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Abbreviations 

 C-H 
 C
 B, or B-H 

 H
α 4He2+ or alpha particle 
β+ positron 
β− electron 
BNCT Boron Neutron Capture Therapy 
BPA p-dihydroxy-borylphenylalanine 
BSH mercapto-undecahydro-closo-dodecaborate (2-)
BuLi n-butyl lithium 
DHP dihydropyran 
DLU digital light unit 
DME 1,2-dimethoxy ethane 
DMF N,N-dimethyl formamide 
DNA deoxyribonucleic acid
EC electron capture 
EGF epidermal growth factor 
EWG electron-withdrawing group 
GC-MS gas chromatography–mass spectrometry 
HC Herrmann’s catalyst 
meta-carborane 1,7-dicarba-closo-dodecaborane (12)
MAb monoclonal antibody 
N neutron 
ortho-carborane 1,2-dicarba-closo-dodecaborane(12) 
para-carborane 1,12-dicarba-closo-dodecaborane(12) 
PET positron emission tomography 
PPTS pyridinium p-toluene sulphonate 
SLT  stabilised liposome with targeting ligand  
SPECT single-photon emission computed tomography
THF Tetrahydrofuran 
THP Tetrahydropyran 
TLC thin-layer chromatography 
TMA tetra methyl ammonium 
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1. Introduction 

In this thesis, the synthesis and radio-labelling of a number of compounds 

are described. In section two the synthesis of three novel boronated acridine 

derivatives is described. Section three describes the development of the Heck 

reaction applied to para-carborane. In the final section, a number of radio-

labelling procedures of carboranes and carborates is described.  

The work is largely based on the carboranes ortho-, meta- and para-

C2B10H12, and the nido-carborate C2B9H12
- (see Figure 1.1), representing a 

small part of huge family of compounds.[1] These carboranes contain nine or 

ten boron atoms, two carbons and a number of hydrogens. The boron atoms 

and the carbons are connected to each other in such a way that they form a 

cage-like structure, each connected to at least one hydrogen, if not 

functionalised. A carborane can be either neutral or negatively charged. The 

three neutral closo-carboranes 1.1-1.3, are highly lipophilic, where 

lipophilicity is highest for para-carborane (1.3) and lowest for ortho-

carborane (1.1).
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Figure 1.1: Structure of ortho-carborane 1.1, meta-carborane 1.2, para-carborane 
1.3 and 7,8-dicarba undecaborate anion 1.4, or nido-carborate. 
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The first carborane was discovered at some point in the mid-1950s. It is 

difficult to determine who first discovered it, because at the time all research 

into this field was shrouded in secrecy. It was the middle of the cold war and 

researchers in the United States (US) and the former Soviet Union were 

looking for new high-energy fuels for their intercontinental bombers and 

ballistic missiles. In search for something better than hydrocarbon fuel they 

found their attention caught by boron hydrides. With a heat of combustion 

nearly twice that of ordinary hydrocarbon fuel like kerosene, boron hydrides 

seemed perfect, provided the right compound with the right properties was 

found. After 10 years of research the scientists had to give up, however. The 

problem was not the fuel, but the products formed after combustion. The 

formed boron carbides and boron oxides were too corrosive for the turbine 

engines so in the end the project was dropped.[2] However, those years of 

intensive research related to boron hydrides resulted in the discovery of a 

large number of polyhedral boron clusters, such as the carboranes displayed 

in Figure 1.1.

1.1. Chemistry of boranes and carboranes 

1.1.1. General background 

In the periodic table boron is found at the top of group IIIA. It is a non-metal 

in contrast to the rest of the group, which gives it unique properties in 

comparison. The valence shell of the boron atom contains only three 

electrons, which makes it electron-deficient.[3] One effect of this is that there 

are not enough electrons to allow formation of four two-centre-two-electron 

covalent bond, only three. The simplest example of this is the BH3 with three 

filled sp2-orbitals and one empty p-orbital. The empty orbital is extremely 
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keen to accept an electron pair from any electron-donating species. In fact, 

the BH3 does not exist as a monomer, and in absence of another electron 

donor, dimerisation to the diborane B2H6 occurs (Figure 1.2). 

B
H

B
H

H

H

H

H
Figure 1.2: Bonding properties in diborane B2H6.

In the dimer each B-H bond taking part in this three-centre-two-electron 

bridge is longer and weaker than are the terminal B-H bonds. 

Larger boranes (six to twelve boron atoms) exist as polyhedral cage-like 

structures, which can either be closed (closo-) or open (nido-). There are 

different types of open boranes, where one, two or three vertices have been 

removed, giving nido-, arachno- and hypho-boranes, respectively. Finally, 

the conjuncto-boranes, describes a structure where two or more of the above 

mentioned are linked. closo-Dodecaborate(12) (B12H12
2-) and decaborane(14) 

(B10H14) are two examples of different boranes frequently used in boron 

chemistry (see Figure 1.3).

1.5 1.6

2-

Figure 1.3: Decaborane(14) (1.5) and closo-dodecaborate(12) (1.6).
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Decaborane (1:5) is the key starting material in synthesis of the carboranes 

1:1–1:3. The general procedure involves insertion of acetylene or a 

derivative thereof into decaborane in presence of a weak Lewis base such as 

acetonitrile or diethyl sulphide (see Scheme 1.1). 

2L
- H2 - H2

C2H2

B10H12L2

L L

ortho-carboraneB10H14

Scheme 1.1: General pathway for synthesis of ortho-carborane from decaborane. 

Isomerization of the formed ortho-carborane to the meta-carborane occurs 

under inert atmosphere between 400°C and 500°C. Increasing the 

temperature to 700°C causes the para-analogue to be formed.[4] The three 

isomeric carboranes (1:1, 1:2 and 1:3) are of particular interest in organic 

chemistry because of the two carbon atoms present in each cage frame, 

which are easily functionalised by means of standard organic chemistry. 

The electron charge distribution of the carborane clusters has been 

investigated thoroughly, both experimentally and through calculations.[5, 6]

They all indicate the same trend: the more distant the boron atom is from the 

cluster carbons, the larger is its electron density. For example, in ortho-

carborane the electron density at the boron atoms 9/10 is higher than on the 

other boron atoms. In para-carborane the electron charge on the boron atoms 

are equal due to the symmetry in the molecule  

For the carbon atoms in the clusters, the condition is the opposite. The 

highest electron density is found at the carbon atoms in para-carboranes and 

the lowest, in ortho-carborane, with meta-carborane in between, which is 

reflected in the pKa values of the carboranes, displayed in Table 1.1 together 

with some standard organic compounds for comparison. 
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Table 1.1: pKa values of ortho-, meta- and para-carboranes[7] compared 
with some common organic substances.

Isomer pKa
1 Organic substance pKa

1

ortho-carborane 23.3 phenylacetylene 23.2 

meta-carborane 27.9 triphenylmethane 31.2 

para-carborane 30.0 ethylene 44 
1According to Streitwieser’s scale.

1.1.2. Chemical transformations of carboranes 

Over the last 50 years the chemistry of carboranes has been thoroughly 

investigated, and there are generally two totally different approaches to their 

functionalisation. Using conditions as for electrophilic aromatic substitution, 

the boron atoms are readily functionalised; alkylation, acylation or 

halogenation is easily performed, usually under Friedel Craft conditions. 

Owing to the higher electron charge densities at positions 9/12 and 9/10 

(numbering according to Figure 1.1) in ortho- and meta-carborane, 

respectively, these two carboranes are more susceptible to electrophilic 

substitution than is para-carborane. Over the years a large number of 

B-substituted carboranes have been synthesised.[6, 8-14]

B-halogenated carboranes have shown the ability to undergo transition 

metal-catalysed transformations. Using palladium and nickel complexes, 

Zakharkin and co-workers were among the first to catalyse couplings with 

Grignard reagents and halogenated carboranes.[15]

The carbon atoms behave totally differently from their adjacent boron 

neighbours. The protons on the carbon atoms behave in a similar fashion to 

acetylenes or aliphatic acidic protons (see Table 1.1). With use of a strong 

base, usually n-butyl lithium (BuLi), deprotonation is easily obtained, and 

subsequent addition of an electrophile readily gives the desired 
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C-functionalised carborane. The deprotonated carborane is easily reacted 

with a large variety of electrophiles, e.g. alkyl halides, carbon dioxide, acyl 

bromide, and epoxides.  

In order to obtain a C-arylated carborane, the lithium salt can be 

converted to the corresponding copper(I)salt. Thereafter, addition of the aryl 

halide in presence of pyridine completes the reaction.[16-18]

Both protocols have one obstacle, namely the formation of a product 

mixture. When a mono-functionalisation is desired, disproportion of the 

anion during the reaction leads to a mixture of unsubstituted, mono-

substituted and di-substituted products, roughly in the properties displayed in 

the example shown in Scheme 1.2.

25 %                            50 %                        25 %

BuLi

Li

HO HO

OH

1)

2)H+

O

Scheme 1.2: BuLi-mediated substitution of para-carborane with oxetane. 

In 1964[19] Hawthorne and co-workers demonstrated base mediated 

degradation of ortho-carborane to the nido-analogue. A few years later they 

determined the structure of the nido-carborate and showed that the boron 

atom in position 3 or in position 6 was removed.[20] In Scheme 1.3 the 

degradation of 1-methyl-ortho-carborane is shown. In this case a racemic 

nido-carborate is obtained  
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NaOH
EtOH

Na+

H CH3
Na+

HH3CCH3

Scheme 1.3: Degradation of a 1-methyl-ortho-carborane using basic ethanol, giving 
the corresponding racemic 7-methyl-7,8-dicarba-nido-undecaborate ion. 

Under basic conditions, meta- and para-carborane can also be degraded to 

the corresponding nido-carborate,[21] para-carborane however requires quite 

harsh conditions.[22]

1.2. Nuclide therapy and diagnostics 

1.2.1. General background 

Today, cancer is one of the most increasing diseases of the western world, 

affecting more and more people every year. Treatment is usually successful 

using conventional methods such as surgery, external radiation and/or 

chemotherapy. Unfortunately those methods are not curative in all cases, and 

they have their limitations, especially concerning spread cells, i.e.

metastases. Tumour treatment and diagnostics, based on selective delivery of 

radio-pharmaceuticals to tumour cells are of much current interest. The 

choice of nuclide depends on the nature of the therapy to be undertaken and 

hence of the decay properties for the nuclide.  

1.2.2. Radio halogens 

Radioactive isotopes of different halogens, e.g. F, Br, I and At are of great 

interest due to their availability, chemical reactivity and the large variety of 
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different decay properties. As a consequence, radio-halogens are important 

in both therapeutical and imaging applications such as PET1 and SPECT2 [23]

(Table 1.2).

Radio-labelling of carboranes and nido-carborate anions with halogens 

for biomedical applications has received increasing attention over the last 

decades.[24, 25] This type of radiolabelled compounds can find applications 

both in therapy and diagnosis, and there are some advantages compared to 

halogenation on carbon: 1) the boron-halogen bond is stronger compared to 

the halogen-carbon counterpart. 2) There are no known enzymatic system in 

the body designed for cleavage of the boron-halogen bond. 3) The negative 

charge of the nido-carborate anion, which may enhance retention in the cells. 

Table 1.2: Some selected radio-halogens available for labelling chemistry.

Nuclide Main decay mode Application Half life 
18F β+ (97 %) PET 1.8 h 

76Br β+ (57 %) PET 16.2 h 
77Br EC (99 %) SPECT 57.1 h 
82Br β- Therapy 35.3 h 
123I EC  SPECT 13.2 h 
124I β+ (23 %) PET 4.2 h 
125I EC SPECT 60 days 
131I β- Therapy 8 days 

211At α Therapy 7.2 h 

                                
1 Positron Emission Tomography 
2 Single-photon Emission Computed Tomography 
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1.3. Targeting 

The optimal therapeutic method for treatment of tumours would be a 

targeting method, where tumour cells are distinguished from healthy cells, 

and the drug of choice is selectively delivered to the tumour without any 

distribution to healthy cells, resulting in a complete eradication of all tumour 

cells without injuring any normal tissue.[26] To accomplice such a task, it is 

essential to find some characteristic difference between normal and tumour 

cells. This could be a structure overexpressed on tumours compared to most 

normal cells, or a structure found only on tumours, although this is 

unfortunately very rare. These structures, e.g. tumour-associated antigens are 

targeted using monoclonal antibody (MAb) or fragment of antibodies. Apart 

from antibodies, there are other types of bio-molecules which are considered 

for targeting, e.g. vitamins, growth factors, hormones. Growth factors have 

attracted considerable attention in this area, and one example is the 

Epidermal Growth Factor, EGF, whose receptor is known to be 

overexpressed in a large number of tumours.[27-29] Furthermore, it is known 

that EGF undergoes internalisation when bound to the receptor, which would 

bring the drug in to the cell. 

1.3.1. Liposomes and drug loading  

A liposome is a small spherical aggregate composed of a membrane-like 

lipid bilayer with a hollow inner compartment (see Figure 1.4). The lipid 

bilayer consists mainly of phospholipids surrounding an aqueous interior 

capable of encapsulate both hydrophilic and hydrophobic compounds. To 

prolong circulation in the body, liposomes need to be stabilised. One way to 

achieve this is through sterical stabilisation, that is, anchor polyethylene 

glycol chains to the lipid bilayer of the liposome.[30, 31]
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The idea of loading liposomes with drugs for delivery to tumours is an 

attractive approach, which has received much attention.[32, 33] Active loading 

of liposomes is a method which can be applied to weakly acidic or basic 

molecules. The method is based upon difference in pH between the inside 

and the outside of the liposome. Due to this, the molecules will be shuttled 

into the liposome where they will become charged, and hence trapped 

because of low diffusion rate of charged molecules over the membrane. 

Three of the compounds described later in this thesis (the boronated acridine 

derivatives, section 2) will be subjected to this technique. 

Figure 1.4: Schematic picture, describing a liposome, courtesy of Göran Carlsson 
Inst. of Physical Chemistry, Uppsala University. 

1.3.2. The two-step targeting 

If liposomes could be targeted towards the tumour area the site-specific 

uptake would increase significantly. This is where the two-step targeting 

starts. First the liposome, loaded with the drug of choice, localise the tumour 

cell, binds to it and internalise. This is achieved by connecting a targeting 

agent like the EGF-receptor ligand to a PEG-chain anchored to the liposome. 

This SLT-particle (Stabilised Liposome with Targeting ligand)[34] localises 
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and binds to the receptor, followed by internalisation. Finally, via passive 

diffusion, the drug is expected to be released from the liposome and 

accumulate in the cell nucleus (see Figure 1.5).[35]

Figure 1.5: Principle of tumour targeting using the two-step targeting. The 
targeting agent is connected to the liposome via a polyethylene glycol spacer. After 
connection to the targeting structure the liposome will be internalised and hence the 
drug will be released in to the cell. 

1.4. Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT)[36, 37] is a binary therapeutic 

method based upon the capture of a thermal neutron by a boron atom. A 

boron containing compound has to be accumulated in tumour cells followed 

by irradiation of low-energy neutrons (thermal or epithermal). The result is a 

highly unstable boron-11 (11B) nucleus, which instantly disintegrates into an 

α-particle and a lithium ion. The two fission particles are highly energetic 

but fairly short in range, about 6-10 µm, which is about the same as the 

diameter of a cell. (see Figure 1.6) 
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Figure 1.6: Boron-10 ( 10B) neutron capture reaction. 

1.4.1. Clinical trials 

After Chadwick discovered the neutron in 1932,[38] it was shown that certain 

elements have the ability to capture neutrons, resulting in spontaneously 

decay into lighter elements. Four years later, biophysicist Locher proposed 

the concept of BNCT,[39] combining this discovery with the treatment of 

tumours. It took until the 1950s before the first clinical trials were 

performed, in the US by Farr and Sweet and by Soloway. Unfortunately 

none of these trials was successful, mainly due to lack of selectivity of the 

boronated compound and insufficient penetration of the neutrons.  

In 1968 Hatanaka, a former collaborator with Farr and Sweet, started to 

perform clinical trials with mercapto-undecahydro-closo-dodecaborate 

(BSH, 1.8) (see Figure 1.7) on patients in Japan.[40] For a more extended 

historical overview, see the review by William H. Sweet and references 

therein.[41]

At present, intensive clinical trials are going on at several BNCT facilities 

worldwide, e.g. Finland,[42] Japan,[43] The Netherlands,[44] Sweden[45] and the 

US.[46, 47] In those trials, BSH and/or p-dihydroxy-borylphenylalanine (BPA,

1.7) (Figure 1.7) are the most commonly used BNCT agents. 
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Figure 1.7: Structures of p-dihydroxy-borylphenylalanine (BPA) (1.7) and
mercapto-undecahydro-closo-dodecaborate (2-) (BSH) (1.8).

1.4.2. Some physical aspects of BNCT 

There are two natural isotopes of boron, 10B and 11B, 19.6% and 80.4% 

natural abundance respectively. Unfortunately only 10B is attractive for 

BNCT, owing to the isotope’s cross-section for neutron absorption, i.e. the 

ability of the element to capture neutrons. Boron-10 has a cross-section of 

3837 barn compared with 5x10-3 barn for 11B, a difference of almost 8 

million times, which makes 11B relatively useless. As a consequence, 

compounds used in BNCT are 10B-enriched for optimal effect.  

Even though the cross-section for most natural elements in the body is 

much lower than that for 10B, neutron absorption from elements present in 

high abundance, such as nitrogen (14N) and hydrogen (1H), will contribute to 

the overall background dose (see Table 1.3). 
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Table 1.3: Cross-sections for some therapeutically important isotopes 
related to thermal neutrons.

Element Cross-section (barn) Abundance (% in tissue) 
1H
10B
11B
12C
14N
16O

0.33

3837

5x10-3

3x10-3

1.82

2x10-4

10

–

–

18

3

65

Neutron capture by 14N )MeV63.0pC]N[Nn( 11415141 ++→→+  produces an 

energetic proton with a range of 10–11 µm, giving a limited dose locally to 

the irradiated area. Capture by 1H )MeV23.2H]H[Hn( 2211 ⋅γ+→→+  gives an 

increased background dose to the whole patient owing to the released 

gamma radiation. 

In order to obtain the desired therapeutic effect the concentration of 10B

must be at least 10 ppm, or 10 µg/g in the tumour cell. However, it should be 

noted that the concentration of 10B is strongly dependent upon where in the 

cell the accumulation occurs. Localisation in the cell nucleus is strongly 

favourable compared with accumulation in cell cytoplasm, and it has been 

calculated that localisation near the cell nucleus can reduce the boron 

concentration by a factor of 2–5.[48-53] Furthermore, the boron concentration 

in tissue surrounding the tumour must be kept as low as possible, preferably 

below 1 µg/g, in order to reduce the damage to healthy tissue. Finally, 

because of N and H neutron capture, the low tolerance of the surrounding 

healthy tissue limits the magnitude of the neutron irradiation, and as a 

consequence, the upper limit is approximately 1012–1013 thermal 

neutrons/cm2.
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1.4.3. Boronated compounds

Both BPA and BSH (Figure 1.7) are first-generation BNCT compounds with 

properties for BNCT that are far from optimal.[54] Over the years, a large 

number of other low molecular boronated compound have been synthesised 

and evaluated for use in BNCT. Boronated nucleosides have been 

synthesised and biologically evaluated[55] based on the premise that they will 

be accumulated in tumour cells, due to the enhanced metabolism within 

tumour cells. Boronated amino acids have been synthesised with same 

approach in mind, where both derivatives of boronic acid residue and 

polyhedral boranes have been used. Boronated porphyries[56] and boron rich 

oligomeric phosphate diesters[57] are two examples of molecules with high 

boron content. Boronated acridine derivatives have been investigated with 

respect to the two-step targeting, with the aim for selective delivery to 

tumours.[35] Besides those mentioned above, there are other approaches and 

compounds under consideration.[58, 59]



16

2. Boron-containing DNA-intercalators (I and VI) 

In this section the synthesis of three novel boron containing acridine 

derivatives are described. They will undergo biological evaluation for 

possible use in BNCT using the two-step targeting. 

2.1. DNA intercalators 

Deoxyribonucleic acid (DNA) intercalators, e.g. derivatives of acridine, 

phenantridine, daunorubicin, naphthalimide, etc, have the capacity to bind 

strongly, but reversibly, to DNA. Previously we reported two boron-

containing DNA intercalators, the acridine derivative WSA[60] (2.1) and the 

phenantridine derivative WSP[61] (2.2) (Figure 2.1), both of which have been 

evaluated using the two-step targeting method for BNCT,[62] and it has been 

shown that the uptake of WSA in tumour cells is sufficient for being of 

interest in BNCT in spite of the fact that the compound does not accumulate 

in the cell nucleus. 
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WSA

2.1

WSP 

2.2

ClN

NH2H2N

NH3 Cl

ClCl
Cl HN NH NH

NH3 Cl

NH3 Cl

Figure 2.1: Chemical structure of WSA and WSP. 

2.1.1. Acridines 

X-ray crystallographic studies have demonstrated that 9-amino acridine 

(Figure 2.2) and some of its derivatives are located in the minor groove of 

DNA with positions 4 and 5 oriented towards the major groove.[63]

N

NH2
1

2

3

45

6

7
8 9

10

11

1213

14

Figure 2.2: Structure of 9-amino acridine. 

If the amino function at position 9 is removed, the DNA-binding capacity is 

diminished by a factor of up to 6.[64] Although substitution on the 9-amino 

function might affect the binding to various degree, many such substituted 

substances are known to intercalate strongly with the DNA.[63] Furthermore, 
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if positions 2 and/or 7 are substituted, or a bulky substituent is introduced at 

position 3, the DNA-binding ability is reduced.[65] However, the DNA-

binding capacity is increased if the amino group at position 10 is protonated, 

i.e. at pH 6.[66]

2.2. Synthesis of some novel carborane-containing acridines 

In the search for new boron-containing DNA intercalators our interest was 

focused on synthesis of new acridine compounds for use in the two-step 

targeting method. Our aim was to modify the previously presented WSA 

(Figure 2.1). In the first approach the polyamine side chain in WSA was 

replaced with a carboxylic acid function, to give compound 2.3, given the 

acronym BAA (from Boronated Acridine Acid) (see Figure 2.3). This 

compound was synthesised for evaluation with regard to active liposome 

loading under basic conditions. 

N NH
H

H

HO

O

ClCl

2.3     BAA

Figure 2.3: Structure of compound 2.3. Boronated Acridine Acid, acronym BAA.

In a second approach two diol- containing boronated acridine derivatives 

was synthesised. The two compounds were given the acronyms BAD I (2.4)

and BAD II (2.5) from Boronated Acridine Diol (Figure 2.4). 
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2.5  BAD II

O
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N

H

2.4 BAD I

N
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N

O

OH

OH

Figure 2.4: Structure of compounds 2.4 and 2.5. Boronated Acridine Diols 
acronyms BAD I and BAD II 

2.3.1. Synthesis of the Boronated Acridine Acid, BAA

BAA, (12-{[3-{(N-9-acridinyl) amino}-propyl]-p-carborane-1-yl}metanoic 

acid hydrogen chloride) (2.3), was synthesised as outlined in Scheme 2.1, 

starting from the previously known 1-(3-hydroxypropyl)-para-carborane 

2.6.[67] The hydroxy group of 2.6 was protected with dihydropyran (DHP) 

resulting in the THP-protected alcohol 2.7 in an almost quantitative yield. 

When compound 2.7 was reacted with BuLi and subsequently with ethyl 

chloroformate in tetrahydrofuran (THF), the ester 2.8 was obtained in 93% 

yield. Deprotection of the THP-protected alcohol using pyridinium p-toluene 

sulphonate (PPTS) in ethanol gave alcohol 2.9 in 78% yield. The bromide 

2.10 was then obtained by reacting the alcohol 2.9 in THF with 

triphenylphosphine and carbon tetrabromine in 96% yield. Using the Gabriel 

synthesis with potassium phtalimide, crown ether and potassium carbonate, 

the phtalimido compound 2.11 was obtained in an almost quantitative yield. 

Deprotection of the amine using hydrazine mono-hydrate in refluxing 

ethanol gave free amine 2.12 in 61% yield. The 9-amino acridine derivative 

2.13 was prepared by reacting the amine 2.12 with 9-phenoxyacridine in 

molten phenol[68] in 95% yield. Finally, the ester 2.13 was hydrolysed, to 

give BAA, 2.3 in 90% yield. 
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Scheme 2.1: Reagents and conditions: i) DHP, p-toluene sulphonic acid, CH2Cl2,
RT, 1.5 h; ii) BuLi, ethyl chloroformate, THF, RT, overnight, N2 atm.; iii) PPTS, 
ethanol, 55°C, 22 h; iv) CBr4, (Ph)3P, dry CH2Cl2, 0°C/RT, 1.5 h; v) potassium 
phtalimide, 18-crown-6, dry DMF, RT, 4 h; vi) hydrazine mono-hydrate, ethanol, 
RT, 5 h; vii) 9-phenoxyacridine, molten phenol 110°C, 15 min; and viii) 2M NaOH, 
RT, overnight, 2M HCl. 
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An alternative attractive approach, was to use 1-(3-hydroxypropyl)-para-

carborane (2.6) and react it with carbon tetrabromide (CBr4) and 

triphenylphosphine (PPh3). The resulting bromo-compound was then reacted 

with potassium phtalimide, crown ether and K2CO3 to give the phtalimido-

protected amine, according to the Gabriel synthesis. Unfortunately all 

attempts to react this compound with a strong base-like butyl lithium, 

lithium diisopropylamide or potassium hydride and subsequently, with the 

desired electrophiles were unsuccessful. Further investigations using other 

amino protective groups were tried using the same reaction conditions as 

before with the same negative result. 

2.3.2. Synthesis of the Boronated Acridine Diols, BAD I and II

The acridine derivative 2-[1-(N-9-acridinyl-3-aminopropyl)-para-carborane-

12-(3-propyloxi)]-1,3-propanediol, BAD I (2.4) was synthesised according 

to Scheme 2.2, starting from the previously mentioned THP-protected 

alcohol 2.7 which was deprotonated with n-butyl lithium, and reacted with 

the bromo-compound 2.14 (see Figure 2.5) to give the di-substituted 

carborane compound 2.15 in 68% yield.  

O N O

O O

H

HNZ2

O
O

O

Br

2.14

Figure 2.5: Bromo compound 2.14 and bis(benzyloxycarbonyl)amine (HNZ2), used 
in the synthesis of acridine derivative 2.15

The protected alcohol 2.15 was partially deprotected using CBr4 in 

methanol, and the alcohol formed was without purification converted to the 

bromide 2.16 in 78% using CBr4 and PPh3 in dichloromethane. The bromo-
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compound 2.16 was reacted with bis(benzyloxycarbonyl)amine (HNZ2), (see 

Figure 2.5) using phase-transfer conditions[69] to give the di-Z-protected 

amine 2.17 in 50% yield. The protected compound 2.17 was deprotected 

using hydrogen over palladium hydroxide in acidic ethanol (82% yield), and 

the free amine 2.18 thus obtained, was reacted with phenoxyacridine to give 

BAD I, 2.4 in 75% yield.

2.7 2.15

2.16
2.17

2.18

2.4

viv

Br

O

OBn

OBn

vi

H2N

O

OH

OH

Z2N

O

OBn

OBn

N
H

N

O

OH

OH

THPO

i

THPO

O

OBn

OBn

ii, iii

Scheme 2.2: Reagents and conditions: i) BuLi, 2.14, RT, overnight, argon atm.; ii)
CBr4,methanol; iii)CBr4, PPh3, CH2Cl2, RT, 24 h; iv) 2 M NaOH (2 eq.), HNZ2 (1 
eq.), QHSO4 (2 eq.) and CH2Cl2; v) Pd(OH)2, H2, ethanol, RT, 24 h; and vi) 9-
phenoxyacridine, molten phenol, 110°C, 15 min. 

The synthesis of BAD I, 2.4 required the brominated glycerol derivative 

2.14, which was synthesised from 2.19[70] (obtained from epichlorohydrin 

and benzyl alcohol in 62% yield). The di-protected diol, 2.19 was then 

treated with sodium hydride and subsequently, with THP-protected 3-bromo-

propanol, to give the glycerol derivative 2.20 (90% yield). Deprotection 

using CBr4 in methanol gave the free alcohol 2.21, which was without 

further purification brominated with CBr4 and PPh3 in dichloromethane, to 

give the bromo-compound 2.14 in 89% yield. (see Scheme 2.3) 
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Scheme 2.3: Reagents and conditions i) sodium hydride, dry DMF, 3-
(Tetrahydropyran-2-yloxy)-1-bromopropane; ii) CBr4, methanol; and iii) CBr4,
Ph3P, dichloromethane. 

The procedure described by Sjöberg and co-workers[71] was used to prepare 

the free amine 2.22 which was reacted with phenoxyacridine in molten 

phenol to give 2-(N-9-acridinyl-3-aminopropyl)-ortho-carborane-2-(1-

ylmethoxy]-1,3-propanediol, BAD II (2.5) in 51% yield. (see Scheme 2.4) 

i

2.22

O

OH OH

NH2

2.5

O

OH OH

N

H

Scheme 2.4: Reagents and conditions i) Phenoxyacridine, molten phenol, 110°C, 15 min. 

Conclusions

In this section the synthesis of three boronated acridine compounds are 

described. Those compounds will be further investigated with regard to their 

potential use in the two-step targeting method for BNCT. 
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3. The Heck reaction applied to carborane chemistry 

In the development of carboranyl compounds for medical and 

pharmaceutical applications there is a need of mild and effective methods for 

functionalisation of the carborane cage. The Heck reaction is a such method, 

and in this section, the development of a palladium catalysed Heck reaction 

between 2-iodo-para-carborane and a number of aromatic vinyl compounds 

is described. 

3.1. The Heck reaction 

The Heck reaction is one of many transition metal-catalysed reactions used 

to form a new carbon-carbon bond. The reaction, developed by Richard 

Heck, commonly involves alkenylation or arylation of alkenes using a 

palladium catalyst, usually Pd(AcO)2, and a phosphine (see Scheme 3.1). 

The classic Heck reaction is the palladium-catalysed cross-coupling of 

styrene to an aryl or vinyl halide.[72]

EWG

R
+       R-XEWG +       H-X

ligand, base
Pd(0) cat.

Scheme 3.1: Heck reaction. R = vinyl, aryl; X = Br, I, OTf, etc; EWG = CO2R, aryl, 
CN, etc. 

Over the last 25 years the Heck reaction has been extensively investigated 

and its use has been found in several diverse areas related to organic 

chemistry. The scope of the reaction involves synthesis of new 
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hydrocarbons, pharmaceuticals, polymers, dyes, agrochemicals and natural 

products (for a review, see Beletskaya[73]). However, though there are a 

number of examples where carboranes has be attached to an olefinic 

moiety,[74-83] carboranes has to the best of our knowledge never been applied 

to the Heck reaction. 

3.2. Palladium-catalysed Heck coupling of 2-iodo-para-
carborane (II) 

The goal of this project was to develop and optimise a stable catalytic system 

for iodinated para-carborane to be reacted with various styrene derivatives 

according to the Heck reaction (see Scheme 3.2). 

+

3.1 3.2

I

3.3

Scheme 3.2: The Heck reaction, in which 2-iodo-para-carborane, 3.2, is to be 
reacted with styrene, 3.1, in order to form the product 3.3.

At an early stage of the project, it became clear that the stability of the 

catalytic system would become the main obstacle to overcome. In the 

development of the reaction conditions the standard Heck coupling reagent, 

styrene (3.1), was chosen as a substrate together with 2-iodo-para-carborane 

(3.2). In an earlier work, in which Suzuki-type cross-coupling was 

developed,[84] the Pd2 (dba)3/dppb (2/4) catalytic system was successfully 

used and hence, this was used in the initial trials in this study. Unfortunately 

this system gave low yields of the desired product β-(2-B-para-carboranyl) 

styrene (3.3) (entries 1–4, Table 3.1), and palladium precipitation could be 

observed shortly after initiating the reaction. 
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During the last decade, palladacycles have shown to be highly efficient and 

robust in Heck-type reactions.[73, 85] Consequently, the commercially 

available palladacycle Herrmann’s catalyst (HC) (3.4, Figure 3.1) was 

investigated using different bases (entries 5–9, Table 3.1).[86, 87]

P

POO
Pd

O O
Pd

R R

R R

R = 

3.4

Figure 3.1: The palladacycle Herrmann’s catalyst (3.4). 

Use of 1 mol % of 3.4 (vs. 2-iodo-para-carborane) and CsF as a base in 

DME gave an increased conversion of the model reaction (entry 5, Table 

3.1). By increasing the concentration of the catalyst to 4 mol % the 

conversion was further increased (entry 6, Table 3.1). Use of alternative 

bases resulted in a decrease in conversion (entries 7–9, Table 3.1). It is well 

known that Heck-type reactions catalysed by palladacycles often require 

elevated temperatures.[85] Owing to the low boiling point of DME, a few 

attempts were made to perform the coupling in N,N-dimethyl formamide 

(DMF) at 120°C (entries 10–12, Table 3.1). And by combining the catalyst 

3.4 with silver phosphate in DMF, we obtained full conversion of the iodo-

carborane 3.2, with >95% of the target compound 3.3 formed (entry 12, 

Table 3.1). 
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Table 3.1: The Heck reaction between 2-iodo-para-carborane and styrene. 
Product formation by variation of the catalytic system and base.

Ph
+

3.2 3.3

PhI

Entry Catalyst (mol %) Base (eq.) Product mixturea

1 Pd2(dba)3 / dppb (2/4) CsF (3) ~5/73/~22 

2 Pd2(dba)3 / dppb (2/4) K2CO3 (1.5) ~5/ 89/~5 

3 Pd2(dba)3 / dppb (2/4) NaOAc (1.5) 0/100/0 

4 Pd2(dba)3 / dppb (2/4) Ag3PO4 (2) 15/81/4 

5 3.4 (1) CsF (3) 32/49/19 

6 3.4 (4) CsF (3) 62/19/19 

7 3.4 (1) Cs2CO3 (2) 0/60/40 

8 3.4 (1) Ag3PO4 (2) 4/96/0 

9 3.4 (1) K3PO4 x n H2O (2) 33/50/17 

10b 3.4 (1) KOAc (1.5) 50/34/16 

11b 3.4 (1) K3PO4 x n H2O (2) 0/0/100 

12b 3.4 (1) Ag3PO4 (2) >95/0/<5 
aRatio of boronated products 3.3:3.2:side products, determined by 11B NMR. 
bDMF was used, and the reaction was performed at 120°C. 

A mechanism for this application of the Heck reaction is outlined in Scheme 

3.3. We chose the catalytic cycle involving the Pd(0)/Pd(II) pathway as 

suggested by Herrmann and co-workers[85]; however, the Pd(II)/Pd(IV) 

pathway suggested by Shaw and co-workers[88] may also be considered. The 

cationic-like palladium species in Scheme 3.3, formed by halogen 

abstraction, is given in accordance with work presented by Hallberg and co-

workers.[89, 90] They proposed a dual function for the silver phosphate in 

these types of reactions. In addition to the proton-scavenging role of the 
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phosphate, it is proposed that the silver ion can abstract the iodide (step B,

Scheme 3.3) from the Pd(II) complex 3.5 formed after the oxidative addition 

of the aryl halide. As a consequence, a cationic-like Pd(II) complex 3.6 is 

generated, which then binds more efficiently to the alkene in the next 

catalytic step. 

I

PhC

HPO4
2-

PO4
3-

HPd+(II)L2

E

F
A

      Pd(II)
L

I

L

3.2

3.5

3.6

3.7

3.8

Ph

Pd+(II)L2

H

D

Pd+(II)L2

Ph

H

3.3

Ph

      Pd+(II)L2

AgI

Ag+

Pd(0)L2

Generation
of

active catalyst

B

Scheme 3.3: Plausible mechanism of the Heck reaction between 3.2 and styrene 3.1.
A: Reversible oxidative addition of 2-iodo-para-carborane; B: silver ion-mediated 
iodide abstraction; C: styrene complexation and syn-insertion; D: internal rotation; 
E: syn-elimination to form trans-β-(2-B-para-carboranyl) styrene 3.3; and F: base-
promoted proton scavenging and regeneration of active catalyst Pd(0). 

Earlier experiments using palladium-catalysed cross-couplings of iodinated 

carboranes indicates that the oxidative addition of the boron-iodide bond to 

the Pd(0) complexes is a reversible process.[84, 91] Unfortunately the 

equilibrium is not favourable to the formation of the Pd(II) complex 3.5. If 

the iodide could be abstracted from complex 3.5 by the silver ion, to form 
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3.6, this would most likely shift the equilibrium. This could explain the high 

yield of 3.3 in the model reaction. 

The optimised reaction conditions (entry 12, Table 3.1) were applied to 

various styrene derivatives including both electron-donating and electron-

withdrawing substituents. Table 3.2 displays reaction times and isolated 

yields of the obtained trans-β-(2-B-para-carboranyl) styrenes 3.3 and 3.9–

3.14, with most reactions proceeding in high yields. The para-chloro-styrene 

(entry 3, Table 3.2) reacted cleanly and afforded no GC-MS-detectable 

homo-coupled side product. However, the para-bromo-styrene analogue was 

partially homo-coupled (to give CH2=CH-C6H4-CH=CH-C6H4-para-Br), 

reducing the yield of compound 3.11 (entry 4, Table 3.2). 2-Vinylpyridine 

did not react at all (entry 8, Table 3.2), which may have been because of 

palladium complexation of the neighbouring pyridine nitrogen. 

Table 3.2: The screening of various vinyl compounds.

Ar
+

I

3.2 3.3, 3.9-3.14

Ar

Entry Substrate 

Ar-CH=CH2

Reaction time 

(h) 

Product Isolated yield  

(%) 

1 Ph- 4 3.3 91

2 4-Ph-Ph- 12 3.9 80

3 4-Cl-Ph- 4 3.10 82

4 4-Br-Ph- 12 3.11 64

5 4-NO2-Ph- 12 3.12 75

6 4-CH3O-Ph- 6 3.13 73

7 4-CH3-Ph- 8 3.14 94

8 2-pyridine-   No reaction 
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As previously mentioned, a clear difference in reaction time is observed 

among the various styrene derivatives. This would indicate that the styrene 

derivatives used are involved in a rate-limiting reaction step. Most likely, the 

rate-limiting reaction step is the alkene complexation step.[92]

When butyl acrylate and acrylonitrile, compounds often subjected to the 

Heck reaction, were reacted under the optimised reaction conditions no 

conversion was observed. Furthermore, the more electron-poor vinyl 

derivatives, i.e. 4-nitrostyrene (entry 5, Table 3.2), reacted more slowly than 

did the more electron-rich styrenes. Electron-poor compounds such as these, 

with better π-accepting and poorer π-donating properties than the more 

electron-rich analogues, have been shown to co-ordinate more slowly to 

cationic complexes (e.g., 3.6, Scheme 3.3) compared with neutral 

complexes.[93] A plausible explanation for this phenomenon might be that 

there is a co-ordination competition between the olefin and σ-donors, i.e. the 

anionic phosphate, to the complex, which slows down the reaction rate.[94]

Thus, in the case of butyl acrylate and acrylonitrile, other species, such as 

HPO4
2- and PO4

3-, in the reaction mixture probably dominate the co-

ordination to the complex 3.6.

Using the reaction conditions displayed for entry 11 in Table 3.1, no 2-

iodo-para-carborane or product could be detected. Analysis of the formed 

side products revealed two major components, 2-hydroxy-p-carborane (3.15)

and the previously unreported bis(2-B-p-carboranyl) ether (3.16). Boron-

iodinated carboranes have been shown to undergo palladium-catalysed 

nucleophilic substitutions.[91, 95] Under these reaction conditions (Table 3.1 

entry 11) the nucleophilic hydroxide is likely generated from water-

contaminated potassium phosphate, and by repeating the reaction in a larger 

scale we were able to isolate compounds 3.15 and 3.16 (see Scheme 3.4). 

Performing a blank experiment, without influence of the catalyst, none of the 

two compounds were formed. 
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Scheme 3.4: Suggested mechanism for the formation of products 3.15 and 3.16.

Conclusions

In this section the Heck-reaction applied to para-carborane is described. By 

optimising the reaction conditions we were able to prepare a number of 

trans-β-(2-B-para-carboranyl) styrenes. Furthermore, we have demonstrated 

for the first time that the Heck reaction, an important tool in modern organic 

synthesis, is applicable to para-carboranes. In this work, only 

para-carborane have been used, but other halogenated carboranes could very 

well be considered. Furthermore, if successful, the Heck-couplings using 

acrylates and closo-carboranes would give some very interesting 

compounds, and one approach worth investigating would be to use 

microwave assisted chemistry. 
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4. Radio-labelling of carborane compounds 

In this section radio-iodination and radio-bromination of closo-carborane 

and radio-bromination of a nido-carborate derivative is described. By using 

palladium catalyst ortho-, meta-, and para-carboranes were labelled with 

[125I]iodide and [76Br]bromide in good to excellent yields. In addition, by us 

of oxidative conditions, NBI, a nido-carborate derivative has been labelled 

with [76Br]bromide in high yield for further conjugation to antibodies. 

The evaluation of the pharmacokinetics of boronated compounds in 

BNCT is of major importance in order to avoid sub-optimal treatment. It is 

important that the neutron irradiation is performed at the right time, i.e. when 

accumulation of the boron compound in the tumour is at a maximum level 

and the boron level in the blood and surrounding tissue is at a minimum.  

Unfortunately pharmacokinetic studies of carboranes are far from simple. 

Still, to facilitate pharmaceutical studies on individual patients a radioactive, 

label emitting detectable radiation is necessary. There is no suitable 

radioactive nuclide for boron. However, [76Br]bromine and [125I]iodine with 

half-lifes of 16.2 h. and 60 days respectively, (see Table 1.2) are two 

nuclides which could be of interest for labelling of carborane derivatives,  

The first radio-halogenation of a carborane in the field of 

pharmacokinetics was performed in 1985 by Hawthorne and co-workers,[96]

in whose study a derivative of a nido-carborate was labelled with 

[125I]iodide. Theirs was followed by other studies using the same procedure 

applied to other ionic polyhedral boron compounds.[97-100]
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However, in all those cases oxidative conditions were used, conditions 

which cannot be applied to the uncharged closo-carboranes. Electrophilic 

halogenation of closo-carboranes is a lengthy procedure requiring fairly 

harsh conditions for non-radioactive halogens. Our attempts to label para-

carborane using chloramine-T (CAT) were unsuccessful.  

Radio-iodination of boron-iodinated closo-carborane was reported by 

Stanko and co-workers[101] 1970. By using a copper(I)-mediated halogen 

exchange reaction, they were able to obtain [131I]iodide-labelled closo-

carboranes in moderate yields. As previously discussed in Chapter 3, 

palladium-catalysed substitution reactions are applicable to iodinated closo-

carboranes. Grushin and co-workers demonstrated this with halogens, by 

reacting 9-iodo-meta-carborane with tetra-n-butyl-ammonium bromide in 

presence of palladium catalyst to give 9-bromo-meta-carborane.[91]

Furthermore, our research group have previously established that 2-iodo-

para-carborane (4.4) can be labelled with [125I]iodine through isotopic 

exchange under similar conditions.[95]

The mechanism for the exchange reaction is most likely similar to the 

Suzuki-Miyaura reaction, and other catalysed cross-couplings, which 

includes oxidative addition, trans-metallation/ligand exchange and reductive 

elimination as key steps (see Scheme 4.1). 
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Scheme 4.1: Plausible mechanism for the palladium-catalysed isotopic exchange 
reaction, using [125I]iodine. This mechanism is also applicable to the halogen 
exchange reaction with [76Br]bromine. 

4.1. Radio-iodination of closo-carboranes using palladium 
catalysed isotopic exchange reactions (III) 

In this part, the iodinated carboranes 4.1-4.4 (Figure 4.1), 1-phenyl-3-iodo-

ortho-carborane (4.5) and 1,2-diphenyl-3-iodo-ortho-carborane (4.6) were 

subjected to palladium catalysed isotopic exchange using [125I]iodine. 

4.1

I

4.4

I

4.3
I

4.2
I

Figure 4.1: Iodinated carboranes investigated for labelling, 3-iodo-ortho-carborane 
(4.1), 9-iodo-ortho-carborane (4.2), 9-iodo-meta-carborane (4.3) and 2-iodo-para
carborane(4.4). 

In the radio-iodination of 4.1-4.6, Herrmann’s catalyst (HC) (3.4) (Figure 

3.1) in toluene was found to be a very efficient and stable catalytic system. 

However, during the first attempts to label ortho-carboranes, DMF was used 

as a solvent. Despite the short reaction time (5 min), palladium precipitation 

was obtained. Using 11B NMR investigations (performed in an NMR tube 

using the same reaction conditions, but with deuterated DMF and without 
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addition of radioactive sodium iodide), some degradation of 3-iodo-ortho-

carborane to the known 3-iodo-7,8-dicarba-nido-undecaborate[102] was 

detected. To avoid this degradation, DMF was replaced with toluene and as a 

result no degradation of the ortho-carboranes was observed. All experiments 

were performed in 200 µl of toluene at 100°C under argon. Initially 0.1 

mg/mL of 2-iodo-para-carborane and 5 mol % of HC were used (see 

Scheme 4.2) 

4.4 4.4*

I 125I
[125I]NaI, HC, 
toluene, 5 min. Ar.

Scheme 4.2:Radio-iodination of 2-iodo-para-carborane as model substance. 

The radio-labelling yield for all non-C-substituted iodinated carboranes (4.1–

4.4, Figure 4.1) exceeded 90% already after 5 min. A representative TLC 

chromatogram of labelled 2-iodo-para-carborane is given in Figure 4.2. All 

Rf values for the radio-iodinated carboranes were consistent with the non 

radioactive iodinated carboranes. 

Figure 4.2: Representative radio-TLC chromatogram of [125I]iodine labelled 2-
iodo-para-carborane. Peak 1(Rf = 0) corresponds to non-radioactive iodide, 
whereas peak 2(Rf = 0.75) corresponds to non-labelled 2-iodo-para-carborane. 
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By increasing the reaction time, the radio-labelled yield could be increased 

to some extent (see Figure 4.3). In all performed experiments the catalytic 

system was stable and no indication of palladium precipitation could be 

seen.

Figure 4.3: Radio-labelled yields as a function of time for 3-iodo-ortho-( ), 9-iodo-
ortho-(x), 9-iodo-meta-( ) and 2-iodo-para-carborane( ). 

In order to optimise the reaction conditions, 2-iodo-para-carborane (4.4) was 

chosen as a model substance. Two parameters of interest, concentration of 

catalyst (HC) and concentration of iodinated carborane, were investigated. In 

the first case the results indicated that the concentration of catalyst could be 

decreased to 0.1 mol % without any significant reduction in radio-labelled 

yield (see Figure 4.4a). In the second case it was found that a concentration 

of 0.1 mg/mL of carborane is necessary in order to maintain excellent radio-

labelled yield (Figure 4.4b). 

Figure 4.4: Variation in concentration of a) catalyst; and b) 2-iodo-para-carborane. 
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To further confirm this finding the four iodinated carboranes (4.1–4.4) were 

subjected to the same lower catalyst loading. As can be seen in Table 4.1, it 

was found that reducing the catalytic concentration is quite feasible, 

although the yields are somewhat lower. 

Table 4.1: Radio-iodinated yield using A) 5 mol %; and B) 0.1 mol % 
concentration of catalyst, 5 min reaction time.

Entry Carborane Yield A (%) Yield B (%) 

1

2

3

4

3-iodo-ortho-carborane (4.1)

9-iodo-ortho-carborane (4.2)

9-iodo-meta-carborane (4.3)

2-iodo-para-carborane (4.4)

98.1 ± 0.8 

98.6 ± 0 

95.5 ± 0.6 

92.6 ± 2.5 

91 ± 2.4 

90 ± 1.6 

86 ± 3.8 

92 ± 0.1 

To get an indication of the steric tolerance of the catalytic system, two 

substituted ortho-carboranes, 1-phenyl-3-iodo-ortho-carborane (4.5) and 

1,2-diphenyl-3-iodo-ortho-carborne (4.6), were subjected to given reaction 

conditions. The radio-labelled yield was 83% for the mono-substituted 4.5,

and 65% for the di-substituted 4.6, after 5 min. However, the two 

compounds behave rather differently when reacted for longer time. After 20 

min the yield for the mono-substituted 4.5 decreased to 58% whereas the 

yield for the di-substituted 4.6 increased to 83%. Furthermore, in all cases 

precipitation of palladium was observed during the reaction. One 

explanation to the variation in the results for the two compounds could be 

degradation of ortho-carborane to the corresponding nido-carborate (as 

demonstrated for 3-iodo-ortho-carborane in DMF).  

Although good radio-labelled yields were obtained for the two substituted 

ortho-compounds, steric interaction appears to have an impact on the [125I]-

labelling rate when compared to the non-C-substituted iodinated ortho-

carboranes 4.1 and 4.2.
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4.2. Radio-bromination of closo-carboranes using 
palladium catalysed halogen exchange reactions (IV) 

In this part the feasibility of radio-bromination of closo-carboranes via 

palladium catalysed halogen exchange is described. As substrates the 

iodinated carboranes 4.1-4.4 were used. The corresponding radio-brominated 

closo-carboranes are numbered 4.7-4.10.

Our initial trials using similar reaction conditions as in the [125I]iodide 

experiments, with 2-iodo-para-carborane as a model substance, were far 

from acceptable (>20% radio-labelled yield). It was found that under the 

final optimised reaction conditions the reaction time had to be increased to 

40 minutes at a some what elevated reaction temp. (110 °C, compared to 

100°C) to get comparable radiolabelled yield (see Scheme 4.3) 

4.4 4.10

[76Br]Br-, HC, 100 °C 
toluene, 40 min. Ar.

I 76Br

Scheme 4.3: Optimised reaction conditions for the radio-bromination of 2-iodo-
para-carborane as model substance. 

Since a reaction time of five min gave far from acceptable yields, the 

variation of reaction time was first investigated. It was found that by 

enhancing the reaction time, the radio-labelled yield could be increased to 

65% after 60 min. By applying this reaction time, the dependence of reaction 

temperature was examined. The result revealed that variation of temperature 

strongly influenced the radio-labelled yield (see Figure 4.5), and by 

increasing the temperature to 110°C the radio-labelled yield was increased to 

80%.
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Figure 4.5: [76Br]bromide-radio-labelled yield as a function of temperature. (60 
min, 1 mg 2-iodo-para-carborane, 5 % load HC, toluene) 

By investigating the reaction time at this elevated reaction temperature, we 

observed that a decreased reaction time to 40 min approximately gave the 

same radio-labelled yield as 60 min. However, further decrease in reaction 

time gave no improvements (see Figure 4.6a). 

In order to further optimise the reaction conditions the concentration of 

iodinated carborane and that of the catalyst HC were investigated. Our 

attempt to optimise the concentration of catalyst was fruitless. Neither an 

increase nor a decrease in catalytic concentration had any impact on the 

result. The initial concentration of 5 mol % therefore seems to be close to 

optimal. By varying the concentration of iodinated carborane we found that a 

decrease to 0.05 mg/mL was comparable to the standard load. However, 

increasing the concentration to 0.2 mg/mL, the radiolabelled yield increased 

to 92% (Figure 4.6b). 
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Figure 4.6: a) Radio-labelled yield as a function of time; b) radio-labelled yield as 
a function of the concentration of 2-iodo-para-carborane. 

Finally, 3-iodo-ortho-carborane, 9-iodo-ortho-carborane and 9-iodo-meta-

carborane were subjected to the reaction conditions optimised for 2-iodo-

para-carborane (see Table 4.2). All Rf-values (TLC) for the [76Br]bromide 

labelled carboranes were found to be consistent with the non radioactive 

analogues, synthesised according to procedures in the literature. 

Table 4.2: Radio-brominated yield, obtained using palladium catalysed halogen 
exchange reaction.

Entry Radio-brominated carborane Yield (%) 

1 3-bromo-ortho-carborane (4.7) 99 ± 0.1 

2 9-bromo-ortho-rborane (4.8) 100 ± 0 

3 9-bromo-meta-carborane (4.9) 64 ± 2.5 

4 2-bromo-para-carborane (4.10) 92 ± 0.5 

Radio-labelling of the two ortho-carboranes (4.1 and 4.2) proceeded 

smoothly and with excellent yields (entries 1 and 2, Table 4.2) exceeding the 

result of the model compound. Disappointingly the meta-analogue (4.3) did 

not provide the same radio-labelling yield as the other isomers (entry 3, 

Table 4.2). The radio-brominated carboranes 4.7 and 4.8 was obtained in 

excellent yield in spite of the fact that palladium precipitation was observed 

in those cases. 
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4.3. Radio-bromination of the nido-carborate derivative 
Na+[nido-7-(para-C6H4NCS)-7,8-C2B9H11]-, NBI (V) 

Radio-halogenation of antibodies is of interest for medical and biological 

studies. Direct labelling of antibodies is associated with some problems, 

mainly concerning distribution of radio-catabolites. It has been shown that 

the main radio-catabolite is halogenated tyrosine, which due to it’s 

lipophilicity “leaks” from the tumour cells.[103] If the radiolabel where 

attached to a more hydrophilic and/or ionic derivative the problem might be 

avoided. One interesting approach is to use indirect labelling of derivatives 

of polyhedral boron cluster anions,[24] like nido-carborates, and subsequently 

conjugate this to the antibody. 

The goal of this study was to optimise radio-bromination of the nido-

carborate analogue, NBI, (NBI abbreviated from nido-carborate-benzene-

isothiocyanato). The labelled NBI was then to be conjugated to the anti-

HER2 antibody trastuzumab, followed by evaluation concerning stability 

and binding ability of the labelled conjugate.

The synthesis of NBI (tetramethylammonium (TMA) salt TMA-NBI and 

sodium salt Na-NBI respectively) are outlined in Scheme 4.4 (Only one 

enantiomer of NBI is shown). 
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i ii iii

4.11 4.12 4.13

NO2 NH2

TMA-NBI Na-NBI

iv
Na+

(CH3)4N+

NH2

NCS

(CH3)4N+

NCS

Scheme 4.4: Synthesis of NBI. i) SnCl2•2H2O, EtOH. ii) a, KOH, EtOH, b, 
Tetramehtylammonium chloride. iii) Thiocarbonylimidazole, THF. iv) Na+ cation 
exchange resin. 

The starting material, 1-(p-nitrophenyl)-ortho-carborane (4.11), was 

prepared according to Mizuava et.al.[96] and by using stannous chloride in 

ethanol solution the nitro group was reduced to the corresponding amino 

compound 1-(p-aminophenyl)-ortho-carborane 4.12 in 93 % yield. The 

closo-compound 4.12 was degraded to the corresponding nido-analogue, 

4.13 as described previously by Mizusawa, Thompson and Hawthorne.[96]

The isothiocyanato derivative, TMA-NBI has previously been prepared by 

reaction of 4.13 with thiophosgene in 84 % yield. As an alternative route we 

found that the less aggressive reagent, thiocarbonyldiimidazole gave 

TMA-NBI in 71% yield. Finally the sodium salt, Na-NBI was obtained by 

ion exchange. 

In order to obtain the non-radioactive Br-NBI for characterisation, the 

Na-NBI was reacted with bromine in absolute ethanol which gave a product 

mixture, most likely to be the two regioisomeric racemic pairs of 

monobrominated NBI (Br-NBI a and b) (see Scheme 4.5). According to 11B
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NMR, the two products were formed in 1:0.6 ratio. It was not possible for us 

by any mean to separate the mixture, using TLC, HPLC. Recrystallisation 

from acetone and water gave a pure mixture of the two products, roughly in 

the proportion 1:1. Although a number of NMR experiments were performed 

(1H, 11B, 11B-11B-TOCSY, 1H-1H{11B}-TOCSY and 1H {11B}-11B-HMQC) 

only one of the two products, the one formed in larger amount, could be 

assigned according to the obtained spectra, namely rac-Br-NBI a.

i

rac-Br-NBI b

++

rac-NBI

++

rac-Br-NBI a

Br

NCSNCS

Br

NCS NCS

Br

NCS

Br

NCS

Scheme 4.5: Non-radioactive bromination of NBI. i) Br2 abs. ethanol  

A further argument that the dominating regioisomer is the rac-Br-NBI a is 

that the bromine atom in this compound is substituted on a less sterically 

hindered boron atom than for the other regioisomer. Supportive evidence for 

this opinion is provided by Mizuawa´s, Thompson´s and Hawthorne´s 

observation[96] that upon electrophilic iodination of NBI, only the 

regioisomers corresponding to rac-Br-NBI a was isolated after repeatedly 

recrystallisation. This isomer was characterised by NMR, elementary 

analysis and single X-ray structural analysis. 

Radio-bromination of NBI was performed with [76Br]Br- using chloramine-T 

(CAT) as oxidating agent (see Scheme 4.6) in phosphate buffer solution, 
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PBS The reaction was monitored by TLC, using the same technique as 

previously described for radio-halogenation of closo-carboranes (see 4.1 and 

4.2).

i ii

NBI [76Br]Br-NBI

NCS

Br

N
H

C
S

NH MAb
NCS

Br

[76Br]Br-NBI-MAb

Scheme 4.6: Indirect radio-bromination of MAb using NBI. i) a) [76Br]Br-, CAT, 
PBS at pH=7.2, b) Na2S2O5. ii) MAb-NH2, pH=9.3. Only one isomer is shown. 

The reaction conditions for labelling of NBI were optimised with regard to 

reaction time, concentration of CAT, and amount of NBI. It was found that a 

radiolabelled yield of 93-95 % was obtained after 5 minutes, see Figure 4.7a. 

The dependence of CAT is displayed in Figure 4.7b, and in order to maintain 

excellent radiolabelled yield, 20 µg CAT is necessary.  

Figure 4.7: a) Radiolabelled yield as a function of time; b) Radiolabelled yield as a 
function of CAT concentration. 

Finally it was found that labelling yield is rather independent of the amount 

of NBI, and a range between of 0.5-2.5 µg can be used for labelling.  

The obtained [76Br]bromo-NBI was conjugated to trastuzumab according 

to the procedure described in Scheme 4.6. Incubation for 65 minutes resulted 

in 56 % yield using 300 µg of MAb. The stability of the radioactive labelled 
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antibody was investigated, and found stable, under lipophilic and high-ionic 

strength solutions, as well as physiological conditions. When subjected to 

blood serum at 37 °C the radio labelled antibody was found stable for a time 

corresponding to more than four half-lives (72 h). The radio-labelled 

antibody was further investigated concerning retained cell binding capacity 

after labelling, and it was found that radio-labelling did not inflict on cell 

binding capacity 

Conclusions

In the fourth section, using HC in toluene, we have demonstrated that the 

catalysed exchange between the iodide of iodinated carboranes, [125I]iodide 

and [76Br]bromide, and [125I]/[76Br]-labelled carboranes is provided under 

mild conditions in good to excellent radio-labelling yields. In this work, 

mainly unsubstituted closo-carboranes have been used, but we have 

demonstrated that labelling of substituted ortho-carboranes is possible, 

which could be very valuable in pharmacokinetic studies of compounds to be 

used in BNCT. Furthermore, in the last part of this section we have 

demonstrated the radio-bromination of the nido-carborate derivative NBI,

for indirect labelling of monoclonal antibody. The stability and the cell 

binding capacity of the radio-brominated conjugate have been biologically 

evaluated, and it was found to be stable for radio-immuno PET studies. 
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