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Strain-Promoted Copper-Free “Click” Chemistry for '*F Radiolabeling

of Bombesin
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Bombesin is a 14 amino acid (Pyr-Gln-Arg-Leu-Gly-Asn-
GlIn-Trp-Ala-Val-Gly-His-Leu-Met-NH,) neuropeptide,
which binds with high affinity to the gastrin-releasing peptide
receptor (GRPR). Bombesin has received much attention in
the field of nuclear imaging because the GRPR is massively
overexpressed on a variety of tumor cells, including breast
and prostate tumor cells, thus making bombesin a promising
radioligand for the diagnosis and imaging of cancer.! Much
effort has been invested in the development of labeled
bombesin analogues.” Bombesin is often modified in the
form of Lys[3]-bombesin, which allows for site-selective
introduction of the radionuclide at the terminal amino
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group of lysine. Amino acids 7-14 are known to be essential
for receptor binding, thus modification in the third amino acid
reduces potential for interference.”) A variety of bombesin
analogues for nuclear imaging have been synthesized and are
predominantly labeled with large metal-based radionuclides
(**Cu, '"'In, ®*Ga) through the commonly introduced chelating
groups  1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) and 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA).H

Positron emission tomography (PET) is a nuclear imaging
technique used extensively in diagnostic medicine and drug
development. In the last decade, **F (¢, 110 min) has been
popularized as a nonmetallic PET radioisotope. With a longer
half-life than other nonmetallic radioisotopes for PET, such as

[¥] L. S. Campbell-Verduyn,”! A. K. Schoonen, Prof. Dr. B. L. Feringa
Stratingh Institute for Chemistry, University of Groningen
Nijenborgh 4, Groningen 9747AG (The Netherlands)

E-mail: b.l.feringa@rug.nl

L. Mirfeizi," Prof. Dr. R. A. Dierckx, Prof. Dr. P. H. Elsinga
Department of Nuclear Medicine and Molecular Imaging
University Medical Center Groningen, University of Groningen
Hanzeplein 1, Groningen, 9713GZ (The Netherlands)

E-mail: p.h.elsinga@umcg.nl

[] These authors contributed equally to this work.

(M) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201105547.

Angew. Chem. 2011, 123, 1131311316

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

"C (t,,~20 min) and "N (¢,,~ 10 min), **F has the distinct
advantage of allowing for off-site production and transporta-
tion of the radionuclide as well as allowing for scans to be
carried out over several hours. Furthermore, the use of “F
results in images with higher resolution than other radio-
nuclides because of its low positron energy.’! Very few
instances of '*F-labeled bombesin have been reported to date,
which is predominantly due to the synthetic challenges
associated with the introduction of F when compared with
simple chelation techniques used for metallic radionuclides.
Notably, the synthetic time frame is also much reduced when
compared with metallic radionuclides such as *Cu (t,
~12 h). A major disadvantage is the need for the multistep
synthetic procedures required to synthesize current prosthetic
groups such as [**F]succinimidyl 4-fluorobenzoate ([**F]SFB)
or ["*F]4-fluorobenzaldehyde, which are commonly used to
introduce ®F in the presence of a free amine.l” Ideally, a
prosthetic group should be easily synthesized, introduce the
radionuclide in the last step of the synthesis, and should
require only the mildest of conditions to attach it to the
biomolecule of interest.

The azide-alkyne cycloaddition has been popularized
under the general term “click” chemistry since the discovery
that it proceeds regioselectively at room temperature in the
presence of catalytic amounts of Cu' ions.®! The bioorthogo-
nality of the azide and the alkyne has proven unparalleled.
The robustness and versatility of this reaction along with its
mild conditions makes it attractive for labeling target
molecules with radionuclide-containing prosthetic groups.
Many groups have exploited the bioorthogonality of this
reaction to allow for fast and straightforward labeling of sugar
and peptide targets with 8F and other radionuclides.””’ The
obvious limitation of this methodology for biological systems
is the cytotoxicity of copper. Potential contamination of
labeled compounds with traces of copper is a major drawback
and this reaction is thus not suitable for development of
in vivo pretargeting methodologies. In recent years, great
progress has been made in developing copper-free method-
ologies through, for example, the use of strained cyclo-
octynes;!'” in one instance this reaction has been used for the
introduction of "'In to a target peptide for single photon
emission computed tomography (SPECT) imaging."!! We
envisioned the use of Lys-[3]bombesin modified with a
strained alkyne to allow for rapid and facile labeling with
'"¥Fin 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 tune the hydrophilicity, bulk,
or charge of the peptide in question. Furthermore, though we
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focus in this work on the use of bombesin, we expect that the
technique would be amenable to the use of other biomole-
cules as well. We present herein the first instance of 'F
radiolabeling using copper-free “click” chemistry, and its
application to the synthesis of a '®F-labeled analogue of
bombesin, a potent ligand for tumor imaging. We further
demonstrate that the “click” radiolabeling does not compro-
mise the GRP receptor in vitro binding affinity in human
prostate cancer cells.

Our starting point was to find a suitable strained alkyne
with the optimal balance of reactivity and stability. Van Hest,
van Delft, and co-workers reported an aza-dibenzocyclooc-
tyne (7), which proved to be simultaneously reactive and
stable.'?) For our purposes, which involve rapid “clicking” of a
short-lived radioisotope and eventual in vitro and in vivo
studies, 7 appeared an ideal choice. However, we opted for an
alternate and shorter synthetic route to our target molecule 9
(Scheme 1). Our synthesis started from commercially avail-
able dibenzosuberenone (1), which was heated to reflux in the
presence of hydroxylamine hydrochloride to form oxime 2 in
95 % yield. The crucial step of this synthesis is the subsequent
Beckmann rearrangement, which gave amide 3 in 67 %
yield.'¥! The amide was reduced with Dibal-H to amine 4,
which was thus reached in three steps, rather than five. The
synthesis starts with the very inexpensive precursor 1 (1g
~1€) rather than the reported 2-ethynylaniline (1g
~ 55 €). A short linker can be introduced by reaction of 4
with methyl succinyl chloride in the presence of triethylamine.
The bromination proceeded smoothly in 88 % yield and was
followed by subsequent debromination with a solution of
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Scheme 1. Reagents and conditions: a) NH,OH-HCl (3.0 equiv), pyri-
dine/ethanol (1:1), reflux; b) TCT (1.0 equiv), DMF, RT; c) Dibal-H
(5.0 equiv), CH,Cl,, RT; d) Et;N (2.0 equiv), methyl succinyl chloride
(1.5 equiv), CH,Cl,, RT; €) Br, (1.0 equiv), CH,Cl,, 0°C; f) 1.0m tBuOK
in THF, THF, —40°C, Ar atmosphere; g) LiOH (2.0 equiv), H,O, RT;
h) EDC (1.1 equiv), NHS (1.1 equiv), CH,Cl,, RT. TCT =trichlorotria-
zine, DMF = dimethylformamide, Dibal-H = diisobutyl aluminum hy-
dride, THF =tetrahydrofuran, EDC= N-(3-dimethylaminopropyl)-N’
ethylcarbodiimide, NHS = N-hydroxysuccinimide.
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potassium fert-butoxide in THF to form 7. Basic hydrolysis
afforded carboxylic acid 8, and the N-hydroxysuccinimide
ester 9 was formed to allow coupling of the strained alkyne to
the peptide.

Of key importance to the field of radiochemistry is high
reactivity, which allows for the rapid introduction of the short-
lived radiolabel under biocompatible conditions. Before we
proceeded with the modification of bombesin, we tested the
reactivity of the aza-benzocylooctyne with several fluorine-
containing azides in pseudo in vivo conditions (Scheme 2).

37 °C, 15 min 0;

s PPt PBSTAOMSO -~y ot
. — I~
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Scheme 2. Strain-promoted “click” chemistry for 'F labeling.

Strained alkyne 7 could be reacted with a '*F-labeled azide by
simply stirring the two reactants together in a mixture of
human plasma and DMSO. We found that alkyne 7 could be
fully converted to the corresponding triazoles within
15 min.'"!" With the hydrophilic [*FJPEGylated azide 10,
triazole 11 was isolated with a radiochemical yield (RCY) of
42 % . With the more lipophilic ["*F]fluorobenzyl azide 12, the
product was isolated with an RCY of 31%. Furthermore, it
should be noted that the reaction is performed in human
plasma. Considering the eventual application of radiolabeling
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 7 could be fully
converted to triazoles in less than 15 min, we concluded that
the reaction was fast enough for the desired time scale for
labeling with °F.

Succinimidyl ester 9 was therefore conjugated to Lys[3]-
bombesin under basic conditions (Scheme 3). Full conversion
to the product Aza-DBCO-BN was achieved after 24 h as
determined by reverse-phase (RP) HPLC, and subsequently
Aza-DBCO-BN was purified by RP-HPLC and characterized
by mass spectrometry (ESI-MS). Now that the target bom-
besin analogue was modified with a strained alkyne, we tested
the efficiency of the copper-free [3+2] cycloaddition with
various ®F-containing azides.

Three "*F-containing azides were selected to react with
Aza-DBCO-BN (Scheme 4). One advantage of this method-
ology is the ease with which the properties of the resulting
peptidic tracer can be modified by simply changing the azides.
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Scheme 3. Modification of bombesin with 9. DIPEA= N,N-diisopropylethyl-

amine.
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Scheme 4. Reagents and conditions: a) K["®F], MeCN, 110°C; b) DMF, RT.
Trp-Ala-Val-Gly-His-Leu-Met-NH,, Pyr=pyroglutamic acid.

[*F]PEGylated azide 10, [*F]fluorobenzyl azide 12, and
[**F]fluoroazidobutane 14 were reacted with Aza-DBCO-BN
at room temperature in DMF for 15 min, during which time
complete conversion of the starting material could be
detected by radio-TLC to give triazoles [*FJPEGTOxBN
(15), [*FIBnTOxBN (16) and ["*F]BuTOxBN (17) respec-
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tively. The logarithmic partition coefficients were deter-
mined for all three tracers and were found to be —0.43,
1.27, and 0.26, respectively. This methodology provides us
with tracers that range from the quite hydrophilic
[*FIPEGTOxBN  to the more  hydrophobic
["*F]BnTOxBN.

The binding affinity of all three tracers for gastrin-
releasing peptide receptors was tested using PC3 human
prostate cancer cells. The in vitro binding was determined
by performing a competitive receptor binding assay with
the receptor specific radioligand ["*I]Tyr[4]-BN (a dis-
placement assay). The 50% inhibitory concentrations
(ICsp) were determined to be 40 nm, 29 nM, and 30 nm for
15, 16, and 17, respectively (see Figures 1-3 in the
Supporting Information). All three tracers maintain high
affinity for the GRPRs even after modification.

We have achieved rapid radiolabeling of bombesin
with [**F] by using a very straightforward protocol. Simple
stirring of the radionuclide-
containing azide with the
modified bombesin ana-
logue for 10-15min at
room temperature suffices
to reach the target peptides
in modest to good yields.
Furthermore, the azide can
o be readily varied from a
15, RCY=19% )Lﬂ "k more lipophilic aromatic
azide to a hydrophilic
PEGylated azide. As a
result, peptides with differ-
ent properties are readily
accessible from the same
modified peptide, thus
allowing for rapid modifica-
tion and fine-tuning. In this
way, the optimal lipophilic-
16,RCY=31% © ity for cellular uptake and

RN *r  metabolic clearance can be
achieved. To the best of our
knowledge, this is the first
example of **F radiolabeling
using copper-free  click
chemistry. We have also
developed a simplified and
relatively inexpensive route
to the target aza-dibenzocy-

18F

AN H clooctyne, and have hope-
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o fully rendered it more acces-
sible for future use in a
R=Pyr-Gln, R'=Leu-Gly-Asn-Gln-  (linical setting. Although
we describe herein the

modification and labeling

of bombesin and demonstrate that it maintains high affinity
for the targeted receptors, ideally, this methodology would be
applied to imaging by pretargeting. For molecules such as
antibodies that have slower pharmacokinetics and are thus
not amenable to the use of the short-lived °F, it would be
highly advantageous to be able to administer the '°F radio-

17, RCY=37 %
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nuclide to the target in vivo. In this way, the use of radio-
nuclides for imaging such targets will not be limited to the
longer-lived metallic radioisotopes, and higher-resolution
images can be achieved using *F. Studies in this area will be
reported in due course.

Received: August 5, 2011
Published online: September 28, 2011

Keywords: click chemistry - imaging agents - isotopic labeling -
peptides - radiopharmaceuticals

[1] a) H.J. K. Ananias, L. J. de Jong, R. A. Dierckx, C. van de Wiele,
W. Helfrich, P. H. Elsinga, Curr. Pharm. Des. 2008, 14, 3033 -
3047; b) C.J. Smith, W. A. Volkert, T. J. Hoffman, Nucl. Med.
Biol. 2003, 30, 861 —868.

a) R.P.J. Schroeder, C. Miiller, S. Reneman, M.L. Melis,

W. A.P. Breeman, E. de Blois, C. H. Bangma, E. P. Krenning,

W.M. van Weerden, M. deJong, Eur. J. Nucl. Med. Mol.

Imaging 2010, 37, 1386-1396; b) B. L. Faintuch, R. Teodoro,

A. Duatti, E. Muramoto, S. Faintuch, C.J. Smith, Nucl. Med.

Biol. 2008, 35,401 -411;c) Z. Liu, Y. Yan, F. T. Chin, F. Wang, X.

Chen, J. Med. Chem. 2009, 52, 425-432; d) J. Becaud, L. Mu. M.

Karramkam, P. A. Schubiger, S. M. Ametamey, K. Graham, T.

Stellfeld, L. Lehmann, S. Borkowski, D. Berndorff, L. Dinkel-

borg, A. Srivinasan, R. Smits, B. Koksch, Bioconjugate Chem.

2009, 20, 2254-2261; ) C.J. Smith, W. A. Volkert, T. J. Hoff-

mann, Nucl. Med. Biol. 2003, 30, 861-868; f) K. A. Lears, R.

Ferdani, K. Liang, A. Zheleznyak, R. Andrews, C. D. Sherman,

S. Achilefu, C. J. Anderson, B. E. Rogers, J. Nucl. Med. 2011, 52,

470-477; g) A.L.B. de Barros, L. das Gragas Mota, C. de

Aguiar Ferreira, M. C. de Oliveira, A. M. de Gées, V. N. Car-

doso, Bioorg. Med. Chem. Lett. 2010, 20, 6182 -6184.

[3] A. Varvarigou, P. Bouziotis, C. Zikos, F. Scopinaro, G. de Vin-
centis, Cancer Biother. Radiopharm. 2004, 19, 219 -229.

[4] T.J. Hoffman, C. J. Smith, Nucl. Med. Biol. 2009, 36, 579 —585.

[5] R. Schirrmacher, C. Wingler, S. Schirrmacher, Mini-Rev. Org.
Chem. 2007, 4, 317-329.

[6] a) X.Zhang, W. Cai, F. Cao, E. Schreibmann, Y. Wu, J. C. Wu, L.
Xing, X. Chen, J. Nucl. Med. 2006, 47, 492—-501; b) Z. Liu, Y.
Yan, S. Liu, F. Wang, X. Chen, Bioconjugate Chem. 2009, 20,
1016-1025; c) A. Hohne, L. Mu, M. Honer, P. A. Schubiger,
S. M. Ametamey, K. Graham, T. Stellfeld, S. Borkowski, D.
Berndorff, U. Klar, U. Voigtmann, J. E. Cyr, M. Friebe, L.
Dinkelborg, A. Srinivasan, Bioconjugate Chem. 2008, 19, 1871 —
1879.

[7] a) Y. S. Chang, J. M. Jeong, Y. S. Lee, H. W. Kim, G. B. Rai, S. J.
Lee, D. S. Lee, J. K. Chung, M. C. Lee, Bioconjugate Chem. 2005,

2

—_—

16, 1329-1333; b) T. Poethko, M. Schottelius, G. Thumshim, U.
Hersel, M. Herz, G. Henriksen, H. Kessler, M. Schwaiger, H. J.
Wester, J. Nucl. Med. 2004, 45, 892—-902.

[8] a) C. W. Tornge, M. Meldal, Peptides 2001, 263-264; b) V. V.
Rostovtsev, L. G. Green, V. V. Fokin, B. K. Sharpless, Angew.
Chem. 2002, 114, 2708-2711; Angew. Chem. Int. Ed. 2002, 41,
2596-2599; c¢) V. D. Bock, H. Hiemstra, J. H. van Maarseveen,
Eur. J. Org. Chem. 2006, 51-68; d) M. Meldal, C. W. Tornge,
Chem. Rev. 2008, 108, 2952 -3015.

[9] a) S. H. Hausner, J. Marik, M. K. J. Gagnon, J. L. Sutcliffe, J.
Med. Chem. 2008, 51, 5901 -5904; b) T. Ramenda, T. Kniess, R.
Bergmann, J. Steibach, F. Wuest, Chem. Commun. 2009, 7521 -
7523; ¢) T.L. Mindt, H. Struthers, L. Brans, T. Anguelov, C.
Schweinsberg, V. Maes, D. Tourwé, R. Schibli, J. Am. Chem. Soc.
2000, 728, 15096 -15097; d) U. Sirion, H. J. Kim, J. H. Lee, J. W.
Seo, B.S. Lee, S.J. Lee, S.J. Oh, D. Y. Chi, Tetrahedron Lett.
2007, 48, 3953-3957; e)J. Marik, J. L. Sutcliffe, Tetrahedron
Lett. 2006, 47, 6681 —-6684; f) R. Schirrmacher, Y. Lakhrissi, D.
Jolly, J. Goodstein, P. Lucas, E. Schirrmacher, Tetrahedron Lett.
2008, 49, 4824-4827; g) L. S. Campbell-Verduyn, L. Mirfeizi,
R. A. Dierckx, P. H. Elsinga, B. L. Feringa, Chem. Commun.
2009, 2139-2141; h) H. Struthers, B. Spingler, T. L. Mindt, R.
Schibli, Chem. Eur. J. 2008, 14, 6173 -6183.

[10] a) E. M. Sletten, C. R. Bertozzi, Angew. Chem. 2009, 121, 7108 —
7133; Angew. Chem. Int. Ed. 2009, 48, 6974-6998; b)J. C.
Jewett, C. R. Bertozzi, Chem. Soc. Rev. 2010, 39, 1272-1279;
c) P. V. Chang, J. A. Prescher, E. M. Sletten, J. M. Baskin, L. A.
Miller, N. J. Agard, A. Lo, C. R. Bertozzi, Proc. Natl. Acad. Sci.
USA 2010, 107, 1821-1826; d) N. J. Agard, J. A. Prescher, C. R.
Bertozzi, J. Am. Chem. Soc. 2004, 126, 15046-15047; e) X. H.
Ning, J. Guo, M. A. Wolfert, G. J. Boons, Angew. Chem. 2008,
120, 2285-2287; Angew. Chem. Int. Ed. 2008, 47, 2253 -2255;
f) B. C. Sanders, F. Friscourt, P. A. Ledin, M. E. Mbua, S.
Arumugam, J. Guo, T.J. Boltje, V. V. Popik, G.-J. Boons, J.
Am. Chem. Soc. 2011, 133, 949-957; g)J. Dommerholt, S.
Schmidt, R. Temming, L.J. A. Hendriks, F. P.J. T. Rutjes,
J.C.M. van Hest, D.L. Lefeber, P. Friedl, F.L. van Delft,
Angew. Chem. 2010, 122, 9612-9615; Angew. Chem. Int. Ed.
2010, 49, 9422 —9425.

[11] M. E. Martin, S.G. Parameswarappa, M. S. O’Dorisio, F. C.
Pigge, M. K. Schultz, Bioorg. Med. Chem. Lett. 2010, 20, 4805 —
4807.

[12] M. F. Debets, S.S. van Berkel, S. Schoffelen, F. P.J. T. Rutjes,
J. C. M. van Hest, F. L. van Delft, Chem. Commun. 2010, 46, 97 —
99.

[13] L. De Luca, G. Giacomelli, A. Porcheddu, J. Org. Chem. 2002,
67, 6272-6274.

[14] Both isomers of the triazole were detected, but were collected
and treated as one compound.

www.angewandte.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2011, 123, 11313-11316


http://dx.doi.org/10.1016/S0969-8051(03)00116-1
http://dx.doi.org/10.1016/S0969-8051(03)00116-1
http://dx.doi.org/10.1007/s00259-010-1388-2
http://dx.doi.org/10.1007/s00259-010-1388-2
http://dx.doi.org/10.1016/j.nucmedbio.2008.02.005
http://dx.doi.org/10.1016/j.nucmedbio.2008.02.005
http://dx.doi.org/10.1021/jm801285t
http://dx.doi.org/10.1021/bc900240z
http://dx.doi.org/10.1021/bc900240z
http://dx.doi.org/10.1016/S0969-8051(03)00116-1
http://dx.doi.org/10.2967/jnumed.110.082826
http://dx.doi.org/10.2967/jnumed.110.082826
http://dx.doi.org/10.1016/j.bmcl.2010.08.124
http://dx.doi.org/10.1089/108497804323072002
http://dx.doi.org/10.1016/j.nucmedbio.2009.03.007
http://dx.doi.org/10.1021/bc9000245
http://dx.doi.org/10.1021/bc9000245
http://dx.doi.org/10.1021/bc050086r
http://dx.doi.org/10.1021/bc050086r
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/ejoc.200500483
http://dx.doi.org/10.1021/cr0783479
http://dx.doi.org/10.1021/jm800608s
http://dx.doi.org/10.1021/jm800608s
http://dx.doi.org/10.1039/b916075b
http://dx.doi.org/10.1039/b916075b
http://dx.doi.org/10.1021/ja066779f
http://dx.doi.org/10.1021/ja066779f
http://dx.doi.org/10.1016/j.tetlet.2007.04.048
http://dx.doi.org/10.1016/j.tetlet.2007.04.048
http://dx.doi.org/10.1016/j.tetlet.2006.06.176
http://dx.doi.org/10.1016/j.tetlet.2006.06.176
http://dx.doi.org/10.1016/j.tetlet.2008.06.020
http://dx.doi.org/10.1016/j.tetlet.2008.06.020
http://dx.doi.org/10.1039/b822994e
http://dx.doi.org/10.1039/b822994e
http://dx.doi.org/10.1002/chem.200702024
http://dx.doi.org/10.1002/ange.200900942
http://dx.doi.org/10.1002/ange.200900942
http://dx.doi.org/10.1002/anie.200900942
http://dx.doi.org/10.1039/b901970g
http://dx.doi.org/10.1073/pnas.0911116107
http://dx.doi.org/10.1073/pnas.0911116107
http://dx.doi.org/10.1021/ja044996f
http://dx.doi.org/10.1002/ange.200705456
http://dx.doi.org/10.1002/ange.200705456
http://dx.doi.org/10.1002/anie.200705456
http://dx.doi.org/10.1021/ja1081519
http://dx.doi.org/10.1021/ja1081519
http://dx.doi.org/10.1002/ange.201003761
http://dx.doi.org/10.1002/anie.201003761
http://dx.doi.org/10.1002/anie.201003761
http://dx.doi.org/10.1016/j.bmcl.2010.06.111
http://dx.doi.org/10.1016/j.bmcl.2010.06.111
http://dx.doi.org/10.1039/b917797c
http://dx.doi.org/10.1039/b917797c
http://dx.doi.org/10.1021/jo025960d
http://dx.doi.org/10.1021/jo025960d
http://www.angewandte.de

