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Indirect radiolabelling has for a long time been the mainstay strategy for radiofluorination of biomolecules.
Acylation of biomolecules through the use of an ®F-labelled activated ester is a standard method for
indirect radiolabelling. However, the preparation of 8F-labelled activated esters is typically a complex and
multistep procedure. Herein, we describe the use of 4-nitrophenyl (PNP) activated esters to rapidly prepare
18F_labelled acylation synthons in one step. Furthermore, we present a comparative study of PNP activated
esters and the commonly utilised 2,3,5,6-tetrafluorphenyl (TFP) activated esters under direct
radiofluorination conditions and demonstrate their relative acylation behaviour. We demonstrate the
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Molecular imaging is transforming modern medicine through
the wuse of radiopharmaceuticals that allow specific
physiological processes occurring within the body to be
detected at the cellular level." Positron emission tomography
(PET) is a common molecular imaging technique that has
had a pronounced influence on personalized healthcare.”
Radiopharmaceuticals utilised for PET imaging are typically
labelled with short lived radionuclides including fluorine-18
(**F), carbon-11 (*'C) and gallium-68 (**Ga).>* In particular,
the use of fluorine-18 to radiolabel peptides combines
favourable pharmacology with the ideal physicochemical and
imaging characteristics of fluorine-18.°® However, the
preparation of '®F-labelled peptides remains challenging and
time consuming with multistep and laborious processes often
required. Typically, sensitive biomolecules are radiolabelled
with fluorine-18 indirectly, necessitating the use of a pre-
labelled synthon (prosthetic groups) as they cannot tolerate
the harsh radiofluorination conditions and are often thought
to be inert to direct radiofluorination.’ [**F]Fluoroacylation is
a common method used for indirect radiolabelling of
biomolecules.”® ['*F]Fluoroacylation synthons are typically
prepared in multiple steps through the radiofluorination of
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superiority of PNP esters under direct radiofluorination conditions with favourable acylation kinetics.

an appropriate stable ester, hydrolysis of the ester, activation
of the resulting acid to form an acylating agent and final
HPLC purification of the synthon.®'°"? This multi-step
process is then followed by the reaction of the isolated ['°F]
fluoroacylation synthon with a biomolecule followed by a
second HPLC purification to prepare the corresponding
radiopharmaceutical. The wuse of TFP pre-activated
diaryliodoniumbenzoate (4) was recently employed as a direct
precursor to the TFP activated 4-[**F]fluorobenzoate synthon
[**F]6 (Fig. 2), though the radiosynthesis proceeded in less
than 1% yield when standard radiofluorination conditions
(containing KHCO/Kryptofix mixture) were employed.”® The
yield of ester [*°F]6 was enhanced to 24% under less basic
conditions (no addition of KHCOs/Kryptofix)."> Recently, we
demonstrated the direct, one-step radiofluorination of
peptides using '®F-labelled pre-activated acylation agent
4-nitrophenyl 2-[**F]fluoropropionate ([*®*F]1)."**® A similar
approach has been reported for the preparation of 2,3,5,6-
tetrafluorophenyl 6-*°F]fluoronicotinate ([**F]2) (Fig. 1)."”"®
Herein, we evaluate the stability of PNP and TFP esters to
direct radiofluorination conditions for the preparation of
4-[**F]fluorobenzoate and 6-**F]fluoronicotinate synthons.
Furthermore, we report the relative stability and acylation

F
O
o NO, oF o)
_N
%01 ] @AO i Q)LO
18g 1857 N7 F 18 ©
e [°Fl2 [*F3

Fig. 1 [*®F]-labelled acylating agents [*°F]1, [*®F]2 and [*®F]3.
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Fig. 2 Reported radiosynthesis of ester [®FI6 by direct

radiofluorination using K»»»-KI*®FIF complex.*®

activities of PNP and TFP pre-activated synthons. This study
demonstrates the application of PNP active esters of '°F-
labelled synthons for subsequent radiolabelling of
biomolecules.

We first attempted the synthesis of PNP and TFP esters of
both 4-methoxyphenyliodonium benzoate and
6-trimethylammonium nicotinate, 16-19, as precursors for
direct radiofluorination. Esterification of 4-iodobenzoic acid
8 and 6-bromonicotinic acid 9 with 4-nitrophenol 10 and
2,3,5,6-tetrafluorophenol 11 afforded the corresponding PNP
and TFP esters 12-15, respectively (Fig. 3). Notably, the PNP
esters 12 and 13 were formed in very high yield and were
readily recrystallized immediately after work up to afford
pure products. In comparison, the TFP esters 14 and 15
lacked the crystallinity of the PNP analogues making them
less convenient to handle. Iodo-benzoates 12 and 14 were
oxidized by mCPBA and converted to the corresponding
(4-methoxyphenyl)-(phenyl)iodonium tosylates 16 and 17.
Bromo-nicotinates 13 and 15 were treated with 1 M
trimethylamine in THF to form the corresponding
ammonium species 18 and 19. The formation of esters 16-19
proceeded readily in high yields and on gram scale, making
them highly accessible precursors. However, TFP ester 19
required careful handling and storage as it was found to be
particularly sensitive to hydrolysis.

Esters 16-19 were treated with ['®F]fluoride in the form of
Koo' K[**F]F complex at 100 °C in DMSO: amyl alcohol (4:6)
using potassium bicarbonate (for 18 and 19) or potassium
oxalate (for 16 and 17) as accompanying bases. PNP esters 16
and 18 were readily soluble in the DMSO:¢amyl alcohol
(TAA) mixture and were stable to the radiofluorination
conditions leading to 94 + 2% (n = 3) (58% isolated yield,
decay corrected to SOS) and 85 + 3% (n = 3) (42% isolated
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Fig. 3 The synthesis of precursors 16-19 from benzoic acid 8 and
nicotinic acid 9.
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yield, decay corrected to SOS) of the corresponding
fluoronicotinate and fluorobenzoate PNP esters, [**F]20 and
['®F]21, respectively. The yields of esters ['*F]20 and [**F]21
(94 + 2% and 85 + 3%) were determined based on HPLC
analysis of the crude product. The recovery of radioactivity
from the analytical column was always above 85%. The
formation of ['*F]21 demonstrates the first one-step synthesis
of an activated ester of ['‘*F]fluorobenzoate in high and
reproducible yield. The yields of fluorobenzoate PNP ester
['®F]21 were strongly dependent on the mass of precursor 16
used; furnishing 0%, 68% and 88% yields when employing 5
mg, 10 mg and 20 mg of diaryliodonium precursor 16,
respectively. No such correlation was observed for the
nicotinate PNP ester ['®F]20, with the greater reactivity of the
nicotinate 18 towards nucleophilic aromatic substitution
resulting in high yields of 20 on all scales. With excellent
yields of esters [**F]20 and ['®F]21 obtained, no further
optimisation was undertaken."’

The performance of the analogous TFP esters 17 and 19
was then investigated under similar conditions. Nicotinate
TFP ester 19 afforded ['®F]2 in variable yields (33-75%), with
significant amounts of decomposition observed. This
variability suggested the possible instability of the TFP
activated ester ['®F]2. Benzoate TFP ester 17 was insoluble in
the DMSO:amyl alcohol mixture, and was sparingly soluble
in neat DMSO. Subjecting benzoate TFP ester 17 to direct
radiofluorination in neat DMSO resulted in <1% yield of
['®F]6, a similar result to that reported by Richarz et al.'?
However, when the insoluble mixture of precursor 17 in
DMSO : amyl alcohol was heated with Kay,-K[**F]F complex,
ester ['"*F]6 was formed in 31% after 10 minutes. No further
studies were conducted with ester 17 or product ['*F]6 due to
their relative intolerance to direct radiofluorination
conditions and low solubility (Fig. 4).

Next, the stability of [**F]20, [**F]21 and [*®F]2 in DMSO at
room temperature was assessed. TFP ester ['°F]2 was found
to undergo complete hydrolysis in less than one hour. In
contrast, both PNP esters ['*F]20 and ['®F]21 esters were
found to be remarkably stable, with no hydrolysis detected
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Fig. 4 Radiofluorination of esters 16-19 to form the corresponding
synthons ['®F12, ['°F16, [*®F120 and [*°F]21. Yields of [**F120 and [*°F]21
presented as average of n = 3 t standard deviation. *Labelling
attempted only once.
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Fig. 5 Acylation of esters [*®F120, [*3F]121 and [*®F]2 with benzylamine
22 to afford amidated products ['®F123 and [*°Fl24. % yield is the
average of n = 3 with standard deviation bars shown.

over nine hours. Indeed, the susceptibility of ['®F]2 to
hydrolysis and subsequent formation of by-products is well
established."”"®

The relative acylation propensities of esters [**F]20, [**F]21
and ['®F]2 were then examined with benzylamine 22 as a
substrate. Varying concentrations of benzylamine 22 in
DMSO (0.14-9.2 mM) containing 0.36 mM triethylamine were
treated with [**F]20, ['*F]21 and [*®F]2 for 10 min at room
temperature (Fig. 5). In order to understand the relative
acylation potential of these esters, it was essential to correct
for their decomposition in neat DMSO (control reaction).
Since only TFP-ester ['®*F]2 underwent decomposition in the
control reaction, only the resulting amidated product [**F]23
was influenced by this correction affording slightly higher
acylation yields. PNP esters ["°F]20 and ['®*F]21 underwent
rapid acylation of benzylamine affording 93-100% yields of
amidated products ['®*F]23 and ['®F]24, respectively, in the
presence of 9.2 mM benzylamine 22. The yields gradually
decreased to 5-13% of amidated products ['*F]23 and [**F]24
at 0.14 mM benzylamine 22. The TFP ester ['*F]2 afforded the
amidated product [**F]23 in 73% yield when treated with 9.2
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Fig. 6 Radiolabelling of c(RGDyK) peptide 25 with PNP esters [‘®F]20
and [*8F]21.
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mM benzylamine 22, which decreased to 10% with 0.14 mM
benzylamine. Moreover, the yield of amides generated from
TFP-benzoate ['®F]2 were less consistent than the yields
generated from the PNP esters ['*F]20 and ['®F]21. The higher
and more reproducible yields of amide products generated
from the PNP esters ['®F]20 and ['®F]21 are presumed to be a
direct consequence of their higher stability in solution.

These results highlight the superiority of PNP esters as
activated intermediates for the direct [**F]fluoroacylation of
biomolecules. This study reflects the importance of the
relative stability of activated esters as synthons to facilitate
efficient [*®F]fluoroacylation.

We next applied the PNP ester synthons [**F]20 and
[**F]21 to the direct radiolabelling of RGD-peptide ¢(RGDyK)
25. Both esters ['®F]20 and ['®F]21 were quantitatively
consumed at room temperature over 10 min to form the
corresponding radiolabelled peptides ['*F]26 and ['®F]27,
respectively (Fig. 6). Radiolabelled peptides ['*F]26 and
['®F]27 were obtained in >98% radiochemical purity and with
high molar activity (170 and 211 GBq umol ', respectively) at
end of synthesis as determined by analytical HPLC (using UV
absorption at 220 nm).

Peptides ['®F]26 and ['®F]27 were prepared in >98%
conversion from the corresponding synthons ['*F]20 and
['®F]21. The overall reaction time, purification and
formulation of peptides ['*F]26 and ['®F]27 was achieved in
less than 90 minutes on an iPHASE Flexlab automated
radiochemistry module. This is in stark contrast with
previously reported conditions that employ multistep
procedures (>3 radiochemical steps) for the preparation of
synthons, leading to overall synthesis time of >130 minutes
and ultimately affording fluorine-18 labelled ¢(RGDyK) in low
overall yields and sub-optimal automation procedures.****

Conclusions

In conclusion, PNP esters of ['®F]fluoronicotinate ['*F]21 and
['®*F]fluorobenzoate ['®*F]20 were formed under direct
radiofluorination conditions at elevated temperatures. TFP-
nicotinate ['*F]2 and TFP-benzoate ['*F]6 were found to be
less tolerable of direct radiofluorination conditions
employed. Moreover, the stability of the PNP esters renders
them more effective at acylation in comparison to their TFP-
counterparts.
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