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Expedient Access to *F-Fluoroheteroarenes via Deaminative
Radiofluorination of Aniline-Derived Pyridinium Salts
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Véronique Gouverneur*

Abstract: Herein, we disclose that pyridinium salts
derived from abundant (hetero)anilines represent a
novel precursor class for nucleophilic aromatic substitu-
tion reactions with [®F]fluoride. The value of this new
F_fluorodeamination is demonstrated with the syn-
thesis of over 30 structurally diverse and complex
heteroaryl '®F-fluorides, several derived from scaffolds
that were yet to be labelled with fluorine-18. The
protocol tolerates heteroarenes and functionalities com-
monly found in drug discovery libraries, and is amenable
to scale-up and automation on a commercial radio-
synthesiser. )

P ositron emission tomography (PET) imaging is a powerful
modality for the monitoring and quantification of in vivo
physiological processes."! PET has found applications in
clinical settings for disease diagnosis and therapy assess-
ment, and to guide drug discovery programmes.”! PET
requires molecules labelled with a positron-emitting nuclide,
often fluorine-18, due to its outstanding decay properties
(109.8 min half-life, 97% B* decay, 0.63 MeV positron
energy).”! The advent of total body PET, combined with the
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increasing demand for new radioligands, continue to spur
innovation in radiochemistry, a common bottleneck in
(pre)clinical radiotracer development.'! In recent years,
numerous methods have emerged for the installation of
fluorine-18 onto various scaffolds, more specifically '*F-
fluoroarenes that are now accessible from a broad range of
precursor types.”! Although several of these methods have
been automated and made GMP-compliant,” wide adoption
of these technologies has been slow. To maximise trans-
latability of new methodologies to the production of
(pre)clinical tracers, ubiquitous substrate classes amenable
to rapid library generation are ideal, preferably minimising
the need for metals or other additives, thus simplifying
subsequent purification and quality control protocols.

For this reason, radiochemistry practitioners often apply
easily implementable nucleophilic aromatic substitution
(SyAT) reactions with [**F]fluoride in the radiofluorination
of (hetero)arenes, most commonly pyridines.?***”1 While
several leaving groups can be utilised including halides and
nitro groups, trialkylammonium salts have prevailed as
substrates for radiotracer production, including the FDA-
approved [“F]piflufolastat and ["°F]flortaucipir (Fig-
ure 1A).®! These precursors display excellent substitution
reactivity, and are easily separated from neutral radio-
labelled products. However, the commercial availability of
these compounds is limited and chemical synthesis can be
challenging. Moreover, side-reactivity —of trimeth-
ylammonium salts has also been reported during '*F-
fluorination, with gaseous [“F]fluoromethane produced in
competitive Sy2 processes.”

In response to these constraints, our aim was to develop
a protocol to convert readily available (hetero)anilines into
structurally diverse and functional "*F-fluorinated heteroar-
enes to accelerate PET ligand discovery. In our reaction
design, we embraced the reactivity of (hetero)aryl pyridi-
nium salts known as powerful synthetic intermediates for
deaminative functionalisation."” These salts can either be
isolated or prepared in situ, thereby offering the possibility
of a one-pot *F-fluorodeamination protocol. Moreover, the
ionic nature of pyridinium salts could enable elution of
['*F]fluoride from ion-exchange cartridges in the absence of
weak bases and/or phase-transfer catalysts through ion
pairing with [*F]fluoride.""! The excess of charged pyridi-
nium salt precursor should therefore be easy to separate
from neutral "®F-products. Finally, the wealth of methods
available for the synthesis of pyridinium salts is a key
advantage. The late-stage condensation of ubiquitous pri-
mary amine precursors with commercial pyrylium reagents

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 1. A) i) Heteroaryl *F-fluorides as PET radiotracers. ii) SyAr for
8F-fluorination (LG = leaving group, Hal =halide). B) This work: '®F-
fluoroheteroarenes via deaminative fluorination (X=BF,7).

is well explored and offers an expedient approach to
pyridinium salts.!"”!

We noted only two examples of fluorodeamination
applied to "F-labelling. Murphy and co-workers reported
the ®F-fluorination of aryl sydnones, prepared from the
corresponding aniline in two steps.'”? Also, Riss and co-
workers reported a Cu-mediated Sandmeyer-type "*F-fluori-
nation of diazonium salts, which were formed in situ from
anilines with amyl nitrite."” These methods were applied to
the radiosynthesis of simple *F-fluoroarenes, but application
to diverse complex heteroaryl *F-fluorides has not been
demonstrated. Herein, we report that '*F-fluoroheteroarenes
representative of the structural diversity of pharmaceutical
drugs are readily accessible upon radiolabelling of pyridi-
nium salts prepared from (hetero)anilines (Figure 1B).

Cornella and co-workers demonstrated in their study on
deaminative halogenation that heteroaryl pyridinium tetra-
fluoroborates were reactive towards rigorously dried KF in
excess (2 equiv.).'""™¥ Direct translation of these conditions
to "®F-radiochemistry is complicated by several factors that
perturb both reactivity and reaction kinetics.™™ The 'SF-
labelled component is used in minute quantities (nano- to
picomolar concentrations) compared to vast excesses of
labelling precursor, elution bases and/or phase-transfer
reagents. The latter are used during the separation of
['*F]fluoride from target water, and the super-stoichiometric
amounts of these reagents have been shown in some
instances to complicate reaction scale-up. Preliminary ex-
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periments therefore focused on assessing whether pyridi-
nium salts remain suitable electrophiles in SyAr reactions
with [*F]fluoride. For initial studies, we selected 1-(pyrimi-
din-2-yl)pyridin-1-ium tetrafluoroborate (1) prepared via a
condensation of 2-aminopyrimidine (2) with pyrylium tetra-
fluoroborate. First experiments with 1 using an aliquot (10—
50 MBq) of ["*F]KF/K,,, in MeCN gave no desired product
(Table 1, entry 1). Extensive investigation led us to find that
an increase in the concentration of the elution reagents
K,COj; and K,,, was crucial to reactivity and thus, reacting 1
with [*F]fluoride in the presence of these elution additives
at 80°C in MeCN yielded [**F]2-fluoropyrimidine (["*F]3) in
88 % radiochemical yield as determined by radio-HPLC
analysis of the crude reaction (RCYyp ) (Table 1, entry 2).
The observation that these common elution additives
enabled '"®F-incorporation boded well for scale-up and
automation. Polar aprotic solvents such as DMF, DMSO
and MeCN provided ["*F]3 in excellent RCYpc (Table 1,
entries 2-4). Polar protic solvents such as EtOH and MeOH
were less effective (Table 1, entries 5-6). The reaction
proceeded at 50°C, yielding [*F]3 in 67 % RCYyp.c, and
even at 30°C, ["*F]3 still formed in 13 % RCYp ¢ (Table 1,
entries 7-8). For comparison, ["*F]3 and other radiofluori-
nated heteroarenes were not within reach under Cu-
mediated Sandmeyer-type conditions (Scheme S6), a result
highlighting the radiosynthetic value of this novel pyridi-
nium-based "*F-fluorodeamination.!"”

The tolerance of the reaction to ubiquitous functional
groups was assessed using an additive-based robustness
screening approach.'® Under the optimised reaction con-
ditions using 1, various additives (1 equiv.) were spiked into
the reaction mixture to study their effect on RCYyp . The
reaction tolerates diverse functionalities including oxygen-,
nitrogen- and sulfur-based groups, as well as a range of
FDA-approved pharmaceuticals (Scheme S2). Nitrogen
atoms protected as carbamates, or substituted with an
electron-withdrawing group, such as those incorporated in

Table 1: "*F-Fluorination of model pyridinium tetrafluoroborate 1.7

["®FIKF (10-50 MBq)

L® O K2CO3 (0.011 mmol)
=~ K345 (0.020 mmol}) 18E
1 - (Y
=N BF; MeCN (0.3 mL), 80 °C
20 min

['*F]3
Entry Deviation from standard conditions RCY o ™
1 No additional K,CO; and K5, 0% (n=1)
2 None 88%+8% (n=7)
3 DMF as solvent 85% (n=1)
4 DMSO as solvent 94% (n=1)
5 EtOH as solvent 56% (n=1)
6 MeOH as solvent 7% (n=1)
7 Reaction at 50°C 67% (n=1)
8 Reaction at 30°C 13% (n=1)

[a] 1 (0.05 mmol). [*F]KF prepared with a K,CO; (0.011 mmol)-K,,,
(0.020 mmol) elution protocol and aliquots of this were dispensed as
a solution in MeCN. [b] RCY;p ¢ radiochemical yield as determined by
radio-HPLC analysis of crude reaction mixtures.
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phthalimide, sulfonamide or amide moieties, were well
tolerated. As expected, strongly nucleophilic functional
groups such as secondary alkyl amines, thiophenols and
phenols were problematic as these likely competed with
[**F]fluoride to react with the substrate. Free acids were not
tolerated, likely consuming the K,CO; elution base, which
we demonstrate promotes radiofluorination (Table 1, en-
try 2). With the aim to implement a one-pot radiofluorina-
tion of amines, the reagents used to prepare pyridinium salts
from amines were also considered in the robustness study.
While heteroaniline 2 was well tolerated as a spiking
additive, the addition of pyrylium tetrafluoroborate resulted
in no formation of ["*F]3; as expected, no desired radio-
fluorination took place when a one-pot “*F-fluorodeamina-
tion sequence was attempted with 1 equiv. of both 2-amino-
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pyrimidine (2) and pyrylium tetrafluoroborate. However,
upon increasing the loading of 2 to ensure complete
consumption of the pyrylium reagent and further optimisa-
tion of the solvents used for the condensation and radio-
fluorination, reactivity was restored leading to [**F]3 in 38 %
RCY ypc (n=7), albeit in lower yield than for the direct '*F-
fluorination of 1 (Table S3).

With the optimised reaction conditions and the data
from the robustness screening in hand, we next applied our
protocol to the radiosynthesis of structurally diverse hetero-
aromatic '*F-fluorides, including complex bioactive mole-
cules (Scheme 1). Pyridinium tetrafluoroborate salts were
prepared by condensation of heteroanilines with pyrylium
tetrafluoroborate in variable yields (31-85%) in line with
literature precedents.!'”! Substrates derived from pyrimidines

Scope
obtained from o
heteroanilines ["°F]KF (10-50 MBq)
@ K,CO5 (0.011 mmol)
N”2 Kz, (0.020 mmol) 18p
BFO MeCN (0.3 mL), 80 °C, 20 min
(0.05 mmol)

['8F]3 (R=H): 88% + 8% (n = 7)

18 fone-pot] 38% +22% (n=7) O,N
N 1%F \
I \\|/ ['®F]4 (R=Br): 84% + 4% (n = 3) | .
N ['®F]5 (R=1): 43% + 3% (n = 3) N7 18

['®F]6 (R=Ph): 78% + 4% (n = 3)
['®F]7 (R=OMe): 13% + 3% (n = 2)
['8F18 (R=CO,Et): 72% + 7% (n = 2)

18F
N)§N N \N j/"sF
|

PR N (I,

['®F]13: 33% + 16% (n = 4) ["®F]14: 52% +27% (n = 3) ['®F]15: 93% + 2% (n = 3)
From RS-127445

|
e AS

['8F]18: 98% + 0% (n=3) ['8F]19: 26% + 6% (n=2) ['®F]20: 78% + 9% (n = 2)
From chioridazon

['®F19: 8% + 5% (n = 3)

18 18
NZ = ['®F]24 (R=H): 94% + 1% (n = 3) N])\/[N»
K\N,N 7 ['®F125 (R=I): 97% + 0% (n = 3) '\N/ N
R R
18F

NN
)'\)I>
CcI” N g‘n

['®F]29: 24% + 2% (n = 3)

N= OR
me/K;\N' O !
ANy
N 5—2
Nacd Yoac

From adenosine

['®F]30 (R=H): 85% + 2% (n = 3)
['®F131 (R=Ac): 71% + 3% (n = 3)
[one-pot] 37% + 8% (n = 2)

[18F]3—[18F]33 screening applied

Ph 18

N

r / Me ﬁ N N
N~ (>

18 Me 18p N

['®F]10: 69% +28% (n=3) ['®F]11: 24% + 6% (n =3) ['®F]12: 89% + 5% (n = 3)

Me_ Me
Besaiiecalhaasy

["®F]17: 74% + 5% (n = 3)
[one-pot] 12% + 8% (n = 2)
From fenofibrate

['8F]16: 89% + 2% (n = 3)

~ 1BE_ N O\FF

N

X T ST

EtO,C NC” °N” “Me £t0,

['8F]21: 10% + 2% (n=3) ['®F]22: 89% + 0% (n =3) ['®F]23: 88% + 4% (n = 2)

['®F)26 (R=Et): 73% + 6% (n = 3)
[one-pot] 3% + 1% (n = 2)

['®F]27 (R=Bn): 79% + 4% (n = 3) N
['8F]28 (R=CH,CO,Et): 89% + 0% (n = 3) M N
NRZ

4N
N ;_2\,\] Okt
18F N/)

['®F]32: 51% + 6% (n = 3)
From adefovir

['®F133: 98% + 0% (n = 2)
[one-pot] 41% + 10% (n = 2)
From ibrutinib

Scheme 1. Scope of the radiofluorination of heteroaryl pyridinium salts. Radiochemical yields were determined by radio-HPLC analysis of the crude
reaction mixture (RCY,p.c). One-pot RCY,;p c data are indicated, where the reaction gave the desired product (Scheme S4) (see Sl for details).
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performed well and substitution at the 5-position with a
range of electronically differentiated functionalities was
tolerated, in 13 %—-88 % RCYyprc ([**F]3-[**F]8). Substrates
derived from pyridines proved more challenging (e.g.
[**F]9), however given that previous studies focused their
attention on the radiofluorination of pyridines and
quinolines,”"™ we instead directed our efforts towards the
radiosynthesis of other classes of '*F-fluoroheteroarenes.
Thieno-, furo- and pyrrolo-fused pyrimidines reacted in up
to 89% RCYupc ([*F]10-[**F]12). Such structures are of
interest for microtubule imaging and these scaffolds have
not been previously radiolabelled at the 6-position.'”! More
elaborate pyrimidine scaffolds derived from amines with
biological activity were radiofluorinated in good yield (e.g.
["*F]13, 33 % RCYypic). An ®F-fluorinated derivative of the
bioactive compound RS-127445 ([**F]14), a 5-HT receptor
antagonist used in the treatment of gastrointestinal disor-
ders, was prepared in 52% RCYyp " Various quinazo-
line-derived pyridinium salts were found to be amenable to
"¥F_labelling under our conditions (["*F]15-["*F]16, up to
93 % RCYyp o). In addition to this, the antilipidemic agent
fenofibrate was functionalised with a 2-aminoquinazoline
fragment and the resulting pyridinium salt was radiofluori-
nated in good yield (["*F]17, 74 % RCYp ). Other diazine
scaffolds, including pyridazines (["*F]18-[**F]19, up to 98 %
RCYypic) and pyrazines ([**F]20-[*F]22, 10-89 % RCYpic)
underwent radiofluorination in moderate to excellent yield.
The transformation was applicable to 5-membered hetero-
cycles including [“FJethyl-2-fluoro-oxazole-4-carboxylate
(['*F]23), which was obtained in 88% RCYypc. A pyridi-
nium tetrafluoroborate derived from pyrrolo[2,1-f]-
[1,24]triazine was "F-fluorinated at the 4-position in 94 %
RCYypic ([*F]24), as well as an iodinated derivative of the
same scaffold (["F]25) in 97% RCYyp e This scaffold
present in the antiviral drug remdesivir has not previously
been radiofluorinated. Adenine and purine-derived scaffolds
were radiofluorinated in excellent yields and could be
substituted at the 9-position with various groups, without a
detrimental impact on radiochemical yield (["*F]26-[*F]28,
up to 89 % RCYyp ). When the 2-position was substituted
with chlorine, which may be reactive towards [**F]fluoride
under SyAr, chemoselective conversion to the 6-"*F-product
was observed, with no side reactivity due to substitution of
chloride ([**F]29). Di- and tri-acetylated adenosines were
subjected to our '*F-fluorodeamination protocol and the
desired product (["*F]30-["*F]31) was formed in 85% and
71 % RCYyp ¢, respectively. A pyridinium tetrafluoroborate
salt derived from an antiviral agent used in the treatment of
hepatitis B, adefovir diethyl ester, was radiofluorinated in
51% RCYypc ([**F]32). The tyrosine kinase inhibitor
ibrutinib, which is used in the treatment of leukemia and
lymphoma, was successfully transformed into an "*F-labelled
analogue in 98 % RCY ¢ (['*F]33).

Pyridinium salts being ionic species, we next investigated
their ability to act as [**F]fluoride elution bases, in place of
conventional elution and drying protocols with inorganic
bases, such as K,COj; this latter process can indeed be time
consuming, resulting in activity losses to decay. Building on
the work of the groups of Ritter, Neumeier and Zlatopolskiy
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with other ionic substrates,"” we found that the pyridinium
salt 1 in methanol can elute [**F]fluoride from a Waters Sep-
Pak QMA Carbonate cartridge, with good elution efficiency
(88%) (Table S4). Furthermore, a solvent exchange to
MeCN allowed for direct radiofluorination of 1 in up to
40 % RCYyprc, and in up to 81 % RCYyp ¢ in the presence
of additional 1, K,CO; and K,,, additives (Table S8).

For the production of (pre)clinically relevant tracers, it is
important that this methodology is amenable to multi-GBq
production and automation. We therefore next turned our
attention to the automated radiosynthesis of heteroaromatic
F-fluorides using a Trasis AllinOne radiosynthesiser. After
testing the automated program for the radiosynthesis of
[**F]3, this was then applied to the preparation of three
bioactive heteroaromatic "*F-fluorides (Scheme 2). Starting
from 100 GBq of ["*F]fluoride, [*F]30 was prepared from
the requisite pyridinium salt in an activity yield (AY) of
33.8 GBq (non-decay corrected) and in high radiochemical
purity (>98 %). The molar activity of the obtained product
was high (A,,=321 GBqumol™), corroborating an earlier
experiment, where subjecting 1 to the reaction conditions in
the absence of ["*F]fluoride showed no formation of 3 by "F

Automated scope
[”‘F]Fe (100 GBq)
K,CO3 (0.011 mmol) i
@ Ny Kzz, (0.020 mmol) F
BF O MeCN (1 mL), 80 °C ‘@
20 min

automated radiosynthesis
< 75 minutes total synthesis time

Adenosine derivative
18 ‘

NTX N h

|Jj: Y 4

I\N/ N> =

ACO—Q
y_-OH

AcO
["®F]30
AY = 33.8 GBq (n.d.c)
An = 321 GBq umol™’
Microtubule imaging ligand derivatives
['®F]FHD-900 ["®FIMPC-6827 analogue

OMe /@OMe
Me.
(Nj©/ °N

X" N TN

LAy . N
['®F]34 ['®F135

AY = 11.9 GBq (n.d.c) AY =222 GBq (n.d.c)

Aq, =110 GBq pmol™” Ap = 142 GBq pmol”!

18F

Scheme 2. Automated radiofluorination of heteroaryl pyridinium salts
and application to radiotracer synthesis. AY (n.d.c.) =activity yield,
non-decay corrected; A, =molar activity. Automated radiosynthesis
was achieved using a Trasis AllinOne radiosynthesiser.
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NMR (Figure S11). This suggests that isotope exchange with
the tetrafluoroborate counterion is not competitive with the
desired "®F-fluorination, a result consistent with a previous
report on the radiofluorination of aryliodonium tetrafluor-
oborate salts.”” Furthermore, two molecules with potential
application in microtubule imaging were prepared using the
same automated program; [F]JFHD-900 (['*F]34, AY=
119 GBq, A,,=110 GBqumol™') and an '"F-analogue of
["'CIMPC-6827 (["*F]35, AY=2.22 GBq, A,=
142 GBq umol ).11721

Nucleophilic aromatic substitution is a high value
disconnection for the synthesis of radiofluorinated com-
pounds and PET radiotracers that can be readily imple-
mented in PET centres. This work introduces
(hetero)aniline-derived pyridinium salts as a new class of
reactive and versatile precursors for SyAr with [*F]fluoride.
The technology enables efficient '*F-labelling under mild
conditions of diverse and structurally complex heteroarenes,
commonly found in drug discovery. The reaction is easy to
scale up and automate on a commercial radiosynthesiser,
and can therefore be immediately adopted to advance PET
ligand discovery. Considering that pyridinium salts are
readily prepared from a diverse pool of precursors other
than primary amines, we anticipate this technology to
advance ¥F_radiochemistry far beyond
fluorodeamination.””
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s 33 examples, up to 98% RCY
« diverse heteroarene scaffolds

e products accessible in high A,

'8F-Fluoroheteroarenes find wide appli-
cation as radiotracers for PET (positron
emission tomography) imaging. Here,
we present a deaminative radiosynthetic
approach via pyridinium tetrafluorobo-
rates that facilitates radiofluorination of

33 structurally diverse heteroarenes in
up to 98 % RCY (radiochemical yield).
This method was also amenable to
automation and was successfully trans-
lated to an automated synthesiser.
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