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Chapter 1

‘Click’ for PET: The advent of ‘click’
chemistry and its applications in
positron emission tomography.

Chapter 1

1.1 ‘Click’ Chemistry
The concept of ‘click’ chemistry was initially introduced to promote a new approach to the
development of pharmaceuticals. In a short review in Angewandte Chemie (International
Edition) in 2001, Kolb, Finn and Sharpless presented a set of requirements which, if
fulfilled by a reaction, classify the reaction as a so called ‘click’ reaction.1 The overarching
goal was to encourage synthetic chemists to focus less on the challenge of mastering
carbon-carbon bond formations on the path to synthesizing natural products of extreme
complexity. Rather, the authors suggested that chemists channel their energy into making
arrays of simple molecules following Nature’s example by making use of heteroatom bond
formation, in the hope of achieving the same properties available from complex natural
products but in a much simpler molecule. In this way, they suggest, the pharmaceutical
industry may benefit enormously by discovering drugs with the sought after properties,
which are readily accessible.1 As they pointed out, the theoretical number of reasonable
drug candidates (reasonable meaning 30 non-hydrogen atoms;  500 daltons, and
consisting of only H, C, N, O, P, S, F, Cl and Br) is somewhere between 1062 and 1063
molecules.2 Given this enormous number of potential drug candidates, many of which are
as of yet unknown, there is logic in accessing as many of these as possible through simple
reactions and screening them for desired properties.
To be deemed a ‘click’ reaction, a reaction must be high-yielding, stereospecific and
yield only inoffensive (or no) byproducts. It must be modular and applicable to a wide
variety of substrates and require only simple reaction conditions and readily available
starting materials and reagents.1 If possible it should proceed without solvent, or in one that
is easily removed or benign, and the product should be easily purified. Those reactions that
do fulfill these requirements tend to achieve such properties by possessing a high
thermodynamic driving force.1
Based on these requirements, several well-known types of reactions have been
classified as ‘click’ reactions (Fig. 1). These include, but are not limited to, cycloadditions
of unsaturated species (Diels-Alder cycloadditions and 1,3-dipolar cycloadditions, Fig. 1 A
and B), additions to unsaturated carbon-carbon bonds (epoxidations, sulfenyl halide
additions, Scheme 1 C), non-aldol type carbonyl chemistry (Fig. 1 D), and nucleophilic
substitution chemistry (ring-opening reactions of epoxides, aziridines etc., Fig.1 E).
Sequential performance of two different types of ‘click’ reactions, for instance a Huisgen
cycloaddition followed by a Diels-Alder cycloaddition, has been termed a ‘double click’
reaction.3
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Figure 1 ‘Click’ reactions1
The ‘click’ chemistry philosophy can be illustrated by the following sentiment: “all
searches [for new drugs] must be restricted to molecules that are easy to make”.1

1.2 Huisgen cycloaddition and its copper-catalyzed variant
Of the reactions that have been identified as fulfilling the stringent requirements of ‘click’
chemistry, the Huisgen 1,3-dipolar cycloaddition of alkynes (9) and azides (10) to form
triazoles (11)4 was, from the beginning, considered to be the ideal ‘click’ reaction (Scheme
1). Azide and alkyne functionalities are readily introduced, and have a high tolerance for
the presence of other functional groups as well as high kinetic stability.5 The cycloaddition
in its original form as described by Huisgen usually requires elevated temperatures and
produces a mixture of the 1,4 and 1,5-disubstituted regioisomers 11 and 12 (Scheme 1).6

Scheme 1 1,3-Dipolar cycloaddition of azides and alkynes
3
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Soon after the introduction of ‘click’ chemistry to the scientific community, the groups
of Meldal and Sharpless independently discovered that the azide-alkyne cycloaddition
could be catalyzed by copper(I).7 By catalyzing the reaction with copper, there is an
increase in the rate of the reaction up to 107 times, which allows the reaction to proceed at
room temperature.8 Further, it renders the reaction regioselective, producing the 1,4-triazole
regioisomer uniquely (11, Scheme 1).5 This copper-catalyzed variant of the azide-alkyne
cycloaddition (or the CuAAC) fulfills the ‘click’ criteria even better than in its original
form. In fact, the reaction embodies the concept of ‘click’ chemistry so fully, that it has
become synonymous with the term. When publications refer to the ‘click’ reaction, they
almost invariably are referring to the CuAAC.9

1.3 Mechanism of the CuAAC
The versatility of the CuAAC, which proceeds smoothly in aqueous and organic solutions,
functions within a broad pH (4-12), and temperature range (0 to 160°C) and tolerates a vast
array of functionalized substrates, sparked interest in its mechanism.10 Significant efforts
have been made to understand the mechanism of the copper-catalyzed variant of the azidealkyne cycloaddition. The thermal variant of the reaction is known to occur by concerted
cycloaddition of azides and alkynes.7 The simplest possible explanation for the acceleration
of the cycloaddition by copper(I) would be ʌ-coordination of the metal center to the triple
bond of the alkyne activating it for cycloaddition with the nucleophilic azide. However,
DFT calculations of this process suggest that the barrier for this type of transformation
(27.8 kcal/mol) is even higher than the barrier for the uncatalyzed cycloaddition.7 This
mechanism is clearly unable to explain the extreme acceleration that the presence of
copper(I) provides. Although there are variations among the mechanistic proposals, there is
general agreement about the steps of the catalytic cycle shown in Scheme 2.5
The mechanism was initially proposed based upon data from kinetic studies of the
CuAAC.11 These studies demonstrated that under conditions of excess copper, the reaction
was first order with respect to the azide and between first and second order for the alkyne.
The latter finding has been the cause of some speculation with two possible explanations.
On the one hand, it is thought that there are two separate pathways to the triazole product,
involving one and two alkynes, respectively. Alternatively, it is thought that the preferred
pathway might involve two alkynes but, at higher concentrations of copper, may be
inhibited, giving rise to a rate constant that falls somewhere between first and second
order.12 Under saturating conditions of alkyne and azide, with catalytic amounts of copper,
the reaction is second order in copper.5 This finding has been interpreted in several
fashions, with no clear agreement on its implications. The simplest explanation is that the
alkyne and the azide are coordinated to two different metal centers as shown in Scheme 2.
4
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Another suggestion is that there exist multi-nuclear copper acetylide species in solution,
and that perhaps a second metal center is coordinating to the alkyne by ʌ-complexation.5
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Scheme 2 Proposed mechanism of the CuAAC5
The proposed catalytic cycle begins with the formation of copper acetylide 15.13 This is
congruent with the experimental observation that the copper-catalyzed cycloaddition
reaction does not occur with internal alkynes.5 Theoretical calculations suggest that while
the formation of the copper acetylide species 15, in aqueous solution, is an exothermic
process (11.7 kcal/ mol), it is an endothermic process in organic solvent (MeCN) which is
in agreement with the experimental observation of rate acceleration in water. The DFT
studies also indicate that ʌ-complexation of the alkyne by copper (14) has the effect of
lowering the pKa of the alkynyl proton by as much as 9.8 pH units.7 As a result, in aqueous
solution, deprotonation of the alkyne can occur without the addition of an external base.
There is precedence in the literature for the existence of copper acetylide species in acidic,
aqueous environments.14 Given the second order dependence on copper, coordination of the
azide to the copper center is depicted as occurring with a different copper atom (16). From
this copper acetylide-azide complex, the distal nitrogen of the azide can attack the acetylide
carbon forming metallocycle 17. Ring contraction (for which there is a very low calculated
activation barrier) can then occur to form the copper triazole species 18. This is followed by
proteolysis, believed to occur through association with a protonated base, or perhaps a
solvent molecule, yielding product 19.8 This stepwise cycloaddition significantly lowers the
5
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activation barrier (~11 kcal/mol) as compared to the uncatalyzed cycloaddition, which is
sufficient to explain the dramatic rate acceleration brought about by copper catalysis.7
There remains a lot to learn about the exact mechanism of this reaction. It has been shown
that there exists a dynamic family of copper clusters when copper salts exist in solution,
and thus it is difficult to determine the exact species which is favorable for catalysis.15

1.4 Catalytic Systems
Another aspect of the remarkable flexibility of this reaction is regarding the source of the
copper(I) catalytically active species. The reaction has been performed under an extremely
wide variety of conditions. The copper(I) species can be attained using commercially
available copper(I) salts, but it can also be generated using a copper(II) salt in combination
with a reducing agent, or by comproportionation of copper(0) and copper(II).13 Probably
the most commonly used conditions are copper(II) salts in combination with an excess of a
reducing agent to generate a constant supply of the active species. More specifically
CuSO4·5H2O and sodium ascorbate are often the system of choice, with the reducing agent
tris(2-carboxyethyl)phosphane hydrochloride (TCEP) used in some sensitive biological
systems.8, 16 An advantage of this system is that by using an excess of reducing agent, it is
also possible to prevent the formation of the oxidative coupling products (most commonly
alkyne homo-coupling products or bis-triazoles)5 that are sometimes formed as side
products in the ‘click’ reaction.7 Reactions using this system are usually performed in
water, or in a mixture of water and alcohol, thus taking advantage of the accelerating power
of water and precluding the need for a base.8
Another popular system involves the use of copper(I) salts such as CuBr and CuI.
Reaction with copper(I) salts are most commonly performed in organic solvents (typically
THF, MeCN or DMF) under inert atmosphere as copper(I) is sensitive to the presence of
oxygen.17 In the absence of a base, reactions with copper(I) salts tend to proceed slowly.
This is likely due to difficulty deprotonating the alkyne to form the copper acetylide
species. While in water an added base is not necessary, the formation of copper acetylide is
energetically unfavorable in organic solvents.7 Addition of organic bases such as
diisopropylethyl amine and 2,6-lutidine has been shown to improve the reaction rates,
likely not only by helping with deprotonation, but by stabilizing the copper(I) center and
preventing disproportionation to copper(II), keeping the catalytically active species present
in solution. Furthermore, the addition of such nitrogen containing bases has shown to
decrease the amount of side product formation.5
The use of solid copper, in the form of copper wire or turnings, has also been shown to
catalyze the formation of triazoles.7 The advantage of this technique is that it is very easy to
remove the copper from the reaction mixture and it is ideally suited to instances where the
substrates do not allow for the presence of a reducing agent. However, reactions with
6
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copper turnings appear to have a lag period during which the catalytic species is formed.18
A second disadvantage is that more copper is required to catalyze the reaction.8 Some
reports have indicated that using nanosize copper(0) or nanosize copper powder can
improve the efficiency,16,19 however, the lack of commercial availability of the former and
the high cost of the latter implies that solid copper will continue to be used as the need
arises.8

1.5 Azides and triazoles
The success and wide applicability of the CuAAC is largely a result of the unique
properties of both azides and the resulting triazoles.8
Azides are a fascinating functionality in organic chemistry. They have a contradictory
nature as they are in some instances explosively reactive, and in others hidden and inert.
The latter qualities have been overlooked at times, perhaps due to the former properties. It
is often suggested in reviews about ‘click’ chemistry that azides have been overlooked and
underappreciated as a functional group due to a certain “azidophobia” in the chemical
community.5
Azides possess some explosive and toxic properties. Many azides, particularly with
lower molecular weight (methyl azide) and high nitrogen content, decompose explosively
with the input of energy (heat, pressure, impact) to release nitrogen gas. Heavy-metal
azides in particular are explosive, so much so that they are often found in explosives
technology. Furthermore, sodium azide is toxic.20
On the other hand, azides are extremely stable in the presence of water, oxygen, and
many of the typical conditions encountered in organic chemistry. They are highly
bioorthogonal because, although they can act as electrophiles, they do not react with amines
or other ‘hard’ nucleophiles which are present in biological systems.21 And while they
maintain this kinetic stability towards many functional groups, they also have a large
energy content, and can react vigorously when provided with an appropriate partner, such
as a dipolarophile.22 Furthermore, for applications in vitro and in vivo, azides are happily
virtually absent from any naturally occurring species.23 Azides can be introduced with
relative ease by one of many well described methods. They can be synthesized by
introduction of the azide anion (addition or substitution), by diazo transfer, or by reaction of
a hydrazine with a nitrosyl ion (diazotization). Alternatively they can be formed by
cleavage of triazines (and its analogues).8 As a functionality, they are thus easy to
introduce, stable to water and oxidative conditions, orthogonal to many commonly used
functional groups and vigorously reactive with others. It is this unique collection of
properties that has allowed the ‘click’ reaction to be exploited in a vast array of scientific
disciplines.
7
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The product of the CuAAC, triazoles (21), are rigid five-membered heterocycles,
which are isosteres of amide bonds (20) (Fig. 2) but with the added advantage that they are
less prone to hydrolytic cleavage.24

Figure 2 Triazoles as amide bioisosteres
Differences do exist, as the dipole moment of triazoles (~5 Debye) is greater than that
of amides,25 and the distance between the carbon atoms in the 1,4-disubstituted triazole is
5.0 Å rather than 3.8 Å as in amide bonds. However, nitrogen atoms N2 and N3 (Fig. 2)
can act as hydrogen bond acceptors (as does the carbonyl of amides), and the strong
polarization in the triazole ring serves to enhance the hydrogen donor properties of the
proton on C5 (as does the amine proton in amides).7,26 Several 1,2,3-triazoles possess a
wide variety of biological properties, including anti-histamine,27 anti-bacterial28 and antiHIV properties,29 amongst others.30 The combination of the robustness of the triazole bond,
the resemblance to an amide bond, and the potential biological properties it could endow
make the triazole linkage not merely a benign, easily synthesized linker, but an integral part
of the success of ‘click’ chemistry.

1.6 Applications of ‘click’ chemistry
The simplicity and reliability of the CuAAC, as well as the bioorthogonality of the starting
reactants has made the reaction an asset to a hugely varied range of scientific applications.
It would be impossible, in the context of this thesis, to give a complete overview of the
numerous applications of the CuAAC.31 For our purposes, the applications of ‘click’
chemistry have been summarized with illustrative examples in three categories;
applications in materials science, in drug discovery and for bioconjugation.

1.6.1 Applications of ‘click’ chemistry in materials science
The CuAAC has become a common tool in the repertoire of materials scientists. In the
synthesis of macromolecular structures, ‘click’ chemistry has become an invaluable asset.
Dendrimers, large synthetic molecules with a regularly branched structure and applications
in medicinal and materials chemistry, can be difficult to synthesize and to purify. The
CuAAC, which can proceed to completion and does not require large excesses of reactants,
has simplified the synthesis of such structures. Chains are formed by sequential ‘click’
reactions, and attached to a scaffold by ‘click’ reactions as well (Fig.3).32
8
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Figure 3 ‘Click’ chemistry based dendrimers
The CuAAC has also been applied in the synthesis of calixarenes, building blocks in
supramolecular chemistry, and particularly to the synthesis of water-soluble calixarenes.
The introduction of water soluble groups to calixarenes has been facilitated by the
CuAAC.33 In the area of rotaxanes, ‘click’ chemistry has been shown to function as a
substoichiometric metal-templating route to the interlocked molecules.34 This has proven to
be a very effective route to synthesize functionalized rotaxanes.35
Polymer science has also benefited enormously from the use of the CuAAC as it is a
field that requires reactions that are reliable and highly efficient.36 The functional group
tolerance of the ‘click’ reaction renders it ideal for the introduction of functionality into
polymers pre- or post-polymerization.37 It has found applications in the synthesis of
organogels and hydrogels by providing a controlled means to form the cross-links (which
enhance the gel’s thermostability) at low temperature and under mild conditions.38 ‘Click’
chemistry has been developed into a standard way to functionalize single-walled
nanotubes39, gold nanoparticles40 and various surfaces modified with self-assembled
monolayers.41 One such example is depicted in Figure 4, showing an alkyne modified
molecular motor 23 grafted to a quartz surface by ‘click’ chemistry.42
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Figure 4 Surface modification by CuAAC

Given its compatibility with the conditions required for biological molecules, it has
proven to be a reliable means by which to attach biomolecules to surfaces, including sugars,
proteins and peptides.43 It has also developed into a technique for micro-contact printing, a
surface engineering technique.44 The application of the CuAAC to these techniques and to
other areas of materials science has been discussed in great detail in several reviews.45

1.6.2 Applications of ‘click’ chemistry in drug discovery
‘Click’ chemistry was initially defined with the intention of impacting the field of drug
discovery and development. As predicted,1 it has proven to be a powerful tool in the
screening of large libraries of simple compounds in the search for specific properties.46 The
CuAAC is a straightforward ligation reaction which allows for simple building blocks to
produce large libraries of novel compounds of great diversity. It functions in aqueous
solution and is amenable to the use of diversely functionalized building blocks without the
need of protecting groups. For these reasons and because no side products are formed,
compounds can be screened directly from the ‘crude’ solution of the reaction mixture. In
10
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this manner, high throughput methodology using ‘click’ chemistry has led to the discovery
of a novel inhibitor of human r-1,3-fucosyltransferase, the first known inhibitor with
nanomolar affinity (Scheme 3).47 A GDP core known to be crucial for binding was kept
constant and modified with an alkyne 24, and 85 azides with differing tether lengths and
hydrophobicity were clicked to the core to produce triazoles 25. The inhibition activity was
screened directly from the solution and several hits were identified. In a similar fashion,
highly selective ligands for the stabilization of G-quadruplex DNA, which leads to the
inhibition of telomerase, were discovered48 as were new potent HIV protease inhibitors.49

Scheme 3 Screening for a novel human fucosyltransferase inhibitor

‘Click’ chemistry has also given rise to a method of target-guided synthesis (TGS).
TGS is a form of drug discovery in which the target plays a role in the synthesis and
selection of its own ligands. The target is incubated with several building blocks, and brings
in proximity building blocks of higher affinity which can be joined together to form ligands
with the highest possible affinity of the available combinations. When the formation of
these bonds is reversible, the concept is deemed dynamic combinatorial chemistry.50
Another variant, in which TGS is under kinetic control, forms only irreversible bonds.51
The term in situ ‘click’ chemistry refers to this kinetically controlled TGS using the
Huisgen cycloaddition and is proving to be a powerful method of lead discovery.52 The
Huisgen cycloaddition is an ideal reaction for in situ TGS as it is highly orthogonal, does
not require the use of protecting groups which could alter the affinities of the building
blocks, requires no additives which could denature the enzyme, proceeds in aqueous
solution, and is kinetically slow but accelerated by the proximity effects of templating.53
The first example of this concept was demonstrated using acetylcholine esterase (AChE),
an enzyme about which there exists much structural data and for which many inhibitors of
both binding sites of the enzyme are known.54 A library of azide and alkyne modified
active-site and peripheral binding-site ligands were synthesized. The uncatalyzed reaction
of these azides and alkynes with each other at room temperature proceeded at a negligible
rate. They were then incubated with the enzyme AChE, and one triazole product 26 was
formed in detectable amounts. Notably, it was formed as a single regioisomer (syn).
Triazole 26 proved to be the strongest known non-covalent inhibitor of AChE (Figure 5).
11
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Figure 5 Acetylcholine esterase inhibitor 26 formed by in situ ‘click’ chemistry
This technique was also used to discover new inhibitors of HIV-1 protease55 and of
carbonic anhydrase II.56 ‘Click’ chemistry has also had an impact in drug discovery simply
by providing new routes to many complex compounds, particularly in the field of
carbohydrate synthesis.57

1.6.3 Applications of ‘click’ chemistry in bioconjugation
The impact of ‘click’ chemistry on bioconjugation has been extensive, and its reaches will
be discussed in the ensuing chapters of this thesis. Bioconjugation is the process by which
synthetic molecules are attached to biological targets, or by which biomolecules are linked
together. 58
The ultimate challenge for a reaction used for bioconjugation is to perform both in
vitro as well as in vivo. In such environments, the reaction substrates often exist at
extremely low concentrations and, amidst a wide variety of other functionalized species, the
two substrates must be able to be brought together and react selectively.13 The CuAAC has
all of the ideal characteristics for in vitro labelling of biomolecules. It proceeds in aqueous
solution and at physiological pH. The functionalities are orthogonal and easily introduced
and labelling of biological molecules with the CuAAC occurs with high selectivity. An
added advantage of the CuAAC is that there are known techniques for the in vivo
incorporation of azide/alkyne modified biological building blocks into cellular structures.13
For instance, the group of Tirrell developed a method to incorporate azide or alkyne
containing unnatural amino acids 27 and 28 into proteins using a methionine auxotrophic E.
Coli strain.59 The group of Schultz demonstrated that they could incorporate azide and
12
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alkyne tyrosine analogues 29 and 30 by genetic encoding into proteins of the yeast species
Saccharomyces cerevisiae (Fig. 6).60

Figure 6 Unnatural alkyne and azide containing amino acids for in vivo incorporation
Being able to take advantage of the cell’s machinery to introduce bioorthogonal
functional groups to be used for the CuAAC is an enormous benefit to the application of
‘click’ chemistry both in vitro and in vivo.
A great deal of progress has been made in labelling proteins, peptides,
oligonucleotides, sugars and living organisms using the CuAAC. Among the first examples
of CuAAC bioconjugation was the successful fluorescent labelling of intact Cowpea
mosaic virus particles (CMPVs).61 It was shown that virus capsids could be modified with
60 azido groups, and under optimized conditions, all 60 groups could be labelled with a
fluorescent alkyne by CuAAC (Scheme 4).

Scheme 4 Labelling of virus capsids by CuAAC
Bioconjugation is a commonly applied technique in activity based protein profiling
(ABPP) as well.62 ABPP is a technique that allows for the monitoring of protein expression
levels in complex proteomes using site-directed probes to tag the proteins of interest.63 The
technique takes advantage of chemical methods through the synthesis of small molecular
probes to quantitatively assess and compare levels of proteins in very complex samples.
The small probes contain a functional group that allows for covalent binding to the targeted
enzyme as well as a tag for chemical detection.63 Traditionally, ABPP required that the
cells that were going to be labelled be homogenized. After homogenization, the probes
could be introduced to target the proteins. This homogenization was necessary as the probes
(which combine a site binding functionality along with a fluorescent or alternative tag for
13
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detection) are quite bulky. There is a great potential loss of valuable information from this
homogenization technique.63
Fortunately, the application of the CuAAC means that a small azido reporter tag can be
used to target the appropriate proteins in vivo. This is followed by cell homogenization and
then detection via a ‘click’ reaction with an appropriately functionalized reporter alkyne.64
In this way, the information that results from the labelling is from the pre-homogenization
environment. This method has proved to work in cell cultures as well as in live animals.
The CuAAC has proven to be an invaluable tool for labeling DNA, which is important
both in biomedical research, but also for the use of DNA for the synthesis of
nanomaterials.65 The CuAAC allows for facile postsynthetic DNA modification by the
introduction of modified nucleosides in the DNA structure. ‘Click’ chemistry has also been
used to immobilize DNA onto surfaces, prepare DNA-protein conjugates, synthesize cyclic
and branched DNA structures, and facilitate multiple, sequential labelling of DNA (Scheme
5).7,60

Scheme 5 Multiple, sequential labeling of DNA by the CuAAC66
The application of labelling by CuAAC also extends to peptides and the synthesis of
peptidomimetics67 as well as use for affinity chromatography.68
While many reactions are very reliable for bioconjugation (amine-carboxylic acid,
maleimide-thiol and isothiocyanate-amine couplings) they may not satisfy the requirements
14
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for in vivo labeling.54 Very few reactions have the potential to be used for in vivo
bioconjugation, and the CuAAC is one of them. Recently for example, the CuAAC has
been used to label live cells.69 The uptake and incorporation of cell-surface glycans
containing azido groups by the cell allows for covalent modification using the CuAAC with
alkyne functionalized dyes. With optimized conditions and the use of a copper stabilizing
ligand, the toxicity commonly associated with copper can be minimized and a viable
labeling protocol has been developed. However, the cytotoxicity of copper remains the
limiting factor for widespread in vivo application.
These are just a few of the many examples of ‘click’ chemistry for bioconjugation, new
examples continue to emerge all the time.70,71 The application of the CuAAC to
bioconjugation is not without limitations however. The presence of copper and/or reducing
agents can cause degradation or aggregation of the targeted biomolecules, and the reaction
can be slow at the very low concentrations required in many circumstances.72 Many of
these challenges can be overcome by the use of copper-free ‘click’ chemistry (see Chapter
6, Section 6.1).

1.7 Molecular imaging
Molecular imaging is a rapidly growing field which focuses on the non-invasive study of
biological processes within living systems, both in vitro and in vivo, to understand these
processes at a cellular and molecular level.73 Its emergence has come alongside the growth
of molecular medicine, which aims to treat patients based on their unique genetic makeup.
The success of molecular medicine depends on the quality of molecular imaging
available.74 It is an indispensable tool not only in research, but also in clinical trials and in
the practice of medicine and the diagnosis of disease. A greater understanding of molecular
events and of the physiological processes of living organisms can lead to improved
detection of disease and educated design of novel drugs.75 There exists a wide variety of
imaging systems. Commonly known to the layman are the macroscopic imaging systems,
those which provide anatomical and physiological information such as magnetic resonance
imaging (MRI) and computer tomography (CT).76

15
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Table 1 Summary of available molecular imaging techniques72
Technique
Resolution Depth Time
Imaging
Target
agents
MRI
10-100 ȝm No
Minutes
Paramagnetic
Anatomical,
limit
to hours
chelates,
physiological,
magnetic
molecular
particles
CT
50 ȝm
No
Minutes
Iodinated
Anatomical,
limit
molecules
physiological
Ultrasound
50 ȝm
cm
Seconds
Microbubbles
Anatomical,
to
physiological
minutes
PET
1-2 mm
No
Minutes
[18F], [64Cu] or Physiological,
limit
to hours
[11C] labelled molecular
compounds
or Physiological,
SPECT
1-2 mm
No
Minutes
[99mTc]
111
[ In] labelled molecular
limit
to hours
compounds
Fluorescence
2-3 mm
<1cm
Seconds
Photoproteins,
Physiological,
reflectance
to
fluorochromes
molecular
imaging
minutes
FMT
1 mm
<10cm Minutes
Near-infrared
Physiological,
to hours
fluorochromes
molecular
Bioluminescence several mm cm
Minutes
Luciferins
Molecular
imaging
Intravital
1 ȝm
<400Seconds
Photoproteins,
Anatomical,
microscopy
800
to hours
fluorochromes
physiological,
ȝm
molecular
A summary of the basic characteristics and relative costs of the more commonly used
imaging techniques can be found in Table 1. More recently developed technologies include
positron emission tomography (PET), single photon emission CT (SPECT) as well as the
fluorescence based techniques such as fluorescence-mediated tomography (FMT) and
fluorescence reflectance imaging.72
Several complementary techniques are usually used for the diagnosis of a disease.
While techniques such as MRI, X-rays and ultrasound provide useful structural
(anatomical) information, they are limited in the amount of information they can provide
regarding molecular events. On the other hand, PET and SPECT, which are techniques that
make use of reporter probes (external probes injected into the patient which may be
16
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tissue/recepttor specific), can
c provide ddetailed inform
mation about metabolic
m
proccesses.71 The
design of these reporteer probes is an ongoing
g endeavour, with virtuaally limitless
possibilities.

1.8 Pos
sitron emis
ssion tom
mography
The techniqque of positro
on emission ttomography (PET)
(
is based upon the detection of
positron-em
mitting radioph
harmaceuticalss.71 It is a non
n-invasive tech
hnique, and iss intrinsically
quantifiable. Simply put, a biologicallyy active moleccule, whether a simple moleecule used by
m
is laabelled with a short-lived
the body suuch as glucosse, or a targeet specific molecule,
positron em
mitting radioissotope. In tim
me the radioiisotope underrgoes ȕ-decayy, emitting a
positron (ȕ+), which traveels until it enccounters an electron in the surrounding tissue.71 The
collision off the positron and electronn causes them
m to annihilatee, and producce two Ȗ ray
photons travvelling in opposite directionns.71 It is throu
ugh the simulltaneous detecction of these
gamma rayss that an imagee can be reconnstructed. Milllions of thesee annihilation moments are
required to produce
p
an im
mage.

Figure 7 Possitron emission
n tomography
y
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Commonly used PET radionuclides include [11C] (t1/2~20 min), [13N] (t1/2~10 min),
[ O] (t1/2~2 min), [68Ga] (t1/2~68 min), [18F] (t1/2~110 min), [64Cu] (t1/2~12 h) and [124I]
(t1/2~4 d).71 The appropriate radionuclide should be chosen based upon the process that is to
be studied as some will require longer lived radioisotopes due to their pharmacokinetics.
Synthesis of radiolabelled compounds presents some unique challenges that are not always
evident to the synthetic chemist. The most pressing problem is always time when dealing
with decaying radionuclides. A general guideline for the design of a synthetic route is that it
cannot be any longer than approximately three times the length of the half-life of the chosen
radionuclide. For instance, for a [13N] labelled compound, no more than 30 min should be
allotted for synthesis and purification of the compound.71 Characterization of the ‘hot’
(radiolabelled) compounds can also be challenging, as techniques such as nuclear magnetic
resonance (NMR) cannot be employed. Typically HPLC, TLC and GC/MS are used in
combination to ensure the desired product has been formed. A further consideration is the
small amount of radiolabelled material available. The radioisotopes are formed by a
cyclotron or generator, which can produce beams of protons or deuterons that have a
sufficiently high energy to generate the radioisotopes.77 The cyclotron only produces
material on the pico or nanomolar scale, therefore synthetic routes are designed for small
amounts of ‘hot’ substrate, and generally proceed with a large excess of the other reactants
and reagents. Typically, when considering a radiosynthetic route, the radiochemical yield
(RCY) and the specific activity (SA) will be discussed. Radiochemical yield is based upon
a combination of the synthetic chemical yield as well as the half-life of the radioisotope,
which is constantly decaying. It is expressed as a percentage of the initial radioactivity of
the sample and it can be reported either as decay corrected or uncorrected. This simply
means that the decay over time has been accounted for, or not, in the reported value.71 The
specific activity (GBq/ȝmol) indicates the amount of radioactivity per mass of the
compound. It is impossible to achieve perfect specific activity, as there will always be some
of the stable isotope present. The greater the specific activity, the less compound needs to
be administered to procure a good image. The less compound is administered, the lower
becomes the risk of toxicity or saturation of the target.
A commonly used PET imaging agent is [18F]fluoro-2-deoxy-D-glucose 38
18
([ F]FDG). It behaves in a similar fashion to regular glucose, and is phosphorylated in
tissue to give [18F]FDG-6-phosphate. As this compound does not participate in any further
metabolic transformations, it accumulates in cells and can provide imaging of regional
energy metabolism.78
15
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Figure 8 [18F]fluoro-2-deoxy-D-glucose (38) and glucose (39)
This is one simple example of the use of PET. However, it has grown to be an
indispensable tool for imaging in oncology,79 cardiology,80 neurology81 and recently, in
drug development.82

1.9 [18F] for PET
In the last two decades, [18F] has been popularized as a non-metallic PET radioisotope.
Since there is no positron emitting isotope of hydrogen, it is considered that [18F] acts as a
hydrogen substitute (although its electronegativity more closely resembles a hydroxyl
group).74 With a longer half-life than other non-metallic radioisotopes for PET such as [11C]
and [15N], it has the distinct advantage of allowing for off-site production, which greatly
improves its accessibility to hospitals and PET centers without a cyclotron. The relatively
longer half-life also allows for scans to be performed over several hours. Furthermore, due
to its low positron energy, it yields images with higher resolution than other PET
radionuclides as the positron does not travel far in the tissue.83 There are three means by
which [18F] can be introduced into a target molecule: directly using nucleophilic [18F-],84 or
using electrophilic fluorinating agents,85 or indirectly by using prosthetic groups.86
Of the direct labelling methods, nucleophilic labelling has proven more versatile as it
tends to be more selective and yield labelled compounds with higher specific activities.71
Electrophilic substitution is commonly performed with [18F]F2, which can be difficult to
control as it is a very reactive species and cold amounts of F2 must be added to be able to
release the [18F] from the target. The result is a low specific activity. Reactions with [18F]F2
are typically controlled by using low temperatures or high dilution.87 Though less
frequently used as a technique, electrophilic fluorination remains an important method, and
has been historically important in the development of PET tracers.88 Other than [18F]F2,
several derivatives of [18F]F2 have been developed to allow for electrophilic fluorination,
including N-fluoropyridinium salts,89 acetyl hypofluorite, fluoropyridones, and fluoro-Nsulfonamides.90 Nucleophilic fluorination occurs through the use of the fluoride anion,
which, after production, must be dried to ensure sufficient nucleophilicity.87 It is often
combined with the phase transfer reagent kryptofix-222 (K222) or found in the form of
[18F]tetrabutyl ammonium fluoride (TBAF).
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Nucleophilic reactions can be performed directly on aromatic rings which have been
activated with an electron-withdrawing substituent in the ortho or para postion.87 This often
requires high temperatures and the addition of a base. In recent years, the inability of [18F]
to be introduced into electron rich arenes has been overcome by the use of diaryliodonium
salts, which allow [18F-] introduction into both electron rich and electron poor arenes.91
Nucleophilic substitution of [18F] on aliphatic substrates proceeds by SN2 substitution on
compounds with appropriate leaving groups.87
The commonly used PET tracer [18F]FDG is typically synthesized today by
nucleophilic substitution on acetal-protected glucose with a triflate leaving group, however,
the first synthesis of this compound was performed by direct electrophilic substitution
(Scheme 6).92

Scheme 6 Synthesis of [18F]FDG by nucleophilic (A) and electrophilic substitution (B)
For simple molecules such as glucose, direct labelling with [18F] is a feasible option.
However, when the substrate to be labelled is more complex, as in the case of a peptide or a
protein, the use of direct labelling can lead to introduction of [18F] at multiple (unselected)
locations. This complicates purification, characterization and quantification.79 Furthermore,
many of the conditions established for direct labelling are quite harsh, and can damage the
target biomolecule.83 In such instances, the use of prosthetic groups for labelling is more
convenient.
Prosthetic groups are generally small [18F] labelled molecules equipped with a
functional group to allow for attachment to a larger molecule in a specific location, taking
advantage of the structural features of the target molecule.
[18F] prosthetic groups include molecules that react with amines, carboxylic acids and
thiols. Among the most utilized linkage formations between prosthetic groups and target
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molecules is the formation of the amide bond.88 Many prosthetic groups exist which can be
attached to amino acids with an amino functional group (for example at a lysine residue, or
at the N-terminus of a peptide). The most common of these prosthetic groups is the
activated ester, succinimidyl 4-[18F]-fluorobenzoate 43 (Scheme 7).93 Other activated ester
prosthetic groups exist, as do prosthetic groups with isothiocyanate (45) and imidate ester
(48) functional groups for labelling at an amino group (Scheme 7).

Scheme 7 Amine reactive prosthetic groups
[18F] containing prosthetic groups with an amino group94 such as 1-[4-(18Ffluoromethyl)benzoyl]aminobutane-4-amine 49 ([18F]FMBAA) have been designed to react
with activated carboxylic acid groups in target molecules (Scheme 8).95 However, for this
to work properly, the target biomolecule should not have any free amino groups to avoid
undesired reactions with another molecule of itself. In the case of a target with amino
groups, protection and deprotection steps are added to the synthetic procedure.
Thiol reactive prosthetic groups have also proven to be very useful tools in
biomolecule labelling. The free thiol functionality is not often found in biomolecules except
at cysteine residues, rendering the labelling protocol highly chemoselective.83 Several
prosthetic groups have been synthesized with a maleimide functional group. For instance,
1-[3-(2-[18F]-fluoropyridin-3-yloxy)propyl]pyrrole-2,5-dione 52 ([18F]-FPyMe) has been
used to label peptides and proteins at cysteine residues (Scheme 8).96
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Scheme 8 Radiolabelling with carboxylic acid reactive (A) and thiol reactive prosthetic
groups (B)
Many methods are available for introduction of [18F], and can be selected based upon
the structure of the biomolecule, as well as its sensitivity and the fidelity of the technique.

1.10 ‘Click’ chemistry for PET
The design and synthesis of prosthetic groups for mild and selective labelling is an ongoing
process. In the advent of the discovery of the copper(I) catalyzed azide-alkyne
cycloaddition (CuAAC), new prosthetic groups containing azide or alkyne functional
groups were designed and synthesized.79 The CuAAC is an ideal ligation reaction for
radiolabelling sensitive biomolecules. It proceeds at room temperature in aqueous or
organic solution, eliminates the need for protection and deprotection steps, and forms a
triazole bond which is known to be stable to in vivo conditions. In 2006, the first example
of ‘click’ for positron emission tomography was described.97 Alkyne containing prosthetic
groups for [18F] were described for labelling azido containing target molecules (Scheme 9,
A). Several months later, the reverse method was published: [18F] azido prosthetic groups to
label alkyne modified biomolecules (Scheme 9, B).98
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Scheme 9 [18F]-labelling with alkyne (A) and azido (B) prosthetic groups
Following these initial publications, copper-catalyzed ‘click’ chemistry became a
commonly applied tool for [18F] labelling of peptides,99 proteins,100 folic acid and its
derivatives,101 and glycopeptides (Fig. 9).102
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Figure 9 Biomolecules labelled by [18F] by ‘click’ chemistry
The CuAAC has also been explored for labelling with [11C] and [99mTc] (Scheme 10).
[ C]CH3I was transformed into [11C]CH3N3 65 by nucleophilic substitution and
subsequently ligated to an alkyne modified peptide.103 The metallic isotope [99mTc] is
introduced to a variety of biomolecules by chelation. The biomolecules are transformed into
chelating triazoles 68 by reaction with propargyl glycine or azido alanine.104 In these
tracers, the triazole functionality acts as an integral part of the function of the tracer by
chelating the metallic radionuclide, rather than simply forming the necessary linker.
11
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Scheme 10 ‘Click’ chemistry for labelling for PET
Although the CuAAC is a very reliable ligation technique to yield the labelled targets,
some limitations become evident upon closer inspection of the reaction protocols. To
achieve full conversion to the labelled triazole product in an appropriate amount of time,
large amounts of copper, ranging from several equivalents to several hundreds of
equivalents or elevated temperatures (60-80°C) were used.92-96 The ‘click’ approach to
radiolabelling has proven functional, but there is room for improved techniques to restore
the ‘click’ conditions to the ideals from which the concept was born.

1.11 Aim of this thesis
The aim of this thesis is to apply the principles of ‘click’ chemistry to the development of
new protocols for radiolabelling with [18F] for positron emission tomography.
In Chapter 2, an alternative to the copper-catalyzed azide-alkyne cycloaddition is
explored. The very reactive species benzyne is generated to undergo in situ cycloadditions
with a variety of azides. Benzyne precursors are synthesized, containing a trimethyl silyl
functional group ortho to a triflate group on the aromatic ring. The benzyne species is
formed through a fluoride mediated desilylation and subsequent elimination. The optimal
reaction conditions are investigated by varying solvent, fluorinating agent and ratios of
reaction components. An attempt is made to synthesize a tyrosine based benzyne precursor.
In Chapter 3, the classic CuAAC is accelerated by the addition of a ligand to the
copper catalyst. A screening of ligands is performed and it is determined that MonoPhos
yields the best results. This is followed by optimization of the ratio of reactants, the
25

Chapter 1

concentration of copper, and the copper catalyst used. A screening of alkyne and azide
substrates is performed, and the system is applied in the [18F] labelling of a model
compound. The limitations of the system are discussed.
In Chapter 4, a one-pot system is developed for the enantioselective enzymatic
transformation of racemic epoxides into optically pure azidoalcohols in combination with a
subsequent copper-catalyzed azide-alkyne cycloaddition to yield ȕ-hydroxytriazoles. The
reaction conditions are optimized, and a small substrate scope is tested, including a strained
cyclooctyne for a copper-free protocol. A tracer based on the ȕ-azidoalcohol motif is
designed for targeting cerebral ȕ-adrenergic receptors and its stability and affinity for the
targeted receptors are investigated.
In Chapter 5, bombesin, a commonly used peptide for tumor imaging, is modified with
an alkyne. It is subsequently labelled with [18F] by CuAAC, and its binding affinity for the
target receptors is tested in vitro. In the second part of the chapter, a scaffold is designed
which incorporates a fluorophore for optical imaging as well as an alkyne for labeling with
[18F]. This scaffold is attached to bombesin and a fluorinated azide is attached by CuAAC.
In Chapter 6, a new synthetic route is developed to a strained aza-dibenzocyclooctyne.
The reactivity of the strained alkyne is tested on model [18F] labelled azides and found to be
sufficient for the time scale of radiolabelling. The strained aza-dibenzocyclooctyne is
attached to bombesin, and the peptide is labelled with three different [18F] azides. The
labelling occurs rapidly in under 15 min, and produces triazole compounds with various
lipophilicities. The binding affinities of the tracers for the target receptors are tested.
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