
Review Article
18F-Labeling Using Click Cycloadditions

Kathrin Kettenbach,1 Hanno Schieferstein,1 and Tobias L. Ross1,2

1 Institute of Nuclear Chemistry, Johannes Gutenberg University Mainz, 55128 Mainz, Germany
2 Radiopharmaceutical Chemistry, Department of Nuclear Medicine, Hannover Medical School, 30625 Hannover, Germany

Correspondence should be addressed to Tobias L. Ross; ross.tobias@mh-hannover.de

Received 15 March 2014; Revised 29 April 2014; Accepted 1 May 2014; Published 27 May 2014

Academic Editor: Olaf Prante

Copyright © 2014 Kathrin Kettenbach et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Due to expanding applications of positron emission tomography (PET) there is a demand for developing new techniques to
introduce fluorine-18 (𝑡

1/2
= 109.8min). Considering that most novel PET tracers are sensitive biomolecules and that direct

introduction of fluorine-18 often needs harsh conditions, the insertion of 18F in those molecules poses an exceeding challenge.
Twomajor challenges during 18F-labeling are a regioselective introduction and a fast and high yielding way under mild conditions.
Furthermore, attention has to be paid to functionalities, which are usually present in complex structures of the target molecule.The
Cu-catalyzed azide-alkyne cycloaddition (CuAAC) and several copper-free click reactions represent suchmethods for radiolabeling
of sensitivemolecules under the above-mentioned criteria.Thisminireviewwill provide a quick overview about the development of
novel 18F-labeled prosthetic groups for click cycloadditions and will summarize recent trends in copper-catalyzed and copper-free
click 18F-cycloadditions.

1. Introduction

For the application in positron emission tomography (PET)
[1], fluorine-18 provides ideal nuclear physical characteristics
for in vivo imaging. Fluorine-18 offers a half-life of 110min, a
𝛽
+-branch of 97%, and especially a low 𝛽+-energy of 635 keV,

which is responsible for a very high spatial resolution [2].
The challenges for researchers are to develop convenient 18F-
labeling strategies, which include short reaction times and
applicability for sensitive biomolecules. Especially the harsh
conditions during direct 18F-labeling pose an exceeding chal-
lenge [3, 4]. Therefore, most of the radiolabeling strategies
focus on 18F-containing prosthetic groups, which allow a sen-
sitive and bioorthogonal 18F-labeling to treat themultitude of
functional groups in those bioactive compoundswith respect.

Themost establishedmethod, which fulfills allmentioned
criteria, is given by click reactions. Especially the Cu(I)-
catalyzed variant of the Huisgen 1,3-dipolar cycloaddition
of terminal alkynes and azides offers a very powerful reac-
tion with high specificity and excellent yields under mild
conditions [5]. As a result, numerous PET tracers have
been synthesized using CuAAC in a widespread spectrum
of structural varieties of the prosthetic group within the

last decade. One of the latest investigations deals with a
polar clickable amino acid-based prosthetic group to further
improve the pharmacokinetic properties of radiotracers,
particularly suitable for peptides and proteins [6].

However, the need of cytotoxic copper during CuAAC
has led to the necessity of alternative fast and copper-free
click reaction strategies for radiofluorination and additionally
enabling pretargeting approaches in living systems. Those
so-called strain-promoted click reactions can be carried out
between cyclooctyne derivatives and azides (strain-promoted
azide-alkyne cycloaddition, SPAAC) [7–13] or tetrazines
(tetrazine-trans-cyclooctyne (TTCO) ligation) [14–17] aswell
as between norbornene derivatives and tetrazines [18]. Espe-
cially, the TTCO ligation showed promising reaction rates,
which makes this click reaction concept very suitable for 18F-
labeling and also for in vivo application in living systems.Very
recently, new versions of 18F-click cycloadditions are added
to the range of reactions [19–25]. In this line, the first 18F-
labeled 𝛽-lactame became available via a new radio-Kinugasa
reaction [21].

As a consequence, click cycloaddition is one of the most
frequently applied methods for 18F-labeling of new bioactive
compounds, with or without a catalytic system. This can be
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Figure 1: Lead structures of the most important 18F-prosthetic groups applied for copper-catalyzed click 18F-fluorination.

impressively illustrated by the fact that over 50 original papers
have been published in this research area within the last eight
years.

Tables 1–3 give an overview of the 18F-prosthetic groups,
the reaction conditions and reaction partners applied for
copper-catalyzed, copper-free and other kinds of 18F-click
cycloadditions, respectively. The most important structures
of those prosthetic groups are shown in Figures 1, 3, and 5.

2. Copper-Catalyzed 18F-Click Cycloadditions

In the last decade, the copper-catalyzed azide alkyne cycload-
dition (CuAAC),which has first been reported independently
by Rostovtsev et al. [81] and Tornøe et al. [82] in 2002, has
spread over almost all fields of chemistry [83–87], biology
[88–90], and material science [91, 92]. The great advan-
tage of this method is given by its outstanding efficiency,
its regiospecificity, and fast formation of 1,4-disubstituted
1,2,3-triazoles at ambient temperatures, which is particularly

suitable for 18F-labeling of sensitive biomolecules. In partic-
ular, the CuAAC enables incorporation of fluorine-18 via a
prosthetic group under mild and bioorthogonal conditions
[22–25]. 1,2,3-triazoles were first introduced byMichael, who
described the formation of a 1,2,3-triazole from a phenylazide
in 1893 [93]. Following this pioneeringwork, Dimroth, Fester,
and Huisgen described this type of reaction as a 1,3-dipolar
cycloaddition for the first time in 1963 [5].

In 2006, Marik and Sutcliffe published the application
of the CuAAC as an 18F-labeling strategy for the first time
[26]. They radiolabeled three different alkyne precursors in
radiochemical yields (RCY) of 36–81%. Afterwards they were
reacted them with azido-functionalized peptides in RCY of
54–99% and an overall reaction time of 30min. Thus, they
could show a new, very fast, efficient, and mild 18F-labeling
strategy for complex compounds, especially appropriate for
sensitive biomolecules. Only two years later, the suitability
of this approach was demonstrated for the 18F-labeling of a
folate derivative for in vivo tumor imaging with the same
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