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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

9
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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

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

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
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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
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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
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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
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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
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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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1,3-Dipolar Cycloadditions of
Azides and Arynes
Fluoride anion induced formation of transient benzyne intermediates in the
presence of azides allows for facile access to functionalized benzotriazoles. A
simple, one-pot procedure at room temperature allows for access to a variety of
benzotriazoles in good yields and on a rapid time scale.

Part of this chapter was published:
L. S. Campbell-Verduyn, P. H. Elsinga, L. Mirfeizi, R. A. Dierckx, B. L. Feringa, Org.
Biomol. Chem., 2008, 6, 3461-3463.

Chapter 2

2.1 Introduction
While ‘click’ reactions, as they have been defined, possess many attractive features for a
wide variety of applications, the bioorthogonality of the azide-alkyne cycloadditions is of
particular importance in the use of ‘click’ reactions in biologically relevant systems.1 The
narrow reactivity profile of the functionalities, particularly of the azide, make this reaction
ideal for in vitro and even in vivo labelling.2 However, limitations to their utility for such
applications arise due to the inherent toxicity of the copper used to catalyze the reaction.3 In
the absence of copper though, the reaction of azides with alkynes requires elevated
temperatures or pressures which are incompatible with most living systems.4 This
highlights the necessity for the development of copper-free ‘click’ reactions. To date,
several intelligently conceived alternatives for alkyne activation have been utilized. The
introduction of electron withdrawing functionalities adjacent to the triple bond5 or the use
of severely strained acetylenes6 serve to sufficiently increase the reactivity of the resulting
alkyne to allow for the cycloaddition with azides to occur at room temperature in the
absence of copper. In this search for alternative alkyne reactivity, it is a natural segway into
the investigation of the use of benzynes.
Since its discovery in 1942, o-benzyne 1 (1,2-dehydrobenzene) has proven to be an
extremely useful reactive intermediate for synthetic organic chemists (Fig. 1).7 As a
kinetically unstable, highly strained molecule, it readily undergoes coupling reactions,
participates in cycloadditions and is subjected to transition metal-catalyzed reactions with
various neutral species to form complex organic molecules.8

Figure 1 Benzyne (1,2-dehydrobenzene)
A great deal of spectroscopic and theoretical study has gone into understanding the
structure of o-benzyne 1, and it has generally been concluded that a certain degree of triple
bond character along with diradical character exists between positions 1 and 2 (Fig. 1).
Thus, in a sense, these intermediates can be (and are) considered highly reactive alkynes.9
Arynes are well known to undergo cycloadditions with a variety of substrates. Diels-Alder
reactions can be performed with cyclic and acyclic heterodienes, [2+2] cycloadditions with
a wide range of electron rich olefins, [4+2] cycloadditions with 1,4-dipoles, and of course
[3+2] cycloadditions with 1,3-dipoles, including nitrones and azides.6
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A key consideration in the development of aryne chemistry is the generation of the
reactive intermediate and its precursor. Various methods have been developed over the
years to generate this important synthetic building block. For instance, benzyne can be
formed by treating an aromatic halide (2) with a strong base to remove the o-aromatic
proton forming anion 3 and achieving benzyne 1 through subsequent elimination (Fig. 2,
A).10 The disadvantage of this method is that the base can often also act as a nucleophile.
To avoid this problem, it is also possible to treat a dihalide substituted benzene 4 with a
metal such as lithium or magnesium, followed, as in the previous case, by elimination to
give benzyne 1 (Fig. 2, B).11

Figure 2 Various methods of generating benzyne
However, both methods A and B involve quite basic conditions which can hinder the
applicability of the methodology by limiting the substrate scope to robust compounds.
Furthermore, under protic conditions, formation of halobenzenes occurs very quickly
relative to the alternative product route to form benzyne 1.12
Benzyne 1 can also be formed from the diazonium carboxylate intermediate 7 obtained
by refluxing anthranilic acid 6 with an organic nitrite (Fig. 2, C).13 Here again, the harsh
conditions severely hinder the scope of this reaction. Generation of benzyne can also be
achieved by oxidation of an amino-triazole 8, although this bears the disadvantage of
requiring the presence of an oxidant (Fig. 2, D). 14 Beyond these general and widely used
methods of benzyne formation, several other mild methods have been explored.15 For
instance, arynes can be generated from o-(trimethylsilyl)aryliodonium salts; a gentler
method, but involving a difficult synthesis of the precursors limiting the possibilities for
functionalization.16 A very mild and straightforward way to form a benzyne intermediate is
to use fluoride induced ortho elimination of o-(trimethylsilyl)aryl triflates 10 which can be
easily prepared with various substituents on the arene ring8 (Scheme 1). This is arguably the
mildest and most versatile method of benzyne generation to date.
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Scheme 1 Fluoride induced desilylation of 10 and elimination to form benzyne 1
As mentioned above, benzotriazole formation from the cyloadditions of azides and
benzynes is well documented in the literature, with examples appearing as early as 1961.17
It has been used as a fairly standard method for the preparation of derivatized
benzotriazoles over the years, with the general procedure involving refluxing anthranilic
acid 6 with isoamyl nitrite to form the transient benzyne species 1 (Fig. 2, pathway C).18
This rather harsh method of producing benzotriazoles demonstrated potential for a more
modern methodology to be developed.

2.2 Goal
The goal of this project was to investigate the possibility of developing a general
methodology for generating aryne species in a mild fashion, which would allow us to
‘click’, in the sense of performing a [3+2] cycloaddition, to a wide range of azides.
Although it is not possible to isolate and handle them as such, arynes can be generated in
situ and be allowed to react with an azide. With the idea that this methodology might
eventually be applied in some way to the radiolabelling of relevant compounds, the speed
of the reaction was to be a main focus in the methodological development. This extension
to relevant biomolecules also necessitates mild reaction conditions, thus implementation of
the mild fluoride induced formation of benzyne was the other focus of this synthetic
methodology. The overarching goal remains the development of a copper-free [3+2]
cycloaddition of azides and alkynes in the absence of copper which retains some of those
benefits commonly associated with ‘click’ reactions – namely rapid, regioselective
reactions under mild conditions.
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2.3 Results and Discussion
2.3.1 Synthesis of Precursors
To prepare a variety of benzyne precursors containing ortho substituted trimethylsilyl and
triflate groups, two approaches were taken. Via Route 1, the precursor can be prepared
starting from an ortho-bromo phenol motif (Scheme 2).

Scheme 2 Route 1 towards the preparation of benzyne precursors
By refluxing the substrate in the presence of hexamethyldisilazane (HMDS), it is
possible to introduce a trimethyl silyl (TMS) group on the phenol. Silylation of alcohols
and phenols through the use of HMDS is a straightforward method for silyl introduction,
producing only ammonia as a side product allowing simple evaporation to be a sufficient
workup.19 This is followed by metal-halogen exchange at low temperature, migration of the
TMS group from oxygen to carbon, and subsequent triflate introduction by trapping of the
resulting lithium phenoxide (Scheme 3).20

Scheme 3 Introduction of the ortho triflate silyl group motif
Three attempted syntheses proceeded in this fashion starting from 2-bromophenol 11,
2-bromonaphthalen-1-ol 12 and 2-bromo-4-fluorophenol 13, respectively (Scheme 2). The
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introduction of the TMS group on the phenol functionality proceeded in quantitative yields
for all three substrates. The subsequent one-pot, two-step lithiation and introduction of the
triflate group gave 85 and 80% yield for the unsubstituted benzene and naphthalene
precursors, respectively. However, the reaction with the silylated 2-bromo-4-fluorophenol
16 gave a complex mixture of products, with only trace amounts of the desired product.
An alternate route towards the desired precursors, Route 2 (Scheme 4), also involves
the formation of a TMS protected phenol in the first step by heating the starting material at
reflux in the presence of HMDS. Following this first step, the ortho-aromatic proton was
removed using lithium diisopropyl amide (LDA) and the reaction mixture was quenched
with trimethylsilyl chloride (TMSCl) to introduce a silyl group directly on the aromatic
ring. This was followed by lithiation at low temperature using n-BuLi and addition of
trifluoromethanesulfonic anhydride (Tf2O) to introduce the desired triflate group on the
phenol. This protocol was carried out on 3-hydroxybenzonitrile 20, 3-methoxyphenol 21
and 3-nitrophenol 22. The first step again proceeded with excellent yields for all three
precursors. The subsequent deprotonation, silylation step gave the desired product 27 in
66% isolated yield for the methoxy functionalized substrate 24. Unfortunately, in the case
of the nitro and cyano derivatives 26 and 28, it proved to be impossible in our hands to
form the desired compound and almost quantitative amounts of starting material were
recovered. The methoxy substrate 27 was treated with n-BuLi and triflic anhydride to
introduce the triflate group, giving the desired benzyne precursor 29 with 72% isolated
yield.

Scheme 4 Route 2 towards the preparation of benzyne precursors
2.3.2 Condition Optimization for Benzyne Formation
With a number of aryne precursors in hand, it was possible to investigate the optimal
conditions for the one-pot fluoride induced benzyne formation and subsequent
cycloaddition with an azide. Beginning with the cycloaddition of benzyl azide 30 and
readily synthesized (as well as commercially available) o-(trimethylsilyl)phenyl triflate 10,
the use of differing fluoride sources was investigated in a range of solvents (Table 1).
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Table 1 Reaction condition optimizationa

1
2
3
4
5
6
7
8
9
10
11
12
13

Fluoride Source

Eq.
Fluoride

Eq.
Azide

Solvent

T
(ºC)

Timeb
(h)

Yieldc
(%)

KF/18-crown-6
KF/18-crown-6
KF/18-crown-6
KF/18-crown-6
KF/18-crown-6
KF/18-crown-6
TBAF
NaF/15-crown-5
CsF/18-crown-6
CsF/18-crown-6
CsF/18-crown-6
CsF/18-crown-6
CsF/18-crown-6

2.0
1.5
2.0
2.0
2.0
2.0
1.0
2.0
2.0
2.0
2.0
2.0
2.0

3.0
4.0
1.2
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
4.0

THF
THF
THF
THF
DCM
MeCN
THF
THF
THF
DCM
MeCN
H2O
H2O/DCM

rt
rt
rt
60
rt
rt
rt
rt
rt
rt
rt
rt
rt

4
23
29
1
8
3
20
24
1.5
30
0.5
48
rt

85
n.d.
80
71
72
87
69d
0
70
58
77
0
0

a

All reactions were carried out on a 0.2 mmol scale in 0.05 M concentration. bTime until
full conversion. cAverage isolated yields from two experiments. dSeveral side products
were observed in this reaction uniquely.

Fluoride salts in combination with a complementary crown ether were tested as was
tetrabutyl ammonium fluoride (TBAF). KF paired with 18-crown-6 induced full conversion
to benzotriazole 31 at room temperature in all solvents tested with good yields (entries 1-6).
TBAF provided an alternative to fluoride salts, but both the reaction time and yield were
less favourable, and unidentified side products were detected by gas chromatography
analysis of the reaction mixture (entry 7). NaF in combination with 15-crown-5 gave no
conversion. CsF and 18-crown-6 gave faster reaction times, if somewhat lower yields
(entries 9-11). Although 18-crown-6 is known to bind with the greatest affinity to K+, it has
also been shown that it has a high binding affinity for Cs+ as well.21 The reaction did not
proceed in water even after 48 h (entry 12), nor did it proceed in a biphasic system of H2O
and DCM (entry 13). In both cases it was possible to recover the azide starting material
quantitatively as well as the majority of the benzyne precursor. This led us to conclude that
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no formation of the benzyne intermediate occurs in the presence of water, perhaps due to
hydration of the fluoride anion.22
Reducing the amount of fluoride salt (entry 2) prolonged the reaction time, while
reducing the equivalents of azide (entry 3) also extended the reaction time and caused a
slight drop in yield. At reflux in THF, the reaction proceeded to completion in one hour, but
the yield was lower (entry 4), as it was in DCM (entry 5). In cases with lower yields, the
decrease could generally be attributed to what appears to be degradation of the benzyne
precursor. Acetonitrile appeared to have a positive effect on the transformation, shortening
reaction times for both KF and CsF induced reactions (entries 6 and 11). The latter reaction
was particularly satisfying, showing full conversion in 30 min (entry 11). These conditions
(CsF/18-crown-6, MeCN, 2.0 eq of azide) were thus chosen for all subsequent experiments.
Having established a methodology to obtain rapid conversion to benzotriazole 31, the effect
of the crown ether on the reaction time was investigated (Table 2).

Table 2 Effect of the crown ether

TMS

CsF (2.0 eq)

N N
N

BnN3 (2.0 eq)

10

1
2
3
4
5

MeCN, rt

OTf

31

Fluoride Source

Ratio CsF: crown ether

Solvent

Time (h)

Yield (%)

CsF/18-crown-6
CsF/18-crown-6
CsF
CsF/18-crown-6
CsF

1:1
1:2
1:1
-

THF
THF
THF
MeCN
MeCN

1.5
20
48
0.5
48

70
67
2
77
46

As demonstrated by the results in Table 2, the optimal crown ether to fluoride salt ratio
is 1:1. An extra equivalent of crown ether appears to have an inhibitory effect (entry 2), and
the absence of crown ether significantly decreases the reaction rate (entries 3 and 5). In
THF, virtually no product was formed even after 48 h in the absence of crown ether (entry
3). In MeCN, after 48 h, the reaction managed to reach completion, but the yield was
dramatically reduced (entry 5). Reaction entries 3 and 5 were performed with the optimized
reaction conditions which involves using an excess of azide, but they were also attempted
with a slight excess (1.2 eq) of the o-(trimethylsilyl)phenyl triflate. The concentration of the
reaction mixture was varied from 0.05 M to 2.0 M with no significant improvement of
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conversion rates or yields.23 We concluded from these results that the presence of crown
ether is crucial to achieving rapid conversion to benzotriazoles.
Having confirmed the optimized reaction conditions, a small range of aryne precursors
was tested (Table 3).
Table 3 Substrate scope

1

R
H

2

3

a

Product

Time (h)
0.50

Yield (%)
56

3,4- -(CH)4-

0.25

75a

3-OMe

0.25

84

2:1 regioselectivity.

Naphthalene derivative 18 proceeded to react smoothly; the reaction is thus not limited
to benzyne precursors (entry 2). In the case of cycloaddition with the naphthyl precursor 18,
a mixture of regioisomers (2:1) was observed (see section 2.6). The major product has the
benzyl group positioned at the less sterically hindered position 2 as determined by 1H
NMR. It can be seen that good yields are achieved with an electron donating methoxy
substituent at C3 (28) with full conversion in a matter of minutes (entry 3). The benzyne
precursor 28 yielded a single regioisomer 33 with the benzyl on the nitrogen remote to the
substituent. It is presumed that the selectivity is due to preferential attack at the position
meta to the methoxy group based on both steric and electronic effects.24
To further ensure the generality of the reaction, some azides with particular features
were tested under the optimized reaction conditions (Table 4). As can be seen from the
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results, the reaction proceeds efficiently with a non-aromatic functionalized azide 34 (entry
1), and the presence of alkenes is also tolerated 36 (entry 2). Both products 35 and 37 were
isolated in good yields with reaction times of less than 2 h with no side product formation
observed. An electron deficient fluoroazide 38 (entry 3) reacted completely to benzotriazole
39 in 30 min. An [18F] labelled analogue of this azide, developed in our group, could be
used to apply this fast coupling protocol for imaging technologies such as [18F]-PET.25

Table 4 Azide substrate scope

Azide

Product

Time (h)

Yield (%)

1

1

82

2

1.5

78

3

0.5

59

2.3.3 Progress Towards a Tyrosine Precursor
The intention of the project was to extend the methodology to a more biologically relevant
substrate for possible applications in the area of [18F]-radiolabelling. The goal of this part of
the project was to transform an amino acid, namely tyrosine, into an aryne precursor
(Scheme 5).
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Scheme 5 Tyrosine based benzyne precursor (PG=protecting group)

Starting from L-tyrosine (40), bromination was attempted using a 10:1 ratio of KBr and
KBrO3 in acidic conditions.26 Even with a second addition of KBr/KBrO3, the reaction
never reached beyond 65% conversion, leaving approximately one third of the starting
material untouched. Fortunately, a system of HBr and Br2 in the presence of glacial acetic
acid gave full conversion to the desired product 41 with 79% isolated yield.27

Table 5 Bromination of tyrosine

1
2

Conditions
KBr/KBrO3 (2.0 eq/0.2 eq), HCl (0.25 M)
HBr/AcOH, Br2

Result
65% conversion
79% isolated yield

There exist a multitude of methods by which to protect the amino acid functionality for
subsequent transformation. While several initial attempts were made to protect the acid and
amino functionalities separately, eventually it was settled on simultaneous protection of
both functionalities with one protecting group. By refluxing compound 41 in the presence
of 9-borabicyclo[3,3,1]nonane (9-BBN), it was possible to form oxazaborolidinone 42
(Scheme 6).
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O
Br

9-BBN

OH
NH3

HO
41

MeOH, reflux
24 h

Br

O
Br
HO

O
H2N

B

42, 85 %

Scheme 6 Protection of tyrosine 41 with 9-BBN
This method is attractive for multiple reasons. One simple step allows for the
protection of two functionalities, and yields a compound with increased solubility in
organic solvents, including (in the specific case of tyrosine) THF, EtOAc, MeCN,
(CH3)2CO and MeOH amongst others. This allows for more straightforward reaction
conditions to be used in subsequent steps. Although a seemingly trivial point, amino acid
chemistry and particularly purification can be complicated due to lack of solubility in
organic solvents. The BBN protecting group can readily be removed without epimerization
of the stereogenic center using aqueous HCl or by simple exchange with ethylenediamine
in MeOH.28 The resulting protected oxazaborolidinones synthesized from a wide range of
amino acids have proven to be very stable in a wide variety of reaction conditions.29
Further reasoning for the choice of protecting group hails from the research on BBN
protected amino acids that have been shown to be selectively uptaken in melanoma cancer
cells, providing a handle for boron neutron capture therapy for cancer.30
Following protection of the amino acid functionality, it was necessary to introduce the
ortho substituted silyl and triflate groups. Initially, it was attempted to introduce these
functionalities via Route 1 as previously described in this chapter (section 2.1, Scheme 2).
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Table 6 Attempts to protect the phenol with a TMS-group

1
2
3

Conditions
HMDS (1.1 eq), reflux
TMSCl (1.2 eq), Et3N (2.0 eq)
TMSOTf (1.2 eq), -10°C, Et3N (1.1
eq), THF

Comments
Partial BBN deprotection
48 h, 50% conversion, cleaved upon
purification by column
Small scale: full conversion in 15 min
Large scale: thick, gelatinous substance
formed

Thus, 42 was heated at reflux in the presence of HMDS, but this had the effect of
inducing partial removal of the BBN protecting group, even when the reaction was closely
monitored (Table 6, entry 1). A second approach was taken to introduce TMS by
deprotonating phenol 42 in the presence of trimethylsilyl chloride (TMSCl).31 Two
equivalents of triethyl amine were added, the extra equivalent serving as an HCl scavenger
to prevent BBN deprotection. Although this did yield the desired product 43, it was not
possible to reach more than 50% conversion, despite longer reaction times (entry 2).
Purification by column chromatography on silica gel resulted in cleavage of the silyl group,
and the starting material was recovered in nearly quantitative amounts. A third attempt was
made using trimethyl silyl triflate (TMSOTf). The increased reactivity of the silyl triflate
reagent (entry 3) should allow for full conversion, making column chromatography and
thus cleavage of the silyl group avoidable. Reacting 42 with 1.2 eq of TMSOTf at lower
temperatures in the presence of triethyl amine did give full conversion to 43 when
performed on a small scale (0.08 mmol). Unfortunately, when scaled up to 2.0 mmol, the
reaction failed, and instead of product 43, a thick white product resembling a polymeric
mixture was formed. Attempts to vary the concentration and manner of addition of the
reagents failed to give a different outcome.
O-bromophenol 11 was then subjected, as a model substrate, to all three sets of
conditions listed in Table 6 to determine whether the conditions or the substrate were
proving to be problematic. Full conversion to the expected silylated phenol was seen in all
cases, and it was possible to work up and purify the resulting compound by column
chromatography without cleavage of the silyl group. Thus it is not a matter of the phenol or
the o-bromine functionality, but rather a substrate specific problem.
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Given the failure of this approach to yield the desired compound, we tried to introduce
silyl groups both on the phenol and in the position ortho to it. Thus compound 42 was
treated with 2.0 eq of n-BuLi in THF at -78°C, and quenched with TMSCl in an attempt to
synthesize compound 44 (Scheme 7).

Scheme 7 Attempted synthesis of 44
The reaction was also performed using sec-BuLi (both with 2.0 and 4.0 eq) as well as
tert-BuLi (2.0 and 4.0 eq), however in all cases, only starting material 42 was recovered.
As this work was being performed, a new methodology to achieve the desired functionality
for a simple benzyne precursor was published.32 In this study, the authors made use of
directed-metalation chemistry to introduce a TMS group directly in the ortho position
starting from phenol and using arylcarbamate intermediates (Scheme 8).

N
O
N
H

Li

N

O
O

45

TMS
O

TMSCl

N
O
TBS

N
H
46

O
47

Scheme 8 Literature route to 2-(trimethylsilyl)phenyl trifluoromethanesulfonate32

Starting from phenol, monoalkylated carbamate 45 was prepared. This underwent Nsilylation to protect the free amine, which in the same pot underwent ortho-lithiation to
give intermediate species 46, which yields 47 when the reaction is quenched with TMSCl.
After subsequent deprotection, the triflate group is introduced to yield the desired benzyne
precursor 10.
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This synthetic methodology was applied to our tyrosine system (Scheme 9). Starting
from L-tyrosine 40, protected amino acid 48 can subsequently be prepared as before by
refluxing in MeOH in the presence of 9-BBN. 48 was treated with triethylamine (1.2 eq) in
the presence of 1.5 eq of isopropyl isocyanate to yield the target carbamate 49 in 75%
isolated yield.

Scheme 9 Attempted synthesis of carbamate 51
Carbamate 49 was then treated with N, N, N’, N’-tetramethylethylenediamine
(TMEDA) and TBSOTf to form the N-silyl derivative. In the same pot, the reaction mixture
was treated with n-BuLi/TMEDA to form the lithium chelate 50. Treatment with TMSCl
followed by acidic workup yielded only starting material 49 in nearly quantitative amounts
after purification, with no evidence of product 51.
When the reaction was attempted in a stepwise manner (Scheme 10), it was determined
that the N-silylated product 52 was only produced with a yield of 5%, the remaining being
starting material 49.
O
O
N
H

O
O

H2N

O
49

B

O

TMEDA (2.5 eq), TBSOTf (1.2 eq)
THF, 0°C to r.t.

N
Si

O
H2N

O

B

52, 5%

Scheme 10 N-Silylation of carbamate 49
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Further attempts to improve the yield of carbamate 52 by using a variety of bases
proved futile. It was decided to proceed with a dialkylated carbamate to avoid the need to
introduce the silyl group (Scheme 11). Thus protected tyrosine 48 was reacted with
carbamoyl chloride to make carbamate 53 in 60% yield. 53 was then treated with n-BuLi
and hexamethylphosphoramide (HMPA) to undergo ortho-lithiation followed by trapping
with TMSCl. Unfortunately this yielded none of the desired product 54 and starting
material was recovered. The reaction was performed again using tert-BuLi in the place of
n-BuLi, but unfortunately this had no effect on the outcome.

Scheme 11 Synthesis with dialkylated carbamate protecting group
Given the repeated failure of simple reactions to be performed on either the
brominated, or simple phenolic oxazaborolidinone, it can be concluded that the protected
amino acid functionality is creating problems. Attempts to find examples in the literature in
which these BBN protected amino acids were subjected to similar conditions successfully
were sought out, but we failed to discover any. We suspect that deprotonation of one of the
amino protons of the oxazaborolidinone occurs first, creating a negatively charged
molecule. This could be an explanation for the failure for further anionic chemistry to be
performed. The design of the molecule should be reconsidered, particularly the choice of
the protecting group.

2.4 Conclusions
A new synthetic methodology has been outlined in this chapter to produce benzotriazoles
using simple and mild reaction conditions. We focused on developing a general
methodology using fluoride induced formation of benzyne and optimized the conditions to
allow it to proceed in one pot at room temperature. Although this reaction clearly does not
fulfill all of the necessary requirements to be a ‘click’ reaction in and of itself, it does
provide a copper free alternative. It proceeds rapidly at room temperature, and the
experimental procedure is very straightforward. There are functional limitations regarding
the benzyne precursor.
Since the completion of this project, various articles have been published directly
relating to the work outlined in this chapter. New methodologies, synthetic approaches to
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biologically relevant molecules, and theoretical explorations of benzyne cycloadditions to
dipoles have been explored, highlighting a pertinent interest in the field.33

2.5 Experimental Section
General Information
All reactions were carried out in oven dried glassware. THF was distilled from sodium,
CH2Cl2 and CH3CN were distilled from CaH2. CsF and KF were dried for one hour at
110ºC in a vacuum oven to remove any traces of moisture. TBAF, 18-crown-6, and 15crown-5 were purchased from Aldrich and used as received. 1H-, 13C-, and 19F-NMR were
recorded on a Varian AMX400 (400, 100.59 MHz, and 200 MHz, respectively) using
CDCl3 as solvent unless otherwise indicated. Chemical shift values are reported in ppm
with the solvent resonance as the internal standard (CHCl3: į 7.26 for 1H and į 77.0 for
13
C). Data are reported as follows: chemical shifts, multiplicity (s=singlet, d=doublet,
t=triplet, q=quartet, dd=doublet of doublets, dt=doublet of triplets, td=triplet of doublets,
m=multiplet), coupling constants (Hz), and integration. Flash chromatography was
performed on silica gel . All reactions were monitored by thin layer chromatography on
Merck F-254 silica gel plates. Visualization of the TLC plates was performed with KMnO4
reagent and UV (254 nm). Conversion of reactions was determined by GC-MS (GC
HP6890, MS HP5973) with an HP5 column (Agilent Technologies, Palo Alto, CA). Mass
spectra were recorded on an AEI-MS-902 mass spectrometer by EI (70 eV) measurements.
Safety
Working with azides should always be done carefully. Organic azides, particularly those of
low molecular weight, or with high nitrogen content, are potentially explosive. Heat, light
and pressure can cause decomposition of the azides. Furthermore, the azide ion is toxic, and
sodium azide should always be handled while protected with gloves. Heavy metal azides
are particularly unstable, and may explode if heated or shaken.
Experimental Procedure for the Preparation of Azides
General Procedure: to a stirred solution of the corresponding bromide (1.0 eq) in a
water/acetone mixture (1:4 v/v, 50 mL) was added NaN3 (1.5 eq). The resulting suspension
was stirred at room temperature for 24 h. DCM (50 mL) was added to the mixture and the
organic layer was separated. The aqueous layer was extracted with 3 x 10 mL aliquots of
DCM and the combined organic layers were dried over MgSO4. Solvent was removed
under reduced pressure, and the azide was sufficiently pure to use without further
purification.
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Benzyl azide
Yellow oil. From 2.5 mmol benzyl bromide, 100% yield. 1H NMR (400
MHz, CDCl3): į 7.25-7.43 (m, 5H), 4.35 (s, 2H); 13C NMR (100.59 MHz,
CDCl3): į 135.5, 129.3, 128.3, 128.2, 54.8.
1-(Azidomethyl)-4-fluorobenzene
Pale yellow oil. From 2.5 mmol 1-(bromomethyl)-4-fluorobenzene,
100% yield. 1H NMR (400 MHz, CDCl3): į 7.27-7.39 (m, 2H), 7.007.11 (m, 2H), 4.30 (s, 2H); 13C NMR (100.59 MHz, CDCl3): į 162.5
(d, JF-C= 1307 Hz), 131.4, 129.9 (d, JF-C= 45.2 Hz), 115.7 (d, JF-C=
110.0 Hz), 54.0; 19F NMR (200 MHz, CDCl3): į -112.3.
Ethyl 2-azidoacetate
Colorless oil. From 2.5 mmol ethyl bromoacetate, 100% yield. 1H
NMR (400 MHz, CDCl3): į 4.15 (q, J=6.8 Hz, 2H), 3.77 (s, 2H), 1.20
(td, J=7.2, 1.2 Hz, 3H). 13C NMR (100.59 MHz, CDCl3): į 168.1,
61.5, 50.0, 13.8.
Cinnamyl azide
Colorless oil. From 2.5 mmol cinnamyl bromide, 100% yield. 1H
NMR (400 MHz, CDCl3): į 7.31-7.45 (m, 5H), 6.67 (d, J=15.6 Hz,
1H), 6.26 (dt, J=16, 6.4 Hz, 1H), 3.95 (d, J=6.4 Hz, 2H); 13C NMR
(100.59 MHz, CDCl3): į 135.7, 134.5, 128.7, 128.2, 126.7, 122.4,
53.0; HRMS (EI) calcd for C9H9N3 159.0796, found 159.0790.
Experimental Procedures for the Preparation of Benzyne Precursors
The following benzyne precursors were prepared according to literature procedure and
characterized accordingly: 2-(trimethylsilyl)phenyl trifluoromethanesulfonate (17), 2(trimethylsilyl)naphthalen-1-yl trifluoromethanesulfonate (18), and 3-methoxy-2(trimethylsilyl)phenyl trifluoromethanesulfonate (28).20
3-((Trimethylsilyl)oxy)benzonitrile
1
H NMR (400 MHz, CDCl3): į 7.25-7. 27 (m, 1H), 7.17-7.19 (m, 1H),
7.00-7.03 (m, 2H), 0.22 (s, 9H); 13C NMR (100.59 MHz, CDCl3): į 155.8,
130.7, 125.4, 123.5, 118.9, 113.4, 0.26.
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Trimethyl(3-nitrophenoxy)silane
1
H NMR (400 MHz, CDCl3): į 7.76 (d, J=8.0 Hz, 1H), 7.60 (s, 1H), 7.33
(t, J=8.0 Hz, 1H), 7.11 (d, J=8.4 Hz, 1H), 0.26 (s, 9H); 13C NMR (100.59
MHz, CDCl3): į 156.2, 149.3, 130.2, 126.6, 116.6, 115.1, 0.20.

(S)-2-(3-Bromo-4-hydroxyphenyl)-1-carboxyethanaminium bromide (18)
A solution of HBr in glacial acetic acid (33% w/v) was added to
a vigorously stirred suspension of L-tyrosine (5.54 g, 30.6
mmol) in acetic acid (25 mL). To the resulting solution was
added Br2 (1.7 mL, 33.2 mmol) in acetic acid (12 mL) dropwise
over a 3 h period. The resulting solution was stirred at room
temperature for 24 h. The reaction mixture was filtered and the white precipitate was
washed with acetic acid (3 x 10 mL) and then diethyl ether (5 x 10 mL). The product was
isolated as a white solid. Yield=79%.Note: to allow for dropwise addition of Br2, a thick
metal needle is required to prevent corrosion of the needle. 1H NMR (400 MHz, D2O): į
7.34 (s, 1H), 7.04 (m, 1H), 6.74-6.85 (m, 1H), 4.12 (br s, 1H), 3.08-3.14 (m, 1H), 2.95-3.02
(m, 1H); 13C NMR (100.59 MHz, D2O): į 171.0, 152.1, 133.7, 130.8, 129.9, 116.8, 109.8,
54.2, 34.4.
(S)-4'-(3-Bromo-4-hydroxybenzyl)-5'-oxospiro[bicyclo[3.3.1]nonane-9,2'[1,3,2]oxazaborolidin]-3'-ium-11-uide (19)
9-BBN (40.6 mL, 20.2 mmol) was added to a roundbottom
flask containing 120 mL of MeOH. The resulting solution was
heated to reflux for 30 min under an inert atmosphere of N2
with the purpose of dissolving the 9-BBN. After 30 min (or
once all of the 9-BBN is dissolved), 18 was added (6.00 g,
18.4 mmol) to the solution and the reaction was heated and
monitored by thin layer chromatography (100% diethyl ether, Rf=0.85). Upon completion
of the reaction, the solvent and excess 9-BBN were evaporated to yield the product as a
white solid. Yield=85% (5.94 g). 1H NMR (400 MHz, CD3OD): į 7.48 (s, 1H), 7.12 (d,
J=8.0 Hz, 1H), 6.86 (d, J=8.0 Hz, 1H), 6.44 (br t, J=8.0 Hz, 1H), 5.25 (br t, J=8.0 Hz, 1H),
3.92 (m, 1H), 3.16 (dd, J=8.0, 8.0 Hz, 1H), 2.96 (dd, J=8.0, 8.0 Hz, 1H), 1.34-1.90 (m,
12H), 0.54 (br s, 1H), 0.25 (br s, 1H); 13C NMR (100.59 MHz, CD3OD): į 174.2, 153.4,
133.8, 129.4, 128.8, 116.3, 109.7, 56.8, 35.1, 31.5, 31.3, 31.0, 24.5, 24.0.
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(S)-4'-(4-Hydroxybenzyl)-5'-oxospiro[bicyclo[3.3.1]nonane-9,2' [1,3,2]oxazaborolidin]3'-ium-11-uide (25)
Tyrosine (1.0 g, 5.52 mmol) was dissolved in 60.0 mL of
MeOH in a roundbottom flask under inert atmosphere. To this
solution was added a solution of 9-BBN in THF (12.1 mL,
6.07 mmol). The reaction mixture was heated at reflux
overnight, and the progress of the reaction was monitored by
TLC (100% diethyl ether, Rf=0.9). After cooling the solution,
the methanol was evaporated, and the resulting residue was redissolved in boiling THF and
filtered. The filtrate was concentrated and triturated twice with hot diethyl ether and
pentane. The resulting viscous solid was placed under vacuum overnight. Yield=71% (1.18
g). White viscous solid. 1H NMR (400 MHz, CD3OD): į 7.13 (d, J=12.0 Hz, 2H), 6.77 (d,
J=8.0 Hz, 2H), 3.93 (dd, J=12.0, 2.0 Hz, 1H), 3.14 (dd, J=8.0, 8.0 Hz, 1H), 3.04 (dd, J=8.0,
8.0 Hz, 1H), 1.40-1.81 (m, 12H), 0.53 (s, 1H), 0.20 (s, 1H); 13C NMR (100.59 MHz,
CD3OD): į 175.4, 156.8, 130.4, 126.5, 115.6, 56.6, 35.4, 31.4, 31.3, 31.1, 31.0, 24.5, 24.0.
(S)-4'-(4-((Isopropylcarbamoyl)oxy)benzyl)-5'-oxospiro[bicyclo[3.3.1]nonane-9,2'[1,3,2]oxazaborolidin]-3'-ium-11-uide (26)
BBN-protected tyrosine (1.0 g, 3.32 mmol) was
dissolved in dry DCM (20 mL). To this stirred
solution was added isopropylisocyanate (423.9 mg,
4.98 mmol), followed by Et3N (0.54 mL, 0.66
mmol). The solution was allowed to stir at room
temperature overnight after which the solvent was
evaporated to yield a yellow solid. The resulting
solid was triturated with diethyl ether and pentane to remove any impurities. Yield=75%
(0.96 g). 1H NMR (400 MHz, CD3OD): į 7.35 (d, J=8.0 Hz, 2H), 7.07 (d, J=8.0 Hz, 2H),
3.96 (m, 1H), 3.76 (m, 1H), 3.49 (dd, J=8.0, 8.0 Hz, 1H), 3.00 (dd, J=8.0, 8.0 Hz, 1H),
1.34-1.95 (m, 12H), 1.19 (s, 6H), 0.55 (s, 1H), 0.42 (s, 1H).
(S)-4'-(4-((Dimethylcarbamoyl)oxy)benzyl)-5'-oxospiro[bicyclo[3.3.1]nonane-9,2'[1,3,2]oxazaborolidin]-3'-ium-11-uide (30)
BBN-protected tyrosine (100.0 mg, 0.33 mmol) was
dissolved in pyridine (5.0 mL). To this solution was
added dimethyl carbamoyl chloride (0.1 mL, 1.05
mmol) and the resulting solution was heated to reflux.
Progress of the reaction was monitored by thin layer
chromatography (3:1 EtOAc:pentane, Rf=0.2). Upon
completion, the solvent was evaporated and the crude mixture was purified by column
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chromatography (5:1 EtOAc:pentane) to give the product as a white powder. Yield=57%
(70.0 mg). 1H NMR (400 MHz, CD3OD): į 7.36 (d, J=8.0 Hz, 2H), 7.07 (d, J=8.0 Hz, 2H),
3.94-3.98 (m, 1H), 3.31 (dd, J=8.0, 8.0 Hz, 1H), 3.12 (s, 3H), 3.02 (dd, J=8.0, 8.0 Hz, 1H),
3.01 (s, 3H), 1.43-1.85 (m, 12H), 0.55 (s, 1H), 0.45 (s, 1H).
Experimental Procedure for the Cycloaddition of Azides and Arynes
General Procedure: to a stirred solution of azide (0.60 mmol, 3.0 eq) in 3 mL of solvent in a
10 mL glass roundbottom flask was added a fluoride source (0.40 mmol, 2.0 eq) and crown
ether (0.40 mmol, 2.0 eq) as stated. After 10 min of stirring at room temperature, the aryne
precursor (0.20 mmol, 1.0 eq) in 1 mL of solvent was added dropwise to the reaction
mixture. The roundbottom was sealed and the progress of the reaction was monitored by
TLC or GC/MS. Upon completion, the reaction mixture was poured into saturated aqueous
NaHCO3. The organic layer was separated and the aqueous layer was extracted with DCM
(3 x 10 mL). The combined organic layers were dried over MgSO4 and the solvent was
removed under vacuum. The residue was purified by column chromatography
(heptane/ethyl acetate (7:1)) yielding pure products with the exception of 1-benzyl-1Hnaphtho[2,3-d][1,2,3]triazole and 1-benzyl-1H-naphtho[1,2-d][1,2,3]triazole, which could
not be separated by column chromatography.
1-Benzyl-1H-benzo[d][1,2,3]triazole
White solid: mp 114-115ºC; 1H NMR (400 MHz, CDCl3): į 8.07 (d,
J=8.0 Hz, 1H), 7.26-7.41 (m, 8H), 5.85 (s, 2H); 13C NMR (100.59
MHz, CDCl3): į 146.3, 134.7, 132.8, 129.0, 128.4, 127.6, 127.4,
123.9, 120.0, 109.7, 52.2; HRMS (EI) calcd for C13H11N3 209.0953,
found 209.0945.
1-Benzyl-4-methoxy-1H-benzo[d][1,2,3]triazole
White solid: mp 93-94ºC. 1H NMR (400 MHz, CDCl3): į7.27-7.33
(m, 6H), 6.90 (d, J=11.2 Hz, 1H), 6.65 (d, J=10.4 Hz, 1H), 5.81 (s,
2H), 4.11 (s, 3H); 13C NMR (100.59 MHz, CDCl3): į 138.4, 134.8,
134.5, 128.7, 128.4, 128.1, 127.2, 103.1, 101.7, 56.0, 52.0; HRMS
(EI) calcd for C14H13N3O 239.1059, found 239.1061.

1-Benzyl-1H-naphtho[2,3-d][1,2,3]triazole
White solid. 1H NMR (400 MHz, CDCl3): į 8.81 (d, J=8.0 Hz,
1H), 7.94 (d, J=7.6 Hz, 1H), 7.71-7.74 (m, 2H), 7. 58 (t, J=6.4
Hz, 1H), 7.26-7.36 (m, 5H), 7.18 (s, 1H), 5.93 (s, 2H). 13C NMR
(100.59 MHz, CDCl3): į 135.7, 134.8, 133.1, 130.5, 129.3, 129.0,
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128.5, 128.2, 127.4, 127.0, 126.3, 122.3, 118.5, 109.2, 52.4. HRMS (EI) calcd for C17H13N3
259.1109, found 259.1115.
1-Benzyl-1H-naphtho[1,2-d][1,2,3]triazole
White solid. 1H NMR (400 MHz, CDCl3): į 8.01 (m, 2H), 7.71-7.74 (m,
2H), 7.51-7.54 (m, 1H), 7.26-7.36 (m, 5H), 7.16 (s, 1H) 6.28 (s, 2H). 13C
NMR (100.59 MHz, CDCl3): į135.7, 134.9, 133.1, 130.9, 129.3, 129.1,
128.6, 128.2, 127.4, 127.1, 126.4, 122.3, 118.1, 115.7, 54.0. HRMS (EI)
calcd for C17H13N3 259.1109, found 259.1115.

1-(4-Fluorobenzyl)-1H-benzotriazole
White solid: mp 92-93ºC; 1H NMR (400 MHz, CDCl3): į 8.09 (d,
J=9.02 Hz, 1H), 7.26-7.43 (m, 5H), 7.04 (t, J=8.4 Hz, 2H), 5.82(s,
2H); 13C NMR (100.59 MHz, CDCl3): į 162.6 (d, J=98.5 Hz),
146.3, 132.6, 130.5, 129.4 (d, J=30.4 Hz), 127.5, 123.9, 120.1,
116.0 (d, J=88.4), 109.4, 51.4. HRMS (EI) calcd for C13H10FN3
227.0859, found 227.0851.
Ethyl 2-(1H-benzo[d][1,2,3]triazol-1-yl)acetate
Pale yellow solid: mp 76-78ºC. 1H NMR (400 MHz, CDCl3): į 8.11(d,
N
N
J=8.4 Hz, 1H), 7.48-7.52 (m, 2H), 7.39-7.42 (m, 1H), 5.42 (s, 2H),
N
4.26 (q, J=7.2 Hz, 2H), 1.26 (t, J=6.8 Hz, 3H); 13C NMR (100.59
O
MHz, CDCl3): į 166.6, 146.3, 133.6, 128.2, 124.4, 120.5, 109.4, 62.6,
O
49.3, 14.3. HRMS (EI) calcd for C10H11N3O2 205.0851, found
205.0852.
1-Cinnamyl-1H-benzo[d][1,2,3]triazole
White solid: mp 72-73ºC. 1H NMR (400 MHz, CDCl3): į 8.09
(d, J=11.2 Hz, 1H), 7.57 (d, 8.4 Hz, 1H), 7.45 (t, J=7.2 Hz, 1 H),
7.26-7.40 (m, 6H), 6.69 (d, J=16.0 Hz, 1H), 6.41 (dt, J=21.2, 8.0
Hz, 1H), 5.45 (dd, J=6.8, 1.6 Hz, 2H). 13C NMR (100.59 MHz,
CDCl3): į 146.2, 135.5, 134.4, 132.9, 128.6, 128.3, 127.3,
126.6, 123.9, 122.1, 120.0, 109.6, 50.6. HRMS (EI) calcd for
C15H13N3 235.1109, found 235.1116.
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Ligand Accelerated Copper(I)Catalyzed Azide-Alkyne
Cycloadditions
A new catalytic system using the phosphoramidite ligand MonoPhos was
developed for the purpose of achieving rate acceleration of the copper catalyzed
1,3-dipolar cycloaddition of azides and alkynes. This methodology was optimized
to achieve dramatic rate enhancement and applied for the ligation of [18F]containing prosthetic groups for positron emission tomography. Phosphoramidites
proved to be excellent rate accelerating, high yielding ligands.

Part of this chapter was published:
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Commun. 2009, 16, 2139-2141.
Radiolabelling procedures were performed by Leila Mirfeizi.1
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3.1 Introduction
Following pioneering work by Huisgen,1a the discovery by Sharpless et al1b and Meldal et
al1c in 2002 that copper(I) catalyzes the 1,3-dipolar cycloaddition of azides and alkynes to
form 1,4-disubstituted triazoles (CuAAC) strongly contributed to the popularization of
‘click’ chemistry as a highly effective method for functionalization.1 Significant progress
has since been made in the application of this methodology to the areas of drug discovery,
polymer chemistry, surface functionalization and for medicinal and biological applications,
amongst others. 2
One such application has been the labelling of biological targets with short lived
radioisotopes for nuclear imaging by positron emission tomography (see Chapter 1, Section
1.9). It is crucial in the area of radiolabelling to have reaction times that are as short as
possible to conserve the maximum amount of radioactivity, which is constantly decaying
with time. Publications describing the application of the CuAAC to [18F]-labelling have
demonstrated that to achieve such desired reaction times, elevated copper concentrations
(ranging from 50 mol % to several equivalents) must be used.3 However, such large
excesses of copper salts are less than ideal as copper can contaminate the resulting tracer
which is to be injected in living organisms. As copper is cytotoxic, this is a potential
drawback of the methodology. Alternatives to such high copper concentrations for the
acceleration of the CuAAC are desirable. One possible option to accelerate the reaction
without resorting to elevated copper concentrations would be to use ligands. Although the
reaction proceeds smoothly on its own, several ligand systems have shown to promote rate
enhancement of the CuAAC.4 Most notably polytriazolylamine tris[(1-benzyl-1H-1,2,3triazol-4-yl)methyl]amine 1 (TBTA) has proven to sufficiently enhance the reaction rate to
allow for lower catalyst loadings (Figure 1). 5 Although TBTA (1) remains the most widely
used ligand,3,6 related examples have since emerged including the water soluble sulfonated
bathophenanthroline (2),4 benzimidazoles (3),7 pybox ligands (4),8 phosphites,9 NHC
carbenes (5)10 and histidine derivatives (6).11 Most of these ligands show acceleration that,
while significant, still falls short of the required reaction times for labelling with short-lived
radioisotopes. Others still require high catalyst loadings or the assistance of higher
temperatures12 and while NHC carbenes have demonstrated very effective acceleration,
their use may be limited by their challenging synthetic route.13
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Figure 1 Ligands used to promote the CuAAC
It is widely accepted that the addition of a ligand in the CuAAC serves two purposes.
In one instance, it stabilizes the oxidation state of Cu(I), protecting it from being oxidized
by various external species.4 This allows for a high level of the catalytically active
complexes in solution. It is also suggested that a variety of Cu(I) complexes exist in the
reaction medium and that the presence of ligands can alter the equilibrium between the
multi-nuclear copper complexes, dissociating stable clusters to help form active
complexes.4 Recent investigations into the proposed mechanism of the copper(I)-catalyzed
azide alkyne cycloaddition unearthed a complex set of data that led to the conclusion that
there are multiple species involved in ligand accelerated catalysis, which may depend on
any number of factors (Scheme 1).14 Variation of reaction conditions (pH, concentration,
solvent) proved to have a very pronounced effect on the efficiency of a given ligand in
accelerating triazole formation. This is indicative of sensitive cluster formation which in
turn has a large impact on the catalytic efficiency.
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Scheme 1 Proposed mechanism cycle of the CuAAC15
Phosphoramidites16 (Figure 2) are used as monodentate ligands for copper in a number
of stereoselective transformations and have demonstrated strong ligand accelerating
effects.17 They contain a trivalent phosphorus, and differ from other phosphorus ligands in
that they contain two P-O bonds and one P-N bond. They typically have electronic donoracceptor properties that lie in a range between those of arylphosphites and arylphosphines.
Both the nitrogen and the phosphorus atoms have one lone pair of electrons, and they can
bind either in a monodentate fashion through the phosphorus or in bidentate fashion with
extra coordination achieved by cyclometallation or by coordination from a substitution on
the amine.15 Phosphoramidites have shown to coordinate to a wide variety of transition
metals including copper. They are inexpensive, easily modified, remarkably stable and
readily accessible ligands.18 Their facile modularity makes them an appealing class of
ligands as the properties of the ligands and thus of the metal-ligand complex are more
readily tuned for specific applications.19
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Figure 2 Phosphorus ligands

3.2 Goal
Our interest in applying the CuAAC to time sensitive [18F]-radiolabelling methodology for
positron emission tomography (PET) led us to consider the recent advances in ligand
accelerated ligations of azides and alkynes. The more general ligand free CuAAC reactions
lack an appropriate time scale for [18F]-radiolabelling in the absence of high copper
concentrations or of numerous equivalents of nitrogen containing base.20 To achieve the
broader goal of implementing ‘click’ chemistry into the toolbox of accessible reactions for
radiolabelling, acceleration of the standard reaction is required. The goal of this project is to
develop a ligand accelerated system that is robust and simple to use but that gives the
desired rates of reaction and that allows for lower concentrations of substrates to be used,
facilitating purification of the desired tracer. We set for ourselves a benchmark of 10 to 15
min reaction times. Full conversion is not necessarily a requirement for successful
conditions if the first 10-15 min are high yielding.

3.3 Condition Optimization
Based on the existing examples of rate accelerating ligands present in the literature, a
variety of nitrogen and phosphorus containing ligands were screened in an attempt to find a
new ligand system to provide the desired rate acceleration. A model reaction of benzyl
azide 7 with phenylacetylene 8 was used for preliminary screening of ligand effects. The
initial screening was performed using 1 mol % of CuSO4·5H2O (reduced in situ to Cu(I)
with 5 mol % sodium ascorbate) because this provided a reaction time of 30 h to reach full
conversion. This was a time frame that was sufficiently long to allow us to ascertain if the
addition of a ligand had an effect on the rate.
A vast array of phosphorus and nitrogen containing ligands were tested (Table 1).
Chiral ligands were used in their racemic form. All reactions were performed in a
DMSO/H2O (1:3) solution, combining the rate enhancing power of water1 with the
solvation effects of DMSO. DMSO also helps prevent copper from being saturated by the
ligand by binding competitively to the copper center, and also prevents inhibitory
aggregation.21 In the absence of a ligand, the reaction under the selected conditions only
achieves 88 % conversion after 24 h (entry 1). After approximately 30 h, the ligand free
reaction reaches completion. Using tertiary amine L1 as a ligand significantly decreases the
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overall reaction time, achieving full conversion after 4 h (entry 2). A secondary amine L2
bearing the same bipyridyl group and a benzylic phenol proved to have a detrimental effect
on the progress of the reaction compared with ligand-free conditions (entry 3). The bulky
diimino ligand L3 showed similarly poor results (entry 4), as did the bipyridyl containing,
phenolic secondary amine L4 (entry 5). Pyridine-2,6-diyldimethanol L5 also slowed the
reaction, reducing the conversion to 27 % after 24 h (entry 6) and the addition of N’,N’,N’trimethyl-1,4,7- triazacyclononane L6 (MeTACN) resulted in no conversion at all, even
after 24 h (entry 7). More encouraging results were achieved with phosphorus containing
ligands. Triphenyl phosphine L7 and triphenyl phosphite L8 (entries 8 and 9) showed
modest acceleration, reducing the time to full conversion to 10 h. The use of more rigid
BINAP L9 (entry 10) proved to have a stronger accelerating effect, reducing the reaction
time to 4 h. Given the positive effect of the tertiary nitrogen containing ligands, as well as
the more rigid phosphorus containing BINAP ligand, a simple phosphoramidite ligand was
tested. The use of MonoPhos L10 (entry 11) showed a dramatic rate accelerating effect,
decreasing the reaction time to 2 h and yielding the cycloadduct nearly quantitatively.
One of the key advantages of phosphoramidites as a class of ligands is their
modularity.16 Both the phosphorus backbone and the amine can be varied to a wide degree.
Given the positive result that was achieved using MonoPhos, a more thorough screening of
phosphoramidites was undertaken (Table 2). MonoPhos was synthesized with (R)-BINOL,
(S)-BINOL and racemic 1,1'-bi-2-naphthol (BINOL). All three ligands were compared in
the CuAAC and proved to give identical results. Thus all subsequent phosphoramidites
were synthesized as racemates. Diethyl phosphoramidite L11 (entry 3) gave similar
acceleration as did the more sterically hindered diisopropyl phosphoramidite L12 (entry 4).
Increasing the length of the amine alkyl chains (L13) proved to decrease the rate of the
reaction (entry 5) as did the use of cyclic PipPhos L14 (entry 6). Benzylic substituents at
the amine moiety (L15) also increased the reaction time. Curious as to the effect of the diol
backbone of the ligand upon the reaction rate, we investigated several variations and found
that both a simple catechol-based phosphoramidite L16 and the less rigid dibenzyl
phosphoramidite L17 gave less favourable results than MonoPhos L10 (entries 8 and 9).
Oxidized MonoPhos L18 (entry 10) also gave comparatively long reaction times and lower
yields. We concluded that the rigid backbone is a factor in the effectiveness of the ligand on
this system. In all cases the sole product obtained was the 1,4-regioisomer.
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Table 1 Initial screening of ligands for CuAAC

Time (h)
24
4

Conversion (Yield)
88
100 (90)

3

24

17

4

24

18

5

24

70

6

24

27

7

24

0

8

10

100 (96)

9

10

100 (93)

10

4

100 (78)

11

2

100 (98)

1
2

Ligand
None
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Table 2 Screening of phosphoramidite ligands in the ligand enhanced CuAAC
CuSO4·5H2O (1 mol %)
Na ascorbate (5 mol %)

+

7, 1.0 eq

Ph
N N

Ligand (1.1 mol %)

N3

8, 1.2 eq

DMSO:H2O (1:3)

N

9

Timea (h)
30
2

Yieldb (%)
88
98

3

2

90

4

2

93

2.5

97

6

7

86

7

5

91

8

4

85

9

10

75

10

15

58

1
2

Ligand
None

5

O
P N
O

L13

a

To full conversion. bIsolated yield.
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Proceeding with MonoPhos as a ligand, further reaction parameters were explored.
Varying the concentration first of the azide and then of the alkyne indicated that a four-fold
excess of either substrate initially improves rates; after 10 min conversions were 47 and
80%, respectively (Table 3). An excess of alkyne proved to be a superior choice for overall
rate enhancement, reducing the total reaction time from 2 h to 30 min. In view of our goal
to achieve a fast method for radiolabelling we subsequently work with an excess of alkyne.
Although 4.0 eq showed dramatic acceleration, we opted to work with 2.0 eq of alkyne in
all subsequent experiments, as 4.0 eq is quite excessive. We also found that by adding 1
mol % of MeTACN (L6) the reaction could be stopped with no further conversion to the
product.22
Table 3 Effect of relative substrate concentration

Eq. Azide
1.0
4.0
1.0

Eq. Alkyne
1.0
1.0
4.0

% Conversion at 10 min
15
47
80

Time to Completion
2h
2.5 h
30 min

Increasing the catalyst loading had the expected effect of enhancing the rate of the
reaction. From 1 to 5 to 10 mol %, it was possible to significantly decrease the reaction
time to achieve full completion within 30 min with MonoPhos L10 (Table 4). Performing
the same experiments with diethyl phosphoramidite L11 demonstrated the same trend, as
the amount of copper was increased, the time to completion decreased. Comparing the
results from entries 1-3 and entries 4-6, it is clear that MonoPhos L11 has superior
accelerating effects on this system. Increasing the copper concentrations above 10 mol %
gave rise to copper clusters precipitating out of solution.
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Table 4 Effect of catalyst loading upon reaction time

Cu:Ligand
(mol %)

Ligand

Conversion at
10 min (%)

Time (min)a

Yieldb (%)

1
2
3

1:1.1
5:5.5
10:11

21
45
60

60
40
30

91
93
92

4
5
6

1:1.1
5:5.5
10:11

16
38
43

100
80
40

90
95
89

a

For completion. bIsolated yield.

Following these initial investigations, the substrate scope of the reaction was explored.
The CuAAC proceeded very smoothly with a wide variety of azides (Table 5). Using 2.0 eq
of phenylacetylene 8, benzyl azide 9 can be transformed into triazole 11 but now within an
hour (Table 5, entry 1) rather than the two hours required when only 1.0 equivalent of 8
was used (Table 2 entry 2). Phenylazide 10 gave the slowest reaction, taking 4 h to proceed
to completion (entry 2) whereas phenylazides with methoxy (11), bromo (12), and cyano
(13) substituents at the para position reacted fully within 2 h (entries 3, 4 and 5). This is
consistent with the recently published discovery by Finn et al that electron withdrawing or
donating substituents in place of both hydrogen or methyl groups on the azide substrate
result in a rate increase. 23 Alkyl substrates 1-azidooctane 14 and 1-azido-4-fluorobutane 15
also gave fast conversions and excellent yields (entries 6 and 7). Unsaturated and ester
functionalized azides 16 and 17 reacted very quickly to produce triazoles set for further
functionalization (entries 8 and 9). Of particular interest to us were the rapid conversions of
the fluorine containing aryl and alkyl azides to their corresponding triazoles (entries 7 and
10). [18F]-labelled analogues of these compounds have been prepared to label target
compounds using this rapid ‘click’ protocol.24 In general it seems that the MonoPhos
accelerated CuAAC tolerates a wide range of azides with just slight variations in reaction
time.
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Table 5 Azide scope for the azide-alkyne cycloaddition

Timea (h)
1

Azide
1
N3

a

Yieldb (%)
91

7

2

4

88

3

2

80

4

2

71

5

2

81

6

2.5

99

7

1.5

90

8

1.5

96

9

0.75

83

10

1.5

84

Time to completion. bIsolated yield.

A similar investigation of the alkyne scope revealed significant differences in the rates
of various substrates (Table 6) likely due to electronic or steric effects (or both) upon the
initial formation of the copper acetylide species considered the active species in the
catalytic cycle (see Chapter 1, section 1.3).4
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Table 6 Alkyne scope for the [3+2] azide-alkyne cycloaddition

Alkyne

Timea (h)

Yieldb (%)

1

1

91

2

1.5

86

3

2

93

4

5

62

5

1

65c

6

1

59d

7

2

87

a

Time to full conversion. bIsolated yield. cReaction only reaches 70 % conv. d Isolated yield
after reaction completion (13 h).

Compared with the model substrate phenylacetylene 8 (entry 1), 1-ethynyl-4methoxybenzene 19 and 1-ethynyl-4-fluoromethylbenzene 20 had slightly longer reaction
times but still reacted rapidly to provide good yields (entries 2 and 3). An electron
withdrawing group in the ortho position of the phenyl ring (21) seemed to have a negative
effect on the rate (entry 4), however we also noted in the course of this reaction that the
solubility of the substrate was poor. Reaction with propargyl amine 22 (entry 5) showed
very rapid conversion to the corresponding triazole in the first hour (70 %), however, no
further conversion was detected. Closer consideration of the resulting triazole led us to
conclude that it is an excellent ligand for Cu(I), and was in fact used by Sharpless et al in a
previous study to catalyze the [3+2] cycloaddition of azides and alkynes.4 With nearly one
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full equivalent of the triazole product with respect to catalytic amounts of copper the metal
center risks saturation and inhibition of any further catalysis. Propiolic acid 23 (entry 6)
showed similar behaviour, reaching 55% conversion after 1 h and then requiring a further
12 h to reach full conversion. However an ester substituted alkyne 24 reacted smoothly
(entry 7). Thus we suspect some coordination of the copper by the free acid of the substrate
or of the triazole product, inhibiting the reaction.
As a copper source for the CuAAC, CuSO4·5H2O in combination with the water
soluble reducing agent sodium ascorbate is overwhelmingly favoured. Although Cu(I) salts
can also be used, they exclude the use of water due to the inherent thermodynamic
instability of Cu(I), resulting in its easy oxidation to Cu(II).25 Thus ‘click’ reactions using
Cu(I) salts require an equivalent of nitrogen containing base to promote the reaction in the
absence of water (which normally serves to deprotonate the terminal alkyne to form the
acetylide).15 A greater likelihood of side product formation is observed in cases where
Cu(I) salts are used. 15,26
It was anticipated that MonoPhos L10 might stabilize the catalytically active Cu(I)
oxidation state. A range of readily available Cu(I) salts were tested in aqueous solution
(Table 7) and indeed they gave excellent reaction times and yields, with no evidence of side
product formation (alkyne-alkyne homocoupling for instance) detected. Thus the presence
of MonoPhos appears to have the effect of stabilizing the copper(I) oxidation state
sufficiently to allow the reaction to proceed in aqueous solution.
Table 7 [3+2] Cycloaddition with copper (I) salts

Copper Salt

Timea (h)

Yield (%)

CuCl
CuBr
CuI
CuBr·DMS

1
2
3.5
1

99
94
89
95

a

To full conversion.

To test our methodology on the required time scale of radiolabelling, we synthesized
[18F]-fluorinated 1-ethynyl-4-(fluoromethyl)benzene 26 (Scheme 2). After fluorination, it
was ligated to benzyl azide 7 in the presence of CuSO4·5H2O (1 mol %) and MonoPhos
(1.1 mol %). Full conversion to the labelled triazole 27 was detected after 10 min (as
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determined by HPLC and radio-TLC). Under identical conditions but in the absence of
ligand, only low conversion to triazole 27 was detected (< 20%).

Scheme 2 Synthesis of [18F]-labelled triazole 27 (RCY=radiochemical yield)

3.4 System Limitations
Several attempts were made to expand the use of the newly developed methodology. In this
section, several instances in which the system failed to give the desired result and where
other ligand systems proved successful are outlined.
Inorganic azides are often considered to be toxic, and potentially explosive
compounds.27 Generally organic azides can be exempted from such qualities, but there are
some dangers which are associated with low molecular weight azides, as well with the
synthesis of some organic azides. This is particularly true in instances where elevated
temperatures are required for azide formation, and in those when the azide is formed
through the use of triflyl azide or via copper catalyzed coupling. Metallic azide complexes
are known to be shock sensitive.27 As a result, interest in developing or extending systems
to allow for one-pot formation of azides for tandem ‘clicking’ to alkynes has emerged.28
This would allow for the desired triazole product to be accessed starting simply from, for
instance, the corresponding halides. Some simple reactions were performed, to test the
possible extension of our methodology to a one-pot system (Table 8). One equivalent of
benzyl bromide 28 and two equivalents of phenylacetylene 8 were dissolved in a
water/DMSO mixture (3:1). To this solution was added 1.5 equivalents of sodium azide, 1
mol % of CuCl and 1.1 mol % of MonoPhos. The reaction mixture was allowed to stir at
room temperature. After 1 h, only traces of product were detected, and after 4 and 17 h
respectively, only 10 and 12% product formation was observed. The one-pot reaction was
also attempted using CuSO4·5H2O with a reducing agent, sodium ascorbate, along with
72

Ligand Accelerated Copper(I)-Catalyzed Azide-Alkyne Cycloadditions

MonoPhos and sodium azide. This proved to give even less conversion to the product. With
little doubt, the goal could be achieved using elevated temperatures or catalyst loadings, or
through the use of microwave as described in literature,29 however the goal of these
experiments was to see whether the increased reactivity seen in the classic ‘click’ reaction
using phosphoramidite ligands could translate into useful extra reactivity in other scenarios.
Table 8 One-pot azide formation and subsequent ‘click’ reaction

Conditions

Time (h)

CuCl (1 mol %)
MonoPhos (1.1 mol %)
NaN3 (1.5 eq)

1

Traces

4

10

17

12

1
15

Traces
Traces

CuSO4·5H2O (2 mol %)
MonoPhos (2.2 mol %)
Na Ascorbate (10 mol %)
NaN3 (1.5 eq)

Conversion

While it is generally accepted that the copper catalyzed [3+2] cycloaddition of azides
and alkynes proceeds through the formation of the copper-acetylide species (Chapter 1,
Section 1.3), the use of NHC carbene ligand copper complexes has been shown to allow
access to cyclization with internal alkynes.10 The authors suggest that rather than the
formation of the copper-acetylide, the copper-NHC catalyzed cycloaddition with internal
alkynes proceeds through a ʌ-alkyne complex. Spectroscopic studies give evidence of very
strong ʌ-backbonding30 in the copper NHC complex, and they claim that the strong sigmadonating nature of the ligands yields the resulting effect of sufficiently activating the alkyne
by ʌ-complexation. Given these findings, we were curious to test the phosphoramidite
copper complex system to ascertain whether it activated the alkyne in a similar fashion to
the NHC carbenes.
Subjecting diphenylacetylene 29 to the standard reaction conditions (Scheme 3) gave
no formation of triazole 30 after more than 48 h. We decided to test more robust reaction
conditions, namely those reported in the literature, and changed the substrate in question to
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diethylacetylene 31, which is known to be a less reactive alkyne for the thermally driven,
uncatalyzed [3+2] cycloaddition with azides.10 Thus the reaction mixture could be heated
without fear that the thermally driven triazole product would be formed. Diethylacetylene
31 was subjected to CuBr and MonoPhos (5 and 5.5 mol %, respectively) in a DMSO/H2O
water mixture (1:3) at 70°C for 24 h, at which point no evidence of triazole 32 formation
was detected. It seems that in contrast to the results observed using NHC carbene ligands,
MonoPhos does not catalyze the cycloaddition of internal alkynes.

N3

CuSO4·5H2O (5 mol %)
Na Asc (25 mol %)
+ Ph

N3

7

MonoPhos (5.5 mol %)
H2O/DMSO (3:1), r.t.

CuBr (5 mol %)
+

Et

Et

31

Ph

N

Ph

29

7

Ph

MonoPhos (5.5 mol %)
70°C, 24 h

N

N

30

Et
N

32

Et

N

N

Scheme 3 Reactions with selected internal alkynes
A final limitation to the system arose in the form of a two-step one-pot deprotection of
a silyl protected alkyne and subsequent CuAAC. Terminal alkynes are often masked during
synthetic transformations to protect them from transition metals or organometallic reagents.
Silyl groups are commonly used to provide this protection and can be removed with relative
ease using fluoride anions, basic conditions or Lewis acids.31 For the sake of synthetic
versatility, it can be advantageous to have a one-pot, high yielding procedure to liberate a
masked alkyne and allow it to undergo cyclization with an azide without having to purify
and isolate the intermediate terminal alkyne. Existing examples of systems show that using
a catalytic amount (20 mol %) of AgBF4 in a water/tert-butyl alcohol mixture along with
CuSO4 (10 mol %) and sodium ascorbate (20 mol %) at 35°C for 18 h can produce the
corresponding triazoles from the silyl protected alkyne substrates in high yields.32
Triethylamine in combination with heating to 50°C or accompanied by microwave heating
can produce the same effect.26
As a model reaction, trimethyl(phenylethynyl)silane 33 and benzyl azide 7 were stirred
in the presence of 1 mol % CuSO4·5H2O, along with 5 mol % of sodium ascorbate and 1.1
mol % of MonoPhos (unless otherwise indicated). The reaction mixture was subjected to a
variety of deprotection conditions (Table 9).
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Table 9 One-pot desilylation and subsequent ‘click’ reaction

1
2
3
4
5
6
7

Deprotection Conditions
None
Ag2O (0.5 eq), Bu4NCl (1.1 eq), rt, 20 h
KF/18-crown-6 (1.1 eq), THF/H2O, rt, 20 h
K2CO3 (1.1 eq), methanol, rt, 20 h
K2CO3 (1.1 eq), methanol/H2O, rt, 20 h
TBAF (1.0-5.0 eq), H2O
DMI, 80°C, CuBr (1.1 eq)

Product Yield (%)
0
20
0
0
0
0
0

In the absence of any additives, after 20 h at room temperature, no triazole product was
detected (entry 1). This was as expected given that the silyl group prevents the formation of
the copper-acetylide species. Using 0.5 eq of Ag2O in the presence of 1.1 eq of Bu4NCl it
was possible to isolate 20 % triazole after 20 h. KF/18-crown-6 were used to provide a
fluoride ion to deprotect the silyl group, however, after 20 h at room temperature, no
product was isolated. The presence of H2O in this case may have prevented the desired
deprotection due to formation of hydrogen bonds between the fluoride anion and the water
molecules. Potassium carbonate was used in a methanol solution as well as in a
water/methanol (1:1) solution, but no triazole product was detected after 20 h in either case.
Tetrabutylammonium fluoride (TBAF) was also used as a fluoride source, with the
concentration varying from 1.0-5.0 eq, but again no triazole product was detected. A final
attempt was made to perform an alkynyl transfer in 1,3-dimethyl-2-imidazolidinone (DMI)
which has been shown to facilitate this transfer from silane to copper, 25 however, this again
yielded none of the desired product. Although the copper-MonoPhos system is rigorous in
some respects, in others, further optimization would be needed to make the system
applicable to a wider variety of challenging systems.
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3.5 Conclusions
Phosphoramidite copper complexes have been applied to the azide alkyne [3+2]
cycloaddition and shown to enhance the rate of the reaction. The presence of the ligand
appears to stabilize the catalytically active Cu(I) oxidation state to the extent that Cu(I) salts
can be used in aqueous systems without any apparent loss of reactivity. The system is
versatile and functional group independent, a requirement in the field of ‘click’ chemistry.
The methodology has been applied to the attachment of small [18F]-labelled prosthetic
groups to a model azide. It was demonstrated that on a 10 min time scale, the presence of 1
mol % of ligand was crucial for achieving the desired conversions and yields.

3.6 Experimental Section
General Information
CuSO4·5H2O, CuCl, CuBr, CuBr·DMS, sodium ascorbate and dimethyl sulfoxide were
purchased from Aldrich and used as received. Conversion of reactions was determined by
GC-MS (GC HP6890, MS HP5973) with an HP5 column (Agilent Technologies, Palo Alto,
CA) or by 1H NMR. Phosphoramidites were synthesized as described in the literature.16
Safety
Working with azides should always be done carefully. Organic azides, particularly those of
low molecular weight, or with high nitrogen content, are potentially explosive. Heat, light
and pressure can cause decomposition of the azides. Furthermore, the azide ion is toxic, and
sodium azide should always be handled while protected with gloves. Heavy metal azides
are particularly unstable, and may explode if heated or shaken.
Experimental Procedure for the Preparation of Azides
General Procedure A: To a stirred solution of the corresponding bromide (1.0 eq) in a 50
mL water/acetone mixture (1:4) was added NaN3 (1.5 eq). The resulting suspension was
stirred at room temperature for 24 h. DCM was added to the mixture and the organic layer
was separated. The aqueous layer was extracted with 3 x 10 mL aliquots of DCM and the
combined organic layers were dried over MgSO4. The solvent was removed under reduced
pressure and the azide was sufficiently pure to use without further purification. In the case
of the synthesis of 1-azidooctane, DMSO was used as solvent and the reaction was
quenched with water. The characterization of all azides synthesized was in accordance with
published spectroscopic data.27
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Benzyl azide
N3

Yellow oil. From 2.5 mmol benzyl bromide, 100% yield. 1H NMR (400
MHz, CDCl3): į 7.25-7.43 (m, 5H), 4.35 (s, 2H); 13C NMR (100.59 MHz,
CDCl3): į 135.5, 129.3, 128.3, 128.2, 54.8.

1-(Azidomethyl)-4-fluorobenzene
Pale yellow oil. From 2.5 mmol 1-(bromomethyl)-4-fluorobenzene,
F
99% yield. 1H NMR (400 MHz, CDCl3): į 7.27-7.39 (m, 2H), 7.00N3 7.11 (m, 2H), 4.30 (s, 2H); 13C NMR (100.59 MHz, CDCl ): į 162.5 (d,
3
J=1307 Hz), 131.4, 129.9 (d, J= 45.2 Hz), 115.7 (d, J=110.0 Hz), 54.0; 19F NMR (200
MHz, CDCl3): į -112.3.
Ethyl 2-azidoacetate
Colorless oil. From 2.5 mmol ethyl bromoacetate, 100% yield. 1H NMR
O
N 3 (400 MHz, CDCl3): į 4.15 (q, J=6.8 Hz, 2H), 3.77 (d, J= 1.2 Hz, 2H),
O
1.20 (td, J=7.2, 1.2 Hz, 3H). 13C NMR (100.59 MHz, CDCl3): į 168.1,
61.5, 50.0, 13.8.
Cinnamyl azide
Colorless oil. From 2.5 mmol cinnamyl bromide, 97% yield. 1H NMR
(400 MHz, CDCl3): į 7.31-7.45 (m, 5H), 6.67 (d, J=16 Hz, 1H), 6.26
(dt, J=16, 6.4 Hz, 1H), 3.95 (d, J=6.4 Hz, 2H); 13C NMR (100.59
MHz, CDCl3): į 135.7, 134.5, 128.7, 128.2, 126.7, 122.4, 53.0; HRMS (EI) calcd for
C9H9N3 159.0796, found 159.0790.
N3

1-Azidooctane
Clear yellow oil. From 3.0 mmol of 1-bromooctane, 83% yield.
1
H NMR (400 MHz, CDCl3): į 3.21 (t, J=6.8 Hz, 2H), 1.56 (q,
J=6.8 Hz, 2H), 1.24-1.34 (m, 10 H), 0.85 (t, J= 6.4 Hz, 3H); 13C NMR (100.59 MHz,
CDCl3): į 51.5, 31.8, 29.2, 29.2, 28.9, 26.8, 22.7, 14.1.
N3

General Procedure B: To a stirred solution of the corresponding aromatic amine (1.0 eq)
in acetonitrile (0.5 M) at 0ºC was added tert-butyl nitrite (1.5 eq), followed by
azidotrimethylsilane (1.2 eq) in a dropwise fashion. The roundbottom flask was then
removed from the ice bath and the mixture allowed to warm to room temperature and stir
for a further 2 h. Solvent was removed under reduced pressure and the azides were purified
by column chromatography (pentane/ether 1:1).
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1-Azido-4-bromobenzene
Yellow-orange solid. From 2.0 mmol 4-bromoaniline, 91% yield. 1H
Br NMR (400 MHz, CDCl3): į 7.44 (d, J=6.8 Hz, 2H), 6.89 (d, J= 8.8 Hz,
N3
2H); 13C NMR (100.59 MHz, CDCl3): į 139.1, 132.7, 120.5, 117.7.
4-Azidobenzonitrile
Orange solid. From 3.0 mmol 4-aminobenzonitrile, 83% yield. 1H
N3
CN NMR (400 MHz, CDCl3): 7.58 (td, J= 9.6, 2.0 Hz, 2H), 7.05 (td, J=
9.6, 0.8 Hz, 2H) ; 13C NMR (100.59 MHz, CDCl3): į 144.5, 133.5,
119.5, 118.2, 108.0.
Azidobenzene
N3

Pale yellow oil. From 3.0 mmol aniline, 65% yield. 1H NMR (400 MHz,
CDCl3): 7.36-7.41 (m, 2H), 7.15-7.20 (m, 1H), 7.05-7.08 (m, 2H); 13C NMR
(100.59 MHz, CDCl3): į 140.0, 129.7, 124.8, 118.9.

General Procedure C: A mixture of aryl iodide (1.0 eq), sodium azide (1.2 eq), copper(I)
iodide (0.1 eq), L-proline (0.2 eq) and sodium hydroxide (0.2 eq) was prepared in DMSO
(5 mL). The reaction mixture was sealed in a roundbottom flask under nitrogen atmosphere
and heated to 60ºC for 6 h. The reaction mixture was partitioned between ethyl acetate and
water (1:1). The organic layer was collected and the aqueous layer extracted twice with
ethyl acetate (2 x 15 mL). The layers were combined, dried over MgSO4 and concentrated
under reduced pressure to give an oil which was purified by column chromatography to
yield the pure products (pentane/ether 1:1).
1-Azido-4-methoxybenzene
Dark orange solid. From 2.0 mmol iodoanisole, 57% yield. 1H NMR
N3
O
(400 MHz, CDCl3): į 6.96 (d, J=8.8 Hz, 2H), 6.89 (d, J=8.4 Hz, 2H),
3.79 (s, 3H); 13C NMR (100.59 MHz, CDCl3): į 156.9, 132.2, 119.9,
115.0, 55.4.
General Procedure for the Synthesis of 1,4-Disubstituted Triazoles: In a sample vial,
5.6 x 10-3 mmol of CuSO4·5H2O and 2.8 x 10-2 mmol sodium ascorbate were dissolved in
1.2 mL distilled water. To the sample vial was added 6.2 x 10-3 mmol of MonoPhos in 0.4
mL DMSO. The resulting solution was vigorously stirred for 15 min. The solution was then
added to a 25 mL oven-dried roundbottom flask containing 0.56 mmol of azide and 1.12
mmol of alkyne in 3 mL of a DMSO:H2O mixture (1:3). The roundbottom flask was sealed
and the reaction mixture was vigorously stirred. Reaction progress was monitored by 1H
NMR. Upon reaction completion, 10 mL of H2O was added to the reaction mixture. For
78

Ligand Accelerated Copper(I)-Catalyzed Azide-Alkyne Cycloadditions

solid products, the reaction mixture was placed in an ice bath and the precipitated solid
product was filtered and washed with 3 x 5 mL of cold water. For oil products, the resulting
reaction mixture was extracted with 3 x 15 mL of dichloromethane. The organic layers
were combined and dried over MgSO4 and the solvent was removed by vacuum
evaporation. Crude oils were purified using silica gel chromatography (pentane:ether 1:1).
Data for triazoles characterized by NMR only are in accordance with literature
spectroscopic data.33
1-Benzyl-4-phenyl-1H-1,2,3-triazole
White solid: mp 128-130ºC. 91% yield. 1H NMR (400 MHz,
N
CDCl3): į 7.80 (d, J=7.2 Hz, 2H), 7.66 (s, 1H), 7.32-7.42 (m,
N N
8H), 5.58 (s, 2H); 13C NMR (100.59 MHz, CDCl3): į 148.0,
135.0, 130.7, 129.1, 128.9, 128.7, 128.2, 128.1, 125.7, 120.1, 41.0. HRMS (EI) calcd for
C15H13N3 235.1109, found 235.1098.
1-(4-Fluorobenzyl)-4-phenyl-1H-1,2,3-triazole
White solid: mp 129-131ºC. 84% yield. 1H NMR (400
N
MHz, CDCl3): į 7.78 (d, J=7.2 Hz, 2H), 7.67 (s, 1H), 7.37
N N
F (t, J=7.2 Hz, 2H), 7.25-7.28 (m, 3H), 7.03 (t, J=8.8 Hz,
2H), 5.49 (s, 2H); 13C NMR (100.59 MHz, CDCl3): į 163.0 (d, J=248 Hz) , 148.5, 130.8 (d,
J=3.0 Hz), 130.6, 130.2 (d, J=9.0 Hz), 129.0, 128.4, 125.9, 119.7, 116.3 (d, J=21 Hz), 53.6;
19
F NMR (200 MHz, CDCl3):
į -113.1 (m).
1-(4-Diphenyl)-1H-1,2,3-triazole
Pale yellow solid: mp 183-184ºC. 88% yield. 1H NMR (400
MHz, CDCl3): į 8.20 (s, 1H), 7.92 (dt, J=8.0, 1.6 Hz, 2H), 7.79
(dt, J=8.4, 1.2 Hz, 2H), 7.55 (tt, J=8.4, 1.6 Hz, 2H), 7.43-7.48
N
(m, 3H), 7.38 (tt, J=7.6, 0.8 Hz, 1H); 13C NMR (100.59 MHz,
N N
CDCl3): į 148.8, 137.4, 130.6, 130.2, 129.3, 129.2, 128.8, 126.2,
120.9, 118.0.
1-(4-Bromophenyl)-4-phenyl-1H-1,2,3-triazole
White solid: mp 231ºC. 71% yield. 1H NMR (400 MHz,
CDCl3): į 8.17 (d, J=3.2 Hz, 1H), 7.91 (dq, J= 6.4, 3.2 Hz,
N
2H), 7.68-7.70 (m, 4H), 7.47 (tt, J= 8.0, 1.6 Hz, 2H), 7.40 (dt,
N N
J=8.0, 1.6 Hz, 1H); 13C NMR (100.59 MHz, CDCl3): į 149.1,
133.3, 136.4, 130.4, 129.4, 129.0, 126.3, 122.8, 122.3, 117.7. HRMS (EI) calcd for
C14H10N3Br 300.0131, found 300.0130.
Br
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4-(4-Phenyl-1H-1,2,3-triazol-1-yl)benzonitrile
1
CN Pale yellow solid: mp 234 ºC. 81% yield. H NMR (400
MHz, d6-DMSO): į 9.45 (s, 1H), 8.15 (q, J= 8.1 Hz, 4H),
7.93 (d, J= 7.8 Hz, 2H), 7.50 (t, J= 7.8 Hz, 2H), 7.36-7.41
N
(m, 1H); 13C NMR (100.59 MHz, d6-DMSO): į 148.4,
N
N
140.2, 135.0, 130.5, 129.8, 129.2, 126.1, 121.0, 120.5,
118.8, 111.7. HRMS (EI) calcd for C15H10N4 247.0978, found 247.0977.
1-(4-Methoxyphenyl)-4-phenyl-1H-1,2,3-triazole
1
OMe Pale yellow solid: mp 160-161ºC. 80% yield. H NMR
(400 MHz, CDCl3): į 8.11 (s, 1H), 7.90 (d, J=7.6 Hz, 2H),
7.69 (d, J=9.2 Hz, 2H), 7.46 (t, J=7.6 Hz, 2H), 7.36 (t,
N
J=7.6, 1.2 Hz, 1H), 7.04 (d, J=8.4 Hz , 2H), 3.88 (s, 3H);
13
N N
C NMR (100.59 MHz, CDCl3): į 160.2, 148.6, 130.9,
130.8, 129.3, 128.7, 126.2, 122.6, 118.2, 115.2, 56.0. HRMS (EI) calcd for C16H15N3O
265.1215, found 265.1215.
Ethyl 2-(4-phenyl-1H-1,2,3-triazol-1-yl)acetate
White solid: mp 99ºC. 83% yield. 1H NMR (400 MHz,
O
N
CDCl3): į 7.91 (s, 1H), 7.84 (d, J=7.2 Hz, 2H), 7.43 (t,
O
N
J=7.2 Hz, 2H), 7.34 (t, J=7.2 Hz, 1H), 5.20 (s, 2H), 4.28 (q,
N
J=6.8 Hz, 2H), 1.31 (t, J=6.8 Hz, 3H); 13C NMR (100.59 MHz, CDCl3): į 166.5, 148.4,
130.6, 129.1, 128.5, 126.0, 121.3, 62.7, 51.2, 14.3.

1-Octyl-4-phenyl-1H-1,2,3-triazole
White solid: mp 74-75ºC. 99% yield. 1H NMR
N
(400 MHz, CDCl3): į 7.78 (d, J=7.2 Hz, 2H), 7.73
N
N
(s, 1H), 7.36 (t, J=7.2 Hz, 2H), 7.27 (t, J=7.2 Hz,
1H), 4.32 (t, J=7.2 Hz, 2H), 1.87 (br s, 2H), 1.20-1.27 (m, 10H), 0.82 (t, J=3.2 Hz, 3H) ;
13
C NMR (100.59 MHz, CDCl3): į 147.7, 130.9, 128.9, 128.1, 125.7, 119.7, 50.5, 31.8,
30.4, 29.1, 29.0, 26.6, 22.7, 14.2.
1-(4-Fluorobutyl)-4-phenyl-1H-1,2,3-triazole
White solid: mp 54-55ºC. 90% yield. 1H NMR (400 MHz,
F
N
CDCl3): į 7.82 (d, J=10 Hz, 2H), 7.76 (s, 1H), 7.42 (t,
J=10 Hz, 2H), 7.30-7.35 (m, 1H), 4.56 (t, J=7.2 Hz, 1H),
N N
4.38-4.47 (m, 3H), 2.05-2.15 (m, 2H), 1.65-1.82 (m, 2H); 13C NMR (100.59 MHz, CDCl3):
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į 148.1, 130.8, 129.1, 128.4, 125.9, 119.7, 83.5 (d, J=330.1 Hz), 50.1, 27.3 (d, J=91.3 Hz),
27.2. HRMS (EI) calcd for C12H14N3F 219.1172, found 219.1169.
1-Cinnamyl-4-phenyl-1H-1,2,3-triazole
Pale yellow solid: mp 134ºC. 96% yield. 1H NMR (400
N
MHz, CDCl3): į 7.85 (s, 1H), 7.82 (d, J=6.8 Hz, 2H),
N
N
7.40-7.44 (m, 4H), 7.27-7.37 (m, 4H), 6.70 (d, J= 15.6
Hz, 1H), 6.37 (dt, J= 16.0 Hz, 6.4 Hz, 1H), 5.17 (d, 6.8 Hz, 2H); 13C NMR (100.59 MHz,
CDCl3): į 148.4, 135.7, 135.6, 130.8, 129.1, 129.0, 128.8, 128.4, 127.0, 126.0, 122.2,
119.6, 52.7.
1-Benzyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole
Pale yellow solid: mp 143-144ºC. 86% yield. 1H NMR
MeO
N
(400 MHz, CDCl3): į 7.72 (d, J=8.8 Hz, 2H), 7.56 (s,
N
N
1H), 7.35-7.75 (m, 3H), 7.29-7.34 (m, 2H), 6.93 (d,
J=8.8 Hz, 2H), 5.55 (s, 2H), 3.82 (s, 3H); 13C NMR (100.59 MHz, CDCl3): į 159.9, 148.4,
135.1, 129.4, 129.0, 128.3, 127.3, 123.6, 119.0, 114.5, 55.5, 54.5.
1-Benzyl-4-(2-nitrophenyl)-1H-1,2,3-triazole
Pale yellow solid: mp 110-112ºC. 62% yield. 1H NMR (400
NO2
MHz, CDCl3): į 8.01 (d, J=7.6 Hz, 1H), 7.79 (d, J=8.0 Hz,
N
1H), 7.73 (s, 1H), 7.63 (t, J=7.6 Hz, 1H), 7.47 (t, J=8.0 Hz,
N N
1H), 7.34-7.40 (m, 3H), 7.28-7.31 (m, 2H), 5.58 (s, 2H); 13C
NMR (100.59 MHz, CDCl3): į 148.4, 142.7, 134.6, 132.8, 131.3, 129.4, 129.2, 129.1,
128.3, 124.9, 124.3, 123.2, 54.6. HRMS (EI) calcd for C15H12N4O2 281.1033, found
281.1030.
1-Benzyl-4-(4-fluoromethyl)phenyl)-1H-1,2,3-triazole
White solid: mp 127-130ºC. 93% yield. 1H NMR (400
MHz, CDCl3): į 7.82 (d, J=7.6 Hz, 2H), 7.67 (s, 1H),
F
7.31-7.42 (m, 7H), 5.58 (s, 2H), 5.38 (d, J=4.8 Hz, 2H); 13C NMR (100.59 MHz, CDCl3): į
148.0, 136.3 (d, J=16 Hz), 134.9, 131.3 (d, J=3.1 Hz), 129.5, 129.1, 128.3, 128.2 (d, J=5.3
Hz), 126.1, 120.0, 84.6 (d, J=166 Hz), 54.5. 19F NMR (200 MHz, CDCl3): į 58.2 (t, J=25
Hz). HRMS (EI) calcd for C16H14N3F 268.1245, found 268.1243.
N
N N

Ethyl 1-benzyl-1H-1,2,3-triazole-4-carboxylate
White solid: mp 83-85ºC. 87% yield. 1H NMR (400 MHz,
O
CDCl3): į 7.97 (s, 1H), 7.36 (br s, 3H), 7.25-7.28 (m, 2H),
N
5.56 (s, 2H), 4.36 (q, J=6.8 Hz, 2H), 1.35 (t, J=6.8 Hz, 3H);
N
O

N
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13

C NMR (100.59 MHz, CDCl3): į 160.9, 140.8, 134.0, 129.5, 129.3, 128.5, 127.6, 61.5,
54.7, 14.5.

(1-Benzyl-1H-1,2,3-triazol-4-yl)methanamine
White solid: mp 109-112ºC. 65% yield. 1H NMR (400 MHz,
N
DMSO): į 7.91 (s, 1H), 7.28-7.34 (m, 5H), 5.54 (s, 2H), 4.15 (s,
2H); 13C NMR (100.59 MHz, DMSO): į 147.0, 136.9, 129.4,
N N
H 2N
128.7, 123.3, 122.7, 53.4, 40.1. HRMS (EI) calcd for C10H12N4
189.1135, found 189.1135.
1-Benzyl-1H-1,2,3-triazole-4-carboxylic acid
White solid: mp 128ºC. 59% yield. 1H NMR (400 MHz, CDCl3):
O
N
į 8.48 (s, 1H), 7.33-7.38 (m, 5H), 5.64 (s, 2H); 13C NMR
N
N
(100.59 MHz, CDCl3): į 162.1, 140.4, 135.2, 128.9, 128.6,
HO
128.3, 128.1, 54.0. HRMS (EI) calcd for C10H9N3O2 204.0768, found 204.0768.
Radiolabelling Procedure

[18F]-fluoride in [18O]-enriched H2O was captured on a QMA light Sep-Pak cartridge. The
[18F]-fluoride was eluted with 4.5 mg of potassium bicarbonate. 20 mg of Kryptofix was
subsequently added. Under argon atmosphere, the fluoride was dried three times with 0.5
mL of pure acetonitrile at 130°C. The dried [18F]-fluoride was then added to 3.0 mg of 4ethynylbenzyl 4-methylbenzenesulfonate in 0.5 mL dry DMSO. The solution was allowed
to react for 10 min at 140°C. The labeled product was adsorbed on a light C18 Sep-Pak
cartridge and eluted with 5 mL pure methanol. The Sep-Pak eluate was then treated with
semi-preparative HPLC on a C18-reversed phase column (mobile phase 60/40
methanol/water, retention time=12 min). For conditions of the ‘click’ reaction, refer to the
General Procedure. Conversion of the reaction was monitored by radio-TLC.
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Tandem Enantioselective
Biocatalytic Epoxide Ring Opening
and [3+2] Azide Alkyne
Cycloaddition
Halohydrin dehalogenase HheC can perform enantioselective azidolysis of
aromatic epoxides to 1,2-azidoalcohols which are subsequently ligated to alkynes
producing chiral ȕ-hydroxytriazoles in a one-pot procedure with excellent
enantiomeric excess. This method uses inexpensive and readily available racemic
epoxides and gives good results with both the traditional copper(I) catalyzed ‘click’
reaction as well as with the copper-free variant. A tracer based on the ȕazidoalcohol motif was designed for targeting cerebral ȕ-adrenergic receptors.

Part of this chapter was published:
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4.1 Introduction
Recently, efforts have been pursued to involve the copper catalyzed azide alkyne
cycloaddition (CuAAC) in one-pot multicomponent reactions,1 and interest in broadening
the scope of these reactions has emerged.2 The bioorthogonality of the azide alkyne
cycloaddition makes it uniquely suited to one-pot procedures and as such should be
exploited in tandem processes.
An attractive possibility to execute a tandem reaction is the combination of azide
induced ring opening of epoxides with the CuAAC. Starting from enantiomerically pure
epoxides, it has been shown that azidolysis followed by the ‘click’ reaction can occur in
one-pot with PEG-400 as a solvent, with retention of the enantiomeric excess of the starting
material.3 Another approach demonstrated the possibility of enzymatically reducing Įazidoacetophenone derivatives in an enantioselective manner to their azidoalcohol
counterparts. As both the acetophenones and the resulting alcohols contain the azide
functionality, the alcohol must first be isolated prior to attachment to an alkyne via copper
catalysis.4
Halohydrin dehalogenases are a class of enzymes that catalyze the expulsion of a
halide and a hydrogen to form an epoxide ring through intramolecular ring closure. It has
been shown that they are also able to catalyze the reverse reaction, i.e. the ring opening of
an epoxide with a variety of halides including chloride, bromide and iodide in a ȕregioselective fashion.5 Further still, as a class of enzymes, the halohydrin dehalogenases
prove to be quite promiscuous, catalyzing the ring opening with many other anionic
nucleophiles including cyanide, cyanate, thiocyanate, formate, nitrite and azide.6 It has been
reported that biocatalytic azidolysis of aromatic epoxides using HheC, the halohydrin
dehalogenase from Agrobacterium radiobacter can be performed with excellent regio- and
enantioselectivity.7 For instance, the azidolysis of substituted styrene oxides to their
corresponding chiral 1,2-azidoalcohols can be catalyzed by HheC in a highly
enantioselective (E>200) and ȕ-regioselective manner (Scheme 1).

Scheme 1 Biocatalytic azidolysis of nitrostyrene oxide
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HheC has been cloned, and brought to overexpression, lending it potential for
industrial scale, therefore rendering biocatalysis by HheC a versatile method for synthetic
organic chemists.8 The enzyme is sensitive towards oxidation and as such, ȕmercaptoethanol is often a necessary additive to stabilize the enzyme. However, ȕmercaptoethanol is a potential nucleophile for the ring opening of epoxides. A variant of
HheC with cysteine 153 mutated into serine can be constructed, increasing the enzyme’s
stability towards oxidation and eliminating the need for the addition of ȕ-mercaptoethanol.9
It was envisioned that the exquisite selectivity of the enzyme (Scheme 1) could be
combined with the copper catalyzed [3+2] cycloaddition of azides and alkynes to produce
optically pure triazoles. These products are interesting, not only due to the presence of the
1,2,3-triazole moiety which has proven to be a promising pharmacophore10 but also due to
their possible role as ȕ-adrenergic receptor blocker analogues illustrating their potential as
imaging agents for positron emission tomography.11
Cerebral ȕ-adrenergic receptor (ȕ-AR) concentrations are linked to a wide variety of
psychiatric illnesses, including depression,12 schizophrenia13 and Alzheimer’s disease,14
amongst others. Quantifiable visualization of receptor densities would provide a better
understanding of the progress and mechanism of any one of the aforementioned diseases.
Radiotracer-based imaging in the brain presents particular challenges, especially regarding
penetration of the blood-brain barrier (BBB). A tracer cannot be too hydrophilic, or it will
not cross the BBB. However, increased lipophilicity also increases the non-specific
binding of the compound in question. Ideally, the log P (logarithm of the partition
coefficient) value of a compound should fall between 2 and 3 for optimal BBB
penetration.15 Among the multitude of potential tracers, the carazolol class of radioligands
has shown promising results. Two compounds in particular, (S)-[18F]-fluorocarazolol and
(S)-[18F]-fluoroethylcarazolol (Scheme 2), showed high specific binding to ȕ-ARs in rodent
brains and the former showed specific binding in human brains.16 However, it was later
discovered that both compounds are highly mutagenic, and they were no longer pursued.17
To date, no ligand for imaging ȕ-ARs in the human brain is available.

Scheme 2 Carazolol tracers for cerebral ȕ-AR imaging
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4.2 Goal
The aim of this research was to exploit the robust regio- and enantioselectivity of the HheC
enzyme to form optically pure vicinal azidoalcohols and to develop a system which allows
for a subsequent one-pot CuAAC to produce the corresponding optically pure triazoles. The
challenge was to produce conditions which allowed for a CuAAC to occur in tandem with a
highly selective biotransformation performed by an enzyme. A further aim of the project
was to develop potential ȕ-AR ligands for positron emission tomography based upon the
carazolol motif through the incorporation of an azidoalcohol functionality. This would
provide a handle for straightforward introduction of a radioisotope, such as [18F], through a
copper catalyzed azide alkyne cycloaddition to allow for a wide variety of structurally
similar tracers to be produced and tested.

4.3 Optimization of Reaction Conditions
The investigation was initiated by exploration of the catalytic properties and selectivity of
the enzyme in the presence of ‘click’ additives, namely, CuSO4·5H2O, the reducing agent
sodium ascorbate and MonoPhos used to enhance the rate of the CuAAC as previously
described (see Chapter 3).18 In anticipation of the one-pot reaction, the buffer used to store
the enzyme, 10 mM Tris-HCl (pH 7.5, 1.0 mM EDTA, 10% glycerol), had to be changed
due to the presence of ethylenediaminetetraacetic acid (EDTA) which has the ability to
chelate copper, thereby inhibiting catalysis.19 Potassium phosphate buffer was chosen as a
substitute (pH 7.5, 50 mM). Styrene oxide 1 was used as the initial substrate.
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Table 1 Enzymatic activity in the presence of ‘click’ additives

Concentrationa

Solventb

Additivesc

Conversiond

ee
ee B E
A
(%)
(%)
1 H
2.0
Buffer
No
47%
>99 89
>200
2 H
2.0
Buffer
Yes
26%
>99 35
>200
Buffer
No
46%
>99 83
>200
3 NO2 2.0
Buffer
Yes
50%e
97 98
>200
4 NO2 2.0
Buffer
No
17%
>99 20
>200
5 NO2 4.0
6 NO2 25.0
Water
Yes
<1%
n.d. n.d. n.d.
Water
No
<1%
n.d. n.d. n.d.
7 NO2 25.0
Buffer
No
<1%
n.d. n.d. n.d.
8 NO2 50.0
a
Epoxide concentration (mM). bReactions were conducted either in 50.0 mM potassium
phosphate buffer (pH= 7.5) or in distilled water. cIncludes CuSO4·5H2O, sodium ascorbate
and MonoPhos. dConversion at 16 h. eConversion after 24 h.
R

In Table 1, the catalytic behaviour of HheC in various conditions has been summarized.
Fortunately, changing the buffer had no apparent impact on the resulting enantiomeric
excess of azidoalcohol 3 (99% ee) (entry 1). The same reaction was performed in the
presence of CuSO4·5H2O (5 mol%), sodium ascorbate (25 mol%) and MonoPhos (5.5 mol
%) (entry 2).20 The presence of these additives proved to have no effect on the selectivity of
the enzyme (E>200), but we found that the rate decreased considerably in their presence
(26% conversion). The conversion of 2-(4-nitrophenyl)oxirane 2 to its corresponding
azidoalcohol 4 in potassium phosphate buffer was also investigated (entry 3). Nearly full
conversion was achieved overnight with excellent selectivity (E>200) yielding the desired
product 4 with >99% ee. The same reaction in the presence of the additives (entry 4)
showed full conversion to 4 after 24 h with 97% ee and 98% ee for the azide and the
epoxide, respectively. A higher substrate concentration (4.0 mM) proved to have a
detrimental effect upon the conversion while retaining the perfect enantioselectivity of the
transformation (entry 5).
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Previous work has shown us that the ‘click’ step of the cascade proceeds faster in
distilled water than in potassium phosphate buffer.21 However, when the enzymatic
conversion to azidoalcohol 4 was attempted in water, no product formation was detected
(entry 6). In the absence of ‘click’ additives, the same result was observed (entry 7). The
poor result is thus attributed to the inability of the enzyme to perform under these bufferfree conditions. High substrate concentration (50 mM) also proved too challenging for the
enzyme, and no trace of 4 was detected (Table 1, entry 8). There was also some concern
that the presence of a copper salt could facilitate diol formation. Thus the epoxide was
allowed to stir alongside the additives in potassium phosphate buffer in the absence of
enzyme for 48 h, at which point no evidence of diol formation was seen, and the starting
material could be recovered quantitatively.
Once the ability of the reaction to proceed in potassium phosphate buffer in the
presence of the necessary additives with essentially unaltered selectivity had been
established, it was possible to attempt the one-pot ring opening and subsequent ‘click’
reaction with model alkyne phenylacetylene 5 (Table 2). In the first attempt, with 5 mol %
of catalyst, after 24 h, the triazole product 6B could be detected with 99% ee, and the
remaining epoxide with 75% ee (entry 1). Thus, the first step of the cascade maintains its
high level of selectivity, and the ‘click’ reaction proceeds at such a rate that with 5 mol %
of copper, no azidoalcohol remained in the reaction mixture.
Table 2 Optimization of one-pot enzymatic and ‘click’ reactions

Conc. (mM) Cu (mol %)
1 2.0
5
2 4.0
5
3 4.0
5
4 4.0
1
5 50.0
5
a
Azidoalcohol remaining.

Time (h)
24
24
67
24
67

Conv.
43%
34%
39%
n.d.a
24%

ee 2A (%)
75
51
62
85
23

ee 6B (%)
>99
97
97
99
42

E
>200
109
124
>200
2.8

However, there was only 43% conversion after 24 h. We determined that the enzymatic
conversion of 2-(4-nitrophenyl)oxirane 2 to azidoalcohol 4 still proceeded to 50% in 24 h
(Table 1, entry 4) in the presence of the catalytic additives (CuSO4·H2O, sodium ascorbate
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and MonoPhos). Thus the conversion appears to be affected either because of the presence
of phenylacetylene, or because of one of the intermediate species in the catalytic cycle of
the CuAAC (Chapter 1, Scheme 2).
The same experiment at a higher concentration showed a slight drop in the ee of 4 (97
%) and lower conversion (entry 2). Repetition of the experiment with a longer reaction time
gave a slight increase in conversion (entry 3). Reducing the amount of copper catalyst to 1
mol % also gave excellent results, 99% ee for 5B and 85% ee for the remaining epoxide
(entry 4). Comparing entries 2 and 4 it can be ascertained that the concentration of the
catalytic additives affects the selectivity of the enzyme. With 1 mol % of copper, the copper
complex concentration is lowered (from 0.20 mM to 0.04 mM) and the enantiomeric excess
rises. However, detection of azidoalcohol 4 in the reaction mixture indicates that with 1 mol
% of catalyst the cycloaddition slows to the extent that it becomes the rate limiting step in
the cascade.
Of particular interest is a reaction performed at 50 mM concentration (entry 5). As
aforementioned, no trace of 4 had been detected when the enzymatic transformation was
attempted at such high substrate concentration (Table 1, entry 8). However, in the presence
of ‘click’ additives and phenylacetylene, after 24 h, 24% conversion to triazole 6B was
detected. Although the ee was lower (42%) in the product than usual, it is significant that
the occurrence of the second reaction appears to promote formation of azidoalcohol in the
first reaction.22 Overall, with optimized one-pot conditions, it is possible to achieve 43%
conversion to the ȕ-hydroxytriazole with >99% ee.

4.4 Substrate Scope
Curious as to the effect of the structure of the epoxide and the alkyne upon the outcome of
the reaction, a selection of substrates was made for further investigation (Table 3). In the
instance of styrene oxide 1, the results were very satisfying. At 4.0 mM substrate
concentration, the corresponding triazole was detected with > 99% ee, and conversion from
epoxide to product was 44%, with 78% ee for the epoxide (entry 1). This is an interesting
result when compared with the result from Table 1, entry 2 which showed a lower
conversion and enantiomeric excess in the azidoalcohol. This is another instance, as before,
where the addition of the second step of the cascade appears to promote conversion in the
first reaction (the ring opening of the epoxide). Reducing the catalyst loading from 5 to 3 %
again proved insufficient, as azidoalcohol 3 remained in the reaction mixture (entry 2).
To investigate the effect of a different alkyne on the reaction cascade, propiolic acid
was also tested (entry 4). Interestingly, the triazole product was racemic. We hypothesized
that the presence of the acid functionality could impact the functionality of the enzyme.
Thus the corresponding ester, methyl propiolate, was tested as well (entry 5). Indeed, the
resulting triazole showed a dramatic improvement in ee to 80% but the conversion of
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epoxide remained low after 24 h. We concluded from these observations that not only is the
epoxide important as the substrate undergoing enzymatic conversion, but the choice of
accompanying acetylene is equally relevant for both rate and selectivity.
Table 3 Substrate scope

R’
Cu (mol %)
Conv.b
ee A (%)
ee B (%)
E
Ra
1
H
Ph
5
44%
78
99
>200
2
H
Ph
3
n.d.c
78
98
>200
5
34
51
97
109
3
NO2 Ph
4
NO2 COOH
5
n.d.
n.d.
2
n.d.
20d
20
80
10
5
NO2 COOMe 5
a
b
c
4.0 mM substrate concentration. After 24 h. Azidoalcohol remaining in the reaction
mixture. dEnzyme added in two portions (at 0 h and 12 h).

Given the success of the one-pot cascade with the traditional copper catalyzed [3+2]
azide alkyne cycloaddition, the more biologically relevant copper-free ‘click’ reaction was
attempted. Cyclooctyne was chosen as a model substrate, and prepared from readily
available cis-cyclooctene (Scheme 3).23

Scheme 3 Synthesis of cyclooctyne
Dibromination was achieved using bromine in DCM at -40°C, followed immediately
by HBr elimination by potassium tert-butoxide in a mixture of ether and THF. The monobrominated product 8 was purified by distillation, after which it was treated with lithium
diisopropylamide (LDA) at low temperature. Cyclooctyne was isolated by a second
distillation step. The enzymatic reaction in the presence of cyclooctyne, and in the absence
of the regular additives, was allowed to proceed for 24 h.24 Analysis by HPLC revealed the
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triazole with 96% ee, and the epoxide with 24% ee, indicating 20% conversion (Table 4,
entry 1).25 The reaction was repeated over 48 h, adding the enzyme in two portions (half at
the start of the reaction, and the other half after 24 h) to ensure constant enzymatic activity.
This resulted in a significant increase in the ee of the epoxide to 47% along with an
improvement in conversion.
Table 4 Copper free cycloaddition of cyclooctyne to in situ generated azidoalcohol

O

O

OH
N

NaN3 (0.6 eq)
Halohydrin dehalogenase O2N

+
O2N

9

2

+

N
N

O2N

A

Time (h)
Conversion
ee A (%)
ee B (%)
1
24
20%
24
96
2
48a
32%
47
96
a
Enzyme added in two portions (half at t=0 h, half at t=24 h).

10B

E
83
78

The scope of the one-pot ring opening ‘click’ reaction can therefore be extended to include
the variety of strained cyclic cyclooctyne derivatives that have been developed recently.26

4.5 ȕ-Adrenergic receptor ligands
As aforementioned, the structure of the optically pure ȕ-hydroxytriazoles is interesting in
the context of potential ȕ-AR ligands. To test whether these would be converted by
halohydrin dehalogenase to produce the corresponding azidoalcohols, the racemic epoxide
12 was synthesized (Scheme 4). Hydroxycarbazole 11 was reacted with 1.2 eq of
epichlorohydrin in the presence of potassium carbonate to afford 12. Epoxide 12 underwent
CeCl3·7H2O promoted azidolysis to give the desired 1,2-azidoalcohol 13.27

Scheme 4 Synthesis of racemic carbazol epoxide 12 and azidoalcohol 13
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With the racemic reference compounds 12 and 13 in hand, epoxide 12 was subjected to
the optimized reaction conditions for the enzymatic azidolysis (Scheme 5). Unfortunately,
under these conditions, none of the desired product 13 could be detected, and the starting
material could be recovered in nearly quantitative amounts even after 72 h.

Scheme 5 Attempted enzymatic conversion of 12
Nevertheless, the structure of azidoalcohol 13 is still one that inspires interest with
regards to potential properties as a ligand for ȕ-ARs, thus the synthesis was continued with
racemic compounds. Two fluorine containing triazoles 15 and 17 were synthesized as cold
reference compounds for corresponding [18F] containing tracers (Scheme 6).

O

O
N3

N

F

O

O

14

OH

O

O
O

N N

HO
O

N
H

CuSO4·5H2O (1 mol %)
Na Ascorbate (5 mol %)
MonoPhos (1.1 mol %)
H2O/DMSO

N
H

15, 88 %

F
N
O

13

F

16

OH

N N

N
H

17, 75 %

Scheme 6 ‘Click’ reactions to yield fluorine containing triazoles
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With cold reference compounds in hand, we proceeded to label azidoalcohol 13 with a
[ F]-alkyne. Starting from a tosylated alkyne 18, PEGylated alkyne 19 could be
isotopically labeled by nucleophilic substitution with an [18F] anion (Scheme 7).
Subsequent cycloaddition to azidoalcohol 13 gave the desired triazole 20, ([18F]-PEGtriazole-carazolol or [18F]FPTC) with a radiochemical yield of 69%.
18

Scheme 7 Synthesis of tracer [18F]FPTC (20)
The tracer was tested on a C6 glioma rat cell line to ascertain the binding affinity of
[18F]FPTC to ȕ-AR. It is important to note that typically the (S)-enantiomer of ȕ-adrenergic
receptor ligands tends to have significantly better affinity, and in this case, the racemic
compound was being measured. The cells were incubated with the tracer for 1 h at 37°C
alongside varying concentrations of the cold blocker propranolol 21 (100 pM-50 ȝM).28
The same competition experiment was performed using the gold standard
iodocyanopindolol 22 (ICYP) (Scheme 8) labeled with [125I].29 This allowed for the
comparison of the new tracer with a known high affinity ligand for ȕ-ARs under the same
conditions (cell line and procedure).
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Scheme 8 Propranolol and iodocyanopindolol
The remaining activity, after thorough washing to remove any unbound tracer, was
calculated using a gamma-counter and corrected for cell number. This allowed for the IC50
value of [18F]FPTC to be determined to be 103 nM. 125ICYP gave an IC50 value of 52 nM.
From these values we can conclude that [18F]FPTC shows high specific binding to the ȕAR receptors. The tracer was incubated at 37°C to test its stability, and negligible
degradation was detected after 120 min. The logarithmic value of the partition coefficient
(log P) of [18F]FPTC was determined in octanol and phosphate buffered saline (PBS) and
determined to be 2.48. This is in the optimal range of lipophilicity for compounds to cross
the BBB (see section 4.1). Based on these in vitro results, [18F]FPTC was selected for in
vivo studies.30
Typically, agonists and partial agonists of ȕ-AR require the presence of an aliphatic
oxypropanolamine moiety, commonly referred to as the “ligand tail” to achieve high
receptor affinity.31 The amine and hydroxyl groups have been shown to form a conserved
hydrogen bond network with several polar residues in the front pocket of the receptor. In
[18F]FPTC, the hydroxyl group remains, however, there is no secondary amine. It is known
that the triazole moiety is an amide bond bioisostere, with the C5 proton behaving as a
proton donor, much in the way that the amine of an amide bond does (see Chapter 1, Figure
2).32 Thus in a sense, the “ligand tail” is present in a new form, with the triazole C5 proton
in the position of the amino proton.

4.6 Conclusions
A methodology has been developed which combines the enzymatically catalyzed
enantioselective azidolysis of aromatic epoxides to the corresponding azidoalcohols, and
the tandem ‘click’ reaction to azides to yield ȕ-hydroxytriazoles. The mild reaction
conditions involve an aqueous medium at neutral pH and room temperature. The one-pot
nature of the process allows for a simpler, faster and more environmentally friendly
reaction, work-up and purification. The biotransformation retains its high level of
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selectivity and the ‘click’ step of the tandem process can be promoted either through copper
catalysis or by a copper-free procedure taking advantage of ring strain, opening the
possibility for a wide variety of applications.
Using this 1,2-azidoalcohol motif, a new tracer [18F]FPTC was designed, synthesized,
and tested for its affinity for ȕ-ARs. Although the biotransformation to yield a single
enantiomer of the product was unsuccessful, the racemate proved simple to synthesize and
straightforward to label giving [18F]-containing compounds in good radiochemical yields.
[18F]FPTC proved to be very stable, and showed promising in vitro characteristics.
Interestingly, it has a slightly different motif than the typical agonists and antagonists
chosen for targeting these receptors, and in vivo testing is being pursued.

4.7 Experimental Section
General
CuSO4·5H2O, sodium ascorbate and sodium azide were purchased from Sigma-Aldrich and
used as received. MonoPhos was synthesized as described in the literature.
Enantioselectivities were determined by HPLC analysis using a Shimadzu LC-10ADVP
HPLC equipped with a Shimadzu SPD-M10AVP diode array detector.
Safety
Working with azides should always be done carefully. Organic azides, particularly those of
low molecular weight, or with high nitrogen content, are potentially explosive. Heat, light
and pressure can cause decomposition of the azides. Furthermore, the azide ion is toxic, and
sodium azide should always be handled while protected with gloves. Heavy metal azides
are particularly unstable, and may explode if heated or shaken.
Enzyme Preparation
Halohydrin dehalogenase was expressed in E. coli MC1061 using the pBAD vector.33
Transformed cells were streaked on Luria Broth (LB) agar plates containing ampicillin and
incubated overnight at 37 °C. A preculture was started by inoculating 100 mL LB
containing 50 ȝg/ml ampicillin with one colony from the plate. After overnight incubation
at 37°C, the preculture was diluted in 1 L of Terrific Broth (TB) containing 50 ȝg/mL
ampicillin, 0.5 M sorbitol and 0.02% arabinose. This main culture was incubated for two
days at 37°C. The cells were centrifuged (10 min, 13 000 g), washed, and resuspended in 5
mL/g pellet of TEG buffer (10 mM Tris-SO4 pH=7.5, 1 mM EDTA and 10% glycerol).
Cells were broken by sonication and the extract was centrifuged (16000 g, 45 min, 4°C).
The supernatant was applied on a Q-Sepharose column (50 mL, GE Healthcare) and elution
was carried out with a gradient of 0 to 0.45 M (NH4)2SO4 in TEG. The collected fractions
that displayed enzymatic activity were pooled. (NH4)2SO4 was added to a concentration of
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1.5 M and the protein was applied on a Phenyl-Sepharose column (60 mL, GE Healthcare).
Elution was carried out with a gradient of 1.5 M to 0 M (NH4)2SO4 in TEG. Fractions that
displayed enzymatic activity were pooled and concentrated over a 10 kDa filter (Millipore).
The enzyme was 97% pure judged by SDS-PAGE. Purified enzyme was sterilized using a
0.2 ȝm filter and stored at -70°C. Enzyme assay was carried out as previously described
using 1-(p-nitrophenyl)-2-bromoethanol.34 The concentration was determined to be 25
U/mL and the specific activity 20 U/mg.
Buffer Exchange
The enzyme was transferred from Tris-HCl buffer to potassium phosphate buffer (pH 7.5,
50 mM). The Tris-buffer solution was loaded onto a 10 kDa filter (Millipore) in 500 ȝL
fractions and spun down (14,000 g, 30 min, 4ºC). After the protein was loaded, the filter
was flushed twice with potassium phosphate buffer (500 ȝL each) prior to elution from the
filter (1,000 g, 3 min, 4ºC).
Octanol/Water Partition Coefficient Study.
Partition coefficients were determined at pH=7.4. 5 ȝL containing 500 kBq of the
radiolabeled compound in phosphate buffered saline (PBS) was added to a vial containing
1.2 mL 1-octanol and PBS (1:1). After vortexing for 1 min, the vial was centrifuged for 5
min at 10 000 rpm to ensure complete separation of layers. Then, 40 ȝL of each layer was
taken in a pre-weighed vial and measured in the Ȗ-counter. Counts per unit weight of
sample were calculated.
General Procedure for Biocatalyzed Azidolysis of Epoxides:
To a 15.0 mL Greiner tube was added 1.0 eq of epoxide (0.032 mmol) and 10.0 mL of 50
mM potassium phosphate buffer (pH 7.5). To this solution was added 0.6 eq of sodium
azide followed by 0.5 mL of potassium phosphate buffer containing 25 U (initial activity)
of halohydrin dehalogenase. The reaction mixture was shaken overnight and the resulting
solution extracted with diethyl ether (3 x 5 mL). The organic layers were combined and
dried over MgSO4. Solvent was removed under reduced pressure to give the crude reaction
products which were analyzed by HPLC.

General Procedure for One-Pot Enzymatic ‘Click’ Reactions:
Copper Catalyzed Procedure
To a 15.0 mL Greiner tube was added 5 mol % CuSO4·5H2O and 25 mol % sodium
ascorbate followed by 1.0 mL of 50 mM potassium phosphate buffer. To this solution was
added 5.5 mol % MonoPhos and the resulting mixture was shaken for 10 min. Sodium
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azide (0.6 eq) and epoxide (1.0 eq, 0.032 mmol) were added to the reaction mixture, which
was diluted with a further 6 mL of buffer (volume varied depending on the substrate
concentration desired). To this solution was added 2.0 eq of alkyne, followed by 0.5 mL of
buffer containing 25 U (initial activity) of halohydrin dehalogenase. The Greiner tube was
placed on a shaker and after 24 h the reaction mixture was lyophilized overnight. The
resulting solid content was flushed over a short plug of silica with ethyl acetate, followed
by methanol. Solvent was removed under reduced pressure and the crude reaction mixture
was prepared for analysis by HPLC.

Copper Free Procedure
To a 15.0 mL Greiner tube was added 1.0 eq of epoxide (0.032 mmol, 5.0 mg) and 7.0 mL
of potassium phosphate buffer (50 mM). To this reaction mixture was added 2.0 eq of
cyclooctyne followed by 0.5 mL of potassium phosphate buffer containing 25 U (initial
activity) of halohydrin dehalogenase. The reaction vessel was sealed with parafilm and
shaken for the indicated amount of time (24 or 48 h). The reaction mixture was then
lyophilized overnight and the resulting solid was flushed over silica with ethyl acetate
followed by methanol. Solvent was removed under reduced pressure to yield the crude
reaction mixture which could be analyzed by HPLC.
Characterization of substrates and reference compounds
2-Azido-1-phenylethanol (3)
2-Azido-1-phenylethanol was prepared as described in the literature and
NMR data was in accordance with the literature.35 Enantiomeric excess
determined by HPLC (Chiralpak OD 99:1 Heptane: i-PrOH: tr= 42.2, 47.0
min). 1H NMR (400 MHz, CDCl3): į 7.26-7.39 (m, 5H), 4.89 (dd, J=4.4,
3.6 Hz, 1H), 3.47 (m, 2H), 2.40 (br s, 1H).

1-Phenyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethanol. To a 10 mL roundbottom flask was
added 10.9 mg (0.07 mmol) of 2-azido-1-phenylethanol and 15
ȝL (0.13 mmol) of phenylacetylene. CuSO4·5H2O (0.85 mg,
0.0034
mmol) was weighed into a small sample vial along with
HO
Na ascorbate (3.37 mg, 0.017 mmol) and dissolved in 1.0 mL
N
N
N
distilled H2O. To this solution was added MonoPhos (1.34 mg)
and the solution was stirred at room temperature for 15 min. The
solution in the sample vial was added to the roundbottom flask (with stirring) and a further
2.0 mL of water and 1.0 mL of DMSO were added to the mixture. The reaction mixture
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was allowed to stir at room temperature overnight, and in the morning a pale yellow
precipitate had formed. 5.0 mL of ice cold distilled water was added to the reaction mixture
and the precipitate was filtered off and washed with cold water. The product proved to be
sufficiently pure to prevent the need for any further purification steps. Yield=83%. Mp 156157ºC. Enantiomeric excess determined by HPLC (Chiralcel OD-H 80:20 Heptane: iPrOH: tr=18.0, 22.2 min). 1H NMR (400 MHz, CDCl3): į 7.78 (s, 1H), 7.73 (d, J=6.8 Hz,
1H), 7.32-7.41 (m, 8H), 5.24 (m, 1H), 4.65 (m1H), 4.46 (m Hz, 1H), 3.61 (s, 1H); 13C
NMR (100.59 MHz, d6-DMSO): 146.7, 142.9, 131.7, 129.8, 129.1, 128.6, 128.4, 126.9,
125.9, 122.8, 72.3, 57.6. HRMS (EI) calcd for C16H15N3O [M+H+] 266.1293, found
266.1288.
2-(4-Nitrophenyl)oxirane (2). 2-Chloro-1-(4-nitrophenyl)ethanol (1.0 mmol, 201.6 mg)
was dissolved in 3.0 mL MeOH. 1.0 mL of distilled H2O was slowly
added to the solution with stirring. K2CO3 was then added to the
solution, and the reaction mixture was allowed to stir at room
temperature for a further 3 h. The progress of the reaction was
monitored by thin layer chromatography (4:1 pentane:ether). The reaction mixture was
poured onto 20 mL of H2O and extracted with diethyl ether (3 x 10 mL). The organic
fractions were collected and dried over MgSO4. Solvent was removed under reduced
pressure and the resulting oil was purified by column chromatography (pentane:ether 4:1).
The resulting product was a yellow solid. Yield=89%. Enantiomeric excess determined by
HPLC (Chiralpak AS-H 90:10 Heptane: i-PrOH: tr= 14.8, 18.3 min) or (Chiralcel OD-H
80:20 Heptane: i-PrOH: tr= 12.2, 12.8 min). 1H NMR (400 MHz, CDCl3): į 8.17 (d, J=11.2
Hz, 2H), 7.42 (d, J=11.2 Hz, 2H), 3.95 (m, 1H), 3.22 (m, 1H), 2.76 (m, 1H); 13C NMR
(100.59 MHz, CDCl3): į 147.7, 145.2, 126.1, 123.6, 51.6, 51.3.
2-Azido-1-(4-nitrophenyl)ethanol (4). 2-Bromo-1-(4-nitrophenyl)ethanol (500.0 mg, 2.25
mmol) was dissolved in 75.0 mL DMF in a 200 mL roundbottom
flask. NaN3 (732.0 mg, 11.3 mmol) was added to solution, and the
flask equipped with a condenser was heated to 100ºC. The reaction
mixture was left overnight with stirring. The solution was poured
onto 50 mL of brine followed by extraction with diethyl ether (3 x 25
mL). The organic layers were collected and dried over MgSO4 and the solvent was removed
under reduced pressure. The resulting oil was purified by column chromatography (1:1
pentane:ether) to give the pure azidoalcohol as a yellow oil. Yield=57%. Enantiomeric
excess determined by HPLC (Chiralcel OD-H 80:20 Heptane: i-PrOH: tr= 13.0, 13.6 min,
or, Chiralpak AS-H 90:10 Heptane: i-PrOH: tr: 28.6, 34.8 min). 1H NMR (400 MHz,
CDCl3): į 8.20 (d, J=12.0 Hz, 2H), 7.56 (d, J=12.0 Hz, 2H), 4.99 (dd, J=4.0, 3.6 Hz, 1H),
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3.49 (m, 2H), 3.00 (br s, 1H); 13C NMR (100.59 MHz, CDCl3): 147.7, 126.8, 123.9, 123.7,
72.3, 57.6.
1-(4-Nitrophenyl)-2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethanol (6B). To a 10.0 mL
roundbottom flask was added 46.9 mg (0.23 mmol) of 2azido-1-(4-nitrophenyl)ethanol and 46.0 mg (0.05 mL, 0.45
mmol) of phenylacetylene. CuSO4. 5H2O (0.57 mg, 0.0023
mmol) was weighed into a small sample vial along with Na
ascorbate (2.28 mg, 0.012 mmol) and dissolved in 1.0 mL
distilled H2O. To this solution was added MonoPhos (0.91
mg, 0.0025 mmol) and the solution was stirred at room temperature for 15 min. The
solution in the sample vial was added to the roundbottom flask (with stirring) and a further
2.0 mL of water was added to the mixture. The reaction mixture was allowed to stir at room
temperature for 6 h and the progress of the reaction was monitored by thin layer
chromotography (2:1 pentane:ether). Upon completion of the reaction, the mixture was
poured onto ice water and extracted with DCM (3 x 5 mL). The organic layers were
combined, dried over MgSO4 and the solvent was removed under reduced pressure to yield
a yellow solid. The solid was washed with chloroform and water and then dried. Yield=74
%. mp 189-190ºC. Enantiomeric excess determined by HPLC (Chiralpak AS-H 80:20
Heptane: i-PrOH: tr= 37.1, 36.7 min). 1H NMR (400 MHz, d6-acetone): į 8.34 (s, 1H), 8.25
(d, J=4.8 Hz, 2H), 7.88 (d, J=7.6 Hz, 2H), 7.76 (d, J=8.8 Hz, 2H), 7.43 (t, J= 7.2 Hz, 2H),
7.34 (t, J=7.6 Hz, 1H), 5.43 (m, 2H), 4.78 (dd, J=12, 3.6 Hz, 1H), 4.68 (dd, J=16, 7.2 Hz,
1H); 13C NMR (100.59 MHz, d6-acetone):149.5, 147.9, 147.0, 131.7, 129.0, 127.9, 127.5,
125.5, 123.6, 121.9, 71.8, 56.9. HRMS (EI) calcd for C16H14N4O3 [M+H+] 311.1144, found
311.1139. HRMS (EI) calcd for C33H36O9N3S [M+H+] 650.2167, found 650.2177.
2-(4,5,6,7,8,9-Hexahydro-1H-cycloocta[d][1,2,3]triazol-1-yl)-1-(4-nitro phenyl)
ethanol (10B). 2-Azido-1-(4-nitrophenyl)ethanol (10.7 mg, 0.05 mmol) was dissolved in
1.0 mL dry THF in a Schlenk vessel under N2 atmosphere. 2.0
eq of cyclooctyne was added and the solution was stirred at
room temperature overnight. Progress of the reaction was
followed by GC/MS. THF and any remaining cyclooctyne
were removed by rotary evaporation and the resulting viscous
yellow oil was purified by column chromatography (5:1
pentane: ethyl acetate) to give the product as a yellow oil. Yield= 43%. Enantiomeric
excess determined by HPLC (Chiralcel OD-H 80:20 Heptane: i-PrOH: tr= 15.9, 17.2 min).
1
H NMR (400 MHz, CDCl3): į 8.23 (d, J= 8.4Hz, 2H), 7.58 (d, J=8.4 Hz, 2H), 5.45 (dd, J=
8.0, 3.2 Hz, 1H), 4.43 (dd, J=14, 3.2 Hz, 1H), 4.29 (J= 13.8, 8.0 Hz, 1H), 2.85-2.89 (br m,
2H), 2.64-2.67 (br m, 2H), 1.64-1.72 (m, 4H), 1.32-1.45 (m, 4H); 13C NMR (100.59 MHz,
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d6-CDCl3): 148.0, 147.6, 127.1, 124.1, 118.7, 113.2, 71.8, 55.4, 27.9, 26.1, 25.9, 24.6,
23.9, 22.2. HRMS (EI) calcd for C16H20N4O3 [M+H+]
317.1608, found 317.1608.
1-(2-Hydroxy-2-(4-nitrophenyl)ethyl)-1H-1,2,3-triazole-4-carboxylic acid. 2-Azido-1(4-nitrophenyl)ethanol (50.0 mg, 0.24 mmol) was added to
NO2
a 10.0 mL roundbottom flask followed by propiolic acid
N
N
N
(18.5 mg, 0.26 mmol). In a separate vial, CuSO4. 5H2O
OH
HO
(3.0 mg, 0.012 mmol) was dissolved in 1.0 mL distilled
H2O along with Na ascorbate (11.9 mg, 0.06 mmol).
O
MonoPhos (4.7 mg) was then added to the sample vial
along with 0.3 mL DMSO. The solution was stirred at room temperature for 15 min. The
contents of the sample vial were then added to the round-bottomed flask with stirring and a
further 3.0 mL of distilled water and 0.5 mL of DMSO were added. Stirring of the reaction
mixture was continued at room temperature overnight. The solution was poured onto ice
water and extracted with ethyl acetate (3 x 10 mL). The organic layers were collected and
dried over MgSO4. The solvent was removed under reduced pressure and the resulting
yellow oil was purified by column chromatography (1:1 pentane: ether). The product could
also be purified by recrystallization from methanol to give a white solid. Yield=75%. mp
163-164ºC. Enantiomeric excess determined by HPLC (Chiralpak OD-H 80:20 Heptane: iPrOH: tr= 23.9, 28.2 min). 1H NMR (400 MHz, CD3OD): į 8.48 (s, 1H), 8.21 (d, J=8.8 Hz,
2H), 7.64 (d, J=8.8 Hz, 2H), 5.26 (dd, J=4.0, 3.6 Hz, 1H), 4.76 (dd, J=13.8, 3.6 Hz, 1H),
4.63 (dd, J=13.8, 8.0 Hz, 1H); 13C NMR (100.59 MHz, CD3OD):162.7,148.7, 147.8, 129.2,
127.9, 127.1, 123.4, 71.1, 56.9.
Ethyl-1-(2-hydroxy-2-(4-nitrophenyl)ethyl)-1H-1,2,3-triazole-4-carboxylate
2-Azido-1-(4-nitrophenyl)ethanol (50.0 mg, 0.24
mmol) was added to a 10.0 mL roundbottom flask. In
a sample vial, CuSO4.5H2O (3.0 mg, 0.012 mmol) and
Na ascorbate (11.9 mg, 0.06 mmol) were dissolved in
1.0 mL of distilled water. To this solution was added
4.7 mg of MonoPhos in 0.3 mL of DMSO. The
mixture was stirred at room temperature for 15 min. The solution of the copper complex
was then added to the round-bottomed flask and a further 3.0 mL of water and 0.5 mL of
DMSO were added. To this stirred solution was added dropwise ethyl propiolate (47.0 mg,
48.5 ȝL). The yellow solution was allowed to stir at room temperature overnight and in the
morning a yellow precipitate had formed. 5.0 mL of ice cold distilled water was added to
the solution and the precipitate was filtered off, washed with water and dried. Yield=73 %.
mp=152-153ºC. Enantiomeric excess determined by HPLC (Chiralcel OD-H 80:20
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Heptane: i-PrOH: tr= 18.9, 25.2 min). 1H NMR (400 MHz, d6-acetone): į 8.52 (s, 1H), 8.24
(d, J=8.4 Hz, 2H), 7.76 (d, J=8.4 Hz, 2H), 5.48 (s, 1H), 5.44 (m, 1H), 4.85 (dd, J=14.4, 3.6
Hz, 1H), 4.71 (dd, J=16.0, 6.0 Hz, 1H), 4.34 (q, J=7.2 Hz, 2H), 1.34 (t, J=7.2 Hz, 3H); 13C
NMR (100.59 MHz, d6-acetone): 160.2, 149.1, 129.6, 128.4, 127.5, 123.6, 116.1, 71.4,
60.6, 56.8, 13.9. HRMS (EI) calcd for C13H14N4O5 [M+H+] 307.1042, found 307.1037.
4-(Oxiran-2-ylmethoxy)-9H-carbazole (12)
9H-Carbazol-4-ol (100.0 mg, 0.55 mmol) was dissolved in 20 mL of
isopropanol. To this solution was added epichlorohydrin (75.9 mg, 0.82
mmol) and potassium carbonate (90.5 mg, 0.65 mmol). The reaction
mixture was warmed to 80°C and reacted overnight. After cooling the
solution, 15 mL of aqueous NH4Cl was added to the solution and the
resulting mixture was extracted with dichloromethane (3 x 15 mL). The
organic layers were combined and washed with brine, dried over MgSO4
and the solvent was removed by rotovap. The product was isolated by column
chromatography (3:1 pentane:ethyl acetate). Rf=0.75 (1:1 pentane:ethyl acetate).
Yield=70%. Yellow solid. The spectroscopic data is in accordance with the literature.36 1H
NMR (400 MHz, CDCl3): į 8.36 (d, J=8.0 Hz, 1H), 8.04 (s, 1H), 7.25-7.42 (m, 4H), 7.01
(d, J=8.0 Hz, 1H), 6.64 (d, J=12 Hz, 1H), 4.44 (d, J=16 Hz, 1H), 4.22 (m, 1H), 3.54 (m,
1H), 2.98 (m, 1H), 2.88 (m, 1H); 13C NMR (100.59 MHz, CDCl3): 155.1, 141.2, 139.0,
126.8, 125.3, 123.4, 122.6, 119.9, 112.9, 110.3, 104.3, 101.5, 69.0, 50.6, 45.1.
1-((9H-Carbazol-4-yl)oxy)-3-azidopropan-2-ol (13)
To a mixture of 4-(oxiran-2-ylmethoxy)-9H-carbazole (40.5 mg, 0.17
H
N
mmol) and CeCl3·7H2O (22.2 mg, 0.09 mmol) in 4.0 mL of a 9:1
mixture of acetonitrile/water was added NaN3 (12.1 mg, 0.19 mmol).
The resulting solution was stirred at reflux overnight. The reaction
O
mixture was dilutedwith dichloromethane and washed with water (5 mL)
and brine (2 x 5 mL). The organic layer was dried over MgSO4 and the
OH
solvent was removed under reduced pressure. The product was purified
N3
by column chromatography (2:1 pentane:ethyl acetate). Rf=0.8.
Yield=93%. The spectroscopic data is in accordance with the literature.37 1H NMR (400
MHz, CDCl3): į 8.21 (d, J=8.0 Hz, 1H), 8.07 (s, 1H), 7.26-7.44 (m, 4H), 7.02 (d, J=8.0 Hz,
1H), 6.61 (d, J=8.0 Hz, 1H), 4.33 (m, 1H), 4.20 (d, J=8.0 Hz, 2H), 3.60 (m, 2H), 2.78 (br s,
1H); 13C NMR (100.59 MHz, CDCl3): 154.4, 140.8, 138.6, 126.4, 124.9, 122.5, 121.9,
119.4, 112.2, 110.1, 104.1, 100.8, 69.4, 69.0, 53.6.
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1-((9H-Carbazol-4-yl)oxy)-3-(4-((2-(2-(fluoromethoxy)ethoxy)ethoxy)methyl)-1H1,2,3-triazol-1-yl)propan-2-ol (15)
1-((9H-carbazol-4-yl)oxy)-3azidopropan-2-ol (6.0 mg, 0.021
mmol),
and
3-(2-(2(fluoromethoxy)ethoxy)ethoxy)prop
-1-yne (7.8 mg, 0.043 mmol) were
dissolved in 3.0 mL of a 4:1 mixture
of water:DMSO. To this solution was added 5 mol % CuSO4·5H2O (1.0 x 10-3 mmol), 25
mol % sodium ascorbate (5.25 x 10-3mmol) and 5.5 mol % MonoPhos (1.12 x 10-3 mmol).
The reaction mixture was allowed to stir at room temperature and the progress of the
reaction was followed by thin layer chromatography. Upon complete consumption of the
azidoalcohol, the reaction mixture was diluted with water and extracted with DCM. The
organic layer was dried over MgSO4 and the product was purified by column
chromatography (2:1 pentane:ethyl acetate) to give a white solid. Rf=0.15 (1:1
pentane:ethyl acetate).Yield=88%. 1H NMR (400 MHz, CDCl3): į 8.23 (d, J=8.0 Hz, 1H),
8.20 (s, 1H), 7.70 (s, 1H), 7.41-7.45 (m, 2H), 7.24-7.27 (m, 2H), 7.09 (d, J=8.0 Hz, 1H),
6.62 (d, J=8.0 Hz, 1H), 4.77-4.80 (m, 1H), 4.64-4.67 (m, 4H), 4.58 (t, J=4.0 Hz, 1H), 4.46
(t, J=4.0 Hz, 1H), 4.22 (d, J=4.0 Hz, 2H), 3.73 (t, J=8.0 Hz, 1H), 3.63-3.67 (m, 8H), 3.30
(br s, 1H). 13C NMR (100.59 MHz, CDCl3): 154.3, 141.0, 138.7, 126.7, 125.2, 122.6,
122.1, 119.8, 112.5, 110.4, 104.4, 101.2, 70.7, 70.5, 70.4, 69.6, 69.1, 68.8, 64.5, 53.4; 19F
NMR (200 MHz, CDCl3): 42.6 (m).
1-((9H-Carbazol-4-yl)oxy)-3-(4-(4-(fluoromethyl)phenyl)-1H-1,2,3-triazol-1yl)propan-2-ol (17)
F
1-Ethynyl-4-(fluoromethyl)benzene (37.0 mg,
N
0.30
mmol) and 1-((9H-carbazol-4-yl)oxy)-3O
N N
OH
azidopropan-2-ol (42.3 mg, 0.15 mmol) were
dissolved in a mixture of H2O/DMSO (4:1). To
this
mixture was added 1 mol % of CuSO4·5H2O
N
H
(0.37 mg), 5 mol % of sodium ascorbate (1.49
mg) and 1.1 mol % of MonoPhos (0.59 mg). The reaction mixture was stirred until the
disappearance of azidoalcohol was visible by thin layer chromatography. The reaction
mixture was extracted with DCM and the organic layer was dried over MgSO4. The product
was purified by column chromatography (2:1 pentane:ethyl acetate) to yield a white solid.
Rf=0.2 (1:1 pentane:ethyl acetate). 1H NMR (400 MHz, CDCl3): į 8.24 (s, 1H), 8.22 (d,
J=8.0 Hz, 1H), 7.87 (s, 1H), 7.74 (d, J=8.0 Hz, 2H), 7.37-7.43 (m, 4H), 7.23-7.31 (m, 2H),
7.07 (d, J=8.0 Hz, 1H), 6.60 (d, J=4.0 Hz, 1H), 5.43 (s, 1H), 5.31 (s, 1H), 4.83 (m, 1H),
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4.62-4.67 (m, 2H), 4.23 (d, J=4.0 Hz, 2H), 3.72 (br s, 1H); 13C NMR (100.59 MHz,
CDCl3): 154.4, 147.2, 141.0, 138.8, 136.1, 135.9, 130.7, 128.0, 126.7, 125.7, 125.3, 122.5,
122.1, 121.6, 112.4, 110.2, 104.4, 101.3, 85.1, 83.5, 69.2, 68.9, 53.1; 19F NMR (200 MHz,
CDCl3): 56.6 (t, J=52.0 Hz).
Radiochemistry General
Chemicals and solvents were obtained from commercial sources and were of analytical
grade. Pindolol, (R,S)- and (S)-propranolol were purchased from Sigma, St. Louis, USA. A
Phenomenex Prodigy C18 (250mm x 10 mm, 5 μm) HPLC column was used for HPLC
analysis. For metabolite studies, a Radial-Pak C18 HPLC column (100mm x 8mm i.d.,
10μm, Waters, USA) was used. Aqueous [18F]-fluoride was produced by irradiation of
[18O] water with a Scanditronix MC-17 cyclotron via the 18O (p,n)18F nuclear reaction.
The [18F]-fluoride solution was passed through a SepPak Light Accell plus QMA anion
exchange cartridge (Waters) to recover the 18O-enriched water. [18F]-fluoride was eluted
from the cartridge with 1 mL of K2CO3 (4.5 mg/mL) and collected in a vial with 20 mg
Kryptofix 2.2.2. To this solution, 1 mL of acetonitrile was added and the solvents were
evaporated at 130°C. The [18F]KF/ Kryptofix complex was dried 3 times by the addition of
0.5 mL of acetonitrile, followed by evaporation of the solvent.

[18F]-PEGylated alkyne (19)
Compound 19 was prepared by [18F]-fluorination of the
corresponding tosylate 18 with K[18F]/kryptofix [2,2,2] in
DMSO at 140°C for 15 min. The product was diluted with 20 mL of water and passed
through a C18 cartridge (activated with 5 mL EtOH and 10 mL H2O). The product was
eluted from the cartridge with 4 mL of water and purified by HPLC (10% EtOH in
NaH2PO4 0.025 M (pH 7).
[18F]FPTC (20)
Compound 20 was synthesized by
a copper catalyzed alkyne-azide
cycloaddition reaction of [18F]PEGylated alkyne 19 with
azidoalcohol 13. Alkyne 19 and
azidoalcohol 13 were dissolved in
a 4:1 mixture of water:DMSO. To this solution was added a solution containing
CuSO4·5H2O (1 mol %), sodium ascorbate (5 mol %) and MonoPhos (1.1 mol %) and the
resulting solution was stirred at room temperature. Upon completion of the reaction,
purification with radio-HPLC was performed (4 mL/min; retention time [18F]FPTC: 16
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min). The radiolabeled compound [18F]FPTC was obtained in 35% radiochemical yield
from [18F]-fluoride (decay-corrected) in 55 min. At the end of synthesis, the specific
activity was 120 GBq/ȝmol and the radiochemical purity was >96%.
Stability of [18F]-FPTC
Samples of [18F]FPTC were taken for stability testing. The sample of FPTC was dissolved
in PBS (1 mL) and incubated at 37°C. After 60 min, the solution was analyzed by HPLC
(retention time: 16 min) (20% CH3CN/NaH2PO4 0.025 M (pH 7); 4 mL/min). A sample of
radiolabeled [18F]FPTC was dissolved in PBS (1 mL) and rat plasma (1 mL) and incubated
at 37°C. After 1 h and 3 h of incubation, respectively, the stability of the radiolabeled
[18F]FPTC was followed by Radio-TLC (eluent: MeOH/CH2Cl2 2:8 + 0.1% Et3N). After
elution, the TLCs were analyzed by phosphor storage imaging. The screens were scanned
with Cyclone phosphor storage system (PerkinElmer), and the percentage of conversion of
[18F]FPTC as a function of the incubation period was calculated by ROI analysis using
Opti- Quant software. In order to avoid underestimating the amounts of [18F]FPTC due to
its volatile nature, we created a calibration curve of the amount of [18F]FPTC evaporated
over time in the radio TLC (y ) -0.2141x + 103.11, R2 ) 0.72, P ) 0.03) and corrected all
values. The calibration curve was prepared by pipetting 1.5 ȝL of a stock [18F]FPTC
solution at different time points in a TLC plate. The TLC was read out by storage
phosphorus imaging. Images were analyzed by Optiquant software and the percentage of
evaporated activity was calculated.
Distribution Coefficient (LogP)
To determine the LogP of [18F]FPTC, an aliquot of 1 mL of HPLC purified [18F]FPTC
solution was added to a mixture of n-octanol/PBS (5 mL/5 mL) at pH 3 and 7. The tubes
were vortexed at room temperature for 1 min, followed by 30 min shaking in a water bath
at 37°C. Aliquots of 1000 and 25 ȝL were drawn from the n-octanol and aqueous phase,
respectively, and the radioactivity was counted using an automated gamma counter. The
experiments were performed in triplicate.
Cellular Uptake of [18F]-FPTC in C6 Glioma Cells
The binding properties of [18F]FPTC were tested in vitro in ȕ-AR-expressing C6-glioma
cells and compared to the standard ȕ1-/ ȕ2-AR ligand, 125I-iodocyanopindolol and
propanolol. C6 glioma cells were maintained in 5 mL Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 7.5% fetal bovine serum (FBS) in 25 mL culture flasks. Cells
were grown in a humidified atmosphere containing 5% CO2 and were passaged every 3-4
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days. For uptake experiments, cells were plated in triplicate in a 12-well plate at a density
of 7 × 105 cells per well.
Binding studies (performed 48 h after cell plating, confluence 80-90%) C6 glioma cells
were incubated with: 0.41 Bq/ml (5 pM), 4.1 Bq/ml (50 pM) and 8.2 Bq/ml (100 pM) [125I]ICYP in presence of various concentrations of unlabeled competitors (propranolol and
FPTC) (~ 1h). Cell monolayers were washed (3 times) with cold PBS (to remove unbound
tracer), detached from the culture plates and transferred to a new tubes. The uptake was
assessed using a Ȗ-counter (Compugamma 1282 CS; LKB-Wallac).

Scheme 9 Testing the binding affinity of 18FPTC on glioma cells. IC50= 103 nM
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Chapter 5

Modified [lys3]-bombesin for [18F]radiolabelling and multi-modality
imaging
Bombesin analogue [18F]-BN3 was designed and synthesized for the targeting of
gastrin-releasing peptide receptors in prostate cancer cells. The design
incorporates a terminal alkyne at the Lys residue of the 14 amino acid peptide,
where [18F] can be readily introduced. The tracer proved to have good in vitro
properties. Furthermore, a molecular scaffold was designed and attached to
bombesin to allow for both optical and PET imaging.

Note: The radiochemistry and in vitro studies described in this chapter were
performed by Leila Mirfeizi.1

1

Department of Nuclear Medicine and Molecular Imaging, University Medical Center
Groningen.
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5.1 Introduction
In the last two decades, there has been exponential growth in the development and usage of
radiolabeled peptides for the purpose of diagnostic imaging and therapeutics.1 The
automation of peptide synthesis has contributed to this dramatic increase, enabling
inexpensive production of peptides in large quantities. However, it is also due to certain key
characteristics of peptides, such as fast clearance from non-targeted tissue and blood and
rapid tissue penetration that they are being developed as radiopharmaceuticals.1
Bombesin (BN 1-14) is a 14 amino acid amphibian neuropeptide (Pyr-Gln-Arg-LeuGly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2) which binds with high affinity to the
gastrin-releasing peptide receptor (GRPR). Amino acids 7-14 are essential for receptor
binding.2 BN(1-14) has received much attention in the field of nuclear imaging as the
GRPRs are massively overexpressed in a variety of tumor cells, including prostate tumor
cells, which lends bombesin high potential as a radioligand for the diagnosis and imaging
of cancer.3 The specificity of a radioligand for the targeted tissue is crucial to good imaging
giving high tumor-to-background ratios. Thus the GRPR-bombesin system is particularly
attractive; not only are the GRPRs overexpressed in a variety of primary and metastic
malignancies of prostate cancer, but their expression in normal tissue is low.4 Much effort
has been invested in the development of radiolabeled analogues of bombesin as currently
available imaging techniques do not yet provide the necessary sensitivity to allow for
proper imaging of recurrent or early advanced prostate cancer and metasteses.2 A wide
variety of labeled bombesin analogues have been explored in an effort to develop new
probes for high sensitivity imaging. Bombesin is often modified to include tyrosine in the
fourth position ([tyr4]-bombesin) or lysine in the third position ([lys3]-bombesin) for
facilitation of labeling. [Lys3]-bombesin (Fig. 1) allows for site selective modification at
the terminal İ-amino group of lysine. As aforementioned, amino acids 7-14 are those
necessary for receptor binding, thus modification in the third position reduces the
interference of the affinity of the modified peptide for the targeted receptor. The large
majority of existing bombesin analogues are labeled with large metallic radionuclides
(64Cu, 111In, 68Ga) through the commonly introduced chelating groups: 1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7-triazacyclononane1,4,7-triacetic acid (NOTA).5
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Figure 1 [Lys3]-bombesin

Due predominantly to the synthetic challenges associated with the introduction of [18F]
when compared with the ease of chelation techniques used for metallic radionuclides, few
instances of [18F]-labeled bombesin can be found in the literature.6 The synthetic time
frame of [18F] (t1/2~110 min) is also much reduced as compared to metallic radionuclides
such as [64Cu] (t1/2~12 h). A further drawback to the use of [18F] is the necessity for multistep synthetic procedures to synthesize current prosthetic groups such as succinimidyl[18F]-4-fluorobenzoate ([18F]SFB) or [18F]-4-fluorobenzaldehyde, which are commonly
used to label bombesin.7
An ideal prosthetic group is one that can be easily synthesized, in which the
radionuclide is introduced in the last step of the synthesis, and which requires only mild
conditions to attach it to the biomolecule of interest.
Many research groups have begun to exploit the bioorthogonality of the coppercatalyzed azide-alkyne cycloaddition (CuAAC) to allow for straightforward labeling of
sugar, protein and peptide targets with [18F] and other radionuclides by introducing a ‘click’
handle into the target molecules.8 An advantage of introducing a ‘click’ handle such as an
alkyne into bombesin is the ability to easily tune the properties of the analogue by
designing various azides of different sizes, linker lengths or hydrophobicities. Since the
‘click’ reaction is known to be very robust and to have a very wide substrate scope,
changing the azide prosthetic group to achieve new tracers should not require much
optimization of the conditions for the labeling protocol.
Positron emission tomography (PET) is one of many available molecular imaging
techniques (Chapter 1, Section 1.8). While each technique has its advantages, not one
single technique is perfect for every application. For instance, PET has very high
sensitivity, but compared to a technique such as magnetic resonance imaging (MRI), it has
poor resolution.9 Efforts have been made to develop multi-modality imaging probes to
combine the benefits of two or more techniques to enhance visualization.9 Various
combinations have been explored including MRI/optical imaging, PET/MRI and
PET/optical imaging. The merging of PET and optical imaging combines the quantifiable
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physiological information of PET with the metabolic distribution information available
from fluorescence imaging. In this way, as the short-lived radionuclide decays, information
about the probe and its metabolic fate can still be accessed by optical imaging.9 While it is
not a necessity that the two imaging techniques be combined in one single probe, it ensures
that there is no difference in the pharmacokinetics or localization of the two different
signals, providing more reliable data.10

5.2 Goal
As of yet, ‘click’ chemistry has not been used to label bombesin with [18F]. The aim of this
project was to modify [lys3]-bombesin with an alkyne or an azide at the lysine residue
allowing for facile and rapid radiolabelling with [18F]. The methodology described in
Chapter 3 to accelerate the CuAAC was to be applied. The in vitro binding affinity of the
resulting bombesin analogue to GRPRs was to be tested, and if necessary, the structure of
the alkyne or azide would be changed to optimize its properties. A further aim of this
project was to modify bombesin with a scaffold that incorporated both a fluorophore for
optical imaging and a handle for radiolabelling with [18F] with the aim to produce a multimodal imaging agent. The goal was to develop a generic scaffold which could be used for
targeted imaging.

5.3 Results and Discussion
5.3.1 Synthesis of bombesin analogues for CuAAC
There are two possible approaches to the synthesis of an alkyne or azide modified peptide.
One approach involves the synthesis of the unnatural alkyne or azide containing amino
acid, followed by its introduction into the peptide sequence by solid phase peptide synthesis
(SPPS). The alternative is to make use of chemical ligation techniques to modify the
existing peptide; this ligation is readily achievable using the terminal İ-amino group of
lysine in [lys3]-bombesin.
In this chapter, both methods are used. In this first section, the desired peptide was
accessed by the first route: synthesis of the unnatural amino acid followed by SPPS to
access the bombesin analogue.
The synthesis of an alkyne containing lysine analogue was initially started with the
synthesis of activated ester 3 (Scheme 1). The product was attained by reacting propiolic
acid (1) with N-hydroxysuccinimide (2) in the presence of the coupling reagent N,N'dicyclohexylcarbodiimide (DCC). However, as indicated in the literature, purification of
the crude reaction mixture by column chromatography resulted in degradation of the target
compound 3.11 Therefore, crude 3 was reacted with Boc-lys-OH (4) to give 5.
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Unfortunately, purification of 5 from the traces of N,N'-dicyclohexylurea (DCU)
(byproduct of the previous step) proved to be inefficient and resulted in a low yield of
product 5 with traces of DCU contamination still present.

Scheme 1 Attempted synthesis of alkyne modified lysine 5
Given the instability of alkyne 3 and the resulting purification problems, a slightly
longer two carbon linker was chosen, and the synthesis of activated ester 7 was undertaken
starting from commercially available 4-pentynoic acid (6) (Scheme 2). Treating 6 with 1ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and reacting it with NHS (2) in dry
DCM overnight yielded activated ester 7 which was coupled to Boc-lys-OH (4) in basic
conditions giving the acetylene-functionalized amino acid 8.

Scheme 2 Synthesis of lysine analogue 8
The reactivity of 8 was confirmed by reacting it with benzyl azide (9) in the presence
of 1 mol % of copper catalyst with 1.1 mol % MonoPhos (L1) and 5 mol % of sodium
ascorbate. Although the reaction produced the expected triazole 10, it proceeded sluggishly,
and required 24 h to reach full conversion (Scheme 3).
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Scheme 3 CuAAC with lysine analogue 8
We suspected that the carboxylate functionality might be coordinating to the copper
center preventing the binding of the alkyne substrate to copper to allow the formation of the
necessary copper acetylide (see Chapter 1, section 1.3). To overcome this chelation, methyl
ester analogue 12 was prepared by reacting carboxylic acid 8 with
trimethylsilyldiazomethane (TMSCHN2, 11) (Scheme 4).12

Scheme 4 Synthesis of methyl ester 12

Compound 12 was reacted with azides 13 and 14 to yield the corresponding triazoles
15 and 16 (Scheme 5). The reactions proceeded relatively quickly to full conversion with 1
mol % of catalyst.

Scheme 5 CuAAC with lysine analogue 12
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The corresponding azido lysine analogue was also prepared (Scheme 6). Starting from
commercially available 3-bromopropanoic acid (17), 3-azidopropanoic acid (18) was
prepared by nucleophilic substitution of bromine with azide anion in MeCN. Activated
ester 19 was formed by reacting 18 with EDC·HCl and NHS (2) in dry DCM. After
purification, it was readily ligated to Boc-lys-OH (4) under basic conditions to give the
azide-functionalized lysine analogue 20.

Scheme 6 Synthesis of azido lysine analogue 20
An important feature of radiochemistry is that the [18F] prosthetic group is generally
produced in very small amounts, while the target for labeling is more often present in
excess. Based on the results described in Chapter 3, which demonstrated that an excess of
alkyne promotes the reaction rate more effectively than does an excess of azide, we opted
to first synthesize the alkyne containing analogue of [lys3]-bombesin. In this way, the
alkyne will exist in excess as compared to the [18F]-fluoroazide prosthetic group.
To synthesize the desired peptide, we made use of automated solid phase peptide
synthesis (SPPS).13 Although the technique works both with tert-butyloxycarbonyl (Boc)
and 9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, we made use of an
automated peptide synthesizer designed for amino acids protected with Fmoc. A change of
protecting group for amino acid 8 was thus required before proceeding with the synthesis
(Scheme 7). The synthesis was performed up to this stage with the Boc group rather than
the Fmoc group, as the Fmoc group can be unstable in basic conditions, such as those used
to introduce the azide linker.14 The Boc group was cleaved with aqueous HCl in ethyl
acetate, and Fmoc could be introduced using fluroenylmethoxycarbonyl-Nhydroxysuccinimide (Fmoc-NHS) in the presence of sodium bicarbonate.

Scheme 7 Synthesis of amino acid 22
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Using unnatural amino acid 22, we were able to synthesize bombesin analogue BN1
(Fig. 2). After cleaving BN1 from the resin and precipitating it from solution, it was
purified by preparative RP-HPLC and characterized by mass spectrometry (ESI-MS).
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Figure 2 Bombesin analogue BN1
A CuAAC of BN1 with fluorobenzyl azide 13 was performed next. The reaction was
monitored by RP-HPLC, and complete conversion to the corresponding triazole BN2
occurred in 30 min with 1 mol % of copper catalyst (Scheme 8).15 BN2 can be purified by
RP-HPLC and characterized by mass spectroscopy. When compared to some literature
examples of the application of the CuAAC to [18F] labeling of peptides, we found that to
achieve reaction times of 20-30 minutes, either a large excess of copper is used, or elevated
temperatures are used, or a combination.16

Scheme 8 Synthesis of bombesin analogue BN2
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Having tested the reactivity of BN1 with a ‘cold’ [19F] azide, BN1 was subsequently
reacted with [18F]-fluoroazidobutane 24 (prepared from bromoazidobutane 23) (Scheme 9).
Conversion to BN3 was monitored by radio-thin layer chromatography (radio-TLC). Full
conversion was detected after 10 min. The product was purified by RP-HPLC and the
radiochemical yield (RCY) was determined to be 59%.

Scheme 9 Synthesis of [18F]-BN3
The binding affinity of [18F]-BN3 for GRP receptors was tested using PC3 cells, a cell
line of human prostate cancer. The in vitro binding was determined by performing a
competitive receptor binding assay using increasing concentrations of unmodified
bombesin as a cold blocker. For the purpose of comparison, the assay was also performed
using the known GRP receptor specific radioligand [125I]-[tyr4]-BN. The 50% inhibitory
concentration (IC50) of [18F]-BN3 was determined to be 44.6 nM. Using the same protocol,
the IC50 of [125I]-[Tyr4]-BN was determined to be 4.6 nM. Published IC50 values of tracers
tested on PC3 cells and deemed to have high binding affinities range from <1 nM to 90
nM.2 We can conclude that [18F]-BN3 retained its ability to target GRPRs even with
modification and subsequent labeling.
The tracer stability was tested by incubating [18F]-BN3 in human serum. After 90 min,
> 90% of the tracer remained (stability was monitored by radio-TLC). Thus [18F]-BN3
proved to have appropriate in vitro binding affinity to GRPRs and demonstrated suitable
stability to proceed with in vivo studies which will determine whether the binding and
stability are retained in a living system. Furthermore, the in vivo studies will allow for the
pharmacokinetics of the compound to be determined.
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5.3.2 Synthesis of a scaffold for multi-modal imaging
The first step towards the synthesis of a scaffold that would provide both a fluorophore for
optical imaging and a ‘click’ handle for radiolabelling was the choice of an appropriate
fluorophore. There exists a wide range of available fluorophores with different absorption
and emission wavelengths and various functional groups.17

Scheme 10 Schematic design of a scaffold for multimodal imaging
Fluorescein and its functionalized derivatives are a class of dyes extensively used as
bio-labeling agents and fluorescent probes due to their strong absorption in the visible
range, as well as their high fluorescence quantum yield and stability against
photobleaching.18, 19
We used fluorescein isothiocyanate (FITC, 27, Scheme 12) for the synthesis of the
scaffold and the optimization of the labeling conditions. FITC is inexpensive compared to
many other dyes. Isothiocyanates are convenient functional groups as they react readily
with amines without the need for activation.19
Our initial attempt to build a multi-functional scaffold was based upon a central
aromatic ring with three functional groups for modification with: (1) FITC, (2) an alkyne
handle and (3) a biological target (Scheme 11).
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Scheme 11 Design of Scaffold 26
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We started the synthesis from 3,5-diaminobenzoic acid (25) (Scheme 12). The
molecule contains two amino groups and one carboxylic acid. It was envisioned that one
amino group could react with FITC to introduce the fluorophore. The second amino group
was to be used to introduce an alkyne, which could serve as a handle for radiolabelling by
CuAAC. The carboxylic acid would function as a handle to introduce the target
biomolecule. In this case that target is bombesin, but ideally any biomolecule with a free
amino group would be amenable to functionalization with this scaffold.
Reacting 2.0 eq of 3,5-diaminobenzoic acid (25) with FITC (27) in MeOH at room
temperature afforded thiourea 28 in 77% yield (Scheme 12). The next step was to introduce
an alkyne functionality at the second amino group by reacting 28 with succinimidyl ester
29. Unfortunately, 30 was not formed, and 28 was fully recovered.
We reasoned that the aniline functional group was perhaps not sufficiently nucleophilic
to form amide 30, given the presence of the electron withdrawing thiourea group in the
meta position (Hammett constant for NHC(S)NH2 ım +0.22).20 When 3,5-diaminobenzoic
acid (25) was reacted with activated ester 29, amide 31 was formed almost quantitatively
(Scheme 11). This suggests that indeed, the presence of the electron withdrawing FITC
substitution was hindering the introduction of the alkyne. While we suggest that it is an
electronic effect, steric effects cannot be excluded from playing a role in this case.
Reacting 31 with FITC (27) gave the desired bisfunctionalized scaffold 30. However,
an attempt to form ester 32 failed to give any product and the starting material (30) was
fully recovered (Scheme 12). Scaffold 30 contains two electron withdrawing substituents,
the thiourea (Hammett constant for NHC(S)NH2 ım +0.22) and the amide (Hammett
constant for NHC(O)CH3 ım +0.14), which could explain the failure for 30 to be
transformed into 32. Notably, when 3,5-diaminobenzoic acid 25 was reacted with EDC and
NHS, it could be transformed into ester 33 (Scheme 12).
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Scheme 12 Attempted synthesis of 32

However, attempts to transform 33 into the bis-functionalized 34 through reaction with
activated ester 29 failed to give any product. The presence of an electron withdrawing ester
functionality on the aromatic ring appears to hinder the nuceophilic attack of the aniline
functional group.
These findings suggest that introducing three substituents directly on the aromatic ring
is challenging due to their individual effects on the electronic properties of the scaffold.
122

18

Modified [Lys3]-Modified Bombesin for [ F]-radiolabelling and Multi-Modality Imaging

We reasoned that introducing a linker between the carboxylic acid and the aromatic
ring might allow for more facile esterification of the carboxylic acid. 3,5-Diaminobenzoic
acid 25 was transformed into acid chloride 35 by treatment with thionyl chloride (Scheme
13). 3-Aminopropanoic acid (36) was stirred with the acid chloride in DMF at 60°C but this
yielded none of the desired product 37. We noted that 3-aminopropanoic acid (36) had
limited solubility in DMF. Methyl-3-aminopropanoate 38 was synthesized to improve the
solubility of the linker, and added to the reaction mixture containing acid chloride 35 along
with pyridine in dichloroethane (Scheme 13). This also failed to produce the desired amide
39.

Scheme 13 Attempted syntheses of scaffolds with linker
Given the difficulties that were encountered synthesizing a scaffold based upon a
central benzene ring, a new design that excluded any aromatic ring was pursued.
The second design of the scaffold was based on the use of lysine as a trifunctional core
(Scheme 14).21 The concept involves the introduction of FITC at the İ-amino group of
lysine, of an alkyne handle at the Į-amino group and of the biomolecule at the carboxylic
acid.
In the presence of Et3N, the reaction of Boc-lys-OH (4) with FITC (27) gave 40. The
Boc protecting group was removed by treating 40 with trifluoroacetic acid (TFA) in DCM
to afford 41 as a salt. By treating 41 with an excess of Et3N in the presence of activated
ester 29, 42 could be synthesized.
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Scheme 14 Attempted synthesis of lysine based scaffold 43

In the synthesis depicted in Scheme 14, significant effort was devoted to the
optimization of the purification at each step to improve the yields. Purification of such
polar molecules can often be challenging. A synthetic route using Boc-lys-OMe (45) was
designed to improve the solubility and facilitate purification of the molecule at each step
(Scheme 15).
Treatment of Boc-lys-Cbz-OH (43) with MeI afforded ester 44. Hydrogenation over
Pd/C removed the carboxybenzyl protecting group to give 45, which was immediately
reacted with FITC (27) to give 46.
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Scheme 15 Synthesis of the scaffold from methyl ester protected 44
Storing the compound at room temperature led to decomposition of 45 within hours,
likely due to side reaction of the free İ-amino group with the methyl ester. The Boc
protecting group of 46 was removed by treatment with TFA to afford 47 as a salt.
Unfortunately, this route proved to be longer and lower yielding than the original one, and
as such, we proceeded with the synthesis as described in Scheme 14 in an attempt to
activate the carboxylic acid group of 42 for further functionalization.
Treatment of 42 with EDC·HCl and NHS (2) did not give any of product 48 and the
starting material was recovered (Scheme 16). We also attempted to form an acid chloride
from 42. Unfortunately neither treatment with oxalyl chloride nor with thionyl chloride
afforded the desired product 49 (Scheme 16).
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Scheme 16 Attempted synthesis of activatd ester 48 and acid chloride 49

A third design of the scaffold was synthesized starting from commercially available 6carboxyfluorescein (49) (Scheme 17). The design of this third scaffold differed in that the
fluorophore itself serves as the scaffold. By treating 49 with potassium carbonate and
reacting it with propargyl bromide trialkyne 50 could be prepared. The ester groups could
be cleaved by exposing 50 to LiOH (1 M), giving monopropargyl ether 51. The
succinimidyl ester 52 could be synthesized by reaction with EDC·HCl and NHS (2).
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Scheme 17 Synthesis of scaffold 52
Model compound 53 was synthesized by reaction of 52 with Boc-lys-OH (4) giving an
excellent yield (Scheme 18). The subsequent CuAAC yielded triazole 54. This confirmed
that both the amide bond formation as well as the subsequent ‘click’ reaction should
proceed smoothly with no intrinsic problems of reactivity in the design.
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Scheme 18 Synthesis and CuAAC of model compound 53

To produce the scaffold functionalized bombesin analogue, chemical ligation
techniques were used rather than SPPS. Thus [lys3]-bombesin was reacted with scaffold 52
in the presence of Et3N to afford the scaffold modified peptide BN4, which was purified by
RP-HPLC (Scheme 19). BN4 was reacted with 4-fluorobenzyl azide 13 to afford triazole
BN5. The reaction was monitored by RP-HPLC. With 5 mol % of the copper catalyst, the
reaction had reached 65% conversion after 20 min. Although the reaction had not reached
completion, the conversion is sufficient for radiolabelling purposes. BN4 was purified by
RP-HPLC and characterized by mass spectrometry. Comparing the fluorescent properties
of 53 and 54 showed that there was no significant decrease of fluorescence.
In conclusion, it was possible to modify bombesin with a scaffold that provides a
fluorophore for optical imaging as well as a handle for ‘clicking’ to a [18F] radionuclide
providing a multi-modal imaging tracer.
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5.4 Conclusions and Outlook
In this chapter, it has been demonstrated that it is possible to use the CuAAC to label
bombesin with [18F] in a rapid and high yielding fashion using an alkyne modified
bombesin and an azido prosthetic group. This approach fulfills many of the requirements
that are considered ideal characteristics for a prosthetic group (Chapter 1, Section 1.10).
The [18F] is introduced in the last step of the synthesis, the labeling proceeds at room
temperature in aqueous solution and can reach full conversion in 15 min. Most importantly,
the system is modular in that a wide range of azides can be readily synthesized, altering the
properties of the resulting peptide. In this chapter, we demonstrate that labeling with [18F]fluoroazidobutane results in the formation of a tracer [18F]-BN3 which retains its high
affinity for GRP receptors in vitro. The tracer is being pursued for in vivo studies.
In the second part of this chapter, three approaches were taken toward building a
scaffold incorporating a fluorophore, a ‘click’ handle for labeling, and a functional group
for attachment of bombesin (or an alternative target). While the first two routes proved
unsuccessful, the third design of the scaffold, which differs by the use of the fluorophore
itself as the core, was synthesized. It can be attached to [lys3]-bombesin at the İ-amino
group of lysine and ‘clicked’ to fluorobenzyl azide 13.
Further steps in this project would involve exploration of the optimal reaction
parameters for the [18F] labeling of BN4, as well as determination of the in vitro binding
affinity to the GRPR after modification and labeling has been performed. Studies on the
fluorescence of the resulting peptide would need to be performed, and eventually the
system needs to be explored in vivo if all of the previous steps yield the desired results.
Fluorescent derivative 52 is easily synthesized in high yields over three straightforward
steps, and has much potential as a scaffold for copper-catalyzed [18F]-labeling of
biomolecules. The activated ester handle allows it to be attached to a wide variety of
biologically relevant target molecules, and provides a chromophore for optical imaging as
well as a handle for labeling. While the scaffold could be redesigned with relative ease to
make use of copper-free ‘click’ methodology at the ether linkage (see Chapter 6), in some
ways it is limited. Ideally, a scaffold is desired that would allow for simple modification to
allow access to multi-modal imaging agents not only for the combination of optical
imaging/PET, but also for optical imaging/SPECT, PET/CT or PET/MRI. Because the
design of this molecule is such that the scaffold is also the fluorophore, there is no
possibility to alter the imaging techniques (PET could be substituted for another
technology, but optical imaging is fixed by the fluorophore scaffold). It would be
interesting not only to have access to a scaffold such as 52, but to an even more ‘generic’
scaffold to give access to a wide variety of multi-modal imaging probes.
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Multi-modality imaging is becoming the focus of much attention in the international
research community. While in this chapter we have concentrated on building a tracer for a
combination of PET with optical imaging, recently, increasing attention is being lent to the
combined technique of PET/MRI. PET and MRI are very much complementary techniques.
While MRI provides excellent resolution on the anatomical scale to a sub-millimeter degree
of precision, it has poor sensitivity. PET on the other hand is extremely sensitive and
lacking resolution.9 For the combination of PET/MRI, it may be difficult to apply the same
‘small molecule’ tracer approach that we have taken in this chapter. It is difficult with such
an approach to achieve anything significantly greater than a 1:1 ratio of the signal source in
one molecule. This limits this approach to the combination of modalities that have similar
sensitivities, which is not the case with PET and MRI.10 Because MRI is much less
sensitive than PET is, an individual probe would require a large excess of the MRI source
with respect to the PET source in the same molecule, which can be difficult to achieve.
Approaches involving macromolecular or nanoparticular conjugates may prove to have
more potential in this discipline.10 PET/MRI has lagged behind similar combinations of
technologies such as PET/CT due to the complexity of integrating the two techniques. The
magnetic field of MRI can interfere with the sensitive PET detectors, and the PET detector
can in turn influence the homogeneity of the magnetic field. Recently these technological
hurdles have been overcome, and the first instruments have been tested in research labs
around the world.22 The coming years will be telling in the application of PET/MRI in
research and how well it will translate to daily clinical imaging. Regardless, the design and
synthesis of multi-modality tracers will be an ongoing endeavor, with a plethora of
possibilities for application. It is a field that could benefit enormously from collaborations
across disciplines, to avoid an accumulation of designs for different tracers which never get
tested for applications.
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5.5 Experimental Section
General remarks:
Boc-Lys(Z)-OMe and N-Į-Boc-N-İ-propargyloxycarbonyl-(S)-lysine methyl ester were
prepared according to literature procedure.23 Reversed phase-high performance liquid
chromatography (RP-HPLC) analyses were performed on a Shimadzu LC-10AD VP,
Waters Xterra MS C18 column (3.0 x 150 mm, particle size 3.5 ȝm) using a gradient of
H2O/MeCN (0.1% formic acid); gradient A: from 95:5 at 10 min to 60:40 at 30 min, to
55:45 at 40 min, to 50:50 at 50 min, to 25:75 at 55 min to 44:45 at 60 min, to 95:5 at 65
min until 75 min. Flow 3.0 mL/min. Gradient B: from 95:5 at 0 min to 85:15 at 10 min, to
75:25 at 12 min, to 20:80 at 65 min, to 95:5 at 70 min. Flow 0.5 mL/min. All Nfluorenylmethoxycarbonyl (Fmoc)-protected amino acids and reagents used for SPPS were
purchased from Novabiochem with the exception of the alkyne modified lysine residue in
position 3 (synthesis described below). Solid phase peptide synthesis was performed on an
automatic peptide synthesizer (CEM).
N-Succinimidyl-4-pentynoate (7)
4-Pentynoic acid (500 mg, 5.10 mmol) was dissolved in dry DCM
(20 mL). To this solution was added N-hydroxysuccinimide (646
mg,
5.61
mmol)
and
1-ethyl-3-(3dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl)
(1.08 g, 5.61 mmol). The reaction mixture was stirred overnight at
room temperature. The reaction mixture was washed with 5% aqueous citric acid (10 mL),
NaHCO3 (10 mL) and brine (2 x 10 mL). The organic layer was dried over MgSO4 and the
solvent was removed yielding the pure product as a white solid. Yield=84%. Spectroscopic
data is in accordance with the literature.24 1H NMR (400 MHz, CDCl3): į 2.89-2.93 (m,
2H), 2.83 (s, 4H), 2.58-2.62 (m, 2H), 2.04 (t, J=8.0 Hz, 1H); 13C NMR(100.59 MHz,
CDCl3): į 169.0, 166.9, 80.8, 69.8, 29.9, 25.3, 13.7.
(S)-2-(tert-Butoxycarbonylamino)-6-pent-4-ynamidohexanoic acid (8)
Boc-lys-OH (311 mg, 1.27 mmol) was dissolved in
CO2H
O
30.0 mL of dry DCM. To this stirred solution was
N
NHBoc
added N-succinimidyl-4-pentynoate (7) (297 mg,
H
1.52 mmol). The reaction mixture was cooled in an
ice bath and diisopropylethylamine (DIPEA) (193 mg, 0.25 mL) was added in a dropwise
fashion. After addition, the reaction mixture was allowed to warm up to room temperature
and was left stirring vigorously overnight. The solvent was removed by evaporation, and
the crude reaction mixture was purified by column chromatography (20:1 DCM:MeOH) to
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give the product as a white solid. Rf=0.70 (100% MeOH). Yield=80%. Spectroscopic data
is in accordance with the literature. 25 1H NMR (400 MHz, CDCl3): į 8.71 (br s, 1H), 6.77
(br s, 1H), 4.16-4.19 (m, 1H), 3.20-3.24 (m, 2H), 2.38-2.44-2.47 (m, 4H), 2.00-2.04 (m,
1H), 1.38-1.78 (m, 15H); 13C NMR (100.59 MHz, CDCl3): į 175.5, 173.2, 156.1, 82.8,
80.3, 69.8, 53.3, 39.5, 35.1, 31.0, 28.6, 25.5, 22.5, 15.1.
(R)-6-(3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propanamido)-2-((tertbutoxycarbonyl)amino)hexanoic acid (10)
(S)-2-(Tert-butoxycarbonylamino)-6pent-4-ynamidohexanoic acid 8 (100 mg,
0.31 mmol) and benzyl azide (2.06 mg,
0.155 mmol) were dissolved in 5 mL of
an H2O/DMSO (3:1 v/v) mixture. In a
separate vial, CuSO4·5H2O (0.39 mg, 1.56 x 10-3 mmol) was dissolved in 0.2 mL of water,
and to this vial sodium ascorbate (1.54 mg, 7.75 x 10-3 mmol) was added. MonoPhos (0.61
mg, 1.71 x 10-3 mmol) was added along with 0.1 mL of DMSO. The reagents were stirred
together for 10 min and added to the solution of azide and alkyne. The reaction mixture was
allowed to stir at room temperature, and the progress was monitored by thin layer
chromatography (100% MeOH). Upon completion of the reaction, the mixture was diluted
with water (10 mL) and extracted with EtOAc (3 x 10 mL). The organic layers were
combined, dried over MgSO4 and purified by column chromatography (10:1 DCM:MeOH)
to give the product as a white solid. Rf=0.10 (100% MeOH). Yield=55%. 1H NMR (400
MHz, CD3OD): į 7.68 (s, 1H), 7.28-7.37 (m, 5H), 5.54 (s, 2H), 4.03-4.06 (m, 1H), 3.09 (t,
J=8.0 Hz, 2H), 3.00 (t, J=8.0 Hz, 2H), 2.48-2.52 (m, 2H), 1.28-1.78 (m, 15H); 13C NMR
(100.59 MHz, CD3OD): į 175.0, 174.6, 158.3, 148.0, 137.1, 130.2, 129.7, 129.3, 123.7,
80.6, 70.6, 55.1, 36.6, 36.3, 32.6, 30.1, 28.9, 26.5, 24.4. HRMS (EI) calcd for C23H34O5N5
[M+H+] 460.2555, found 460.2550.
Methyl-(S)-2-((tert-butoxycarbonyl)amino)-6-(pent-4-ynamido)hexanoate (12)
O
CO2Me
TMSCHN2 (0.08 mL, 0.153 mmol) was dissolved in 4
mL of a toluene/methanol mixture (5:1 v/v) under an
N
NHBoc
H
inert atmosphere of N2. To this solution was added
(S)-2-(tert-butoxycarbonylamino)-6-pent-4-ynamidohexanoic acid 8 (50.0 mg, 0.153
mmol). The reaction mixture was stirred at room temperature for 1.5 h after which it was
diluted with diethyl ether (5 mL) and then with 10% AcOH (5 mL). The organic layers
were collected, and the aqueous layer was extracted with diethyl ether (2 x 10 mL) and
combined with the other organic layers. These were dried over MgSO4 and the solvent was
evaporated. The reaction product must be purified immediately, storing the crude reaction
mixture leads to degradation of the product. The crude mixture was purified by column
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chromatography (50:1 DCM:MeOH) to yield the product as a clear oil. Rf=0.40 (50:1
DCM:MeOH). Yield=99%. After purification, the product appears to be stable and can be
stored. 1H NMR (400 MHz, CDCl3): į 6.53 (t, J=8.0 Hz, 1H), 5.28 (d, J=8.0 Hz, 1H), 4.084.09 (m, 1H), 3.59 (s, 3H), 3.11 (q, J=8.0 Hz, 2H), 2.35-2.38 (m, 2H), 2.27 (t, J=4.0 Hz,
2H), 2.03-2.04 (m, 1H), 1.24-1.67 (m, 15H); 13C NMR (100.59 MHz, CDCl3): į 173.2,
171.0, 155.5, 83.0, 79.9, 69.3, 53.1, 52.3, 39.0, 35.2, 32.3, 28.8, 28.3, 22.5, 14.9. HRMS
(EI) calcd for C17H28O5N2Na [M+Na+] 363.1890, found 363.1883.
Methyl-(S)-2-((tert-butoxycarbonyl)amino)-6-(3-(1-(4-fluorobenzyl)-1H-1,2,3-triazol-4yl)propanamido)hexanoate (15)
(S)-methyl-2-((tertbutoxycarbonyl)
O
CO2Me
amino)-6-(pent-4-ynamido)hexanoate
N
NHBoc
N
12 (20.0 mg, 0.054 mmol) and 4H
N
N
fluorobenzyl azide (8.10 mg, 0.054
mmol) were dissolved in 3 mL of an
F
H2O/DMSO (3:1 v/v) mixture. In a
separate vial, CuSO4·5H2O (0.13 mg, 5.40 x 10-4 mmol) was dissolved in 0.1 mL of water,
and to this vial was added sodium ascorbate (0.53 mg, 2.67 x 10-3 mmol). MonoPhos (0.61
mg, 5.83 x 10-4 mmol) was added along with 0.1 mL of DMSO. The reagents were stirred
together for 10 min and added to the solution of azide and alkyne. The reaction mixture was
allowed to stir at room temperature, and the progress was monitored by thin layer
chromatography (100% DCM). Upon completion of the reaction, the mixture was diluted
with water (10 mL) and extracted with DCM. The organic layers were combined, dried
over MgSO4 and purified by column chromatography (1:1 DCM:MeOH) to give the
product as a white solid. Rf=0.20 (100% MeOH). Yield=66%. 1H NMR (400 MHz, CDCl3):
į 7.31 (s, 1H), 7.23-7.26 (m, 2H), 7.04 (t, J=8.0 Hz, 2H), 5.94 (br s, 1H), 5.45 (s, 2H), 5.22
(br d, J=8.0 Hz, 1H), 4.21-4.27 (m, 1H), 3.72 (s, 3H), 3.14-3.17 (m, 2H), 3.01 (t, J=8.0 Hz,
2H), 2.50-2.54 (m, 2H), 1.32-1.83 (m, 15H); 13C NMR (100.59 MHz, CDCl3): į 173.2,
172.0, 164.4, 161.1, 147.1, 130.7, 129.8 (d, J=11.3 Hz), 121.4, 116.0 (d, J=29.4 Hz), 79.9,
53.2, 53.1, 52.2, 38.8, 35.6, 32.1, 29.7, 28.3, 22.7, 21.4; 19F NMR (200 MHz, CDCl3): 113.4 (m). HRMS (EI) calcd for C24H35O5N4F [M+H+] 478.2586, found 478.2554.
(S)-Methyl 2-((tert-butoxycarbonyl)amino)-8-(((1-(4-fluorobutyl)-1H-1,2,3-triazol-4yl)methyl)amino)-8-oxooctanoate (16)
(S)-methyl-2-((tertbutoxycarbonyl)amino)-6-(pent-4ynamido)hexanoate 12 (67.5 mg, 0.20
mmol) and fluoroazidobutane 14 (28.0
mg, 0.24 mmol) were dissolved in 10
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mL of an H2O/DMSO (3:1) mixture. In a separate vial, CuSO4·5H2O (0.50 mg, 2.08 x 10-3
mmol) was dissolved in 0.1 mL of water, and sodium ascorbate (1.97 mg, 9.95 x 10-3
mmol) was added to this solution. MonoPhos (0.79 mg, 2.20 x 10-3 mmol) was added along
with 0.1 mL of DMSO. The reagents were stirred together for 10 min and added to the
solution of azide and alkyne. The reaction mixture was allowed to stir at room temperature,
and the progress was monitored by 1H NMR. Upon completion of the reaction, the mixture
was diluted with water (10 mL) and extracted with DCM. The organic layers were
combined and dried over MgSO4 and purified by column chromatography (1:1
DCM:MeOH) to give the product as a white solid. Rf=0.20 (100% MeOH). 1H NMR (400
MHz, CDCl3): į 7.39 (br s, 1H), 6.14 (br s, 1H), 5.23 (br d, J=8.0 Hz, 1H), 4.50 (t, J=5.6
Hz, 1H), 4.34-4.37 (m, 3H), 4.21-4.22 (m, 1H), 3.70 (s, 3H), 3.14-3.18 (m, 2H), 3.01 (t,
J=8.0 Hz, 2H), 1.97-2.04 (m, 2H), 1.23-1.72 (m, 17H); 13C NMR (100.59 MHz, CDCl3): į
173.2, 172.1, 157.0, 123.9, 118.4, 84.2, 79.8, 53.2, 52.1, 49.6, 40.9, 38.8, 35.6, 31.9, 29.6,
28.9, 28.2, 26.4, 22.3; 19F NMR (200 MHz, CDCl3): 46.1-46.5 (m). HRMS (EI) calcd for
C21H37O5N5F [M+H+] 458.2773, found 458.2768.
3-Azidopropanoic acid (18)
To a stirred solution of 3-bromopropionic acid (1.5 g, 9.8 mmol) in MeCN
O
(4.0 mL), was added NaN3 (956 mg, 14.7 mmol). The reaction mixture
N3
OH
was reluxed for 3 h. After the reaction mixture cooled down, the crude
brown mixture was diluted with DCM (5 mL) and washed with 0.1 N aqueous HCl (10
mL). The organic layer was dried over MgSO4 and the solvent was removed to give the
pure product. Yield=56%. Spectroscopic data was in accordance with literature values.26 1H
NMR (400 MHz, CDCl3): į 11.70 (s, 1H), 3.54 (t, J=4.0 Hz, 2H), 2.58 (t, J=4.0 Hz, 2H);
13
C NMR (100.59 MHz, CDCl3): į 176.9, 46.2, 35.5.
3-Azidopropionic acid succinimidyl ester (19)
To a stirred solution of 3-azidopropanoic acid 18 (260 mg, 2.25
mmol) and N-hydroxysuccinimide (260.0 mg, 2.25 mmol) in 1.0 mL
DCM was added EDC·HCl (434 mg, 2.26 mmol). The reaction
mixture was stirred at room temperature overnight. The crude
reaction mixture was poured into brine and extracted with DCM (3 x
10 mL). The organic layers were combined and dried over MgSO4. The crude mixture was
purified by column chromatography (96:4 DCM:EtOAc) to yield the product as a yellow
oil. Yield=80%. Spectroscopic data was in accordance with the literature.3 1H NMR (400
MHz, CDCl3): į 3.60 (t, J=8.0 Hz, 2H), 2.82 (t, J=8.0 Hz, 2H), 2.76 (s, 4H); 13C NMR
(100.59 MHz, CDCl3): į 168.9, 166.3, 45.8, 30.8, 25.3.
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(S)-6-(3-Azidopropanamido)-2-((tert-butoxycarbonyl)amino)hexanoic acid (20)
To a solution of Boc-lys-OH protected lysine (259 mg,
1.05 mmol) in DCM (5.0 mL) was added 3azidopropionic acid succinimidyl ester (245 mg, 1.15
mmol) in DCM (2.0 mL). The solution was cooled down in an ice bath, and
diisopropylethylamine (0.21 mL, 1.26 mmol) was added dropwise. After addition, the
solution was warmed up to room temperature and stirred overnight. The solution was
washed with 0.1 N aqueous HCl (5 mL) and the organic layer was dried over MgSO4 and
the solvent evaporated. The crude reaction mixture was purified by column
chromatography (gradient 100:1 to 10:1 DCM:MeOH) to yield the product as a white solid.
Rf=0.20 (50:1 DCM:MeOH). Yield=87%. 1H NMR (400 MHz, CDCl3): į 9.11 (br s, 1H),
6.69 (br s, 1H), 5.47 (br s, 1H), 4.19 (s, 1H), 3.58 (t, J=6.8 Hz, 2H), 3.23-3.25 (m, 2H), 2.44
(t, J=6.8 Hz, 2H), 1.41-1.80 (m, 15H); 13C NMR (100.59 MHz, CDCl3): į 176.1, 170.9,
155.9, 70.0, 53.4, 47.4, 39.2, 35.6, 31.9, 28.3, 22.4. HRMS (EI) calcd for C14H26O5N5
[M+H+] 344.1928, found 344.1914.
(S)-1-Carboxy-5-(pent-4-ynamido)pentan-1-amine hydrochloride (21)
(S)-2-(Tert-butoxycarbonylamino)-6-pent-4ynamidohexanoic acid 8 (50.0 mg, 0.15 mmol) was
dissolved in a 3M HCl/EtOAC solution (8.5 mL). The
reaction mixture was stirred at room temperature for 30 min, after which the solvent was
evaporated and the residue was triturated with hot diethyl ether (3 x 10 mL). The product
was recrystallized from methanol to yield a white solid. Yield=80%. Spectroscopic data is
in accordance with the literature.2 1H NMR (400 MHz, CD3OD): į 3.86-3.89 (m, 1H), 3.173.22 (m, 2H), 2.42-2.46 (m, 2H), 2.34-2.37 (m, 2H), 2.24-2.26 (m, 1H), 1.84-1.94 (m, 2H),
1.44-1.57 (m, 2H), 1.29 (t, J=8.0 Hz, 2H); 13C NMR (100.59 MHz, CD3OD): į 172.9,
170.9, 82.4, 69.2, 52.9, 38.7, 34.9, 30.1, 28.8, 22.2, 14.6. HRMS (EI) calcd for C11H19O3N2
[M+H+] 227.1400, found 227.1388.
(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-(pent-4-ynamido)hexanoic acid
(22)
21 (100 mg, 0.38 mmol) was dissolved in a solution
of water/acetone (1:1 v/v, 2.0 mL) along with
sodium bicarbonate (64.0 mg, 0.76 mmol). To this
stirred solution was added fluroenylmethoxycarbonyl-N-hydroxy-succinimide (128 mg,
0.38 mmol). The reaction was left stirring at room temperature overnight. Concentrated
HCl was added to the solution to adjust the pH to 2. The solvent was then removed and the
crude solid was taken up with chloroform. The organic layer was washed with 0.1 N
aqueous HCl (2 x 10 mL) and with water (1 x 10 mL) to yield the pure compound as a
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white solid. Yield=87%. 1H NMR (400 MHz, CD3OD): į 8.00 (br s, 1H), 7.77 (d, J=8.0
Hz, 2H), 7.62-7.68 (m, 2H), 7.37 (t, J=7.6 Hz, 2H), 7.30 (t, J=7.2 Hz, 2H), 4.35-4.38 (m,
2H), 4.18 (t, J=6.8 Hz, 1H), 4.12-4.21 (m, 1H), 3.16-3.19 (m, 2H), 2.43-2.47 (m, 2H), 2.332.37 (m, 2H), 2.25-2.27 (m, 1H), 1.82-1.86 (m, 1H), 1.68-1.72 (m, 4H), 1.40-1.51 (m, 2H);
13
C NMR (100.59 MHz, CD3OD): į 172.9, 172.8, 157.5, 144.2, 144.0, 127.6, 127.0, 125.1,
119.8, 82.4, 69.3, 66.8, 54.3, 39.1, 39.0, 34.9, 31.2, 28.7, 23.1, 14.7. HRMS (EI) calcd for
C26H29O5N2 [M+H+] 449.2071, found 449.2059.

BN1. Peptide synthesis was performed on a 0.1 mmol scale. The Fmoc solid phase method
was performed on a Rink amide resin (bead size 100-200 mesh, loading 0.7 mmol/g).27
After completion of the synthesis, the resin was filtered off, and washed first with DCM (1
x 10 mL) and then diethyl ether (3 x 10 mL). The resin was transferred to a sample vial, and
to this vial was added a cleaving solution, a mixture of trifluoroacetic acid
(TFA)/triisopropyl silane (TIS)/1,3-ethanedithiol(EDT)/thioanisole/H2O (85/1/4/5/5). The
peptide was cleaved from the resin, and all of the remaining side chain protecting groups
were cleaved off by gently stirring the resin in this solution at room temperature for 5 h.
The solution containing the peptide was filtered and concentrated. The peptide was
precipitated using cold diethyl ether and centrifuged. The supernatant was decanted and the
solid was washed with cold diethyl ether (20 mL), centrifuged, and the supernatant
decanted. This was repeated a further two times. The solid was allowed to dry and then
dissolved in water (with 1% formic acid) and lyophilized. Purification of the peptide was
achieved by RP-HPLC (Gradient A). Retention time=32 min. HRMS (EI) calcd for
C26H29O5N2 [M+H+]1671.9194, found 1671.9900.
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BN2. BN1 (1.00 mg, 5.98 x 10-4 mmol) and 4-fluorobenzyl azide (0.14 mg, 9.2 x 10-4
mmol) were dissolved in a H2O/DMSO mixture (3:1, 0.8 mL). In a separate vial,
CuSO4·5H2O (1.5 ȝg, 5.98 x 10-6 mmol) was dissolved in 0.1 mL of water, to this was
added sodium ascorbate (5.9 ȝg, 3.00 x 10-5 mmol). MonoPhos (2.51 ȝg, 6.98 x 10-6 mmol)
was added along with 0.1 mL of DMSO. The reagents were stirred together for 10 min and
added to the solution of azide and peptide. The reaction was monitored by RP-HPLC. Upon
completion, the reaction mixture was lyophilized. The crude product was purified by RPHPLC (Gradient A). HRMS (EI) calcd for C83H121O19N25FS [M+H+] calc 1821.8901, found
1821.8932. Retention time=36.0 min.
Radiochemistry General
Analytical as well as semipreparative RP-HPLC was performed for monitoring and
purification. Isolation of radiolabeled tracers was performed using an RP-C18 column (4.6
mm × 250 mm, 10 ȝm). The flow was set at 2.5 mL/min using a gradient system starting
from 90% solvent A (0.01 M phosphate buffer, pH=6.0) and 10% solvent B (MeCN) (0-2
min) and ramped to 45% solvent A and 55% solvent B at 35 min. The analytic HPLC was
performed using the same gradient system but with a reversed-phase Grace Smart RP-C18
column (4.6 mm × 250 mm, 5 ȝm) and a flow of 1 mL/min.
[18F]-Fluoroazidobutane
Non-carrier added [18F] fluoride was obtained by proton bombardment
of an [18O] enriched water target via the 18O (p,n)18F reaction. The
radioactivity was trapped by passing the target water through a preactivated Sep-Pak light
QMA cartridge (Waters). A 1 mL aqueous solution of K2CO3 (4.5 mg) and Kryptofix 222
(20 mg) was used to elute the [18F]fluoride from the cartridge into a conical glass vial. This
eluate was evaporated to dryness by three consecutive azeotropic distillations with
acetonitrile (3 × 500 ȝL) under a gentle stream of nitrogen gas (130°C). The dried [18F]138
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fluoride was then added to 3.0 mg of bromoazidobutane (17 μmol) in 0.5 mL dry DMSO,
and the mixture was heated at 140°C for 10 min. The labeled product was absorbed on a
C18-light Sep-Pak cartridge followed by washing with 10 mL H2O and eluted with 5 mL
pure methanol. The Sep-Pak eluate containing [18F]-fluoroazidobutane was then purified
and separated from its precursor with semi-preparative HPLC on a semi-preparative C18reversed phase column (mobile phase 60/40 MeCN/H2O, retention time=10 min). In
addition, conversion of the reaction was monitored by radio-TLC (silica gel, hexane/EtOAc
(4:1)) (Rf=0.40) and HPLC analysis: retention time= 10 min).

[18F]-BN3. [18F]-fluoroazidobutane and BN3 were dissolved in a mixture of water and
DMF (3:1 v/v). In a separate vial, CuSO4·5H2O (5 mol %) was dissolved in 0.1 mL of
water, and to this was added sodium ascorbate (25 mol %. MonoPhos (6 mol %) was added
along with 0.1 mL of DMF. The reagents were stirred together for 10 min and added to the
solution of azide and peptide. The reaction was monitored by HPLC and radio-TLC until
full conversion was reached. [18F]-BN3 was purified by RP-HPLC. Radiochemical
yield=59%. Retention time=18 min.
Cell culture: The GRPR-positive PC-3 human prostate cancer cell line (ATCC, Manassas,
Virginia, USA) was cultured at 37°C in a humidified 5% CO2 atmosphere. The cells were
cultured in RPMI 1640 (Lonza, Verviers, France) supplemented with 10% fetal calf serum
(Thermo Fisher Scientific Inc., Logan, Utah, USA) and subcultured twice a week after
detaching with trypsin-EDTA.
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In Vitro Competitive Receptor Binding Assay. The in vitro GRPR binding affinity of
[18F]-BN3 was determined by performing a displacement assay. [125I]-[Tyr4]-BN was
tested using the same assay. Experiments were performed at 37°C with PC-3 human
prostate cancer cells. The 50% inhibitory concentration (IC50) values were calculated by
fitting the data with nonlinear regression using GraphPad Prism 5.0 (GraphPad Software,
San Diego, California, USA). Results were plotted in sigmoidal curves for the displacement
of [18F]-BN3 and [125I]-[Tyr4]-BN as a function of increasing concentration of BN(1-14).
The tracers displayed high affinity for binding to GRPRs within PC-3 cell with IC50 values
of 44.6 and 4.6 nM, respectively.
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Figure 3 Competitive binding assay on PC-3 cells with [125I]-[Tyr4]-BN
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Figure 4 Competitive binding assay on PC-3 cells with [18F]-BN3
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Figure 5 Stability of [18F]-BN3 in human serum (decay corrected)
5-(3-(3-Amino-5-carboxyphenyl)thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9yl)benzoic acid (28)
3,5-Diaminobenzoic acid 25 (320 mg, 2.11 mmol) was
dissolved in methanol (100.0 mL) by heating. Once
dissolved, the solution was allowed to cool, and
fluorescein isothiocyanate (FITC) (410 mg, 1.05 mmol) in
5 mL of MeOH was added dropwise. The reaction mixture
was left stirring at room temperature overnight. Upon
completion of the reaction, the solvent was evaporated and
the product was purified by column chromatography
(gradient 10:1 to 2:1 DCM:MeOH). Dark red solid.
Yield=77%. Rf=0.30 (1:1 DCM:MeOH). 1H NMR (400
MHz, CD3OD): į 8.11 (s, 1H), 7.77 (dd, J=8.0, 4.0 Hz,
1H), 7.29 (s, 1H), 7.20 (s, 1H), 7.13 (d, J=8.0 Hz, 1H),
7.02 (s, 1H), 6.80 (s, 2H), 6.64-6.67 (m, 4H), 6.53-6.56 (m, 2H), 6.35 (s, 2H); 13C NMR
(100.59 MHz, CD3OD): į 183.0, 180.8, 170.2, 160.6, 153.1, 148.8, 148.3, 147.8, 141.3,
139.3, 133.2, 131.7, 131.3, 129.9, 129.3, 128.7, 127.9, 124.5, 120.2, 118.7, 116.0, 114.8,
113.7, 113.3, 112.8, 110.4, 102.4. HRMS (EI) calcd for C28H20O7N3S 542.1016, found
542.1037.
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3-Amino-5-(pent-4-ynamido)benzoic acid (31)
3,5-Diaminobenzoic acid 25 (117 mg, 0.77 mmol) was
dissolved in pyridine (30 mL). To this stirred solution, Nsuccinimidyl-4-pentynoate (74.8 mg, 0.38 mmol) was added
dropwise. The reaction mixture was stirred at room temperature
overnight. Pyridine was evaporated and the crude reaction
mixture was purified by column chromatography (gradient 30:1
to 10:1 DCM:MeOH) to yield the product as an orange solid.
Yield=97%. Rf=0.80 (2:1 DCM:MeOH). Spectroscopic data is in accordance with literature
values.28 1H NMR (400 MHz, CD3OD): į 7.43 (s, 1H), 7.29 (s, 1H), 7.12 (s, 1H), 6.35 (s,
2H), 2.53-2.57 (m, 4H), 2.28 (s, 1H). 13C NMR (100.59 MHz, CD3OD): į 173.2, 168.3,
147.9, 132.0, 111.8, 110.7, 107.3, 106.7, 69.0, 60.2, 35.4, 14.1.
5-(3-(3-Carboxy-5-(pent-4-ynamido)phenyl)thioureido)-2-(6-hydroxy-3-oxo-3Hxanthen-9-yl)benzoic acid (30)
31 (52.0 mg, 0.22 mmol) and FITC (87.2 mg, 0.22 mmol)
were dissolved in MeOH (2.0 mL). The reaction mixture
was stirred at room temperature overnight. The solvent was
evaporated and the crude reaction mixture was purified by
column chromatography (3:1 DCM:MeOH, 1% Et3N) to
give the pure product as a dark red solid. Rf=0.20 (3:1
DCM:MeOH, 1% Et3N). Yield=78%. 1H NMR (400 MHz,
CD3OD): į 8.13-8.19 (m, 1H), 7.74-7.78 (m, 1H), 7.31 (s,
1H), 7.20 (s, 1H), 7.09-7.14 (m, 1H), 7.01-7.04 (m, 1H),
6.63-6.67 (m, 4H), 6.51-6.55 (m, 2H), 2.53-2.57 (m, 4H),
2.00 (s, 1H). 13C NMR (100.59 MHz, CD3OD): į 180.6,
169.8, 169.7, 168.8, 160.2, 152.8, 148.7, 141.1, 140.9,
139.2, 138.9, 132.6, 131.5, 131.1, 129.0, 128.9, 127.6,
124.2, 124.1, 114.1, 114.2, 113.2, 112.4, 111.7, 110.7, 110.1, 102.1, 69.0, 60.2, 35.4, 19.5,
14.1.HRMS (EI) calcd for C33H24O8N3S [M+H+] 622.1279, found 622.1297.
2,5-Dioxopyrrolidin-1-yl 3,5-diaminobenzoate (33)
3,5-Diaminobenzoic acid 25 (250 mg, 1.64 mmol) was dissolved in pyridine (5.0 mL). To
this stirred solution was added NHS (208.0 mg, 1.81 mmol) and
EDC·HCl (347 mg, 1.81 mmol). The reaction mixture was
stirred at room temperature for 4 h after which it was diluted
with H2O (10 mL) and DCM (10 mL). The organic layer was
separated and washed with (subsequently) a saturated solution of
aqueous NaHCO3 (10 mL), brine (10 mL) and water (10 mL). The organic layer was dried
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over MgSO4 and the solvent evaporated. This yielded the pure product as a white solid.
Spectroscopic data is in accordance with the literature.29 Rf=0.85 (1:1 DCM:MeOH).
Yield=20%. 1H NMR (400 MHz, CD3OD): į 6.79 (s, 2H), 6.37 (s, 1H), 2.86 (s, 4H); 13C
NMR (100.59 MHz, CD3OD): į 169.0, 162.8, 147.7, 133.0, 112.8, 110.6, 106.3, 106.7,
25.3.
(S)-2-(3-(5-((tert-Butoxycarbonyl)amino)-5-carboxypentyl)thioureido)-6-(6-hydroxy-3oxo-3H-xanthen-9-yl)benzoic acid (40)
Boc-lys-OH (70.8 mg, 0.29 mmol) was
dissolved in DMF (10 mL). To this
stirred solution at 0°C was added FITC
(101 mg, 0.26 mmol) and Et3N (28 mg,
0.04 mL). After 15 min at 0°C, the
reaction mixture was allowed to warm
to room temperature and left stirring
overnight. The reaction mixture was diluted with EtOAc (10 mL) and the organic solution
was washed with 0.6 M aqueous citric acid (10 mL), water (10 mL) and brine (10 mL)
sequentially to yield the product as a pure white solid. Rf=0.60 (3:1 DCM:MeOH).
Yield=97%. 1H NMR (400 MHz, CD3OD): į 8.13 (s, 1H), 7.87 (s, 2H), 7.74 (d, J=8.0 Hz,
1H), 7.14 (d, J=16.0 Hz, 1H), 6.64-6.71 (m, 4H), 6.51-6.57 (m, 2H), 4.05-4.08 (m, 1H),
3.57-3.64 (m, 2H), 1.46-1.89 (m, 6H), 1.42 (s, 9H); 13C NMR (100.59 MHz, CD3OD): į
186.8, 183.6, 177.8, 169.7, 163.3, 159.9, 157.1, 152.7, 150.2, 143.8, 143.4, 138.2, 128.9,
124.3, 117.6, 112.2, 104.9, 102.1, 88.5, 53.4, 40.7, 31.2, 30.3, 27.4, 22.9. HRMS (EI) calcd
for C32H34O9N3S [M+H+] 636.2010, found 636.2026.
(S)-1-Carboxy-5-(3-(2-carboxy-3-(6-hydroxy-3-oxo-3H-xanthen-9yl)phenyl)thioureido) pentan-1-amine trifluoroacetate (41)
40 (67.0 mg, 0.11 mmol) was
dissolved in a DCM/trifluoroacetic
acid (TFA) mixture (9 mL, 5:1
v/v) and the reaction mixture was
stirred at room temperature for 1 h.
TFA and DCM were evaporated
and the reaction flask was left
under vacuum overnight. The solid residue was triturated with diethyl ether (3 x 5 mL) to
yield the pure salt as a white solid. Rf=0.30 (3:1 DCM:MeOH). Yield=95%. 1H NMR (400
MHz, CD3OD): į 8.41 (s, 1H), 8.02 (br d, J=8.0 Hz, 1H), 7.89-7.91 (m, 1H), 7.63 (br s,
1H), 7.23-7.31 (m, 3H), 7.03-7.07 (m, 2H), 6.91-6.95 (m, 2H), 3.95-4.02 (m, 1H), 3.67 (br
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t, J=12.0 Hz, 2H), 1.26-2.00 (m, 6H). HRMS (EI) calcd for C27H26O7N3S [M+H+]
536.1486, found 536.1499.
(S)-2-(3-(5-Carboxy-5-(pent-4-ynamido)pentyl)thioureido)-6-(6-hydroxy-3-oxo-3Hxanthen-9-yl)benzoic acid (42)
41 (130 mg, 0.25 mmol) was
dissolved in DMF (3.0 mL) and to
this solution Et3N (0.17 mL) was
added. To the stirred solution was
added N-succinimidyl-4-pentynoate
(48.8 mg, 0.25 mmol). The reaction
mixture was allowed to stir at room
temperature until full conversion was detected by thin layer chromatography. The reaction
mixture was diluted with EtOAc (5.0 mL). The resulting organic layer was washed with 0.6
N aqueous citric acid (5.0 mL), followed by brine (5 x 5 mL). The organic layer was dried
over MgSO4 and the solvent was removed. The resulting residue was dissolved in a small
amount of methanol (0.2 mL) and precipitated with cold diethyl ether, centrifuged to yield
the pure product as an orange solid. Rf=0.85 (4:1 DCM:MeOH). Yield=45%. 1H NMR (400
MHz, CD3OD): į 8.18 (s, 1H), 7.96 (br s, 1H), 7.79 (d, J=8.0 Hz, 1H), 7.18 (d, J=8.0 Hz,
1H), 6.76-6.82 (m, 5H), 6.63 (m, 2H), 4.40-4.43 (m, 1H), 3.57-3.63 (m, 2H), 2.44-2.47 (m,
4H), 2.00 (s, 1H), 1.21-1.75 (m, 6H). HRMS (EI) calcd for C32H30O8N3S [M+H+] 616.1748,
found 616.1771.
(S)-5-(3-(5-((Tert-butoxycarbonyl)amino)-6-methoxy-6-oxohexyl)thioureido)-2-(6hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (46)
N-Į-Boc-N-İ-propargyloxycarbonyl(S)-lysine methyl ester 45 (186 mg,
0.713
mmol)
and
fluorescein
isothiocyanate (304 mg, 0.78 mmol)
were dissolved in MeCN (20 mL). To
this stirred solution was added Et3N
(0.11 mL, 0.780 mmol). After stirring
at room temperature for 12 h, the
reaction mixture was diluted with DCM (20 mL) and washed with a saturated aqueous
solution of NH4Cl. The organic layer was dried over MgSO4 and the solvent removed by
evaporation. The product was dissolved in a minimal amount of MeOH and precipitated
with cold diethyl ether to give a solid orange product. Yield=35%. 1H NMR (400 MHz,
CD3OD): į 8.06 (s, 1H), 7.89 (d, J=8.0 Hz, 1H), 7.73 (d, J=8.0 Hz, 1H), 7.16 (d, J=8.0 Hz,
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1H), 6.55-6.77 (m, 5H), 4.09-4.13 (m, 1H), 3.71 (s, 3H), 3.51-3.55 (m, 2H), 1.45-1.83 (m,
6H), 1.31 (s, 9H). HRMS (EI) calcd for C33H36O9N3S [M+H+] 650.2167, found 650.2177.

(S)-6-(3-(3-Carboxy-4-(6-hydroxy-3-oxo-3H-xanthen-9-yl)phenyl)thioureido)-1methoxy-1-oxohexan-2-amine- trifluoroacetate (47)
46 (134 mg, 0.21 mmol) was
dissolved in DCM (10 mL). To this
solution was added trifluoroacetic
acid (2.0 mL) at 0°C after which the
reaction mixture stirred at room
temperature for 3 h. The solvent was
removed by evaporation and the salt
was used in the next step without
any further purification. Rf=0.20 (3:1 DCM:MeOH). Yield=54%. 1H NMR (400 MHz,
CD3OD): į 8.21 (s, 1H), 7.88 (d, J=8.0 Hz, 1H), 7.76 (d, J=8.0 Hz, 1H), 7.13 (d, J=8.0 Hz,
1H), 6.53-6.68 (m, 5H), 4.08-4.12 (m, 1H), 3.83 (s, 3H), 3.53-3.55 (m, 2H), 1.35-1.73 (m,
6H).
Di(prop-2-yn-1-yl)-2-(3-hydroxy-6-(prop-2-yn-1-yloxy)-9H-xanthen-9-yl)terephthalate
(50)
6-carboxyfluorescein 49 (40.0 mg, 0.11 mmol) was
dissolved along with K2CO3 (66.1 mg, 0.48 mmol) and
propargyl bromide (57.0 mg, 0.48 mmol) in DMF (5.0
mL). The reaction mixture was heated to 60°C for 2 h
when the reaction reached completion as determined by
thin layer chromatography (100 % EtOAc), it was poured
into a mixture of EtOAC and 1 N aqueous HCl (1:1 v/v, 10
mL). This solution was extracted with EtOAc. The organic
layers were combined, dried over MgSO4 and the solvent was removed to yield the product
with sufficient purity to continue the synthesis. Rf=0.70 (100 % EtOAc). Yield=99%. 1H
NMR (400 MHz, CD3OD): į 8.39-8.44 (m, 2H), 8.03 (s, 1H), 7.31 (s, 1H), 7.19 (s, 1H),
7.01-7.09 (m, 4H), 4.95 (s, 2H), 4.91 (s, 2H), 4.59 (s, 2H), 2.66 (s, 1H), 2.54 (s, 1H), 2.37
(s, 1H); 13C NMR (100.59 MHz, CD3OD): į 163.7, 162.4, 159.4, 159.3, 155.9, 134.1,
133.7, 133.6, 133.5, 131.8, 131.5, 131.3, 130.7, 128.7, 127.4, 125.7, 117.9, 116.6, 115.8,
105.1, 101.7, 76.0, 77.6, 57.1, 53.4. HRMS (EI) calcd for C30H19O7 [M+H+] 491.1125,
found 491.1126.
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3'-Hydroxy-3-oxo-6'-(prop-2-yn-1-yloxy)-3H-spiro[isobenzofuran-1,9'-xanthene]-6carboxylic acid (51)
To a solution of 51 (52.0 mg, 0.11 mmol) in THF/H2O (1:1
v/v, 2 mL) was added LiOH (1 M, 0.32 mmol). The reaction
mixture was stirred at room temperature for 1 h, and then
diluted with H2O (5 mL). The aqueous solution was
extracted with DCM (2 x 10 mL). The aqueous layer was
acidified to pH=4 using 2 N aqueous HCl. The aqueous
layer was extracted with DCM followed by EtOAc. The
organic layers were collected, dried over MgSO4 and the solvent was evaporated. The crude
mixture was purified by column chromatography (3:1 DCM:MeOH) to yield the product as
a white solid. Rf=0.55 (3:1 DCM:MeOH). Yield=64%. 1H NMR (400 MHz, CD3OD): į
8.23 (d, J=8.0 Hz, 1H), 7.99 (d, J=8.0 Hz, 1H), 7.70 (s, 1H), 6.94 (s, 1H), 6.70-6.74 (m,
3H), 6.60-6.62 (m, 1H), 6.53-6.55 (m, 1H), 4.79 (s, 2H), 2.98-2.99 (m, 1H); 13C NMR
(100.59 MHz, CD3OD): į 174.3, 169.8, 160.2, 159.8, 153.2, 152.7, 152.6, 131.0, 129.0,
128.7, 124.8, 124.0, 112.4, 112.0, 111.9, 109.8, 102.5, 102.1, 84.7, 78.0, 76.1, 55.8. HRMS
(EI) calcd for C24H15O7 [M+H+] 415.0812, found 415.0816.
2,5-Dioxopyrrolidin-1-yl-3'-hydroxy-3-oxo-6'-(prop-2-yn-1-yloxy)-3Hspiro[isobenzofuran-1,9'-xanthene]-6-carboxylate (52)
To a solution 51 (28.0 mg, 0.07 mmol) in DMF (2 mL)
was added NHS (8.55 mg, 0.07 mmol) and EDC·HCl
(14.2 mg, 0.07 mmol). The reaction was stirred
overnight at room temperature. The reaction mixture was
diluted with EtOAc and washed with brine (1 x 3 mL).
The organic layer was dried over MgSO4 and the solvent
was removed. The crude reaction mixture was purified
by column chromatography (30:1 DCM:MeOH). After
purification, the product still contained some impurities which could be precipitated with
MeOH to give the pure product as a clear oil. Rf=0.90 (3:1 DCM:MeOH). Yield=53%. 1H
NMR (400 MHz, CD3OD): į 8.41 (d, J=8.0 Hz, 1H), 8.21 (d, J=8.0 Hz, 1H), 7.91 (s, 1H),
6.98 (s, 1H), 6.58-6.77 (m, 5H), 4.81 (s, 2H), 3.00 (s, 1H), 2.86 (s, 4H); 13C NMR (400
MHz, CD3OD): į 173.6, 168.5, 166.0, 159.6, 152.0, 151.6, 137.2, 130.7, 128.7, 128.6,
124.8, 124.7, 112.5, 112.0, 111.2, 102.3, 101.9, 76.0, 68.2, 67.0, 55.6, 24.9. HRMS (EI)
calcd for C28H18O9N [M+H+] 512.0976, found 512.0988.
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(S)-2-((tert-butoxycarbonyl)amino)-6-(3'-hydroxy-3-oxo-6'-(prop-2-yn-1-yloxy)-3Hspiro[isobenzofuran-1,9'-xanthen]-6-ylcarboxamido)hexanoic acid (53)
52 (2.5 mg, 4.88 x 10-3 mmol) and Boc-lysOH (1.2 mg, 4.87 x 10-3 mmol) were
dissolved in DMF (1.0 mL). To this
solution was added Et3N (4 ȝL) and the
reaction mixture was stirred at room
temperature overnight. The solution was
diluted with EtOAc (5 mL) and washed
with a saturated solution of aqueous NH4Cl (3 mL). The organic layer was dried over
MgSO4 and the solvent was removed to yield the pure product as a yellow solid. Rf=0.70
(3:1 DCM:MeOH). Yield=99%. 1H NMR (400 MHz, CD3OD): į 8.14 (d, J=8.0 Hz, 1H),
8.08 (d, J=8.0 Hz, 1H), 7.60 (s, 1H), 6.95 (s, 1H), 6.71-6.73 (m, 3H), 6.57-6.52 (m, 2H),
4.80 (s, 2H), 3.99-4.03 (m, 1H), 3.64-3.67 (m, 2H), 2.67 (s, 1H), 1.50-1.81 (m, 6H), 1.39 (s,
9H). HRMS (EI) calcd for C35H35O10N2 [M+H+] 643.2286, found 643.2284.

BN4. 52 (0.77 mg, 1.51 x 10-3 mmol) was dissolved along with [lys3]-bombesin (0.24 mg,
1.51 x 10-4 mmol) in dry DMF (0.1 mL). To this stirred solution under inert atmosphere
(N2) was added Et3N (0.61 mg, 0.83 ȝL). The reaction mixture was stirred vigorously at
room temperature for 24 h after which it was lyophilized. The crude solid was then
dissolved in MeCN/H2O (with 1 % formic acid) and purified by RP-HPLC (Gradient B).
Retention time=35 min. HRMS (EI) calcd for C95H123O24N22S 1988.8829, found
1988.8982. HRMS (EI) calcd for C95H122O24N22SNa [M+Na+] 2010.86488, found
2010.85706.
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BN5. Fluorobenzyl azide (0.83 ȝg, 5.49 x 10-6 mmol) and BN3 (0.01 mg, 5.03 x 10-6 mmol)
were dissolved in a mixture of H2O/DMSO (3:1 v/v, 0.5 mL). In a separate vial,
CuSO4·5H2O (0.06 ȝg, 2.52 x 10-7 mmol) was dissolved in 0.01 mL of water and to this
solution, sodium ascorbate (0.24 ȝg, 1.21 x 10-6 mmol) was added. MonoPhos (0.10 mg,
2.78 x 10-7 mmol) was added along with 0.01 mL of DMSO. The reagents were stirred
together for 10 min and added to the solution of azide and peptide. The reaction was
monitored by RP-HPLC. Upon completion, the reaction mixture was lyophilized. The
resulting solid was dissolved in a mixture of MeCN:H2O (with 1 mol % formic acid) and
purified by RP-HPLC (Method B). Retention time=46 min. HRMS (EI) calcd for
C102H128O24N25SNa [M+H+] 2163.9216, found 2163.9267.
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Chapter 6

Strain-Promoted ‘Click’ Chemistry
for [18F]-Radiolabelling of
Bombesin
In order to develop a convenient method for rapid introduction of radiolabels via
‘click’ chemistry, a new route to a strained aza-dibenzocyclooctyne has been
developed. The strained cycloalkyne proved to react with [18F]-containing azides to
give the corresponding triazoles in minutes. [Lys3]-bombesin was modified with the
cycloalkyne and subsequently labeled with three [18F]-containing azides, via strainpromoted ‘click’ chemistry. The three resulting tracers retained their high affinity for
gastrin-releasing peptide receptors in vitro.

Part of this chapter was published:
L. S. Campbell-Verduyn, L. Mirfeizi, A. K. Schoonen, R. A. Dierckx, P. H. Elsinga, B. L.
Feringa. Angew. Chem. Int. Ed. 2011, 50, 11117-11120.
Radiochemistry and in vitro studies performed by L. Mirfeizi.1 NMR study performed by
A. K. Schoonen.
1

Department of Nuclear Medicine and Molecular Imaging, University Medical Center Groningen.
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6.1 Introduction
To better understand the complexity of living systems, scientists have sought to track
biomolecules as they exist in their native environment, hoping to study biological processes
as they occur at the cellular level. There are few biomolecules that naturally possess the
properties allowing for their detection in a complex cellular environment, therefore
methods have been developed to endow biomolecules with a reporter tag.1 Popular
techniques include fusion of fluorescent probes (such as the green fluorescent protein) to
target proteins,2 antibody conjugates,3 and more recently, bioorthogonal chemical reporters.
This last approach involves the incorporation of a unique chemical functionality into a
target molecule (often using the cell’s own machinery), with subsequent chemical ligation
to a small-molecule probe, bestowing on the biomolecule a means by which to track it (eg.
fluorescence).1
Azides are ideal for bioorthogonal chemical reporter strategies. They are virtually
absent from living organisms and are resistant to oxidation or reaction with water (see
Chapter 1, Section 1.5). As such, the Staudinger ligation of azides with functionalized
phosphines and the cycloaddition of azides with alkynes have both been explored as
methods for bioorthogonal labeling. These transformations proceed in water, and have been
shown to work in vivo. The Staudinger ligation, a modification on the original Staudinger
reaction,4 involves the reaction of an azide with a triarylphosphine (1) to form an aza-ylide
intermediate (2) (Scheme 1). This is followed by intramolecular trapping of the
nucleophilic nitrogen atom, followed by hydrolysis of the cyclized intermediate to form an
amide-bond linkage (4).5

Scheme 1 The Staudinger ligation
The drawbacks of the Staudinger ligation are two-fold. Firstly, phosphines are prone to
oxidation in cellular environments, thereby reducing the amount of phosphine in the system
available for targeted labeling. A second disadvantage stems from the relatively slow
reaction kinetics of the Staudinger ligation which limit its use in the exploration of fast
biological processes.6
Given the ideal properties of the azide for use in chemical reporter labeling, the
cycloaddition with alkynes was also explored for labeling. The copper-catalyzed azidealkyne cycloaddition has the advantage that it is faster than the Staudinger ligation (~25
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times).1 The obvious limitation of this methodology for biological systems is the
cytotoxicity of copper.7 Other methods of activating the alkyne substrate have thus been
explored, to conserve the advantages of the bioorthogonal alkyne-azide system, while
avoiding the toxicity of the metal catalyst. Two main approaches have been investigated:
the strategic placement of electron-withdrawing substituents (Scheme 2, A),8 and the
introduction of ring strain in alkenes (Scheme 2, B)9 and in alkynes (Scheme 2, C).10, 12
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Scheme 2 Alternative approaches for activating alkynes to react with azides
Electron withdrawing groups directly adjacent to the triple bond have the effect of
rendering the alkyne sufficiently electron deficient to undergo cycloaddition with azides in
the absence of the copper catalyst at room temperature (Scheme 2, A). However, such a
system also renders the substrate (5) susceptible to attack by various nucleophiles, thus
effectively canceling the bioorthogonality of the system. As an alternative, strain-promoted
cycloadditions between alkenes and azides were developed (Scheme 2, B). One such
example is the [3+2] cycloaddition of electron-deficient oxanorbornadiene 7 with an azide
at room temperature to form an intermediate triazoline (8). Cycloadduct 8 then undergoes a
spontaneous retro-Diels-Alder reaction releasing furan, to yield triazole 9. Yet another
alternative involves cycloaddition of the smallest isolable cycloalkyne, cyclooctyne, with
azides at room temperature (Scheme 2, C). The sp-hybridized carbons in cyclooctyne form
a bond angle of ~160°. The triple bond is distorted towards the transition state of the
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cycloaddition reaction, resulting in an accelerated reaction with azides.11 This has proven to
be a very effective means of eliminating the need for a copper catalyst in the azide-alkyne
cycloaddition, and many variations of the cylooctyne motif have since been designed
(Scheme 3).
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Scheme 3 Range of functionalized cyclooctynes for copper-free ‘click’ chemistry
(kRel=relative rate)
The development of functionalized cyclooctynes was pioneered by the group of
Bertozzi.12 Functionalized cyclooctyne 12 was the first of a series of strained alkynes
developed in their group.13 Although 12 reacts with azides at room temperature, the
reaction rate constants do not surpass those of the Staudinger ligation. Vast improvement in
the reaction rate was achieved by the addition of first one (13),14 and later two fluorine
atoms (14)15 adjacent to the strained triple bond. Cyclooctyne 13 had a reaction rate
constant 3 times greater than 12, and 14 had a reaction rate constant 60 times greater than
12 (Scheme 3). The next challenge became evident as 14 proved to have limited solubility
in water, which can be problematic for applications in cellular environments. Thus the
methoxy-substituted carboxylic acid 15 was developed.16 While these modifications
improved the solubility of the compound, the reaction rate is relatively low.12
Although the addition of fluorine atoms has the desired effect of improving the
reactivity of the cyclooctynes towards cycloaddition with azides, the synthetic procedures
to reach these compounds are quite long and low-yielding, hindering their general
applicability.12 As an alternative to the introduction of electron-withdrawing fluorine atoms,
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it has been shown that the reactivity of the strained alkynes can be increased by the
introduction of aryl rings (16-18) which induces additional ring strain,17 or by fusion with
cyclopropane (19).18 The order of reactivity of the dibenzofused cyclooctynes increases
from 16 to 17 to 18 (0.17, 0.36 and 0.96 M-1s-1), with 18 being to date the fastest reacting
strained cyclooctyne.11 A photo-triggered formation of a dibenzocyclooctyne has also been
developed, allowing for generation of the strained alkyne from a substituted
cyclopropenone via photochemical decarbonylation.19 The cyclooctyne class of compounds
has shown to have the appropriate balance of stability and reactivity and has been applied to
labeling in vitro and even in vivo.20
Other alternatives have since emerged which focus on strain-promoted cycloadditions
to reagents other than azides. These include a cycloaddition of norbornene to nitrile oxides
to form isoxazolines,21 inverse-electron demand Diels-Alder cycloadditions of tetrazines to
norbornenes,22 and tetrazines to fused cyclobutene-norbornene.23 Cycloaddition of transcyclooctene 20 to tetrazines 21 (Scheme 4, A) proves to be the most rapid of the techniques
involving strained alkenes24 and has been explored in the fluorescent labeling of cell
surface antigens and for single photon emission computed tomography imaging of
antibodies (Scheme 4).25 It has been shown that cyclooctynes (17) can also react very
rapidly with nitrones (24), to form isoxazoles 25 (Scheme 4, B).26 This is a field that is
rapidly developing, which will hopefully result in a collection of reactions and reagents
available for a wide variety of applications. It will then be a simple matter of choosing the
appropriate one for the specific application in mind.

Scheme 4 Alternative cycloadditions for rapid labeling
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Copper-free ‘click’ chemistry could lend some advantages to the field of radiolabeling.
Potential contamination of labeled compounds with traces of copper is a concern when the
classic CuAAC is used to label biomolecules. Furthermore, as mentioned above,
methodology for labeling by CuAAC is not amenable to extension to in vivo pretargeting
methodology. To date, there has been one reported instance of radiochemical labeling of a
peptide with [111In] for SPECT using a strained cyclooctyne.27 Given the high reaction rate
of the strain-promoted azide-alkyne cycloaddition, it could be a useful means by which to
label peptides with the short lived [18F].

6.2 Goal
We envisioned the use of [lys3]-bombesin (see Chapter 5, Section 5.1), modified with a
strained alkyne, to allow for rapid and facile labeling with [18F] in the absence of possible
copper contamination. A further advantage of this methodology would be the possibility to
fine tune the properties of the resulting labeled peptide. The azide group can be designed to
provide greater or lesser hydrophilicity, bulk or charge to the peptide in question. The
stability and in vitro binding affinity of the resulting tracers were to be investigated.

6.3 Results and Discussion
Our starting point was to find a suitable strained alkyne with the optimal balance of
reactivity and stability. Although, as aforementioned, many options are available, some
initial synthetic endeavors demonstrated that the synthesis of cyclooctynes is not
necessarily trivial, nor are all of the reported cyclooctynes of appropriate stability. Van Hest
and van Delft reported an aza-dibenzocyclooctyne 16 (Scheme 3), which proved to be
simultaneously reactive and stable.28 For our purposes, which involve rapid ‘clicking’ of a
short lived radioisotope as well as eventual in vitro and in vivo studies requiring a certain
degree of stability, it appeared an ideal choice. The reported synthesis was followed the
results of which are outlined in Scheme 5.
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Scheme 5 Reported synthetic route to aza-dibenzocyclooctyne 3828
The synthesis as shown in Scheme 5 differs from the published report in that
compound 29 was prepared in two steps (Sonogoshira coupling and deprotection) rather
than acquired commercially (1 g~55 €)29 as was the case in the literature precedent.28 A
further difference is that rather than reacting 35 with glutaric acid monomethyl ester
chloride as reported, we reacted it with methyl succinyl chloride, introducing a two carbon
linker rather than a three carbon linker. Although in our hands, the yields proved to be
somewhat lower than reported, the synthesis proceeded smoothly. Nonetheless, we
envisioned an alternate, and shorter route. The retrosynthetic plan is outlined in Scheme 6.
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Scheme 6 Retrosynthetic route to molecule aza-dibenzocyclooctyne 39
The aza-cyclooctyne 39 can be reached in two steps (bromination followed by
elimination) from the corresponding alkene 40. The key step of the synthesis is the
transformation of oxime 42 into amide 41 via a Beckmann rearrangement (Scheme 7).
Oxime 42 can be synthesized from dibenzosuberenone 43.

Scheme 7 Beckmann rearrangement
We started the synthesis from commercially available dibenzosuberenone (43), and
oxime 42 was formed in 95% yield by refluxing 43 in the presence of hydroxylamine
hydrochloride (Scheme 8). We initially intended to form the tosylate of 42 to provide a
better leaving group for the subsequent Beckmann rearrangement, however, we were
unable to form tosylate 47. Treatment of 42 with TsCl in the presence of pyridine at reflux
yielded none of 41.30 We also attempted the reaction in pyridine but with the addition of 1.0
eq of Et3N but with no success.
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Scheme 8 Attempted reactions with oxime 42
Treating 42 with polyphosphoric acid (PPA) at 70°C to instigate the Beckmann
rearrangement also failed to give any of the expected product 41.31 Fortunately, treating 42
with trichlorotriazine (TCT) in dimethylformamide (DMF) at room temperature afforded
amide 41 in 67% yield (Scheme 9).32

Scheme 9 Synthesis of amine 35
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The reduction of amide 41 was initially attempted using lithium aluminum hydride
(LiAlH4). However, at room temperature no reduction occurred, and heating the reaction
mixture at 60°C reduced not only the amide, but also the alkene, affording dibenzoazocine
48 (Scheme 9). Reduction with diisobutylaluminum hydride (Dibal-H) however, gave the
desired amine 35 in 73% isolated yield. Amine 35 is thus reached in three steps, rather than
five, starting with the inexpensive precursor 43 (1g~1 €)33 rather than 2-ethynylaniline 29
(1g~55 €)29 as published (Scheme 5).28
A short linker can be introduced by reaction of 35 with methyl succinyl chloride (49)
in the presence of triethylamine (Scheme 10). Subsequent bromination proceeds smoothly
in 88% yield.

Scheme 10 Synthesis of 37
The formation of the strained alkyne bond is the most sensitive step of the synthesis
(Scheme 11). After significant optimization, it was possible to attain 65% of the desired
aza-cyclooctyne 38 by treatment of 37 with a solution of potassium tert-butoxide in THF.
Along with 38, we also isolated the tert-butyl ester 50 in 22% yield. The two esters could
be separated by column chromatography. Crucially, the reaction must be performed under
an atmosphere of argon in freshly distilled THF, otherwise only trace amounts of 38 are
produced, with the large majority of 37 converted in the mono-brominated alkene 51.
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Scheme 11 Formation of Strained Alkyne 38
To be able to attach the aza-cyclooctyne 38 to a target molecule, the ester needed to be
hydrolyzed. Basic hydrolysis of 38 afforded carboxylic acid 52 in 90% yield (Scheme 12).
To allow us to couple the strained alkyne to our peptide, we form the Nhydroxysuccinimide ester 53.
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Scheme 12 Synthesis of succinimidyl ester 53
We also attempted to hydrolyze tert-butyl ester 50 under various acidic and basic
conditions (Table 1). Treating 50 with trifluoroacetic acid (TFA) led to a complex mixture
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of products with no remaining starting material (entry 1). Attempting hydrolysis with
potassium hydroxide in THF gave no conversion (entry 2). Repeating the same experiment
but with the addition of 18-crown-6 led to a complex mixture of products (entry 3). A final
attempt was made using CeCl3·7H2O and NaI in refluxing acetonitrile, a reported procedure
used for selective deprotection of tert-butyl esters in the presence of other acid labile
34

protecting groups (entry 4).

However, this also failed to give product 52.

Table 1 Attempted hydrolysis of tert-butyl ester 50

1
2
3
4

Conditions

Result

TFA, DCM, r.t.
KOH, THF, r.t.
KOH, 18-crown-6, THF, r.t.
CeCl3·7H2O (1.5 eq), NaI, MeCN, reflux

Complex mixture of products
Starting material only
Complex mixture of products
Complex mixture of products

Of key importance to the field of radiochemistry is rapid conversion, allowing for the
introduction of the short-lived radiolabel under biocompatible conditions. To test the
reactivity of 38 in the desired time frame, it was reacted with the model compound parafluorobenzyl azide to form triazole 54 (as a mixture of isomers 1:1) (Scheme 13).
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Scheme 13 Copper-free ‘click’ reaction of 53 with aza-dibenzocyclooctyne 38
The reaction was performed in an NMR tube and followed in time by 1H NMR. As shown
in Figure 1, 38 reacted very rapidly to form triazole 54.

100

Conversion (%)

80

60

40

20

0
0

10

20

30

40

50

60

Time (s)

Figure 1 Conversion of 38 to 54 as a function of time (CDCl3, r.t.)
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Before proceeding with the modification of bombesin, we tested the reactivity of the azabenzocylooctyne 38 with several [18F]-containing azides (Scheme 14).
MeO
O

18

F

O

O

O

N3

37°C, 15 min
plasma/DMSO

O
N
O

55, 1.0 eq
O

MeO

N

O

N

18F

O

N

56, RCY=42%

O
N

MeO
O

38
N3
18

F

37°C, 15 min
plasma/DMSO

O
N

57, 1.0 eq
N

N

N

18

F

58, RCY=31%

Scheme 14 Strain-promoted click chemistry for labelling with [18F]
Strained alkyne 38 could be reacted with two [18F]-labeled azides by simply stirring the
two reactants together in a mixture of human plasma and DMSO. We found that alkyne 38
could be fully converted to the corresponding triazoles within 15 min (Scheme 14).35 With
the hydrophilic [18F]-PEGylated azide 55, triazole 56 was isolated with a radiochemical
yield (RCY) of 42%. With the more lipophilic [18F]-fluorobenzyl azide 57, triazole 58 was
isolated with an RCY of 31%. Furthermore, it is key to note that the reaction is performed
in human plasma. Considering the eventual application of radiolabelling in vivo, it was
important to confirm that the selected strained alkyne was not too fragile to withstand any
exposure to a biological environment. Given that alkyne 38 could reach full conversion to
triazoles in less than 15 min, we concluded that the reaction was fast enough for the desired
time scale for labeling with [18F].
Thus, succinimidyl ester 53 was conjugated to [lys3]-bombesin under basic conditions
(Table 2). Full conversion to the product Aza-DBCO-BN (59) was achieved after 24 h
when 5.0 eq of 53 were used with respect to [lys3]-BN in DMF along with 10.0 eq of
DIPEA (entry 1). Using 2.0 eq of 53 resulted in 75% conversion after 24 h in DMF (entry
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2) and performing the reaction in phosphate buffer (pH=8.1) resulted in no product
formation after 24 h (entry 3) and apparent degradation of the starting material 53. AzaDBCO-BN was purified by RP-HPLC and characterized by mass spectrometry (ESI-MS).
Table 2 Modification of bombesin with 53
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Aza-DBCO-BN (59)

1
2
3

Conditions
5.0 eq 53, DMF, 10.0 eq DIPEA, r.t., 24 h
2.0 eq 53, DMF, 10.0 eq DIPEA, r.t., 24 h
5.0 eq 53, DMF, Pi buffer pH=8.1, r.t., 24 h

Conversion (Isolated Yield %)
100% (25)
75% (n.d.)
0% (n.d.)

With the target bombesin analogue modified with a strained alkyne, we tested the
efficiency of the copper-free [3+2] cycloaddition with several [18F]-containing azides.
Three [18F]-containing azides were selected to react with Aza-DBCO-BN 59 (Scheme 15).
As indicated, one advantageous aspect of this methodology is the ease with which the
properties of the resulting peptidic tracer can be modified by simply changing the azides.
[18F]-PEGylated azide 55, [18F]-fluorobenzyl azide 57 and [18F]-fluoroazidobutane 65 were
reacted with Aza-DBCO-BN 59 at room temperature in DMF for 15 min, during which
time complete conversion of the starting material in all cases could be detected by radio165
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3

TLC to give triazoles [18F]-PEGTOxBN (61), [18F]-BnTOxBN (63) and [18F]-BuTOxBN
(66), respectively.

Scheme 15 Reagents and conditions: a) K[18F], MeCN, 110ºC; b) DMF, r.t.
The logarithmic partition coefficients (log P) is used to evaluate a compounds
lipophilicity. It is the log of the partition coefficient, which is the ratio of a compound
between two phases, typically one aqueous solvent (often water) and one hydrophobic
solvent (often octanol).36 The log P values were determined for all three tracers and were
found to be -0.43, 1.27 and 0.26, respectively. This provides us with tracers ranging from
the quite hydrophilic [18F]-PEGTOxBN (-0.43) to the more hydrophobic [18F]-BnTOxBN
(1.27).
The binding affinity of all three tracers for gastrin-releasing peptide receptors was
tested using PC3 human prostate cancer cells which overexpress GRPRs (Table 3).
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Table 3 In vitro binding affinity values
Tracer
[18F]-PEGTOxBN (61)
[18F]-BnTOxBN (63)
[18F]-BuTOxBN (66)

IC50
40 nM
29 nM
30 nM

The in vitro binding was determined by performing a competitive receptor binding
assay with the receptor specific radioligand [125I]-tyr[4]-bombesin (a displacement assay).
The 50% inhibitory concentrations (IC50) were determined to be 40 nM, 29 nM and 30 nM
for 61, 63, and 66, respectively. Comparing with the gold standard [125I]-tyr[4]-bombesin,
IC50 of 56 nM, we conclude that all three tracers maintain high affinity for the GRPRs even
post-modification and labeling. For a more detailed discussion see PhD thesis Leila
Mirfeizi.

6.4 Alternate attempts at copper-free cycloadditions
We explored some alternative means by which to perform copper-free ‘click’ reactions. We
considered the possibility of activating the alkyne by some means other than copper, ring
strain, or electron withdrawing groups. Our first attempt was to use an iodine-mediated
cycloaddition. The synthesis of isoquinolines has been described as proceeding via the
iodine-mediated electrophilic cyclization of 2-alkynyl-1-methylene azide aromatics 67
(Scheme 16).37 The proposed mechanism of this transformation involves coordination of I+
to the triple bond (68), thereby activating it towards nucleophilic ring closure by the azide
(69) (Scheme 14). Following ring closure, aromatization with the elimination of N2 is
undergone to form isoquinoline 70.

Scheme 16 Proposed mechanism for iodine-mediated electrophilic cyclization
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We envisioned that a similar approach could be taken with an intermolecular system.
We hoped that the iodonium would sufficiently activate the alkyne to allow for the
cycloaddition with azide to occur. Although this system is no more biocompatible than is
the copper-catalyzed system, we hoped in this way to be able to perform the 1,3-dipolar
cycloaddition of azides and alkynes with internal alkynes. We attempted to synthesize
triazoles 73 by treating a reaction mixture of benzyl azide 71 and various alkynes, both
terminal and internal, with iodine (Table 3). Entry 1 shows the conditions optimized for the
internal cyclization in the synthesis of isoquinolines as indicated in the literature.34 Treating
benzyl azide and phenylacetylene with an excess of iodine (5.0 eq) in DCM in the presence
of sodium bicarbonate gave only bis-iodine 74.38 Replacing sodium bicarbonate with KI in
a mixture of water/DCM also gave exclusively product 74 after 24 h (entry 2). Reducing
the amount of iodine to 0.5 eq. in the absence of base gave no conversion (entry 3). Using
an internal alkyne as a substrate, in the presence of iodine (5.0 eq) and the absence of base
gave only bis-iodine 74 (entry 4). The addition of CuCl to the reaction mixture yielded the
same result. With diphenylacetylene, no conversion was detected when it was treated with
5.0 eq of iodine in DCM, nor with the addition of KI in water (entries 6 and 7). Only
starting material was recovered.
Table 3 Attempted iodine-mediated 1,3-dipolar cycloaddition of azides and alkynes

R1

R2

Eq. of I2

Base/Additives

1

Ph

H

5

NaHCO3
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Ph

H

5
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74
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H

0.5

-

DCM

-

4

Me

Me

5

-

DCM

74

5

Me

Me

5

CuCl

DCM

74

6

Ph

Ph

5

-

DCM

-

7

Ph

Ph

5

KI

H2O

-

Solvent

Product

Since this approach proved unsuccessful, we also explored the use of water stable
Lewis acids for the activation of alkynes as an alternative approach (Table 4).39 Stirring
benzyl azide 71 and phenylacetylene 75 in water in the presence of InCl3 (1.0 eq), we were
able to isolate 5% of triazole 76 after 45 h at room temperature (entry 2). Using Zn(NO3)2
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as the Lewis acid gave similar results, yielding 5% of triazole 76 after 72 h at room
temperature (entry 4). Sc(OTf)3 showed no conversion to the product after 72 h (entry 5). A
final example using CeCl3·7H2O (1.0 eq) as the Lewis acid gave 10% of triazole 76 after 72
h (entry 6).
Table 4 Lewis acid mediated 1,3-dipolar cycloaddition of azides and alkynes

Entry
1
2
3
4
5
6

Lewis Acid
InCl3 (1.0 eq)
InCl3 (1.0 eq)
Zn(NO3)2 (1.0 eq)
Zn(NO3)2 (1.0 eq)
Sc(OTf)3 (1.0 eq)
CeCl3·7H2O (1.0 eq)

Solvent
H2O
H2O
H2O
H2O
H2O
H2O

Time
18 h, r.t.
45 h, r.t.
18 h, r.t.
72 h, r.t.
72 h, r.t.
72 h, r.t.

Yield
5%
5%
10%

We also attempted the reaction using the internal alkyne, diphenylacetylene 77
(Scheme 17). Diphenylacetylene 77 was stirred with benzyl azide 71 in water in the
presence of Zn(NO3)2 (1.0 eq). After 48 h, 10% of triazole 78 was isolated from the reaction
mixture.

Scheme 17 Lewis acid catalyzed 1,3-dipolar cycloaddition of azides and internal alkynes
Thus it is possible to induce a [3+2] cycloaddition of an azide and an internal alkyne
using a Lewis acid in water. Although the yield is low, optimization could potentially yield
a useful system for accessing 1,4,5-substituted triazoles.
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6.5 Conclusions
We were able to achieve rapid radiolabelling of bombesin with [18F] using a very
straightforward protocol. Simple stirring of the radionuclide-containing azide with the azodibenzocyclooctyne modified bombesin analogue for 10-15 min at room temperature
suffices to reach the target peptides in modest to good yields. Furthermore, the azide can be
readily varied, as we have shown, from a more lipophilic aromatic azide to a hydrophilic
PEGylated azide. As a result, tracers with different properties are readily accessible from
the same substrate allowing for rapid modification and fine tuning. In this way, the optimal
lipophilicity for cellular uptake and metabolic clearance can be achieved. We have
developed a simplified and relatively inexpensive route to the target azadibenzocyclooctyne 38, hopefully rendering it accessible for future use in a clinical setting.

6.6 Future Perspectives
Although we describe herein the modification and labeling of [lys3]-bombesin and
demonstrate that it maintains high affinity for the targeted receptors, ideally, this
methodology would be extended to imaging making use of the technique of pretargeting.
For molecules with longer pharmacokinetics such as antibodies, and thus not amenable
to the use of the short-lived [18F], it would be highly advantageous to be able to administer
the [18F] radionuclide to the target in vivo. Antibodies have often been used to target
diseases as they have the ability to bind selectively to tumor or other disease-associated
antigens.40 However, they are quite large molecules, which, in their natural role, remain for
weeks in the bloodstream. This is a disadvantage for radionuclide imaging, as specific
uptake of the labelled antibody is often masked by a large amount of radioactivity in the
blood stream. Pretargeting is a method which involves the introduction of the unlabelled
antibody, followed by an appropriate time interval allowing the antibody to reach its target
antigen.40 This is followed by injection with the second (radiolabeled) component, which
ideally, will recognize, or attach to the antibody. In this way, superior image contrast can be
achieved by increasing the target/non-target ratio. If the strain-promoted azide-alkyne
cycloaddition methodology could be extended to antibodies, the use of radionuclides for
imaging such targets will not be limited to the longer-lived metallic radioisotopes, and
higher resolution images using [18F], and better target/non-target ratios can be achieved.
Pretargeting is a technique that holds a lot of promise for improved imaging
protocols.40 The use of chemical reporters for pretargeting is an area very much limited by
the scarcity of reactions that are bioorthogonal and sufficiently robust and selective to
perform in vivo labelling. Strain promoted cycloadditions of azides and alkynes is one
reaction that has proven to be amenable to in vivo labelling, and as such, is a very
promising lead for pretargeting methodological development.
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6.7 Experimental Section
General
The solution of KOtBu in THF (1.0 M) should be purchased rather than prepared in the lab,
otherwise full conversion is not reached (Sigma-Aldrich product 328650). Reversed phaseHPLC analyses were performed on a Shimadzu LC-20AD VP, Waters Xterra MS C18
column (3.0 x 150 mm, particle size 3.5 ȝm) using a gradient of MeCN/H2O (0.1% formic
acid). Gradient: from 95:5 at 0 min to 85:15 at 10 min, to 75:25 at 12 min, to 20:80 at 65
min, to 95:5 at 70 min. Flow 0.5 mL/min.
Safety
Working with azides should always be done carefully. Organic azides, particularly those of
low molecular weight, or with high nitrogen content, are potentially explosive. Heat, light
and pressure can cause decomposition of the azides. Furthermore, the azide ion is toxic, and
sodium azide should always be handled while protected with gloves. Heavy metal azides
are particularly unstable, and may explode if heated or shaken.
Characterization of substrates and reference compounds
5H-Dibenzo[7]annulen-5-one oxime (42)
A solution of hydroxylamine was prepared by dissolving 15.6 g (0.22
OH
N
mol, 3.1 eq) of NH2OH·HCl in a hot mixture of absolute alcohol (100
mL) and pyridine (75 mL). To this solution was added 15.0 g (0.073
mmol, 1.0 eq) of dibenzosuberenone 43 and 20.0 mL of pyridine. The
reaction mixture was heated at reflux for 3 h, and the disappearance of
starting material was monitored by thin layer chromatography. After completion of the
reaction, the solvent was evaporated under reduced pressure, and the product was
precipitated with water. The solid was filtered, washed with water (3 x 50 mL), dissolved in
chloroform, and the organic layer was washed one further time with water (10 mL). The
organic layer was dried over MgSO4 and the solvent evaporated to yield a pale yellow solid
(15.3 g). Yield=95%. mp 187ºC. 1H NMR (400 MHz, CDCl3): į 10.1 (s, 1H), 7.64-7.68 (m,
1H), 7.55-7.59 (m, 1H), 7.28-7.37 (m, 6H), 6.86 (dd, J=28.0, 4.0 Hz, 2H); 13C NMR
(100.59 MHz, CDCl3): 156.3, 135.4, 134.5, 133.8, 130.8, 130.6, 130.5, 129.4, 129.2, 129.1,
128.9 (2C), 128.8, 127.8, 127.6. HRMS (ESI+) (m/z) calculated for C15H12NO [M + H]+
222.0913, measured 222.0903.
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Dibenzo[b,f]azocin-6(5H)-one (41)
Trichlorotriazine (834 mg, 4.52 mmol) was added to DMF (1.0 mL) in
O
a sample vial. The solution was stirred, and white precipitate formed.
NH
The formation of the catalyst was monitored by thin layer
chromatography until all of the TCT had been consumed. To this
solution was added oxime 42 along with DMF (10.0 mL). The
reaction mixture was stirred at room temperature for 24-72 h (depending on the amount of
oxime in a given reaction). More DMF was added as needed (depending on the scale of the
reaction to maintain solubility). The reaction was quenched with water and DCM was
added to the solution. The organic phase was washed with saturated aqueous Na2CO3 (2 x
10 mL), 1 N aqueous HCl (2 x 10 mL) and brine (2 x 10 mL). The organic layer was dried
over MgSO4 and the solvent was removed under reduced pressure. The crude reaction
mixture was purified by column chromatography (3:1 pentane:ethyl acetate, Rf: 0.65) to
give a pale yellow solid (650 mg). Yield=65%. mp 141-142ºC. 1H NMR (400 MHz,
CDCl3): į 8.76 (s, 1 H), 7.70-7.72 (m, 1H), 7.57-7.60 (m, 1H), 7.42-7.51 (m, 6H), 6.96 (s,
2H); 13C NMR (100.59 MHz, CDCl3):163.5, 134.3, 133.0, 130.4, 130.2, 129.7, 129.5,
129.2, 129.0, 128.7, 128.5, 128.0, 127.7. HRMS (ESI+) (m/z) calculated for C15H12NO [M
+ H]+ 222.0913, measured 222.0901.
5,6-Dihydrodibenzo[b,f]azocine (35)
Amide 41 (2.00 g, 9.0 mmol) was dissolved in dry CH2Cl2 (25 mL)
NH
and 45 mL of a 1.0 M solution of Dibal-H in CH2Cl2 was added
dropwise to the solution at room temperature with stirring. The
reaction mixture was stirred under N2 at room temperature and the
conversion followed by thin layer chromatography until all of the starting material was
consumed. The reaction was then carefully quenched with an aqueous solution of
ammonium chloride. An aqueous solution of Rochelle salts (25 mL) was subsequently
added and the mixture was stirred vigorously for 45 min. A further 50 mL of DCM was
added and the organic layer collected and washed with brine. After drying over MgSO4 the
solvent was removed under reduced pressure to yield a yellow oil which was purified by
column chromatography (2:1 pentane:ethyl acetate, Rf: 0.8). The resulting compound was a
yellow solid (1.40 g). Yield=75%. 1H NMR (400 MHz, CDCl3): į 7.24-7.62 (m, 1 H), 7.167.24 (m, 3H), 6.97 (d, J=8.0 Hz, 1H), 6.88 (t, J=8.0 Hz, 1H), 6.60 (t, J=7.2 Hz, 1H), 6.54
(d, J=12.8 Hz, 1H), 6.47 (d, J=8.4 Hz, 1H), 6.36 (d, J=13.2 Hz, 1H), 4.59 (s, 2H), 4.29 (br
s, 2H); 13C NMR (100.59 MHz, CDCl3): 147.1, 138.1, 136.2, 134.7, 132.7, 130.1, 128.8,
127.9, 127.6, 127.4, 127.3, 121.7, 117.9, 117.7, 49.6.
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Methyl 4-(dibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoate (36)
Amine 35 (2.00 g, 9.65 mmol) was dissolved in dry DCM (25.0 mL)
O
under a N2 atmosphere. To the stirred solution was added
O
triethylamine (2.67 mL, 19.3 mmol) and the mixture was cooled in an
ice bath, whereupon methyl succinyl chloride (1.78 mL, 14.4 mmol)
O
was added dropwise. The reaction mixture was allowed to warm to
N
room temperature, and stirred overnight. The reaction mixture was
quenched with water and the mixture diluted with a further 20 mL of
DCM. The organic layer was washed with 2 M aqueous NaOH (2 x 15
mL), 2 M aqueous HCl (2 x 15 mL), water (2 x 15 mL) and brine (1 x 10 mL). The organic
layer was dried over MgSO4 and the solvent was removed under reduced pressure. The
resulting crude product was purified by column chromatography (4:1 pentane:ethyl acetate,
Rf: 0.4) to yield a yellow-white solid (2.70 g). Yield=87%. mp 108ºC. 1H NMR (400 MHz,
CDCl3): į 7.24-7.26 (m, 5H), 7.12-7.16 (m, 3H), 6.79 (d, J=17.2 Hz, 1H), 6.61 (d, J=17.2
Hz, 1H), 5.51 (d, J=20.0 Hz, 1H), 4.25 (d, J=20.8 Hz, 1H), 3.61 (s, 3H), 2.55-2.60 (m, 1H),
2.39-2.48 (m, 2H), 1.99-2.10 (m, 1H); 13C NMR (100.59 MHz, CDCl3): 177.4, 170.8,
140.5, 136.4, 135.8, 134.5, 132.6, 131.8, 130.8, 130.1, 128.5, 128.2, 128.0, 127.2, 126.9,
54.4, 51.6, 29.5, 29.0. HRMS (ESI+) (m/z) calculated for C20H19NO3 [M + Na]+ 344.1257,
measured 344.1250.
Methyl
(37)

4-(11,12-dibromo-11,12-dihydrodibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoate

Compound 36 (1.87 g, 5.82 mmol) was dissolved in dry CH2Cl2 (100
mL) under a N2 atmosphere and the reaction vessel was cooled in an
O
ice bath. Br2 (0.93 g, 5.82 mmol) dissolved in 5.0 mL of dry CH2Cl2
was added dropwise to the cooled solution and the reaction mixture
O
was allowed to stir for 1 h. The reaction was quenched with aqueous
N
saturated Na2SO3 (10 mL) and the mixture diluted with a further 50
mL of CH2Cl2. The organic layer was washed with saturated aqueous
Na2SO3 (3 x 15 mL), water (2 x 15 mL) and brine (1 x 15 mL). The
Br
Br
organic layer was dried over MgSO4 and the solvent was removed
under reduced pressure. The compound was purified by column chromatography (3:1
pentane:ethyl acetate, Rf: 0.3) to yield a dark solid (2.46 g). Yield=88%. mp 108ºC. 1H
NMR (400 MHz, CDCl3): į 7.70 (d, J=7.6 Hz, 1H), 7.00-7.25 (m, 6H), 6.86 (d, J=7.6 Hz,
1H), 5.90 (d, J=9.6 Hz, 1H), 5.80 (d, J=14.8 Hz, 1H), 5.15 (d, J=10.0 Hz, 1H), 4.17 (d,
J=14.8 Hz, 1H), 3.66 (s, 3H), 2.80-2.86 (m, 1H), 2.57-2.64 (m, 2H), 2.43-2.55 (m, 1H); 13C
NMR (100.59 MHz, CDCl3): 173.5, 172.0, 138.3, 137.0, 136.9, 132.8, 130.8, 130.7, 130.6,
O
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129.6, 129.5, 128.9, 128.8, 128.6, 60.0, 55.5, 52.5, 51.7, 30.6, 29.2. HRMS (ESI+) (m/z)
calculated for C20H19Br2NO3 [M + Na]+ 503.9603, measured 503.9606.
Methyl 4-(11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoate (38)
To a cold solution (-40 ºC) of compound 37 (245.0 mg, 0.512 mmol)
O
dissolved in 17.0 mL freshly distilled THF under Ar atmosphere was
O
added dropwise 1.02 mL of a commercial solution of tBuOK (1.0 M
in THF). The progress of the reaction was monitored by GC-MS.
O
After 3 h, a further 0.4 mL of tBuOK solution was added and the
N
mixture left to react for a further hour. The mixture was poured onto
water (15 mL) and extracted with CH2Cl2 (3 x 30 mL). The combined
organic layers were washed with brine (2 x 25 mL) and water (1 x 10
mL). A mixture of methyl ester, and tert-butyl ester products were detected in the crude 1H
NMR. The desired methyl ester product was isolated by column chromatography (3:1
pentane:ethyl acetate, Rf: 0.2) to give a clear yellow oil (110 mg). Yield=67%. 1H NMR
(400 MHz, CDCl3): į 7.68 (d, J=7.2 Hz, 1H), 7.48-7.50 (m, 1H), 7.27-7.49 (m, 6H), 5.16
(d, J=14.0 Hz, 1H), 3.67 (d, J=13.6 Hz, 1H), 3.56 (s, 3H), 2.68-2.74 (m, 1H), 2.58-2.63 (m,
1H), 2.35-2.38 (m, 1H), 1.93-1.97 (m, 1H); 13C NMR (100.59 MHz, CDCl3): į 173.3,
171.7, 151.4, 148.0, 132.3, 129.3, 128.8, 128.5, 128.1, 127.7, 127.1, 125.5, 123.1, 122.6,
114.9, 107.7, 55.4, 51.6, 29.6, 29.0. HRMS (ESI+) (m/z) calculated for C20H17NO3 [M +
Na]+ 342.1101, measured 342.1102.
tert-Butyl 4-(11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoate (50)
To a cold solution (-40 ºC) of compound 37 (245.0 mg, 0.512 mmol)
O
dissolved in 17.0 mL freshly distilled THF under Ar atmosphere was
O
added dropwise 1.02 mL of a commercial solution of tBuOK (1.0 M
in THF). The progress of the reaction was monitored by GC-MS.
O
After 3 h, a further 0.4 mL of tBuOK solution was added and the
N
mixture left to react for a further hour. The mixture was poured onto
water (15 mL) and extracted with CH2Cl2 (3 x 30 mL). The combined
organic layers were washed with brine (2 x 25 mL) and water (1 x 10
mL). A mixture of methyl ester, and tert-butyl ester products were detected in the crude 1H
NMR. The desired methyl ester product was isolated by column chromatography (3:1
pentane:ethyl acetate, Rf: 0.5) to give a clear yellow oil (109.5 mg). Yield=22%. 1H NMR
(400 MHz, CDCl3): į 7.67 (d, J=7.2 Hz, 1H), 7.10-7.35 (m, 7H), 5.15 (d, J=14.0 Hz, 1H),
3.64 (d, J=14.0 Hz, 1H), 2.62-2.66 (m, 1H), 2.44-2.50 (m, 1H), 2.25-2.31 (m, 1H), 1.931.97 (m, 1H), 1.31 (s, 9H); 13C NMR (100.59 MHz, CDCl3): į 171.9, 171.7, 151.5, 148.1,
132.3, 129.2, 128.4, 128.0, 127.6, 127.0, 125.4, 123.2, 122.6, 114.9, 107.7, 80.2, 55.4, 44.4,
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30.4, 22.9, 27.9. HRMS (ESI+) (m/z) calculated for C23H23NO3Na [M + Na]+ 384.1570,
measured 384.1576.
4-(11,12-Didehydrodibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoic acid (52)
Compound 38 (42.5 mg, 0.13 mmol) was dissolved in 1.7 mL dry
OH
THF. A solution of LiOH (6.40 mg, 0.26 mmol) in 0.6 mL H2O was
O
added dropwise to the stirred reaction mixture. The progress of the
reaction was monitored by thin layer chromatography and upon full
O
conversion, a further 6.0 mL of H2O was added. The reaction mixture
N
was then made basic to a pH of 14 using 2 M aqueous NaOH. The
aqueous layer was washed with CH2Cl2 (3 x 10 mL) and then acidified
to a pH of 2 using 2 M aqueous HCl. The aqueous layer was then
extracted with CH2Cl2 (3 x 15 mL) and the resulting organic layers of this extraction
procedure were combined, dried over MgSO4 and the solvent was removed under reduced
pressure. Pure product was obtained as a white solid (30.6 mg). Yield= 77%. mp 163164ºC. 1H NMR (400 MHz, CDCl3): į 7.67 (d, J=7.2 Hz, 1H), 7.25-7.43 (m, 7H), 5.16 (d,
J=13.6 Hz, 1H), 3.67 (d, J=13.6 Hz, 1H), 2.68-2.74 (m, 1H), 2.56-2.63 (m, 1H), 2.32-2.40
(m, 1H), 1.94-2.00 (m, 1H); 13C NMR (100.59 MHz, CDCl3): į 177.8, 172.6, 151.2, 147.9,
132.5, 129.3, 128.7, 128.5, 128.1, 127.6, 127.4, 125.8, 123.2, 122.9, 115.3, 107.7, 55.9,
29.7, 29.6. HRMS (ESI+) (m/z) calculated for C19H15NO3 [M + Na]+ 328.0944, measured
328.0949.
2,5-Dioxopyrrolidin-1-yl
4-(didehydrodibenzo[b,f]azocin-5(6H)-yl)-4-oxobutanoate
(53)
O
Carboxylic acid 52 (26.0 mg, 0.085 mmol) was dissolved in 5.0 mL
N
dry CH2Cl2. To this solution was added 1-ethyl-3-(3O
dimethylaminopropyl)carbodiimide
(EDC) (0.02 mL, 0.094 mmol)
O
O
and N-hydroxysuccinimide (10.8 mg, 0.094 mmol). The reaction
mixture was allowed to stir overnight at room temperature after which
O
time it was diluted with a further 10 mL of CH2Cl2. The reaction
N
mixture was washed with citric acid (5 %, 2 x 5 mL) and with
saturated aqueous NaHCO3 (2 x 5 mL) and brine (1 x 10 mL). The
compound was then purified by column chromatography (1:1
pentane:ethyl acetate, Rf: 0.5) to yield the pure compound as a yellow oil (28.0 mg).
Yield=82%. 1H NMR (400 MHz, CDCl3): į 7.68 (d, J=7.6 Hz, 1H), 7.24-7.41 (m, 7H),
5.17 (d, J=14.0 Hz, 1H), 3.69 (d, J=14.0 Hz, 1H), 2.92-2.99 (m, 1H), 2.72-2.77 (m, 1H),
2.78 (s, 4H), 2.61-2.68 (m, 1H), 2.05-2.10 (m, 1H). 13C NMR (100.59 MHz, CDCl3): į
170.2, 168.9, 168.3, 151.0, 147.8, 132.3, 129.1, 128.6, 128.3, 127.8, 127.2, 125.5, 123.0,
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122.7, 115.0, 107.5, 55.6, 29.2, 26.4, 25.5. HRMS (ESI+) (m/z) calculated for C23H18N2O5
[M + Na]+ 425.1108, measured 425.1121.

1-(Azidomethyl)-4-fluorobenzene
To a stirred solution of 1-(bromomethyl)-4-fluorobenzene (472.6 mg,
N3
2.5 mmol) in a water/acetone mixture (1:4) was added NaN3 (1.5 eq).
The resulting suspension was stirred at room temperature for 24 h.
F
DCM was added to the mixture and the organic layer was separated. The aqueous layer was
extracted with DCM (3 x 10 mL) and the combined organic layers were dried over MgSO4.
Solvent was removed under reduced pressure to give the product as a pale yellow oil,
sufficiently pure to use without further purification (374.0 mg). Yield= 99%. Spectroscopic
data is in accordance with literature values.41 1H NMR (400 MHz, CDCl3): į 7.27-7.39 (m,
2H), 7.00-7.11 (m, 2H), 4.30 (s, 2H); 13C (100.59 MHz, CDCl3): į 162.5 (d, J=130.7 Hz),
131.4, 129.9 (d, J= 45.2 Hz), 115.7 (d, J=110.0 Hz), 54.0; 19F NMR (200 MHz, CDCl3): į 112.3.
Methyl 4-(1-(4-fluorobenzyl)-1H-dibenzo[b,f][1,2,3]triazolo[4,5-d]azocin-8(9H-yl)-4oxobutanoate (54)
To a solution of aza-dibenzocyclooctyne
O
O
38 (80.0 mg, 0.25 mmol) dissolved in 5.0
O
O
mL CH2Cl2 was added 1-(azidomethyl)-4fluorobenzene (57.0 mg, 0.38 mmol). The
O
O
reaction mixture was allowed to stir for 1 h
N
N
at room temperature, after which the
solvent was evaporated and the crude
product was purified by column
N
N
N
N
chromatography (1:1 pentane:ethyl acetate)
N
N
to yield the product as a white solid (94.1
mg). Yield=80%. Two isomers are formed
in a 1:1 ratio as determined by 1H NMR.
1
F
F
H NMR (400 MHz, CDCl3): į 7.67-7.73
(m, 1H), 7.44-7.49 (m, 2H), 7.38-7.42 (m, 1H), 7.24-7.31 (m, 1H), 7.17-7.24 (m, 2H), 6.937.10 (m, 5H), 5.99 (d, J=16.9 Hz, 1H), 5.58 (s, 2H), 4.33 (d, J=16.9 Hz, 1H), 3.60 (s, 3H),
2.44 (m, 1H), 2.23 (m, 1H), 2.09 (m, 1H), 1.80 (m, 1H). 13C NMR (100.59 MHz, CDCl3):
į173.2, 171.3, 163.7, 161.3, 143.1, 140.0, 135.9, 134.9, 131.8, 131.2, 130.7, 128.9, 129.6,
129.3, 129.1, 129.0, 127.9, 127.1, 124.3, 116.0, 115.8, 52.0, 51.6, 51.4, 29.2, 28.9. HRMS
(ESI+) (m/z) calculated for C27H23N4O3F [M + H]+ 471.1827, measured 471.1789; (ESI+)
(m/z) calculated for C27H23N4O3F [M + Na]+ 493.1646, measured 493.1606
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Peptide Chemistry

Aza-DBCO-BN (59)
[Lys3]-bombesin (0.18 mg, 1.0 eq) was weighed into a 2.0 mL Eppendorf tube along with
53 (0.5 mg, 5.0 eq). 200 ȝL of dry DMF and 10.0 eq of diisopropylethyl amine were added
and the resulting solution was stirred at room temperature for 24 h. The solvent was
removed by lyophilization. Full conversion of [lys3]-bombesin could be observed by RPHPLC. The product was purified by preparative RP-HPLC yielding Aza-DBCO-BBN in
25% yield. HRMS (ESI+) (m/z) calculated for C90H123N23O20S [M + H]+ 1878.9108,
measured 1878.9078. Retention time=32.0 min.
Radiochemistry General
[18F] fluoride was obtained by proton bombardment of an [18O] enriched water target via
the 18O(p,n)[18F] reaction. The radioactivity was trapped by passing the target water through
a preactivated Sep-Pak light QMA cartridge (Waters). A 1 mL H2O solution of K2CO3 (4.5
mg) and Kryptofix 222 (20 mg) was used to elute the [18F]-fluoride from the cartridge into
a conical glass vial. This eluate was evaporated to dryness by three consecutive azeotropic
distillations after with acetonitrile (3 × 500 ȝL) under a gentle stream of nitrogen gas
(130°C). Analytical as well as semipreparative RP-HPLC was performed for monitoring
and purification. Isolation of radiolabeled peptides was performed using a reversed-phase
RP-C18 column (4.6 mm × 250 mm, 10 ȝm). The flow was set at 2.5 mL/min using a
gradient system starting from 90% solvent A (0.01 M phosphate buffer, pH=6.0) and 10%
solvent B (acetonitrile) (0-2 min) and ramped to 45% solvent A and 55% solvent B at 35
min. The analytic HPLC was performed using the same gradient system but with a
reversed-phase Grace Smart RP-C18 column (4.6 mm × 250 mm, 5 ȝm) and a flow of 1
mL/min.
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Synthesis and radiolabelling
The reaction with cyclooctyne modified bombesin was performed in DMF at room
temperature and proceeded to completion in 15 min. The resulting tracer was also purified
by RP-HPLC yielding the desired triazole tracers: [18F]-BnTOxBN 55 (retention time=16
min), [18F]-BuTOxBN 58 (retention time=19 min) and [18F]-PEGTOxBN 53 (retention
time=22 min) with radiochemical yields of 31%, 37% and 19%, respectively. The specific
activities were 62 GBq/μmol, 57 GBq/μmol, 60 GBq/μmol.
Cell culture: The GRPR-positive PC-3 human prostate cancer cell line (ATCC, Manassas,
Virginia, USA) was cultured at 37°C in a humidified 5% CO2 atmosphere. The cells were
cultured in RPMI 1640 (Lonza, Verviers, France) supplemented with 10% fetal calf serum
(Thermo Fisher Scientific Inc., Logan, Utah, USA) and subcultured twice a week after
detaching with trypsin-EDTA.
In Vitro Competitive Receptor-Binding Assay: In vitro GRPR binding affinities and
specificities of the tracers were assessed via a competitive displacement assay Experiments
were performed with PC-3 human prostate cancer cells according to a method previously
described.42 The 50% inhibitory concentration (IC50) values were calculated by fitting the
data with nonlinear regression using GraphPad Prism 5.0 (GraphPad Software, San Diego,
California, USA). Experiments were performed with triplicate samples. Results were
plotted in sigmoidal curves for the displacement of [18F]-BnTOxBN, [18F]-BuTOxBN and
[18F]-PEGTOxBN as a function of increasing concentration of BN(1-14). The tracers
displayed high affinity for binding to GRPRs within PC-3 cell with IC50 values of 29 nM ,
30 nM
and 40 nM for [18F]-BnTOxBN, [18F]-BuTOxBN and [18F]-PEGTOxBN,
respectively.
Octanol/Water Partition Coefficient Study. Water partition coefficients were determined at
pH =7.4. 5 ȝL containing 500 kBq of the radiolabeled compound in PBS was added to a
vial containing 1.2 mL 1-octanol and PBS (1:1). After vortexing for 1 min, the vial was
centrifuged for 5 min at 10 000 rpm to ensure complete separation of layers. Then, 40 ȝL of
each layer was taken in a pre-weighed vial and measured in the Ȗ-counter. Counts per unit
weight of sample were calculated. The lop P values were found to be 1.27, 0.26 and -0.43
for [18F]-BnTOxBN, [18F]-BuTOxBN and [18F]-PEGTOxBN, respectively.
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Figure 2 Competitive binding assay on PC-3 cells with [18F]-BuTOxBN
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Figure 3 Competitive binding assay on PC-3 cells with [18F]-BnTOxBN
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Figure 4 Competitive binding assay on PC-3 cells with [18F]-PEGTOxBN
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‘Click’ for PET: ‘Click’ chemistry as a tool for [18F]-radiolabelling
The work described in this thesis focuses on adding the 1,3-dipolar cycloaddition of azides
and alkynes to the toolbox of reactions used for [18F]-radiolabelling of positron emission
tomography probes. Positron emission tomography is a nuclear imaging technique which
produces a quantitative, three-dimensional image of various functional processes within a
living being. These images are achieved by radiolabelling a biological molecule with a
short lived radionuclide, which is injected into a patient, and produces image as the
radionuclide decays and emits positrons.
The discipline of radiochemistry involves a set of unique challenges that the chemist
must consider: short synthetic time frames (as the radionuclide is constantly decaying),
very small amounts of radioactive reagents, and limited available methods of
characterization. Superimposed on these challenges is the stringent requirement that the
products be consistently pure and that the results be reproducible as ultimately the protocols
may be used to prepare compounds for injection in patients.
The copper-catalyzed 1,3-dipolar cycloaddition of alkynes and azides (CuAAC) and its
copper-free counterpart promoted by ring strain have both proven to be reliable and
orthogonal ligations. The CuAAC in particular is rapid, amenable to a wide range of
conditions, selective and robust. In a field where simplicity and speed of reaction are
crucial, it is only natural that ‘click’ chemistry began to emerge as an excellent
radiolabelling technique.
Throughout this thesis, two main goals were pursued; first to accelerate the rate of
reaction to make it appropriate for radiolabelling using [18F] and secondly to explore
possible ways to avoid the use of copper in the ‘click’ reaction to open up the possibility of
in vitro and in vivo labeling.
The research project started with the investigation of alternative means to activate the
alkyne that would preclude the use of copper. In Chapter 2, an alternative to the coppercatalyzed azide-alkyne cycloaddition was explored. By generating the very reactive species,
benzyne, in situ, it was possible for the cycloaddition with azides to proceed in the absence
of copper, yielding a variety of benzotriazole products.

Scheme 1 Fluoride-induced benzyne generation and in situ cycloaddition with azides.
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In Chapter 3 the other goal of the project is explored: to accelerate the CuAAC to make
it amenable to rapid radiolabelling. Chapter 3 describes the work done toward the
acceleration of the CuAAC by the addition of a ligand. Using standard ‘click’ conditions, a
wide variety of ligands were screened to determine the effect of their presence on the rate
of the reaction, and it was discovered that MonoPhos, a simple phosphoramidite ligand, had
the effect of dramatically reducing reaction times. Comparing a ligand free reaction with
the MonoPhos accelerated reaction using small [18F] probes demonstrated that MonoPhos
could yield an increase in conversion of a 10 min reaction more than 80% (Scheme 2).

Scheme 2 Demonstration of the acceleration of the CuAAC by MonoPhos

Chapter 4 describes work that centered on exploiting the selectivity of the CuAAC by
combining it with an enzymatic transformation. Using the enzyme halohydrin dehalogenase
(HheC), a racemic epoxide can be stereoselectively and enantioselectively ring opened with
an azide anion producing optically pure azidoalcohols. The goal of this part of the project
was to combine a selective biotransformation in one pot with the CuAAC to yield ȕhydroxytriazoles. Following the optimization of this two-step, one-pot transformation, a
tracer based upon the ȕ-hydroxytriazole motif was synthesized with the intention of using it
for imaging cerebral ȕ-adrenergic receptors. Although it was not possible to synthesize the
compound enzymatically, it was possible to achieve a high yielding synthesis chemically
and the compound demonstrated promising in vitro affinities for the target receptor.
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Scheme 3 One-pot transformation from a racemic epoxide to an optically pure ȕhydroxytriazoles
Chapters 5 and 6 describe the modification and labeling of bombesin, a peptide which
has a high affinity for the gastrin releasing peptide receptor (GRPr) which is massively
overexpressed on certain kinds of tumor cells. The goal of these two chapters was to
develop a method, using ‘click’ chemistry, to label bombesin selectively with [18F] without
altering its binding affinity for the target receptor.
In Chapter 5, the labeling of bombesin was performed by CuAAC. Bombesin was
modified with an alkyne (Scheme 4). An azido [18F]-bearing prosthetic group was prepared
and ‘clicked’ on to bombesin yielding the modified radiotracer.

Scheme 4 Alkynyl-modified bombesin
The in vitro binding affinity of the new tracer was tested on the target receptors, and
proved to have retained high affinity for the receptor. Subsequently, a scaffold was
designed which incorporated both a fluorophore allowing for optical imaging as well as an
alkyne serving as a handle for labeling with [18F]. Several designs were investigated before
settling on a motif that incorporated the fluorescein structure as part of the scaffold
(Scheme 5). The scaffold was designed to be versatile in its application. In theory it could
be attached to any amino containing target biomolecule for labeling.
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Scheme 5 Multi-modal scaffold design
In Chapter 6, an alternative way of labeling bombesin was explored. A new synthetic
route to a known strained aza-dibenzocyclooctyne was developed. After determining that
the strained cyclooctyne was sufficiently reactive to yield [18F]-containing triazoles on the
appropriate radiolabelling time scale, the aza-dibenzocyclooctyne was attached to
bombesin. The modified peptide was then labeled with three different [18F] azides. The
labelling occured rapidly in under 15 min, and produced triazole compounds with various
lipophilicities (Scheme 6). The binding affinity of the tracers for the target receptors was
tested, and in spite of the large modification that was introduced, they still maintained
affinity for the target receptor.
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Scheme 6 Aza-dibenzycyclooctyne modified bombesin labeled with various [18F]-bearing
azides
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‘Click’ for PET: ‘Click’ chemistry as a tool for [18F]-radiolabelling
Het werk beschreven in dit proefschrift draait om het toevoegen van de 1,3-dipolaire
cycloadditie van azides en alkynen aan de gereedschapskist van chemische reacties die
gebruikt worden voor [18F]-radiolabeling van moleculen in positronemissietomografie.
Positronemissietomografie is een techniek in de nucleaire beeldvorming waarmee een
kwantitatief, driedimensionaal beeld van een variëteit van functionele processen in het
menselijk lichaam gevormd kan worden. De beelden worden gevormd door middel van het
toedienen van een met een radionuclide gelabeld biologisch molecuul met een korte
halfwaardetijd aan de patiënt waarna het verval van de radionuclide, en de daarbij
vrijkomende protonen, gevolgd wordt.
Binnen het vakgebied van de radiochemie is er een aantal unieke uitdagingen waar de
chemicus rekening mee dient te houden: een korte synthetische tijdsschaal als gevolg van
het constante verval van de radionuclide, zeer kleine hoeveelheden van het radioactieve
reagens, en een beperkt aantal methoden voor de karakterisatie. Naast deze uitdagingen is
er ook nog de strikte eis dat de producten zuiver zijn en de resultaten reproduceerbaar zodat
de ontwikkelde methodologie uiteindelijk ingezet kan worden voor het maken van
verbindingen die in patiënten geïnjecteerd kunnen worden.
De kopergekatalyseerde 1,3-dipolaire cycloadditie van alkynen en azides (CuAAC) en
zijn kopervrije tegenhanger, geïnitieerd door ringspanning, hebben zich beide bewezen als
betrouwbare en orthogonale ligatiereacties. Met name de CuAAC is snel, selectief en
robuust en werkt onder een scala aan reactiecondities. In een onderzoeksgebied waar
simpliciteit en reactiesnelheid cruciaal zijn, spreekt het voor zich dat de zogenaamde ‘click’
chemie naar voren is gekomen als een uitstekende techniek voor radiolabeling.
In dit proefschrift worden twee hoofddoelen nagestreefd; ten eerste het versnellen van
de reactiesnelheid om het voor radiolabeling met [18F] geschikt te maken en ten tweede het
verkennen van mogelijkheden om het gebruik van koper in de ‘click’ reactie te vermijden
om in vitro en in vivo labeling mogelijk te maken.
In het begin van het onderzoeksproject werd gezocht naar alternatieve manieren voor
het activeren van het alkyn om zo het gebruik van koper te vermijden. In Hoofdstuk 2
wordt een alternatief voor de kopergekatalyseerde azide-alkyn cycloadditie beschreven. Het
in situ genereren van het zeer reactieve benzyn-intermediar maakte het mogelijk om de
cycloadditie met azides uit te voeren in afwezigheid van koper leidend tot een variëteit aan
benzotriazool producten (Schema 1).
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Schema 1 Fluoride geïnduceerde benzynevorming gevolgd door in situ cycloadditie met azides.

In Hoofdstuk 3 wordt het andere doel van het project verkend: het versnellen van de
CuAAC om het geschikt te maken voor snelle radiolabeling. Hoofdstuk 3 beschrijft het
onderzoek naar het versnellen van de CuAAC door middel van het toevoegen van een
ligand. Een grote variëteit aan liganden werd gescreend onder de standaard ‘click’ condities
om op deze manier het effect van de liganden op de reactiesnelheid te bepalen. Het
toevoegen van het simpele fosforamidietligand MonoPhos aan de reactie verkortte de
reactietijden dramatisch. Een experiment waarin de reactie zonder ligand en de door
MonoPhos versnelde reactie van kleine [18F]-probes met elkaar vergeleken worden,
demonstreert dat het gebruik van MonoPhos tot een toename in conversie van meer dan
80% leidt in een reactie van 10 minuten (Schema 2).

Schema 2 Demonstratie van de versnelling van de CuAAC door MonoPhos.

Het werk dat in Hoofdstuk 4 wordt beschreven maakt optimaal gebruik van de
sublieme selectiviteit van de CuAAC door deze reactie te combineren met een
enzymatische transformatie. Door gebruik te maken van het halohydrin dehalogenase
enzym (HheC) kan een racemisch epoxide zowel stereo- als enantioselectief geopend
worden met een azide-anion leidend tot optisch zuivere azidoalcoholen. Het doel van dit
gedeelte van het onderzoek was het combineren van een selectieve biotransformatie met de
CuAAC om zo ȕ-hydroxytriazolen te vormen (Schema 3). Na optimalisatie van deze
tweestaps, één-potstransformatie werd een tracer, gebaseerd op het ȕhydroxytriazoolmotief, gesynthetiseerd met als intentie deze te gebruiken voor de
beeldvorming van cerebrale ȕ-adrenerge receptoren. Alhoewel het niet mogelijk bleek om
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de verbinding enzymatisch te synthetiseren, kon de gewenste verbinding via chemische
synthese in hoge opbrengst verkregen worden en de tracer vertoonde een veelbelovende in
vitro affiniteit voor de doelreceptor.

Schema 3 Eén-potstransformatie van racemische epoxides naar optisch zuivere ȕ-hydroxytriazolen.

Hoofdstuk 5 en 6 beschrijven de modificatie en labeling van bombesine, een peptide met
een hoge affiniteit voor de ‘gastrin releasing peptide receptor’ (GRPr) die massaal tot
overexpressie is gebracht in bepaalde tumorcellen. Het doel van deze twee hoofdstukken
was om een methode te ontwikkelen, gebaseerd op ‘click’ chemie, om bombesine selectief
te labelen met [18F] zonder de bindingsaffiniteit voor de doelreceptor aan te tasten.
In hoofdstuk 5 wordt bombesine gelabeld door middel van CuAAC. Bombesine werd
gemodificeerd met een alkyn (Schema 4). Een azido [18F]-bevattende prothetische groep
werd gesynthetiseerd en door middel van een ‘click’ reactie aan bombesine bevestigd om
zo de gemodificeerde radiotracer te verkrijgen.
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De in vitro bindingsaffiniteit van de nieuwe tracer voor de doelreceptor is getest en de
hoge affiniteit voor de receptor bleef behouden. Vervolgens werd een ‘scaffold’ ontworpen
waarin een fluorofoor, voor optische beeldvorming, en een alkyn, als handvat voor [18F]labeling, in één molecuul ingebouwd worden. Verschillende mogelijkheden zijn onderzocht
en in het uiteindelijke ontwerp werd fluoresceïne opgenomen als integraal onderdeel van de
‘scaffold’ (Schema 5). De ‘scaffold’ is op een zo veelzijdig mogelijke manier ontworpen en
in theorie kan het aan elk aminogroep bevattend doelbiomolecuul bevestigd worden voor
labeling.

Schema 5 Multimodaal ‘scaffold’ ontwerp.
In Hoofdstuk 6 wordt een alternatieve manier van het labellen van bombesine beschreven.
Een nieuwe synthetische route naar een bekende ‘gespannen’ aza-dibenzocyclooctyn
verbinding werd ontwikkeld. Na controle dat de ‘gespannen’ cyclooctyn reactief genoeg is
om op radiolabeling-tijdschaal [18F]-bevattende triazolen op te leveren, werd het azadibenzocyclooctyn aan bombesine bevestigd. Het gemodificeerde peptide werd vervolgens
gelabeld met drie verschillende [18F]-azides. De labeling vond zeer snel, binnen 15
minuten, plaats en leverde triazoolverbindingen op met verschillende lipofiliteit (Schema
6). De bindingsaffiniteit van de tracers voor de doelreceptor werd getest en ondanks de
relatief grote modificatie die geïntroduceerd is bleef de affiniteit voor de doelreceptor
behouden.
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