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Synthesis of [18F]4-(4-fluorophenyl)-1,2,4-triazole-3,5-
dione: an agent for specific radiolabelling of tyrosine

Flagothier Jessica,*ab Warnier Corentin,b Dammicco Sylvestre,ab Lemaire Christianb

and Luxen Andréab

We developed a new [18F] prosthetic group, the [18F]4-(4-fluorophenyl)-1,2,4-triazole-3,5-dione ([18F]F-

PTAD), used for its specific ligation with tyrosine-containing peptides or protein in order to develop a

new and versatile radiolabelling technique that could provide a useful tool for new developments in

PET imaging.
Introduction

Peptides and proteins are largely used as radiopharmaceuticals
for positron emission tomography (PET) studies. The most
frequently used radionuclides for PET provide a wide range of
physical half-lives that are compatible with the peptide or
protein biological half-lives. They can be classied according to
their mode of labelling. The peptide is covalently coupled, oen
via a spacer, to a chelator (e.g. DOTA, NOTA) which can complex
radiometals as gallium-68, copper-64, yttrium-861,2 or carry a
prosthetic group that can be labelled with iodine-124 or uo-
rine-18 ions.3–5 The introduction of uorine-18 requires harsh
conditions (high temperature and strong base) that are not
compatible with direct labelling of biomolecules. Therefore, two
strategies are usually explored.

The rst one is the incorporation of a linker onto the amino
acid. The peptide is coupled via the linker to the [18F] prosthetic
group. For instance, the coupling can be realized via Huisgen
cycloaddition between [18F]uoroethylazide6 or 1-(azidomethyl)-
4-[18F]-uorobenzene7 and a alkyne or azide-bearing peptide or
protein, via photoclick to avoid the use of copper,8 via oxime
formation between [18F]uorobenzaldehyde and modied
peptides9 or via the tetrazine trans-cyclooctene reaction.10

The second strategy is the [18F] prosthetic group ligation
directly on naturally available function of amino acid side
chains of peptides or proteins. E.g.: [18F]SFB,11 [18F]FBEM12,13

can be linked under mild conditions on –NH2, –SH group of the
peptide.

Lysine and cysteine are the most commonly functionalized
amino acids: however, the high abundance of lysine makes
specic modication difficult and cysteine is most oen found
in disulde linked pairs in protein natural environment.
3 allée du 6 aout, B-4000 Liège, Belgium.
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Much recent research developments have focused on the
modication of tyrosine and tryptophan. These residues are
relatively rare on protein surface, and offer opportunities for
controlled single-site modication.

We hereby focus on the coupling between a new prosthetic
group and a tyrosine-containing peptide. In literature, these
reactions oen use transition-metal-mediated processes.14–17

However, transition metal mediated reactions are to be avoided
as much as possible in radiochemistry. The transition metals
are indeed oen toxic and must be removed efficiently from the
sample prior to injection, which complicates and lengthens
both the synthesis and quality control of the radiotracer.
Francis and co-workers have also explored the labelling of
tyrosine residues through a three-component Mannich-type
reaction with aldehydes and anilines.18–20 But these reactions
are not transposable in [18F] radiochemistry due to the long
synthesis time (20–24 h).

Recently, Ban and co-workers have reported a tyrosine bio-
conjugation through ene-type reactions21,22 (Scheme 1).

In this reaction, the cyclic diazodicarboxamide PTAD, an
electrophilic compound, reacts selectively on the o-position of
the phenol side chain of tyrosine in mild aqueous conditions
(aqueous buffer). They showed that histidine, serine and
cysteine were not modied by PTAD and determined that tryp-
tophan and lysine did not interfere with the modication of
tyrosine. That indicates that this reagent exhibits a high degree
Scheme 1 Tyrosine bioconjugation through ene-type reaction developed by
Ban and co-workers.
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Scheme 3 Aliphatic precursor derived from PTAD compound.
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of chemoselectivity. They also demonstrated that the 1,2,4-tri-
azolidine-3,5-dione linkage is hydrolytically and thermally
stable, a great advantage for future in vivo injections.

Due to these positive properties, this technique was chosen
to link a [18F] prosthetic group to the tyrosine included in a
peptide. We herein present the synthesis of [18F]4-(4-uo-
rophenyl)-1,2,4-triazole-3,5-dione [18F]F-PTAD and the prelimi-
nary results for the coupling with tyrosine.
Results and discussion

We initially focused on the direct introduction of uorine-18 on
the cyclic diazodicarboxamide 1. Compound 1 can be easily
prepared in three steps with 4-nitrobenzylisocyanate as starting
material21,23,24 but cannot be isolated due to its high instability.25

The second approach to obtain compound 4was the labelling of
4-(4-nitrophenyl)-1,2,4-triazolidine-3,5-dione 2 followed by the
triazolidine ring oxidation step (Scheme 2).

Unfortunately, all the attempts to obtain this compound [18F]
3 (Kryptox/K2CO3, organic bases method26 or “C14” method27)
at temperatures between 90 �C and 180 �C were unsuccessful.
The labelling conditions are too harsh and only 18F uoride and
decomposition products of 4-(4-nitrophenyl)-1,2,4-triazolidine-
3,5-dione precursor were recovered.

A second possibility was the addition of an aliphatic chain
containing a tosylate leaving group on the PTAD compound
(Scheme 3). Because of the poor results obtained during this
aliphatic precursor synthesis including high instability of the
triazolidine ring (data not shown), the strategy was changed and
the uorine-18 was introduced at the beginning of the
synthesis.

Precursor 5 was synthesized according to the literature using
4-nitroaniline as starting material28 and involved two reaction
steps: dimethylation of 4-nitroaniline with iodomethane and
trimethylammonium triate formation with methyltri-
uoromethanesulfonate. Precursor 5was obtained with a global
yield of 28%.

During the radiosynthesis of compound [18F]10 (Scheme 4),
the identication of [18F] compounds 6–10 was based on radio-
TLC and radio-HPLC analyses showing the same eluting factor
or retention time as the corresponding cold references
compounds.

Compound 5 was labelled in DMSO at 100 �C in 10 minutes
with standard KF[18F]-K222/potassium carbonate conditions to
afford [18F]6 with 91 � 4% of radiochemical yield (decay
corrected). [18F]6 was diluted in water and washed on a C18 Sep-
Pak cartridge to eliminate the remaining precursor and other
Scheme 2 (A) Radiolabelling not tested due to the high instability of compound 1.
(B) Radiolabelling followed by the triazolidine ring oxidation.
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impurities. This is why precursor 5 was preferred to the
1,4-dinitrobenzene which is hardly separated from 4-uoroni-
trobenzene. Reduction of the nitro group with sodium boro-
hydride in the presence of palladium on activated carbon in
methanol gave compound [18F]7 with a radiochemical yield
(DC) of 80 � 6%.28

This reduction method is well suited because Pd/C can be
easily ltered through a glass bre lter (Millex) before the
trapping onto a tC18 environmental Sep-Pak� cartridge. Since
the next step requires a dry reaction medium, the cartridge is
dried under a stream of nitrogen. [18F]7 is then eluted with dry
dichloromethane and coupled with ethyl carbazate in the
presence of triphosgene and triethylamine.29,30 This method was
preferred to the one proposed by Mallakpour et al.,31 which is
more longer, inapplicable to the uorine-18 chemistry, and
affords lower yield. Directly aer the evaporation of dichloro-
methane, cyclisation of semicarbazide [18F]8 was realized as
described by Cookson et al.24 in basic aqueous medium and
[18F]9 was obtained in acetonitrile aer its purication on a
tC18+ short Sep-Pak� cartridge. The radiochemical yield (DC)
for the coupling and cyclisation steps is 65� 5%. The last step is
the triazolidine ring oxidation with N-bromosuccinimide and
pyridine in acetonitrile. The global radiochemical yield for the
synthesis of [18F]4-(4-uorophenyl)-1,2,4-triazole-3,5-dione is
50% (DC).

Because of the high instability of the F-PTAD compound, the
crude solution of [18F]10 was directly used, without purication,
in tyrosine ligation reaction. We chose N-acyl tyrosine methyl-
amide as a model for the preliminary studies of the ligation of
[18F]F-PTAD with a tyrosine, as described by Ban and co-
workers21 (Scheme 5).

[18F]11 was obtained aer the coupling between [18F]10 and N-
acyl tyrorine methylamide in PBS/CH3CN (1/1, v/v) solution with
65 � 5% yield. When the [18F]F-PTAD was added continuously
over a period of 2 minutes, instead of a single addition, the
reaction yield increased signicantly from 40% to 70%. In some
cases, when the tyrosine of the target compound or protein are
Scheme 4 Preparation of [18F]4-(4-fluorophenyl)-1,2,4-triazole-3,5-dione and
coupling withN-acyl tyrosine methylamide. (i) KF[18F]-K222/K2CO3, DMSO, 10 min,
100 �C, 94%; (ii) NaBH4, Pd/C, MeOH, 5 min, rt, 88%; (iii) triphosgene, rt, NEt3,
5 min, 0 �C, ethylcarbazate, 10 min, 80%; (iv) 4 M KOH, 5 min, rt, 85%; (v) NBS,
pyridine, CH3CN.
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Scheme 5 Ligation of [18F]F-PTAD and N-acyl tyrosine methylamide: pH ¼ 7
phosphate buffer (PBS), CH3CN, 5 min, rt, 65%.
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less accessible, the isocyanate decomposition products of PTAD
compounds may be formed and urea formation at lysines is
likely.22,32 This problem is solved by using Tris buffer. In our case,
the use of Tris buffer in the [18F]F-PTAD–N-acyl tyrosine methyl-
amide ligation instead of PBS provides the desired tyrosine liga-
tion product with the same yield. The crude reaction mixture was
diluted with water and injected onto a semipreparative HPLC to
obtain pure [18F]11. The global radiochemical yield (synthesis of
[18F]F-PTAD, ligation with N-acyl tyrosine methylamide and
semipreparative HPLC purication) is 20% (DC) and the
synthesis lasts 2 h 15 min.
Conclusion

We synthesized a new [18F] prosthetic group, the [18F]4-(4-uo-
rophenyl)-1,2,4-triazole-3,5-dione ([18F]F-PTAD) with good yield
and proved that this [18F]F-PTAD can be efficiently coupled with
a tyrosine, the N-acyl tyrosine methylamide. This radiosynthesis
was designed to be implemented on an automatic synthesizer.
Its automation is in progress in our laboratory on a Fastlab�
synthesizer from GE Healthcare.
Experimental procedure
General procedure

Reagents and solvents were purchased at the highest commer-
cial quality and used without further purication, unless
otherwise stated. NMR spectra were recorded on Bruker Avance
DRX-400 instruments (1H at 400 MHz and 13C at 100 MHz), 1H
and 13C spectra were referenced to TMS using the 13C or
residual proton signals of the deuterated solvents as internal
standards. The following abbreviations were used to designate
the multiplicities: s ¼ singlet, d ¼ doublet, t ¼ triplet, q ¼
quartet, m ¼ multiplet. All the values are expressed in part per
million (ppm). TLC analyses were performed on Macherey-
Nagel Polygram SIL G/UV254 plates using UV light as visualizing
agent. A Bioscan TLC scanner model AR2000 was used for
analysis of the 18F labelled compounds. HPLC analyses were run
on a Waters system (616 pump, a manual Rheodyne injector,
996 PDA detector and NaI(Tl) scintillation detector from Eber-
line) controlled by Empower� soware. Analytical HPLC Anal-
yses were performed on an Xbridge� column C18 (4.6 �
150 mm; 5 mm) with a ow rate of 1 mL min�1. During the
radiochemical synthesis, analytical HPLC analyses were per-
formed using the following conditions (grad1): CH3CN/H2O,
24938 | RSC Adv., 2013, 3, 24936–24940
linear 5 min from 5/95 to 15/85, linear 15 min from 15/85 to
50/50 and the washout linear 10 min from 50/50 to 90/10.
Semipreparative HPLC analyses were performed on an
Xbridge� column C18 (10 � 250 mm; 5 mm) using the following
conditions (grad 2): CH3CN/H2O, linear 30 min from 5/95 to
25/75 and linear 5 min from 25/75 to 50/50 with a ow rate of 5
mL min�1.

Chemistry

p-Fluoro-4-phenyl-1-carbethoxysemicarbazide. This com-
pound was synthesized according to the literature.23

4-(4-Fluorophenyl)-1,2,4-triazolidine-3,5-dione. This com-
pound was synthesized according to the literature.24

4-(4-Fluorophenyl)-3H-1,2,4-triazole-3,5(4H)-dione. This com-
pound was synthesized according to the literature.21 The red
solution should be used for bioconjugation without isolation.

(S)-2-Acetamido-3-(4-hydroxy-3-(4-(4-uorophenyl)-3,5-dioxo-
1,2,4-triazolidin-1-yl)phenyl)-N-methylpropanamide. This
compound was synthesized according to the literature.21

RMN 1H(400 MHz, DMSO-d6): 1.77 (s, 3H), 2.53 (d, 3H, J ¼
4 Hz), 2.61–2.66 (dd, 1H, J ¼ 8 Hz, J ¼ 12 Hz), 2.83–2.87 (dd, 1H,
J ¼ 4 Hz, J ¼ 12 Hz), 4.28–4.34 (m, 1H, J ¼ 4 Hz, J ¼ 4 Hz, J ¼
8 Hz), 6.69 (d, 1H, J¼ 8 Hz), 6.84 (d, 1H, J¼ 8 Hz), 7.26 (t, 2H, J¼
8 Hz), 7.58 (dd, 2H, J ¼ 4 Hz, J ¼ 8 Hz), 7.70 (s, 1H), 7.98 (d,
1H(NH), J ¼ 4 Hz), 8.16 (d,1H(NH), J ¼ 4 Hz).

RMN 13C (100 MHz, DMSO-d6): 22.7, 25.5, 37.3, 54.6, 115.1
(d, J ¼ 23 Hz), 117.2, 121.6, 125.1, 127.5 (d, J ¼ 9 Hz), 128.2,
130.6, 149.8, 153.0, 159.7 (d, J ¼ 236 Hz), 162.2, 166.2, 169.1,
171.7.

N,N-Dimethyl-4-nitroaniline. This compound was synthe-
sized according to the literature using 4-nitroaniline as starting
material.28 The compound was puried by recrystallization and
an orange solid was obtained with a yield of 70%.

RMN 1H(400MHz, CDCl3): 3.11 (s, 6H), 6.60 (d, 2H, J¼ 8 Hz),
8.11 (d, 2H, J ¼ 8 Hz).

RMN 13C (100 MHz, CDCl3): 40.3, 110.2, 126.1, 136.9, 154.9.
N,N,N-Trimethyl-4-nitrobenzenammonium triate. This

compound was synthesized according to the literature using
N,N-dimethyl-4-nitroaniline as starting material.28 The product
was obtained as a pale yellow solid with a yield of 47%.

RMN 1H(400 MHz, CO(CD3)2): 4.03 (s, 9H), 8.52 (m, 4H).
RMN 13C (100 MHz, CO(CD3)2): 57.1, 121.3 (q, J ¼ 320 Hz),

122.8, 125.4, 149.1, 151.9.

Radiochemistry

No-carrier-added [18F] uoride was obtained by proton
bombardment of an [18O]-enriched water target via the
18O(p,n)18F reaction. The activity was trapping by passing the
target water through a Sep-Pak light QMA cartridges (Waters).
The uoride ions on the cartridge were eluted by 700 mL of 50/50
CH3CN/H2O solution of K2CO3 (8 mg) and Kryptox 222 (26 mg)
into a heated conical glass vial (120 �C). This eluate was brought
to dryness by azeotropic distillation aer three additions of
acetonitrile (150 mL) under a stream of nitrogen gas to give the
no-carrier-added K[18F]-K222 complex. A solution of 10 mg of
N,N,N-trimethyl-4-nitrobenzenammonium triate in 1 mL of
This journal is ª The Royal Society of Chemistry 2013



Paper RSC Advances
DMSO was added to the dried residue and the mixture was
heated at 100 �C during 8 minutes. Labelling efficiency was
checked by radio-TLC (silica gel, ethyl acetate/hexane 1/1 v/v), Rf
values: [18F]uoride ¼ 0, [18F]4-uoronitrobenzene ¼ 0.8. HPLC
analysis (grad1): tR ¼ 22 min. TLC radiochemical conversion ¼
91 � 4% (n > 10).

The reaction medium was poured into water (10 mL) and
trapped onto a previously activated with acetonitrile (5 mL) and
washed with water (5 mL) C18 environmental Sep-Pak� cartridge
(Waters). The [18F] 4-uoronitrobenzene was rinsed with 10 mL of
water in order to eliminate the starting precursor and was eluted
with 2 mL of methanol in a vial containing 3 mg of Pd/C and
25 mg of NaBH4. The mixture was stirred 5 minutes at room
temperature. The reduction efficiency was checked by radio-TLC
(silica gel, ethyl acetate/hexane 1/1 v/v), Rf values: [18F]4-uo-
roaniline ¼ 0.4. HPLC analysis (grad1): tR ¼ 14 min. Radio-
chemical yield (decay corrected) ¼ 80 � 6% (n > 10). The
methanolic solution was poured into water (10 mL) and passed
through a glass ber lter (Millex) and trapped onto a tC18
environmental Sep-Pak� cartridge (Waters) previously activated
with acetonitrile (5 mL) and washed with water (5 mL). The
cartridge was ushed by a stream of nitrogen during 5 minutes
and then eluted with 2.5 mL of dry dichloromethane in a vial
containing 10 mg of triphosgene. The vial was cooled at 0 �C and
20 mL of dry triethylamine was added. The mixture was stirred for
5min before the addition of 40mg of ethylcarbazate. The solution
was stirred 10 minutes at 0 �C to give [18F]p-uoro-4-phenyl-1-
carbethoxysemicarbazide. The reaction efficiency was checked
by radio-TLC (silica gel, ethyl acetate/hexane 1/1 v/v), Rf values:
[18F]p-uoro-4-phenyl-1-carbethoxysemicarbazide ¼ 0.1. HPLC
analysis (grad1): tR ¼ 15 min. HPLC radiochemical conversion:
80� 10% (n¼ 9). Dichloromethane was evaporated and 0.5mL of
4 M KOH were added, the mixture was stirred for 5 minutes and
nally quenched by 0.5 mL of HCl 6 M. The cyclisation reaction
efficiency was checked by radio-TLC (silica gel, ethyl acetate/
hexane 1/1 v/v), Rf values: [18F]4-(4-uorophenyl)-1,2,4-tri-
azolidine-3,5-dione ¼ 0.02. HPLC analysis (grad1): tR ¼ 4 min.
Radiochemical yield DC for coupling step and cyclisation step ¼
65 � 5% (n ¼ 7).

The reaction medium was then poured into water (10 mL),
trapped onto a tC18 plus short Sep-Pak� cartridge (Waters)
previously activated with acetonitrile (5 mL) and washed with
water (5 mL) and eluted with 1 mL of acetonitrile. 100 mL of
pyridine solution (0.3 M in CH3CN) was added to the previous
solution followed by the addition of 100 mL of N-bromosucci-
nimide solution (0.3 M in CH3CN). This mixture was directly
added to 1 mL of N-acyl tyrosine methylamide solution (1 mg in
0.9 mL of PBS 100 mM pH ¼ 7 (or Tris buffer 100 mM pH ¼ 7))
during a period of 2 minutes. The solution was stirred at room
temperature during 5 min. The coupling efficiency was checked
by radio-TLC (silica gel, ethyl acetate/hexane 1/1 v/v), Rf values:
[18F]nal compound ¼ 0.20, and by analytical HPLC (grad 1): tR
¼ 9 min. Radiochemical purity of [18F]11 was 65 � 5% (n ¼ 5).
The radiolabelled compound was puried by semipreparative
HPLC (grad 2): tR ¼ 12 min. The puried sample was analyzed
by analytical HPLC to conrm his chemical and radiochemical
purity. The total decay corrected radiochemical yield was 25%.
This journal is ª The Royal Society of Chemistry 2013
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