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Recent progress in aromatic radiofluorination

Young-Do Kwon and Joong-Hyun Chun*

Department of Nuclear Medicine, Yonsei University College of Medicine Seoul 03722, Republic of Korea

ABSTRACT Fluorine-18 is considered to be the radionuclide of choice for positron emission tomography (PET). Thus, the
development of small molecule-based radiopharmaceuticals for use in diagnostic imaging relies heavily on
efficient radiofluorination techniques. Until the early 2000s, diaryliodonium salts and aryliodonium ylides were
widely employed as labeling precursors to yield aromatic PET radiotracers with cyclotron-produced ['®F]fluoride
ion. Rapid recent progress in the development of efficient borylation methods has led to a paradigm shift in
8F-labeling methods. In addition, deoxyfluorination has attracted a great deal of interest as an alternative
approach to aryl ring activation with '8F-. In this review, methods for radiolabel development are discussed with
a specific focus on the progress made in the last 5 years. Other interesting '®F-based protocols are also briefly
introduced. New methods for exploiting ®F are expected to increase the number of '®F-labeling methods, to

allow applications in a range of chemical environments.
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Figure 1. ["®F]Fluoroarenes from hypervalent aryliodines: (a) Structure of
diaryliodonium salt and iodonium ylide, (b) Cu-catalyzed radiofluorination of
mesityliodonium salt, (c) Chemoselective radiosynthesis of [®F]fluoroarene
via trimethoxyphenyliodonium tosylate, (d) ['®F]Fluoroarene from oxidized
iodoarene, (e) Clinical PET radiotracer production via iodonium ylide
precursor.
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Figure 2. ["®F]Aryl fluoride from organometallic precursors

WL ohE AR OORETE o) WHE olgste] 94
Aol ol YA OIORES Ba-1802 AT O
2 #A7} F53E At

0]2-3} H} k= %1\ —18 XA vk-&

o EATH: olel SfetFEA
=3 BAHE ol olUd AEFE ol
of Z24-185 EAIShH= ol MEEeH, Aes

oz go 7hge v 9tk (Fig. 3). Ritter 5

of Mt BAk: B3} ubeo] A1), WIHL
2] %8 d%HFS(concerted nucleophilic aromatic

substitution, CSyAr)C=2 Z=Em, o Ao AA| =
o Wk A 23S (nucleophilic aromatic
substitution, SyAr)ollA2] Meisenheimer complex
SAE AA7H= W&ol obd, PhenoFlor7} =3
i35t —?—i%(uronium) SUAE AA W% 3t
=0 Bt dojgs Kol o] W o A
SRE HREY —lﬂe%'- Xd:erﬂ O] slstd o g oby

o
9|L
fr
ou:
E
©
=
>
zi
O
fru
i
i)
o,
o
i)

148 J Radiopharm Mol Probes Vol. 5, No. 2, 2019

2 73 Gl TR AR A0 Aol B
o= AGET, Teln AERAAS AT R
218715 744 Al le] AvbH o & A gud, 7
284k 49 o] WgS AW WA £
¥ (uronium) Z7HA7H A 4| oot wkgo] K14
opeth W 3ol Qs WA AloFe FH5] 9
s, &e 2B Ru 34 2L o83 $4-18 ¥

re
o,
2
N
i
ol
ol
8
,_C‘:
)
»
o
ok
rE
12
>,
2
v
Y

6(histone deacetylase 6, HDAC6)9] 7|52

3H= PET A ojoFEo] 7idbolt), o] Wrog
H ¥F—Bavarostat®] -9, Ax| 7o} Y5olE

2 3FPET G- NA 2 = AFES 2o
(23). =3 2018900l= &2 24 Ru o5 &
= o] &3t GAkA B4} HHE-E o] &-5to] fErol=9
4—[®F]fluorophenylalanine Z7|(residue)S =3+
T S HolRqth24), o] W AL, 7]Eel
A R A B R (radioprosthetic group) S ©]-8-3 2

Efo| =5 #A5h= Wl Hste] E4-18 #A4)

TN 2

ﬁ 32 ox M

ﬁm{ﬂ—ﬂloiﬂ

=

(A)
OH  1sp- BFo i
R @ F R @ iPr N/:\N iPr,
conditions | @/ Y +
H iPr Cl jpr
deoxy(radio)fluorination
""""""""""""""""""""""""" chloroimidazolium
derivative, ImCl, 1
(8)

Ar = 2,6-diisopropylphenyl

N,
oH Ar—N Ar
81
R ) O fep
AgzCOs @

via uronium intermediate

15F
—_— R~©/

specific condition

transition metal-free protocol 1) Ag,CO3, 1, CHCI3, 60 °C
2016 2) "®F*, butanone:EtOH (10:1), 130 °C, 20 min

transition-metal mediated protocol 1) CpRu(COD)CI, EtOH, 85 °C, 30 min
2017 2) 18F", 1, MeCN:DMSO (1:1), 125 °C, 30 min

Figure 3. (a) Deoxy(radio)fluorination to produce [*Flfluoroarene from phenolic
substrate, (b) Formation of uronium intermediate during radiofluorination of
phenol in the presence of 1.



g,
o
1
et
¢
(o)
Lo
>,
N
o
ox

o e} 2 = oh ufj e
T e E e o gL & & QAT ARk of HE
oo TS| A% =do] v ik, s o s
A Fd= & 5 e dr7HA = AEst= o
2ol & AoE AgE

MZE AL EAAFAE o8¢
WS E4-18 BA vk

2 5ol Turd 24-189 #ANY Fof 53] &
Z A=

2.
e
>

pyridine— N—oxide2}

oL
dm oSt

F

BN

+=(arylsydnone)S 3EA] HALAZ A3
3l

ol

8o, DAY BA-18 8% X

— (o]
gl A7HEA o, aEAR

B>
L
oo
tlo
H
R
ofr
ol
N
Q£
o
=
i
i)
2
v
2
T A
oo of o of e

o
i
=
U
Mo
==
N
)
-
i_‘,‘
=
i
H
e
B
P oo
B
o
A
HLI r]I Jis
o

du o
2
™
Kl

itk 2017¢ Murphy 5& N—
(N—arylsydnone)2 ©]-8-3F g &4

SFATH25). A 2T Hse 20 =4

ne
e
>
at
i

N
-

I olo

HUF_E
© o
o

e
B>

oo 1o
r]I,
olo
_\::l‘
rir
it
i)
o
o2
&
o)
il
¢
©
B
5
KGR
ot op@ B
oo

)
2
g
xS
e
>
It
i
filo
o
o
9#
H
=hs
iC)
gl
T

A== 9 sulfone, sulfonamide, pyrrolidinyl,
morpholinyl -2 2-§-7]¢} sjH| 2Ao] S0 thefFst
A Agd 4 U BoFAH26). FZol Taran
¥} Specklin Z{FoflA N-UHAI == AS2U7]
(cycloalkyne)& o83t ZHH-3-2 =35t of| & 1L
3}t SPSAC(strain—promoted sydnone—alkyne
cycloaddition) 2.2 WHE o] Hk3oz X H A&
Al (cetuximab) ZFA0|ES Zjelrly] WHo=
PET ¥44& ¥l A5stAth@n).

AGA = Felsto] 42 pyridine—N-oxide?] %%,
chaket 2418 WeT SherEe et AHgE A
20154 Xiong® Hoye 5ol &J8ll4] N-oxide® &4
SheEfof Q= vlEjd A9 ortho— YA SHUEE
dom e F, AA8E dEEHS ol&sto] ortho—

fn

Journal of Radiopharmaceuticals and Molecular Probes

oA 2o
e}
<
=.
=
=]
A
i
@]
K.
[oN
[0}
il
o
op
ot
e orr
oo
flo
o
o
g
&5
;%
o

WA e r AT 5 deS Holeqlh
2016 Dedesus 52 N—oxideE ©]-€3}%], meta—
AA7F #AE obr] i) 2l (aminopyridine) & ¥43
skt AdEstarh29). 53] Hede] meta—9l2]=
2g3tE]o] QUA] ot WhgAdo] W& Ao ' deA gl
ot 1% AloF Al pyridine—N-oxide ARH-8F =
E31al meta—A[o E4-18E& =Yt oW, EX]
= pyridine—N—-oxideZ Yslo] E4—180] HX|=

opul s el e P& 4 Ugleh

(A) o
NH ﬁo 1ope 18F
S S S S

N-arylsydnone

(8)

o o
;
N 18- N, reduction N
'S B B
§ l = Z
7 Br 18g 8F
NO, NO, NH,
HPLC HPLC
isolation isolation
©)
=N, multi-gram =N, =N
\_/ scale \ /1.1 \ /
= -
A N A N 2. hydrolysis B N
L. Boc NP Boc | H
il AN 19E 7N
o
“OTs

Figure 4. Recently developed precursors for aromatic radiofluorination: (a)
N-arylsydnone as a new precursor for aromatic radiofluorination, (b) Pyridine-
N-oxide approach to meta-[*Flaminopyridine, (c) Improved radiosynthesis of
18F-AV-1451("8F-T807)

Conclusion

<t 5W7E, PET G4 o] 83 w2 A7 &A%
Hof| what 1o a2 WS 2418 1]
ol wo] 7t Q). o] FAA = thEF o2 YIF
= SRt g et oA AT, AES Ao &

www.ksramp.or.kr 149



Joong-Hyun Chun, et al

W, Ba-188 SEsh meHQl W 2L S, A
= ShgrE Y QN EA 5 kRt Ropol Al 2|42
Q1 A7k olFolA 2.3 gk, BE, ALE Yol B
£ shobael 3ol o AgE S guetE, o By
sh7131 chopat BHEHE-S PET 4l ol857] Sl3h &
© AT RS AR WS Adstn k. 53
NANE A ST 4 YT WFS Bao18 B
o PA= WA A ol WHolH Ei-18 B
A2 AES B 4 gl 2E dof Bkth olelst why
£ AMHOE Agto] AT AUE B Bora
Q1 FAEZ Mok FHBYS EAFORHN, PET G4
ol 719rst Aloke] §AA B AA A Ak Ak
B FHEAARIL, Gorbit ofe] A% mdle| of
Aot chkal AEg WA loFE ] Aol 7]ojer
5 e Ao e

Acknowledgments

o] i FEATAG] A YO mhaAT NI ATA

A(NRF-2019R1F1A1058774) 2] A ol 4=sj ]
glov], ol@el o3t BAE 9o 4 Ut 4dH

o)

BAML e AU

References

1. Varlow C, Szames D, Dahl K, Bernard-Gauthier V,
Vasdev N. Fluorine-18: an untapped resource in inorganic
chemistry. Chem Commun 2018;54:11835-11842.

2.Szpera R, Moseley DFJ, Smith LB, Sterling AJ,
Gouverneur V. The Fluorination of C-H Bonds:
Developments and Perspectives. Angew Chem Int Ed
2019;58:14824-14848.

3.Deng X, Rong J, Wang L, Vasdev N, Zhang L,
Josephson L, Liang SH. Chemistry for Positron

Emission Tomography: Recent Advances in ''C-, "8F-,

150 J Radiopharm Mol Probes Vol. 5, No. 2, 2019

’N-, and “O-Labeling Reactions. Angew Chem Int Ed
2019;58:2580-2605.

. Brooks AF, Topczewski JJ, Ichiishi N, Sanford MS, Scott

PJH. Late-stage ['*F]fluorination: new solutions to old
problems. Chem Sci 2014;5:4545-4553.

.Krall J, Heinrich MR. ["®F]Fluorine-Labeled

Pharmaceuticals:  Direct  Aromatic  Fluorination
Compared to Multi-Step Strategies. Asian J Org Chem
2019;8:576-590.

. van der Born D, Pees A, Poot AJ, Orru RVA, Windhorst

AD, Vugts DJ. Fluorine-18 labelled building blocks for
PET tracer synthesis. Chem Soc Rev 2017;46:4709-4773.

. Kuchar M, Mamat C. Methods to Increase the Metabolic

Stability of '®F-Radiotracers. Molecules 2015;20:16186-
16220.

. Pike VW, Aigbirhio FI. Reactions of Cyclotron-produced

[**F]Fluoride with Diaryliodonium Salts-a Novel Single-
step Route to No-carrier-added ['*]Fluoroarenes. J Chem
Soc Chem Commun 1995:2215-2216.

.Pike VW. Hypervalent aryliodine compounds as

precursors for radiofluorination. J Labelled Compd

Radiopharm 2018;61:196-227.

10

11.

12.

13.

14.

. Preshlock S, Tredwell M, Gouverneur V. '8F-Labeling
of Arenes and Heteroarenes for Applications in Positron
Emission Tomography. Chem Rev 2016;116:719-766.
Ichiishi N, Brooks AF, Topczewski JJ, Rodnick ME,
Sanford MS, Scott PJH. Copper-Catalyzed [“F]
Fluorination of (Mesityl)(aryl)iodonium Salts. Org Lett
2014;16:3224-3227.

Kwon Y-D, Son J, Chun J-H. Chemoselective
Radiosyntheses of Electron-Rich ["®F]Fluoroarenes
from  Aryl(2, 4, 6-trimethoxyphenyl)iodonium
Tosylates. J Org Chem 2019;84:3678-3686.

Kwon Y-D, Son J, Chun J-H. Catalyst-Free Aromatic
Radiofluorination via Oxidized lodoarene Precursors.
Org Lett 2018;20:7902-7906.

Cardinale J, ErmertJ, Humpert S, Coenen HH. Iodonium
ylides for one-step, no-carrier-added radiofluorination

of electron rich arenes, exemplified with 4-((['*F]



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

fluorophenoxy)-phenylmethyl)piperidine NET and
SERT ligands. RSC Adv 2014;4:17293-17299.

Rotstein BH, Stephenson NA, Vasdev N, Liang
SH. Spirocyclic hypervalent iodine(IlI)-mediated
radiofluorination of non-activated and hindered
aromatics. Nat Commun 2014;5;4365.

Stephenson NA, Holland JP, Kassenbrock A, Yokell
DL, Livni E, Liang SH, Vasdev N. Iodonium Ylide—
Mediated Radiofluorination of '*F-FPEB and Validation
for Human Use. J Nucl Med 2015;56:489-492.

Lim S, Song D, Jeon S, Kim Y, Kim H, Lee S, Cho
H, Lee BC, Kim SE, Kim K, Lee E. Cobalt-Catalyzed
C-F Bond Borylation of Aryl Fluorides. Org Lett
2018;20:7249-7252.

Tredwell M, Preshlock SM, Taylor NJ, Gruber S, Huiban
M, Passchier J, Mercier J, Génicot C, Gouverneur V. A
General Copper-Mediated Nucleophilic '*F Fluorination
of Arenes. Angew Chem Int Ed 2014;53:7751-7755.
Mossine AV, Brooks AF, Makaravage KJ, Miller JM,
Ichiishi N, Sanford MS, Scott PJH. Synthesis of ['*F]
Arenes via the Copper-Mediated ["*F]Fluorination of
Boronic Acids. Org Lett 2015;17:5780-5783.
Makaravage KJ, Brooks AF, Mossine AV, Sanford
MS, Scott PJH. Copper-Mediated Radiofluorination of
Arylstannanes with ["F]KF. Org Lett 2016;18:5440-
5443.

Neumann CN, Hooker JM, Ritter T. Concerted
nucleophilic aromatic substitution with ’F— and ®F—.
Nature 2016;534:369-373.

Beyzavi MH, Mandal D, Strebl MG, Neumann
CN, D’Amato EM, Chen J, Hooker JM, Ritter T.
8F-Deoxyfluorination of Phenols via Ru n-Complexes.
ACS Cent Sci 2017;3:944-948.

Strebl MG, Campbell AJ, Zhao W-N, Schroeder FA,
Riley MM, Chindavong PS, Morin TM, Haggarty SJ,
Wagner FF, Ritter T, Hooker JM. HDACyBrain Mapping
with ["®F]Bavarostat Enabled by a Ru-Mediated
Deoxyfluorination. ACS Cent Sci 2017;3:1006-1014.

Rickmeier J, Ritter T. Site-Specific Deoxyfluorination

25.

26.

217.

28.

29.

Journal of Radiopharmaceuticals and Molecular Probes

of Small Peptides with ["®F]Fluoride. Angew Chem Int
Ed2018;57:14207-14211.

Narayanam MK, Ma G, Champagne PA, Houk
KN, Murphy JM. Synthesis of ["*F]Fluoroarenes by
Nucleophilic Radiofluorination of N-Arylsydnones.
Angew Chem Int Ed 2017;56:13006-13010.
Narayanam MK, Ma G, Champagne PA, Houk
KN, Murphy JM. Nucleophilic 'F-Fluorination of
Anilines via N-Arylsydnone Intermediates. Synlett
2018;29:1131-1135.

Richard M, Truillet C, Tran VL, Liu H, Porte K, Audisio
D, Roche M, Jego B, Cholet S, Fenaille F, Kuhnast B,
Taran F, Specklin S. New fluorine-18 pretargeting PET
imaging by bioorthogonal chlorosydnone—cycloalkyne
click reaction. Chem Commun 2019;55:10400-10403.
Xiong H, Hoye AT, Fan K-H, Li X, Clemens J,
Horchler CL, Lim NC, Attardo G. Facile Route to
2-Fluoropyridines ~ via  2-Pyridyltrialkylammonium
Salts Prepared from Pyridine N-Oxides and Application
to '8F-Labeling. Org Lett 2015;17:3726-3729.
Brugarolas P, Freifelder R, Cheng S-H, Delesus
[**F]3-fluoro-4-
aminopyridine via direct radiofluorination of pyridine
N-oxides. Chem Commun 2016;52:7150-7152.

O. Synthesis of meta-substituted

www.ksramp.or.kr 151



