicarba-nido-undecaborate to 
yield 2,3-[C2Br;l/JJ] -, (the dicarbollide dianion). 

Dicarbollide dianions, which have the molecular formula [C2B9H11t. contain 

atoms on the open face of the cluster that have sp3 -like orbitals directed towards the 

vacant vertex of the icosahedron (1.38). 103 The number of electrons present within 

these sp3-type orbitals makes the dicarbollide dianion formally isolobal with the 

cyclopentadienyl anion (Cp) (1.39) (Figure 1.11).102 

1.38 1.39 

Figure 1.11: The isolobal nature ofthe dicarbollide dianion (1.38) and 
cyclopentadienide (1.39). 
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The arrangement of the orbitals on the open face of the dicarbollide dianion 

makes it possible to react the nido-carborane with capping agents and metal fragments. 

For example, it has been reported that [C2~Huf- ions react with monoboron reagents 

such as aryl- or alk.ylboron dihalides to form the corresponding closo-carborane cage 

having the aryl or alkyl substituent located off the vertex of the inserted center 

(Scheme 1.7).87·102•104 The dicarbollide dianion has also been shown to react with other 

main group elements including dimethylberyllium etherate,105 (CH3)2Be(Eh0)2, 

aluminium ethyl dichloride, 106 EtAlCh, tin dichloride, 107 SnCh, to produce closed 

heterpolyhedral structures containing the respective main group elements within the 

icosahedral framework. 

PhBCI2 

THF, -40 OC 

•=BH •=B 
1.37 1.40 

Scheme 1.7: Restoration ofthe closo-structurefrom the dicarbollide dianion (1.37) to 
give 3-~henyl-1,2-dicarba-closo-dodecaborane (1.40). 

1.12 Metallocarboranes 

As mentioned earlier, the dicarbollide dianion is isolobal to the 

cyclopentadienide anion. As such, the dicarbollide dianion has been used as a ligand to 

prepare a large number of sandwich type complexes. To exemplify the isolobal 

parallels of the dicarbollide dianion, the carborane analogue of ferrocene, 

[(C2B9H11)2Fer101'102 and a mixed analogue (C2~H11)Fe(CsHs) were prepared. 108 The 
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oxidation state of iron after complexation is +3, but can be lowered to +2 by a 

reduction reaction with an amalgam of sodium.109·110 A substantial number of other 

metallocene analogues for both ortho- and meta-isomers have been reported including 

those of chromium,111 cobalt102 nickel, 102'112 palladium,102·113 as well as copper and 

gold.toz,m 

The reaction of o- and m-dicarbollide dianions (7,8- and 7,9-[C2B9H11 f), with 

hexacarbonyls of chromium, molybdenum, and tungsten under ultraviolet light 

produced air sensitive dicarbollyl metal tricarbonyl complexes, instead of the 

bis(dicarbollyl) complexes. 102•114 For manganese and rhenium, the tripodal complexes 

of dicarbollide dianion were prepared from nido-carborane 1.36, the respective metal 

115 116bromopentacarbonyls, and a strong base (NaH).103· · 

co ,. co ,. 

M=Mn M=Re 

1.41 1.42 

Figure 1.12: Metal tricarbonyl carborane complexes prepared by Hawthorne et al. 115 

1.13 The Medicinal Chemistry of Carboranes 

The original interest in using carboranes for medicinal applications was as a 

source of boron atoms for boron neutron capture therapy (BNCT). BNCT is a binary 

cancer therapy regime that was proposed by Locher in 1936.117 The premise of this 

binary approach to cancer treatment was based on the reaction of neutrons with B 

isotope, which produces a-particles and lithium ions. The high energy of these ions 

20 


10



MSc Thesis- R. Chankalal McMaster - Department of Chemistry 

can be used to ablate tumours. Carboranes are attractive synthons for BNCT because 

of their high boron content and because of their versatile synthetic chemistry which 

allows for unique bioconjugation strategies to be used to facilitate the accumulation of 

boron at the site of the disease. 118
•
119 

Beyond BNCT, carboranes are attractive synthons for medicinal chemistry 

because of their resistence to catabolism,42 low toxicity (LD50 = 7 glkg)120
, and 

because of their hydrophobic nature. Furthermore, the volume occupied by the 

carborane cage (5.25 A3
) is of similar size to that mapped out by a rotating phenyl ring 

46(4.72 A3
). •

121 It is therefore possible that for certain classes of compounds carboranes 

can be used in place of phenyl groups as hydrophobic and/or catabolic resistant 

pharmacophores or as basic structural elements without significantly affecting the 

binding to the target receptors.28 

The aforementioned properties (high boron content, synthetic flexibility, 

hydrophobicity, in vivo stability) has lead to the preparation of a number of medicinal 

123agents including: carborane nucleoside analogues, 122
• carboranyl DNA 

126intercalators,124 amino acid analogues, 125
• magnetic resonance imaging (MRI) 

128 131 133agents,127
• folic acid analogues,129 immunoconjugates,130

' liposomes,132
• 

136 .28polyamines, 134 carbohydrates,135
• estrogen agonists28 and antagonists,29 and 

146retinoids. 145
• The majority of these agents were developed for use as BNCT agents. 

More recently carboranes have been used as ligands for developing radiotracers. 

1.14 Re and 99mTcf9Tc-Metallocarboranes and Radiopharmaceuticals. 

Technetium-99m is the most widely used radionuclide in diagnostic nuclear 

medicine. This is a result of the ideal nuclear properties of the isotope which includes 
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emission of a low energy gamma ray (139 keY) and a relatively short half-life (6.02 

hrs). 99mTc is also readily available, at a modest cost, from 99Mo-99mTc generators, 

which takes advantage of the decay of 99Mo to 99mTc (Scheme 1.8). 

~Mo p-"""' (1.3& MeV) 

~-· 67hrs 


~ 'Y (139 keV) 87.5% 

~Tc------ :Tc ff(292 keV)
&hrs ~ r- 212000yrs 

~ asRu 
44 

Scheme 1.8: The decay scheme for 99Mo. 

One approach used to target 99mTc to specific receptors, is to bind the metal to 

a biomolecule through a bifunctional ligand. The ligand used to complex the metal 

must form a stable species, which does degrade in vivo. To be of use in a nuclear 

medicine applications, complexes must be capable of being prepared in water where 

the concentration of the radionuclide is typically between 10-8 M to 10-9 M.22 

Carboranes are attractive sythons for preparing radiometal complexes because 

metallocarboranes can be prepared in water. 140 A number of carborane-metal 

complexes are very· stable and do not undergo spontaneous degradation even in the 

presence of competing ligands. 137
•
138 A further advantage to using carboranes is that 

they can be easily derivatized with a wide range of groups which creates new ways of 

targeting the metal complexes to specific receptors. 

Hawthorne and collaborators reported the synthesis of pyrazole-bridged 

bis(dicarbollide dianion) complex of 57Co (1.43). 138 The ligand is referred to as the 

Venus flytrap complex (VFC) because it possesses two nido-[7,9-C2B9H11 t ions 

hinged together by a bridging pyrazole group. The ligand also contains an ester 
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functional group, which was later used to append the ligand to a monoclonal antibody 

(Figure 1.13).138 This carborane-radionuclide-antibody conjugate demonstrated 

specific localization during biological distribution studies.139 

1.43 

0 =B 

e =BH 

M =57Co 

Figure 1.13: The Venus Flytrap Complex (VFC) of 57Co (1.43). 

Our group recently reported a new approach for preparing Tc/Re tricarbonyl 

carborane complexes in both organic and aqueous solutions under conditions suitable 

for labelling at the tracer level (Scheme 1.9).140 The procedure involves reacting a 

nido-carborane (1.36) with [M(C0)3Br3f or [M(C0)3(H20)3t, (M = 99Tc and Re). 

The latter compound can be prepared at the tracer level using a commercially available 

kit.22 

M+ unit 

M=Re 

1.421.36 1.37 

Scheme 1.9: Generation ofthe rhenium (I) tricarbonyl carborane complexes in water. 
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The stability of the 99Tc-carborane complexes were evaluated by incubating the 

cluster with an excess of cysteine. No transchelation was observed indicating that the 

Re/Tc-metallocarboranes are suitable for in vivo applications. The ability to form 

stable complexes of 99mTc, coupled with the ability to conjugate the clusters to 

biological targeting agents makes carboranes an interesting synthon from which to 

design novel radiopharmaceutical and biological probes. 

1.15 Carboranes as Pharmacophores 

One way of targeting carboranes or metallocarboranes to specific receptor 

systems is to use the cluster as an integral part of a pharmacophore. For example, 

Endo and coworkers developed a series of retinobenzoic acid derivatives containing 

both amide and amine cores having ortho-carboranyl groups off either of the 3 or 4 

positions of the central aryl group (Figure 1.14).141 
"
143 The carborane analogues were 

studied because of the finding that the introduction of hydrophobic groups into 

retinobenzoic acids could generate an antagonistic effect (Figure 1.14).144 It was 

observed that those retinobenzoic acid derivatized with an amide functionality and an 

ortho-carboranyl unit at the 4-position, at a concentration of 10-6 M, were able to 

inhibit the activity of a potent retinoid, Am80. The presence of an alkyl group off of 

the carborane cage, in particular a C-substituted methyl group, showed even greater 

ability for inhibition of cell differentiation triggered by Am80. In comparison, those 

analogues with the carboranyl unit at the 3-position induced differentiation only when 

a potent retinoidal synergist was present. 145 
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M 1.451.44 0 

0 1.0 N~~ 
H I 

H # COzH 

1.46 

Figure 1.14: Carborane containing retinoids prepared by Endo and co-workers. 

Endo and co-workers also used the hydrophobic nature of carboranes to 

prepare compounds to target protein kinase C. 146 The derivatives (1.47) contained 

ortho-carborane located at the 9-position of a benzolactam core (Figure 1.15). The 

benzolactam core is a moiety common to a number of compounds known to activate 

the enzyme. It was observed that both the underivatized carborane benzolactam and 

those carborane benzolactams that had bulky alkyl groups off the second carbon in the 

cage were effective at inhibiting tumour growth with the alkylated carboranes showing 

the highest efficacy. 

OH 

1.47 

R =H, C4H9, C8H11 

Figure 1.15: Protein kinase C targeting carborane derivatives. 
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1.16 Scope and Summary of Research 

The objective of this thesis was to build on the findings reported by Endo and 

coworkers and to develop a means to prepare a series of Re-metallocarborane 

analogues that are capable of binding to the ER. The long-term objective would be to 

use the methodology to identify metallocarboranes that have high affinity for the ER. 

These compounds could subsequently be used to prepare novel diagnostic agents 

(M=99mTc), radiotherapy agents (M=188Re), and inorganic anti-estrogens (M=Re). 

Chapter 2 focuses on the synthesis of monoatylated rhenacarborane 

derivatives, while Chapter 3 addresses the preparation of diacylated rhenacarborane 

derivatives. The document is concluded with a discussion of ongoing attempts to 

synthesize the technetium tricarbonyl carborane derivatives, a discussion of future 

research including plans to explore the interesting NMR and solid-state structures of 

congested diarylated rhenacarborane complexes. 
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Chapter 2 - Monoarylated Carboranes 

2.1 Overview 

A series of monoarylated carboranes and Re-metallocarboranes were prepared 

as models of a new class of organometallic anti-estrogens and radiopharmaceuticals. 

The synthetic approach used to prepare the metal complexes was done in a manner 

that could be performed at the tracer level with 99mTc. This chapter describes the 

overall synthetic strategy, experimental details, and characterization data. 

2.2 Introduction 

As mentioned in section 1.1, the estrogen receptor (ER) is over expressed on 

malignant cells, which rely on the binding of its substrate in order to proliferate. The 

binding of 17 /l-estradiol (Figure 2.1) ultimately results in DNA transcription that 

2fuels unregulated cell growth in breast cancer cells. 1
• Tamoxifen (Figure 2.1) 

currently is the method of choice for the treatment of hormone dependant breast 

cancer.3,4 Unfortunately, the metabolites of Tamoxifen (2.2) have been shown to be 

estrogenic, which can promote tumour growth. 5 

' N.;" 

N.;"' 
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HOAD~ ~ 


HO 

2.1 2.2 2.3 

Figure 2.1: The (Z)-isomer ofTamoxifen (2.1), 4- Hydroxytamoxifen (2.2), 17/3
estradiol (2.3). 
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To minimize catabolism and to improve efficacy of the pharmacophore a 

number of Tamoxifen analogues have been prepared. Endo et a/.6
•
7 proposed that the 

hydrophobic carborane core could be used in place of the C and D rings of 17{3

estradiol, as a means of preparing a unique class of anti-estrogens. Endo's group 

successfully showed, with use of the Luciferase binding assay/·9 that a series of 

substituted carboranes containing phenolic groups (Figure 2.2) possessed binding 

affinity comparable to that of 17{3-estradiol. Compound 2.5 exhibited the highest 

relative binding affinity (RBA, 155% that of 17{3-estradiol).9 The estrogen analogue 

was based on the structure of p-carborane subsituted with a phenolic group at one 

carbon vertex and a methyl alcohol on the second. It was also observed that meta-

substitution of the hydroxy group on the aryl ring resulted in decreased binding 

affinity. 

r(YOH 

0
~ . . . 

HO--..,/'c 

2.4 2.5 

e =BH 

Figure 2.2: 1-Hydroxyphenyl-12-hydroxy-1, 12-dicarba-closo-dodecaborane (2. 4), 
1-( 4-hydroxyphenyl)-12-(hydroxymethyl)-1, 12-dicarba-closo
dodecaborane (2.5). 

Analogous derivatives of ortho- and meta-carboranes containing phenolic 

residues off one carbon vertex and an aliphatic amide or an aromatic ring with an 

amino chain similar to Tamoxifen (Figure 2.3), off the second carbon atom, 

9demonstrated antagonistic activities.8
• The assay was conducted at various 
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concentrations of the substituted carboranes in the presence of 17{j-estradiol, where 

the antagonistic character was determined by measuring the ability of the carborane 

derivatives to prevent the natural substrate from initiating cellular differentiation, as 

compared to the leading anti-estrogen, Tamoxifen (2.1). At concentrations of 10-6M 

compound 2. 7 inhibited 17 {j-estradiol binding by 90%, comparable to Tamoxifen at 

95% and hydroxytamoxifen at 95%.7 

2.6 

e=BH 2.7 

Figure 2.3: 1-(4-Hydroxyphenyl)-2-(N-methyl-N-butyl-dodecylacetamide)-1, 2
dicarba-closo-dodecaborane (2.6), and 1-(4-(N.N-dimethylamino) 
ethoxyphenyl)-2-( 4-hydroxyphenyl)-1, 2-dicarba-closo-dodecaborane 
(2.7). 

2.3 Rationale 

The fact that monoarylated carboranes bind to the ER with affinities greater 

than the natural substrate, or comparable to that of the leading antiestrogens, it is 

conceivable that metallocarboranes would also bind to the ER, thereby creating a new 

type of anti-estrogen. K.atzenellenbogen et al. showed that the LBD of the ER can 

accommodate the increased bulk which would be associated with addition of the 

M(C0)3 fragment (where M = Re) to a carborane.10 The target compounds serve as 
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models of the corresponding Tc-compounds which can potentially be used for 

imaging ER positive tumours. 

2.4 Synthetic Strategy and Targets 

In light of the relative binding affinities reported by Endo and coworkers, 

three target compounds were selected (Figure 2.4). The first target was a simple 

phenyl substituted ortho-carborane (2.8), which was used to develop and optimize the 

basic synthetic strategy. The second target was a 4-methoxyphenyl substituted ortho

carborane (2.9), which would determine the effect of the electron donating methoxy

substituent of the phenyl ring on the yield of complexation and the stability of the 

metal center. This compound is also a precursor to the ultimate target, 4

hydroxyphenyl substituted ortho-carborane (2.10), which is expected to have high 

binding affinity for the ER based on the results reported by Endo et al. 9 

-,-	 -, 

co ~OMe= co -.;;:::: 
I I~ 

M=ReM=Re 	 M=Re 

2.8 2.9 	 2.10 

e=BH 

Figure 2.4: 	1-Phenyl-3,3,3-tricarbonyl-3-1J5-Re-1,2-dicarba-closo-dodecaborate (2.8), 1
( 4-methoxyphenyl)-3,3,3-tricarbonyl-3-TJ5-Re-1,2-dicarba-closo-dodecaborate 
(2. 9),and 1-( 4-hydroxyphenyl)-3,3,3-tricarbonyl-3-TJ5-Re-1,2-dicarba-closo
dodecaborate (2.10). 
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M=Re 

2.8 R=H 
2.9 R=OCH3 

2.10R=OH 

e=BH 

2.11 R= H 
2.12 R = OCH3 

2.13R=OH 

2.17 
2.18R=H 
2.19R = OCH3 

Figure 2.5: The retrosynthesis ofmonoarylated Re-metallocarboranes. 

As shown in the general retrosynthesis (Figure 2.5), the metallocarboranes 

2.8-2.10 were prepared from the nido-carboranes 2.11-2.13, which were prepared by 

degradation of the corresponding c/oso-carboranes 2.14-2.16. The c/oso-carboranes 

were prepared frqm commercially available phenylacetylene (2.18) and p

methoxyethynylbenzene (2.19). This approach was chosen so that if the work is 

repeated at the tracer level, the radiometal can be added in the final step using a 

similar strategy. 

2.5 Synthesis of Phenyl Re-Metallocarborane (2.8) 

The preparation of 1-phenyl-1,2-dicaba-c/oso-dodecarborane, herein referred 

to as phenyl c/oso-carborane (2.14), can be accomplished by two routes: 1) an alkyne 

2.14R= H 
2.15R = OCH3 

2.16R=OH 
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insertion reaction ofphenylacetylene (2.18) with the Lewis base adduct of decaborane 

(2.17), BwH12(CH3CN)2, or 2) by the copper mediated Ulmann type coupling11 of 

iodobenzene (2.21) and ortho-carborane (2.20). For reasons that are discussed below, 

the former approach was employed (Scheme 2.1). 

2.18 2.17 2.14 
e=BH 

OR 

1) n-Bull 
2) Cui, pyridine, Phi 2.21 OD 

2.20 2.14 

e =BH e=BH 

Scheme 2.1: Two synthetic routes to phenylcarborane; I) alkyne insertion and 2) 
Ulmann-type coupling. 

The initial attempts to prepare compound 2.14 was based on a method reported 

by Giovenzana12 et al. where by 1.1 equivalents of the alkyne was added to one 

equivalent of2.17. The reaction produced the desired product but was complicated by 

the presence of unreacted alkyne. When the stoichiometry was changed to 0.8 

equivalents of the alkyne and the reaction heated to reflux overnight under inert 

atmosphere, 13 the existence of the product was shown by TLC (100% petroleum ether) 

with no remaining alkyne. Compound 2.14 could be visualized through the use of a 

palladium spray and by illumination using ultraviolet (UV) light. Detection by 
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palladium involves spraying the TLC plates with a 1.0 M solution of PdCiz in 

hydrochloric acid, 14 which turns black when heated in the presence ofboron species. 

Compound 2.14 was purified by four successive recrystallizations from low 

boiling petroleum ether. In the case where residual phenylacetylene remained, a final 

purification by silica gel column chromatography using 3% ethyl acetate and hexanes 

as the eluent, was performed. Compound 2.14 was isolated as a white solid in modest 

yield (30%). 

The 1H NMR spectrum of 2.14 showed a pair of doublets at 7.50 (J= 4.1 Hz) 

and 7.35 ppm along with a multiplet at 7.40 ppm, which is consistent with the 

literature values for phenylcarborane. 15 A broad singlet was observed at 3.99 ppm for 

the unsubstituted C-H of the cage. There was also a broad undulating signal along the 

baseline between 3.89 and 0.89 ppm, characteristic of the hydrogen atoms bonded to 

the quadrapolar boron nuclei of the carborane cage. 16 The 13C NMR spectrum 

exhibited four distinct aromatic carbon resonances at 133.30, 129.86, 128.79, and 

127.43 ppm, and two signals attributed to the carbon vertices of the carborane cage, 

which appeared at 76.36 and 60.07 ppm. The 11 B NMR spectrum contained six signals 

which appeared at. -1.28, -3.60, -8.18, -10.01, -10.54, and -12.02 ppm, which is 

consistent with the symmetry of a closo-monosubstituted o-carborane. Infrared 

analysis of2.14 exhibited the carborane C-H stretch at 3077 cm·1
, along with the B-H 

stretch at 2600 cm-1
•
17 Signals at 1585, 1517, and 1499 cm-1 were also detected and 

attributed to the C=C bonds of the phenyl group. The molecular ion in the mass 

spectrum was consistent with the mass of 2.14 and exhibited a characteristic B10 

isotopic distribution. 
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With the phenyl closo-carborane in hand, the next step was to prepare the 

corresponding nido-carborane, compound 2.11. Degradation of the cage can be 

accomplished using both aqueous and non-aqueous bases. 16 Initial attempts to degrade 

the cage with KOH in ethanol resulted in poor yields as isolation of the product was 

laborious. Another reaction, based on a highly efficient method developed by Fox and 

Wade, 18 involves deboronation of the cage using fluoride (Scheme 2.2). The most 

commonly employed fluoride reagent for hydrophobic carborane derivatives is 

tetrabutylammonium fluoride hydrate (TBAF) which along with the parent carborane, 

dissolved readily into wet tetrahydrofuran (THF). The deboronation was carried out 

by heating the reaction to reflux. The target (2.11) was isolated as a slightly yellow 

solid in 80% yield following silica gel chromatography using 100% dichloromethane 

as the mobile phase. 

[NBu.JF 

THF, !1 

2.14 2.11 

e=BH 

Scheme 2.2: Preparation oftetrabutylammonium 7-phenyl-7, 8-dicarba-nido
undecaborate, 2.11. 

The effects of the increased electron density on the carborane cage, in 

comparison to the closo- compounds, resulted in an up field shift of the signals for the 

aromatic hydrogen atoms in the 1H NMR spectrum. The relative order of the aromatic 

resonances remained unchanged with the doublet at 7.24 ppm arising from the two 
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protons closest to the electron withdrawing carborane cage. The broad signal resulting 

from the B-H components was observed at 3.40-0.55 ppm, and the resonance due to 

the C-H of the carborane cage was at 2.35 ppm. The counter ion of the nido

carborane (2.11) was the tetrabutylammonium cation, from the TBAF reagent, which 

displayed a doublet downfield at 3.05 ppm due to the CH2 group closest to the 

nitrogen nuclei, while there were two independent multiplet signals resulting from the 

two internal methylene groups, at 1.54 ppm and 1.38 ppm. The triplet owing to the 

methyl group ofTBA appeared at 0.97 ppm. 

The 13C NMR spectra of compound 2.11 showed an upfield shift of the 4 

aromatic signals from 133.30, 129.86, 128.79, and 127.43 ppm in compound 2.14, to 

145.37, 127.26, 126.51, and 124.54 ppm in 2.11. The tetrabutylammonium carbon 

atoms signals were also present at 58.64, 23.71, 19.45, and 13.46 ppm. The 11B NMR 

spectra for 2.11 was also shifted upfield to -9.06, -12.97, -18.35, -21.91, -32.38, 

35.84, and was more complex than that of compound 2.14 due to the reduction of 

symmetry, which occurs upon loss of one boron vertex. 

The IR spectrum of 2.11 exhibited the characteristic C-H stretch of the cage at 

13085 cm-1 and the B-H stretch at 2545 cm- , which was, as expected, at a lower 

frequency than the c/oso-analogue 2.14. 17 This energy difference between the closo

and nido- carborane is a prominent difference between the two structures. Aromatic 

C=C stretches were observed at 1596, 1493, and 1480 cm-1
• Negative ion mode 

electrospray mass spectrometry showed the expected molecular ion peak at 209 rnlz, 

with the expected isotopic distribution. Positive mode electrospray mass spectrometry 

displayed the counter ion peak at 242.1 rn/z corresponding to the tetrabutylammonium 

cation. 
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The original synthesis of Re-metallocarboranes was reported by Hawthorne et 

al. 19 and involved treating a nido-carborane with Re(C0)5Br in the presence of 

excess NaH. Stone and coworkers20 modifies this method improving the yield to 

60%. Our group recently showed that the Re-metallocarboranes could be prepared by 

reacting nido-carboranes in the presence of TlOEt and [Re(CO)JBr3f" in THF.21 

Alternatively the same reaction can be performed using solution of sodium carbonate 

in place of T10Et.21 This reaction was improved upon in that aqueous fluoride can be 

used in place ofNa2C03 to promote metal complexation?2 

The initial method for preparing 2.8 involved reacting 2.11 with 1.5 

equivalents of n-butyllithium (n-BuLi) at -30 °C, under N2 atmosphere, prior to the 

addition of the bis(tetraethylammonium) tribromotricarbonyl rhenate(l) 

[NE4]2[Re(Br)3(C0)3] (2.22). After stirring the mixture for thirty minutes, it was 

necessary to allow the reaction to warm to room temperature for 5-l0 minutes, before 

the addition of an equivalent of the rhenium tricarbonyl precursor 2.22 (Scheme 

2.3)?3 It was necessary to heat the reaction mixture to reflux to ensure solubility of the 

rhenium {I) starting material. 

n-Bull 

reflux 

M=Re 

2.11 2.8 

e=BH 

Scheme 2.3: Synthesis of2.8, 1-phenyl-3,3,3-tricarbonyl-3-TJ5-Re-1,2-dicarba-closo
dodecaborate. 
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After allowing the mixture to cool, a small sample of the reaction mixture was 

submitted for both positive and negative mode electrospray mass spectrometry. The 

negative ion mode displayed the desired complex 2.8 at 481 rn/z along with a signal 

corresponding to the uncomplexed nido-carborane ligand at 211 rn/z. TLC of the 

crude reaction mixture (100% dichloromethane) showed two major components that 

were both palladium and UV active. This was believed to be the target plus unreacted 

ligand. The Rtofthe target and starting material were very similar (R_r= 0.28 and 0.24, 

respectively) complicating purification. 

In lig'ht of the ESMS results and TLC analysis, the mixture was concentrated 

under reduced pressure to give a yellow solid and the product was isolated by silica 

gel column chromatography ( 100% dichloromethane ). The metal tricarbonyl complex 

eluted just ahead of the nido-starting material under the given solvent conditions on 

account of the increased hydrophobicity associated with the rhenium tricarbonyl core. 

Small fractions exhibiting both palladium and UV activity were analysed by infrared 

spectroscopy to confirm the presence of the desired Re complex by looking for the B

H stretching mode band (2600-2500 cm-1
), and the two carbonyl stretching bands, 

v(C::O), which typ~cally appear around 2000 and 1900 cm·1
• The two carbonyl 

stretches result from the local C3v symmetry for rhenium tricarbonyl complexes.24 

Fractions containing the expected stretches were then individually submitted for both 

positive and negative modes of ESMS to identify the nature of the species present in 

the fractions. Mass spectroscopy revealed that all samples contained some starting 

material impurity, with the earlier fractions being richer in the desired complex. 

Samples containing significant amounts of product were recrystalized from 

dichloromethane and hexanes, yielding pure crystals ofcompound 2.8. 

42 

http:complexes.24


MSc Thesis - R. Chankalal McMaster University - Department ofChemistry 

Negative ion electrospray spectrometry confirmed that the collected fractions 

contained the desired product (Figure 2.6). The complex 2.8 had an rn/z value of 

478.9 rn!z, which contained the appropriate boron and rhenium distributions based on 

an isotopic distribution simulation. 

1 

Figure 2.6: The negative ion electrospray mass spectrum of2.8. 

The IR of the purified material showed a B-H stretch at 2560 cm"1
, which was 

higher in energy than the B-H stretch of the ligand (2545 cm-1
). The expected 

carbonyl stretching frequencies with the predicted symmetry were present at 2006 and 

1906 cm·1 (Figure 2.7). 

.l
81 

3$011 30QO 29:10 20M .~· ---,....,~--~~ 
w~~n 

Figure 2.7: The FTIR (in CH2Cl2) spectrum ofcomplex 2.8. 
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The chemical shift of the carborane CH group in the 1H NMR spectrum of 2.8 

(Figure 2.8) exhibits a shift downfield (3.95 ppm) from that of the corresponding 

nido-carborane starting material (2.11). This shift suggests that binding of the metal 

removes electron density from the open face of the carborane cage. Hawthorne et al. 

observed a similar phenomenon in theRe-complex ofunsubstituted o-carborane.19 

The 13C NMR spectra for 2.8 contains 10 signals. Four of the signals 

corresponded to the aromatic resonances appearing at 146.13, 127.46, 125.07, and 

122.84 ppm. The aliphatic signals of the counter ion were observed at 37.40, 23.94, 

19.70, and 13.65 ppm. TheM-CO carbon signals appeared at 198.42 ppm while the 

signal at 58.98 ppm was attributed to the unsubstituted carbon of the cluster. The 

quaternary carbon atom in the carborane cage was not detected, which is not 

unexpected based on its long relaxation times.25 11B NMR spectrum showed broad 

overlapping signals at -5.23, -10.19, and -22.79 ppm, which is consistent with the 

underivatized Re-complex reported by Hawthorne et a/. 19 

.,., .... ,-,............~,. ......~~~....... 
) 2 : 

Figure 2.8: 1H NMR spectrum (200 MHz, in CDC/3) oftetrabutylammonium 1-phenyl
3, 3, 3-tricarbonyl-3-'115-Re-1,2-dicarba-closo-dodecaborate (2.8). 
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Crystals of the phenyl substituted rhenium tricarbonyl metallocarborane (2.8), 

were grown from 10% dichloromethane in hexanes at -10 °C and analysed by X-ray 

diffraction. The resulting structure (Figure 2.9), which was solved in the P-1 space 

group with two molecules in the unit cell, is similar to the structure reported by 

Hawthorne et al?4 The boron-carbon bond lengths in the carborane cage ranged from 

1.708(7) A to 1.757(6) A, with the average being 1.731(6) A, while the boron-boron 

bond distances ranged from 1.749(8) Ato 1.804(7) A, with an average of 1.778(8) A. 

The carbon-carbon bond length for the carborane cage was 1.650(6) A, which is 

slightly larger than the value for the unsubstituted rhenium tricarbonyl carborane. The 

two bond length for the cage carbon atoms bonded to the rhenium center were 

1.897(5) A and 1.914(5) Awith the average being 1.904(2) A, which is a little larger 

than the average observed in the underivatized metallocarborane (1.610 A).24 The 

phenyl ring is positioned at an angle of 110.8(3t to the carborane cage, and does not 

seem to have any interaction with any of the carbonyl ligands of the metal center. 

Figure 2.9: The X-ray structure for 1-phenyl-3, 3, 3-tricarbonyl-3-'115-Re-1, 2-dicarba
closo-dodecaborate, 2.8. The tetrabutylammonium cation is omitted for 
clarity. 
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2.6 Synthesis of 4-Methoxyphenyl Re-Metallocarboranes (2.9) 

The C-(4-methoxyphenyl) substituted ortho-carborane (2.15) was reported by 

Endo et al. ,9 but no characterization data was given. Mingos and coworkers also 

prepared 2.15 and published the corroborating spectroscopic data?6 Compound 2.15 

was prepared following the method of Giovenzana et al. by performing the alkyne 

insertion reaction with 4-methoxy-1-ethynylbenzene (2.19), which is commercially 

available. Compound 2.19 was added to the Lewis base adduct of decaborane 

(Scheme 2.4) and the reaction heated to reflux. The reaction, which was originally 

yellow, changed to an intense red colour, which persisted for the duration of the 

reaction (48 hrs). The crude reaction mixture was concentrated in vacuo yielding an 

orange-red solid, which was initially purified by dissolving the crude mixture in ethyl 

acetate (20 mL) followed by precipitation by the addition ofhexanes (100 mL). The 

precipitate contained an orange/ yellow material, which was removed using multiple 

precipitations. Purification of the combined supemant was accomplished by silica gel 

column chromatography using 3% ethyl acetate and hexanes. The desired product, 1

(4-methoxyphenyl)-1,2-dicarba-closo-carborane (2.15), was isolated as a white solid, 

in 30% yield, which is lower than literature values. 26 

CH3CN 

2.19 2.17 2.15 

e=BH 

Scheme 2.4: Preparation of1-(4-methoxyphenyl)-1,2-dicarba-closo-dodecaborane. 
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The infrared spectra of 2.15 showed the carborane C-H stretch mode at 3075 

cm"1 and the characteristic B-H stretch for the c/oso-compound at 2602 cm-1
• Alkyl 

stretching frequencies were observed from 3013-2843 cm·1
, while the C=C aromatic 

stretch modes were present from 1611-1464 cm-1
• The TOF electron impact mass 

spectrum of the product (2.15) showed a mass to charge ratio of 250.2, which is 

consistent with the calculated value, having the expected boron isotopic distribution. 

1H NMR spectrum of 2.15 (Figure 2.10) showed two sets of doublets at 7.43 

and 6.83 ppm (J = 4.5 Hz). The CH group of the carborane cage appeared at 3.89 

ppm which is upfield compared to the CH group of phenylcarborane (3.99 ppm). The 

methoxy-group appears as a singlet at 3.82 ppm, while the B-H signal is apparent 

between 3.70-1.20 ppm. The observed resonances were in line with reported values.26 
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Figure 2.10: 1H NMR spectrum (200 MHz in CDC/3) of1-(4-methoxyphenyl)-1,2
dicarba-closo-dodecaborane (2.15 ). 
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The 13C NMR spectrum of2.15 showed the ipso carbon atoms of the aromatic 

ring at 160.70 and 125.39 ppm. The other aromatic signals appeared at 129.20 and 

113.96 ppm. The signal corresponding to the substituted carborane carbon atom was 

observed at 76.80 ppm, while that of the unsubstituted position occurred at 60.96 ppm, 

compared to 76.36 and 60.07 ppm respectively, for the phenyl substituted carborane 

(2.14). The methoxy-carbon resonance was present at 55.49 ppm. The 11 B NMR 

spectrum of 2.15 displayed the expected number of signals for a monosubstituted 

closo-carborane, which appeared at -1.06, -3.87, -8.25, -9.77, -10.56, and -11.80 ppm 

(Figure 2.11), which were slightly higher than the values reported previously. 

!! 

20 10 -lo -!0 -!n... 
Figure 2.11: JJB NMR spectrum (500 MHz in CDC/3), of1-(4-methoxyphenyl)-1,2

dicarba-closo-dodecaborane (2.15). 

In an unsuccessful attempt to improve the yields of 2.15 the procedure 

reported by Fox and coworkers was attempted. II The process involved preparing C

lithio-orthocarborane at -10 °C, followed by the addition of pyridine and copper (I) 

chloride to generate a C-substituted copper carborane. After warming the mixture to 
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room temperature, the aryl iodide, 4-para-iodoanisole (2.21), was added and the 

system heated to reflux for two days. No product was observed therefore this approach 

was abandoned. 

The nido-carborane, 7 -( 4-methoxyphenyl)-7 ,8-dicarba-nido-undecaborate 

(2.12a1 was prepared in a manner similar to that used to prepare 2.11. Five 

equivalents of TBAF were added to 2.15 and the mixture heated to reflux (Scheme 

2.5). The desired nido-derivative 2.12a was purified by silica gel column 

chromatography using 100% dichloromethane as the eluent. The product, compound 

2.12a was isolated in 70% yield as a colourless solid. 

THF, A 
OMe 

2.15 2.12a 

e=BH 

Scheme 2.5: Synthesis of7-(4-methoxyphenyl)-7,8-dicarba-nido-undecaborate, 2.12a. 

The B-H stretch for 2.12a (2523 cm-1
) appeared at lower energy relative to the 

starting material 2.15. The C-H stretch of the unsubstituted carbon vertex was 

observed at 3085 cm-1
, while the aliphatic C-H stretches of the cation were observed 

between 3000-2840 cm-1
• The aromatic C=C stretches were observable around 1512 

and I 467 cm-1
• The negative ion electrospray mass spectrum showed the expected ion 

mass at 240.0 rnlz, with the characteristic isotopic distribution for a B9 containing 

species. 
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The 1H NMR spectrum of 2.12a, as the tetrabutylammonium salt, clearly 

shows that there is an increase of electron density associated with the carborane cage, 

which caused an upfield shift of the resonance of the hydrogen atom bound to the 

unsubstituted carbon of the cage. It moved from 3.89 ppm in compound 2.15 to 2.27 

ppm in the nido-carborane 2.12a. The doublets from the aromatic CH groups, which 

appeared at 7.17 and 6.65 ppm (J= 4.4 Hz), were also shifted upfield from 7.43 and 

6.83 ppm in compound 2.15. The effects of increased electron density in the cluster is 

also apparent in the 13C NMR spectrum where the signals from the aromatic carbon 

atoms, which appeared at 157.01, 137.88, 127.93, and 112.78 ppm, were also shifted 

upfield compared to compound 2.15 (Figure 2.12). The methoxy- signal was present 

at 55.22 ppm. The "B NMR spectrum of 2.12a showed increased complexity over 

the c/oso-compound which is expected as a result of the loss of symmetry upon 

removal of the boron vertex. Eight signals were observed at -8.51, -9.70, -12.88, 

15.83, -17.54, -21.70, -31.90, and -36.15 ppm. 
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Figure 2.12: 13C NMR (200 MHz in CDC/3), ofl-(4-methoxyphenyl)-7,8-dicarba
nido-undecaborate (2.12a). 
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The rhenium carborane complex 2.9 was generated in a manner similar to that 

of the phenyl substituted analogue. Removal of the bridging hydrogen from 2.12a 

with 1.5 equivalence of n-BuLi in freshly distilled THF was performed at -30 °C 

giving a slightly yellow heterogeneous solution. After allowing the mixture to warm 

to room temperature, an equimolar amount of [NE4]z[Re(C0)3Br3] was added, which 

slowly dissolved upon heating the solution to reflux (Scheme 2.6). After cooling, a 

small sample was submitted for ESMS, which showed 2~9 along with umeacted 

starting material (2.12a). 

n-Bull 


THF, ·30 °C 


OMe OMe 

2.12 

e=BH 

Scheme 2.6: The preparation oftetrabutylammonium l-(4-methoxyphenyl)-3,3,3
tricarbonyl-3-1!5-Re-1,2-dicarba-closo-dodecaborate,(2.9). 

Attempts to purify 2.9 by silica gel chromatography proved futile as the 

starting material was detected in all fractions. Attempts to purify the target from those 

fractions containing mostly 2.9, relative to 2.12a, via recrystallization from hexanes 

and dichloromethane failed to yield pure product. Multiple columns run in sequence 

were unable to remove all impurities consequently semi-preparatory high pressure 

liquid chromatography (HPLC) was attempted as a means of isolating the desired 

product. 

THF, reflux 

OMe 

M=Re 

2.9 
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• ll 

~LJ~L--~-~JwJ ~.A 
-

Figure 2.13: HPLC chromatogram ofcrude reaction mixture for complex 2.9. 

HPLC purification was carried out using stepwise gradient over 15 minutes 

from 30% acetonitrile-70% water to 100% acetonitrile, with 100% acetonitrile held 

constant for an additional 5 minutes. The HPLC chromatogram (Figure 2.13) 

illustrates the presence of a number of impurities, in the crude reaction mixture. 

Unfortunately due to the number of close running components attempts to isolate pure 

fractions were unsuccessful. Beyond the similar RJ values for 2.9 and 2.12a, the 

purification was complicated by the fact that the reaction produced the desired product 

as two different salts, [NEt.t and [NB14( 

At this point, our group discovered that Re-carboranes could be prepared from 

the [Re(C0)3t core using aqueous solutions of potassium fluoride.22 Because of the 

high yield of this method the use of n-BuLi was abandoned. Unfortunately the salts of 

TBA aryl carboranes are not soluble in water. As a result, the tetraethylammonium 
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(TEA) salt of 2.12a, designated as 2.12b, was prepared under analogous conditions 

with the exception of the tetraethylammonium fluoride (TEAF) used in place of 

TBAF, and 10% EtOH added to help solubilize the fluoride salt. This way, TEAF in 

water-ethanol mixtures could be used to prepare the desired complex. This approach 

has the added benefit that it avoids the problem ofmultiple counterions. 

The nido-salt 2.12b and the rhenium starting material (2.22) were combined in 

a 0.1 M 10% ethanol-water solution of TEAF and the reaction heated to reflux. 

Initially TEAF and 2.12b was not water soluble but at reflux the mixture became 

homogenous. After two days, a small sample was submitted for negative ion 

electrospray mass spectrometry. The majority of the carborane species by ESMS was 

unreacted nido-2.12b with only a small peak associated to the desired complex. 

Addition of a second equivalent of 2.22 and further heating at reflux temperature over 

two more days produced only minor increases in target complex 2.9 as detected by 

HPLC and confirmed by ESMS (Scheme 2.7). With the difficulties encountered in 

complexing the rhenium core to the carborane cage in 2.12b, attempts to prepare 2.9 

were abandoned until better methods (vide infra) could be formulated. 

[NEtJF, [Re(C0)3BrJ2· 

10% EtOH/H20 
OMe reflux 

M=Re 

2.12 2.9 

e=BH 

Scheme 2. 7: One pot preparation ofcomplex 2.9. 
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2.7 Synthesis of 4-Hydroxyphenyl Re-Metallocarboranes (2.10) 

The third target was the metal complexes of hydroxyphenyl substituted ortho

carborane (2.10). The c/oso-carborane 2.16 was prepared by deprotecting compound 

2.15. A 1.0 M CH2C}z solution of boron tribromide, BBr3, was added to compound 

2.15 at -30 °C, in freshly distilled dichloromethane under inert atmosphere (Scheme 

2.8).27 The reaction was stirred at this temperature for 30 minutes upon which the 

reaction was allowed to warm to room temperature. At this point the reaction vessel 

was opened and allowed to slowly evaporate overnight under a stream ofN2 gas. Wet 

THF was added at -10 °C, and once again the reaction was allowed to slowly 

evaporate ovemight.27 Following the addition of methanol at -10 °C, the crude 

mixture was concentrated to yield a brown residue from which the desired product 

was isolated using silica gel column chromatography (10% ethyl acetate in hexanes as 

the eluent). The target, 1-(4-hydroxyphenyl)-1,2-dicarba-closo-dodecaborane (2.16) 

was isolated as an off-white solid in 90% yield. There was a significant reduction in 

the R[value of the hydroxyl species versus the methoxy species, as was to be expected 

now that the capacity for hydrogen bonding exists between the phenolic group and the 

silica TLC plate. 

2.15 2.16 
e=BH 

Scheme 2.8: The synthesis of1-(4-hydroxyphenyl)-1,2-dicarba-closo-dodecaborane, 
(2.16). 
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In theIR spectrum the stretching mode of the C-H bond ofthe carborane cage 

1was present at 3070 cm"1
, while the B-H stretches appeared at 2602 cm- • There was 

also a stretch present at 3576 cm·1 which was attributed to the 0-H bond of the phenol 

group. The molecular ion was observed in the TOF ElMS, with a mass to charge ratio 

of 236.2. The existence of the phenolic substituted closo-carborane was evident from 

the 1H NMR spectrum in which the methoxy signal was no longer present, however 

there was a signal attributed to the hydroxy proton at 5.14 ppm. The pair of aromatic 

doublets having chemical shifts of7.38 and 6.77 ppm were also present (J= 4.3 Hz), 

while the proton of the unsubstituted carbon vertex of the cage appeared at 3.87 ppm. 

13C NMR spectrum of2.16 exhibited the expected aromatic carbon signals at 156.79, 

129.51, 125.79, and 115.48 ppm with the carbon of the carborane cage at 60.96 ppm. 

The 11B NMR spectrum showed peaks at -1.07, -3.84, -8.24, -9.79, -10.59, and -11.83 

ppm, which is similar to the monosubstituted carboranes 2.14 and 2.15. 

Two different methods for the preparations of nido-carborane 2.13a were 

attempted. The first was analogous to that of the two other monoarylated carboranes, 

involving heating compound 2.16 with 5 equivalents of TBAF in wet THF (Scheme 

2.9). After one day of reflux only partial degradation of the cage had occurred with 

the remaining product being unreacted closo-carborane. In an attempt to drive the 

reaction to completion, an additional 5 equivalents of TBAF was added and the 

reaction was maintained at reflux for one more day. This approach resulted in 

complete consumption of the starting material. The target nido-compound, 

tetrabutylammonium 7 -( 4-hydroxyphenyl)-7 ,8-dicarba-nido-undecaborate, was 

obtained following purification by silica gel chromatography ( 5% methanol in 

dichloromethane) in 50% yield as a white solid. 
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OH 

2.16 2.13a/2.13b 

e=BH 

Scheme 2.9: Preparation ofcompounds 2.13a and 2.13b. 

As expected, there was a pronounced upfield shift of signals in the 1H NMR 

spectrum due to the increase in electron density in the cage. The doublets associated 

with the aromatic ring appeared 6.92 and 6.30 ppm, while the signal associated with 

the carborane C-H group appeared at 1.99 ppm. The hydroxy proton was not observed 

which is assumed to be a result of exchange with the NMR solvent (deuterated 

methanol). The aliphatic signals with the expected spin-spin coupling for the 

tetrabutylammonium cation was also observed at 3.09, 1.54, 1.30, and 0.93 ppm. The 

13C NMR spectrum contained four aromatic signals from 155.42, 138.58, 129.04, and 

114.93 ppm, which were shifted upfield from those observed in the parent closo

carborane 2.16. The tetrabutylammonium cation signals were observed at 59.57, 

24.84, 20.71, and 14.00 ppm. The 11B NMR spectrum of compound 2.13a revealed a 

complex array of signals appearing at -7.93, -9.33, -12.33, -15.58, -16.88, -17.87, 

21.16, -31.52, and -34.73 ppm. The increased number of signals compared to that of 

the closo-carborane 2.16, is attributed to the lack of symmetry in the nido-compound. 

In the infrared spectrum of 2.13a the B-H stretch appeared at 2523 cm"1
, a lower 

energy stretch than that for the closo-carborane 2.16, while the C-H stretch mode of 
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the cage was observed at 3058 cm-1
• The aromatic C=C stretches were observed at 

1608 and 1512 cm-1
, while the aliphatic sp3 C-H stretches of the counter ion were 

1present between 2969-2880 cm-1
• The 0-H stretch was present at 3583 cm- • The 

negative ion ESMS showed a parent ion at 225.8 rnlz with a B9 characteristic 10s/11B 

isotopic distribution, which are both consistent with the product being 2.13a. 

The second approach to the degradation of 2.16 entailed the use of TEAF 

(Scheme 2.9). Ten equivalents of TEAF and compound 2.16 were heated to reflux 

which resulted in rapid conversion of the c/oso-carborane to the respective nido

compound (2.13b ). Cdmpound 2.13b is more hydrophilic than the TBA salt and was 

readily isolated in 65% yield by silica gel column chromatography using 10% 

methanol in dichloromethane as the eluent, in 65% yield. Characterization data for 

2.13b was identical to that of the TBA nido-salt, 2.13a, with the exception of the 

differences attributed to the two different cations. 

With the two salts, 2.13a and 2.13b, it was possible to attempt the 

complexation reaction with the rhenium tricarbonyl core using two different 

approaches. The first approach involved reacting 2.13a with 1.5 equivalents of n-BuLi 

in THF at -30 °C, to generate the dicarbollide dianion in situ. This slightly yellow 

mixture was then allowed to warm to room temperature to ensure the formation of the 

corresponding dicarbollide dianion. The addition of one equivalent 2.22 resulted in a 

heterogeneous yellow mixture which, when heated to reflux became homogenous. A 

small sample from the reaction mixture was submitted for negative ion ESMS which 

showed the presence of the target mass at 495 mlz. Attempts to isolate the target by 

silica gel chromatography were unsuccessful as the product fractions were 
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contaminated with starting material. Preparatory TLC and semi-prep HPLC were 

equally ineffective in purifying the reaction mixture. 

The alternate method entailed replacing n-BuLi with a milder base, TEAF. 

When compound 2.13b and 10 equivalents of tetraethylammonium fluoride along 

with 1.0 equivalent of 2.22, in 10% ethanol-water, were heated to reflux overnight the 

desired product was produced in small amounts. Increasing the amount of 2.22 in the 

reaction did not substantially increase the production of 2.10. Separation of the target 

from excess ligand was extremely difficult. 

Despite the high yields obtained for other Re(I)-metallocarboranes using the 

fluoride ion approach it is clear that the aromatic group interferes with the 

complexation reaction. Preparation of2.10 is complicated by the fact that to purify the 

products complete consumption of the nido-carborane is required. Clearly an 

alternative approach was needed which would drive the complexation reactions to 

completion. 

Our group has recently shown that microwave radiation can be used to drive 

the Re(l)-carborane coupling reactions to completion,28 and that the closo-carborane 

derivatives can be used directly as the ligand when fluoride ion is used. 22 For 

example, an excess of Re(C0)3(H20)3Br (2.22a), which is reported to be more 

reactive than [Re(C0)3Br3f", 10 was combined with glycosylated carboranes and 

aqueous KF in a Parr microwave vessel for 2 minute at high power. The reaction 

consumed all of the ligand leaving the desired Re-complex as the major product.28 

1-(4-Hydroxyphenyl)-1,2-dicarba-closo-dodecaborane, 2.16, with 3 

equivalents of 2.22a, in 10 mL of 0.5 M sodium fluoride was irradiated in a Parr 

microwave vessel at high power for 2 minutes, in two 1-minute intervals. The 
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reaction was followed by HPLC (UV-vis) which showed the target, 2.10, as the major 

product and there was no residual nido-carborane starting material (Scheme 2.10). 

TLC of the crude reaction mixture (20% MeOH/CHCh) showed two UV active 

components but only one was palladium active. The Rj- of one of the spots (0.20) was 

consistent with the desired product. Compound 2.10 was isolated in 48% yield as a 

brown oil by silica gel chromatography using 15% methanol-chloroform as the mobile 

phase. 

H OOH 

Ob I 0 
NaF, [Re(CO),(H,O)J• 

H20, Microwave, 2 mlns 

High Power 

M=Re 

OH 

2.16 
e=BH 

2.10 

Scheme 2.10: One pot synthesis of2.10 under microwave conditions. 

Negative ion electrospray spectrometry confirmed that the collected fractions 

contained the desired product (Figure 2.14). The complex 2.10 had an m/z value of 

495.2, which contained the appropriate ReB9 distributions, based on a simulation of 

the isotope distribution for the formula of the product. The IR of the purified material 

showed a B-H stretch at 2559 cm·1 which was lower in energy than the B-H stretch of 

the 2.16 (2602 cm-1
). The expected carbonyl stretching frequencies were present at 

2001 and 1884 cm·1 (Figure 2.15). 
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Figure 2.14: The negative ion electrospray mass spectrum o/2.10. 

3500 3000 2500 2000 1500 1000 


Figure 2.15: The FTIR (in KBr) spectrum ofcomplex 2.10. 

The chemical shift of the carborane CH group in compound 2.10 in the 1H 

NMR spectrum (Figure 2.16) posses a small upfield shift of the aromatic doublets, at 

7.25 and 6.50 ppm (J =4.3 Hz), relative to the starting material. However the 
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unsubstituted C-H group of the carborane cage showed a more pronounced upfield 

shift to 1.72 ppm. The 13C NMR spectrum, for 2.10 contained 4 aromatic signals at 

156.73, 135.48, 130.61, and 114.73 ppm. The carbonyl ligands bonded to rhenium 

appeared at 200.65 ppm. The two carbon atoms of the carborane occurred at 57.45 

and 55.92 ppm. 11B NMR spectrum showed broad signals at -5.21, -9.25, -12.24, 

13.63, -16.13, -16.90, -22.61, and -24.16 ppm. 
-~ ;g~~ ~~ 

0~ N~ ~~ 
~N N~ 

~~\1 ~1 ~ ~ ~ 
I 1 ~1 

I ' "l " "" \ ' ' "·.. !' 'k 

Figure 2.16: 1H NMR fOO MHz in MeOH -d4) of1-(4-hydroxyphenyl)-3,3,3
tricarbonyl-T/ -Re-1, 2-dicarba-closo-dodecaborate, (2.1 0). 

2.8 Conclusions 

The synthesis and characterization of three novel nido-ligands and two 

monoaryl-carborane complexes of the rhenium (I) tricarbonyl core were completed. 

Two possible routes for the synthesis of the rhenium complexes were established, the 

most effective being a microwave method, which drives the complexation reaction to 

completion. 

The monoarylated Re-metallocarboranes are stable and can be produced with 

sufficient purity to be screened for their biological activity. They were also 
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synthesized in a manner that can be used to prepare the 99mTc analogues, which could 

potentially act as tracers for ER positive tumours. 

2.9 Experimental Section 

Synthesis of 1-phenyl-1,2-dicarba-closo-dodecaborane, 2.14. Acetonitrile 

(70 mL) was added to decaborane 2.17 (1.30 g, 10.65 mmol) and the mixture stirred at 

room temperature overnight. Pheny1acety1ene 2.18 (1.2 mL, 11.72 mmo1) was then 

added and the mixture heated to reflux for 48 h. Upon cooling to room temperature 

the solvent was removed by rotary evaporation. The product, a white solid, was 

isolated by recrystallization from ethyl acetate and hexane, giving pure 2.14 (830 mg, 

135%). MP.: 60-64 °C. TLC: R1 0.43 (100% petroleum ether). FTIR (CH2C}z, cm- ): 

v 3077, 2600, 1585, 1517, 1499. 1H NMR (CDCh, 200 MHz): o7.50 (d, J= 4.1 Hz, 

2H, CH), 7.40 (m, 2H, CH), 7.35 (m, 1H, CH), 3.89-0.85 (br m, BH), 3.99 (br s, CH). 

13CeH} NMR (CDCh, 500 MHz): o133.30, 129.86, 128.79, 127.43, 76.36, 60.07. 

11BeH} NMR (CDCh, 500 MHz): o -1.280, -3.607, -8.183, -10.010, -10.545, 

12.024. MSCI (TOF, +): found rnlz 220.2. 

Synthesis of tetrabutylammonium 7-phenyl-7,8-dicarba-nido

undecaborate, 2.11. Tetrahydrofuran (100 mL) was added to 1-phenyl-1,2-dicarba

closo-dodecaborane 2.14 (670 mg, 3.04 mmol) followed by tetrabutylammonium 

fluoride hydrate (3.99 g, 15.22 mmol). The mixture was heated to reflux overnight 

and then the solvent removed by rotary evaporation. The product, a colorless solid, 

was isolated by silica gel chromatography (1 00% CH2Ch), giving pure 2.11 (1.1 0 g, 

80%). MP.: 115-118 °C. TLC: R1 0.30 (100% dichloromethane). FTIR (CH2Ch, 
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cm"1
): v 3085, 3021, 3001, 2963, 2880, 2545, 1596, 1493, 1480. 1H NMR (CDCh, 

200 MHz): o7.24 (d, J = 3.6 Hz, 2H, CH), 7.08 (m, 3H, CH), 3.40-0.55 (br m, BH), 

3.05 (t, J = 4.0 Hz, 2H, NCH2CH2CH2CH3), 2.35 (br s, 1H, CH), 1.54 (m, 2H, 

NCHzCHzCHzCH3), 1.38 (m, 2H, NCHzCHzCHzCH3), 0.97 (t, J = 3.5 Hz, 3H, 

NCHzCHzCHzCHJ). 13CeH} NMR (CDCh, 200 MHz): o145.37, 127.26, 126.51, 

124.54, 58.64, 23.71, 19.45, 13.46. uBeH} NMR (CDCh, 500 MHz): o -9.061, 

12.971, -18.351, -21.917, -32.385, -35.844. ESMS (-ion): found rnlz 209.2. 

Synthesis of tetrabutylammonium 1-phenyl-3,3,3-tricarbonyl-3-1J5-Re-1,2

dicarba-closo-dodecaborate, 2.8. Tetrahydrofuran {10 mL) was added to 

tetrabutylammonium7-phenyl-7 ,8-dicarba-nido-undecaborate 2.11 (1 01 mg, 0.22 

mmol) and the subsequent reaction was cooled to -30 °C. Next n-Butyllithium (0.14 

mL, 0.33 mmol) was added dropwise and stirred at -30 °C for 20 minutes. This was 

followed by the addition of 2.22 (186 mg, 0.24 mmol), and heating the mixture to 

reflux overnight. Upon cooling to room temperature, the mixture was diluted with 

dichloromethane (20 mL), filtered, and the solvent removed by rotary evaporation. 

The product was isolated by silica gel chromatography (5% hexane/CH2Ch), followed 

by recrystallization from hexane and dichloromethane to yield pure colourless crystals 

of2.8 (73 mg, 46%). MP.: 90-93 °C. TLC: Rt 0.50 (100% dichloromethane). FTIR 

1(CH2Ch, cm- ): v 3055, 2970, 2880, 2530, 2006, 1905. 1H NMR (CDCh, 200 MHz): 

o7.10 (d, J= 3.7 Hz, 2H, CH), 7.00 (m, 2H, CH), 6.95 (m, 1H, CH), 3.95 (br s, 1H, 

CH) 3.12 {m, 2H, NCHzCHzCHzCH3), 1.55 (m, 2H, NCHzCHzCHzCH3), 1.45 (m, 2H, 

NCHzCHzCHzCH3), 1.03 (t, J = 3.6 Hz, 3H, NCH2CHzCH2CH3). 13C{1H} NMR 

(CDCh, 200 MHz): o198.42, 146.13, 127.46, 125.07, 122.84, 58.98, 37.40, 23.94, 
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19.70,13.65. 11B{1H} NMR (CDCh, 500 MHz): o-5.23, -10.19, -22.79. ESMS (-ion): 

found m/z 478.9. HRMS found rnlz 479.1472. 

Synthesis of 1-(4-methoxyphenyl)-1,2-dicarba-closo-dodecaborane, 2.15. 

Acetonitrile (100 mL) was added to decaborane 2.17 {1.030 g, 8.46 mmol) and the 

mixture stirred at room temperature overnight. 4-Ethynylanisole 2.19 (0.82 mL, 9.3 

mmol) was then added and the mixture heated to reflux for 48 h, where an intense red 

colour developed. Upon cooling to room temperature, the solvent was removed by 

rotary evaporation, and product 2.15 (120 mg, 8%) isolated by first precipitating out 

hydrophilic by-products from ethyl acetate and hexane, then by using silica gel 

column chromatography. MP.: 105-107 °C. TLC: Rt 0.43 (100% petroleum ether). 

FTIR (CH2C}z, cm-1
): v 3075, 3013, 2966, 2940, 2914, 2843, 2602, 1611, 1581, 1515, 

1464. 1H NMR (CDCh, 200 MHz): o7.43 {d, J= 4.5 Hz, 2H, CH), 6.84 {d, 2H, CH), 

3.89, (br s, 1H, CH), 3.81 (s, 3H, OCH3), 3.60-0.81 (br m, BH). 13CeH} NMR 

(cDch, 2oo MHz): o 16o.1o, 129.20, 125.39, 113.96, 76.8o, 60.96, 55.4o. 11BeH} 

NMR (CDCh, 500 MHz): o-1.06, -3.87, -8.25, -9.77, -10.57, -11.81. MSEI (TOF, +): 

found rnlz 250.2. 

Synthesis of tetrabutylammonium 7-(4-methoxyphenyl)-7,8-dicarba-nido

undecaborate, 2.12a. Tetrahydrofuran (100 mL) was added to 1-(4-methoxyphenyl)

1,2-dicarba-c/oso-dodecaborane 2.15 (200 mg, 0.8 mmol) and tetrabutylammonium 

fluoride hydrate (968 mg, 4.0 mmol). The mixture was heated to reflux overnight and 

then the solvent was removed by rotary evaporation. The product, a colourless solid, 

was isolated by silica gel chromatography (100% CH2C}z), giving pure 2.12a (230 
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mg, 60%}. MP.: 101-103 °C. TLC: Rt 0.30 (100% dichloromethane). FTIR (CH2C}z, 

1 cm- ): v 3085, 2969, 2880, 2840, 2523, 1677, 1608, 1512, 1480. 1H NMR (CDCh, 

200 MHz): o7.19 (d, J= 4.4 Hz, 2H, CH), 6.67 (d, 2H, CH), 3.73 (s, 3H, OCH3), 3.10 

(t, J = 3.8 Hz, 2H, NCH2CH2CH2CH3}, 2.30 (br s, 1H, CH), 1.55 (m, 2H, 

NCHzCH2CHzCH3}, 1.35 (m, 2H, NCH2CH2CH2CH3}, 0.99 (t, J = 3.6 Hz, 3H, 

NCHzCH2CHzCH3). 13CeH} NMR (CDCh, 200 MHz): o 157.01, 137.88, 127.93, 

112.78, 58.84, 55.22, 23.90, 19.63, 13.62. 11 BeH} NMR (CDCh, 500 MHz): -8.51,

9.70, -12.88, -15.83, -17.64, -21.70, -31.90, -35.15. ESMS (-ion): found m/z 240.0. 

Synthesis of 1-( 4-hydroxyphenyl)-1,2-dicarba-c/oso-dodecaborane, 2.16. 

Dich1oromethane (10 mL) was added to 1-(4-methoxyphenyl}-1,2-dicarba-c/oso 

dodecaborane 2.15 (0.45 mg, 0.18 mmol). The temperature was reduced to -30 °C and 

boron tribromide (0.92 mL, 0.92 mmol) was added dropwise and the mixture was 

stirred at this temperature for 30 minutes. The mixture was then allowed to warm to 

room temperature and evaporate overnight. The following morning the temperature 

was reduced to -10 °C and tetrahydrofuran (10 mL) was added slowly. This was 

allowed to warm to room temperature and evaporate overnight. The next morning the 

temperature was dropped to 0 °C and methanol (10 mL) was slowly added. This was 

stirred for 1 hour before allowing to warm to room temperature. The solvent was then 

removed under reduced pressures and the product was isolated by silica gel column 

chromatography ( 1: 10 EtOAclhexane) to yield a sticky colourless solid, 2.16 (3 5 mg, 

77%). MP.: 104-106 °C. TLC: Rt 0.75 (100% CH2Ch). FTIR (CH2Ch, cm-1
): v 

3586, 3070, 3000, 2602, 1516. 1H NMR (CDC~], 200 MHz): o7.38 (d, J == 4.3 Hz, 

2H, CH), 6.77 (d, 2H, CH), 5.14 (s, 1H, OH), 3.87 (s, 1H, CH) 3.50-1.0 (br m, BH). 
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CeH} NMR (CDCh, 200 MHz): o156.79, 129.51, 125.79, 115.48, 60.96. 11BeH} 

NMR (CDC~), 500 MHz): o-1.06, -3.84, -8.24, -9.79, -10.59, -11.83. MSEI (TOF, +): 

found m/z 236.2. 

Synthesis of tetrabutylammonium 7-(4-hydroxyphenyl) -7,8-dicarba-nido

undecaborate 2.13a. Tetrahydrofuran (50 mL) was added to 1-(4-hydroxyphenyl)

1,2-dicarba-c/oso-dodecaborane 2.16 (50 mg, 0.21 mmo1) and tetrabutylammonium 

fluoride hydrate (520 mg, 1.6 mmol), where upon the mixture turned bright orange 

instantaneously. The mixture was heated to reflux overnight followed by the removal 

of the solvent rotary evaporation. The product, 2.13a (60 mg, 61 %), a colourless solid, 

was isolated by silica gel chromatography (1:99 methanol/CH2Ch). MP.: 72-74 °C. 

1TLC: R1 0.26 (10% methanolldichloromethane). FTIR (CH2Ch, cm- ): P 3583, 3058, 

2969, 2880, 2523, 1608, 1512. 1H NMR (CDCh, 200 MHz): o6.92 (d, J = 3.8 Hz, 

2H, CH), 6.30 (d, 2H, CH), 3.09 (t, J= 4.1 Hz, 2H, NCH2CH2CH2CH3), 1.99 (s, lH, 

CH), 1.54 (m, 2H, NCH2CH2CH2CH3), 1.30 (m, 2H, NCH2CH2CH2CH3), 0.93 (t, J= 

3.6 Hz, 3H, NCH2CH2CH2CH3). 13CeH} NMR (CDC~), 200 MHz): o 155.42, 

138.58, 129.04, 114.93, 59.57, 24.84, 20.71, 14.00. 11 BeH} NMR (CDCh, 500 

MHz): o-7.93, -9.33, -12.33, -15.58, -16.88, -17.87, -21.15, -31.52, -34.73. ESMS (

ion): found m/z 225.8. 

Synthesis of sodium 1-( 4-hydroxyphenyl)-3,3,3-tricarbonyl-3-175-Re-1,2

dicarba-c/oso-dodecaborate, 2.10. Aqueous sodium fluoride (0.5 M, 10 mL) was 

added to 2.16 (50 mg, 0.21 mmol) in a Parr Microwave Digestion Bomb (Model # 

4781) along with 3 equivalents of 2.22a (258 mg, 0.64 mmo1) and the mixture 
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irradiated in a conventional microwave for two 1-minute intervals at high power. 

After allowing the water to cool {20 min.) the sample was acidified with 5 ml of 10 M 

HCI. The mixture was diluted with acetonitrile (10 mL) and cooled at -10 °C until the 

organic layer separated. The acetonitrile layer was removed by pipet and concentrated 

under reduced pressures. The product (2.10), was isolated by silica gel 

chromatography (5% methanol/chloroform), (60 mg, 54%). as a dark brown oil. 1LC: 

Rr 0.15 (10% methanol/chloroform). FTIR (KBr, cm"1
): v 3441, 2559, 2001, 1884, 

1612, 1511. 1H NMR (CD30D, 200 MHz): o7.25 (d, J= 5.3 Hz, 2H, CH), 6.05 (m, 

2H, CH), 1.72 (br s, 1H, CH). 13CeH} NMR (CD30D, 200 MHz): 200.66, 156.73, 

135.48. 130.61, 114.73, 57.45, 55.92. 11BeH} NMR (CD30D, 500 MHz): o-9.25,

12.24, -13.63, -16.13, -16.90, -22.61, -24.16. ESMS (-ion): found rnlz 495.2. HRMS 

found rnlz 495.1430. 
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Chapter 3 - Diarylated Carboranes 

3.1 Overview 

Having established a method to prepare rhenium (I) complexes of mono-

substituted aryl-carboranes, the next step was to develop a method to prepare diaryl 

Re-metallocarboranes. To this end, three diaryl substituted metallocarboranes that 

could potentially serve as organometallic anti-estrogens were prepared. This chapter 

will discuss the rationale for the choice of the particular di-substituted carboranes 

along with the practical synthetic details and characterization required to confirm the 

identity of the target molecules. 

3.2 Introduction 

As mentioned previously, Endo and co-workers utilized the unique 3-D 

topology and hydrophobic character of the carborane cage to develop compounds that 

would interact favourably with the ER. 1 In addition to monoarylated derivatives 

described in chapter 1, diarylated carborane derivatives were prepared and screened 

for their ER binding affinities. Three representative examples are the carborane 

Tamoxifen analogu~s shown in Figure 3.1. 

Figure 3.1: Carborane analogues ofTamoxifen. 
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Endo's group observed the lowest antagonistic character with para-derivative, 

3.1 (RBA= 8%, relative to hydroxytamoxifen) and attributed this poor result to the 

diminished degree of hydrogen bonding in the receptor-substrate complex which was 

due to the incorrect positioning of the phenyl rings. The meta-derivative, 3.2, 

produces better antagonistic effects (RBA = 22%) which is likely due to the hydrogen 

bonding associated with the change in positioning of the aryl substituent&. 

Compound 3.3, which is derived from ortho-carborane, exhibited the best ER binding 

character (RBA =53%). This compound can be considered an inorganic analogue of 

Tamoxifen. 

As mentioned previously in Chapter 1, Katzenellenbogen et a/. investigated 

the use of substituted Re-cyclopentadienide complexes2 and bicyclo- and tricyclo

cyclofenil3 derivatives as ER binding agents (Figure 3.2). The Re-cyclopentadienide 

derivative which showed the greatest efficacy for the estrogen receptor was 3-ethyl

1,2,4-tri-(4-hydroxyphenyl) cyclopentadienyltricarbonyl rhenium (3.4) with a drop in 

affinity being observed as the position of the hydroxy substituents was altered and the 

number of aryl rings decreased.2 This finding was strengthened by the work on 

tricyclo- and bicy~lo-derivatives of cyclofenil (Figure 3.2) where the positioning of 

the hydroxy groups was a critical factor in the observed binding affinity for the ER. 3 

co 

-o 
co~... co HO 

.~ o-~OH 
HO r<()".... ~,;~'-~':..· 

''>::: 
~ OH 

HOM=Re 

3.53.4 

Figure 3.2: Novel ER binding agents. 
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3.3 Rationale 

Considering the anti-estrogenic character displayed by the di-substituted 

carboranes prepared by Endo et al. 1 and the binding affinity observed for the Re

complexes described by Katzenellenbogen et al. 2 a method to prepare diaryl Re

metallocarboranes was developed. The ER-LBD would be expected to accommodate 

the increase in size associated with substitution of the rhenium tricarbonyl core for a 

BH vertex. Thus the potential exists to prepare Re and 99mTc complexes of Endo's 

compounds without having a detrimental impact on the ER binding affinities. 1 To 

this end, four diarylated carborane complexes were selected as targets based on the 

relative binding affinities observed for the parent carboranes. (Figure 3.3) 

...,- ...,

M=Re M=Re 

3.6 3.7 
...,...,

co ~0~ /'.._ /CO : CO ~ '-' ~Nco ~OH: co .....: . I~ I . I~ 

OH 

M=Re
M=Re 

3.8 3.9 

e=BH 

Figure 3.3: The Re-metallocarborane targets: 1-(4-methoxyphenyl)-2-phenyl-3,3,3
tricarbonyl-3-rl-Re-1 ,2-dicarba-closo-dodecaborate (3. 6), 1-(4
hydroxyphenyl)-2-phenyl-3,3,3-tricarbonyl-3-1J5-Re-1, 2-dicarba-c/oso
dodecaborate (3. 7), 1 ,2-bis(4-hydroxyphenyl)-3,3,3- tricarbonyl-3-TJ5-Re
1,2-dicarba-closo-dodecaborate (3.8), and 1-(4-(N,N-dimethyl) 
aminoethoxyphenyl)-2-phenyl-3,3,3-tricarbonyl-3-1J5-Re-1,2-dicarba-closo
dodecaborate (3.9). 
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3.4 Synthetic Strategy and Targets 

The first target was a diaryl substituted ortho-carborane containing one para

methoxy phenyl group and a unsubstituted phenyl ring (3.6). This compound, which 

is the simplest target, was used to develop the overall synthetic strategy and to 

optimize the reaction conditions used to prepare the other targets. The second target 

contained a single phenyl ring and a phenol group (3. 7). Compound 3. 7 is expected to 

posses high ER binding affinity and it also enabled us to determine if the hydroxy 

group would impact the yield of the metal complex. 

Numerous reports have indicated that increasing the number ofhydrogen bond 

donors, provided the correct spatial distributions are present, can offer increased 

binding affinities to the ER. 3 This observation prompted the synthesis of compound 

3.8 whereby two phenolic units with the potential for hydrogen bonding were present 

as part of the carborane. Along the same line, the final target (3.9) was chosen based 

on its potential for increased binding affinity. Compound 3.9 is expected to bind the 

ER at levels comparable to Tamoxifen. 

The general synthetic approach taken is presented in Figure 3.4. Complex 3.6 

was prepared fro~ the nido-carborane 3.10, which in turn was generated by the 

deboronation of the c/oso-carborane 3.14. The preparation of c/oso-carborane 3.14 

required the preparation of the 1,2-diaryl alk.yne 3.18. Metallocarborane 3.7 was 

prepared from compound 3.11 in a manner that is analogous to the procedure used to 

prepare compound 3.6. The niclo-compound 3.11 was obtained by the degradation of 

closo-compound 3.15, which was prepared from the closo-analogue 3.14. Compound 

3.8 was obtained by complexation directly from closo-carborane 3.16, which was 

generated by the demethylation of the closo-carborane 3.20. Compound 3.20 was in 
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turn prepared using the alkyne 3.19. Compound 3.9 was generated directly from the 

c/oso-carborane 3.17, using a textbook strategy discussed herein. The carborane 3.17 

was prepared from compound 3.15. 

> 


3.6) A= H, 8 = OCH3 3.10) A= H, 8 = OCH33.7) A= H. 8 =OH 3.11) A= H, 8 = OH 
3.8) A =OH, 8 =OH 3.12) A = OH, 8 = OH
3.9) A = H, 8 = OCH2CH2N(CH3}z 3.13) A =H, 8 =OCH2CH2N(CH3h 

M=Re 
e=BH 

2.17 B 

3.18)A =H, 8 =OCH3 

3.19) A = OCH3 , 8 = OCH3 

Figure 3.4: Retrosynthesis ofdiarylated metallocarboranes. 

3.5 Synthesis of 1-(4-Methoxyphenyl)-2-Phenyl Re-Metallocarboranes (3.6) 

As a result of the steric bulk associated with aryl substituted carboranes, the 

synthesis of ortho-diaryl carboranes can only be conducted via the alkyne insertion 

process. 1•
4 In order for the alk.yne insertion route to be utilized, the diarylalkyne with 

appropriate functionalities needed to be prepared. For the purpose of the desired 

c/oso-carborane, 3.14, it was necessary to synthesize 1-(4-rnethoxyphenyl)-2

3.14) A= H, 8 = OCH3 

3.15) A= H, 8 = OH 
3.16) A= OH, 8 = OH 
3.17) A= H, 8 = OCH2CH2N(CH3h 
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phenylacetylene (3.18). Compound 3.18 was generated using a Sonogashira coupling 

between phenylacetylene (2.18) and para-iodoanisole (2.21) (Scheme 3.1).5 This 

reaction involves the use of bis(triphenylphosphine) palladium dichloride catalyst 

(3.21) in diethylamine in the presence of a catalytic amount of copper (I) iodide.5 

Heating the mixture at reflux for 24 hours generated the alkyne 3.18 in 67% yield. 

_/\__ F\ ··--=-H PdCI2, PPh3, Cul(l) -Q---==--0"
MeO~I+ ~ MeO ~ /; == '_' 

NHE~. heat 

2.21 2.18 3.18 

Scheme 3.1: Synthesis of1-(4-methoxyphenyl)-2-phenyl acetylene (3.18). 

Compound 3.18, was visualized by TLC (3% ethyl acetate/hexanes) showing 

both palladium and UV activity. TLC analysis upon spraying with palladium 

chloride solution and heating yielded a red spot thus identifying the component of 

interest. The product was purified by silica gel column chromatography with an 

eluent consisting of 3% ethyl acetate/hexanes and isolated as a fluffy white solid. 

The 1H ~ spectrum of 3.18 showed aromatic multiplet signals at 7.55, 

7.40, and 7.34 ppm and a pair of aromatic doublets at 7.50 ppm (J = 4.3 Hz) and 6.89 

ppm. The methoxy singlet was observed at 3.83 ppm. The 13C NMR spectrum 

exhibited, as predicted, 8 aromatic signals at; 159.56, 133.99, 131.39, 128.26, 127.88, 

123.54, 115.30, 113.94 ppm. The two acetylene carbon atoms were observed at 89.34 

and 88.02 ppm, while the methoxy signal occurred at 55.21 ppm. Infrared analysis of 

3.18 exhibited the acetylene carbon-carbon triple bond at 2218 cm·1, with the 

aromatic C=C stretches occurring at 1604, 1599, 1571, and 1511 cm·1
• The molecular 
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ion peak was found at an rnlz value of 208.0875 (HRMS). The spectroscopic data is 

in good agreement with reported values.6 

Compound 3.14 was prepared by performing an alkyne insertion reaction on 

3.18 using the Lewis base adduct of decaborane, 2.17 (Scheme 3.2). Within minutes 

of heating to reflux, the reaction, which was originally yellow, changed to an intense 

orange colour, which persisted for the duration of the reaction (48 hrs). The crude 

reaction mixture was concentrated in vacuo yielding an orange-red solid, which was 

partially purified by the precipitation of unwanted by products using 30% ethyl 

acetate in hexanes. Isolation of the desired product 3.14 was accomplished in 21% 

yield by silica gel column chromatography using 5% ethyl acetate and hexanes. 

MeO 

e=BH 

3.18 2.17 3.14 

Scheme 3.2: Preparation of1-(4-methoxyphenyl)-2-phenyl-1,2-dicarba-closo
doiecaborane (3.14). 

The infrared spectra of 3.14 showed the characteristic B-H stretch for a closo

carborane at 2598 cm·1
• Alkyl stretching frequencies were observed at 3013, 2965, 

2939, 2915 cm·1
, while the aromatic C=C stretch modes were present at 1609, 1515, 

and 1464 cm·1• Chemical ionization mass spectroscopy found an rnlz value of 326.3, 

which is consistent with the mass of3.14. 
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1H NMR spectrum of 3.14 (Figure 3.5) showed three sets of aromatic 

doublets at 7.44 ppm (J = 3.5 Hz), 7.35 ppm (J = 4.5 Hz), and 6.63 ppm. The 

remaining aromatic signals presented as two sets of multiplets at 7.22 and 7.15 ppm. 

The broad B-H signal is apparent from 3.85-0.80 ppm, while the methoxy-singlet 

occurs at 3.71 ppm. In the 13C NMR spectrum two quaternary aromatic carbon signals 

were at 160.76 and 122.87 ppm. The remaining aromatic signals were observed at 

132.01, 130.60, 130.10, 128.22, and 113.42 ppm. The carbon atoms of the carborane 

cage were observed at 85.67 and 85.36 ppm, with the methoxy resonance occurring at 

55.21 ppm. The 11B NMR spectra displayed four signals at -1.66, -8.37, -9.81, 

10.66, reflecting the nearly symmetric environment imposed on the carborane cage by 

two similar aromatic rings (Figure 3.6). 

Pi"' ~ ' ' ' "f"" 'f"'"" \ "··~" '""'~"""'"5'"' ~ 

Figure 3.5: 1H NMR (200 MHz in CDC/3), of1-(4-methoxyphenyl)-1,2-dicarba-closo
dodecaborane (3.14). 
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10 - 0 -30 

Figure 3.6: 11B NMR (500 MHz in CDC/3) of1-(4-methoxypheny/)-2-phenyl-1,2
dicarba-closo-dodecaborane (3.14). 

With the closo-carborane 3.14 in hand, the next step was to prepare the 

corresponding nido-carborane, 3.10. Based on the difficulties encountered with 

purification of the monolarylated nido-carboranes (Chapter 2) it was determined that 

deboronation should be attempted using tetrabutylammonium fluoride (TBAF). 7 In 

THF, compound 3.14 and five equivalents of TBAF were heated to reflux (Scheme 

3.3). The target (~.10) was identified via TLC (dichloromethane) with a substantially 

reduced R.r value relative to the 3.14. Compound 3.10 was isolated as an off-white 

solid in 85% yield following silica gel chromatography using 5% hexanes in 

dichloromethane as the eluent. 
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THF, ll 

3.14 3.10 

Scheme 3.3: The synthesis ofnido-carborane 3.10. 

Similar to the monoarylated carboranes in chapter 2, the signals for the 

aromatic protons in the 1H NMR spectrum of compound 3.10 exhibited a notable shift 

upfield, which is a result of the increased electron density on the carborane cage. The 

order of the aromatic resonances remained unchanged, however the change in 

electron environment produced increased separation of the signals associated with the 

phenol ring which appeared at 7.12 and 6.41 ppm (J= 1.4 Hz). In addition, a doublet 

attributed to the ortho-protons of the phenyl ring was observed at 7.04 ppm along 

with two multiplets at 6.87 and 6.83 ppm. The methoxy signal associated with the 

methoxy protons occurred at 3.60 ppm. The aliphatic signals resulting from the 

quaternary amine cation were observed at 3.04, 1.51, 1.36, and 0.96 ppm with the 

expected splitting patterns. 

The 13C NMR spectrum of 3.10 displayed an upfield shift of the 8 aromatic 

signals, which appeared at 157.27, 142.06, 134.36, 132.74, 131.87, 126.65, 125.21, 

and 112.06 ppm. The methoxy signal was observed at 59.02 ppm. The signals for the 

counter ion were present at 55.13, 24.18, 19.76, and 13.73.ppm. The 11 B NMR 

spectrum for 3.10, also shifted upfield, was more complex than that of the starting 

material which results from the lowering of symmetry upon loss of the BH vertex. 

The boron signals appeared at -7.60, -13.55, -16.16, -18.04, -32.72, and -35.05 ppm. 
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The FTIR of nido-carborane 3.10 exhibited the characteristic B-H stretch of 

the cage at 2526 cm-1
, which is at a lower energy than that of 3.14. Aromatic C=C 

stretches were observed at 1607 and 1511 cm-1
• Negative ion mode showed the 

expected molecular ion peak at 315.2 m/z, with the usual 11B/10B isotopic 

distribution. The positive ion mode contained the correct mass to charge ratio for the 

TBA counterion at 242.1. 

The initial complexation reaction of the carborane 3.10 was done before the 

microwave reaction described in Chapter 2 was discovered. It involved the removal 

of the bridging hydrogen in 3.10 with 1.5 equivalents of n-BuLi in THF at -30 °C 

under inert atmosphere. The reaction was stirred for 30 minutes then it was allowed 

to warm to room temperature at which point one equivalent of 2.22 was added and the 

reaction heated to reflux (Scheme 3.4). A small sample of the crude reaction mixture 

was submitted for ESMS, which showed the mass of the target 3.6 along with a signal 

corresponding to residual starting material. TLC of the crude reaction mixture (100% 

dichloromethane) showed that the complex 3.6 ran slightly a head of the ligand 3.10. 

Using silica gel chromatography in dichloromethane, palladium and UV active 

fractions were collected and analyzed by FTIR for the existence of the Re-complex. 

Those samples which contained 3.6 were identified by the presence of B-H and 

carbonyl stretches. To determine the extent of contamination by residual starting 

material, ESMS was employed on each fraction. Fractions containing only compound 

3.6 were combined to generate an overall yield of 40%. Attempts to grow crystals of 

3.6 using 10% dichloromethane and hexanes were unsuccessful. 

79 




MSc Thesis- R. Chankalal McMaster University- Department ofChemistry 

n-BuU 

THF,-30"C 

OMe OMe 

3.10 

e=BH 

Scheme 3.4: Synthesis ofRe-metallocarborane 3.6. 

Compound 3.6 in the negative ion mode ESMS showed a mass to charge ratio 

of 585.2, with the expected boron isotopic distribution (Figure 3.7). The infrared 

spectrum for 3.6 had two carbonyl stretches at 2001 and 1903 cm-1
• The B-H stretch 

occurred at 2560 cm-1 which was higher energy than the B-H stretch of the ligand 

(2535 cm-1
). 

THF, reflux 

OMe 

M=Re 

3.6 

881. 

Figure 3.7: The negative ion electrospray mass spectrum of3.6. 
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In the 1H NMR spectrum for 3.6 the aromatic protons occurred as four sets of 

multiplets at 7.76, 7.15, 7.03, and 6.86 ppm, along with a pair of doublet at 7.55 and 

6.71 ppm (J = 4.4 Hz). Two signals were observed for the methoxy protons at 3.76 

and 3.71 ppm. The presence of two signals is likely the result of the existence of two 

9atropisomers of 3.6 (vide infra) (Figure 3.8).8
' The 13C NMR spectrum for 3.6 

displayed the carbonyl carbon atoms at 200.12 ppm while there were 10 aromatic 

signals observed at 129.74, 128.75, 127.51, 126.5, 127.12, 125.40, 124.54, 124.12 

112.71, and 112.55 ppm. The methoxy carbon signal occurred at 59.00 ppm. 

I 7 6 S 4 3 2 1 

Figure 3.8: 1	H NMR (200 MHz, in CDC[]) oftetrabutylammonium 1-(4-methoxyphenyl) 
-2-phenyl-3,3,3-tricarbonyl-3-r/-Re-1,2-dicarba-closo-dodecaborate (3.6). 

3.6 Synthesis of 1-(4-Hydroxyphenyl)-2-Phenyl-Re-Metallocarborane (3.7) 

To generate 1-( 4-hydroxyphenyl)-2-phenyl-1 ,2-dicarba-closo-dodecaborane 

(3.15), the methyl group in 3.14 was removed. This was accomplished with the use of 

5 equivalents boron tribromide in dichloromethane, at -30 °C (Scheme 3.5). After 
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allowing the reaction mixture to evaporate under a stream of nitrogen gas, methanol 

was added at 0 °C. TLC of the mixture produced one component which was both 

palladium and UV active. The TLC spot had an R.r value that was lower than the 

more hydrophobic starting material. The resulting mixture was concentrated to yield a 

dark orange-brown residue, which was purified by silica gel chromatography in 5% 

ethyl acetate in hexanes. The product, 3.15, was isolated as an off-white solid in 89 % 

yield. 

DCM 

3.14 3.15 

e=BH 

Scheme 3.5: Preparation of1-(4-hydroxyphenyl)-2-phenyl-ortho-carborane (3.15). 

The 1H NMR spectrum of 3.15 displayed a doublet at 7.31 ppm (J = 3.8 Hz) 

and a multiplet at 7.19 ppm associated with the aromatic signals of the unsubstituted 

phenyl ring, while the 1 ,4-substituted aromatic ring showed two pairs of doublets 

occurring at 7.44 and 6.56 ppm (J = 3.6 Hz). The hydroxy proton was observed at 

5.13 ppm while the B-H undulating signal appeared between 4.00 to 0.90 ppm. The 

13C NMR spectrum exhibited seven aromatic peaks at 157.09, 132.27, 130.62, 

130.08, 128.23, 123.10, and 115.01 ppm with the signal for the carbon vertex of the 

cage appearing at 85.34 ppm. In the 11B NMR spectrum of 3.15, four resonances 

appeared at -1.60, -8.23, -9.71, and -10.52 ppm. The infrared spectrum of 3.15 

contained a hydroxy stretch at 3574 cm·1 and the expected B-H stretch centered at 

2599 cm·1• The aromatic C=C stretch modes were present at 1612 and 1515 cm·1
• 
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Using electron impact TOF MS, the molecular ion peak was found to be 312.2 rnlz, with 

the characteristic isotope distribution, which is consistent with 3.15. 

Compound 3.15 was subsequently degraded with ten equivalents of TBAF, 

double the amount used in comparison to the deboronation of 3.14, to generate the 

respective nido-carborane, 3.11 (Scheme 3.6). The presence of the hydroxyl 

substituent along with the increased hydrophilic character of the nido-carborane 

relative to 3.15 necessitated the use of more polar solvent systems. The target, 3.11, 

was detected on TLC (1:10 methanol/ dichloromethane) with an Rt value of 0.30, 

with no residual starting material observed. The product was isolated with silica gel 

chromatography (5% methanolldichloromethane) as a colourless solid in 52% yield. 

THF, A 

3.15 3.11 

e=BH 

Scheme 3.6: Deboronation ofcompound 3.15 to generate compound 3.11. 

As seen with the deboronation of the methylated analogue 3.10, the 

production of the nido-carborane 3.11 resulted in a general upfield shift of all signals 

in the 1H NMR spectrum relative to the starting material 3.15. For example two 

doublets were observed at 6.94 ppm (J = 3.2 Hz) and 6.14 ppm (J = 4.0 Hz) with a 

multiplet at 6.73 ppm. The 13C NMR spectrum of compound 3.11 also exhibited the 

upfield shift relative to the starting material with all eight of the aromatic carbon signals 

being observed at 155.47, 143.78, 134.86, 133.88, 133.00, 127.30, 125.84, and 114.11 
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ppm. There were six signals observed in the 11 B NMR spectrum at -7.18, -12.95, -15.72, 

-17.73, -32.23, and -34.52 ppm (Figure 3.9). 

~,....--.... .......______ 
... 40 -2o60 20 

Figure 3.9: 11B NMR (CD30D, 500 MHz), for nido-carborane 3.11. 

Fourier transformed infrared spectroscopy (FTIR) of nido-carborane 3.11 

exhibited the hydroxyl 0-H stretch at 3584 cm·I, the B-H stretch of the cage at 2545 

em·', and the C=C aromatic stretches at 1610, 1512, and 1481 em·'. The aliphatic 

stretches of the ~ounter ion were present at 2969, 2880, and 2840 em·'. The 

electrospray mass spectrum of 3.11 showed a molecular ion peak in the negative ion 

mode with a mass to charge ratio of 302.1. The positive mode displayed a peak at 

242.1 rnlz corresponding to the tetrabutylammonium cation. 

In light of the advances made in preparation of Re-metallocarboranes using 

fluoride at the time of synthesis, and in attempts to avoid deprotonating the phenol 

group, the first attempt to prepare 3.7 was by reaction of compound 3.11 with 1.0 
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equivalents of2.22a in aqueous 0.1 M NaF. This reaction produced poor yields of the 

desired product, even when reaction durations were extended in excess of a week. 

At that time, our group had discovered that the fluoride method could be used 

to prepare Re-complexes directly from the corresponding closo-carboranes. The 

reaction was carried out over 2 days using one equivalent of 3.15 and 2 equivalents of 

2.22a in 0.5 M aqueous sodium fluoride at oil bath temperatures of 150 °C (Scheme 

3.7). Following the reaction by HPLC analysis showed complete consumption of the 

ligand 3.15 with the target compound being the major product. The TLC of the crude 

reaction mixture (1 :5 methanol/chloroform) possessed only two spots that absorbed 

UV light but only one turned black when sprayed with the acidic PdCh solution. 

Compound 3. 7 was purified for with silica gel chromatography using an eluent of 

10% methanol in chloroform. The complex was obtained as a yellow oil in 52 % 

yield. 

M=Re 

3.73.15 
e=BH 

Scheme 3. 7: Preparation ofcomplex 3. 7. 

The 1H NMR spectrum for 3.7 presents a complex series of signals in the 

aromatic region (Figure 3.10). COSY experiments (Figure 3.11a), along with HSQC 

and HMBC experiments, allowed for the assignment of two sets of aromatic signals 

for each ring system. This indicates that the steric bulk of the two phenyl rings 

compounded with the added bulk of the tripodal carbonyl system results in at least 
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two conformations relative to the pentagonal face binding the metal center (Figure 

3.1lb) (vide infra).8
'
9 

1lillh JI 

9 g 7 6 5 4 3 2 

Figure 3.10: 1H NMR spectrum (600 MHz, in CD30D), ofsodium 1-(4-hydroxyphenyl)
2-phenyl-3, 3, 3-tricarbonyl-3-715

- Re-I,2-dicarba-closo-dodecaborate (3. 7). 

There are a number of possible orientations of the phenyl rings in the diaryl 

carboranes in solution which are feasible. Welch et al. showed from orbital overlap 

perspective that the most favourable conformation of the aryl rings is parallel to the 

binding face of the carborane. 9 In diaryl carboranes interaction between the rings 

constitutes an energetically unfavourable conformation. As such, the rings lie at 8 

values from 5-40 ° where 8 is defined as angle between the plane made by the ring 

and the plane defined by the two carbon vertices and the substiutent bond. The rings 

can be rotated in a conrototary or disrototary manner. 

For the purpose of the initial NMR assignments the conformer (and its 

atropomer) in Figure 3.llb was considered as the most likely structure. It should 

also be noted that upon degradation of compound 3.11, two enantiomers are formed 
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(Figure 3.12). This is the result of the fact that the B3/B6 boron atoms are both 

equally reactive and accessible towards degradation. If atropisomers are present in 

solution then it is possible that the product exists as the two diastereomers, which 

may be observable in the 1H or 13C NMR spectra. 

6.2 

6.4 

• 6.6.. 0 • 
• 

6.8 

• 
e ;;•; 

12 
.... • I» 

7.4II 

• • 
7.6 

G1 "(} r3 
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7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 ppm 

a 
Figure 3.11: a) 1H-1H COSY spectrum (600 MHz, in CD30D), ofthe aromatic region 

of(3. 7). b) One atropisomer of3. 7. 

There are four signals associated with the phenol ring which indicates that all 

protons are magnetically non-equivalent. The doublets associated with Ha•IHa• appear 

at 7.90 and 6.91 ppm which are coupled to Hb'/Hb" at 6.59 and 6.43 ppm. There are 

five signals associated with the unsubstituted ring indicating that all five hydrogen 

atoms exist in unique environments. The protons of the phenyl substituent appear as 

follows: a doublet at 7.58 ppm, a multiplet from 7.18 to 7.12 ppm, a doublet at 7.07 

ppm, a triplet at 6.99 ppm and a doublet at 6.83 ppm. 
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The presence of two atropisomers was apparent in the 13C NMR spectrum of 

3.7, which contained 16 signals attributed to the four ring systems (Figure 3.12). The 

aromatic signals appeared at 156.85, 154.73, 149.24, 144.42, 140.88, 135.56, 132.36, 

129.71, 128.20, 127.81, 127.22, 126.58, 125.71, 124.88, 114.57, and 114.07 ppm. Of 

particular significance was the observation of four carborane carbon signals, which 

were identified by HMBC experiments at 58.54, 58.38, 57.11, and 56.85 ppm. The 

11B NMR spectrum contained 6 signals at -9.04, -1.61, -15.80, -19.57, -20.46, and

21.93 ppm. 

200 180 160 140 120 100 80 60 40 20 ppm 

Figure 3.12: 13C NMR spectrum (600 MHz, in CD30D), ofsodium 1-(4-hydroxyphenyl 
)-2-phenyl-3,3,3-tricarbonyl-3-'f/5-Re-I ,2-dicarba-closo-dodecaborate, (3. 7). 

The infrared spectrum of 3. 7 contained a hydroxyl stretch at 3440 cm·1
, the B

H stretch at 2557 cm·1
, the two carbonyl stretches at 2001 and 1900 cm·1

, and the 

aromatic C=C stretches at 1615 and 1513 cm·1 (Figure 3.13). Complex 3.7 had an 

mlz value of 570.2 by electrospray mass spectroscopy, with the same isotopic 

distributions predicted by simulation. 
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Figure 3.13: The FTIR (in KBr) ofRe-metallocarborane 3. 7. 

3.7 Synthesis of 1,2-Bis( 4-Hydroxyphenyl)-Re-Metallocarborane (3.8) 

The 1,2-bis(4-hydroxyphenyl)-closo-carborane (3.16) was prepared by Endo 

et al. but no characterization data was provided.1 To prepare 3.16, the synthetic 

approach reported in the literature was employed using the diaryl substituted alkyne, 

1,2-bis(4-methoxyphenyl) acetylene, 3.19 (Scheme 3.8). The preparation of 

compound 3.19 took advantage of a Sonogashira coupling strategy, which called for 

equimolar amounts of para-iodoanisole (2.21) and para-ethynylanisole (2.19) in 

diethylamine with catalytic amounts of triphenylphosphine, palladium chloride and 

copper {I) iodide. ·The reaction was heated to reflux over night producing the target, 

which was purified using silica gel chromatography. Compound 3.19 was isolated as 

a white solid in 52% yield. 

Meo-Q-t 

2.21 
PdCI2, PPh3, Cul(l)+ MeO--G--==--0-0Me 

NHE~, heat 

3.19MeO-o-==-H 

2.19 

Scheme 3.8: Preparation ofdiarylalkyne 3.19. 
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In the aromatic region of the 1H NMR spectrum of 3.19 a pair of doublets at 

7.46 and 6.87 ppm (J = 4.4 Hz) were detected, while the methoxy singlet was 

observed at 3.82 ppm. The 13C NMR spectrum contained four aromatic signals due to 

the symmetry of the compound at 159.34, 132.84, 115.65, and 113.92 ppm. The 

substituted acetylene carbon atom was observed at 87.91 ppm while the methoxy 

resonance was apparent at 55.25 ppm. Analysis of theIR spectrum for 3.19 found the 

carbon-carbon triple bond stretch at 2283 cm-1 with aromatic C=C stretches at 1610 

and 1519 cm-1
• The molecular ion peak in the electron impact mass spectrum was 

found to be 238.1 m/z. 

Compound 3.20 was generated by heating a 1: 1 mole ratio of 2.17 and 3.19 in 

acetonitrile (Scheme 3.9). The reaction mixture was a dark red solution that upon 

concentration generated an orange-red residue. The target was visualized on TLC, R1 

= 0.20 (3% ethyl acetate/ hexanes), using palladium chloride spray and UV light (254 

nm). Unwanted by-products were removed by precipitation in 30% ethyl 

acetate/hexanes. The final product, 3.20 was obtained via silica gel chromatography 

with a mobile phase of 5% ethyl acetate in hexanes, as a white solid in 8% yield. 

MeO 

e=BH 

2.17 3.203.19 

Scheme 3.9: Preparation of1,2-bis(4-methoxyphenyl)-1,2-dicarba-c/oso
dodecaborane (3.20). 
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The FTIR spectrum of 3.20 contained aliphatic C-H stretches at 3012, 2966, 

2940, and 2843 cm-1
, with the BH stretch occurring at 2597 cm-1

• Aromatic C=C 

stretches were observed at 1609 and 1515 cm-1
• The electron impact mass spectrum 

confirmed the target mass at an rn/z value of 356.3 possessing the expected 11B/10B 

isotopic distribution. 

The 1H NMR spectrum of 3.20 showed a pair of doublets at 7.34 and 6.64 

ppm (J = 4.5 Hz), and a singlet at 3.72 ppm associated with the methoxy group. In the 

13C NMR spectrum, the aromatic signals were observed at 160.74, 132.08, 123.10, 

and 113.45 ppm. The carbon vertex signals occurred at 85.90 ppm while the methoxy 

signal was at 55.24 ppm. The 11B NMR spectrum displayed the expected number of 

signals for a homo-disubstituted closo-carborane at -2.06, -8.40, and -10.03 ppm 

(Figure 3.14). 

~ u 
'I' ofli 

I II 

Figure 3.14: 11B{H} NMR (500 MHz in CDC/3) ofcompound 3.20. 

Preparation of the bis-hydroxyphenyl o-carborane, 3.16, involved the reaction 

of one equivalent of3.20 with 10 equivalents ofboron tribromide, with analogy to the 

methods used to synthesize 3.15 (Scheme 3.10). The reaction mixture was allowed to 
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evaporate under a stream of nitrogen gas yielding an orange-brown solid. The 

addition of methanol at 0 °C was required to work up the reaction. TLC of the 

mixture produced one component which was both palladium active and which 

showed UV absorbance, having an R.r value lower than the starting material. 

Compound 3.16 was obtained by silica gel chromatography using 5% ethyl acetate in 

hexanes as the eluent. The product, 3.16, was isolated as an off white-solid in 89 % 

yield. 

3.20 3.16 

e=BH 

Scheme 3.10: Demethylation ofcompound 3.20. 

The 1H NMR. spectrum for compound 3.16 contained two doublets in the 

aromatic region appearing at 7.13 and 6.38 ppm (J = 3.4 Hz). In the 13C NMR 

spectrum there were four aromatic signals at 160.59, 133.49, 122.93, and 115.90 ppm 

(Figure 3.15). The carborane cage carbon signals appeared at 88.20 ppm. The 11B 

NMR. spectrum for 3.16 contained three signals at -2.52, -8.54, and -10.46 ppm. 

These :results indicate that the phenyl rings adopt multiple conformations that are not 

individually observable by NMR.. 
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Figure 3.15: 13C {H) NMR (200 MHz, in CD30D) of1,2-bis(4-hydroxyphenyl)-1,2
dicarba-closo-dodecaborane, (3.16). 

Infrared analysis of compound 3.16 contained an alcohol stretch at 3340 cm-1
, 

1a BH stretch at 2602 cm-1 and aromatic C=C stretches at 1613, 1599, and 1515 cm- • 

The time of flight electron impact mass spectrum contained the target mass to charge 

value of 328.2 with the expected boron isotope distribution. 

The rhenium tricarbonyl carbomne complex 3.8 was prepared directly from 

the closo-carborane 3.16 using microwave heating. Three equivalents of 2.22a in 0.5 

M aqueous sodium fluoride solution and one equivalent of 3.16 were microwaved in 

the Parr bomb for 2 minutes (Scheme 3.11). After cooling, a small sample was 

analyzed by HPLC, which showed that there was only one major compound in the 

crude reaction mixture, which had a significantly different retention time than the 

nido-ligand (3.12). TLC analysis {20% methanol/chloroform) revealed two UV active 

components but only one showed palladium activity thus facilitating the identification 

of the metallocarboranes. The only other products were rhenium clusters. 
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The crude reaction mixture was acidified with 10 M HCl then diluted with 

acetonitrile. This mixture was cooled to -10 °C until a biphasic mixture was apparent. 

The top layer was removed by pipet and concentrated under reduced pressures 

yielding a dark brown residue. The target compound was isolated as a dark brown oil 

(10% yield) using multiple silica gel columns and an eluent of 10% methanol in 

chloroform. 

H20, microwave 
high power 

M=Re 

3.16 3.8 
e=BH 

Scheme 3.11: Preparation ofsodium 1,2-bis(4-hydroxyphenyl)-3,3,3-tricarbonyl-3
1J5-Re-1,2-dicarba-closo-dodecaborate, 3.8. 

The aromatic region of 1H NMR spectrum showed four sets of signals 

indicating that the two rings likely exist in two complementary conformations, based 

on 2-D NMR experiments (Figure 3.17), which render the complimentary protons in 

equivalent magnetic environments (Figure 3.16). The integration data in the 1H NMR 

spectrum suggests that both conformers are equally populated. 

a b 

Figure 3.16: Two possible conformations for compound 3.8. 

94 




MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

~Lil 
--==-=::;! • • t: 
~~I • • ~·· 

I • f: 
0~=-1 • 

0 

f,. 

a b 

c 
Figure 3.17: Two dimensional NMR data in the aromatic region {600 MHz, in 

CD30D) for complex 3.8. a) 1H-1H COSY, b) 1H_I C HSQC, and 
c/HJ3C HMBC. 

In the 1H NMR spectrum, there are two sets of spin coupled doublets. The 

resonance furthest downfield occurs at a 7.38 ppm and is coupled to a doublet at 6.59 

ppm (J = 1.5 Hz). The second aromatic system occurs at 6.90 and 6.43 ppm (J = 1.4 

Hz). The 13C NMR spectrum show 8 aromatic resonances at 156.87, 154.73, 141.06, 

135.71, 129.79, 126.63, 114.85, and 114.57 ppm, while the signal for the CO ligands 

of the metal were observed at 201.27 ppm. The signals for the carbon vertices of the 

cage, assigned using the HSQC and HMBC experiments, were observed at 58.55, 
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56.96, and 56.03 ppm. The 11B NMR spectrum of compound 3.8 revealed a complex 

display of signals at -5.14, -12.13, -16.00, -20.54, and -22.11 ppm. 

In the infrared spectrum the carbonyl stretches were observed at 2001 and 

1884 cm-1
, while the B-H stretch mode was at 2559 cm-1

• The C=C aromatic 

stretching frequencies were observed at 1612 and 1510 cm-1
, while a peak associated 

with the 0-H stretch at 3441 cm-1
• The negative ion electrospray mass spectrum 

showed a peak at 587.3 rnlz which is consistent with the mass to charge ratio for 3.8 

(Figure 3.18). 
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Figure 3.18: The negative ion ESMS ofcomplex 3.8. 

3.8 Synthesis of 1"-(4-(N ,N-dimethylamino )ethoxyphenyl)-2-Phenyl-Re
Metallocarborane (3.9) 

The last of the disubstituted carborane metal complexes 3.9 to be prepared was 

based on the carborane derivative prepared by Endo and coworkers, 1 which showed 

the highest receptor binding affinity for the ER. To prepare 3.9 it was first necessary 

to alkylate the closo-carborane 3.15 with the corresponding dimethylamino 

appendage to generate 3.17 (Scheme 3.12). This was accomplished with use of 

equimolar amounts of 3.15 and the hydrochloric salt of N,N-dimethylaminoethyl 
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chloride (3.22), in acetone with ten equivalents of sodium hydroxide. After heating to 

reflux for 3 hours, the mixture was analyzed by TLC (20% methanol! 

dichloromethane ), which showed two carborane containing products. The faster 

running component was the starting material 3.15. The slower running compound was 

isolated by silica gel chromatography using a mobile phase of 10% methanol in 

dichloromethane in 50 % yield. 

3.15 3.17 

e=BH 

Scheme 3.12: Preparation ofcloso-carborane derivative 3.17. 

The 1H NMR spectrum of 3.26 contains a pair of doublets at 7.42 and 6.30 

ppm (J=l.5 Hz), along with a pair ofmultiplets at 7.28 and 7.15 ppm (Figure 3.19). 

Signals arising from the protons on the ethylene spacer appeared as triplets at 3.94 

and 2.66 ppm (J = 2.8 Hz). The N-methyl singlet appears at 2.29 ppm. In the 13C 

NMR spectrum, eight aromatic signals are present at 160.00, 155.00, 131.96, 130.59, 

130.04, 128.21, 122.96, and 113.97 ppm (Figure 3.20). The aliphatic region contains 

the two methylene carbons at 65.85 and 58.01 ppm as well as the methyl carbon 

signals at 45.80 ppm. The carborane carbon vertices were present at 85.64 and 85.34 

ppm. Similar to the previous diaryl substituted closo-carboranes, the 11 B NMR 

spectrum consists of 4 peaks at -1.62, -8.28, and- 9.76 ppm, which is a consequence 

of the pseudo symmetry of the molecule. 
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Figure 3.19: 1H NMR (200 MHz, in CDC/3) ofcloso-carborane 3.17. 
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Figure 3.20: The 13C NMR (200 MHz, in CDC[j) spectrum of3.17. 

In the FTIR spectrum, the B-H stretch is apparent at 2598 crn"1
, with the 

aromatic C=C stretches occurring at 1608 and 1511 cm-1
• There is a peak at 3395 em· 

1 which is attributed to a N-H stretch, as it is believed that amino group may be 

protonated, and finally the aliphatic peaks occur at 2962 and 2889 cm-1
• The target 
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was observed in the positive mode of the electrospray mass spectrometry at a mass to 

charge ratio of384.1. 

The preparation of the rhenium complex 3.9 was accomplished via microwave 

irradiation of the closo-carborane 3.17 with two equivalents of 2.22a in 0.5 M 

aqueous sodium fluoride solution (Scheme 3.13). Observation of the reaction 

progress suggested that only one major carborane species existed in the solution. The 

reaction was not acidified but was diluted with acetonitrile. Upon cooling the sample 

the acetonitrile layer separated and was removed by pipet. TLC of the crude organic 

layer showed only one component with simultaneous UV and Pd activity. 

Electrospray mass spectrometry in contrast, showed both complex 3.9 and unlabelled 

nido-carborane (3.13) of the respective compound. Fortunately this complex showed 

retention times on the C-18 column that were adequate for preparative HPLC 

purification. Employing preparatory HPLC methods 3.9 was isolated in 8 mg (7% 

yield) as an off-white solid. The low yield of 3.9 is not indicative of the reaction and 

is likely a consequence insufficient time in the microwave. 

H20, microwave, 
3 mlns. high power 

M=Re 

3.17 3.9 

e=BH 

Scheme 3.13: Preparation ofcomplex 3.9 using microwave method. 

The 1H NMR spectrum of 3.9, showed a similar pattern in the aromatic region 

as seen in comparison to 3.8 (Figure 3.21). There are three sets of doublets at 7.50, 
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6.78, and 6.64 ppm, and two sets of multiplets at 7.11 and 6.99 ppm. At 4.21 and 

3.48 ppm there are two multiplets corresponding to the two methylene spacers in the 

aliphatic component. At 2.90 ppm there is a large singlet representing the dimethyl 

protons of the 3.9. 13C NMR and 11B NMR spectra were unattainable given the small 

amount of sample available after purification. 

Figure 3.21: 1H NMR (200 MHz, in CD30D) spectrum ofcomplex 3.9. 

The infrared spectrum contained the B-H stretch at 2529 cm·1 and the 

expected carbonyl stretches at 2000 and 1907 cm·1• Stretches attributed to aromatic 

C=C bonds were observed at 1728, 1602, and 1510 cm·1 (Figure 3.22). The negative 

mode electrospray mass spectra exhibited a mass to charge ratio of 642.3 which is 

consistent with the mass of3.9 (Figure 3.23). 
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Figure 3.22: The FTIR (in KBr) ofcomplex 3.9. 
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Figure 3.23: The negative ion mode electrospray mass spectrum ofcomplex 3.9. 

3.9 Conclusion 

The synthesis and characterization of 2 di-substituted nido-carboranes and 

three novel diarylated Re (I) carborane complexes was successfully accomplished. 

The methods used to prepare the metal complexes have been greatly optimized over 

previously reported methods. The fourth complex, which contains a dimethylamino 
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substituent like that found in Tamoxifen, was successfully prepared, albeit in small 

quantities and must be synthesized on a larger scale for a complete characterization to 

be conducted. 

3.10 Experimental 

Synthesis of 1-( 4-methoxyphenyl)-2-phenyl-acetylene, 3.18. Diethylamine 

(20 mL) was added to palladium (II) chloride (42 mg, 0.24 mmol) and 

triphenylphosphine (180 mg, 0.67 mmol) and the mixture stirred at room temperature 

for 30 minutes. Para-iodoanisole, 2.21 (2.03 g, 8.65 mmol) was added followed by 

addition ofphenylacetylene, 2.18 (1.0 mL, 8.66 mmol) and copper (I) iodide (55 mg, 

0.26 mmol), and the mixture was heated to reflux for 36 h. Upon cooling to room 

temperature, the mixture was diluted with diethyl ether, which in tum was washed 

consecutively with saturated aqueous solution of NI4Cl (50 mL) and saturated 

aqueous solution of NaHC03 (50 mL). All organic fractions were combined, dried 

over MgS04, filtered, and the solvent removed by rotary evaporation. The product, a 

fluffy colorless solid, was isolated by silica gel chromatography (hexane/EtOAc, 

95:5), giving pure 3.18 (1.20 g, 67%). MP: 54-56 °C. TLC: Rt 0.65 (10% EtOAc in 

Hex). FTIR (CH2C}z, cm-1
): v 3081, 3038, 3012,2966, 2941, 2916, 2842, 2218, 1604, 

1599, 1571, 1511. 1H NMR (CDC!), 200 MHz): o7.55 (m, 2H, CH), 7.50 (d, J =4.3 

Hz, 2H, CH), 7.36 (m, 1H, CH), 7.34 (m, 2H, CH), 6.89 (d, 2H, J = 4.4), 3.83 (s, 3H, 

OCH3). 13CeH} NMR (CDC!), 200 MHz): o 159.56, 133.99, 131.39, 128.26, 

127.88, 123.54, 115.30, 113.94, 89.34, 88.02, 55.21. HRMS (TOF, +): found rn/z 

208.0875. 
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Synthesis of 1-( 4-methoxyphenyl)-2-phenyl-1,2-dicarba-closo

dodecaborane, 3.14. Acetonitrile (50 mL) was added to decaborane, 2.17 (600 mg, 

4.92 mmol) and the mixture was stirred at room temperature overnight. 1-(4

Methoxyphenyl)-2-phenyl-acetylene 3.18 (1.13 g, 5.41 mmol) was subsequently 

added and the mixture heated to reflux for 48 h. Upon cooling to room temperature 

the solvent was removed by rotary evaporation. The product, a light yellow solid, 

was isolated by silica gel chromatography (hexane/EtOAc, 97:3), giving pure 3.14 

(300 mg, 20%). MP: 81-84 °C. TLC: Rt 0.22 (10% EtOAc in Hex). FTIR (CH2Ch, 

1cm- ): v 3013, 2965, 2939, 2915, 2844, 2598, 1725, 1609, 1515, 1464. 1H NMR 

(CDCh, 200 MHz): o7.44 (d, J = 3.5 Hz, 2H, CH), 7.35 (d, J = 4.5 Hz, 2H, CH), 

7.22 (m, 1H, CH), 7.15 (m, 2H, CH), 6.63 (d, 2H, CH), 3.85-0.80 (br m, BH), 3.71 (s, 

3H, OCH3). 13CeH} NMR (CDCh, 200 MHz): o 160.76, 132.01, 130.60, 130.10, 

128.22, 122.87, 113.42, 85.67, 85.36, 55.21. 11BeH} NMR (CDCh, 500 MHz): o

1.66, -8.367, -9.814, -10.663. CIMS (TOF, +):found rn/z 326.3. 

Synthesis of tetrabutylammonium 7-(4-methoxyphenyl)-8-phenyl-7,8

dicarba-nido-undecaborate, 3.10. Tetrahydrofuran (20 mL) was added to 1-(4

methoxyphenyl)-2-phenyl-1,2-dicarba-closo-dodecaborane 3.14 (70 mg, 0.214 mmol) 

and tetrabutylammonium fluoride hydrate (281 mg, 1.07 mmol). The mixture was 

heated to reflux overnight and then the solvent removed by rotary evaporation. The 

product was isolated by silica gel chromatography (hexane/CH2Ch, 5:95), giving a 

pure colorless solid 3.10 (102 mg, 85%). MP: 142-144 °C. TLC: R1 0.20 (100% 

dichlorornethane). FTIR (CH2Ch, crn-1
): v 3056, 2967, 2880, 2526, 1607, 1511. 1H 

NMR (CDCh, 200 MHz): o7.12 (d, J = 1.4 Hz, 2H, CH), 7.04 (d, J = 1.7 Hz, 2H, 
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CH), 6.87 (m, 2H, CH), 6.83 (m, 1H, CH), 6.41 (d, 2H, CH), 3.60 (s, 3H, OCH3), 

3.04 (t, J = 1.7 Hz, 2H, NCH2CH2CH2CH3), 1.51 (m, 2H, NCH2CH2CH2CH3), 1.36 

(m, 2H, NCH2CH2CH2CH3), 0.96 (t, J = 1.5 Hz, 3H, NCH2CH2CH2CH3). 13CeH} 

NMR (CDCh, 500 MHz): o157.27, 142.06, 134.36, 132.74, 131.87, 126.65, 125.21, 

112.o6, 59.02, 55.13, 24.18, 19.76, 13.73. 11BeH} NMR ccoch. 5oo MHz): o-7.60, 

-13.55, -16.16, -18.04, -32.72, -35.05. ESMS (-ion): found m/z 315.2. 

Synthesis of tetrabutylammonium 1-( 4-methoxyphenyl)-2-phenyl-1-closo

3,3,3-(C0)3-3-715 -1,2-ReC2B9H9, 3.6. Tetrabutylammonium 7 -( 4-methoxyphenyl)-8

phenyl-7,8-dicarba-nido-undecaborate, 3.10 (50 mg, 0.09 mmol) was dissolved in 

tetrahydrofuran (10 mL) and cooled to -30 °C. n-Butyllithium (0.06 mL, 0.14 mmol) 

was then added dropwise and the reaction stirred at -30 °C for 20 minutes. The 

mixture was warmed to room temperature for 5 minutes followed by the addition of 

bis(tetraethylammonium)-[tricarbonyltribromorhenate(I)] 2.22 (107 mg, 0.14 mmol). 

The mixture was heated to reflux overnight. Upon cooling to room temperature, the 

mixture was diluted with dichloromethane (20 mL), filtered, and the solvent was 

removed by rotary evaporation. The product was isolated by silica gel 

chromatography (hexane/CH2Ch, 5:95), giving pure 3.6 (30 mg, 40%), as a lightly 

yellow oil: TLC: Rf 0.20 (100% dichloromethane). FTIR (CH2Ch, cm-1
): v 3054, 

2969, 2940, 2880, 2560, 2001, 1903, 1609, 1512, 1495. 1H NMR (CDCh, 200 

MHz): o7.76 (m, 2H, CH), 7.55 ( d, J =4.3 Hz, 2H, CH), 7.15 (m, 2H, CH), 7.03 (m, 

2H, CH) 6.88 (m, 2H, CH), 6.86 (m, 1H, CH), 6.71 (d, J= 4.4 Hz, 2H, CH), 6.58 (d, 

J=4.5 Hz, 2H, CH), 3.76 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 3.09 (t,J=4.3 Hz, 2H, 

NCH2CH2CH2CH3), 1.53 (m, 2H, NCH2CH2CH2CH3), 1.33 (m, 2H, 
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NCH2CH2CH2CH3), 1.02 (t, J = 3.5 Hz, 3H, NCH2CH2CH2CH3). 13CeH} NMR 

(CDCh, 200 MHz): o200.12, 129.74, 128.75, 127.51, 126.5, 127.12, 125.40, 124.54, 

124.12 112.11. 112.55, 59.oo, 55.26, 23.96, 19.71, 13.65. 11BeH} NMR (cnch, 5oo 

MHz): o-7.04, -18.41. ESMS (-ion): found rnlz 585.2. HRMS found rnlz 585.1891. 

Synthesis of 1,2-bis(4-methoxyphenyl)-acetylene, 3.19. Diethylamine (20 

mL) was added to palladium (II) chloride (21 mg, 0.13 mmol) and triphenylphosphine 

(80 mg, 0.30 mmol) and the mixture stirred at room temperature for 30 minutes. 

Para-iodoanisole, 2.21 (980 mg, 4.18 mmol) was added followed by addition of 4

ethyny1aniso1e, 2.19 (0.37 mL, 4.18 mmo1) and copper (I) iodide (55 mg, 0.26 mmol). 

The mixture was heated to reflux for 36 h. Upon cooling to room temperature, the 

mixture was diluted with diethyl ether, which in tum was washed consecutively with 

saturated aqueous solution of ~Cl (50 mL) and saturated aqueous solution of 

NaHC03 (50 mL). All organic fractions were combined, dried over MgS04, filtered, 

and the solvent removed by rotary evaporation. The product, a fluffY colourless solid, 

was isolated by silica gel chromatography (hexane/EtOAc, 95:5), giving pure 3.19 

(520 mg, 152%). _MP: 144-146 °C (Lit. 145-147 °C). TLC: Rt 0.50 (10% EtOAc in 

1Hex). FTIR (CH2Ch, cm- ): v 3009, 2965, 2915, 2841, 2537, 2047, 1610, 1519. 1H 

NMR (CDCh, 200 MHz): o7.46 (d, J = 4.4 Hz, 2H, CH), 6.87 (d, 2H, CH), 3.82 (s, 

3H, OCH3). 13CeH} NMR (CDCh, 200 MHz): o159.34, 132.84, 115.65, 113.92, 

87.91, 55.25. ElMS (TOF, +):found rn!z 238.1. 

Synthesis of 1,2-bis( 4-methoxyphenyl)-1,2-dicarba-closo-dodecaborane, 

3.20. Acetonitrile (30 mL) was added to decaborane, 2.17 (300 mg, 2.46 mmol) and 

the mixture stirred at room temperature overnight. 1,2-Bis(4-methoxyphenyl)
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acetylene 3.19 (250 mg, 1.05 mmol) was subsequently added and the mixture heated 

to reflux for 48 h. Upon cooling to room temperature, the solvent was removed by 

rotary evaporation. The product, a light yellow solid, was isolated by first 

precipitating out the hydrophillic byproducts in 20% hexanes/EtOAc, followed by 

silica gel chromatography (hexane/EtOAc, 97:3), giving pure 3.20 (25 mg, 8%). MP: 

141-143 °C. TLC: Rt0.20 (10% EtOAc in hexanes). FTIR (CH2Ch, cm"1
): v 3055, 

2964, 2939, 2915, 2843, 2597, 1726, 1609, 1515, 1465. 1H NMR (CDCh, 200 

MHz): o7.34 (d,J=4.5 Hz, 2H, CH), 6.64(d, 2H, CH), 3.72 (s, 3H, OCH3). 13CeH} 

· II INMR (CDCh, 200 MHz): o160.74, 132.08, 123.10, 113.45, 85.90, 55.24. B{ H} 

NMR (CDCh, 500 MHz): o-2.06, -8.40, -10.03. ElMS (TOF, +):found rn!z 356.3. 

Synthesis of tetrabutylammonium 7 ,8-bis( 4-methoxyphenyl)-7 ,8-dicarba

nido-undecaborate 3.24. Tetrahydrofuran (40 mL) was added to 1,2-bis(4

methoxyphenyl)-1,2-dicarba-closo-dodecaborane 3.20 (40 mg, 0.112 mmol) and 

tetrabutylammonium fluoride hydrate (147 mg, 0.56 mmol). The mixture heated to 

reflux overnight, followed by rotary evaporation of the solvent. The product was 

isolated by silica gel chromatography (CH2Ch), giving a pure colourless solid 3.24, 

(55 mg, 84%). MP: 104-106 °C. TLC: Rt 0.16 (100% dichloromethane). FTIR 

1(CH2Ch, cm- ): v 2999, 2969, 2532, 1511. 1H NMR (CDCI3, 200 MHz): o7.04 (d, J 

= 4.4 Hz, 2H, CH), 6.43 (d, 2H, CH), 3.62 (s, 3H, OCH3), 3.05 (t, J = 3.8 Hz, 2H, 

NCHzCHzCHzCH3), 1.52 (m, 2H, NCHzCHzCHzCH3), 1.34 (m, 2H, 

NCHzCHzCHzCH3), 0.96 (t, J = 3.6 Hz, 3H, NCHzCHzCHzCH3). 13CeH} NMR 

(CDCh, 200 MHz): 5 156.98, 134.31, 132.54, 111.87, 58.76, 54.95, 23.87, 19.59, 
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13.62. 11B{1H} NMR (CDCh, 500 MHz): o -7.215, -16.052, -18.023, -32.827, 

35.086. ESMS (-ion): found m/z 346.1. 

Synthesis of 1-( 4-hydroxyphenyl)-2-phenyl-1 ,2-dicarba-c/oso

dodecaborane, 3.15. Dichloromethane (10 mL) was added to 1-(4-methoxyphenyl)

2-phenyl-1 ,2-dicarba-c/oso-dodecaborane, 3.14 (0.60 mg, 0.18 mmol). The 

temperature was reduced to -30 °C and borontribromide (0.92 mL, 0.92 mmol) was 

added dropwise and the mixture stirred at this temperature for 30 minutes. The 

mixture was then allowed to warm to room temperature and evaporate overnight. The 

following morning the temperature was reduced to -10 °C and tetrahydrofuran (1 0 

mL) was added slowly. The mixture was allowed to warm to room temperature and 

evaporate overnight. The next morning the temperature was dropped to 0 °C and 

methanol (10 mL) was slowly added. This was stirred for 1 hour before allowing to 

warm to room temperature. The solvent was then removed under reduced pressures 

and the product was isolated by silica gel column chromatography ( 1 : 10 

EtOAc/hexane) to yield an off-white solid, 3.15 (50 mg, 89%). MP: 130-131 °C. 

TLC: R_r0.15 (10~ ethyl acetate/hexane). FTIR (CH2Ch, cm"1
): v 3574, 3054, 3000, 

2966, 2940, 2642, 2599, 2580, 1612, 1515. 1H NMR (CDCh, 200 MHz): o7.44 (d, J 

=3.6 Hz, 2H, CH), 7.31 (d, J= 3.8 Hz, 2H, CH), 7.19(m, 3H, CH), 6.56{d, 2H, CH), 

5.13 (s, 1H, OH) 4.00-0.90 (br m, BH). 13CeH} NMR (CDCh, 200 MHz): o157.09, 

132.27, 130.62, 130.08, 128.23, 123.10, 115.01, 85.34. 11BeH} NMR (CDCh, 500 

MHz): o-1.60, -8.23, -9.71, -10.52. ElMS (TOF, +):found m/z 312.2. 
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Synthesis of tetrabutylammonium 7 -( 4-hydroxyphenyl)-7 -phenyl-7 ,8

dicarba-nido-undecaborate, 3.11. Tetrahydrofuran (50 mL) was added to 1-(4

hydroxyphenyl)-2-phenyl-1,2-dicarba-closo-dodecaborane, 3.15 (50 mg, 0.16 mmol) 

and tetrabutylammonium fluoride hydrate (260 mg, 0.8 mmol), whereupon the 

mixture turned bright orange instantaneously. The mixture was heated to reflux 

overnight and then the solvent removed by rotary evaporation. The product, a 

colourless solid, was isolated by silica gel chromatography (1 :20 methanol/ CH2Ch), 

giving pure 3.11 (45 mg, 52%). MP: 92-94 °C. TLC: Rt 0.30 (10% methanol/ 

dichloromethane). FTIR (CH2Ch, cm-1
): v 3584, 3033, 2969, 2880, 2840, 2524, 1610, 

1512, 1481. 1H NMR (CD30D, 200 MHz): o6.94 (d, J= 3.2 Hz, 2H, CH), 6.73 (m, 

5H, CH), 6.14(d, J= 4.0 Hz, 2H, CH), 3.09 (t, J= 4.1 Hz, 2H, NCH2CH2CH2CH3), 

1.51 (m, 2H, NCH2CH2CH2CH3), 1.30 (m, 2H, NCH2CH2CH2CH3), 0.90 (t, J = 3.6 

Hz, 3H, NCH2CH2CH2CH3). 13CeH} NMR (CD30D, 200 MHz): o155.47, 143.78, 

134.86, 133.88, 133.00, 127.30, 125.84, 114.11, 59.55, 24.83, 20.72, 14.00. 11BeH} 

NMR (CD30D, 500 MHz): o-7.18, -12.95, -15.72, -17.73, -32.23, -34.52. ESMS (

ion): found rnfz 302.1. 

Synthesis of sodium 1-( 4-hydroxyphenyl)-2-phenyl-3,3,3-tricarbonyl-3-715


Re-1,2-dicarba-closo-dodecaborate, 3.7. Aqueous sodium fluoride (0.5 M, 5 mL) 

was added to 3.15 (50 mg, 0.21 mmol) in a 15 mL 2-neck round bottom flask along 

with 3 equivalents of 2.22a (258 mg, 0.64 mmol) and the mixture heated in an oil 

bath warmed to 150 °C for two days. After allowing the reaction to cool the sample 

was acidified with 5 ml of 10M HCI. The mixture was diluted with acetonitrile (10 

mL) and cooled at -10 °C until the organic layer separated. The acetonitrile layer was 
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removed by pipet and concentrated under reduced pressures. The product (3. 7), was 

isolated by silica gel chromatography (5% methanol/chloroform) (70 mg, 52%) as a 

dark brown oil. TLC: Rt0.15 (10% methanol/chloroform). FTIR (KBr, cm-1
): P 3440, 

2557, 2001, 1900, 1615, 1513. 1H NMR (CD30D, 600 MHz): o7.90 (d, J= 1.5 Hz, 

2H, CH), 7.58 (d, J = 1.3 Hz, 2H, CH), 7.07(d, 2H, CH), 6.91 (d, J = 1.5 Hz, 2H, 

CH), 6.83 (d, 2H, CH), 6.59 (d, 2H, CH), 6.43 (d, 2H, CH), 7.18-7.12 (m, 2H, CH). 

13C{1H} NMR (CD30D, 600 MHz): o 206.01, 156.85, 154.73, 149.24, 144.42, 

140.88, 135.56, 132.36, 129.71, 128.20, 127.81, 127.22, 126.58, 125.71, 124.88, 

114.57, 114.07, 58.54, 58.38, 57.11, 56.85. "B{1H} NMR (CD30D, 500 MHz): o

9.04, -11.61, -15.80, -19.57, -20.46, -21.93. ESMS (-ion): found rnlz 570.2. HRMS 

found m/z 570.1725. 

Synthesis of 1,2-bis( 4-hydroxyphenyl)-1,2-dicarba-c/oso-dodecaborane, 

3.16. Dichloromethane (10 mL) was added to 1,2-bis(4-methoxyphenyl)-1,2-dicarba

c/oso-dodecaborane, 3.20 (0.70 mg, 0.17 mmol). The temperature was reduced to

30 °C and borontribromide (1.84 mL, 1.84 mmol) was added dropwise and the 

mixture stirred at this temperature for 30 minutes. The mixture was then allowed to 

warm to room te~perature and evaporate overnight. The following morning the 

temperature was reduced to -10 °C and tetrahydrofuran (10 mL) added slowly. This. 

solution was allowed to warm to room temperature and evaporate overnight. The 

next morning the temperature was reduced to 0 °C and methanol (10 mL) added 

slowly. This was stirred for 1 hour before allowing to warm to room temperature. 

The solvent was then removed under reduced pressures and the product isolated by 

silica gel column chromatography (1:10 EtOAclhexane) to yield an off white solid, 

3.16 (43 mg, 89%). MP.: 120-123 °C. TLC: Rt 0.15 (10% ethyl acetate/hexane). 

109 

http:7.18-7.12


MSc Thesis - R. Chankalal McMaster University - Department of Chemistry 

FTIR (KBr, cm-1
): P 3344, 2602, 1613, 1515. 1H NMR (CDCh, 200 MHz): o7.13 (d, 

J = 3.6 Hz, 4H, CH), 6.38 (d, 2H, CH}, 4.00-0.90 (br m, BH). 13ceH} NMR 

(CDCh, 200 MHz): o160.59, 133.49, 122.93, 115.90, 88.20. uBeH} NMR (CDCh, 

500 MHz): o-2.52, -8.54, -10.46. MSEI (TOF, +):found rnlz 328.2. 

Synthesis of sodium 1,2-bis( 4-hydroxyphenyl)-3,3,3-tricarbonyl-3-11 5-Re

1,2-dicarba-closo-dodecaborate, 3.8. Aqueous sodium fluoride (0.5 M, 10 mL) was 

added to 3.16 (50 mg, 0.17 mmol) in a Parr Microwave Digestion Bomb (Model # 

4781) along with 3 equivalents of 2.22a (250 mg, 0.58 mmol) and the mixture 

irradiated in a conventional microwave for two 1-minute intervals at high power. 

After allowing the reaction to cool the sample was acidified with 5 ml of 10 M HCI. 

The mixture was diluted with acetonitrile (10 mL) and cooled at -10 °C until the 

organic layer separated. The acetonitrile layer was removed by pipet and concentrated 

under reduced pressures. The product (3.8) was isolated by silica gel chromatography 

(5% methanol/chloroform) as a dark brown oil (15 mg, 10%). TLC: R1 0.15 (10% 

methanol/chloroform). FTIR (KBr, cm-1
): P 3438, 2559, 2001, 1884, 1612, 1511. 1H 

NMR (CD30D, 60~ MHz): o7.38 (d, J= 1.5 Hz, 2H, CH), 6.59 (d, 2H, CH), 6.90 (d, 

J= 1.4 Hz, 2H, CH), 6.43 (d, 2H, CH). 13CeH} NMR (CD30D, 600 MHz): o201.27, 

156.87, 154.73, 141.06, 135.71, 129.79, 126.63, 114.85, 114.57, 58.55, 56.96, 56.03. 

uBeH} NMR (CD30D, 500 MHz): o-5.14, -12.13, -16.00, -20.54, -22.11. ESMS (

ion): found m/z 587.3. HRMS found m/z 587.1686. 

Synthesis of 1-( 4-(N,N-dimethylamino )ethoxyphenyl)-2-phenyl-1,2

dicarba-closo-dodecaborane, 3.17. Acetone (20 mL) was added to 1-(4
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hydroxyphenyl)-2-phenyl-1 ,2-dicarba-closo-dodecaborane, 3.15 (0. 7 5 mg, 0.19 

mmol), along with 10 equivalents of sodium hydroxide and one equivalent of 

dimethylaminoethylchloride hydrochloride salt (3.22) and the mixture heated to 

reflux for 3 hours. The solvent was then removed under reduced pressures and the 

product (3.17) was isolated by silica gel column chromatography (10% 

methanol/dichloromethane) (45 mg, 50%). as yellow oil. 1LC: RJ 0.10 (20% 

methanol/chloroform). FTIR (KBr, cm"1
): v 3395, 2962, 2889, 2598, 1608, 1511. 1H 

NMR (CD30D, 200 MHz): o7.42 (d, J= 1.5 Hz, 2H, CH), 6.30 (d, 2H, CH), 7.28 (m, 

3H, CH), 7.15 (m, 2H, CH), 3.94 (t, J = 2.8 Hz, 2H, OCH2CH2N), 2.66 (t, 2H, 

OCH2CH2N), 2.29 (s, 6H, N(CH3)2). 13CeH} NMR (CD30D, 200 MHz): o160.00, 

155.00, 131.96, 130.59, 130.04, 128.21, 122.96, 113.97, 85.64, 85.34, 65.85, 58.01, 

45.80. 11B{1H} NMR (CD30D, 500 MHz): o-1.62, -8.28, -9.76. ESMS (+ion): found 

mlz 384.1. 

Synthesis of sodium 1-(4-(N,N-dimethylamino)ethoxyphenyl)-3,3,3

tricarbonyl-3-'115 -Re-1,2-dicarba-closo-dodecaborate, 3.9. Aqueous sodium 

fluoride (0.5 M, 10 mL) was added to 3.17 (20 mg, 0.15 mmol) in a Parr Microwave 

Digestion Bomb (Model# 4781) along with 3 equivalents of 2.22a (155 mg, 0.44 

mmol) and the mixture irradiated in a conventional microwave for three 1-minute 

intervals at high power. After allowing the water to cool (20 min.) the mixture was 

diluted with acetonitrile (10 mL) and cooled at -10 °C until the organic layer 

separated. The acetonitrile layer was removed by pipet and concentrated under 

reduced pressures. The product (3.9) was isolated by silica gel chromatography (5% 

methanol/chloroform) but required semi-preparative HPLC purification to be isolated 
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as a clear film (8 mg, 7%). TLC: Rt 0.10 (20% methanol/chloroform). FTIR (KBr, 

1cm- ): v 3411, 2529, 2000, 1907, 1728, 1602, 1510. 1H NMR (CD30D, 200 MHz): o 

7.50 (d, 2H, CH), 6.78 (d, 2H, CH), 6.64 (d, 2H, CH), 7.11 (m, 2H, CH), 6.99 (m, 2H, 

CH), 4.21 (m, 2H, OCHzCH2N), 3.48 (m, 2H, OCHzCH2N), 2.90 (s, 6H, N(CH3)z) 

ESMS (-ion): found rnfz 642.3. 
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Summary and Future Work 

This work utilized three methods to prepare arylated Re-metallocarboranes, 

specifically two monoaryl Re-carborane complexes and three diaryl Re-carborane 

complexes. During the course of this work, three target complexes were unobtainable 

because of difficulties associated with purification. As such, future work should entail 

preparing these complexes using methods which ensure complete consumption of the 

starting carborane ligand and the use of a single counter ion. 

With Re-carboranes 2.10, 3.7, 3.8, and 3.9 in hand, ER binding studies should be 

performed to validate the use of metallocarborane as anti-estrogens. These studies should 

also be done using the closo- and nido-carborane precursors to compare the impact of the 

Re(I)C03 core on RBA values. For compounds showing high binding affinity, the 

corresponding 99mTc complexes should be prepared and biodistribution studies performed. 

Another important idea for future work is a detailed low temperature NMR study of 

the his-aryl Re-carborane complexes. These compounds could exhibit unique dynamic 

processes including correlated rotation. Detailed assignments of spectra acquired at various 

temperatures are therefore needed. 
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Appendix I Supplementary Data 

Chapter 2: Mono-Arylated Carboranes 
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Figure 8-A. 1H NMR of2.13, 200 MHz, in CDCl3 
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Figure 15-A. 1H NMR of3.20, 200 MHz, in CDC~) 
Figure 15-B. 13C{H} NMR of3.20, 200 MHz, in CDC13 
Figure 15-C. 11B{H} NMR of3.20, 500 MHz, in CDCh 
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Figure 15-F. Analytical HPLC chromatogram of3.20 
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Figure 16-E. El-MS of3.15 
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Figure 17-A. 1H NMR of3.11, 200 MHz, in CDCh 
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Figure 18-E. Negative Ion Mode ESI-MS of 3.7 

Figure 19-A. 1H NMR of3.16, 200 MHz, in CD30D 
Figure 19-B. 13C{H} NMR of3.16, 200 MHz, in CD30D 
Figure 19-C. 11B{H} NMR of3.16, 500 MHz, in CD30D 
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Figure 20-A. 1H NMR of3.8, 200 MHz, in CD30D 
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Figure 22-A. 1H NMR of3.9, 200 MHz, in CD30D 
Figure 22-B. FTIR of3.9, in KBr 
Figure 22-C. Negative Ion Mode ESI-MS of3.9 
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Chapter 2: Mono-Arylated Carboranes-2.14 
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Figure 1-A. 1H NMR of2.14, 200 MHz, CDCI3. 
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Figure 1-B. 13C{H} NMRof2.14, 200 MHz, in CDCh. 
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Figure 1-C. 11B{H} NMR of2.14, 500 MHz, CDCh. 

Figure 1-D. FTIR of2.14 in CH2Clz. 
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Figure 1-E. El-MS of2.14 
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Figure 1-F Analytical HPLC of2.14 
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Chapter 2: Mono-Arylated Carboranes-2.11 
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Figure 2-A. 1H NMR of2.11, 200 MHz, in CDCh . 
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Figure 2-B. 13C{H} NMR of2.11, 200 MHz, in CDCh. 
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Figure 2-C. 11 B{H} NMR of2.11, 500 MHz, in CDCh. 
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Figure 2-D. FTIR of2.11 in CH2Ciz. 
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Figure 2-E. Negative Ion Mode ESI-MS of2.11. 
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Figure 2-F. Analytical HPLC chromatogram of2.11. 
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Chapter 2: Monoarylated Carboranes -2.8 
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Figure 3-A. 1H NMR of2.8 200 MHz, in CDCh . 
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Figure 3-B. 13C{H} NMR of 2.8, 200 MHz in CDCh. 
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Figure3-C. 11 B{H} NMR of2.8, 500 MHz in CDCh. 

--,...... ---30Xi..,.., '""--,....,.«m-- -~$00:- ----~.---·--2-,DCO--~·;;;-

~tn-11 

Figure 3-D. FTIR of 2.8 in CH2Ch. 
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Figure 3-E. Negative Ion Mode ES-MS of2.8. 
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Figure 3-F. Analytical HPLC chromatogram of2.8 
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Figure 3-G. X-ray Structure of2.8. Crystallographic Data Below. 
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Table 1. Crystal data and structure refinement for XXX. 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 
Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

erange for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness toe= 27.50° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data I restraints I parameters 

Goodness-of-fit on F2 

Final R indices [I>2G{I)] 

R indices (all data) 

Extinction coefficient 

Largest diff. peak and hole 

C27 H51 B9 N 03 Re 

721.18 

173(2) K 

0.71073 A 
Triclinic 

P-1 

a= 10.300(5) A a.= 76.226(8)0 
• 

b =12.125(5) A P= 70.644(7)0 
• 

c = 14.693(7) A .., = 80.864(7)0 
• 

1675.0{13) A3 
2 

1.430 Mglm3 

3.656 mm-1 

728 

0.210 x 0.10 x 0.03 mm3 

1.50 to 27.50°. 

-l3<=h<=13, -15<=k<=15, -17<=1<=18 

15103 

7532 [R(int) =0.0379] 

97.6% 

Semi-empirical from equivalents 

1.000000 and 0.821260 

Full-matrix least-squares on p2 

7532/0/427 

0.946 

Rl = 0.0382, wR2 = 0.0749 

Rl = 0.0559, wR2 = 0.0807 

0.0004(2) 

1.367 and -0.872 e.A-3 
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Table 2. Atomic coordinates (xi o4) and equivalent isotropic displacement parameters 

(A2x to3) for XXX. U(eq) is defined as one third of the trace of the orthogonalized uij 

tensor. 

X y z U(eq) 

Re( I) 5639(1) 7206(1) 1060(1) 26(1) 

C(l') 7315(5) 6869(4) 91(4) 37(1) 

0(1 ') 8381(4) 6693(4) -477(3) 57(1) 

C(2') 5020(5) 5813(4) 1055(4) 37(1) 

0(2') 4614(4) 4955(3) 1095(3) 55(1) 

C(3') 4871(4) 7903(4) 17(4) 29(1) 

0(3') 4390(3) 8338(3) -608(3) 39(1) 

C(4) 2896(4) 8726(4) 1855(3) 26(1) 

C(5) 1767(5) 8076(4) 2165(4) 32(1) 

C(6) 606(5) 8495(5) 1862(4) 36(1) 

C(7) 552(5) 9538(5) 1250(4) 37(1) 

C(8) 1659(5) 10193(5) 937(4) 40(1) 

C(9) 2817(5) 9785(4) 1244(4) 36(1) 

C(2) 4155(4) 8264(4) 2186(3) 25(1) 

C(3) 5633(4) 8840(4) 1616(4) 25(1) 

B(4) 7014(5) 7900(4) 1742(4) 26(1) 

B(5) 6312(5) 6616(5) 2514(5) 32(1) 

B(6) 4468(5) 6874(5) 2747(4) 34(1) 

B(7) 4596(5) 9249(5) 2714(4) 32(1) 

B(8) 6414(5) 9003(5) 2436(4) 30(1) 

B(9) 6818(5) 7600(5) 3029(4) 35(1) 

B{lO) 5230(6) 6966(5) 3647(4) 35(1) 

B( II) 3871(5) 7976(5) 3443(4) 32(1) 

8( 12) 5307(5) 8434(5) 3616(4) 36(1) 

N(5l 7419(4) 12600(3) 2874(3) 28(1) 

OIT) 5961(4) 13194(4) 3047(4) 28(1) 

C(2T) 4976(4) 12635(4) 2748(4) 32(1) 

C{3T) 3498(4) 13124(4)' 3174(4) 39{1) 

C(4T) 2517(5) 12739(5) 2753(5) 62(2) 

C(5T) 8016(4) 12357(4) 1838(3) 29(1) 
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C{6T) 811 0(5) !3374(4) 998(3) 32(1) 

C(7T) 8708(5) 13002(4) }0(4) 34{1) 

C{81) 8962(6) 14003(5) ~851(4) 53{2) 

C(9T) 7322(5) 11492(4) 3627(4) 3.4(1} 

C{WT} 8619{5} i073b(4} .3638{4) 44(1) 

C\l\'f) 8269(6) 9665(5) 4466(5) 53(2) 

C(J2T) 9486(7) 881!(6) 4509(5) 6~(2} 

C(!3T) 8345(4) 133&9(4} 2989(4) .30{1) 

C{l4T) 7924(5) l3736(4) 3976(4) 39(1) 

C(l5T) 8819(5) !4623(4) 3967(4) 31(1) 

C06T) 8283(6} 15102(5) 490'1(4) 49(1) 

--.....--...,._..,.
--~ ~ 
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Table 3. Bond lengths [A] and angles [0 
] tor XXX. 

Re(l )-C( I') 1.897(5) B(7)-B(8) 1.771(7) 

Re( 1 )-C(2 ·) 1.900(5) B(7)-B(ll) 1.771(8) 

Re( 1 )-C(3 ') 1.914(5) B(8)-B(9) 1.771(8) 

Re(1)-C(3) 2.314(4) B(8)-B(l2) 1.775(8) 

Re(l)-C(2) 2.330(4) 8(9)-B(I 0) 1.781 (7) 

Re(l)-B(4) 2.332(4) B(9)-B(l2) 1.793(8) 

Re(l)-B(6) 2.336(6) 8(10)-B(ll) 1.762(8) 

Re{l)-B(5) 2.378(6) B(10)-B(l2) 1.783(8) 

C(l ')-0(1 ') 1.162(6) B(ll)-B(l2) 1.772(7) 

C(2')-0(2') 1.164(5) N(5)-C(9T) 1.517(6) 

C(3 ')-0(3') 1.163(6) N(5)-C(5T) 1.523(6) 

C(4)-C(9) 1.388(7) N(5)-C(l3T) 1.526(5) 

C(4)-C(5) 1.397{6) N(5)-C(IT) 1.527(5) 

C(4)-C(2) 1.512(6) C( 1 T)-C(2T) 1.528(5) 

C(5)-C(6) 1.392{6) C(2T)-C(3T) 1.522(6) 

C(6)-C(7) 1.371 (7) C(3T)-C(4T) 1.524(6} 

C(7)-C(8) 1.381 (7) C( 5T)-C( 6T) 1.512(7) 

C(8)-C(9) 1.390(7) C( 6T)-C(7T) 1.524(6) 

C(2)-C(3) 1.650(6) C(7T)-C(8T) 1.5 13(7) 

C(2)-B(6) 1.722(7) C(9T)-C( I OT) 1.514{7) 

C(2)-B(ll) 1.729(7) C( 1 OT)-C( 11T) 1.552(8) 

C(2)-B(7) 1.757(6) C(llT)-C(12T) 1.502(8) 

-C(3)-B(4) 1.708(7) C(l3T)-C(14 T) 1.511(6) 

C(3)-B(8) 1.717{6) C(l4T)-C(l5T) 1.519(6) 

C(3)-B(7) 1.749(7) C( 15T)-C( 16T) 1 .518(7) 

B(4)-B(8) 1.784(7) 

B(4)-B(9) 1.786(8) C(1 ')-Re(l )-C(2') 89.2(2) 

8(4)-8(5) 1.790(8) C( I '}-Re( 1 )-C(3') 88.2(2) 
<B(5)-B(l0) 1.775(8) C(2')-Re(l )-C(3 ') 87.54( 19) 

8(5)-B(9) 1.776(7) C(l ')-Re{l)-C(3) 113.07(17) 

B(5)-B(6) 1.804(7) C(2')-Re(1 )-C(3) 157.2(2) 

8(6)-8(10) 1.779(8) C(3 · )-Re( 1 )·C(3) 97.69( 17) 

B(6)-B(l1) 1.784(8) C(l ')-Re(l)-C(2) 154.69(16) 

· B(7)-B( 12) 1.749(8) C(2' )-Re( I )-C(2) 115.95( !9) 
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C( 3' )-Re( I )-C(2) 

C( 3 )-Re( 1 )-C( 2) 

C(l ')-Re(l )-B(4) 

C(2')-Re(l )-B{4) 

C(3 ')-Re(l )-8(4) 

C(3)-Re(l)-B(4) 

C(2)-Re( 1 )-B( 4) 

C(1')-Re(l )-B(6) 

C(2')-Re(l )-B(6) 

C(3 ')-Re(l )-B(6) 

C(3)-Re(l )-B(6) 

C(2)-Re(l)-B(6) 

B(4)-Re(l)-B(6) 

C(l ')-Re(1)-B(5) 

C(2')-Re(l )-B(5) 

C(3 ')-Re(l )-B(5) 

C(3)-Re(l )-B(5) 

C(2)-Re( 1 )-B(5) 

B( 4)-Re( 1 )-B(5) 

B(6)-Re(l )-B(5) 

0(1 ')-C(l ')-Re(l) 

0(2')-C(2')-Re(l) 

0(3' )-C(3')-Re( 1) 

C(9)-C(4)-C(5) 

C(9)-C(4)-C(2) 

C( 5)-C( 4 )-C(2) 

C(6)-C(5)-C(4) 

C(7)-C(6)-C(5) 

C( 6)-C(7)-C(8) 

C(7)-C(8)-C(9) 

C(4)-C(9)-C(8) 

C(4)-C(2)-C(3) 

C(4)-C(2)-B(6) 

C(3)-C(2)-B(6) 

C(4)-C(2)-B(ll) 

C(3 )-C(2)-B( II) 

95.16(17) 

41.63(14) 

85.63(18) 

140.42(19) 

131.36(18) 

43.13(16) 

73.32(16) 

144.2(2) 

86.4(2) 

126.97(19) 

72.64(18) 

43.33(17) 

75.66(18) 

1 01.0(2) 

98.59(19) 

168.92(18) 

73.16(17) 

73.87(18) 

44.66(18) 

44.98(18) 

176.0(4) 

177.0(5) 

178.9(4) 

118.0(4) 

122.3(4) 

119.7(4) 

120.0(5) 

121.1(4) 

119.6(5) 

119.6(5) 

121.6(5) 

120.3(4) 

124.9(3) 

109.5(3) 

115.6(4) 

109.7(3) 

B(6)-C(2)-B(ll) 62.2(3) 

l C(4)-C(2)-B(7) 11 0.8(3) 

C(3 )-C(2 )-B(7) 61.7(3) 

B(6)-C(2)-B(7) 112.5(4) 

B(l1 )-C(2)-B(7) 61.1(3) 

C( 4)-C(2)-Re( 1) 108.3(3) 

C(3)-C(2)-Re( 1) 68.7(2) 

B(6)-C(2)-Re(1) 68.5(3) 

B(ll)-C(2)-Re(l) 126.8(3) 

B(7)-C(2)-Re( 1) 127.4(3) 

C(2)-C(3)-B( 4) 111.9(3) 

C(2)-C(3)-B(8) 111.5(4) 

B( 4)-C(3)-B(8) 62.8(3) 

C(2)-C(3)-B(7) 62.1(3) 

B(4)-C(3)-B(7) 113.7(4) 

B(8)-C(3)-B(7) 61.4(3) 

C(2)-C(3)-Re(l) 69.7(2) 

B(4)-C(3)-Re(l) 69.0(2) 

B(8)-C(3)-Re(1) 128.0(3) 

B(7)-C(3)-Re(l) 128.8(3) 

C(3)-B(4)-B(8) 58.9(3) 

C(3)-B(4)-B(9) 104.9(4) 

B(8)-B(4)-B(9) 59.5(3) 

C(3)-B(4)-B(5) 106.1(3) 

B(8)-B(4)-B(5) 107.7(4) 

B(9)-B(4)-B(5) 59.6(3) 

C(3)-B(4)-Re(l) 67.9(2) 

B(8)-B(4)-Re(1) 123.4(3) 

B(9)-B(4)-Re(l) 123.6(3) 

B(5)-B( 4 )-Re( 1) 69.0(2) 

B(l 0)-B(5)-B(9) 60.2(3) 

B(l O)-B(5)-B(4) 107.2(4) 

B(9)-B(5)-B(4) 60.1(3) 

B(l O)-B(5)-B(6) 59.6(3) 

B(9)-B(5)-B(6) l 07.4(4) 

B(4)-B(5)-B(6) 105.6(4) 
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B( l 0)-B( 5)-Re( 1) 

B(9)-B(5)-Re(l) 

B(4 )-B(5)-Re( 1) 

B(6)-B(5)-Re(l) 

C(2)-B(6)-B( I 0) 

C,(l)-B\~)-B\ t t} 

B(10)-B(6)-B(ll) 

C(2)-B(6)-B(5) 

B( I O)-B(6}-B(5) 

B( ll )-B(6)-B(5) 

C(2)-B(6)-Re(l) 

B(t0)-B(6)-Re(\) 

B( I 1 )-8(6)-Re(l) 

B(5)-B(6)-Re(l) 

B(12)-B(7)-C(3) 

B(12).:B(7)-C(2) 

C(3)-B(7)-C(2) 

B(l2)-B(7)-B(8) 

C(3)-B(7)-B(8) 

C{2)-B(7)-B(8) 

B(l2)-B(7)-B(11) 

C(3)-B(7)-B(ll) 

C(2)-B(7)-B(ll) 

B(8}-B(7)-B(ll) 

C(3)-B(8)-B(9) 

C(3)-B(8)-B(7) . 

B(9}-B(8)-B(7) 

C(3)-B(8)-B(l2) 

B(9)-B(8)-B(l2) 

B(7)-B(8)-B(l2) 

C(3)-B(8)-B(4) 

B(9)-B(8)-B(4) 

B(7)-B(8)-B(4) 

B(12)-B(8)-B(4) 

B(8)-B(9)-)j(S) 

B(8)-B(9)-B(l 0) 

!2I.l(3) 

121.6(3) 

66.3(2) 

66.3(2) 

105. 1(4) 

S9 .0(3.} 

59.3(3) 

l06.7(4) 

59.4(3) 

107.6(3) 

68.1{2) 

\23.1(3) 

123.5(3) 

68.7(3) 

105.0(4) 

105.7{4) 

56.2(2) 

60.6(3) 

58.4(3) 

104.2(3) 

60.4(3) 

103.4(3) 

58.7(3) 

107.8(4) 

105.1(3) 

60.2(3) 

108.4(4) 

1 05.2{3) 

60.7(3) 

59.1(3) 

5%.4(3) 

60.3(3) 

1 09.0(3) 

1 08.8(4) 

109.0(4) 

107.3(4) 

8(5)-8(9)-B( I0) 59.9(3) 

B(S)-B(9)-B(4) 60.2(3) 

B(5)-B(9)-B(4) 60.4(3) 

B(IO)-B(9)-B(4) 107.1 (3) 

B(8)-B(9)-B(12) 59.8(3) 

B<51-B(9}-B(n) Vl~.-:?\4\ 

8(1 0)-B(9)-B( 12) 59.8(3) 

B(4)-B(9)-B(l2) t07.9(4) 

B(ll)-B(10)-B{5) !09.8(4) 

B(11)-B(10)-B(6) 60.5(3) 

8(5)-B(l 0)-8(6) 61.0(3) 

B(1 \)-B(H>)-B(9) )08.4(4) 

B(S)-B(l0)-8(9) 59.9(3) 

B(6}-B(l0)-B(9) 1 08.2(4) 

B(ll)-B(10)-B(l2) 60.0(3) 

B(5)-B{l0)-B(l2) 109.2(4) 

B(6)-B(l 0)-B(12) 1 08.5(4) 

B(9)-B(l O)-B(J2) 60.4(3) 

C(2)-B(ll )-B( 1 0) }05.6(4) 

C(2)-B( 11 )-B(7) 60.2(3) 

B(l 0)-B(] 1 )-B(7) }08.1(~) 

C(2)-B(11)-B(12) 105.9(4) 

B(l 0)-B(ll )-B(l2) 60.6(3) 

B(7)-B(11)-B(l2) 59.2(3) 

C(2)-B(ll)-B(6) 58.7(3) 

B(l 0)-B{ll)-B(6) 60.2(3) 

B(7)-B(ll )-B(6) t08.9(4\ 

B(l2)-B(ll)-B(6) 108.8(4) 

8(7)-B(12)-B(ll) 60.4(3) 

B(7)-B( 12)-B(8) 60.3(3) 

BO \)-B\\1)-B\'~) 1\)1.6(4) 

B(7)-B(l2)-B(l 0) t08.l(4) 

B( 11)-B(12)-B(I 0) 59 .4(3) 

B(8)~B(l2)-B(l 0) 107.0(4) 

B(7)~B(12)-B(9) !08.4(4) 

B( 11 )-B(12)-B(9) I 07.4(4) 
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B(8)-B( 12)-B(9) 

B00)-B(12)-B(9) 

C(9T)-Nl5)-C( 5T) 

C(9T)-N ( 5)-C( J3n 

C(5T}-N(5 )-C( l3T) 

C(9T)-N(5)-C(lT) 

C(5T)-N(5)-C(l T) 

C(l3T)-N(5)-C(lT) 

N(5)-C(l T)-C(2T) 

C(3T)-C(2T)-C( 1 T) 

-~ 

59.5{3) 

59.7(3\ 

110.1(3) 

112.1(3) 

107.8(3) 

107.0(3) 

111.4(3) 

108.5(3) 

115.0(3) 

109.7(4) 

C(2T)-C(3 T)-C( 4T) 111.2(4) 

C(()1')-C\ST)-N\S) \ H:;.6~~) 

C(5T)-C(6T)-C(7T) r I0.8(4) 

C(8T)-C(7T)-C(6T) 112.5(4) 

C(l0T)-C(9T)-N(S) 118.3(4) 

C(9T)-C( 1 OT)-C( II T) 108.5(4) 

C(12T)-C( 1 I T)-C( I OT) 1 I 3.4(5) 

C(14T)-C(13T)-N(5) ll6.l(4) 

C(I3T)-C(I4T)-C( 15T) 111.3(4) 

C(I6T)-C(1 ST)-C( 14 T) l I 1.9(4) 
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Table 4. Anisotropic displacement parameters cA2x Io3) for XXX. The anisotropic 

displacement tactor exponent takes the fonn: -2n2(h2a*2u11+ ... +2hka*b*U 12] 

uil 0 22 uJJ u23 uu uJ2 

----
Re(l) 24(!) 23(l) 34(l} -9(1) -ll(l) -2(1) 

C(l') 28(2) 40(3) 50(3) -22(3) -15(2) 4(2) 

0(1') 33(2) 72(3) 77(3) -46(2) -13(2) 4(2) 

C(2') 47(3) 29(3) 42(3) -8(2) -25(3) 1(2) 

0(2') 79(3) 34(2) 67(3) -8(2) -36(2) -17(2) 

C(3') 26(2) 29(2) 32(3) -15(2) -4(2) -3(2) 

0(3') 42(2) 4l(2) 39(2) -l0(2) -18(2) -5(2) 

C(4) 24(2) 28(2) 26(3) -8(2) -5(2) -3(2} 

C(5) 30(2) 36(3) 32(3) -8{2) -11 (2) -5(2) 

C(6) 21(2) 50(3) 42(3} -17(3) -7(2) -9(2) 

C(7) 28(2) 50(3) 37(3) -19{3) -15(2) 7(2) 

C(S) 36(3) 38(3) 43(3) -3(3) -15(2) 5(2) 

C(9) 27(2) 36(3) 40{3) -1(2) -8(2) -6(2) 

C(2) 23{2) 29(2) 25(2) -7(2) -5(2) -7(2) 

C(3) 23(2) 20{2) 33(3) -5(2) -1 0(2) -3{2) 

B(4) 21(2) 30(3) 29(3) -9(2) -8(2) -3(2) 

B(5) 27(3) 28(3) 45(4) -4(2) -20(3) -3(2) 

B(6) 30{3) 32(3) 40(3) 3(2) -16{3) -9(2) 

B(7) 27(3) 34(3) 36(3) -16(3) -9(2) -2(2) 

B(8) 31(3) 37(3) 28(3) -11(2) -8(2) -10(2) 

B(9) 28(3) 44(3) 36(3) -4(3) -14{3) -8(2) 

B{lO) 32(3) 40(3) 32(3) 1 (3) -12(3) -8(2) 
B(l J) 26(3) 42(3) 25(3) -5(2) -5(2) -6(2) 

B(l2) 29(3'> 51(4) 3) (3) -17(3) -8(2) -4(2) 

N(S) 26(2) 27(2) 31(2) -11 {2) -8(2) -1(2) 

C(lT) 22(2) 28(2) 33(3) -14(2) -2(2) 0(2) 
C(2T) 27(2) 35(3) 40(3) -17(2) -11(2) -1(2) 

C(3T) 26(2) 41(3) 50(3) -20{3) -7{2) -\(2) 

C(4T) 32(3) 70(4) 99(6) -40(4) -27(3) 5(3) 

C(S1') 24(2) 32(2) 33(3) -\%(2) -6(2) ()(2) 

C(6T) 29(2) 34(3) 32{3) -14{2) -2(2) -3t2) 
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C(7T) 35(2) 

C(8T) 70(4) 

C(9T) 40(3) 

C(IOT) 52(3) 

C(IIT) 60(4) 

C(12T) 79(5) 

C(l3T) 28(2) 

C(I4T) 48(3) 

C(lST) 37(3) 

C(16T) 53(3) 

37(3) 

53(4) 

34{3) 

47(3) 

38(3) 

66(4) 

35(3) 
45(3) 

43(3) 

64(4) 

33(3) 

36(3) 

33(3) 

32(3) 

68(4) 

60(4) 

35(3) 

26(3) 

39{3) 

45{4) 

-13(2) 

-9(3) 

-12(2) 

-11(3) 

-6(3) 

-20(4} 

-16(2) 
-9(2) 

-18(Z) 

-28(3) 

-6(2) -7(2) 

-13(3) -13(3) 

-14(2) -3(2) 

-17(3) 7(3) 

-34(3) 2(3) 

-33(4) 20(4) 

-10(2) -4(2) 

-1 0(2) -13(2) 

-19(2) 2(2) 

-20(3) -8(3) 
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Table 5. Hydrogen coordinates (xlo4) and isotropic displacement parameters (A2x 10 3) 
for XXX. 

X y z U(eq) 

H(6) 3780 6165 2882 40 

H(ITA) 6023 13991 2675 33 

H(lTB) 5560 13221 3755 33 

H(2TA) 5226 12777 2022 39 

H(2TB) 5054 11801 2996 39 

H(3TA) 3460 13967 3021 46 

H(3TB) 3201 12872 3899 46 

H(4TA) 1574 13059 3044 94 

H(4TB) 2550 11905 2908 94 

H(4TC) 2796 13006 2038 94 

H(5TA) 8955 11970 1767 35 

H(5TB) 7444 11817 1769 35 

H(6TA) 8704 13915 1040 39 


H(6TB) 7179 13771 1051 39 

H(7TA) 9591 12530 -9 41 


H(7TB) 8062 12524 -56 41 

H(STA) 9351 13723 -1467 79 

H(8TB) 9612 14474 -794 79 

H(8TC) 8087 14462 -847 79 

H(9TA) 6893 11681 4288 41 

H(9TB) 6680 11038 3528 41 

H(IOA) 9295 11155 3761 52 

H(lOB) 9080 10507 2994 52 

H(llA) 7869 9907 5107 64 

H(llB) 7555 9293 4362 64 


H(I2A) 9188 8159 5045 101 

H(l2B) 10191 9167 4625 101 


H(I2C) 9873 8549 3883 101 

H(I3A) 9294 13008 2865 36 

H(l3B) 8377 14089 2475 36 


H(l4A) 8007 13056 4490 46 


137 




MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

l!(l4B) 6945 

H(l5A) 9775 

H(l5B} 8843 

H(l6A) 8875 

H(I6B) 8293 

H(l6C) 7336 

H(4) 7970(40) 

H(6A) -110(40) 

H(ll) 2850(40) 

H(3) 5670(40) 

H(7) 3980(40) 

H(8) 7030(40) 

H(S) 6850(50) 

H(SA) 1860(50) 

H(I2) 5230(50) 

H(9) 7660(50) 

H(8A) 1620(60) 

H(7A) -200(60) 

H(JO) 5060(50) 

H(9A) 3500(50) 

14049 

14274 

15253 

15681 

14486 

15448 

8040(40) 

8110(30) 

8090(30) 

9460(40) 

10090(40) 

9760(40) 

5830(40) 

7380(40) 

8700(40) 

7390(40) 

I 0950(50) 

9790(50) 

6360(40) 

10210(40) 

4144 46 

3894 44 

3393 44 

4862 74 

5470 74 

4977 74 

1270(30) 22(11) 

2050(30) 12(10) 

3860(30) 14(10) 

1080(30) 22(11) 

2700(30) 27(12) 

2220(30) 27(12) 

2560(30) 29(12) 

2550(40) 41 (15) 

4250(40) 33(12) 

3350(40) 38(13) 

500(40) 65(19) 

1030(40) 65(18) 

4320(40) 36(13) 

1030(40) 36(13) 

138 



MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

Chapter 2: Mono-Arylated Carboranes-2.15 
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Figure 4-A. 1H NMR of2.15, 200 MHz, in CDCh. 
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Figure 4-B. 13C{H} NMR of 2.15, 200 MHz, in CDCh. 
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Figure 4-C. 11 B{H} NMR of2.15, 500 MHz, in CDCh. 
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Figure 4-D. FTIR of2.15, in CHzCh. 
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Figure 4-E. El-MS of2.15. 
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Figure 4-F. Analytical HPLC chromatogram of2.15. 
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Chapter 2: Mono-Arylated Carboranes-2.12 

'tllit&li I fll\' iili1i•l•Ft'>f'**11T-r"'l')""""~..,...l~1"1<"""f"t""T•~tijiPf! II I iff; 5 II I I I< 't' 11~-r 

Figure 5-A. 1H NMR of2.l2, 200 MHz, in CDCh.. 
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Figure 5-B. 13C{H} NMR of2.12, 200 MHz, in CDCh. 
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Figure 5-C. 11B{H} NMR of 2.12, 500 MHz, in CDCh. 

3000 2500 2000 1500 1000 
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Figure 5-D. FTIR of2.12, in CH2Ch. 
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Figure 5-E. Negative Ion Mode ESI-MS of2.12. 

Figure 5-F. Analytical HPLC chromatogram of2.12. 
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Chapter 2: Mono-Arylated Carboranes-2.16 

r..:;:;;~ .. ' &:n;:: ~ 

e~~ § ~~~56: ~N 
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Figure 7-A. 1H NMR of2.16, 200 MHz, in CDClL. 
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Figure 7-B. 13C{H} NMRof2.16, 200 MHz, in CDCh. 
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-lo 

Figure 7-C. 11B{H} NMR of2.16, 500 MHz, in CDCh. 

IIJlD 

3500 3000 2500 2000 1s00 1000 

Wavenumber (an-1) 


Figure 7-D. FTIR of2.16, in CH2Ch. 
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1.81 

237.2 

% 

Figure7-E El-MS of2.16. 
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Figure 7-F. Analytical HPLC chromatogram of2.16. 
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Chapter 2: Mono-Arylated Carboranes-2.13 
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Figure 8-A. 1H NMR of 2.13, 200 MHz, in CDCh. 
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Figure 8-B. 13C {H} NMR of 2.13, 200 MHz, in CDCh. 
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Figure 8-C. 11B{H} NMR of2.13, 500 MHz, in CDCh. 
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Figure 8-D. FTIR of2.13, in CHzCh. 
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Figure 8-E. Negative Ion Mode ESI-MS of2.13. 

Figure 8-F. Analytical HPLC chromatogram of2.13 
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Chapter 2: Mono-Arylated Carboranes-2.10 

~~ ~ 0~ 
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Figure 9-A. 1H NMR of2.10, 200 MHz, in CD30D. 
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Figure 9-B. 13C{H} NMR of2.10, 200 MHz, in CD30D 
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Figure 9-C. 11B{H} NMR of2.10, 500 MHz, in CD30D 
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Figure 9-D. FTIR of2.10, in KBr 
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Figure 9-E. Negative Ion Mode ESI-MS of2.10 
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Chapter 3: Di-Arylated Carboranes-3.18 
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Figure 10-A. H NMR of3.18, 200 MHz, in CDCh. 

..t ~ .1 . .,.. - .,..-...... 
Figure 10-B. 13C{H} NMR of3.18, 200 MHz, in CDCh_ 
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Figure 10-C. FTIR of 3.18, in CH2Ch. 
"1 - - -

Figure 10-D. El-MS of3.18. 
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Figure 11-A. 1H NMR of3.14, 200 MHz, in CDCh. 

Figure 11-B. 13C{H} NMR of3.14, 200 MHz, in CDCl3. 
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Figure 11-C. 11B{H} NMR of3.14, 500 MHz, in CDC13. 
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Figure 11-D. FTIR of3.14, in CHzCh 
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Figure 11-E. El-MS of3.14. 
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Figure 12-A. 1HNMRof3.10, SOOMHz, inCDCh 
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Figure 12-B. 13C{H} NMR of3.10, 500 MHz, in CDC13. 
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Figure 12-C. 11 B{H} NMR of3.10, 500 MHz, in CDCh. 
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Figure 12-D. FTIR of3.10, in CH2Ch. 
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Figure 12-E. Negative Ion Mode ESI-MS of3.10. 
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Figure 12-F. Analytical HPLC chromatogram of3.10 
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Figure 13-A. 1H NMR of3.6, 200 MHz, in CDCh. 
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Figure 13-B. 13C{H} NMR of3.6, 200 MHz, in CDCh. 

162 



MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

Figure13-C. FTIR of3.6, in CH2Ch. 
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Figure 13-D. Negative Ion Mode ESI-MS of3.6. 
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Figure 13-E. Analytical HPLC chromatogram of3.6 
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Figure 14-A. 1H NMR of3.19, 200 MHz, in CDCh. 
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Figure 14-B. 13C{H} NMR of3.19, 200 MHz, in CDCh. 
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Figure 14-C. FTIR of3.19, in CH2Ch. 
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Figure 14-D. El-MS of3.19. 
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Figure 15-A. 1H NMR of3.20, 200 MHz, in CDCh. 
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Figure 15-B. 13C{H} NMR of3.20, 200 MHz, in CDCh. 
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Figure 15-C. 11B{H} NMR of3.20, 500 MHz, in CDCh. 
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Figure 15-D. FTIR of3.20, in CH2Ch. 
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Figure 15-E. El-MS of3.20. 
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Figure 15-F. Analytical HPLC chromatogram of3.20. 
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Figure 16-A. 1H NMR of3.15, 200 MHz, in CDCh. 
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Figure 16-B. 13C{H} NMR of3.15, 200 MHz, in CDCh. 
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Figure 16-C. 11B{H} NMR of3.15, 500 MHz, in CDCh. 
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Figure 16-D. FTIR of3.15, in CH2Clz. 
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Figure 16-E. El-MS of3.15. 
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Figure 16-F. Analytical HPLC chromatogram of3.15. 
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Figure 17-A. 1H NMR of3.11, 200 MHz, in CD30D. 
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Figure 17-B. 13C{H} NMR of3.11, 200 MHz, in CD30D. 
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Figure 17-C. 11B{H} NMR of3.11, 500 MHz, in CD30D. 
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Figure 17-D. FTIR of3.11, in CH2Ch. 
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Figure 17-E. Negative Ion Mode ESI-MS of3.11. 
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Figure 16-F. Analytical HPLC chromatogram of3.11. 

175 



MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

Chapter 2: Mono-Arylated Carboranes-3. 7 

tl Ulh II 

9 8 7 6 5 4 3 2 

Figure 18-B. 1H NMR of3.7, 600 MHz, in CD30D 
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Figure 18-B. 13C{H} NMR of3.7, 600 MHz, in CD30D 

176 



MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

v 0 0 
0 ~I!! IllfJ 10 .. "'0 

.... "' ai 0 ....;"' .... ~ _.N NI 

I I I 


I I I I I 


-10 -20 -30 

Figure18-C. 11B{H} NMR of3.7, 500 MHz, in CD30D 
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Figure 9-D. FTIR of3.7, in KBr. 
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Figure 9-E. Negative Ion Mode ESI-MS of3.7 
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Figure 19-A. 'H NMR of3.16, 200 MHz, in CD30D 
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Figure 19-B. 13C{H} NMR of3.16, 200 MHz, in CD30D. 
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Figure 19-C. 11B{H} NMR of3.16, 500 MHz, in CD30D. 
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Figure 19-D. FTIR of3.16, in KBr. 

180 



MSc Thesis - R. Chankalal McMaster University- Department of Chemistry 

;9.0 

\ 
I I 

i I 

51.0 

Figure 19-E. 

\ 

Isy.9 

/ 

.).LO.L. ~.1 

329.2 

327.2 

84.0 

i 
I 
I 

330.2I 
/ 
r186.0 

\( 
326.2 

II 

El-MS of3.16. 

181 



MSc Thesis - R. Chankalal McMaster University- Department of Chemistry 

Chapter 3: Di-Arylated Carboranes-3.8 

9 8 7 6 5 4 3 2 ppm 

Figure 20-B. 1H NMR of 3.8, 600 MHz, in CD30D 
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Figure 20-B. 13C{H} NMR of3.8, 600 MHz, in CD30D 
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Figure 20-C. 11B{H} NMR of3.8, 500 MHz, in CD30D 
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Figure 20-D. FTIR of3.8, in KBr. 

173 




100 

MSc Thesis- R. Chankalal McMaster University- Department of Chemistry 

587.3 

% 87.0 
153.0 

167.0 

281.6 

Figure 20-E. Negative Ion Mode ESI-MS of3.8 
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Figure 21-A. 1H NMR of3.17, 200 MHz, in CDCh 
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Figure 21-B. 13C{H} NMR of3.17, 200 MHz, in CDCh 
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Figure 21-C. 	 11B{H} NMR of 3.17, 500 MHz, in CDCl3 
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Figure 21-D. FTIR of 3.17, in KBr 
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Figure 22-B. 1H NMR of3.9, 200 MHz, in CD30D. 
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Figure 22-B. FTIR of3.9, in KBr. 
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Figure 22-C. Negative Ion Mode ESI-MS of 3.9 
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