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3. ['®F]Radiofluorination for PET Imaging

3.1 Introduction to PET Imaging

3.1.1 Fundamental Principles

Positron Emission Tomography (PET) imaging is a quantitative technique used to image function in biological
systems. PET imaging is used clinically to diagnose and monitor diseases and as a research tool for
drug development.

Image Credits: By Hg6996 - Own work (unaltered), Public Domain, https://commons.wikimedia.org/w/index.php?curid=8322582;
By Jens Maus (http:/jens-maus.de/) - Own work (unaltered), Public Domain, https://commons.wikimedia.org/w/index.php?curid=801896. 92
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A biologically relevant organic molecule such as a drug candidate or biomarker is functionalised (or
“labelled”) with a B* (positron)-emitting radioisotope. This radiotracer is then administered to a patient
and accumulates at the site of interest.
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3.1.2 Fluorine-18

Among positron-emitting radioisotopes, fluorine-18 is arguably the most attractive for installation into PET
tracers.

Radionuclide Half-Life E*(B*.x) (MeV) Average B* Range (mm)

20.4 min B* (99%) 0.97 0.85
BN 10 min B* (100%) 1.20 1.15
150 2 min B* (100%) 1.74 1.80
18 110 min B* (97%) 0.64 0.46
6Br 16.1h B* (57%) 3.98
124 4.18 days B* (24%) 2.13

Half-life (t,,, = 110 min) is sufficiently long for (quick) organic

synthesis but short enough to minimise radiation exposure
1 8 F Multiple scans can be performed within a short time frame
Fluorine is compatible with organic molecules and is a
(t1/2 =110 min) common component in pharmaceuticals
Abundance = 0.2% The emitted positron has a relatively low energy leading to

better resolution
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Selected '8F-labelled PET tracers:

\kaH .
H
Q o HO OH
HO © HO NH,
HO 0 HO 18

18 OH
['®F]F-L-DOPA

['®F]2-Fluoro-2-deoxyglucose 18 »
(['®FIFDG) Neurology, Receptor Measurement, Clinical
. ['®F]Fluorothymidine (Elsinga, 1999)
Glucose Upregulation Oncol Cell Proliferation. Preclinical
(Sokoloff 1993) ncology, Cell Proliferation, Preclinica

(Grierson 1999)

oL
N~ NO /= OH

PN PRy O A
Y ﬁ%ﬁF O2N
N

0, F F

OH ['FIFMISO
Cardiology/Oncology, Hypoxia, Clinical

['®F]EF5 18
[ "FIFAZA (Tang, 2005)

Cardiology/Oncology, Hypoxia, Preclinical Cardiology/Oncology, Hypoxia, Preclinical
(Solin, 2008) (Machualla 1999)
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Fluorine-18 is most often prepared via bombardment of oxygen-18-labelled water by a cyclotron-
accelerated proton.

Cyclotron beam Radioisotope produced

(p = proton) X /

80(p,n)'°F

Target nucleus [\

Side-product
(n = neutron)

['®O]H,0 is bombarded with protons accelerated in a
cyclotron (energy = 11-18 MeV)

Produced fluorine-18 adheres to the walls of the
cyclotron target
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3.2 General Principles of ['®F]Radiolabelling

The are several challenges inherent to ['8F]radiolabelling for PET imaging that are not encountered in normal
“cold” fluorination.

Challenge 1: Reaction Time
The short half life of 110 minutes means ['8F]radiofluorination processes must be short (< 30 minutes).
As a rule of thumb, there are three half lives (ie. ca. 6 hours) in which all the following steps must take
place:
1. Elution of fluorine-18 from the cyclotron target
2. Preparation of an ['8F]fluorinating reagent
3. The ['®F]radiolabelling reaction itself and any subsequent synthetic steps
4. Purification of the labelled radiotracer
5. Quality control analysis of the tracer
6. Transport to the clinical PET imaging facility

7. Administering to the patient and any incubation time
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In addition to fast reaction times, the purification step(s) should also be as fast as possible. Strategies
involving fast and simple filtration and solid-phase extraction techniques are preferred. The synthesis and
purification of clinically-used PET tracers is typically automated.
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Challenge 2: Stoichiometry

Fluorine-18 is generated only in miniscule amounts (ca. 1-10 nmol) and the non-fluorinated precursor
substrates are present in vast excess (typically >1000x) compared to the ['8F]fluorinating reagent.

The kinetics of “hot” and “cold” fluorination reactions are therefore very different. “Cold” fluorination reactions
that require an excess of fluorine are typically unsuccessful with fluorine-18.

Example:

[(cinnamyl)PdCl], (1-10 mol%)
tBuBrettPhos (6 mol%)
CsF (6 equiv) F

OTf

| N » | N
R—— R——

= toluene 80-100 °C, 12 h =

Buchwald’s palladium-catalysed aromatic fluorination requires excess CsF

The reaction has duly proved challenging to adapt to ['8F]radiofluorination

The effectiveness of ['8F]radiofluorination reactions is therefore quantified as the radiochemical yield
(RCY), which is defined as the amount of radioactivity (ie. Fluorine-18) transferred to the radiotracer relative
to the total radioactivity of the reaction mixture. Radiochemical yields are usually decay-corrected.
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Challenge 3: Fluorine-18 Source

Fluorine-18 generated from proton bombardment of ['®0]H,0 is obtained from the cyclotron as fluoride (F~ —
the counterions are typically metal cations abstracted from the wall of the cyclotron chamber). Upon
counterion exchange and azeotropic drying, organic soluble fluoride sources can be obtained for use in
nucleophilic ['8F]fluorination reactions.

['8F]KF/Kryptofix 2.2.2
Solution of salt (Kyy0) is the most
containing counterion common ['8F]fluoride
K i ix 2.2.

. (eg. KoCOs with Kryptofix 2.2.2) source used (eluent =

["*FIF (aq.) MX (aq.) K,CO3, Kyyy)

H H Azeotrope . K\ /\

MeCN (MeCN and H,0)  Reaction Solvent [O j j
QMA anion - o
exchange F F \ [
cartridge : : v : \ K/N\)
18
[1oFMF . Kryptofix 222
in ryptofix
— T —— (@q.) solvent
‘ ‘ SOLVATION Alternatives:
. s ['F]TBAF (eluent =
["OIH0 [FIMF nBuy,NHCO,)
Discarded <--1-- (aq.) AZEOTROPIC ['8F]CsF (eluent =
TRAPPING ELUTION DRYING (3x) Cs,CO3)
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['8F]Fluoride can be obtained in this way in high specific activity (SA), defined as the amount of radioactivity
per ymol of a substance (in GBg/umol).

Radioactivity is measured in
Amount of radioactivity (GBq) Bequerels (Bq = s™)

Mass (umol)

Specific Activity (SA) =

Outdated units: Curie = Ci
(1Ci=3.7 x 10" Bq)

The maximum theoretical specific activity can be calculated as below:

N, = Avogadro Constant = 6.022 x 1023

Maximum Specific Activity (SAqx) = NaA 9 _
A = Decay Constant = lnt— t1/2 = Half life
1/2

Maximum SA

Radionuclide Half-Life I:‘e t:::lteizrn Thec(JéeBt |c/al:‘ﬁ5|m|t Reported
4K (GBg/umol)
18 110 min 180(p,n) 8F ['80]H,0 [*8F]F- 6.34 x 10* 4000
L@ 20.4 min 1N(p,a)tiC N, (+ O,) [tic]co, 3.4x10° 500-2000
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Unlike ['8F]fluoride, however, the benchmark electrophilic source of fluorine-18 ['®F]F, can only be prepared
in low specific activity. To elute fluorine-18 from the cyclotron target, “cold” F, must be passed through with
fluorine-18 and fluorine-19 atoms exchanging.

Only a small amount of the fluorine-18 atoms (up to a theoretical maximum of 50%) are actually exchanged
and the ['8F]F, is contaminated with a lot of “cold” F,.

Maximum SA
Radionuclide Half-Life I::e l:::ls 2; Target Thec(JéeBt |c/al:$$|mlt Reported
4K (GBg/umol)

180(p,n)'*F  [180]H,0 [18F]F- 4000
110 min 6.34 x 10°
20Ne(d,a)'8F Ne (+F,) [*8F]F, 55

18BF=19F

This low specific activity is carried through into any subsequent electrophilic ['8F]radiofluorination reactions.
Moreover the maximum theoretical radiochemical yield obtainable is only 50%!

As a result nucleophilic ['®F]radiofluorination reactions are greatly preferred over electrophilic
methods!
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3.3 Aliphatic ['8F]Radiolabelling

3.3.1 S\ 2-Reactions with ['8F]Fluoride

C(sp®)—"8F Bonds are most easily prepared via S,2 nucleophilic substitution with high specific activity
[8F]fluoride.

R2 ["®F]Fluoride R2

1J\ 17 ™18
R X Solvent, Heat R F

Y
>_

X = eg. Halide, OTf ,OTs  ['®F]F ~ source= eg. ['®FIKF/K,5,, ['®F]TBAF
epoxide, cyclic sulfate ['8F]CsF, ['8F]AgF

['8FIKF/K,,,, ['8F]TBAF, ['8F]CsF or other fluoride reagents can be used. Depending on the stability of
the radiotracer, high temperatures or microwave heating can be used to decrease the reaction times.

NB. Competing E2 elimination (see Topic 2) is typically not really a problem for ['8F]radiolabelling as the
substrate is present in huge excess!
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['8F]2-Fluoro-2-deoxyglucose (FDG), the most widely-employed PET radiotracer (for imaging of glucose
upregulation e.g. in tumours), is most commonly prepared via an Sy2 reaction of the corresponding triflate

followed by global deprotection.

ACO oy ["®FIKF / Kpoz AQ
ACO& ] Aw%
AcO OAc MeCN, 80 °C, 5 min AcO ~——OAc
F
SN2
HCI (aq)
Acetate MeCN
Deprotection 130 °C
15 min
Y
HO
o2
HO OH
18F
['®F]2-Fluoro-2-deoxyglucose
(['®FIFDG)

RCY = ca. 60% (over 2 steps)
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3.3.2 Radical ['®F]Radiofluorination using Manganese-Complexes

Groves and co-workers have successfully conducted direct ['8F]fluorination of benzylic C—H bonds using

manganese-salen complexes.

['®FIKF
0 Mn(salen)OTs, PhlO
R R T e
l Acetone / H,0O R
50 °C, 10 min
Catalyst: Q
N, N=
MR
Mn(salen)OTs By ol
OTs
tBu tBu

Examples:

OMe
O O.__OMe
18F
OMe

MeO NN

MeO = 18F
['®F]Papaverine (PDE g, Inhibitor)

RCY =22% + 5% (n = 4) Inhibitor)

RCY =65% + 10% (n

['8FlIbuprofen Ester (COX

Mechanism: NN
< k/ln”' >
0~ ‘\o
OTs
o 70T
"OH NN
—//' < YA Ph”'So
18F Anion o~ |\O |
Exchange 18 Ph/
N N F oxidation
( Nl >
Mn o)
o ‘\o

NZEN
or C jﬁrv/\ >

O O
F-Atom Transfer
18F
H

SO /—{F H-Atom Transfer J\
R R N )N R R

< N OH

o n\O N N

b Cni D
o |\o
Rearrangement 18
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3.4 Aromatic ['®F]Radiolabelling

3.4.1 Balz-Schiemann and Wallach Reactions with ['8F]Fluoride

As tetrafluoroborate anions acts as the source of fluoride in Balz-Schiemann and Wallach reactions, these
processes are not typically amenable to ['8F]radiofluorination.

Balz-Schiemann Wallach
A
N F A «_F  HBF:ELO hd
I X | _ — I - Ns _N
R F/B 'F - R'_/ : Y N Y
= F -N,, - BF; -Np, - HN(Pr); R~
- BF;
18F + 18F 19k
|- N2 Balz-Schiemann |
19 — B - + _B<
Ing/ 19F (_ N2) 19F 19F

Maximum theoretical
RCY =25%

18F-Labelled product contaminated with non-labelled fluoroaromatic: Low specific activity!
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3.4.2 Nucleophilic Aromatic Substitution (SyAr) with ['8F]Fluoride

Most commonly, '8F-labelled aromatic groups are prepared via S Ar reactions. Other halides, the nitro
group or trimethylammonium groups are employed as leaving groups. Trimethylammonium salts also
offer the advantage of simple and fast purification via solid phase extraction.

18

X ['8F]F E
| N _ | X
ey ~  EWG——
Polar aprotic solvent =

+
X =NMe; NO, ClI Heat
ortho- or para-EWG required!

As for “cold” SyAr fluorinations, a major limitation is the requirement for at least one
electron-withdrawing group at the ortho- or para-position.

Example: ['®F]Altanserin
@) @)
0 18 0
N/\/N [“FIKF / Kaoo g N/\/N
N/&S DMSO, 140 °C, 20 min N/&S 18
N NO, N F

SNAr

/

['®F]Altanserin (Neuroimaging Agent)
RCY =23%

107
Vollenweider, Neuroimage 2012, 59, 3922.



Significant studies have been performed using diaryliodonium salts as substrates for SyAr
['8F]radiofluorination. In some cases, successful fluorination has been observed for relatively electron-rich
aromatics.

18

& F
FIKF / Ko2o ®F The most electron-
©/ deficient aryl group is
MeCN, 85 °C, 40 min MeO preferentially fluorinated

RCY = 96% not observed

Y

["8FIKF / Koy 18 ~ 18 Thiophene is more
C,/ \©\ - /©/ Csl/ electron rich than 4-
DMF, 130 °C, 30 min MeO methoxyphenyl
not observed

RCY =29%
Mechanism:
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Ortho-substituted arenes are usually preferentially fluorinated. To minimise steric repulsion, the ortho-
substituted arene adopts an equatorial position and is thus set up for reductive elimination.

18 Me
; I+ ['°F]CsF _ 18
18 Bk B 18 BE; 0
F E \©\ MeCN, 85 °C

SNt AT Me .
Q IS > NS 40 min RCY = 50%

l Me
not observed
18F |
O o

MAJOR

less steric clashing in TS
(R group in trigonal plane)

- - - - - - -
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3.4.3 ['®F]Radiolabelling of Electron-Rich Aromatics

Efficient, high specific activity ['8F]radiolabelling of electron-rich aromatic groups remains a big challenge.
Unfortunately electron-rich aromatic groups are very prevalent in drug molecules.

18
| \ F
EDG——
=

The Big Challenge!

3.4.3.1 Electrophilic Aromatic ['®F]Radiofluorination

In some cases, electrophilic ['8F]radiofluorination is still the best method despite the low specific activity and
limited RCY!

Example: ['®F]Fluoro-L-DOPA

o o
["8FF, BOCOWOB 48% HBr (ag)  HO OH
g HN_ _O g NH
CFCl5 AcOH BocO iog 130°C, 5min  HO o 2

['®F]F-L-DOPA
RCY = 6%
SA = 3.7 GBa/umgaly

Solin, Radiochim. Acta. 2008, 96, 845.



Another challenge associated with electrophilic ['8F]radiofluorination is the difficulty of working with fluorine
gas. In recent years, '8F-labelled versions of Selectfluor and NFSI have been prepared from ['8F]F,. These
are easier to work with and can be transported reasonable distances from the cyclotron.

[18FINFSI [18F]Selectfluor
cl ['8F]F,, LIOTf /—Cl
0. 00 O ['8F]F,, LIOTf 0 00 0 7 ? _ IN* -
\\S// \\S// \S/ \ S/ N OTf [ oTf
Ph™ " "N” " "Ph >~  Ph” N”TPh /N MeCN. -10 °C 18F/N OTf
Na* MeCN, -10 °C 18
a i ['®F1Selectfluor
AL Bis(triflate)
Fluorination of with ['8F]Selectfluor
,—Cl
4
[NN “OTf
18¢’ oTf
['®F]Selectfluor O o)

\J

Bis(triflate) BOCOI;(\HJ\OE,[ 48% HBr (aq)‘ HO OH
o >
AgOTf BocO N~ NH,

18 130 °C, 5 min HO 18

['8F]F-L-DOPA
RCY = 12%

SA = 3.4 GBqg/umol
111

Acetone-dg rt, 20 min

a) Gouverneur, Solin, Chem. Commun. 2007, 2330. b) Gouverneur, Solin. Angew. Chem. Int. Ed. 2010, 49, 6821.



3.4.3.2 Indirect Strategies using 8F-Labelled Prosthetic Groups

Commonly, '8F-labelled electron-rich aromatics are prepared in multiple steps with a labelled electron-poor
aromatic prepared via S\Ar (a “prosthetic group”) undergoing subsequent functional group
interconversions. This strategy is unattractive as it introduces additional time to the overall synthesis!

@)

H
+ p—
Me;N OTf

Prosthetic groups can also
be used to label
biomolecules e.g.
through Click reactions

18F 18F

DMSO, 180°C

Halogenation Reduction
O Reductive
["*FIKF / Koz Amination N
- H .
18 18 R
Microwave, 100 s ['®F]FBA
RCY =83%
Oxidation Oxidation
OH OH O

13F 18F
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Lengthy synthetic sequences have sometimes been employed.

Example: Labelling ['8F]Fluoro-L-DOPA with ['8F]Fluoride

@)
MeO
e H
+ OTf
MeO NMe;
@)
MeO OfBu
NH
MeO 18 2

['®F]F-L-DOPA
RCY = 36% (overall)
SA > 753 GBg/umol

Trapping on
Solid Phase Extraction
18 O Cartridge
F
["°FIKF / Kyos . MeO H NaBH, MeOD\/\OH
DMF, 140°C MeO 18F rt, 2 min MeO 18
2.5 min
HI (57%)
rt, 2 min
Toluene Elution
0 Chiral PTC
HI MeO OfBu 3 KOH (aq, 9 M) Meo:@\/\l
Ny Ph tol it, 9 mi 18
180 °C MeO 18F Y oluene, I, Yy min - MeO F
15 min Ph Nl/\COZtBu
Ph Ph

MeO MeO OMe OMe

Chiral PTC
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3.4.3.4 ['®F]Deoxyfluorination of Phenols

Recently, Ritter and co-workers have successfully applied their phenol deoxyfluorination method to
['8F]radiofluorination.

cl Direct elution of B — ]
[\ SPE cartridge N N
N N~ar P Ar~ X ~Ar
S I ["FIF AN

R—:/ N -
Ag,CO; CHCl; 60 °C | —R butanone, EtOH gy
130 °C, 20 min B X |
Examples:
18
o z © [\ 18F
Cl” °N Ar-N N~ + TN
NH r Ar R——
H 2 T =
—_ o)
RCY = 99% RCY =90% RCY = 39% O
A 18
| ~ Me F
N 18 /
EtO,C
2 )\/OEt
75% CN 81%
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3.4.3.5 Transition Metal-Mediated ['8F]Radiofluorination

“Hot” variants of transition metal-catalysed fluorination reactions have been developed (although using super-
stoichiometric amounts of the transition metal).

Reductive Elimination from Palladium(IV)

OMe OMe
O™ ™ O
s R N

e\
(L o= - (L
Z>N-Pd'—N Benzene, MeOH = N_Pd"_N\ /

Y/ K,COs tt, 10 h P
OAc Z
\—'R
Acetone 18
+ > R—'\
|
_ _ 85 °C, 10 min =
Me 2+
X 2 OTf — —
OTf

["8FIKF, KHCO;

-
’

18-crown-6, acetone
rt, 10 min
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Copper-Mediated Fluorination of Arylboronate Esters: Also for Electron-Rich Aromatics!

Examples:

18F
Ph :

RCY =74% = 5%

Application to PET Tracers:

O

HO
OH

NH,

HO 8p

['F]F-L-DOPA
RCY =22% £ 3% (n =2)

NOEF : 18:F MeO: : ®F MeO: : 18..F
Ph™ ™ OMe MeO

RCY =56% + 5%

["8FIKF / Kooy
& [Cu(OThH,(py)d] 18
B\O ’ ;\
R |
DMF, 110 °C %

20 min

RCY =11% = 2% RCY =54% + 3% RCY =62% + 4%

Mechanism:
Anion Exchange Transmetallation
["8FIKF Ar—Bpin ("®F)
OoTf), — = OTH('®F) — = R{j/
. [
- KOTf - Bpin(OTf) %

(OTH),

Disproportionation
(OTY)

| AN 18F Reductive Elimination | AN (18F)(0Tf)
R-— < R
= - Cul(OTf) =
I'1T0

a) Gouverneur, Angew. Chem. Int. Ed. 2014, 53, 7678. b) Sanford, Scott, Org. Lett. 2015, 17, 5780.




3.4.3.6 ['8F]Radiotrifluoromethylation

Synthesis of “hot” electrophilic trifluoromethylating reagent (Togni | reagent), followed by photoredox
trifluoromethylation.

F I[-IF:.F]GFS
[ . I 18
\y  [FIMesSiCF 0 g :>r[ FICF3
'R
["8F]Togni reagent | Alkyl-['°F]CF 5 product
g
&
g & g
? — o ]
= g = o~ % Q = % Z
h; ‘f_—_u I‘j"f ® é § 4 <
5| [3] |2 sl |5 3 3 & s| |3 E
o v = a ) pr T
1 2 3 4 5 6 7 9 10 1 12 13
L @ L ® L ] L ] L ® L ] L L
recovery
['®0JH,0
RV1 RV2 RV3 RV4 product
K18F ['8F]Me;SiCF, ['8F]-Togni |  ['8F]-Togni |
crude pure
18
['F]CF;H 117

Haveman, EurJOC 2025, e202501181.



