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1. Introduction

1.1. General background 

Cancer—one of the most feared words in our vocabulary. 

Cancer is the term used to describe a group of more than 100 diseases 
caused by the uncontrolled division of the body’s cells. Normally, the 
process of cell division is strictly regulated. Sometimes, however, the 
regulatory mechanism breaks down, and the affected cell begins to divide 
and proliferate in an uncontrolled fashion. The breakdown of the regulatory 
mechanism may be caused by both environmental and internal factors. 
Environmental causes include exposures to radiation, viruses, or chemicals, 
as well as exposures associated with lifestyle (e.g., diet, smoking, and 
alcohol consumption). Internal causes include hormone levels and inherited 
conditions. Uncontrolled cell division may lead to either a benign or a 
malignant tumor; only in the latter case is the patient said to have cancer. 
Cancer causes an enormous amount of suffering and imposes a considerable 
financial burden on society. It kills millions of people per year worldwide, 
and is the second most common cause of death in the industrialized world 
after cardiac disease.1 Cancer treatment varies depending upon the type and 
stage of cancer, and the goal of treatment. Often, one or more treatment 
modalities may be used together to provide the most complete treatment for 
the patient. In fact, it is increasingly common to use several treatment 
modalities concurrently or sequentially. This is referred to as multi-modality 
cancer treatment, and the modalities may include chemotherapy, surgery, 
biological therapy, and/or external radiation therapy. Unfortunately, those 
methods are not curative in all cases and do have their limitations, especially 
concerning spread cells, i.e., metastases. Single and small clusters of 
malignant cells can easily evade detection, and surgery or external 
radiotherapy is not effective at treating them. Chemotherapy damages all 
proliferating cells without efficiently discrimination between normal and 
tumor cells. For this reason, toxicity to normal organs and tissues limits the 
anti-tumor effect of chemotherapy. Other or complementary modalities, e.g., 
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immunotherapy, gene therapy, or radionuclide therapy, are therefore needed 
to enable the most effective treatment of common types of disseminated 
malignant diseases. 

The effect of radionuclide therapy can be enhanced if the radionuclide is 
delivered directly to the DNA of the tumor cell. This is especially important 
when Auger emitters are used for therapy. DNA-intercalating radiolabeled 
derivatives of acridine, napthalimide, phenantridine, daunorubicin, and 
dauxorubicin may enable the localization of the Auger emitter in the nucleus 
of the tumor cells. The successful treatment of cancer by means of such 
therapy requires the preferential delivery of nuclide-bearing DNA 
intercalators into malignant cells rather than into normal tissue cells. This 
can be achieved by the conjugation of tumor-seeking molecules (e.g., 
antibodies or growth factors) to liposomes, with encapsulated radiolabeled 
DNA-intercalating compound. The tumor specificity of such liposomes 
permits the delivery of therapeutic quantities of drugs directly to tumor cells 
(section 1.2.6). The concept of “two-step targeting”2,3,4 (section 1.2.7) was 
introduced in our research group to ensure the specific delivery of drugs, 
containing radionuclides or nuclides that become radioactive upon neutron 
activation, to the cell nucleus.  

For research in this area to yield clinically applicable results, a multi-
disciplinary effort is required. This thesis is an example of a chemist’s 
contribution to the effort. This thesis describes the synthesis and 
radiolabeling of several organic compounds for potential use in targeted 
nuclide therapy and diagnostics. 

1.2. Targeting 
The ultimate goal of cancer therapy is to develop agents that will selectively 
destroy cancer cells, sparing the normal tissues of the patient. One approach 
to obtaining specificity is tumor targeting: the use of biomolecules that 
recognize specific molecular structures on the tumor cell surface. To achieve 
this, it is essential to identify a characteristic and targetable difference 
between normal and tumor cells. For example, tumor-associated antigens or 
receptors (e.g., growth hormones, vitamins, and lipids) are over-expressed 
on tumor cells. These over-expressed surfaces can be recognized and used 
for therapy by a tumor-seeking molecule, such as an antibody or signaling 
peptide to which a cytotoxic substance (toxin drug or radionuclide) is 
conjugated.5 Application of radioactive nuclides conjugated to tumor-
seeking molecules is called “targeted radionuclide therapy.” Currently, -
emitters comprise the vast majority of nuclides used, or considered, for 
targeted radionuclide therapy. Other systems under evaluation include Auger 
electron and -emitting nuclides.6

2



1.2.1. Nuclide therapy and diagnostics 
Nuclide therapy and diagnostics for the treatment of cancer is based on the 
preferential delivery of nuclide-bearing compounds to tumor cells rather than 
to normal tissue cells. Over the last decade, tumor targeting has played an 
increasingly important role in radionuclide diagnostics and therapy. A 
number of radiolabeled targeting conjugates, such as OctreoScan, Verluma, 
OncoScint, Zevalin, and Bexxar, have been approved for routine clinical use. 

The goal of radionuclide diagnostics is to detect either tumors or the 
expression of certain antigens in tumor cells. This goal, generally speaking, 
requires the use of nuclide-emitting radiation, which can penetrate the 
human body and be detected by an external detector. Nuclides, which decay 
through the emission of positrons or gamma rays (e.g., by electron capture or 
isomeric transition), are the agents most commonly used in diagnostics.   

The goal of radionuclide therapy is to destroy cancer cells to which the 
radionuclide is bound, and possibly other cancer cells in its vicinity. 
Depending on the particular application area, nuclides of different nuclear 
properties are required. 
Gamma radiation, which can penetrate and escape from the body, leaving 
little energy near the targeted cell, is thus of limited therapeutic interest. The 
different penetration ranges of the particles emitted from different 
radionuclide means their applications should be adapted accordingly. Beta 
radiation has a short range (typically, 0.1–10 mm), and leaves its energy near 
the targeted cell. Depending on the energy, and accordingly, on the range of 
beta particles in tissue, beta-emitting nuclides are suited for the treatment of 
bulky tumours and metastases. Alpha particles have a micrometer range, and 
are well suited for the treatment of micrometastases and single cells. Auger 
electrons have an extremely short range (a few nm) and have therapeutic 
effects only when located in the cell nucleus, preferably in the DNA7

(Figure 1.1). The surrounding healthy tissues can thus avoid radiation 
damage when Auger electrons are used for tumor therapy.  

A special group of radionuclide procedures is that of pharmacokinetic 
studies. In such procedures, radiolabeled conjugates are used neither for 
diagnostics (i.e., detection and characterization of tumors) nor therapy (i.e., 
eradication of tumor cells via the ionizing radiation of the attached 
radionuclide). The goal of such studies is rather to optimize the patient 
treatment regimen, to determine the dosage and timing that maximize uptake 
by tumors while minimizing toxicity to normal tissues. The characteristics 
required of radionuclides in such instances are approximately the same as in 
diagnostics. Positron-emitting labels might be preferable due to the higher 
quantitation accuracy provided by positron emission tomograpy than by 
single-photon emission-computed tomography. 
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Figure 1.1: Different radionuclides have different properties. Figure kindly 
provided by J. Carlsson, Division of Biomedical Radiation Sciences, Department of 
Oncology, Uppsala University. 

1.2.2. Radioactive halogens 
Wilbur’s review of protein radiohalogenation methods (1992)8 shows that 
radioactive isotopes of various halogens, such as F, Br, I, and At, may be 
particularly useful for the radiolabeling of proteins because their chemistry is 
well understood (perhaps not in the case of astatine): they form stable 
covalent bonds with biomolecules of aromatic carbon, high specific 
radioactivities can be obtained, and a large variety of different decay 
properties and half-lives are obtainable. The most suitable nuclides can be 
selected for a particular application area. 

Table 1.1: Some selected radiohalogens available for labeling chemistry 

Nuclide Type of decaya) Half-life Applicationb)

18F + 1.8 h PET 
76Br +, EC 16.2 h PET 
77Br EC 57.1 h SPECT 
88Br - 35.3 h Therapy 
123I EC 13.2 h SPECT 
124I +, EC 4.2 h PET 
125I EC 60 days SPECT 
131I - 8 days Therapy 

211At 7.2 h Therapy 

a) - =  electron emission, + = positron emission; b) PET = positron 
 emission tomography, SPECT = single-photon emission-computed tomography, 
EC = electron capture 
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The labeling of biologically active compounds with radioisotopes of iodine 
is a very important tool in biomedical research. The isotopes 123I and 131I are 
commonly used because of their relatively low cost, commercial availability, 
and easy detection with conventional gamma cameras. 125I has a half-life of 
60 days and decays by electron capture. 125I is a nuclide mainly used for 
endoradiotherapy. 77Br can be used for in vivo imaging using a gamma 
camera. Other radioactive halogen nuclides such as 18F, 76Br, and 124I which 
are positron emitters, are used for PET. The alpha-particle emitter 211At 
(Table 1.1) is extremely cytotoxic if the radionuclide is delivered to the 
target cell.8

The major obstacle to the use of PET for radioimmunodiagnostics is the 
short half-lives of conventional positron emitters, such as 11C (T1/2 = 20.4 
min) or 18F (T1/2 = 109.8 min). Considering that targeting molecules often 
have distribution times of several hours to days, conventional PET nuclides 
are not always usable, and alternative positron-emitting nuclides with 
matching half-lives and suitable labeling properties are thus necessary. One 
possible long-lived positron-emitting label for MAbs and their fragments is 
76Br. This nuclide has a half-life of 16.2 hours and decays by emitting 
positrons (54%). 

1.2.3. Radiohalogenated protein and peptide conjugates 
A variety of methods are available for the radiohalogenation of proteins and 
peptides, suggesting that no single method has been found to be completely 
satisfactory. Tumor-targeting molecule (proteins and peptides) radio-
halogenation methods can be broadly divided into two groups: direct 
methods—those in which radiohalogen is directly incorporated into the 
tyrosine residue of the protein chain, and conjugation methods—those in 
which a radiohalogenated moiety is conjugated to a specific side chain of the 
protein.

Wilbur’s review (1992)8 shows that proteins could be labeled directly
with iodine without any difficulty. But for the radiohalogens formed with 
other elements in the halogen group, labeling may not work at all. For 
example, direct bromination methods have the associated problem of 
chemical damage to the protein caused by the reagents used in the reaction 
(harsh oxidizing conditions). An alternative to the direct radiohalogen 
labeling of proteins and peptides is the conjugation of a small 
radiohalogenated molecule to the protein by reacting with, for example, 
activated esters and maleimide-containing compounds.  

The same review indicates that the sulfhydryl, oxidized sugar, and amine 
functional groups on proteins can be used in conjugation methods. The most 
common functional groups used in conjugation methods are the amine side 
chains of lysine residues. These free amino groups of proteins condense with 
amine reactive functionalities such as active esters (e.g., the Bolton-Hunter 
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reagent, N-succinimidyl 4-(trimethylstannyl)benzoate), aldehydes, isothio-
cyanate, and imidate esters to form a conjugate in which a radiohalogenated 
phenyl group is covalently linked via an amide bond to the protein. The thiol 
functionality of cysteine residues is the second most commonly used 
functional group for the formation of protein conjugates. These thiols react 
with maleimide derivatives to form thioethers. 

1.2.4. Methods of radiohalogenation 
In this thesis radiohalogenation was done via either electrophilic or 
nucleophilic substitution reactions. The oxidation of a radiohalide ion under 
mild conditions in the presence of a precursor containing a stannylated or 
activated aromatic ring involves the subsequent incorporation of the 
radiohalide cation into the aromatic ring via an electrophilic substitution 
reaction within a reasonable time. The use of nucleophilic radiohalogenation,
such as the substitution of sulfonates, and halogen or isotope exchange, is 
usually slower than electrophilic labeling is, and often requires elevated 
temperatures in order to be accomplished within a reasonable time. For this 
reason, these methods should be reserved for the labeling of thermally stable 
compounds, when electrophilic methods cannot be applied. The eletrophilic 
halogenation of closo-carboranes is a lengthy procedure that requires fairly 
harsh conditions when using non-radioactive halogens. Our attempts to label 
p-carborane using chloramine-T (CAT) were unsuccessful. Therefore the 
radiobromination of carboranes (paper IV) was done via palladium catalyst 
halogen exchange, and in the research for all other papers the 
radiohalogenations were accomplished using electrophilic substitution 
reactions.

1.2.5. DNA-intercalating agents 
DNA-intercalating agents are able to bind, tightly, but reversibly, to DNA by 
inserting (intercalating) a flat, aromatic chromophore between the base pairs. 
The early 1960s saw the introduction of the first widely used anti-cancer 
intercalator, actinomycin D (1), followed in 1965 by daunorubicin (2) and in 
1974 by doxorubicin (3). In 1978, the acridine derivative amsacrine (4)
became the first clinically successful synthetic DNA-intercalating agent 
(Figure 1.2).9
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Figure 1.2. DNA-intercalating agents as anti-cancer drugs 

The DNA-intercalating agents described in this thesis are all derivatives of 
daunorubicin, doxorubicin, and acridine. 

1.2.5.1. The Daunorubicin/doxorubicin molecule 
Daunorubicin (2) and doxorubicin (3) are the most extensively used anthrax-
cycline antitumor antibiotics. Daunorubicin was the first antibiotic of this 
class to show activity against acute leukemia in humans. Doxorubicin 
exhibits antitumor activity against hard tumors, such as breast and lung 
cancers, and is generally known to be more potent than daunorubicin. Pindur 
et al.10 found that daunorubicin (2) intercalates at the terminal CpG sequence 
that the A ring of the tetracyclic system bearing a sugar molecule occupies 
the minor groove, and that the D ring inserts into the major groove (Figure 
1.2). The complex is stabilized by - -stacking and hydrogen bonding. 

1.2.5.2. Acridines 
The 9-aminoacridine derivatives are known to interact with DNA and to 
break DNA strands.11 From X-ray crystallo-
graphic studies it is known that 9-amino-
acridine (Figure 1.3) binds in the minor 
groove, with positions 4 and 5 of the 
acridine ring oriented towards the major 
groove. Substitution at position 2 reduces 
DNA binding, as does having very bulky 
groups in position 3; wheareas large 
substituents at position 4 had essentially no 
effect.12 The DNA-binding capacity is 
increased if the amino group at position 10 
is protonated.13 However, if the amino function at position 9 is removed, the 
DNA-binding capacity is diminished by a factor of up to 6.14 

N
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Figure 1.3: Structure of 9-
aminoacridine
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Figure 1.4: Schematic diagram of a liposome. Figure kindly provided by Göran 
Carlsson, Institute of Physical Chemistry, Uppsala University. 

1.2.7. The two-step targeting method 
The effect of radionuclide therapy can be enchanced if the radionuclide is 
delivered directly to the DNA of the tumor cell. The “two-step targeting” 
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1.2.6. Liposomes  
A liposome is a spherical particle of closed bilayer structure. Its building 
blocks are molecules with one part that preferably dissolves in water (the 
hydrophilic part) and one part that preferably dissolves in a more oil-like 
solvent (the hydrophobic part). These molecules are thus amphiphiles 
(Figure.1.4). Liposomes are thus well suited to function as drug-delivery 
vehicles: hydrophilic agents are usually encapsulated within the aqueous 
core of the vesicles, while lipophilic agents may be integrated into the 
phospholipid layers. 

For weakly acidic or alkaline drug molecules, active loading of the 
liposome can be used. The underlying principle of this technique is that due 
to a pH difference between the inside and outside of the liposome 
membrane, neutral molecules will be shuttled into the liposomal interior, 
where they will become charged. Because charged molecules will have a 
lower diffusion rate across the membrane, the drug molecules will 
effectively be trapped in the liposome.15 Many of the compounds described 
in this thesis will be subjected to this technique.

To prolong the residence time of the liposomes in the blood, liposomes 
need to be stabilized. The most frequently used method for steric 
stabilization is to attach polyethylene glycol (PEG) chains to the surface of 
the liposomes.4 To increase the tumor specificity of liposomes, targeting 
agents such as epidermal growth factor (EGF) or antibodies, can be 
attached.4 Ideally the active substance should then be specifically released at 
the site of infection or disease. 



method ensures the specific delivery of drugs to the cell nucleus. In the first 
step, the EGF-labeled liposome, with encapsulated DNA-intercalating 
compounds containing radionuclides, target the tumor cell receptors, 
followed by internalization and liposomal degradation. In the second step, 
the released toxic drugs accumulate in the cell nucleus so as severely to 
damage the DNA and thereby produce cell death (Figure 1.5).16

Figure 1.5: Schematic representation of 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 internalized and the drug will be released 
into the cell. Figure kindly provided by L. Gedda, Division of Biomedical Radiation 
Sciences, Department of Oncology, Uppsala University. 

1.3. Aims of the study 
The aims of this study are to:  

i. synthesize and radioiodinate a series of DNA-intercalating (acridine, 
daunorubicin, and doxorubicin) derivatives for potential use in 
targeted nucleide therapy.  

ii. investigate the possibility of obtaining radiobrominated closo-
carboranes by subjecting the corresponding iodinated compounds to 
palladium-catalyzed halogen exchange using [76Br]bromide. 

iii. evaluate the chemistry of trastuzumab radiobromination using N-
succinimidyl 5-bromo-3-pyridinecarboxylate, with a view to its 
future use in immunoPET. 

iv. explore the labeling chemistry of the indirect, site-specific 
radiobromination of cysteine-containing Affibody molecules using 
HPEM, and to evaluate the tumor-targeting properties of cysteine-
containing (ZHER2:4)2-Cys, both in vitro and in vivo.
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2. Synthesis and radiolabeling of acridine 
derivatives (papers I and II) 

This section describes the synthesis and radiolabeling (125I) of 9-
aminoacridine derivatives (of the general type 2.1). These compounds are 
benzamides (2.2a, 2.2a*, 2.3a, 2.3a*, 2.2b, and 2.3b), phenols (2.4a, 2.4b,
2.4b*, 2.7a, 2.7b, and 2.7b*), amines (2.5a, 2.5b, 2.5b*, and 2.5c), and 
carboxylic acids (2.6a, 2.6b, 2.6b*, and 2.6c), which are depicted in 
Figure 2.1. 

2.5c:    X = Sn(CH3)3

2.5a:    X = H

2.5b or 2.5b :    X = I or 125I*

NH C

O
X

R = 

OH

X

R = n = 2, O (CH2)2NH2

X

R = n = 3 ,

N

HN (CH2)n R

2.1

*2.6b or 2.6b :    X = I or 125I

2.6a:    X = H

2.6c:    X = Sn(CH3)3

2.4b or  2.4b :    X = I or 125I
2.4a:    X = H

*

O (CH2)2CO2H

X

n = 3 , R = 

*2.7b or 2.7b :    X = I or 125I

2.7a:    X = H

CH

CO2H

CH2 OH

X

R = 

**
n = 3   n = 8   

2.2b                  2.3b                  X = Sn(CH3)3

2.2a or 2.2a 2.3a or  2.3a     X = I or 125

    

Figure 2.1: The structures of 9-aminoacridine derivatives 

The compounds presented in this and the next chapter have been or will be 
investigated for their capacity to bind to DNA and for their suitability for use 
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in active loading to liposomes. They will also undergo biological evaluation 
for possible use in nuclides therapy using the two-step targeting (section 
1.2.7).

2.1. Synthesis

2.1.1. Benzamide derivatives of acridine 
The synthesis of N-[3-(Acridin-9-ylamino)alkyl]-3-iodobenzamides 2.2a and 
2.3a was conducted as outlined in Scheme 2.1. The 9-phenoxyacridine was 
prepared from 9(10H)-acridone via 9-chloroacridine.17,18 However, 
9-Chloroacridine was found to be difficult to handle as it is easily 
hydrolyzed to 9(10H)-acridone. It was therefore not advisable to use it for a 
direct reaction with the diamine. The nucleophilic substitution reaction of 9-
phenoxyacridine with 1,3-diaminopropane and 1,8-diaminooctane afforded 
the products N1-acridin-9-yl-propyl-1, 3-diamine (2.9a) and N1-acridin-9-yl-
octyl-1, 8-diamine (2.9b), respectively. The compounds were treated with 
3M HCl in methanol and provided high yields of the hydrochloride salts, 
2.9a (previously reported as the dihydrogen bromide salt)19 and 2.9b. The 
coupling reaction of 3-iodobenzoyl chloride with amines 2.9a-b provided the 
hydrochloride salts 2.2a and 2.3a at best yields of 88% and 69%, 
respectively. The synthesis of the stannylated compounds, 2.2b and 2.3b, is 
described in section 2.1.3. 

HCl

2.8
N

O

N

HN (CH2)n NH2

N

HN (CH2)n NH C

O
I

2.9a: n=3
2.9b: n=8

i ii

2.2a  HCl : n=3
2.3a  HCl : n=8

Scheme 2.1: i) H2N(CH2)nNH2 (n = 3, 8, respectively), DMF, 100°C ii) 3-iodoben-
zoyl chloride, NaOH, H2O, chloroform.

2.1.2. The phenolic, amine, and carboxylic acid derivatives 
of acridine 

The phenolic (2.4a, 2.4b, 2.7a, 2.7b), amine (2.5a, 2.5b), and carboxylic 
acid (2.6a, 2.6b) derivatives of acridine were synthesized as outlined in 
Scheme 2.2. The 9-phenoxyacridine (2.8) was prepared from 9(10H)-
acridone, as mentioned previously. L-tyrosine reacted with phenoxyacridine 
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in molten phenol to give a 98% yield of compound 2.7a. Similarly, the 
reaction of phenoxyacridine with 3-iodo-L-tyrosine gave a quantitative yield 
of compound 2.7b. The compounds tyramine (2.12a) and iodotyramine 
(2.12b) were reacted with phenoxyacridine in molten phenol at 80oC to 
produce compounds 2.4a and 2.4b, respectively. The amines 2.14a, 2.14b,
2.19a, and 2.19b were reacted with 9-phenoxyacridine in molten phenol to 
give the acridine derivatives 2.10a, 2.10b, 2.11a, and 2.11b, respectively. 
Compounds 2.10a and 2.10b were de-protected with dry HCl in ethylacetate 
to give hydrochlorides of compounds 2.5a and 2.5b. Compounds 2.11a and 
2.11b were subsequently oxidized to the corresponding carboxylic acids, 
2.6a and 2.6b, using Jones reagent.

HN

N

(CH2)2 OH

2.10a: X = H
2.10b: X = I

2.5a: X = H
2.5b: X = I

2.11a: X = H
2.11b: X = I

2.6a: X = H
2.6b: X = I

2.4a 2.4b
2.8
N

O

N

HN (CH2)3 O

X

(CH2)2NHBOC

HN

N

(CH2)2 OH

I

N

HN (CH2)3 O

X

(CH2)3OH

N

HN (CH2)3 O

X

(CH2)2NH2

N

HN (CH2)3 O

X

(CH2)2CO2H

N

HN CH

CO2H

CH2 OH

N

HN CH

CO2H

CH2 OH

I

2.7a

2.7b

i ii

iii iv

v vii

vi viii

2.12a: X = H
2.12b: X = I

HO

X

(CH2)2NH2 H2N (CH2)3 O

X

(CH2)2NHBOC

2.14a: X = H
2.14b: X = I

H2N (CH2)3 O

X

(CH2)3OH

2.19a: X = H
2.19b: X = I

Scheme 2.2: i) L-tyrosine, phenol, 100°C; ii) L-3-Iodotyrosine, phenol, 100°C; iii) 
tyramine, phenol, 80°C; iv) iodotyramine 2.12b, phenol, 80°C. v) 2.14a or 2.14b,
phenol, 80°C; vi) dry HCl in EtOAc, RT; vii) 2.19a or 2.19b, phenol, 80°C; viii) 
CrO3, H2SO4, acetone, 0–10°C 
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The synthesis of compounds 2.14a and 2.14b is outlined in Scheme 2.3. 
Electrophilic monoiodination of commercially available tyramine 2.12a was 
performed using bis(pyridine)-iodonium tetrafluoroborate20 in the presence 
of acid (10% TFA in CH2Cl2), giving a high yield of the known21 o-iodo
derivative, 2.12b. The tyramine derivatives 2.12a and 2.12b were protected 
with a BOC-protecting group using di-tert butyl dicarbonate in basic media, 
to give quantitative yields of compounds 2.13a and 2.13b, respectively. 
Compounds 2.13a and 2.13b were treated with K2CO3 and reacted with N-
(3-bromopropyl)phthalimide to give the di-protected amines 2.15a and 
2.15b, respectively. Selective deprotection22 of the phthalimide part was 
carried out using hydrazine monohydrate to provide good yields of the BOC-
protected amines 2.14a and 2.14b, respectively. 

HO

X

(CH2)2NH2

iv

iii

ii

2.13a: X = H
2.13b: X = I

2.15a: X = H
2.15b: X = I

2.14a: X = H
2.14b: X = I

HO

X

(CH2)2NHBOC

H2N (CH2)3 O

X

(CH2)2NHBOC (CH2)3 O

X

(CH2)2NHBOCN

O

O

i
2.12a: X = H
2.12b: X = I

Scheme 2.3: i) IPy2BF4, 10% TFA/CH2Cl2, RT; ii) (BOC)2O, 10%Et3N/MeOH, 54°C, 
aq. HCl; iii) N-(3-bromopropyl)phthalimide, K2CO3, acetone, reflux; iv) N2H4.H2O, 
MeOH, reflux. 

The synthesis of compounds 2.19a and 2.19b is outlined in Scheme 2.4. 
Commercially available 3-(4-hydroxy-phenyl) propionic acid was converted 
to its corresponding ethyl-ester by acid-catalyzed esterification. The 
resulting ester was reduced using lithium aluminium hydride, providing a 
high yield of the phenoxypropanol 2.17a. Iodination of 2.17a was carried out 
with iodine and silver sulfate at room temperature, to give the iodo 
derivative 2.17b at a good conversion yield. The phenoxy propanols 2.17a
and 2.17b were reacted with N-(3-bromopropyl)phthalimide in the presence 
of K2CO3 to provide good to excellent yields of the protected amino 
compounds 2.18a and 2.18b, respectively. Removal of the phthalimide 
group was achieved by refluxing hydrazine monohydrate to afford the 
amines 2.19a and 2.19b.
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HO (CH2)2CO2H
i,ii

2.19a: X = H
2.19b: X = I

2.18a: X = H
2.18b: X = I

2.16 2.17a: X = H
2.17b: X = I

HO

X

(CH2)3OH

H2N (CH2)3 O

X

(CH2)3OH (CH2)3 O

X

(CH2)3OHN

O

O

iii

iv

v

Scheme 2.4: i) Ethanol, H2SO4, ; ii) LiAlH4, THF,  iii) I2/Ag2SO4, CH2Cl2, RT; 
iv) K2CO3, N-(3-bromopropyl)phthalimide, acetone, ; v) N2H4·H2O, methanol, .

2.1.3. Stannylated acridine derivatives 
The synthesis of stannylated compounds (2.2b, 2.3b, 2.5c, and 2.6c) is 
outlined in Scheme 2.5. By using a palladium(0)-catalyzed cross-coupling 
reaction,23 the iodo-derivatives 2.2a, 2.3a, 2.5b, and 2.6b were converted to 
good yields of the corresponding trimethylstannyl compounds, 2.2b, 2.3b,
2.5c, and 2.6c in good yield. These compounds were used as precursors for 
radiolabeling (Scheme 2.6). For the compounds 2.2b and 2.3b, two isomers 
with small differences in retention times were isolated using 
chromatography. The main difference between the 1H NMR spectra of the 
two isomers was the chemical shift of the NH proton of the 9-aminoacridine 
parts.

N

HN (CH2)n NH C

O
Sn(CH3)3

2.2b: n=3
2.3b: n=8

N

HN (CH2)3 O

(CH3)3Sn

(CH2)2NH2

N

HN (CH2)3 O

(CH3)3Sn

(CH2)2CO2H

2.5c

2.6c

i

2.2a  : n=3

2.3a  : n=8

2.5b

2.6b

Scheme 2.5: i) Sn2Me6, Pd(PPh3)4, DMF. 

2.2. Radiolabeling of acridine derivatives 
Radioiodination of trimethyltin precursors (2.2b, 2.3b, 2.5c, and 2.6c) and 
phenolic sustituents (2.4a and 2.7a) with 125I was performed using the CAT 
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method (Schemes 2.6). Na125I was oxidized by CAT in the presence of the 
precursor to be labeled, with the subsequent incorporation of [125I] iodide via 
iododestannlation or in the phenolic ring of the compound at the ortho to the 
hydroxyl group. Excess CAT is reduced by the addition of a reducing agent 
(sodium metabisulfite, Na2S2O5), and free iodine is reduced to iodide. 

Radioiodination via
iododestannylation

N

HN (CH2)3 O

125I

(CH2)2CO2H

N

HN (CH2)n NH C

O
I125

N

HN (CH2)3 O

125I

(CH2)2NH2

i

*2.6b

2.5b*

*
*

2.2a : n=3
2.3a : n=8

2.2b: n=3

2.3b: n=8

2.5c

2.6c

i

*2.7b

Radioiodination using
the phenolic ring

N

HN CH

CO2H

CH2 OH

I125*2.4b

HN

N

(CH2)2 OH

I125I

2.4a

2.7a

Scheme 2.6: i) a. Chloramine-T, Na125I; b. NaS2O5.

The major isomers of 2.2b and 2.3b were used for the labeling 
experiments. Compound 2.3b was used in the experiments to find the 
optimal labeling conditions with regard to the amounts of substrate and 
oxidant as well as incubation time. 

The optimal conditions were found to be 35 g of compound 2.3b, 5 L
of CAT solution (1 mg/mL MeOH), and an incubation time of 5 min. A 
representative example of a radiochromatogram is given in Figure 2.2. 
Sodium iodide (NaI) was added as a carrier for the stabilization of Na125I
against oxidation during chromatography. 

The radiochromatogram (Figure 2.2) shows a small peak, peak 1, at the 
start position. This is presumably oxidized iodine, whereas peak 2 is 125I-
iodide stabilized with NaI. Two more peaks are seen: peak 3 has the same Rf

value as does compound 2.3a, and is thus associated with the labeled 
compound. The size of peak 4 depends on the amount of CAT used in the 
reaction. The percentage of radioactivity associated with this peak increased 
as the amount of CAT increased, but completely disappeared when the final 
optimized labeling conditions were used. The identity of the compound, 
however, was not examined.  
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Figure 2.2: Radiochromatogram of a typical radioiodination with 2.3b.

The radiochemical yields obtained using 2.3b, under different reaction 
conditions, are seen in Figure 2.3. The yield strongly depends on the 
incubation time and reached a plateau at an incubation time of 5 minutes 
(Figure 2.3a).  

This result differs from previous research into the iodination of proteins 
using CAT, which found that high yields were obtained as soon as 30 s after 
the addition of CAT.24 The radiochemical yield dramatically decreased as 
the amount of acridine decreased (Figure 2.3b).  

Figure 2.3: Dependence of radiochemical yields of 2.3a* on different reaction 
conditions. Experiments were performed in duplicate. Total volume of reaction 
mixture was 70 L. a) 2.3b—35 g, CAT—5 g.; b) CAT—5 g, time—5 min. 

The best yields, up to 92%, were obtained with a reaction mixture 
containing at least 35 g (0.06 mol) of acridine. This amount of substrate is 
larger than that usually required for the direct iodination of proteins; for 
example, even small amounts of EGF can be labeled efficiently with 
iodine—i.e., as little as 5 g of EGF (0.001 mol).25 The dependence of 
labeling yield on the amount of CAT is given in Figure 2.4. 

The best yields were achieved using 1–5 g of CAT (0.045–0.2 mol), 
which corresponds with up to a 1:1 molar ratio of CAT to acridine precursor. 
In comparison, we note that the ratio for labeling EGF was 110:1. Further 
increases in the amount of CAT decreased the yield of the desired product 
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and increased the amount of the labeled by-product. This suggests that the 
peak 4 in the radio TLC is associated with products of acridine oxidation 
with CAT. Under optimal labeling conditions the yield of this by-product 
was reduced to zero. 

CAT dependence
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Figure 2.4: Dependence of radiochemical yields of 2.3a* on amount of CAT. 
Experiments were performed in duplicate. Total volume of reaction mixture was 70 

L, 2.3b—35 g, time—5 min. 

After optimization of the labeling protocol, compounds 2.2b and 2.3b
were labeled with 125I and the reaction products were separated with 
SepPak  Plus cartridges (5 mL of Elga  water, 2  5 mL of methanol). The 
isolated radiochemical yields of the reaction were 54% for 2.2a* and 75% 
for 2.3a*. Compounds 2.4a, 2.5c, 2.6c, and 2.7a were labeled with 125I using 
the CAT method. All parameters were optimized using the same method as 
was used for the tin compounds. Good to excellent radiochemical yields of 
the 125I-labeled compounds were obtained in a 5-minute reaction time 
according to the radio-TLC analysis. Blank experiments were performed 
under exactly the same conditions, except that neat methanol/1% acetic acid 
in methanol was used instead of the acridine derivatives. Rf values for the 
labeled compounds were consistent with the non-radioactive analogues. The 
radiochemical yields of the labeled compounds are summarized in Table 2.1. 

Table 2.1: Radioiodinated yield of acridine derivatives using CAT as oxidant, 5.0 l
aqueous 125I-solution (3.7 GBq/ml), and 5-minute reaction time

Entry Substrate 
(mg/ml) 

CAT
(mg/ml) 

Radio-iodinated 
acridine derivatives 

Yield (%) 

1 2.4a (1) 8 2.4b* 68  0.5 

2 2.5c (0.5) 1 2.5b* 92  0.3 

3 2.5c (2) 8 2.5b* 96  0.4 

4 2.6c (1) 1 2.6b* 70  0.5 

5 2.7a (1.4) 2 2.7b* 96  0.6 
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In conclusion, the target compounds, i.e., DNA-intercalating derivatives, 
were able to be synthesized and radiolabeled at good to excellent yields.  

The benzamide derivative 2.2a*was the subject of DNA-binding studies 
in vitro. These studies showed that the compound bind specifically to DNA. 
The compound were able to displace acridine orange in competition studies.  
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3. The synthesis and radiolabeling of 
Daunorubicin and Doxorubicin derivatives 
(paper III) 

3.1. Introduction
Daunorubicin and doxorubicin (For structure see Figure 1.2) are efficient 
cancer treatment agents. Their clinical efficacy is, however, hampered by 
their indiscriminant toxicity. The generation of free radicals following 
microsomal or chemical activation of the quinone moiety of the 
anthracyclines is believed to contribute to either their cytotoxicity or 
cardiotoxicity.26 The mechanism of the antibiotic action of these molecules 
is related to their ability to intercalate between adjacent base pairs causing 
topoisomerase II inhibition, which leads to the production of hydroxyl free 
radicals that are toxic to both normal and tumor cells.27 The problems that 
limit the clinical efficacy of these agents are their cardiotoxicity and multi-
drug resisitance.28 One approach that may improve the therapeutic ability of 
these molecules is to target them specifically to the cancer cells.29

This section describes the synthesis and radioiodination of the esters 
3.3-3.5 (Scheme 3.1), the amides 3.7-3.9 and 3.12-3.14 (Scheme 3.2; 3.3), 
and the amines 3.17-3.22 all derived from daunorubicin or doxorubicin. 

3.2. Synthesis

3.2.1. Esters
The synthesis of esters 3.3–3.5 is outlined in Scheme 3.1. Bromination of 
hydrochloride of daunorubicin (3.1) using bromine in the presence of 
trimethylorthoformate, as described in the literature30, gave 14-bromo-13-
dimethyl acetal of daunorubicin, which upon being stirred in acetone 
provided 14-bromodaunorubicin (3.2). The respective compounds 3-
iodobenzoic acids and 3-trimethylstannyl benzoic acid (3.6) were reacted 
with the compound 3.2 in the presence of potassium carbonate to give good 
yields of the esters 3.3 and 3.4. The Stille coupling reaction of 3-iodobenzoic 
acid and hexamethylditin using a palladium (II) catalyst provided an 88% 
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conversion to the corresponding stannyl compound, 3.6, as described in the 
literature.31

The radioiodination procedures for the compounds (esters, amides, and 
amines) are described in section 3.3. 
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Scheme 3.1: i) a. CH(OMe)3, MeOH/Dioxane (1:2), RT; b. Br2/CHCl3, 30°C, c. 
Acetone, RT; ii) 3-iodobenzoic acid, K2CO3, RT; and iii) compound 3.6, K2CO3, RT; 
iv) a. Na125I, 3% AcOH/MeOH, CAT; b. Na2S2O5

3.2.2. Amides
The synthesis of amides 3.7–3.9 is outlined in Scheme 3.2. The activated 
compounds, 3.10 and 3.11, were reacted with daunorubicin hydrochloride in 
the presence of an excess of triethylamine in DMF to give 74% and 86% 
yields of 3’-N-4-iodobenzoyldaunorubicin, 3.7 (previously reported by 
Sosabowski et al. in a conference abstract32), and 3’-N-4-tri-methylstannyl-
benzoyl-daunorubicin, 3.8, respectively. The compounds 4-iodobenzoic acid 
and 4-(trimethylstannyl)benzoic acid were reacted with di-(N-succinimidyl) 
carbonate in pyridine to yield the corresponding N-succinimidyl-derivatives 
(3.10 and 3.11, respectively), as described in the literature. 
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Scheme 3.2: i) For 3.7, compound 3.10, triethylamine, RT, 1.5 h, and for 3.8,
compound 3.11, triethylamine, RT, 1.5 h.; and ii) a. Na125I, 1% AcOH/MeOH, CAT; 
b. Na2S2O5.

The synthesis of the amides 3.12–3.14 is outlined in Scheme 3.3. N-
succinimidyl 5-(trimethylstannyl)nicotinic acid (3.16) was reacted with 
daunorubicin hydrochloride using the same procedure as was used for 3.8.
The crude product was purified by column chromatography to give a 72% 
yield of compound 3.12.
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Scheme 3.3: i) Compound 3.16, triethylamine, RT, 1.5 h.; ii) a. for 3.13, NaI, CAT; 
Na2S2O5, RT, 13 min, and b. for 3.14, Na125I, 1% AcOH/MeOH, CAT; Na2S2O5.
iii) Pd(PPh3)2Cl2, Sn2Me6, 1,4-dioxane. 

The stannylated precursor was iodinated using NaI in 1% acetic 
acid/methanol, and CAT was used as an oxidant to produce a 77% yield of 
3.13. The previously known compound, N-succinimidyl 5-bromo-nicotinic 
acid (3.15)33, was synthesized using the same procedure as was used for 
3.10, except that 5-bromo-nicotinic acid was used as the starting material. A 
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low yield of the activated stannylated ester 3.1633 was obtained from 3.15
using the same method as was described for the preparation of 3.11.

3.2.3. Amines
The synthesis of amines 3.17–3.22 is outlined in Scheme 3.4. Compound 
3.19 was prepared by the reductive amination of 4-hydroxybenzaldehyde 
with daunorubicin hydrochloride using sodium cyanoborohydride. The 
reaction was very slow and thus required more than one equivalent of the 
reagents. Two major fractions were isolated; these were found to be 
compounds 3.19 and 3.21 (as a mixture of two diastereomers), compound 
3.21 being the major product which was formed from the reduction of the 
carbonyl functional group at position 13, due to the excess sodium 
cyanoborohydride. 
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Scheme 3.4: i) Aldehyde 3.23, MeCN:H2O (2:1), 1 M solution NaBH3CN/THF, RT; 
ii) 4-Hydroxybenzaldehyde, MeCN:H2O (2:1), 1 M solution NaBH3CN/THF, RT; 
iii) a. Na125I, MeOH, CAT, b. Na2S2O5, iv) I2, Ag2SO4, CH2Cl2, RT. 

Compounds 3.17 and 3.18 (as a mixture of two diastereomers), were 
prepared from 4-hydroxy-3-iodobenzaldehyde (3.23) and daunorubicin 
hydrochloride, using a procedure similar to that used for compounds 3.19
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and 3.21. Similarly, compound 3.18 was the major product. Commercially 
available 4-Hydroxybenzaldehyde was iodinated with I2 /Ag2SO4. The 
reaction afforded a moderate yield of the monoiodo derivative, 3.23.34

3.3. Radioiodination of daunorubicin and doxorubicin 
derivatives

The ester and amide derivatives were radioiodinated via iododestannylation, 
while the amine derivatives were directly radioiodinated, at the ortho 
position, to the hydroxyl group. The various parameters, such as amount of 
substrate, amount of oxidant, and reaction time, were investigated to 
determine their effect on labeling efficiency. Compound 3.21 was taken as a 
model. It was found that the radiochemical yield is dependent on the oxidant 
(CAT) concentration, substrate, and reaction time. 

Figure 3.1a displays a typical TLC radiochromatogram of [125I] iodide 
radioiodination of the compound, 3.8, using the final optimized reaction 
conditions. The optimized conditions were found to be 80 g of compound 
3.8 in 40 l of 1% acetic acid in methanol solution, 5 l of [125I]iodide 
solution (3.7GBq/mL), and 10 l of CAT solution (8 mg/mL in methanol). 
From the TLC analysis, peak 2 (Rf = 0.8) was found to have the same 
retention factor as did the non-radioactive iodinated reference compound 3.7,
and is thus associated with the labeled compound 3.9. A blank experiment 
(Figure 3.1b) was performed using exactly the same conditions, except that a 
neat methanol solution was used instead of the substrate dauno-
rubicin/doxorubicin derivatives. 

Figure 3.1: a) Typical TLC chromatogram of compound 3.9 using the general 
labeling procedure. Peak 1 corresponds to 125I stabilized with carrier NaI (Rf = 0.3), 
and peak 2 has the same retention factor (Rf = 0.8) as did the iodinated non-
radioactive reference 3.7, thus corresponding to radiolabeled compound 3.9. b) 
Typical TLC radiochromatogram of a blank experiment. 

Finally the precursor compounds 3.4, 3.8, 3.12, and 3.19 were subject to 
the reaction conditions optimized for compound 3.21 (Table 3.1). The Rf
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values for the non-radiolabeled compounds were used for comparison and 
were found to be the same as those of their radiolabeled analogues. 

Table 3.1: Radioiodination yield of daunorubicin/doxorubicin derivatives 

Entry Radioiodinated 
compounds 

Time (min) Yield (%) 

1 3.5 5 85  0.2 

2 3.9 5 95  0.2 

3 3.14 5 91  0.8 

4 3.20 5 53  1.2 

5 3.22 5 72  1.6 

Further improvement of the labeling of the stannylated precursors was 
associated with acidification of the reaction media using 1% acetic acid in 
methanol. The other compounds were also subject to the same reaction 
conditions to determine the effect of acidity on radiochemical yield; acidity 
was found to have very little effect in this regard on the non-stannylated 
precursors.

In conclusion, a series of daunorubicin and doxorubicin derivatives were 
synthesized and labeled with 125I using the chloramine-T (CAT) method. The 
reaction achieved high to excellent labeling yield of the corresponding [125I]-
iodinated products. In a preliminary experiment, two of these compounds 
(3.19 and 3.21) were able to be loaded to stabilized liposomes and were 
found to be taken up by the permeabilized cell, all the way to the cell 
nucleus.
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4. Radiobromination of closo-carboranes
using palladium-catalyzed halogen 
exchange (paper IV) 

4.1. Introduction

The development of mild methods for the radiohalogenation of polyhedral 
boron compounds (PBCs) is of great interest in connection with their 
applications in biomedicine.35,36 Derivatives of carboranes and of carborate 
anions are frequently proposed for use in boron neutron capture therapy 
(BNCT) for cancer.37,38 The radiolabeling of carboranes with a positron-
emitting nuclide is an attractive approach for pharmacokinetic studies, due to 
the lack of a suitable radioactive isotope of boron and to the fact that the 
only appropriate carbon isotope would be 11C, the half-life of which (only 
20.3 min) is too short for some applications. The first radiolabeling of 
carboranes using radiohalogens was reported by Stanko and Iroshnikova in 
1970.39 A number of o-, m-, and p-closo-carboranes were radiolabeled with 
131I by means of an isotopic exchange reaction, starting from the cold-
iodinated analogue and using iron (II) sulphate as a catalyst. A palladium-
catalyzed halogen exchange reaction using non-radioactive substances has 
previously been reported by Marshall and Grushin,40 and our group recently 
reported the first palladium-catalyzed radioiodination of p-carborane, using 
an isotopic exchange reaction.41 The labeling protocol used in Ref. 41 was 
later improved to give a milder and faster method for the radioiodination of 
carboranes; in this method the Herrmann’s palladacycle catalyst, HC (Figure 
4.1), was used with toluene as a reaction medium.42

76Br is a possible radionuclide for PET studies. This nuclide has a half-life 
of 16.2 hours and emits 54% positrons per decay, properties that are well 
suited for labeling. In the study reported in this paper, the iodinated closo-
carboranes 4.1–4.4 were subjected to palladium-catalyzed halogen exchange 
using [76Br]bromide in order to investigate the possibility to obtain the 
corresponding radiobrominated compounds 4.5-4.8 (Figure 4.1). 
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By using 2-iodo-p-carborane as a model substance, we have optimized the 
conditions for palladium-catalyzed halogen ([76Br]Br-) exchange reaction. 
The mechanism for the exchange reaction is most likely similar to that of the 
Suzuki-Miyaura reaction and other catalyzed cross-couplings, which 
includes oxidative addition, trans-metalation/ligand exchange, and reductive 
elimination as key steps (Scheme 4.1). 
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Scheme 4.1: Plausible mechanism for the palladium-catalyzed isotopic exchange 
reaction, using [76Br]bromine. 

Our results from the initial trials, using the same conditions as were used 
in our earlier study42, namely 0.1 mg/mL 2-iodo-p-carborane (4.4) and a 5 
mol% load of HC in 200 ml of toluene for 10 minutes, was far from 
acceptable (> 20% radiochemical yield). By prolonging the reaction time we 
were able to increase the radiochemical yield to 65% after 60 minutes. The 
temperature dependence of the reaction was also examined, and we found 
that increasing the temperature to 110 C increased the radiochemical yield to 
80%. By varying the reaction time at this increased reaction temperature we 
observed that a decrease in reaction time to 40 minutes, gave approximately 
the same yield as was produced in 60 minutes. The influence of the 
concentration of 2-iodo-p-carborane (4.4) on the radiochemical yield was 
examined. Different concentrations were compared to the initial 
concentration of 0.1 mg/mL (37 mol/mL) (40 minutes, 5 mol% HC at 
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110 C). It was found that using a concentration of 0.025 mg/mL greatly 
decreased the outcome of the reaction, resulting in a yield of just 22%. Using 
a concentration of 0.05 mg/mL was comparable to the standard load, giving 
a 78% yield. However, increasing the concentration of 4.4 to 0.2 mg/mL, 
increased the radiochemical yield to 92%. In order to optimize the catalyst 
concentration, the effect of varying the HC concentration was investigated. 
Neither an increase nor a decrease in HC concentration had any impact on 
the outcome. 

To investigate the range of applicability of the proposed procedure, 3-I-o-
carborane (4.1), 9-I-o-carborane (4.2), and 9-I-m-carborane (4.3) were also 
subjected to this optimized reaction conditions (Table 4.1). The Rf values for 
the non-radiolabeled bromo-carboranes were used for comparison, and were 
the same as those of their radiolabeled analogues. 

Table 4.1: Radiochemical yield for the bromo-carboranes (4.5–4.8) using the 
Herrmann’s palladacycle catalyst (HC). 

Entry Carborane Yield (%) 

1 2-[76Br]Br-p-carborane  (4.8) 92 ± 0.5 

2 3-[76Br]Br-o-carborane  (4.5) 99 ± 0.1 

3 9-[76Br]Br-o-carborane  (4.6) 100 ± 0 

4 9-[76Br]Br-m-carborane  (4.7) 64 ± 2.5 

Radiolabeling to form the two bromo-o-carboranes (4.5 and 4.6)
proceeded smoothly and achieved excellent yields (entries 2 and 3), 
exceeding that of the p-compound 4.8 (entry 1). The m-compound (4.7)
(entry 4) was not produced at the same radiochemical yield as were the three 
other isomers.  

In conclusion, by reacting iodinated carboranes with [76Br]bromide in the 
presence of Herrmann’s catalyst, we have demonstrated the feasibility of 
radiobrominating carboranes. Via the halogen exchange reaction we have 
obtained excellent radiolabeled yields of 2-[76Br]bromo-p-carborane (4.8), 3-
[76Br]bromo-o-carborane (4.5), and 9-[76Br]bromo-o-carborane (4.6), as well 
as good  radiolabeled yields of 9-[76Br]bromo-m-carborane (4.7). The results 
of the present study may prove to be applicable to pharmacokinetic studies 
of carboranes and their derivatives. 
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5. Radiobromination of anti-HER2 
monoclonal antibody and of Affibody 
(papers V and VI)

5.1. Radiobromination of humanized anti-HER2 
monoclonal antibody trastuzumab using N-succin-
imidyl 5-bromo-3-pyridinecarboxylate, a potential 
label for immunoPET (paper V) 

One of the major obstacles to the use of 76Br-PET for radio-
immunodiagnostics (See 1.2.2 Radioactive halogens) is that of poor 
cellular retention combined with poor whole-body excretion of bromide. 
When an antibody is directly labeled in tyrosine residues, the main ultimate 
radiocatabolite is bromide. This ion is poorly excreted from the body and is 
distributed throughout the body’s extracellular space, which decreases 
imaging contrast. Poor intracellular retention of the bromide label also 
creates diagnostic problems. The reason for the poor intracellular retention 
of radiohalogens is the leakage of radiocatabolites after the degradation of 
radioimmunoconjugate in lysosomes. An improvement in retention can be 
expected if the radiohalogen is coupled to the MAb via linkers that cannot 
diffuse through the lysosomal and cellular lipid membranes. The use of a 
halogen linker (N-succinimidyl 5-bromo-3-pyridinecarboxylate) that is 
positively charged at lysosomal pH may solve the problem of poor cellular 
retention of bromide, and improve its clearance from extracellular space.43

Our previous experience44,45 with the radiobromination of (4 isothiocyanato-
benzyl-ammonio)-undecahydro-closo-dodecaborate (DABI) and of a p-
isothiocyanatobenzene derivative of the dodecahydro-7,8-dicarba-nido-
undecaborate(1-) ion (NBI) suggests that the use of an aqueous medium for 
precursor labeling and a “one-pot” labeling approach, excluding intermediate 
purifications, can considerably simplify the labeling procedure and improve 
yields. This prompted us to reevaluate the labeling chemistry; here we 
describe the radiobromination of trastuzumab using N-succinimidyl 5 
bromo-3-pyridinecarboxylate. 
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5.1.1. Synthesis
The synthesis of N-succinimidyl 5-(tri-n-butylstanyl)-3-pyrinecarboxylate 
(5.1) and N-succinimidyl 5-bromo-nicotinic acid (5.4) is outlined in Scheme 
5.1. Compound (5.1) was prepared according to the procedure described by 
(Garg et al. 199146), while the synthesis of compound (5.4) is described in 
section 3.2.2. 
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Scheme 5.1: i) di(N-succinimidyl)carbonate (DSC), Pyridine, MeCN, N2, 60°C; ii) 
76Br-, CAT, MeOH/HOAc, RT; iii) MAb-NH2, pH 9.3. 

5.1.2. Radiobromination of N-succinimidyl 5-(tributyl-
stannyl)-3-pyridinecarboxylate (5.1) 

The precursor molecule 5.1 was radiobrominated using CAT as an oxidant 
(Scheme 5.1). Labeling yield dependence on the amount of added CAT and 

succinimidyl 5-(tributylstannyl)-3-pyridinecarboxylate as well as on the 
reaction time was determined by varying one parameter at a time. A total 
volume of 38 l was used in all labeling experiments. 

Analysis of the reaction mixture after radiobromination typically revealed 
three radioactive products having the same Rf as did the non-radioactive 
standards of bromonicotinic acid (peak 1, Rf = 0.1), bromide (peak 2, Rf = 
0.3), and [*Br] succinimidyl 5-bromo-3-pyridinecarboxylate (peak 3, Rf = 
0.8). Peak 2 had the same Rf as did the peak of radioactive bromide, and it 
was the only peak that appeared in radiochromatograms in blank 
experiments (Figure 5.1b), i.e., experiments that included all manipulations 
performed for labeling, but with the addition of neat solvents instead of a 
solution of CAT or succinimidyl 5-(tributylstannyl)-3-pyridine-
carboxylate. On the contrary, peaks 1 and 3 never appeared in blank 
experiments, and their formation was associated with the treatment of 
radiobromide with an oxidant in the presence of succinimidyl 5-
(tributylstannyl)-3-pyridinecarboxylate (Figure 5.1a). All this gives us good 
reason to assume that peak 1 represents [*Br] bromonicotinic acid, peak 2 
radiobromide, and peak 3 [*Br] succinimidyl 5-bromo-3-pyridine-
carboxylate.
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Figure 5.1: Typical radio-TLC chromatogram of the reaction mixture system: silica 
coated plate, acetonitril as eluent. a) Peak 1 (Rf = 0.1) [*Br] bromonicotinic acid, 
peak 3 (Rf = 0.8) [*Br] succinimidyl 5-bromo-3-pyridinecarboxylate. b) Peak 2 
(Rf = 0.3) bromide. 

The dependence of succinimidyl 5-(tributylstannyl)-3-pyridinecarbo- 
xylate radiobromination yield on reaction time is presented in Figure 5.2. 
Radiobromination appeared to be rapid, and the maximum yield, 67 ± 2%, 
was achieved within 1 minute. With this amount of oxidant, which enabled 
the secure oxidation of radiobromide, essentially all the bromide was 
consumed, and the only byproduct was [*Br] bromonicotinic acid. 
Increasing the reaction time beyond 1 minute did not increase the formation 
of [*Br] succinimidyl 5-bromo-3-pyridinecarboxylate, but made labeling 
less reproducible due to poorly controlled hydrolysis of the product and the 
formation of [*Br] bromonicotinic acid. 
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Figure 5.2: Dependence of succinimidyl 5-(tributylstannyl)-3-pyridinecarboxy-
late bromination yield on the reaction time. Other conditions were: CAT, 80 g; 

succinimidyl 5-(tributylstannyl)-3-pyridinecarboxylate, 10 g. Total volume in 
each experiment was 38 l.

The dependence of succinimidyl 5-(tributylstannyl)-3-pyridine-
carboxylate bromination yield on the amount of substrate is reflected in 
Figure 5.3. The plateau value, 68.5 ± 0.8%, was achieved in this series of 
experiments with a substrate amount of 5 g (9.5 nmol). Above this amount 

a) b) 
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of substrate, a major product, besides [*Br] succinimidyl 5-bromo-3-
pyridinecarboxylate, was [*Br] bromonicotinic acid. Non-reacted bromide 
always accounted for less than 5% of total radioactivity. When less substrate 
was used (1 g, 1.9 nmol), the labeling yield decreased to 25.3 ± 2.3%, 
mainly due to the increased amount of free, unreacted radiobromide. 
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Figure 5.3: Dependence of succinimidyl 5-(tributylstannyl)-3-pyridinecarboxy-
late bromination yield on the amount of succinimidyl 5-(tributylstannyl)-3-
pyridinecarboxylate. Other conditions were: CAT, 20 g; reaction time, 1 minute. 
Total volume in each experiment was 38 l.

The influence of the amount of CAT on labeling yield is depicted in 
Figure 5.4 (note logarithmic scale on the x-axis). Plateau (69.8 ± 1.6%) in 
this dependence was reached when 2 g CAT was used. The use of 1 g led 
to a noticeable decrease in the yield to 52.4 ± 1.3%, accompanied by an 
increased fraction of free radiobromide. No radiobromodestannylation 
occurred when the CAT amount was 0.4 g or less, and all radioactivity 
occurred in the bromide chemical form. 
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Figure 5.4: Dependence of succinimidyl 5-(tributylstannyl)-3-pyridinecarboxy-
late bromination yield on the amount of CAT. Other conditions were: 

succinimidyl 5-(tributylstannyl)-3-pyridinecarboxylate, 10 g; reaction time, 2 
minutes. Total volume in each experiment was 38 l.
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5.1.3. Coupling of [*Br] N-succinimidyl 5-bromo-3-
pyridinecarboxylate (5.2) to trastuzumab 

The [*Br] succinimidyl 5-bromo-3-pyridinecarboxylate was coupled to 
trastuzumab in 0.07 M borate buffer, pH 9.3, at room temperature and with 
two different concentrations of MAb. The time course of this reaction is 
shown in Figure 5.5. The coupling was rapid, the plateau being reached 
within first 10 minutes of incubation, and extending the coupling time did 
not increase overall yield. The coupling had a pronounced dependence on 
the concentration of trastuzumab. Based on the data concerning the 
radiobromination of succinimidyl 5-(tributylstannyl)-3-pyridinecarboxy-
late in these reactions (68%), coupling efficiency was determined to be about 
67% with 300 g of antibody and about 30% with 100 g.
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Figure 5.5: Coupling of [*Br] N-succinimidyl 5-bromo-3-pyridinecarboxylate to 
trastuzumab in 0.07 M borate buffer, pH 9.3, at room temperature. Data are 
presented as mean values of the results of two experiments ± maximum errors. Other 
conditions were: amount of substrate (5.1), 9.5 nmol; labeling yield of the first step, 
67%; overall volume, 88 l.

5.1.4. Stability and cell test 
The labeled antibody was stable in high ionic strength solutions, as well as 
during challenge with a large amount of non-radioactive bromide for the 
duration of the testing period (i.e., 1.5 h). Under physiological conditions, 
imitated by incubation in blood serum at 37°C, the label was stable for at 
least 72 hours, corresponding to more than four half-lives of the label. The 
specific binding of radiobrominated trastuzumab to HER2-expressing cells 
was further investigated, and results of the test demonstrated the specific 
binding of MAb to antigen-expressing cells. 
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In conclusion, we applied: 
“one-pot” indirect labeling of trastuzumab without intermediate 
purification,

aqueous media throughout the labeling, while the use of lipophilic 
solvents was minimized, 

the minimum amount of the precursor in order to minimize the 
modification of the trastuzumab to be labeled, and 

no heating and a short reaction time. 

The method provides overall labeling efficiency of 45.5 ± 1.2%, similar to 
the efficiency of the indirect iodination and astatination of antibodies using 
N-succinimidyl 5-halo-3-pyridinecarboxylates. Application of this method 
with 76Br might enable the use of PET for the detection of HER2 expression 
in breast, ovarian, and urinary bladder carcinomas. 

5.2. Evaluation of (4-hydroxyphenyl)ethyl)maleimide 
(HPEM) for site-specific radiobromination of anti-
HER2 affibody (paper VI) 

One variant of phage display proteins, termed Affibody molecules47,48, uses 
the domain scaffold of the immunoglobulin-binding Staphylococcal receptor 
protein A. This 58-amino-acid-long cysteine-free protein provides a robust 
framework, independent of disulfide bonds in its folding. The small size 
(about 7 kDa in monomeric and about 15 kDa in dimeric form) of Affibody 
molecules enables rapid blood clearance and good tumor penetration. 
Randomization of 13 solvent-accessible surface residues of the protein A 
domain was used to create a library containing about 109 members, enabling 
the isolation of high-affinity ligands for virtually any tumor-associated 
protein target. The selection of the Affibody ZHER2:4, which binds with high 
specificity to the HER2/neu receptor, was recently reported.49.

The site-specific labeling of tumor-targeting proteins is an attractive 
approach, as it provides well-defined conjugates. With this approach, a label 
can be placed some distance from the binding site of the Affibody molecule, 
thus not interfering with recognition of the target structure. Introducing a 
cysteine appends a unique, reactive thiol group to the Affibody molecule, 
enabling such site-specific labeling. However, a linker molecule is required 
for the attachment of radiohalogen to a cysteine-containing Affibody 
molecule. Such a linker molecule should be bifunctional, i.e., contain one 
part that can be easily and stably radiohalogenated, and another part that can 
be quickly and stably attached to the SH group. A maleimide derivative of 
tyramine, (4-hydroxyphenyl)ethyl)maleimide (HPEM) (5.7a) (Scheme 5.2), 
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was selected as a bifunctional linker for attaching radiobromine to the 
cysteine-containing Affibody in a “one-pot” procedure. Use of HPEM for 
the radioiodination of radioimmunoconjugates was reported in a conference 
abstract50 but no details concerning its synthesis or characterization were 
provided. 

5.2.1. Synthesis
The synthesis of HPEM (5.7a) and of the chromatography standard 1-[2-(3-
bromo-4-hydroxyphenyl)ethyl]-1H-pyrrole-2,5-dione ( 5.7b) was carried out 
as outlined in Scheme 5.2. Electrophilic bromination of commercially 
available tyramine (5.5a) with bromine in carbon tetrachloride in the 
presence of acetic acid produced bromide (5.5b), along with the dibromide, 
(4-(2-aminoethyl)-2,6-dibromophenol). Compound 5.5b (yield 41%) was 
isolated by Reversed-Phase-HPLC (RP-HPLC). Tyramine (5.5a) and 4-(2-
aminoethyl)-2-bromophenol) (5.5b) were reacted with maleic anhydride in 
dry tetrahydrofurane (THF) above room temperature (RT). The crude 
product was purified using column chromatography to give a 66% yield of 
compound 5.6a. Compound 5.6b (yield 46%) was isolated using RP-HPLC. 
The aryl acetates, 5.6a and 5.6b, were converted to the corresponding 
phenols, 5.7a and 5.7b, respectively, by means of methanolysis in the 
presence of Amberlyst-15, using the methodology described by Das et al.51

(2003). After completion of the reaction, Amberlyst-15 was easily removed 
from the reaction mixture by filtration to give a high yield of the parent 
phenols.

HO (CH2)2NH2

5.7a:   X = H
5.7b: X = Br

5.6a: X = H
5.6b: X = Br

5.5b: X = Br
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ii

Scheme 5.2: i) Br2, AcOH, RT; ii) Maleic anhydride, Acetic anhydride, KOAc, THF; 
iii) Amberlyst-15, MeOH. 

5.2.2. Radiobromination of HPEM (5.7a) 
The precursor molecule (5.7a) was radiobrominated using CAT as an 
oxidant (Scheme 5.3). An initial series of experiments was performed using 
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0.1% acetic acid in water, 0.1 M acetate buffer (pH 6.0), 0.1 M citrate-
phosphate buffer (pH 6.8), 1% acetic acid in methanol, and 5% acetic acid in 
methanol as reaction media. Since the use of 5% acetic acid in methanol 
provided the best yields, this solvent system was selected for further 
experiments. Labeling-yield dependence on the amount of added CAT and 
HPEM, and on reaction time, was determined by varying one parameter at a 
time. In all labeling experiments a total volume of 18 l was used. 
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Scheme 5.3: i) 76Br-, Chloramine-T, MeOH/HOAc, RT; ii) His6-(ZHER2:4)2-Cy, pH 6. 

The influence of the amount of oxidant on HPEM radiobromination 
efficiency is shown in Figure 5.6. The use of 10 g of CAT provided a 
maximum labeling efficiency of 83 ± 0.4% when 5 g of HPEM was 
radiobrominated for 5 min. Increasing the amount of oxidant to 40 g did 
not increase the yield. Further increase of CAT even decreased the yield 
somewhat (Figure 5.6), presumably due to the over-oxidation of 
radiobromine. 
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Figure 5.6: Dependence of bromination yield on amount of CAT. Other conditions 
were: HPEM 5 g, reaction time, 5 minutes. Total volume in each experiment was 
18 l.
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The dependence of radiobromination yield on the amount of substrate 
showed two distinct segments (Figure 5.7). Up to approximately 5 g of 
HPEM, labeling yield increased proportionally to the amount of substrate. 
Thereafter, even a four-fold increase in the amount of HPEM caused no 
significant improvement in labeling yield. An important feature of this is that 
the ascendant part of the curve is rather shallow, with yields exceeding 50% 
even with the use of sub-microgram amounts of substrate. No peak 
corresponding to brominated HPEM was observed when neat 5% acetic acid 
in methanol, instead of HPEM solution, was added to the reaction mixture. 
This blank experiment confirms our interpretation of the radio-TLC data. 
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Figure 5.7: Dependence of bromination yield on amount of HPEM. Note
logarithmic scale. Other conditions were: CAT, 40 g; reaction time, 5 minutes. 
Total volume in each experiment was 18 l.

Electrophilic radiobromination of HPEM seems to be a rather rapid 
reaction at RT. For 5 g HPEM, the maximum yield of 75.9% was obtained 
in 5 min. Prolongation of reaction time did not increase the yield. 

5.2.3. Coupling of radiobrominated HPEM (5.7b) to anti-
HER2 affibody 

Coupling of radiobrominated HPEM to the Affibody molecule (Scheme 5.3) 
was performed without intermediate purification of the radiobrominated 
HPEM. The labeled Affibody was purified by size-exclusion 
chromatography. According to ITLC analysis, the radiochemical purity of 
the conjugate was > 97%. Control experiments with subclone (ZHER2:4)2,
which does not containe cysteine, demonstrated no labeling of Affibody, 
which confirms that the labeling was site-specific. 
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5.2.4. Stability and cell test 
Both bromide challenge and exposure to a high-ion-strength solution failed 
to cause dissociation of radiobromine from the Affibody molecule, thus 
confirming that the attachment is mediated by stable covalent bonds. As one 
might expect, the site-specific labeling of the Affibody molecule preserved 
its ability to bind HER2, which was demonstrated in vitro.

Biodistribution of radiobrominated (ZHER2:4)2-Cys showed its ability to 
accumulate in HER2-expressing SKOV-3 xenografts. The combination of 
quick extravasation and good tumor binding ability with rapid clearance 
from the blood and normal organs provided high tumor-to-normal tissue 
ratios. An interesting finding was the low accumulation of radioactivity in 
the kidneys. 

In conclusion, the indirect radiobromination of the anti-HER2 Affibody 
using HPEM provides site-specific stable labeling at a level of efficiency 
similar to that of the thiol-specific radioiodination of targeting proteins. 
Under optimal conditions, the radiobromination yield of HPEM (83%) was 
similar to the radiobromination yield of the trialkylstannyl derivatives of 
maleimide-conjugated aromatic rings.52,53 The method does not include 
heating or intermediate purification, and thus takes less time. The coupling 
of maleimide to free thiol in this study was efficient, with maximum 
coupling yield obtained within 30 min. The coupling efficiency of 65.3 ± 
3.9% was in the same range as the efficiency reported for radioiodinated 
maleimides or acyl halides.53,54,55 The radiobrominated Affibody molecule 
preserves its capacity to bind HER2 both in vitro and in vivo. Importantly, 
HPEM-radiobrominated His6-(ZHER2:4)2-Cys provides for a low accumulation 
of radioactivity in kidneys. This is promising for the development of 
positron-emitting anti-HER2 conjugates labeled with 76Br. This method may 
also be used for the site-specific radiobromination of other Affibody 
molecules, of various genetically engineered peptides or proteins, and of 
Fab’ fragments. 
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Summary in Swedish 

Cancer är ett begrepp som beskriver en grupp på mer än 100 sjukdomar 
orsakade av okontrollerad delning av kroppens celler. Okontrollerad 
celldelning kan leda till antingen godartade eller elakartade tumörer. Endast i 
det senare fallet sägs patienten ha cancer. Cancer ger upphov till stort 
lidande för de enskilda patienterna och orsakar samhället stora ekonomiska 
kostnader. I den industrialiserade världen är cancer, efter hjärtsjukdomar, 
den största dödsorsaken. 

Många elakartade tumörtyper kan botas med hjälp av kirurgiska ingrepp, 
bestrålning med en yttre strålkälla och eventuellt kombinerat med 
cellgiftsbehandling. För tumörtyper med spridda tumörceller är emellertid 
dessa behandlingsmetoder vanligtvis inte framgångsrika. 
En ideal målsättning vid cancerterapi är att utveckla läkemedel som selektivt 
förstör cancerceller medan patientens friska vävnad förblir intakt. Ett sätt att 
uppnå denna specificitet är att utnyttja ”tumörmålsökning”, varvid man kan 
dra fördel av förhållandet att tumörceller kan binda vissa molekyler, 
”målsökare”, (t.ex. antikroppar och peptider) i större utsträckning än friska 
celler.

Under det senaste årtiondet har tumörmålsökning som utnyttjar 
radionuklider kommit att spela en allt större roll vid diagnos och behandling
av cancer. I dessa fall kopplas en bärarmolekyl märkt med en radioaktiv 
nuklid till den målsökande molekylen. 

Vid radionuklidbehandling av tumörtyper med spridda celler eller mindre 
cellsamlingar utnyttjas radionuklider som avger alfa- eller betastrålning med 
kort räckvidd och som orsakar lokal celldöd. En annan typ av radionuklider 
som har stor potential i detta sammanhang är sådana som avger s.k. Auger-
strålning, t.ex. Jod-125. Denna nuklid har mycket kort räckvidd och orsakar 
celldöd om det radioaktiva sönderfallet sker i omedelbar närhet av cellens 
DNA.

Vid radionukliddiagnos använder man radionuklider vars utsända 
strålning kan genomtränga den mänskliga kroppen och som kan registreras 
med hjälp av en extern detektor. Vanliga nuklider vid nuklearmedicinska 
undersökningar med gammakamera är Teknetium-99m, Indium-111 och 
Jod-131. Exempel på andra radionuklider som kan användas vid diagnos är, 
Kol-11, Brom-76 och Jod-124 som alla är s.k. positronstrålande nuklider. 
Vid detektionen av strålningen från de senare används s.k. PET-kamera.
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Ett nära samarbete mellan olika ämnesområden är en förutsättning för 
framgångsrik forskning inom radionuklidbehandling och radionuklid-
diagnostik. I denna avhandling ges ett kemiskt bidrag till denna forskning 
Vid avhandlingsarbetet har metoder utarbetats för framställning och 
radionuklidmärkning av substanser med potentiell användning vid 
behandling och diagnos. Arbetet kan sammanfattas i tre sektioner (i) – (iii):
Sektionen (i) är relaterad till radionuklidbehandling medan sektionerna (ii)
och (iii) är relaterade till radionukliddiagnos:

(i) Ett antal substanser härledda från föreningar (9-aminoakridin, 
daunorubicin och doxorubicin) med DNA-bindande förmåga har 
framställts och märkts med den Auger-strålande nukliden Jod-125.  

(ii) En metod har utvecklats för att med den positronstrålande nukliden 
Brom-176 märka closo-karboraner (burliknade föreningar 
innehållande tio boratomer). Metoden möjliggör extern detektion av 
medicinskt intressanta föreningar härledda från closo-karboraner.

(iii) Metoder har utvecklats för att med Brom-176 märka en antikropp 
(den monoklonala antikroppen trastuzumab anti-Her2) och en ny typ 
av målsökare som kallas ”Affibodies”. 

Forskningsresultaten har betydelse för att utveckla nya och effektiva 
målsökare för både behandling och diagnostik av tumörer. 
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