


Dissertation in Organic Chemistry to be publicly examined in hall B42, BMC, Uppsala University, Uppsala, on 
Saturday, April 5, 2003 at 10:15 AM, for the Degree of Doctor of Philosophy. 
 
ABSTRACT  
 
Eriksson, L. 2003. Transition metal mediated transformations of carboranes. Acta Universitatis Upsaliensis. 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and Technology. 
ISBN 91-554-5552-2 
 
This thesis describes the use of copper and palladium to mediate transformations of carboranes, especially p-
carborane. 
 
1-(1-p-carboranyl)-N-methyl-N-(2-butyl)-3-isoquinolinecarboxamide, a carborane containing analogue of the 
peripheral benzodiazepine receptor (PBR) ligand PK11195, has been synthesised. A key step in the reaction is 
the copper (I) mediated coupling of p-carborane with ethyl 1-bromo-isoquinoline-3-carboxylate.  
 
p-Carborane has been arylated on the 2-B-atom in high yields, using the Suzuki–Miyaura reaction. Thus the 
reaction between 2-I-p-carborane and various arylboronic acids [1-naphthyl-, phenyl-, 4-MeO-C6H4-, 3-
CH3CONH-C6H4-, 4-NC-C6H4-, 3-NO2-C6H4-], gave the corresponding 2-aryl-p-carboranes in DME solution 
when reacted in the presence of cesium fluoride and the catalytic Pd2(dba)3–dppb system. Under the same 
conditions, the boron-boron bond forming reaction of two p-carboranylboronic esters (2-[(pinacolato)boron]-p-
carborane and 2-[(neopentyl glycolato)boron]-p-carborane) was also shown feasible. 
 
p-Carborane has been vinylated on the 2-B-atom in high yields by use of the Heck reaction. The coupling 
between 2-I-p-carborane and various styrenes [4-H-, 4-C6H4-, 4-Cl-, 4-Br-, 4-NO2-, 4-CH3O- and 4-CH3-] 
resulted in the formation of the corresponding trans-β-(2-B-p-carboranyl) styrene in DMF solution when reacted 
in the presence of silver phosphate and the palladacycle Herrmann´s catalyst. The reaction was shown to proceed 
at higher rate with electron rich than with electron deficient olefins. 
 
The feasibility of palladium-catalysed isotopic exchange of an iodinated closo-carborane with a radioisotope of 
iodine has been studied. 2-I-p-carborane was selected as a model compound. It was shown, that such isotopic 
exchange is possible and provides a high yield (83 ± 4.2 %) during 40 min long reaction. The reaction conditions 
were optimised, and it was demonstrated that presence of the tetra n-butylammonium hydrogensulphate is 
important in order to stabilise catalyst and provide reproducibility of labelling. In this work we have modified 
the methodology and extended the application to a wider range of iodinated carboranes. By the use of 
Herrmann’s catalyst in toluene at 100 °C this [125I]-iodide labelling could be improved and extended. 2-I-p- 9-I-
m-, 9-I-o-, 3-I-o-carborane, 1-phenyl-3-I-o-carborane and 1,2-diphenyl-3-I-o-carborane could be [125I]-iodide 
labelled in high to excellent yields within 5 minutes. This reported palladium catalyzed radio-iodination of the 
uncharged closo-carboranes might find use in pharmacokinetic studies of carborane derivatives. 
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1. INTRODUCTION 

 

1.1 Properties, structures and chemistry of carboranes 
 
1.1.1 Background 

After the ending of World War II, a high-energy fuel program was established by the U.S. 

army. The heat of combustion of a boron hydride is typically almost twice as a conventional 

hydrocabon fuel such as kerosene. The aim was to produce high quantities of a stable, liquid 

boron hydride fuel for weapon systems such as the B-70 Valkyrie, an intercontinental bomber 

capable of reaching the Soviet Union and returning to the United States without mid-air 

refuelling.1 A similar research program was run in parallel by the Soviet army. By time, it 

proved impossible to create a turbine suitable for these boron hydride-based fuels and the 

programs of both United States and the Soviet Union were terminated. The intensive boron 

hydride research from these programs led, however, to the discovery of several stable 

polyhedral boron clusters, such as the closo-carboranes.  

The closo-carboranes 1,2-, 1,7-, and 1,12-C2B10H12 are chemical building blocks with a 

unique combination of qualities. The hexacoordinated carbon and boron atoms within the 

cluster give rise to an icosahedral structure with high chemical, thermal and biological 

stability (Fig 1.1). 2,3  
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Figure 1.1 The 1,2-, 1,7- and 1,12-carborane or o-, m-, and p-carborane, respectively. 

 

The use of carboranes in Boron Neutron Capture Therapy (BNCT) for cancer has attracted 

much interest in recent years. For this purpose, numerous carborane-containing compounds 

have been synthesised.4-8 Besides being highly stable, the carboranes are also exceptionally 

lipophilic which makes them interesting as lipophilic pharmacophores. Until recently only a 

few cases have been described where this use has been made of the carborane cage as a 
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lipophilic pharmacophore in biologically active molecules. One of the most explored 

compounds is o-carboranylalanine, the o-carboranyl analogue of phenylalanine, which has 

been used to replace phenylalanine in a number of biologically active peptides such as [4-

carboranylalanine, 5-leucine]-enkephalin, angiotestins, bradykinins and substance-P 

octapeptides. This work has been reviewed by Wyzlic et al..9 Research on the use of 

carboranes as lipophilic pharmacophores has recently been intensified, particularly by Endo 

and co-workers, who currently are investigating lipophilic interactions with estrogen and 

retinoid receptors.10-16 A recent review article of the general medicinal chemistry of 

carboranes has been written by Valliant et al.17  

Carboranes have also attracted attention in the field of material science. For instance, a group 

of poly-m-carborane-siloxanes, commercially known as DEXSIL, is being used for the 

insulation and coating of membranes, columns and gaskets, etc. Some of these polymers can 

retain their rubber-like properties at temperatures as high as 500 oC.18  

The main emphasis of this work has been to develop mild methods to functionalise and 

radiolabel carboranes on boron atoms, especially p-carborane. The synthesis of a carborane 

containing isoquinoline derivative for potential BNCT applications will also be presented.  

 

1.1.2 Structural characteristics and chemical stability  

The general method of preparing o-carborane is by reacting acetylene with decaborane 

(B10H14) in the presence of a weak Lewis base such as acetonitrile or diethyl sulphide (eq 1.1).  

(eq 1.1)

L: CH3CN or Et2S
R = R' or =  R': H, alkyl,aryl etc.

H
H

L L R'R 2 L
- H2

B12H12L2

  - H2

B10H14 o-carborane

C

C
R'

R

HH
H H

 

By heating the formed o-carborane in inert atmosphere, m-carborane is formed between 400 

and 500 0C, which rearranges further to p-carborane between 600 and 7000C.2 
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A large amount of experimental data has been collected and several calculations have been 

made to describe the charge distributions of the carboranes.2,19,20 Differences of the numerical 

values of the electron densities do exist, but the trend is clear: the electron densities of the 

boron atoms are enhanced with the increased remoteness from the carbons of the carborane 

cluster. Thus, the 9-/ 12-boron atoms and the 9-/ 10-boron atoms of o- and m-carborane, 

respectively, possess higher electron densities than the other carborane-borons who are all 

neighbouring one or two carbon atoms (numbering according to Fig 1.1). This charge 

distribution makes o-carborane the most polar/ least lipophilic carborane and p-carborane, 

with an even charge distribution of the boron atoms, the least polar/ most lipophilic carborane. 

If one compares the electron densities of the carbon atoms of each cluster, the lowest density 

is found around the carbon atoms of the o-carborane and the highest around the carbon atoms 

of p-carborane. The CH-proton acidities of the carboranes, shown in Table 1.1, are in 

accordance with these densities. 

 
Table 1.1 Experimentally determined equilibrium acidity constants, pKa of the carboranes.21 

 pKa1, Streitwieser’s scale pKa1, polarographic 

scale 

o-carborane 23.3 19 

m-carborane 27.9 24 

p-carborane 30.0 26 

 

Although stable under strongly acidic and oxidising conditions, the carboranes can be 

susceptible to degradation in a nucleophilic environment. This is especially true for o-, m-

carborane and derivatives of those.22-27 There are examples reported where this degradation 

occurs under rather mild conditions such as under the influence of fluoride ions or even by 

self-degradation.28-30 The first report of this nido-carborane formation (from o-carborane) was 

made by Wiesboeck and Hawthorne almost forty years ago (eq 1.2).31  

           + CH3O- K+ +  2 CH3OH                 H2 + B(OCH3)3  +

H - K+
(eq 1.2)

 

 

Under the evolution of hydrogen and with the loss of a boron atom, the carborane cage opens 

up to form an anionic nido-carborane species. When one degrades both o- and m-carborane, 
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the leaving boron atom is one of the borons with lowest electron density neighbouring the two 

carbon atoms within the cluster (i.e. B-3 or B-6 of o-carborane and B-2 or B-3 of m-

carborane). By pioneering work of Hawthorne,32 applications have been found for the anionic 

nido-carboranes in the construction of metallacarborane-sandwich compounds and 

heteroboranes.33-36 In contrast to the m - and especially o-analogues, p- carborane and its 

derivatives are very resistant towards nido-degradation. The first successful attempt to 

degrade p-carborane was achieved by heating the cluster in a 30% solution of potassium 

hydroxide in ethylene glycol at 180 oC.37  

 

1.1.3 Chemistry 

The chemistry of the carboranes has been extensively investigated over the years. One might 

crudely state that the C-H’s of the carborane behave as electron-deficient alifatic moieties, 

whereas the chemical behaviour of the B-H’s has more of an aromatic character. 

 

1.1.3.1 Transformations at the carbon atoms of the carboranes  

Functionalisation of the carbon atoms of the carboranes is commonly mediated by one of 

these two methods that have been dominant since the early days of carborane chemistry: 

i. Mono- or di-functionalised o-carborane formation from the insertion of a pre-

functionalised alkyne to decaborane (as shown in eq 1.1); The reaction can be performed in 

the presence aryls and a number of functional groups such as carbamates, esters, ethers, 

halides, nitro-groups etc. It does not, however, allow the presence of alcohols, acids or 

amines. Such nucleophilic functionalities degrade the B12H12L2 complex. Acetylenes 

containing polar, nucleophilic functionalities must therefore be protected prior to the insertion 

reaction with decaborane.  

In general, the yields of o-carboranes in this type of reaction are modest, ranging from 40-

60%.7,38 

ii. Base promoted CH-proton abstraction followed by substitution (one or two protons, often 

BuLi-mediated): The generated carborane-salt can be used in coupling reactions, or more 

commonly as a nucleophile in substitution reactions, i.e. as shown in eq 1.3.39  
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Li+

BuLi
C

C

H

H

C

C

H

C

C

H

OH

1

2. H3O+

O
(eq 1.3)

 
The o-, m- and p-carboranyl lithium salts are sufficiently nucleophilic to react with a wide 

range of electrophiles such as acid chlorides, aldehydes, alkyl halides, CO2, chlorosilanes, 

halides, etc.2,38  

For C-arylations, the copper(I)-salt of a carborane can be reacted with aryl halides in the 

presence of pyridine. This copper-mediated coupling reaction, which besides C-aryl-o-

carboranes also makes C-arylated m- and p-carborane accessible, was developed by Wade and 

co-workers in the early 1990s.40-42 In these proton-abstraction reactions, one complication 

might be disproportion of the anion during the progress of a reaction where mono-

functionalisation is attempted. This leads to a mixture of products as exemplified in eq 1.443 

and 1.5.41 

C
Cu

C

N

+ + +1eq. Br(CH2)3Br

1eq. 2-BrC5H4N C

C

N

N

57% 11% 21%

+ +

C
Li

C
C

C
C

Br
Br

25% 25% 50%

(eq 1.4)

(eq 1.5)

C

Br

0%
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To avoid these undesired side-reactions, efficient methods have been developed to block one 

of the carbons of the carborane using silicon based protective agents such as TBDMSCl and 

triphenylsilyl chloride.44,45   

 

1.1.3.2 Transformations at the boron atoms of the carboranes  

As mentioned earlier, the highest electron densities are found around the borons most remote 

from the carbons of o- and m-carborane (i.e. B-9/12 of o-carborane and B-9/10 of m-

carborane). Thus, reactions like electrophilic acylation, alkylation and halogenation under 

Friedel-Craft conditions primarily occur on these positions. The third analogue, p-carborane, 

with equivalently charged boron atoms, has also been successfully subjected to these 

reactions. Thus, by using equimolar amounts of carborane and electrophile, a large number of 

9-o-, 9-m- and 2-p-boron-functionalised carboranes have been prepared.19,46-52 From these 

reactions, the B-halogenated and in particular the B-iodinated carboranes have attracted 

attention. B-halogenated derivatives of the carboranes have been shown to be susceptible to 

transition metal catalysed cross couplings. To the author’s knowledge, the first example of a 

successful metal catalysed cross coupling of a boron-iodinated carborane was reported by 

Zakharkin and co-workers in 1980 as shown in eq 1.6.53  

 

(eq 1.6)

X= Br, I     R= ethyl-, butyl-, 2-propenyl-, benzyl- and phenyl-

Pd(PPh3)2Cl2 or
Ni(PPh3)2Cl2 + R-MgBr

9-X-o- or
9-X-m-carborane

9-R-o- or
9-R-m-carborane

(60-90%)

X R

 

 

This method was further improved by Hawthorne et al. in 1995, who introduced Cu(I)-salt to 

act as co-catalyst in the analogous reactions of alkyl- and aryl-Grignard reagents with 9-,12-/ 

9-,10-diiodo-o- and m-carborane, respectively.54 Later the same year, the same group 

extended the scope of this cross-coupling by reacting 2-I-p-carborane and di-iodinated p-

carboranes with different organohalides.55 Although this reaction proceeds cleanly, the 

required time of reaction varies from 2 to 5 days. Another obstacle related with this reaction is 
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that the nucleophilic and basic Grignard-reagents limit the diversity of the functional groups 

on both the carborane and the substrate itself.  

The Negishi coupling, where organozinc compounds are subjected to cross couplings with 

alkyl/-aryl halides, has also been used for the preparation of boron alkylated / arylated o- and 

m-carboranes.56,57 The Negishi coupling is milder than its Grignard analogue; although 

organozinc compounds in general are more difficult to obtain, they are unreactive towards 

esters, nitriles and carbonyls, etc.58   

Another mild transition metal catalysed cross coupling is the Suzuki-Miyaura reaction, where 

boronic acids and esters are reacted with organic halides, to form biaryls and other 

compounds.59 Attempts has been made to adopt this methodology to 9-I-o- and 9-I-m-

carborane, with dehalogenation of the carborane and homo-coupling of the boronic acids as a 

result. Best results were obtained from 9-I-m-carborane and phenyl boronic acid, where 48% 

of 9-phenyl-m-carborane could be isolated after recovery of 9-I-m-carborane.60 Reasons for 

these results will be discussed later in the thesis.  

There are benefits of functionalising the carboranes on a boron atom. Many of the 

transformations on the boron atoms are selective, and proceed without the formation of side 

products. Further, the B-2 functionalised p-carborane will possess two non-equivalent 

carbons, and by selectively reacting with one of those (directly or via use of protective 

groups), a hetero-functionalised carborane can be formed. Such a compound would have the 

same geometry as either its di-carba functionalised o- or m-carborane analogue, but with 

higher lipophilicity and less susceptibility to degrade to nido-carborane. This might be of 

importance, especially in the development of carboranes acting as lipophilic pharmacophores. 

Displaying reactivity similar to their aromatic analogues, numerous new transformations on 

the boron-vertices of the carboranes will probably be shown to be feasible. 

 

1.2 Boron Neutron Capture Therapy (BNCT) 

The stable and naturally occurring isotope 10B has the ability to capture a thermal, low energy 

neutron to generate an excited form of 11B. This excited form of 11B rapidly decays into 4He2+ 

(α−particle) and 7Li3+ along with about 2.4 MeV of kinetic energy and some γ−radiation 

(Scheme 1.1).4 These highly energetic and cytotoxic fission particles has an approximate 

range in tissue of 9 and 5 µm, respectively whereas the diameter of most types of tumour cells 

vary from 10 to 20 µm.61 BNCT, which was first proposed by Locher in 1936, can be 

described as a binary therapeutic method where a boron-containing compound first is 
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selectively taken up by a tumour cell or a tumor cell cluster and then is activated by a neutron 

(as described above).62 Ideally, the selective and high administration of the BNCT compound 

into the tumour cell in combination with the short range of the generated fission particles 

would result in tumour cell death and undamaged surrounding tissue. At current date, research 

groups in Japan, United States, Finland, The Netherlands and in Studsvik, Sweden. undertake 

clinical trials of BNCT compounds. 63 

 

                                                  4He2+ + 7Li3+ + 2.79 MeV                                (6 %)

10B + 1n              [11B]

                                                  4He2+ + 7Li3+ + 0.48 MeV γ  + 2.31 MeV      (94 %)   
Scheme 1.1 The boron neutron capture reaction. 

 

The ability of an atomic nucleus to capture a thermal neutron does not depend on the mass of 

the target nucleus but on the structure of the nucleus. Fermi and others who performed 

extensive investigations in this area during the 1930s introduced the concept of a 

characteristic effective cross-sectional area of a nucleus to describe this phenomenon. This 

neutron capture cross section of a nucleus is expressed in barn units (1 barn is equal to10-24 

cm2).64,65 In Table 1.2 the neutron capture cross section of 10B and physiologically important 

elements are listed together with the approximate weight percentage in tissue.7 

 
Table 1.2 Thermal neutron capture cross-section values of 10B and tissue elements together with approximate 

weight percentages in tissue. 

 

Nuclide Abundance 

(% weight in tissue)

Neutron Capture Cross- Section 

(barns) 
10B  3838 
16O 65.0 1.8 x 10-4 

12C 18.0 3.4 x 10-3 

1H 10.0 0.332 
14N 3.0 1.82 

 

As shown in the Table, 10B has a very high cross section for thermal neutrons, whereas none 

of the major elements in tissue do. If this was not so, the whole concept of BNCT would be 
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lost. These naturally occurring elements in tissue do, however, contribute to background 

radiation since the relative concentrations of these elements in tissue always will be high 

compared to 10B. To avoid substantial damage in normal tissue due to this background 

radiation, a fluency of 2-5 x 1012 n / cm2 is considered to be the upper limit when treating a 

patient.61 This limitation in fluency of thermal neutrons creates a need for a high 

concentration of boron in the tumor cell. A concentration of at least 10 ppm (10µg / g) 10Β in 

the tumour tissue has been calculated for successful treatment.61,66-69 It should be noted that 

the required boron loading is strongly dependent on where the accumulation in the cell occurs, 

where a high accumulation in the nucleus of the cell is more preferable than accumulation in 

the cytoplasm or on the cell membranes.  

The element boron naturally consists of two isotopes: 10B (19.6%) and 11B (80.4%). Since 

only 10B-boron has a large cross section for thermal neutrons, compounds prepared for BNCT 

should be enriched with 10B to avoid sub-optimal loading into the targeted cells.  

The large number of boron atoms within each cluster makes carborane derivatives interesting 

candidates for BNCT.  
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2. CARBORANE CONTAINING ISOQUINOLINES (PAPER I) 

There are two types of benzodiazepine receptors, the central (CBR) and the peripheral (PBR) 

types. These two types have different biochemical and pharmacological properties. The 

primary functions of the PBR are regulation of steroid production and apoptosis (programmed 

cell self-destruction).70 The PBRs have been found in many types of tissue, with particularly 

high concentrations in adrenal glands, kidneys, testis and ovaries. Low PBR-density is found 

in the liver and in the brain.71 Investigations have shown a 12 to 17-fold increase of PBRs in 

different brain tumor cell-lines (such as C6 glioma, high-grade astrocytoma and LK Walter 

256 metastatic tissue).72,73 Thus, with low abundance in healthy brain tissue and with high 

PBR-density in tumour tissue, a carborane-containing PBR-ligand could find application 

within BNCT. The racemic isoquinoline derivative PK11195 2.1 (Figure 2.1.1) is a potent 

PBR-ligand with receptor affinities in the nanomolar range.70,74-76 Structure activity 

relationship (SAR) studies on PK11195 and related compounds have shown that the 

conformation of the pendant phenyl-group of 2.1 does not affect affinity for the PBR, and that 

the likely role of the phenyl is space filling.77 The incorporation of a carborane cage at this 

position, which has a slightly larger volume than a rotating phenyl group, could thereby result 

in a ligand with high affinity to the PBR. The p-carborane analogue of PK11195, 2.2 (Figure 

2.1.1), was chosen as an initial target compound, as it is least susceptible towards degradation 

of the three uncharged closo-carboranes. Based on the reported affinity of PK11195 for PBR 

located in the various brain tumours tested72,73, a carborane analogue with maintained affinity 

would supply 0.1-0.8 ppm of boron to the tumor cell. This loading of boron is considered too 

low for curative treatment, but a compound such as 2.2 could find use in combination with 

other BNCT compounds based on different targeting principles. 
 

N
N

O

Cl

2.1 2.2

N
N

O

C

 
Figure 2.1.1 The PBR-ligand PK11195, 2.1 and its p-carborane analogue 2.2. 
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Synthesis of the p-carboranyl derivative of PK11195 

The synthesis of 2.2 was initiated by the one-pot preparation of the ethyl isoquinoline 

carboxylate 2.3 (Scheme 2.1.1) from phthalaldehyde and diethyl aminomalonate (80%).78,79  

 

2.3

2.4

2.5

O
O

COOEt

NH2 COOEt -H2O, -CO2, -EtOH N

COOEtEtONa/ EtOH

MCPBA/ CH2Cl2
N+

COOEt

O-

POX3, CH2Cl2

N

Br

COOEt

 
Scheme 2.1.1 Synthetic route to 1-bromo-isoquinoline-3-ethyl carboxylate 2.5. 

 

The N-oxide 2.4 is mildly formed by mCPBA-oxidation, without ester hydrolysis. Subsequent 

1-bromination and reduction of the N-oxide 2.4 proceeded rapidly, to form the ethyl 1-bromo-

isoquinoline-3-carboxylate 2.5 in 62% yield. GC-MS analysis indicated a minor formation of 

regio-isomers of 2.5. Debromination of 2.5 also occurred, as ethyl isoquinoline-3-carboxylate 

2.3 could be isolated in 20 to 30% yield. Varying the addition rate of 2.5 to the solution of 

POBr3 at different temperatures did not alter the outcome of the reaction. Grzegozek and co-

workers, who have investigated bromination of pyridines and quinolines with POBr3, have 

one explanation for the formation of regio-isomers and deoxygenation. They found evidence 

for a minor competing electrophilic bromination along with the nucleophilic bromination of 

pyridine and quinoline, as shown in Scheme 2.1.2.80,81 Compound 2.3 could easily be 

recovered and the reaction was not further optimised. It should be noted that the bromide 2.5 

is unstable and should be kept in the dark at low temperature for longer periods of storage.  
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Scheme 2.1.2 Two possible reaction pathways: A: nucleophilic bromination and B: electrophilic bromination of 
pyridine with phosphorous oxygen bromide. 
 
The attachment of p-carborane to the isoquinoline skeleton was achieved in analogy with the 

protocol developed by Wade and co-workers, who reported the successful formation of C-2-

pyridyl derivatives of carboranes from carba-Cu(I)-salts of m- and p-carboranes and 2-

bromopyridines (Scheme 2.1.3).41 Thus, 2 hours after initiating the carborane coupling of the 

1-bromo-isoquinoline 2.5, the carborane containing isoquinoline 2.6 could be isolated in a 

51% yield. There are several sources of error in this reaction to explain the somewhat 

moderate yield of 2.6. Besides strictly anhydrous conditions and aqccurately titrated BuLi, the 

quality of Cu(I) Iodide proved essential for the success of the reaction. Also in this step 

debromination of 2.5 to regenerate 2.3 in up to 30% yield was seen as the reaction proceeded.  

2.5
DME, pyr.

Cu(I)

2
Al(CH3)3, DCM

NH

2.6
C

N

COOEt

 
Scheme 2.1.3 The copper-mediated formation of 2.6 and subsequent formation of the target compound 2.2 by 
amidation. 
 
By the convenient Weinreb-amidation, where a dimethyl aluminium-complex of N-metyl-2-

butylamine is generated in situ and reacted with the ester of 2.6, the full synthesis of the 

racemic amide 2.2 could be completed (88%).82 Compound 2.2 will now be biologically 

evaluated. 
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Synthesis towards the m-carboranyl analogue of PK11195 

Several attempts to react the 1-bromo-isoquinoline 2.5 with the Cu(I)-salt of m-carborane was 

attempted. This coupling proceeded slower and the competing debromination of 2.5 was more 

evident in this reaction. Thus, the isolated yield of ethyl 1-(1-m-carboranyl)-isoquinoline-3-

carboxylate, 2.7, (the m-carboranyl ester analogue of 2.6) never exceeded 28% yield. 

 

Conclusion  

The first synthesis of a carborane-containing analogue of PK11195 has been made. 1-(1-p-

carboranyl)-N-methyl-N-(2-butyl)-3-isoquinolinecarboxamide (2.2) was synthesised in four 

steps from ethyl isoquinoline-3-carboxylate, in an overall yield of 26%. The chosen synthetic 

route was shown feasible, although it needs improvement for larger scale preparations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 14

3. PALLADIUM-CATALYSED TRANSFORMATIONS 

3.1 Suzuki-Miyaura type cross couplings (PAPER II) 

 The Suzuki reaction/ Suzuki coupling or Suzuki-Miyaura coupling are names given to the 

methodology for the formation of carbon-carbon bonds from the palladium catalysed cross 

coupling of organoboron compounds and organic halides or triflates. The mechanism of this 

cross coupling is closely related to the Murahashi-(organolithium and Grignard reagents) / 

Negishi-(organozinc) and Stille-(organostannans) cross couplings of organic halides. The 

main features of the catalytic cycle of all these reactions are oxidative addition of the organic 

halide to the catalyst, transmetalation of the organometal (organoboron) to the catalyst and, 

finally, reductive elimination where the new carbon-carbon bond is formed.59,83  

The perhaps most commonly used organoboron compounds used in the Suzuki reaction are 

boronic acids and esters thereof. They are generally thermally stable and inert to water and 

air, which make them convenient reagents in the laboratory. By the coordination of a 

negatively charged base to the boron atom of a organoboron compound, such as a boronic 

acid or its ester, the nucleophilicity of the organic group of the organoboron compound will 

increase. The organic group can thereby be transferred or transmetalated to an electrophilic 

metal such as Ag(I)84, Mg(II)85, Zn(II)86, Al(II)87, Sn(IV), Cu(I)88 and Hg(II)89. Further, by 

transmetalation to a Pd(II)-complex, organoboron compounds have found use in the catalytic 

cross coupling. Being a mild version of the various transition metal catalysed cross couplings, 

the Suzuki reaction has found numerous applications in organic synthesis. Figure 3.1.1 

concisely illustrates the scope of this reaction. 83 

Alkyl I

CHCH2 XCH2

CH XRCH

X
R

C XCH

CHCH2 BCH2

CH BRCH

R
B

C BCHAlkyl B

 
Figure 3.1.1 The scope of the Suzuki-Miyaura coupling.* 

                                                           
*Adapted from Chem. Rev.1995, 95 p. 2478 with permission from ACS Publications Division 
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From the Figure it should be mentioned that alkyl iodides in the cross coupling is limited 

because of the slow oxidative addition and fast β-hydride elimination of these compounds. 

One of the most frequently used applications of the Suzuki reaction is the biaryl formation 

from aryl halides and arylboronic acids. The analogous coupling with the boron-iodinated 2-I-

p-carborane and various arylboronic acids has been investigated in this work. 

 

Optimisation and scope of the B-arylation of p-carborane 

In the palladium catalysed cross-coupling reactions of 2-I-p-carborane (3.1) with arylboronic 

acids, we have used CsF in DME, utilizing the facts that the fluoride ion is a good activating 

nucleophile and a mild base. The use of the fluoride ions in these reactions was supported by 

our preliminary exploratory coupling experiments of boron-iodinated carboranes and 

phenylboronic acid with a variety of bases. The use of a stronger base, such K2CO3 in DMF 

with PdCl2(PPh3)2 as the catalyst in the coupling of phenylboronic acid (3.2) and 2-I-p-

carborane (3.1) was ineffective (the reaction stopped after 4h), although the desired product 

was obtained with a yield of 30%. 

Phenylboronic acid was used as a model boronic acid when developing a good catalytic 

system for the cross-coupling reactions between arylboronic acids and 2-I-p-carborane. The 

results of these experiments are summarized in Table 3.1.1.  

Using the conventional PdCl2(PPh3)2 catalyst, a rather good yield of 2-phenyl-p-carborane 

(3.3) (73%, 2 h) was obtained in the presence of a sufficiently large amount of the catalyst 

(Table 3.1.1, entry 2). Using the same amount of the catalyst (as in entry 2) but adding extra 

ligand (PPh3) resulted in a sharp decrease of the reaction rate, a lower yield of the desired 

coupling product, and an increased yield of side-products (entry 3).  

A change from PdCl2(PPh3)2 to Pd(PPh3)4 as the catalyst did not significantly increase the 

desired product yield (entry 4). Changing CsF to Bu4NF resulted in a fast and complete 

consumption of 2-iodo-p-carborane but sharply increased the yield of side products (entry 5). 

To achieve an increase in the rate of the oxidative addition step and an increase of the stability 

of the palladium intermediate formed in this step, the monodentate ligand (PPh3) was then 

changed to bidentate ligands. Using CsF as the base and Pd2(dba)3 as the catalyst precursor, 

the three bidentate ligands (BINAP, entry 6; dppe, entry 7; and dppp, entry 9) resulted in 

lower reaction rates and lower yield of 2-phenyl-p-carborane (3.3), together with the 
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formation of side-products. It should be noted that changing the base to K2CO3 gave no 

reaction with dppe as the ligand (entry 8). 

 

Table 3.1.1 

 

3.2 3.1 3.3

B(OH)2Ph +
BI BPh

 

Entrya Catalyst (mol%) Time (h) Ratio of boronated productsb 

(3.3 / 3.1 / side productsc) 

1 PdCl2(PPh3)2 (5) 4 48 / 41 / 11 

2 PdCl2(PPh3)2 (10) 2 73 / 23 / 4 

3 PdCl2(PPh3)2 / PPh3 (10/20) 10 51 / 13 / 36 

4 Pd(PPh3)4 (10) 4 78 / 12 / 10 

5* PdCl2(PPh3)2 (10) 4 45 / 0 / 55 

6 Pd2(dba)3 / BINAP (2/5) 16 28 / 0 / 72 

7 Pd2(dba)3 / dppe (2/5) 18 33 / 52 / 15 

8** Pd2(dba)3 / dppe (2/5) 8 0 /100 /0 

9 Pd2(dba)3 / dppp (2/5) 10 26 / 72 / 2 

10 Pd2(dba)3 / dppb (2/4) 10 93 / 7 /0 
a General conditions: 1 eq 3.1, 1.5 eq 3.2 and 3 eq. CsF in DME (2 ml / mmol 3.1). b The ratios were determined 
by 11B-NMR. cFrom analyses of the boron containing side products by GC-MS and 11B NMR, p-carborane could 
be detected as one of several compounds. *Bu4NF, **K2CO3  
 

However, when we used dppb as the ligand (entry 10), the reaction gave the desired product 

(3.3) in a nearly quantitative yield without any detectable (11B NMR) boronated side products. 

The reaction was run in the presence of 2 mol% of the catalyst precursor (i.e. 4 mol% of 

active catalyst). 

These favourable reaction conditions were then applied to the reactions with various 

commercial arylboronic acids containing both electron-donating and electron-withdrawing 

substituents. The reaction conditions and the isolated yields of the 2-aryl-p-carboranes are 

given in Table 3.1.2. 
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Table 3.1.2a. Ar B(OH)2 +
BI BAr

 

Entry Substrate 
Ar-B(OH)2 

Reaction time 
 (h) 

Product 
(2-aryl-p-
carborane) 

Isolated yields 
(%) 

1 Phenyl 12 3.3 90 

2 1-Naphthyl 12 3.4 93 

3 4-MeO-C6H4 12 3.5 90 

4 3-CH3CONH-C6H4 24 3.6 28 / 84b 

5 4-NC-C6H4 48 3.7 76 

6 3-NO2-C6H4 12 3.8 94 

7 2-NO2-C6H4 24  No reaction 

aGeneral conditions: 1eq 2-I-p-carborane (3.2), 1.5 eq arylboronic acid, 3 eq CsF, 2 mol % Pd2(dba)3, 4 mol % 

dppb, DME (2 ml/mmol 3.1), reflux under argon. bYield based on recovered 3.1. 

 

 The reaction with 1-naphthylboronic acid (entry 2) proceeds in the same smooth way as the 

reaction with phenylboronic acid (entry 1). A similar yield was obtained for p-methoxyphenyl 

boronic acid (entry 3). The introduction of the electron-withdrawing nitro group in the meta 

position (entry 6) did not decrease the yield of the desired product. In the case of o-

nitrophenyl boronic acid (entry 7); however, we found no reaction. This might be explained 

by a combination of a larger steric hindrance and the stronger electron- withdrawing effect of 

the nitro-group in ortho-position, which makes the carbon-boron bond less nucleophilic. The 

introduction of an electron-withdrawing group in the para position sharply decreases the 

reaction rate as shown with p-cyano-phenylboronic acid (entry 5), 76 % 3.7 was obtained 

after 48 h, whereas for other arylboronic acids besides p-acetamido-phenylboronic acid (entry 

4), the reactions were completed over 10 to12 h. 

It is difficult to explain the decrease of the reaction rate in the case of p-acetamido-

phenylboronic acid. The reaction proceeds selectively and 28% of 3.1 is converted after 24 h. 

The large effect of the nature of the arylboronic acid on the reaction rate indicates that trans-

metallation is the rate-determining step of the reaction. With respect to the first step, oxidative 

addition, it should be noted that no formation of a palladium(II) intermediate (corresponding 
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to complex A in Scheme 3.1) was observed in the 11B NMR spectrum of a mixture of 1 equiv. 

of Pd(0), 2 equiv. of Ph3P, and 1 equiv. of 2-iodo-p-carborane (3.1) in CDCl3 at 25 0C. This 

spectrum contains only signals from 3.1. This experiment was later repeated in non-deuterated 

DME at 60 0C. At this elevated temperature, a new set of weak signals does appear in the 11B 

NMR spectrum, although 3.1 still is the clearly dominating boron-species in the solution. This 

observation is in accordance with observations reported by Marshall et al., at the time when 

our study was in a final stage.90 These authors studied the reactivity of 9-I-m-carborane 

towards Pd(0) complexes and were unable to observe the presence of a L2I Pd-B-m-carboranyl 

Pd-complex as judged from the 31P NMR spectrum of a mixture of (Ph3P)4Pd and 9-I-m-

carborane in toluene-d8.  
 

A

[ Ar B(OH)2F ]-[ I B(OH)2F ]-

BAr

L2Pd(0)

BPdL
L

L

BI

BPdI
L

L

 
 
Scheme 3.1 The proposed catalytic cycle of the cross-coupling of 3.1 and various arylboronic acids 

 

Our data regarding the oxidative addition step could be explained in a similar way as Marshall 

et al. explained their results, namely, that this step is reversible and that the complex (in our 

case A, Scheme 3.1) is thermodynamically disfavoured. Marshall et al. used this conclusion 

together with the known low nucleophilicity of arylboronic acids to explain the low yield of 
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the coupling product between 9-I-m-carborane and phenylboronic acid. The formation of 

unsubstituted carboranes (meta- as reported by Zakharkin et al. and  para- in our case) 

according to Marshall et al. "may involve ortho-palladation of coordinated PPh3 to give a 

carboranyl Pd-hydride, which produces carborane upon B-H reductive elimination".60,90  

The success of our reaction using cesium fluoride could be explained by assuming that a 

borate, formed via coordination of ArB(OH)2 with F-, moves the equilibrium in the initial 

oxidative addition step. It is not known which borate is the reactive species but in the Scheme 

we have indicated that it might be Ar-B(OH)2F-, although Wright et al., in a paper introducing 

the use of fluoride ions in Suzuki-Miyaura coupling reactions, suggest that Ar-BF3
- is the 

species that undergoes the trans-metallation step.91 This has recently been questioned by 

Littke et al., who showed that 4-bromo-N,N-dimethylaniline did not form any coupling 

product with K[o-tolyl-BF3] in the presence of Pd2(dba)3/P(t-Bu)3 under conditions where the 

coupling reaction between 4-bromo-N,N-dimethylaniline and o-tolylboronic acid proceeds to 

completion in the presence of 3.3 equiv of KF.92  

 

Synthesis of two 2-p-carboranylboronic esters 

There are several existing approaches to form organoboron compounds.83 One of the more 

recent is reported by Miyaura et al., where tetra(alkoxo)diborons are cross coupled with 

arylhalides and aryltriflates (eq 3.1) 

O
B

O
B

O

O
X Ar

PdCl2(dppf)
KOAc+

O
B

O
Ar (eq 3.1)

X= Br, I, CF3SO3-
 

Since aryl halides and triflates are far more accessible than organoborons, this mild one-step 

procedure has potential to broaden the scope of the Suzuki coupling further. By the cross 

coupling of the corresponding tetra(alkoxo)diborons and 2-I-p-carborane using the Pd2(dba)3 / 

dppb / CsF system in DME, 2-[(pinacolato)boron]-p-carborane 3.9 and 2-[(neopentyl 

glycolato)boron]-p-carborane 3.10  could be formed in 89% and 95%, respectively (fig 3.1.2).   
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Figure 3.1.2 The 2-p-carboranyl boronic esters 3.9 and 3.10. 

These two compounds might be useful in Suzuki couplings, where an organic adduct is more 

accessible in the form of a triflate or a halide than of an organoboron species. Attempts have 

been made within the group to perform one-pot cross couplings of iodobenzene and 2-I-p-

carborane via 3.9 and 3.10, as shown in eq 3.2. These attempts have failed. It seems, however, 

that many of these couplings are strongly system-dependent. For instance, the Suzuki 

coupling of the bulky mesitylboronic acid and different aryl halides has been shown to 

proceed faster with strong bases such as Ba(OH)2, than with milder ones. This could be true 

also for the bulky boronic esters of p-carborane.  

BB
I

O
B

O
B

O

O
+

(eq 3.2)

1. Pd2(dba)3 / dppb / CsF  2. PhI
   DME, reflux

 

 

Summary 

By a proper choice of the reaction conditions it is possible to use the Suzuki-Miyaura method 

for preparation of a number of functionalised 2-B-aryl-p-carboranes. Further, the boron-boron 

bond forming cross coupling of bis(pinacolato)diboron, bis(neopentyl glocolato)diboron and 

2-I-p-carborane has been shown feasible. Subsequent addition of iodo benzene to the mixture 

does lead to the desired 2-phenyl-p-carborane (3.3). Being thermally stable and inert to air 

and water, the formed carboraneboronic esters 3.9 and 3.10 do deserve more attention. They 

are easily isolated by flash chromatography and might very well find use in the Suzuki-

Miyaura cross coupling under more suitable reaction conditions.  
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3.2 Heck-type couplings (PAPER III) 

The palladium catalysed arylation and alkenylation of alkenes is commonly referred to as the 

Heck reaction. The traditional Heck reaction is based on the palladium catalysed coupling of 

an aryl or vinyl halide and a terminal alkene (eq 3.3).93 

RX EWG
R

EWG

R= aryl, vinyl; X= I, Br
EWG= CO2R, CN, aryl

+ Pd(0)

base

(eq 3.3)

 
The Heck reaction has been extensively investigated over the years and the scope of this 

olefin coupling currently is by far more wide.94 There are examples of olefinic attachments to 

carboranes.95-104 However, the rather mild and straightforward Heck reaction has not yet been 

applied, to our knowledge, to a boron-iodide of any species. 

 

Optimisation and scope of the B-olefination of p-carborane 

Styrene (3.11), which is a commonly used Heck-coupling reagent, was chosen as a substrate 

for the development of the coupling to 2-I-p-carborane 3.1. The catalytic system we had 

applied to the Suzuki-Miyaura couplings in the previous section proved to be inapplicable to 

this model reaction. The trans-isomer of the desired product, β-(2-B-p-carboranyl) styrene 

(3.12), could however be isolated in low yields from a few of these initial attempts (entries 1-

4, Table 3.2.1). Throughout these experiments, palladium precipitation was observed shortly 

after initiating the reaction.  

During the last decade, palladacycles have been shown to be highly efficient and robust in 

Heck-type reactions.94,105 Therefore, the commercially available palladacycle Herrmann´s 

catalyst (3.13, fig 3.2.1) was introduced with different bases to the model reaction (entry 5-

9).106,107  

R= o-CH3C6H4

P

P
Pd

O

O O
Pd

O

R R

R R

 

Figure 3.2.1 The palladacycle Herrmann's catalyst (3.13). 
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Using 1 mol % of 3.13 (vs. 2-I-p-carborane) and CsF as a base in DME gave an increased 

conversion of the model reaction (entry 5). Increasing the catalyst loading to 4% of 3.13 

increased the conversion further, to give a rather high yield of the desired styrene derivative 

3.12 (entry 6). Alternative bases gave poorer results (entries 7-9). Since Heck-type reactions 

catalysed by palladacycles often require temperatures higher than the boiling point of 

DME105, a few attempts were made to perform the coupling in DMF at 120 °C (entries 10-12). 

By combining the catalyst 3.13 with silver phosphate in DMF, we obtained full conversion of 

the iodo-carborane 3.1 and 95% of target compound 3.12 was formed (entry 12). 

 
Table 3.2.1 The Heck coupling of 2-I-p-carborane and styrene 

Ph B

Ph

B
I

 
       3.11     3.1                    3.12 

Entrya Catalyst 

(mol %) 

Base 

 

Ratio of boronated productsb 

(3.12 / 3.1 / side products) 

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

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

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

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

5 3.13 (1) CsF, 3 eq 32 / 49 / 19 

6 3.13 (4) CsF, 3 eq 62 / 19 / 19 

7 3.13 (1) Cs2CO3, 2 eq 0 / 60 / 40 

8 3.13 (1) Ag3PO4, 2 eq 4 / 96 / 0 

9 3.13 (1) K3PO4 x n H2O, 2 eq 33 / 50 / 17 

10 c 3.13 (1) KOAc, 1.5 eq 50 / 34 / 16 

11 c 3.13 (1) K3PO4 x n H2O, 2 eq 0 / 0 / 100 

12 c 3.13 (1) Ag3PO4, 2 eq >95 / 0 / <5 

a General conditions: 1 eq (100 mg) 2-I-p-carborane 3.1, 1.2 eq styrene 3.11 and 2 ml DME. The mixture was 

heated to reflux and left overnight with stirring under argon. b Determined by 11B-NMR c 2 ml of DMF was used 

as solvent and the reactions were performed at 120 °C. 
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A suggested mechanism of this variant of the Heck reaction is given in Scheme 3.2. In the 

Scheme, we have chosen to draw the catalytic cycle in a Pd(0) / Pd(II) pathway as argued by 

Herrmann and co-workers105; however, a Pd(II) / Pd(IV) pathway also has been suggested and 

may be present.108 The cationic-like palladium species in the scheme, formed by halogen 

abstraction, is given in accordance with work presented by Hallberg and co-workers.109,110 

They propose that the silver phosphate has a dual function in these types of reactions. Besides 

the proton-scavenging role of the phosphate, it has been proposed that the silver ion can 

abstract the iodide (step b, Scheme 3.2) from the Pd(II) complex formed by the oxidative 

addition of an aryl halide (in this case the B-I bond of 3.1, step a). This would generate a 

cationic-like Pd(II) complex, which binds more efficiently to the alkene. As mentioned 

earlier, the oxidative addition of the boron-iodide bond of 3.1 and 9-I-m-carborane to Pd(0) 

complexes is a reversible process, with the equilibrium shifted to disfavour formation of the 

Pd(II) complex. A silver ion mediated iodide abstraction from a formed carborane containing 

Pd(II) complex 3.14 to give 3.15 would likely shift the equilibrium of the oxidative addition, 

which could explain the high formation of 3.12 in the model reaction.  
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Scheme 3.2 Plausible mechanism of the Heck reaction. a: Reversible oxidative addition of 2-I-p-carborane 3.1. 

b: Silver mediated iodide abstraction. c: Styrene complexation and syn-insertion. d: Internal rotation. e: Syn-

elimination to form trans-β−(2−B−p-carboranyl) styrene derivative 3.12’ f: Base promoted proton scavenging 

and regeneration of Pd(0). 

 

The best reaction conditions found (entry 12, Table 1) were applied to the reaction with 

various styrene derivatives containing both electron donating and electron withdrawing 

substituents. The reaction time and the isolated yield of the respective trans-β−(2-B-p-

carboranyl) styrenes 3.12 and 3.16-3.21 are shown in Table 3.2.2. As shown in the entries, 

most reactions proceeded with high yields. The p-Cl-styrene (entry 3) reacted cleanly and 

afforded no detectable (by GC-MS) homo-coupled side product. The p-Br-styrene, however, 

partially homo-coupled (to give CH2=CH-C6H4-CH=CH-C6H4-p-Br) and the yield of 

compound 3.18 (entry 4) was lower than for the chloro-compound. 2-Vinylpyridine did not 

react (entry 8), which may be due to palladium complexation of the pyridinium nitrogen. 

Butyl acrylate and acrylonitrile, which often readily reacts in these types of reactions, did not 
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react either under these conditions. Further, the more electron deficient styrenes, such as 4-

nitrostyrene (entry 5) reacted slower than the electron richer styrene analogues. Electron-poor 

compounds like these with better π-accepting and poorer π-donating properties than the 

electron richer styrene analogues have been shown to co-ordinate slower to a cationic 

complex (such as 3.15) than to a neutral complex.111 One explanation for this phenomenon is 

that a competition between the coordination of the olefin and good σ-donors exists, which 

slows the reaction-rate down.112 Thus, coordination of complex 3.15 to other species in the 

reaction mixture such as the anionic phosphate is likely dominating in the case of butyl 

acrylate and acrylonitrile.  

 
Table 3.2.2 The screening of various styrene derivatives and 2-vinylpyridine 

                                             3.1          3.12, 3.16-3.21 

Entry Substrate 

Ar-CH=CH2 

Reaction time, 

hours 

Product 

β-(2-B-p-carboranyl)-

styrene 

Isolated yield 

(%) 

1 Ph 4 3.12 91 

2 4-Ph-Ph 12 3.16 80 

3 4-Cl-Ph 4 3.17 82 

4 4-Br-Ph 12 3.18 64 

5 4-NO2-Ph 12 3.19 75 

6 4-CH3O-Ph 6 3.20 73 

7 4-CH3-Ph 8 3.21 94 

8 2-pyridine   No reaction 

 

As mentioned earlier, a clear difference in required reaction time can be seen among the 

various styrene derivatives indicating that the styrene derivatives used in this screening are 

involved in a rate-limiting step in the reaction. This rate-limiting step of the reaction is likely 

the alkene complexation to the anionic complex 3.15. 
 
 

Ar

BAr B
I
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Summary 

By the preparation of a number of trans-β−(2-B-p-carboranyl) styrenes, this work has shown 

that the Heck-type reaction, which is an important tool in organic chemistry, is also applicable 

on 2-I-p-carborane. The coupling of electron deficient olefins such as acrylates probably 

requires development of a catalytic system with non-ionic intermediates.  

 

 

3.3 Palladium catalysed [125I]-labelling of carboranes  

 

Introduction 

Iodinated carboranes can undergo palladium catalysed cross couplings with bromide anions. 

Grushin and co-workers have shown that 9-iodo-meta-carborane can undergo palladium 

catalysed exchange with tetra-n-butylammonium bromide (to give 9-bromo-meta-

carborane).90 A similar experiment of 2-I-p-carborane performed by our research group, with 

tetra-n-butylammonium bromide in the presence of a palladium catalyst, gave 2-bromo-para-

carborane, 3.1’, in a nearly quantitative yield, whereas in a blank experiment in the absence of 

palladium, no exchange occurred. These reactions probably proceed in a similar fashion as the 

Suzuki-Miyaura reaction and the other catalysed cross couplings with oxidative addition, 

trans metallation or ligand exchange, and reductive elimination as key steps (eq 3.4). 

red. elim.ox. add. Br-

B
I

B
Pd

L

Br

L

B
Br

B
Pd

L

I

L

(eq 3.4)

 
By analysing the side products formed from an attempted Heck coupling of 2-I-p-carborane, 

3.1, and styrene with potassium phosphate as base (entry 11, Table 3.2.1), two major 

components could be detected and isolated, 2-hydroxy-p-carborane (3.22) and the previously 

not reported bis-(2-B-p-carboranyl) ether (3.23). The hydroxide is likely generated from the 

water containing potassium phosphate used. The compounds 3.22 and 3.23 were also isolated 

when the experiment was repeated in a larger scale. As suggested in Scheme 3.3, the 

formation of 3.22 and 3.23 is another example of this substitution reaction, which, under 

suitable conditions may allow a variety of inorganic anionic nucleophiles. 
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Scheme 3.3 The palladium-catalysed formation of 3.22 and 3.23. 

 

With these results in hand, we decided to investigate the feasibility of [125I]-iodination of 

carboranes by this methodology. 

 

Background 

As described in the introduction of this thesis, a multitude of carborane derivatives has been 

proposed for BNCT. However, it is difficult to follow their pharmacokinetics inside patients, 

which creates a risk for sub-optimal treatment. The neutron irradiation should be performed at 

a peak of tumour-to-non-tumour ratio of boron compound accumulation. For this reason, the 

knowledge about pharmacokinetics of boron compound is of high importance. The use of a 

radioactive label on closo-carboranes may simplify pharmacokinetic studies. Patient studies 

employing sampling of tumour and healthy tissues demonstrated significant intratumoural and 

interpatient variability in the uptake.113-116 Apparently, the use of radioactive labels, which 

emit radiation detectable outside human body, i.e. gamma or positrons, on boronated 

compounds for BNCT, would facilitate a pharmacokinetic study for an individual patient and 

improve the quality of treatment. An obstacle is that boron has no isotopes, which can be 

applied for pharmacokinetic studies. The only isotope of carbon that emits body-penetrating 

radiation is carbon-11 with a half-life of 20.3 min, which prevents the incorporation of 

carbon-11 to the closo-carborane cage. It is however possible that the attachment of a 

radioisotope of some other element, e.g. a radiohalogen to a closo-carborane, will not affect 

the bio-distribution of the carborane too much or that changes in pharmacokinetics can be 

taken into account in accumulation studies and corrected for. This is probably the case when 
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carborane is attached to a large tumour-targeting molecule, e.g. monoclonal antibody. The use 

of radioiodine labelling of an anionic nido-carborane for the study of its pharmacokinetics 

was proposed by Hawthorne and co-workers (1985).117 Later, a 2-nitroimidazole derivative of 

nido-carborane was labelled for the same purpose.118 Radioiodination and radiobromination of 

derivatives of the ionic closo –dodecaborate have also been reported.119-122 Oxidative labelling 

was used in all these cases. The substrates for labelling that were mentioned above are easily 

electrophilically iodinated or brominated with non-radioactive halogen. This is not the case 

for the group of uncharged ortho-/ meta-/ para- closo-carboranes. Electrophilic halogenation 

of these closo-carboranes is a lengthy procedure, unsuitable for radioactive halogens (AlCl3 / 

I2 in refluxing CH2Cl2 for long periods). Our attempts to label p-carborane with Chloramine-T 

as an oxidant were unsuccessful. 

To our knowledge, prior to our investigation only one example of radioiodination of boron-

iodinated carboranes has been reported, namely by Stanko and Iroshnikova, who in a 

conference proceeding from 1970, reported a copper(I)-mediated halogen exchange to yield 

[131I]-labelled carboranes.123 

2-I-p-carborane, 3.1, and the Pd2dba3 / dppb catalytic system in dry degassed DMF was 

chosen as a model system in the initial [125I] iodide – iodo-closo-carborane halogen exchange. 

Since the aqueous solution of [125I] sodium iodide is stabilised with trace amounts of sodium 

hydroxide, tetra-n-butylammonium hydrogensulphate (QHSO4) was added to the reaction. 

This would prevent nucleophilic attack by hydroxide ions and formation of 2-hydroxy-p-

carborane (3.22). Quaternary ammonium salts have also been shown to stabilise Pd-catalysed 

reactions.94 [125I]-iodide has been used throughout this investigation. 125I decays by electron 

capture (EC) with emission of auger electrons and x-ray radiation. The relatively long half-

life (60 days) of 125I in combination with a short range of the emitted auger electrons makes it 

convenient and safe to work with.  

 
125I-labelling procedure 

Stock-solutions were prepared of 3.1 and QHSO4, both in acetonitrile. Pd2(dba)3 and dppb 

were dissolved degassed DMF under argon prior to use. 

For a typical labelling experiment, 0.25 MBq or 3.9 x 10-7 mg (3.12 x 10-9 mol) of [125I-] was 

used. An aqueous solution of [125I] sodium iodide and acetonitrile-solutions of 3.1 and 

QHSO4 were transferred to a 2-mL Eppendorf tube. The water was co-evaporated off with the 

acetonitrile under a flow of argon at 100 0C. After complete evaporation, the stock solution of 
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the Pd-catalyst in degassed DMF was added and the reaction vial was sealed and left to 

proceed at 100 0C. Samples for analysis were collected under a stream of argon as the reaction 

proceeded. Blank experiments were also performed. In those, the conditions were exactly the 

same as in the isotopic exchange experiments, but with exclusion of one each of the different 

components.  

 

Analytical techniques 

 Silica gel thin layer chromatography plates were used for the analysis. For monitoring, 

samples of the reaction mixture (1-2 µl) were applied on a TLC plate. The plate was 

subsequently eluated with freshly distilled pentane. Rf values of iodide (Rf = 0.0) and 3.1 (Rf 

= 0.5) were determined by using non-labelled authentic samples, i.e., an eluated plate of non-

labelled 3.1 and NaI was developed by dipping it into an acidified methanol solution of 

palladium(II)chloride followed by heating. Distribution of radioactivity along the TLC strips 

were measured on the CycloneTM Storage Phosphor Imager and analysed using the 

OptiQuantTM Image Analysis Software. A representative resulting TLC-chromatogram is 

shown in Figure 3.3.1 GC-MS analyses were performed with a non-polar column and a 

Thermoquest GCQ mass spectrometer.  

 
Figure 3.3.1 Representative radio-TLC chromatogram of the reaction mixture. Peak 1 (Rf = 0.0) corresponds to 

the peak of non-radioactive iodide, peak 2 (Rf = 0.5) corresponds to the peak of non-labelled 2-I-p-carborane. 

 

Peak 1 with Rf = 0.0 corresponds to non-labelled iodide and [125I] iodide. Peak 2 has the same 

Rf  = 0.5 as non-labelled 2-I-p-carborane. This peak does not appear in blank experiments, 

where no 3.1 was added. This strongly indicates that isotopic exchange between [125I] iodide 

and 3.1 do take place, and as a result, [125I]-labelled 2-iodo-p-carborane appeared.  

Peak 
1 

Peak
2
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A blank experiment with no catalyst gives no exchange, which supports the previously 

suggested mechanistic pathway.  

 

Results and discussion (PAPER IV) 

Results from reactions run with and without the QHSO4 were compared, all with fixed 

amounts of [125I] iodide, 2-I-p-carborane and Pd-catalyst, the molar ratio between 2-I-p-

carborane and Pd was 1:5. The reactions performed without QHSO4 had sometimes high 

initial reaction rates with a radiolabelling yield up to 65% after 20 minutes. The 

reproducibility was however poor and Pd-black precipitation was observed within 25 minutes 

in many attempts, with low final yields as a result. Reactions performed with various amounts 

of QHSO4 stabilised the catalyst and gave, in general, better reproducibility, but proceeded at 

a lower rate. A dependence of the concentration of QHSO4 and the reaction-rate was noted, as 

higher amounts gave lower reaction-rates (Figure 3.3.2). Best results were obtained with 5 

molar equivalents of 2-I-p-carborane vs. 5 molar equivalent of QHSO4 vs. 1 molar equivalent 

of Pd-catalyst, providing a radiolabelling yield of 81% after 40 min. 

Figure 3.3.2 Influence of QHSO4 concentration on the 125I-labelling rate of 2-I-p-carborane (5 [+], 10 [♦] and 

50 [x] molar equivalents of QHSO4 per equivalent palladium) 
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 By reducing the reaction volume from 1 ml to 200 µl we hoped to increase the rate and yield 

of the reaction further. At this reduced volume, with the same amounts of substrates as in the 

most successful series of 1 ml-reactions, the concentration of palladium became to high and 

once again we experienced Pd-black precipitation. By a stepwise reduction of the amounts of 

Pd to 0.04 eq and QHSO4 to 0.4 vs. 2-I-p-carborane, the reaction could proceed with an 

average labelling yield of 83% after 40 min. By using these optimised reaction conditions, the 

amount of 2-I-p-carborane in each reaction was decreased (with maintained amounts of  [125I] 

iodide, [Pd-cat.] and with the molar ratio of QHSO4 fixed to 0.4 vs. 2-I-p-carborane). As 

could be expected, the substitution rate was decreased with decreased 2-I-p-carborane loading 

of the reaction but it still proceeded in a reasonable yield after 40 min reaction time with a 

loading of 100 µg 2-I-p-carborane (or 500µg / ml), Figure 3.3.3. 

Figure 3.3.3 Isotopic exchange between [125I] iodide and 3.1 with fixed volume and varied carborane loading. 

 

At this point it was clear that the reaction is feasible and could thereby find applications in 

pharmacokinetic studies of halogenated closo-carborane derivatives and larger closo-

carborane containing systems. We therefore decided to incorporate other iodinated carboranes 

into the system and expand the scope of the reaction. 

 

Improved 125I-labelling procedure and broadening of the scope (PAPER V) 

Being readily available, 3-I-o-carborane (3.24), (3.25) 9-I-o-carborane and (3.26) 9-I-m-

carborane (fig. 3.3.4) were all subjected to the labelling conditions found for 3.1.  
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Fig. 3.3.4: 3-I-o-Carborane (3.24), (3.25) 9-I-o-carborane and (3.26) 9-I-m-carborane, respectively. 

 
The [125I]-labelling of these compounds proceeded with poor reproducibility due to the 

consumption of the catalyst. Further, the first results from attempted labelling of 3.24, 

indicated high initial labelling yield, which decreased by time. By repeating the reaction in a 

NMR-tube, without addition of [125I]-iodide, the presence of nido-carborane could be 

detected.124 This degradation process is most likely the reason for the decreased labelling 

yield by time. 

In an attempt to create a better and more general system for the labelling, DMF was replaced 

by the less polar solvent toluene and the Pd2(dba)3 / dppb system was replaced by Herrmann’s 

catalyst, 3.13. With these changes, we found a very efficient and stable catalytic system. All 

experiments were performed at 100 °C under argon and the radiolabelled yield for all non C-

substituted iodinated carboranes exceeded 90% after 5 minutes. This radiolabelled yield could 

be further increased with prolonged heating (Figure 3.3.4). Using the parent iodinated-

carboranes the catalytic system is stable and no indication of palladium precipitation could be 

seen.  
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Figure 3.3.4 [125I] Radiolabelled yield as a function of time for 3-I-o-, 9-I-o-, 9-I-m- and 2-I-p-carborane (3.24, 

3.25, 3.26 and 3.1 respectively) using the improved labelling procedure. 
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In the separate blank experiments, either the iodinated carborane or the catalyst 3.13 was 

excluded. As expected, in these experiments no [125I]-iodinated-carborane, (ortho, meta or 

para) could be detected. 

Our previous Pd2(dba)3 / dppb catalytic system for these type of reactions required 

stabilisation by a Q-salt (tetra-n-butyl ammonium hydrogen sulphate) for efficient labelling. 

However, under these modified reaction conditions, no addition of Q-salt was needed. In no 

experiment did the addition of Q-salt have any positive effect on the reaction outcome. On the 

contrary, in all experiments performed with 3.13, the radiolabelled yields were decreased 

when Q-salt was added to the reactions. However, to avoid hydroxylation of the carborane, 

the [125I]-iodide stock-solution should still be neutralised (but perhaps prior to use). 

In our attempts to optimise the loading of iodinated carborane, 3.1 was used as a model 

compound. Two different 1-ml loadings of 2-iodo-p-carborane, 10 and 1 µg /ml, was 

compared with the standard loading of this system, which is 0.1 mg/ml (37 µmol/ml). Using 

10 µg/ml of 3.1 the radiolabelling yield decreased to 71%, and with 1 µg/ml, the yield became 

further decreased to 20%. Thus, a concentration higher than 10 µg/ml of iodinated carborane 

is likely required to obtain a good radiolabelling yield under these modified conditions. 

To optimise the loading of the catalyst, the amount of 3.13 was decreased. Again 2-I-p-

carborane 3.1 was used as a model compound, and in addition to the initial loading of 5%; 1, 

0.1 and 0.01% of catalyst was evaluated. These result shows that the loading of catalyst can 

be decreased to 0.1 % and still give over 90 % in radiolabelling yield. To confirm this further, 

the four non-arylated iodinated carboranes were subjected to this lower catalyst loading. As 

shown in Table 3.3.1, a lower catalyst loading is quite feasible although there is an impact on 

the labelling rate.  

 
Table 3.3.1 Radiolabelled yields for parent iodinated carboranes using 5 and 0.01% of 

Herrmann’s catalyst at 5 minutes reaction time. 

Entry Carborane Yield 
5% HC 

Yield 
0.1% HC 

1 

2 

3 

4 

2-I-p-carborane 

9-I-m-carborane 

3-I-o-carborane 

9-I-o-carborane 

92.6 ± 2.5 

95.5 ± 0.6 

98.1 ± 0.8 

98.6 ± 0 

92 ± 0.1 

86 ± 3.8 

91 ± 2.4 

90 ± 1.6 
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To get an indication of steric tolerance of the reaction, 1-phenyl-3-iodo-ortho-carborane, 3.28, 

and 1,2-diphenyl-3-iodo-ortho-carborne, 3.29, were subjected to labelling. These compounds 

behaved differently in the reaction. In both cases, precipitation of palladium black was 

detected. After the reaction had proceeded for 5 minutes, the average labelling yield of 3.28 

was 83%. The yield drops to 58% after 20 minutes of reaction time, which could be explained 

by degradation of the carborane cage. The bulkier 3.29 had a lower initial average 

radiolabelling yield of 65% (entry 6 Table 1) after 5 minutes of reaction time. This yield 

increases with time to 86% after 20 min. By comparing the labelling yield of the non-

substituted 3-I-o-caborane 3.24 (98% after 5 min. of reaction) with these results, the steric 

interactions seems to have an impact of the [125I]-labelling rate.  

 

Summary 

Through this work it has shown that the palladium catalysed isotopic exchange is feasible. By 

using the palladacycle Herrmann’s catalyst in toluene, the exchange between [125I]-iodide and 

the iodide of iodinated carboranes furnishes [125I]-labelled carboranes under mild conditions 

in high to excellent radiolabelling yields. It has also been indicated that the steric tolerance of 

the reaction is high, although steric hindrance has an effect on the exchange rate.  
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4. CONCLUDING REMARKS AND OUTLOOK  

In chapter 2, the synthesis of a p-carborane containing isoquinoline carboxamide (2.2), which 

is an analogue of the PBR ligand PK11195, have been described. The weak bromine-carbon 

bond at the 1-position of the isoquinoline 2.5 is an obstacle when preparing, storing and 

reacting 2.5. An indication of the high reactivity of the 1-position of 2.5 is the short reaction 

time. Compared to the previously reported copper mediated couplings of carboranes and 2-

bromo-pyridine, our reactions proceed essentially faster (2-3 hrs in our case, compared to 16-

60 h. for completion of the reaction).41 A chlorine-analogue of 2.5 is likely more stable and 

might due to the reactive location of the halogen be feasible in the copper mediated carborane 

coupling. It might thereby find good use in a future project. 

The target compound 2.2 will be subjected to biological evaluation. Hopefully, a future 

evaluation of compound 2.2 will provide valuable information of the receptor-targeting 

principle and the feasibility of replacing of a phenyl-group by a carborane within the 

pharmacophore of a bioactive molecule. It could also find use in a BNCT-cocktail, where 

several compounds of different targeting principles are being used to fulfil the requirement of 

10 ppm of 10B in a tumor cell which is considered to be the uptake minimum for curative 

treatment. 

 

The first two parts of the third chapter of this thesis described 2-I-p-carborane as being 

feasible in both the Suzuki-Miyaura and the Heck reactions. Being important tools in organic 

synthesis, these mild reactions can find use in the future development of carborane containing 

compounds. So far, our investigations have been limited to the boron-iodinated para-

carborane 3.1, but other halogenated carboranes might very well be applicable in the Suzuki-

Miyaura and the Heck reactions. This should be evaluated. Another interesting topic for a 

future project is the mild catalytic Hartwig-Buchwald arylation of amines125 (from aryl 

halides), which might allow a halogenated carborane to be employed as a substrate.  

 

The final part of the third chapter in this thesis describes a palladium catalysed isotopic 

exchange reaction, where several carboranes have been labelled with [125I]-iodide. Although 

only radionuclide [125I]-iodide was used throughout this investigation, a number of other 

isotopes of iodine and bromine could be feasible in the reaction (Table 4.1). 
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Table 4.1 Decay data of some radionuclides with potential feasibility in the catalysed isotopic exchange 

reaction. 
Radionuclide t1/2 Mode of decay 

76Br 16h β+, EC 
77Br 56h EC 
123I 13.2h EC 
124I 4d β+, EC 
131I 8d β− 

 

From these nuclides, 76Br, 124I and 123I are better suited than 125I for pharmacokinetic studies. 
76Br and 124I are positron emitters and their location in vivo can be imaged by positron 

emission tomography (PET). 123I emit γ-radiation and can be detected with gamma detection. 

This methodology has potential in pharmacokinetic studies, but how the introduction of a 

halogen to the carborane cage might affect the bio-distribution of the carborane derivative 

needs examination. This modification of the carborane will probably not affect its bio-

distribution when being attached to larger systems such as antibodies or larger peptides.   
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