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Jesper L. Kristensen® and Matthias M. Herth*[ !

Abstract: Fluorine-18  possesses  outstanding  decay
characteristics for positron emission tomography (PET) imaging.
Therefore, it is ideally suited for clinical applications. As such,
improved strategies to incorporate fluorine-18 into bioactive
molecules are of utmost importance. Indirect ®F-labeling with
amino-functionalized synthons displays a convenient and
versatile approach to synthesize a broad variety of PET tracers.
Herein, we report a method to convert *¥F-labeled azides to
primary amines by means of the Staudinger reduction. Aliphatic
and aromatic '®F-labeled azides were converted to the
corresponding amines with high conversion yields. The method
could easily be automated. From a broader perspective, the
applied strategy results in two useful synthons from a single
precursor and thus increases the flexibility to label diverse
chemical scaffolds with minimal synthetic effort.

Introduction

Positron emission tomography (PET) is a powerful and non-
invasive nuclear imaging technique, which makes use of
radiolabeled molecules (PET tracers) at tracer levels to study
biochemical processes.[1] PET is routinely used in the clinic for
diagnosis and staging of diseases, as well as for treatment
monitoring.[2] The technique has also found widespread use in
drug development to study pharmacokinetics and
pharmacodynamics.[1a-b] Fluorine-18 (*8F) is the most frequently
applied radionuclide for PET in the clinic. Its decay characteristics
result in excellent image resolution, acceptable radiation burden
and the half-life of 110 min is convenient for clinical investigations
and commercial distributions.[3] Consequently, several strategies
have been developed to efficiently incorporate fluorine-18 into
bioactive molecules.[3] Indirect labeling strategies applying small
F-labeled synthons, which can easily be attached to target
molecules, are of special relevance for structures that are not
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- heterogeneous reaction
- difficult to automate
- product scope unknown

Previous work:

Cu-mediated reduction

QBF Cu powder or wire 185
\/\N3 \/\NHZ
H,O/TFA

['®F11 ['®F]2
This work: - homogeneous reaction
Staudinger reduction - easy to automate

- broad product scope

& PPh,PhSO;Na & Ph H,0 &

BF—R-N3 ——

|
1®F—R-N=P—PhSOsNa ———> "*F—R-NH,
; Ph - 0=PPh,PhSO;Na

Figure 1. Comparison of radiosynthetic methods to access ‘F-labeled
amines from azides. PPh2PhSOzNa: Sodium
diphenylphosphinobenzene-3-sulfonate

suitable for direct 3F-nucleophilic substitution approaches.[3]

Over the years, a number of synthons have been developed and
among these structures, *¥F-labeled amines display an interesting
platform for indirect labeling.[3] For example, they can be applied
in the formation of amide, sulfonamide, urea and carbamate
motifs, as well as in reductive alkylations and Michael additions.
Up to date, various methods have been published to synthesize
18F-labeled aliphatic and aromatic amines [3,4]. Synthons such as
4-[*8F]fluoroaniline and 4-[*®F]fluorobenzylamine can be obtained
via aromatic fluorination of an electron-deficient precursor and
subsequent reduction [4]. The syntheses of aliphatic amines like
2-[*8F]fluoroethylamine ([*F]2) are usually based on a two-step
fluorination-and-deprotection strategy. [5] As a rule, the first 18F-
labeled intermediate in such strategies cannot be directly used for
an indirect labeling approach. In 2012, Glaser et al. reported a
novel synthetic approach, which was based on a Cu-mediated
reduction of 2-[*®Ffluoroethylazide ([*®F]1, Figure 1) [6]. This
method has the advantage that two radiolabeled synthons, an
azide and an amine, are synthesized within one reaction
sequence (Figure 2). Multiple pathways for indirect 8F-labeling
can be tested while starting from a single precursor. This reduces
synthetic effort and adds flexibility to the tracer development
process, especially when a library of structurally related *F-
labeled compounds has to be evaluated.

Our aim with the present study was to explore methods beyond
the Cu-mediated reduction of azides to access amines.
Especially, we aimed to substitute Cu with an organic reducing
agent that would allow for performing the reduction in
homogenous solution, which in turn would facilitate automation of
the procedure (Figure 1). The Staudinger reduction is reported to
rapidly reduce azides to amines in organic chemistry.[7]
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Therefore, we explored if this type of reduction could also be used
for radiochemical applications.

Results and Discussion

The feasibility of the approach was tested on an ®F-fluorinated
aliphatic azide, [*®F]4, which has previously been used for indirect
labeling of both peptides and small molecules (Figure 2).[8]
Therefore, we envisioned that the corresponding amine [*8F]5
could also have widespread application. In fact, we intended to
use [*®F]5 to radiolabel a tetrazine (6, Supporting Information).
Tetrazines are highly interesting compounds due to their
participation in bioorthogonal ligations with dienophiles, in
particular trans-cyclooctenes.[9]

Initial studies of the Staudinger reduction of [*®F]4 were carried
out using 50 mg triphenylphosphine in tetrahydrofuran (THF)
(0.5-1.0 mL). The mixture was heated in a sealed vial at 100 °C
for 10 min. Thereafter, water was added to hydrolyze the formed
iminophosphorane and afford the corresponding amine [*®F]5.
The radiochemical conversion (RCC?) varied significantly (20—
95%) under these conditions, which was suspected to be a result
of inconsistent hydrolysis (see Figure S1 in the Supporting
Information). Changing from water to aqueous NaOH solution (20
mM) for the iminophosphorane hydrolysis stabilized the detected
RCCs at 280%. In a next step, we modified the reaction conditions
by reducing the amount of triphenylphosphine from 50 to 5 mg
and changing the solvent from THF to acetonitrile (MeCN). These
modifications were carried out in order to facilitate future
automation. THF is not compatible with tubes, seals and fittings
of our automated synthesis modules. Moreover, large amounts of
triphenylphosphine make separation and purification tedious.
Regardless of these adjustments, RCCs of the reaction remained
at the same high and reproducible level (=280%).

Synthon 1:
18F.labeled azide

Synthon 2:
8F.Jabeled amine

RCY 27-36 %

@
TSO_~ O)rBNa _0 WBF{\AO%\/Na _(iy 18':%/\0%\/"“"2

3 ['8F}4 ['8F15

i I

® Staudinger ligation * Acylation
*CuAAC ® Sulfonation
*SPAAC ® Carbamate and urea
formation
* Reductive alkylation
* Michael additions

RCY 20-21 %

Figure 2. Two different 8F-labeled synthons produced from one
precursor: (i) [*®F]KF, K2COs, K222, DMSO, 120 °C, 10 min; (i) 1. PPhs,
MeCN, 100. °C, 10 min, 2. NaOH, 100 °C, 10 min. RCYs are decay
corrected.

1 All RCCs have been determined by radio-TLC.
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Figure 3. Versatile indirect labeling through acylation, thiourea formation
and reductive alkylation using amine [*®F]5 as a synthon. (i) Tetrazine 6
(supporting information), r.t., 5 min; (ii) PhCOCI, r.t., 5 min; (iii) PhNCS,
100 °C, 5 min; (iv) PhCHO, NaBH3CN, AcOH, 120 °C, 5 min.

In order to investigate the utility of [*®F]5 as a synthon for indirect
8F-labeling, one tetrazine derivative and three other model
compounds were prepared from [®F]5 via acylation, thiourea
formation and reductive alkylation (Figure 3). To minimize total
radiosynthesis time, we carried out the Staudinger reduction and
the following modifications as a one-pot procedure. Acylations
and thiourea formation were successfully performed using this
procedure. Amine [*®F]5 reacted readily with benzoyl chloride
(PhCOCI) and phenyl isothiocyanate (PhNCS), respectively
forming the corresponding benzamide [*¥F]8 (75+13% RCC over
2 steps, n=4) and thiourea [*®F]9 (73+6% RCC over 2 steps, n=3).
Coupling of [*®F]5 to tetrazine 6 gave [‘®F]7 (75+1% RCC over 2
steps, n=2). One-pot reductive alkylation with benzaldehyde
(PhCHO) in the presence of NaBH3CN and acetic acid (AcOH)
was unsuccessful. However, after the removal of precipitated
triphenylphosphine/triphenylphosphine oxide by solid-phase
extraction, [*8F]5 could be converted into the secondary amine
[*8F]10 in a RCC of 40+4% (over 2 steps, n=2).

Inspired by the successful preparation of [*®F]5, the Staudinger
reduction was applied to a series of different ¥F-labeled azides to
investigate the substrate scope of the reaction (Table 1). The
selected azides were based on aliphatic and aromatic substrates
that have been frequently used for indirect !®F-labeling
approaches. [3,4] All investigated azides were converted into
corresponding amines applying the same conditions as used for
[*8F]4. High RCCs were observed for all structures except for
[*®F]1, which was only converted to ['®F]2 in moderate yields
(Table 1). Subsequent coupling of the respective amines to
benzoyl chloride produced the corresponding '®F-labeled
benzamides in good yields (Table 1). The RCC of the acylation
was independent of the concentrations of benzoyl chloride in the
investigated range of 10 and 100 mM.
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Table 1. Substrate scope of the Staudinger reduction

Staudinger Acylation
@ reduction @ H
18E—R=N
BE RN, 1. PPhy 15F—R-NH, PhCOCI F-R-N
2. NaOH
o
['8F]1, 4, 11-13 ['®F]2, 5, 14-16 ['8F]8, 17-20
Azide substrates Amine RCC Amide RCC
(Staudinger (over 2 steps) P
reduction) @ (%)
(%)
aliquot™® batch
&)
% 83+6 75%13 65+3
F\é/\oﬁ\/ —_— (n=14) (n=5) (n=3)
o 35+3 2245 24+4
SN, - (n=4) n=6)  (n=4)
@ N3 64+1 55+3 55+3
18F ()11 (n=3) (n=3)  (n=3)
N3
@ 84+4 89+4 86+3
‘o 9712 (n=3) (=3) (=3
N3
@ /©/ 706 7045 69+8
18F/\/\O
(n=3) (n=4) (n=2)
['F]13

[a] All Staudinger reductions were performed at 100 °C for 10 min for step 1
and 2, respectively. [b] All acylations were performed at r.t. for 5 min. [c] See
experimental section. All RCCs have been determined by radio-TLC.

Finally, we demonstrated the amenability of the Staudinger
procedure to automation. This was possible by using a water-
soluble triphenylphosphine derivative. Sodium
diphenylphosphinobenzene-3-sulfonate (PPh,PhSO3;Na) showed
to be as effective in reducing [*8F]4 to ['8F]5 as triphenylphosphine
(RCC in the range of 93+3% (n=2)). No precipitate was formed
and subsequent coupling of [*¥F]5 to [*8F]8 could be carried out in
a one-pot automated procedure. The whole synthesis procedure
including HPLC purification took no longer than 150 min and
benzamide ['®F]8 was isolated in 16—18% RCY from [*8F]fluoride;
RCY of [*®F]8 calculated from the azide [*®F]4 was 57% (all RCYs
are decay corrected). A molar radioactivity of 60 GBg/umol could
be determined for [*®F]8 at the end of the synthesis.

Conclusions

In the present work, we have investigated the applicability of the
Staudinger reduction as an approach to access ®F-labeled
amino-functionalized synthons from '8F-labeled azides. The
reduction of ®F-labeled aliphatic and aromatic azides using
triphenylphospine or sodium diphenylphosphinobenzene-3-
sulfonate proceeded in high RCCs. The amines could
successfully be used for indirect ®F-labeling of a small set of
model compounds. Moreover, the procedure was easily
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automated. We believe that the Staudinger reduction is a valuable
tool that can be used to access amino-functionalized synthons for
radiosynthesis of a wide scope of PET tracers.

Experimental Section

General information: For all reactions, RCCs were determined by radio-
TLC and RCYs were decay corrected to the amount of radioactivity at the
start of the synthesis. Identity of all radiofluorinated products was
confirmed by co-elution with *°F-reference compounds on HPLC and TLC.
The synthesis of the °F-reference compounds and radiosynthesis of 8F-
labeled azides is described in the Supporting Information, along with
characterization data (NMR spectra and HPLC chromatograms).

General procedure for the Staudinger reduction yielding ['®F]2,5,14-
16: The corresponding '®F-labeled azide (approximately 120 MBQ)
dissolved in dry MeCN (1 mL) was added to a 4 mL glass vial containing
triphenylphosphine (5 mg). The vial was sealed and heated at 100 °C for
10 min. Thereafter, 20 mM aqueous NaOH solution (0.6-0.8 mL) was
added and the mixture was heated for an additional 10 min, before it was
cooled to room temperature. The reaction was analyzed by radio-TLC. In
first experiments with azide ['8F]4, dry THF (1 mL) was used instead of dry
MeCN.

Acylation of [*8F]5 yielding [*®F]7: Crude [*F]5 was neutralized with 1 M
aqueous HCI and afterward filtered through a 0.22 pm nylon filter. An
aliquot (40-50 pL, 5-10 MBq) of this solution was mixed with 0.1 M
aqueous KHCO3 (30 pL) and tetrazine 6 (0.1 mg) dissolved in dry MeCN
(30 pL). The mixture was stirred for 5 min at room temperature and
analyzed by radio-TLC.

General procedure for the acylation of F-labeled amines ['8F]2,5,14-
16 with benzoyl chloride yielding [*®F]8,17-20: “Aliquot method”: An
aliquot (50-100 pL, 0.5-10 MBq) of the crude mixture of the corresponding
18F-labeled amine was diluted with an equal volume of MeCN. Benzoyl
chloride (1 pL, 8.5 umol) was added. This mixture was stirred for 5 min at
room temperature. _“Batch method”: Benzoyl chloride (1-2 pL, 8.5-17
umol) was added to the crude mixture of the corresponding ‘8F-labeled
amine (20-100 MBq) dissolved in a MeCN:water mixture (4:3, 1-1.5 mL).
This mixture was stirred at room temperature for 5 min. The aliquot and
the batch method were analyzed by radio-TLC.

Thiourea formation yielding [*8F]9: An aliquot (50 L, 2-3 MBq) of crude
[*8F]5 was added to phenyl isothiocyanate (1 pL) dissolved in dry MeCN
(25 pL). The mixture was heated at 100 °C for 5 min and afterward
analyzed via radio-TLC.

Reductive alkylation yielding [*®F]10: A solution of crude [*8F]5 (700
MBq) was diluted with 0.05 M aqueous HCI (5 mL). This solution was first
filtered through a 0.22 um nylon filter and thereafter passed through a Sep-
Pak C18 cartridge. The eluate was basified with 2 M aqueous NaOH to
pH>11, before it was trapped on a second Sep-Pak C18 cartridge. The
second cartridge was dried with a nitrogen flow for 2 min and eluted with
dry MeOH (1 mL). To an aliquot (0.3 mL, 18-20 MBq) of this solution,
benzaldehyde (0.6 mg), NaBHsCN (2 mg) and glacial AcOH (5 pL)
dissolved in MeOH (0.2 mL) were added. The vial was sealed and heated
at 120 °C for 10 min. Afterward, the reaction was analyzed by radio-TLC.

Automated Staudinger reduction and acylation yielding ['8F]8: Azide
[*8F]4 was trapped on a Sep-Pak C18 cartridge. This cartridge was dried
with a helium flow for 2 min. Afterward [*8F]4 was eluted from the cartridge
with dry MeCN (1 mL) into a 7 mL glass vial. Sodium diphenyl-
phosphinobenzene-3-sulfonate (3 mg) dissolved in agueous 20 mM NaOH
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(0.6 mL) was added. The mixture was heated at 100 °C for 17 min and
then cooled to 80 °C. Benzoyl chloride (2 pL) dissolved in MeCN (0.1 mL)
was subsequently added, and the mixture was stirred for 5 min without
heating. Afterward, the solution was diluted with water (2 mL) and [*8F]8
purified by semi-preparative HPLC using a Luna 5p C18(2) 100A (250x10
mm) column. The flow rate was set to 4 mL/min and the eluent was
water/MeCN/trifluoroacetic acid (70/30/0.1 v/viv). [*8F]8 had a retention
time of 12.5 min. The radiochemical purity (RCP) was >95%, and was
determined by radio-HPLC (Supporting information). RCY was decay
corrected to the start of the synthesis.

Acknowledgements

The authors greatly acknowledge the H2020 project Click-it under
grant agreement no. 668532 for financial support and the
technical staff at the Department of Clinical Physiology, Nuclear
Medicine & PET at Rigshospitalet, Denmark. We also thank
Placid N. Orji for assistance in the lab.

Keywords: fluorine « radiochemistry « azides * amines ¢
reduction

[1] a) M. Piel, I. Vernaleken, F. Résch, J. Med. Chem., 2014, 57,9232-9258;
b) J.L. Kristensen, M.M. Herth in Textbook of Drug Design and
Discovery, fifth ed. (Eds. K. Stremgaard, P. Krogsgaard-Larsen, U.

[2]

[5]

6]

10.1002/ejoc.201801457

WILEY-VCH

Madsen), CRC Press, 2016, pp.119-135; ¢) S.M. Ametamey, M. Honer,
P.A. Schubiger, Chem. Rev., 2008, 108, 1501-1516.

a) B. Theek, L.Y. Rizzo, J. Ehling, F. Kiessling, T. Lammers, Clin.
Transl. Imaging, 2014, 2, 66-76; b) K.A. Wood, P.J. Hoskin, M.J.
Saunders, Clin Oncol (R Coll Radiol), 2007, 19, 237-255; c) M. Politis,
P. Piccini, J. Neurol., 2012, 259, 1769-1780.

a) P.E. Edem, E.J.L. Stéen, A. Kjeer, M.M. Herth in Late-Stage Fluorination
of Bioactive Molecules and Biologically-Relevant Substrates, (Eds. A.
Postigo), Elsevier, 2019, pp.30-88; b) D. van der Born, A.Pees,
AJ. Poot, R.V.A Orru, A.D. Windhorst, D.J. Vugts, Chem. Soc. Rev.,
2017, 46, 4709-4773.

a) W.C. Silvers, H. Cai, 0.K Oz,X. Sun, Bioorg. Med. Chem. Lett., 2016,
26, 924-927; b) J.A. Hendricks, E.J. Keliher, B. Marinelli, T. Reiner, R.
Weissleder, R. Mazitschek, J. Med. Chem., 2011, 54, 5576-5582; c) I.
Koslowsky, J. Mercer, F. Wuest, Org. Biomol. Chem., 2010, 8, 4730-
4735; d) J. Way, F. Wuest, Nucl. Med. Biol., 2013, 40, 430-436.

a) C. Gilissen, G. Bormans, T. de Groot, A. Verbruggen, J. Label.
Compd. Radiopharm., 1998, 41, 491-502; b) T.J. Tewson, Nucl. Med.
Biol., 1997, 24, 755-760.

M. Glaser, E. Arstad, A. Gaeta, J. Nairne, W. Trigg, E.G. Robins, J. Label.
Compd. Radiopharm., 2012, 55, 326-331.

a) Y.G. Gololobov, I.N. Zhmurova, L.F. Kasukhin, Tetrahedron, 1981, 37,
437-472; b) Y.G. Gololobov, L.F. Kasukhin, Tetrahedron, 1992, 48,
1353-1406.

H.S. Gill, J. Marik, Nat. Protoc., 2011, 6, 1718-1725.

E.J.L. Stéen, P.E. Edem, K. Ngrregaard, J.T. Jargensen, V. Shalgunov,
A. Kjaer, M.M. Herth, Biomaterials, 2018, 179, 209-245.

This article is protected by copyright. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Piel%2C+M.%2C+Vernaleken%2C+I.+%26+R%C3%B6sch%2C+F.%2C+2014

European Journal of Organic Chemistry

COMMUNICATION

Staudinger reduction

?;FM — %FNHZ

Synthon 1 Synthon 2
18F-labeled azide 18F-labeled amine

Aliphatic and aromatic *®F-labeled azides were converted to the corresponding
primary amines in 35-85% vyields using the Staudinger reduction. Proposed method
can be automated, uses a homogeneous reaction medium, allows to access two
useful 8F-labeled synthons from a single precursor and thus provides flexibility to
indirect radiofluorination strategies in radiopharmaceutical development.
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