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ABSTRACT: The strain-promoted click 1,3-dipolar cyclo-
addition reactions involving azides and cyclooctynes for the
synthesis of triazoles offer the advantage of being able to be
performed in biological settings via copper-free chemistries.
While strained reagents conjugated to optical dyes and
radiometal conjugates have been reported, cyclooctyne
reagents labeled with fluorine-18 ('°F) and radiochemically
evaluated in a copper-free click reaction have yet to be
explored. This report describes the conversion of a bifunc-
tional azadibenzocyclooctyne (ADIBO) amine to the '°F-
labeled cyclooctyne 4, the subsequent fast copper-free 1,3-
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dipolar cycloaddition reaction with alkyl azides at 37 °C (>70% radiochemical conversion in 30 min), and biological evaluations
(serum stability of >95% at 2 h). These findings demonstrate the excellent reactivity of the '*F-labeled cyclooctyne 4 with readily
available azides that will allow future work focusing on rapid copper-free in vitro and in vivo click chemistries for PET imaging

using 18F Jabeled cyclooctyne derivatives of ADIBO.
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he 1,3-dipolar cycloaddition reaction that weds an azide
with an alkyne has emerged as a powerful ligation strategy
with applications in biology," medicine,”* and material science.*
The pioneering work of Huisgen® and the revitalizing efforts of
Sharpless®” and Meldal® have provided a foundation for the
recent explosion of copper-free strain-promoted variants
(copper-free click chemistry) by Bertozzi’ and others that
have made bio-orthogonal transformations facile.'”'" While
there has been significant attention extended toward developing
strained reagents conjugated to optical dyes,'>™'° radiometal
conjugates used in molecular imaging,17_20 and radiolabeled
cylcooctenes,*"** cyclooctyne reagents labeled with fluorine-18
(as shown in Figure 1) or other short-lived radioisotopes and
their radiochemical evaluation in a copper-free 1,3-dipolar
cycloaddition reaction have yet to be thoroughly explored.
Fluorine-18, widely used in clinical positron emission
tomography (PET) imaging of many diseases,”>** is readily
produced, has favorable decay properties (97% f*; maximum
B* energy of 0.64 MeV),ZS is typically covalently bound
(although aluminum ['®F]fluoride chelates have recently been
reported”®), and is incorporated into small molecule prosthetic
groups via electrophilic or nucleophilic 'F fluorinating
reagents.27 In light of these characteristics and, in particular,
the short half-life (T;,, = 110 min), simple, fast, and efficient
reactions are needed. In addition to offering fast reaction
kinetics, cyclooctynes, possessing ~18 kcal/mol of strain
energy,28 react with terminal azides without the need for
cytotoxic copper salts and are thus well suited for reactions in
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biological settings.'> As part of our program that focuses on the
discovery” and development™> of such reactions, we herein
report the design and synthesis of an '®F-labeled cyclooctyne,
its radiochemical evaluation in a copper-free 1,3-dipolar
cycloaddition reaction with alkyl azides, and the serum stability
of the "F-labeled cyclooctyne and a PEG-conjugated triazole
obtained by copper-free click chemistry.

Bifunctional cyclooctyne reagents are highly attractive
synthons for mild and selective bio- ortho§onal cycloaddition
reactions in vitro and, especially, in vivo. 9121415 The criteria for
choosing the appropriate bifunctional cyclooctyne reagent
include (1) utilizing reliable chemistries to construct the
strained cyclooctyne, (2) a sufficiently stable handle amenable
to rapid radiolabeling with fluorine-18, and (3) suitable
reactivity of the cyclooctyne in copper-free, strain-promoted
1,3-dipolar cycloaddition click reactions with readily accessible
substrates (e.g., alkyl azides). When cyclooctynes with short-
lived radioisotopes such as fluorine-18 are used, the reliability
and speed of the click reaction become paramount, as the
reaction has to work at the tracer level and show substantial
conversion rates within a fraction of an hour. The key challenge
to making cyclooctyne-based click reactions amenable to
radiolabeling, and thus open the door for direct cell labeling
and PET imaging based on copper-free in vitro and in vivo

Received: August 3, 2011
Accepted: October 7, 2011
Published: October 7, 2011

dx.doi.org/10.1021/ml200187j1ACS Med. Chem. Lett. 2011, 2, 885—889


pubs.acs.org/acsmedchemlett

ACS Medicinal Chemistry Letters

X =N,CH
& = labeling motif
\jr/ = biomolecule

b,

= NHR
oA S F
3

)
(0]
\(\/\
1 2
O
g o
()2
HN
0]
3

3
9

18F
(6]
4

Figure 1. (a) Schematic representation of copper-free clicked triazoles
in which the biomolecule (e.g., antibody) and the labeling moiety (e.g.,
the PET radionuclide '®F) could readily be attached to either the
triazole or eight-membered ring side chain. (b) Structures of
envisioned bifunctional cyclooctyne reagents 1—4 that would combine
with alkyl azides to form triazoles (R is the '*F-bearing labeling motif
or biomolecule).

conjugation, was to identify an appropriate cyclooctyne
platform that combines sufficient stability during synthesis
with superior reactivity during the click reaction on readily
accessible substrates.

While several cyclooctyne candidates potentially met the
criteria stated above and were attempted (1—4 in Figure 1b), in
our hands, the only successful route to a cyclooctyne precursor
was the synthesis of azadibenzocyclooctyne [ADIBO §
(Scheme 1 of the Supporting Information)].'® For example,
the synthesis of 1, which would ideally stem from a cyclooctyne
tosylate precursor, was hampered by the cyclooctyne alcohol
being unstable to various tosylating conditions. Unfortunately,
tosylating with either tosyl chloride or tosyl anhydride (freshly
distilled pyridine, anhydrous dichloromethane, and an inert
atmosphere) led to decomposition and no detectable amount
of the expected cyclooctyne tosylate precursor. The synthesis of
2, a compound with a recently published synthesis,"” stalled in
our hands at the conversion of the cyclooctanone — vinyl
triflate = cyclooctyne. TLC revealed several products that were
difficult to isolate and characterize by NMR, although some
fractions contained a vinyl phenyl ether moiety. While
switching to triflic anhydride avoided the vinyl phenyl ether
side reaction, neither this reagent nor attempting to isolate the
vinyl triflate intermediate provided any detectable amount of
the vinyl triflate intermediate or the desired cyclooctyne.

Because installing the cyclooctyne from the cyclooctanone
could not be reproduced in our hands, effort was then directed
to the diarylamidocyclooctyne 3, a simplified derivative of
Bertozzi's BARAC compound,'* as shown in Figure 1. To
circumvent potential issues such as the cyclooctyne and the
trimethylsilyl vinyl triflate precursor potentially being sensitive
to tosylation, and installing the cyclooctyne in the last step
upon treatment of the trimethylsilyl vinyl triflate with cesium
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fluoride,"* a short alkyl chain that terminated with an amine
that could be exposed late in the synthesis was envisioned.
However, installing the N-alkyl side chain was challenging;
using 3-bromo- or 3-iodopropylphthalimide with a variety of
bases, solvents, and temperature conditions'* was sluggish and
afforded the desired alkylated indole with the highest level of
conversion reaching 21% as assessed by analytical HPLC.
Unfortunately, this precluded the use of alkyl halide derivatives
that could mask a more reactive and chemoselective
functionality than a terminal alkene.

In this context, the synthesis of the precursor of 4, ADIBO-
amine §, features several advantages. Importantly, installing the
cyclooctyne as well as the six-carbon linker was straightforward,
and the N-trifluoroacetyl protecting group was stable under the
reaction conditions utilized in the synthesis; however, the
deprotection conditions were gentle enough to leave the
ADIBO functionality undisturbed.'® The ADIBO structure,
with a pendant amine functionality, has also been shown to be
stable to N-acylation conditions and even treatment with
trifluoroacetic acid, yet reactive enough in 1,3-dipolar cyclo-
addition reactions with azides that as much as 80% of ADIBO
was consumed after 5 min.'

ADIBO-amine 5 was synthesized as described by Popik et
al’® In brief, the dibenzosuberenone was condensed with
hydroxylamine, followed by a Beckmann rearrangement to an
eight-membered lactam and subsequent reduction to amine 6
in an 8% yield over three steps. The crude acid chloride 7 was
synthesized following Clark’s method.*" Acylating the amine 6
with acid chloride 7 provided amide 8 in 87% yield containing
the entire carbon backbone of 5. Dibromination and
subsequent elimination (76%), followed by removal of the
trifluoroacetyl group (41%), afforded ADIBO-amine S. The
overall yield from dibenzosuberenone was 2.2% (lit. 7% overall
yield),'® with the longest linear sequence being seven steps
(Scheme 1 of the Supporting Information).

With a cyclooctyne (S) possessing the appropriate handle for
fluorine-18 radiochemistry in hand, effort then focused on
radiosynthesis as shown in Scheme 1. Taking into account the
challenges observed in attempts to synthesize a cyclooctyne
precursor, we chose the well-established ['*F]SEB (['*F]-10)**
for our fluorine-18 radiolabeling approach in this proof-of-
principle radiochemistry study. ['*F]SFB is widely used for the
solution-phase incorporation of the 4-['*F]fluorobenzoyl motif
onto amino-functionalized small molecules and peptides.
Expectedly, ['®F]SFB served as an excellent reagent for
incorporating the 4-['®F]fluorobenzoyl group onto ADIBO-
amine 5 to yield ["*F]-4 without any cross-reactivity with the
sensitive cyclooctyne motif. The synthesis of ['*F]SFB began
with the nucleophilic aromatic substitution of arylammonium
salt 9 with ['®F]fluoride, followed by saponification, affording
["SF]JFBA* in 57 + 9.8% decay-corrected radiochemical yield
(d.c. RCY) with a synthesis time of 69 + 7 min (n = 4).
['®F]FBA was then treated with TSTU and purified via solid-
phase extraction (SPE) to afford ['*F]SFB ([**F]-10) in 43 +
22% d.c. RCY with a synthesis time of 73 + 27 min and a
radiochemical purity of 80.4 + 20.3% (n = 4). ["*F]SFB was
then treated with ADIBO-amine 5 for 30 min at 37 °C, yielding
4-["®F]fluorobenzoyl-labeled cyclooctyne 4 in 64 + 15% d.c.
RCY, with a radiochemical purity of 80.4 + 3.3% (n = 4) and
specific activities of 8.56 + 3.55 Ci/umol at the end of synthesis
following purification via a simple solid-phase extraction (SPE)
on a C4-SPE cartridge; alkaline water (pH 8—9) was used to
remove 4-['®F]fluorobenzoate (the carboxylate of ['*F]FBA)
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Scheme 1. Synthesis of ®F-Labeled Cyclooctyne 4 and
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that was present from either insufficient conversion to or
saponification of ['*F]SFB while ['*F]-4 remained trapped on
the Cs-SPE cartridge. Without alkaline workup and SPE
purification, the crude radiochemical purity was 61%.
Interestingly, analytical HPLC analysis of both ['*F]-4 and
[’F]-4 each gave two peaks with retention times approximately
1 min apart (see Figure 2 and Figure 3 of the Supporting
Information). The isolation of either peak of ['°F]-4 and
subsequent reanalysis by analytical HPLC yielded similar
results. Liquid chromatography—mass spectroscopy analysis,
which used different HPLC conditions, revealed a broad single
UV peak with the expected m/z of 441.11 [M + H]". These
data, combined with previous observations of conformationally
restricted diazocinones,*? suggest that restricted conformers of
4 can be observed.

To initially assess the radiochemical reactivity of ['*F]-4 in
copper-free 1,3-dipolar cycloaddition reactions, benzyl azide, a
commonly used proof-of-principle azide,*”'' or an azido-

functionalized PEGylated acid, easily applicable to bioconjuga-
tion, was warmed with ['®F]-4 to 37 °C in DMEF to afford '°F-
labeled triazole 11 or 12, respectively, as shown in Scheme 1.
Expectedly, 1:1 ratios of regioisomers were observed in the
syntheses of both ['®F]-11 and ['®F]-12. The impact of the
formation of regioisomers on the in vivo applications of this
method requires further investigation in a range of applications.
Gratifyingly for rapid radiochemistry, 74 + 4.8% of ['*F]-4 was
converted into triazole ['*F]-11 after 30 min as determined by
radio HPLC (n = 3). Analyzing this reaction at 1 and 4 h did
not show significant improvements in yield (75 + 1.8 and 78 +
2.4%, respectively). The formation of the '*F-labeled triazole 12
was comparably effective when assessed at the 2 h time point,
with no significant improvement at the 6 h time point (64 +
8.5% radiochemical conversion; 48 + 7.4% crude radiochemical
purity; n = 3 at each time point). These data also agree with the
previously described glass-slide-immobilized ADIBO kinetics."®
Purified samples of ['®F]-4, ['*F]-11, and ['®F]-12 had
radiochemical purities of >99% as determined by analytical
radio HPLC (n = 2 for each compound). Furthermore, purified
cyclooctyne ["®F]-4 and triazoles ['®F]-11 and ['*F]-12 were
stable and showed no decomposition or radiolysis over 6 h.
[F]-4, ["F]-11, and ["“F]-12 were also synthesized and
purified by semipreparative HPLC (39, 39, and 61% vyields,
respectively). Representative purified UV—radioactive HPLC
traces of ['®F]-4, ["®F]-11, and [®*F]-12 as well as traces of
these ['®F]-samples spiked with their respective '°F-labeled
standards are shown in Figure 2. The stability of ['*F]-4 and
['8F]-12 was evaluated in a buffered isotonic solution and in rat
serum. Formulations of both compounds were stable in a PBS/
saline mixture for >4 h. The serum stability of ['*F]-4 and
['8F]-12 in rat serum was excellent, as well, with >98% intact at
1 h for both compounds (Table 1 of the Supporting
Information). At 2 h, no change was observed for ['*F]-4,
while values dropped slightly for [**F]-12 to 96.8%.

In conclusion, this report highlights the successful synthesis
of a cyclooctyne amenable to labeling with fluorine-18, the
synthesis of an 'F-labeled cyclooctyne (['*F]-4), and the
reactivity of cyclooctyne ['*F]-4 with alkyl azides. With yields
of >70% at 37 °C within <1 h, ['®F]-4 appears to be well suited
as a prosthetic group for radiolabeling azido-derivatized
biomolecules via copper-free click reactions. Improved radio-
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Figure 2. HPLC traces [radioactive in red, UV (1 = 220 nm) in black] of purified (a) [*F]-4, (b) ['*F]-4 co-injected with ['°F]-4, (c) ['*F]-11, (d)
["*F]-11 co-injected with [*’F]-11, (e) [**F]-12, and (f) ["*F]-12 co-injected with ['°F]-12. Structures of 4, 11, and 12 are shown in Scheme 1. Full

HPLC traces (0—60 min) are shown in the Supporting Information.
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chemical conversions may be possible by heating at elevated
temperatures and/or microwave irradiation. The 18F Jabeled
cyclooctyne ['*F]-4 as well as the clicked model compound
[**F]-12 demonstrated excellent serum stability over 2 h. These
findings will allow key radiochemical and molecular imaging
studies such as direct fluorination, peptide labeling, cell labeling,
and PET imaging using in vitro and potentially in vivo copper-
free click chemistry. Future work utilizing '*F-labeled cyclo-
octyne 4 and other derivatives of S, with a particular focus on
rapid introduction of the '®F into the cyclooctyne moiety
(rather than relying on ["*F]SFB), will be reported in due
course.
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