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A one-pot two-step synthesis of 6-[18F]fluoro-L-DOPA ([18F]

FDOPA) has been developed involving Cu-mediated radiofluorina-

tion of a pinacol boronate ester precursor. The method is fully

automated, provides [18F]FDOPA in good activity yield (104 ±

16 mCi, 6 ± 1%), excellent radiochemical purity (>99%) and high

molar activity (3799 ± 2087 Ci mmol−1), n = 3, and has been vali-

dated to produce the radiotracer for human use.

6-[18F]Fluoro-L-DOPA ([18F]FDOPA, 3) is a diagnostic radiophar-
maceutical for positron emission tomography (PET) imaging.1

The first [18F]FDOPA PET study of the human brain was
reported in 19832 and, since its introduction, [18F]FDOPA PET
imaging has been used to image Parkinson’s disease,3 brain
tumors,4 and focal hyperinsulinism of infancy.5

Despite the numerous important applications in molecular
imaging, [18F]FDOPA PET remains underutilized because of
synthetic challenges associated with accessing the radiotracer
for clinical use.1b Chief amongst these is the need to radio-
fluorinate a highly electron rich catechol ring in the presence
of an amino acid. Historically this has been accomplished
with an organostannane or organomercury precursor via elec-
trophilic aromatic substitution (SEAr) with [18F]F2 or [

18F]acetyl
hypofluorite (Fig. 1a).6 However, the production and handling
of these reagents requires specialized equipment that is not

widely accessible. Furthermore, the site- and chemoselectiv-
ities of SEAr reactions are typically modest, and the [18F]
FDOPA produced using electrophilic methods generally has
low molar activity.1b

Due to the inherent limitations of electrophilic radiofluori-
nation reactions, a synthesis of [18F]FDOPA that uses nucleo-
philic [18F]fluoride has long been in demand. In contrast to
the electrophilic reagents described above, [18F]fluoride is
readily available in high molar activity and is routinely
handled in radiochemistry production facilities. However, the
electronic mismatch between the nucleophilic 18F− and the
electron rich catechol ring has hampered efforts to develop an
operationally simple nucleophilic synthesis of high molar
activity [18F]FDOPA. The typical approach involves nucleophilic
radiofluorination of a benzaldehyde precursor with an appro-
priate leaving group (e.g. –F, –NO2, –N+Me3).

1b,7 The 18F-
labelled aldehyde intermediate is then converted to the ester
via a Dakin oxidation. Finally, hydrolysis of the ester with con-
centrated HI or HBr generates [18F]FDOPA (Fig. 1b). While this
approach yields [18F]FDOPA in good yields and molar activity,
it is confined to certain synthesis modules (or manual synth-
eses) because of the requirements for automation of multiple
steps after the introduction of 18F and the use of corrosive
reagents during the deprotection step. Finally, the complexity
of this process results in multiple potential fail points (both
chemical and mechanical) during automated radiosynthesis.

There thus remains a need for a one-pot, two-step (fluorina-
tion + deprotection) synthesis of [18F]FDOPA from nucleophilic
[18F]fluoride that is high yielding, uses milder reagents, and is
easily automated. While such a method has eluded radioche-
mists to date, fluorine-18 radiochemistry has undergone a
renaissance in recent years.8 For instance, hypervalent iodine
reagents,9 organoborons,10 organostannanes,11 Ni/Pd com-
plexes,12 and phenols13 have recently been introduced as pre-
cursors for nucleophilic radiofluorination of electron rich
arenes. While we and others have used a number of these
approaches to synthesize [18F]FDOPA in proof-of-concept
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studies,9,10d,11,12b,14 a method that is compliant with current
Good Manufacturing Practice (cGMP) and validated for pro-
duction of human doses has yet to be reported. For example,
the full-scale automated synthesis of a number of radiotracers
from BPin precursors, including [18F]FDOPA, was reported by
Gouverneur (Fig. 1c).10d However, since [18F]FDOPA was not
the main focus of that paper, extensive development work was
not done and in its published form the method gives doses of
[18F]FDOPA contaminated with a chemical impurity that dis-
qualify it from clinical use at the University of Michigan.
Moreover, the requirement to introduce air into the radiofluor-
ination reaction is difficult to automate given that radiochem-
istry synthesis modules are typically kept under an inert atmo-
sphere and closed to the environment. The use of 57% HI in
the deprotection step is also problematic as it is highly corros-
ive to the valves and lines employed in automated synthesis
modules.

To address the outstanding need in the PET radiochemistry
community for ready access to [18F]FDOPA, in this communi-

cation we describe a new one-pot, two-step synthesis of the
radiotracer from a BPin precursor, and validate it for pro-
duction of clinical doses (Fig. 1d). Precursor 1 was selected
because it is commercially available (ABX Advanced
Biochemicals), and has MOM and Boc protecting groups that
enable mild deprotection with HCl. Our radiofluorination
methodology does not require the introduction of air,10b sim-
plifying automation. Lastly, we have also developed a new
approach for purification and reformulation of [18F]FDOPA
that utilizes hydrophilic interaction liquid chromatography
(HILIC). HILIC is an alternative technique to HPLC for separ-
ating particularly polar compounds (for an overview of the
method, see:15). HILIC employs traditional polar stationary
phases (e.g. silica, amino or cyano), but mobile phases used
are similar to reversed-phase HPLC and, in this case, it
provided [18F]FDOPA in high chemical, radiochemical and
enantiomeric purity.

To develop a synthesis of [18F]FDOPA (3), we elected to use
our recently developed Cu-mediated radiofluorination of orga-
noboron precursors,10b which was expected to simplify auto-
mation as, unlike the method described above it does not
require air, and began by conducting the automated radio-
fluorination of BPin 1 using a TRACERLab FXFN synthesis
module (Table 1). [18F]Fluoride from the cyclotron was trapped
on a bicarbonate-preconditioned QMA cartridge, eluted into
the reactor with an aqueous solution of 10 mg mL−1 KOTf/
0.1 mg mL−1 K2CO3 (0.5 mL) and azeotropically dried with
MeCN (1 mL). For initial proof-of-concept, manual radiofluori-
nation was conducted using our standard labelling protocol (1
(4 µmol), Cu(OTf)2 (20 µmol) and pyridine (500 µmol) in 1 mL
DMF for 20 min at 110 °C). This provided protected [18F]
FDOPA (2) in 49 ± 7% radiochemical yield (RCY§) (entry 1).
This process was readily translated to an automated process
on the synthesis module to provide 2 in 38 ± 4% RCY (entry 2).

We next focused on optimizing the radiofluorination step.
Our prior work has shown that both the 18F− processing tech-
nique and the order/temperature of reagent addition were
both key to reaction outcome in related systems.10e,f Thus, we
used these as starting points for optimizing the [18F]FDOPA

Table 1 Optimization of the Labeling of 1

Entrya [18F]XF RCY§

1b [18F]KF 49 ± 7%
2c [18F]KF 38 ± 4%
3c [18F]TBAF 55 ± 13%

a Conditions: 1BPin (4 µmol), Cu(OTf)2 (20 µmol), and pyridine
(500 µmol) in DMF at 4 mM concentration of the BPin precursor in
DMF, [18F]XF, 110 °C, 20 min. bManual syntheses. c Automated
syntheses.

Fig. 1 Radiosyntheses of [18F]FDOPA and motivation for this work.
aBased on [18F]F2 in reactor; bdoses not reformulated for clinical use.
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synthesis. In our previous work, the dissolution of 18F− before
heating the fluorination reaction proved critical to avoid com-
peting reactions (e.g. protodeborylation and/or hydroxydebory-
lation) that competitively consume 1.10e,f To address this issue,
we developed an alternate eluent in order to facilitate rapid
dissolution of 18F−. Given the greater solubility of tetrabutyl-
ammonium (TBA+) and Cs+ cations relative to K+ in DMF,
without loss of anion exchange properties, we settled on an
aqueous eluent consisting of 15 mg mL−1 tetrabutylammonium
triflate (TBAOTf) and 0.2 mg mL−1 Cs2CO3 (0.5 mL), as a re-
placement for KOTf and K2CO3, respectively. This eluent gave
good recovery of 18F− from the QMA, and improved the RCY of
2 to 55 ± 13% (entry 3).

With an optimized fluorination in hand, we next investi-
gated the deprotection step. Historically, deprotection steps to
generate [18F]FDOPA have most commonly utilized concen-
trated HI or HBr to remove methoxy protecting groups.1b

While such reagents can be used with automated synthesis
modules, they are highly corrosive and greatly reduce the life-
time of lines and valves in the synthesis module. We therefore
sought to employ a milder acid for deprotection, and reasoned
that HCl should be both compatible with our synthesis
module and adequate to deprotect the methoxymethyl ether
(MOM) and tert-butyl ester groups of 2 (Table 2). Initial
attempts to treat 2 in the fluorination reaction mixture with
12 N HCl resulted in significant decomposition and minimal
(<1%) [18F]FDOPA (3) (entry 1). We hypothesized that the
decomposition could be due to the presence of Cu(II) salts,
which could promote numerous potential side reactions.16 As
such, we examined the addition of ascorbic acid during the
deprotection, as this is known to reduce the Cu(II) to Cu(I).
Gratifyingly, this resulted in a dramatic enhancement in
the yield of the deprotection step, providing [18F]FDOPA in
84 ± 8% RCY (entry 2). Intermediate 2 could also be purified
by SPE prior to deprotection using a modified synthesis
module. This resulted in an even cleaner deprotection that
proceeded in >99% RCY (entry 3).

We next sought to develop a robust semi-preparative chrom-
atography system that would enable purification of [18F]FDOPA
from reactants and potential by-products (e.g. OH-DOPA and

H-DOPA). Prior reports utilized reverse-phase HPLC with C18
columns, but we have found these to be unsatisfactory due to
the close retention times of [18F]FDOPA and both OH-DOPA
and H-DOPA by-products which result from competing
hydroxy- and proto-deborylation, respectively. We therefore
switched to HILIC purification and evaluated several different
columns (see ESI†). The best results were achieved using a
Phenomenex Luna NH2 5µ column and an eluent with a high
organic content: 75% MeCN incl. 10 mM KOAc buffered with
acetic acid to pH: 5.0–5.5 (near the hypothetical isoelectric
point of FDOPA).¶ This system enables adequate separation of
FDOPA, OH-DOPA and H-DOPA using both semi-preparative
and analytical columns (see ESI†). PET radiotracers purified
using MeCN-based HILIC eluents require reformulation into
an injectable vehicle such as ethanolic saline. Reverse phase
SPE is typically used for reformulation of small molecule radio-
pharmaceuticals using, for example, C18 or Oasis HLB car-
tridges, but this is not possible with [18F]FDOPA due to its
hydrophilicity. We thus employed a HILIC Strata NH2 cartridge
for reformulation. We found trapping/release efficiency for
[18F]FDOPA of 70% and 75% for the 100 mg and 200 mg car-
tridges, respectively, and selected the 200 mg cartridges for
routine use.

Finally, we automated the one-pot, two-step synthesis of
[18F]FDOPA using a TRACERLab FXFN synthesis module and
validated the synthesis for cGMP production of doses for clini-
cal use. To simplify routine automation, we changed the Cu
source from Cu(OTf)2 to the less hygroscopic Cu
(pyridine)4(OTf)2. This Cu source has been used to radiofluori-
nate BPin esters by Gouverneur but, as stated above, that
method requires the introduction of air into the radiofluorina-
tion reaction which is difficult to automate.10a,d To negate this
issue, we adapted Cu(Py)4(OTf)2 for use in our chemistry,
which is compatible with the inert atmosphere of the
TRACERLab synthesis module,10b by maintaining the same
relative ratio of substrate: copper: pyridine (1BPin (4 µmol), Cu
(20 µmol), and pyridine (420 µmol)). Radiofluorination and de-
protection then proceeded as described above. The reaction
mixture was diluted with MeCN (3 mL) and purified by semi-
preparative HILIC. The peak corresponding to [18F]FDOPA (tR
∼ 22–23 min, see Fig. S2† in ESI for a typical trace) was col-
lected in 100 mL MeCN and this solution was passed through
the HILIC Strata NH2 cartridge to trap the radiotracer.
Following trapping and rinsing with US Pharmacopeia (USP)
grade ethanol (2–3 mL) to remove residual MeCN, [18F]FDOPA
was eluted from the cartridge with 0.9% saline, USP (10 mL) to
produce doses formulated for injection. The final drug
product was dispensed into a septum-sealed, sterile, pyrogen-
free glass vial through a 0.22 µm sterile filter (Millex GV) to
afford formulated doses of [18F]FDOPA (104 ± 16 mCi, n = 3).
The total synthesis time was approximately 110 min from end-
of-bombardment, and the activity yield (AY) was 6 ± 1%, based
upon 1.8 Ci of [18F]fluoride. Radiochemical purity (RCP) was
>99% and molar activity was 3799 ± 2087 Ci mmol−1. Doses
were submitted for full quality control (QC) testing to validate
the method, and all doses met or exceeded release criteria for

Table 2 Optimization of the deprotection of [18F]2

Entrya Deprotection RCYb§

1 12 M HCl Decomp.
2 12 M HCl + 0.25 M ascorbic acid 84 ± 8%
3c 12 M HCl + 0.25 M ascorbic acid >99%

a Conditions: HCl ± ascorbic acid, 110 °C, 10 min. b RCY represents
transformation of 2 → 3. c 2 purified by SPE prior to deprotection.
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clinical application at the University of Michigan, including
purity, sterility, residual TBA levels, and residual solvent ana-
lysis (Table 3). Notably, enantiomeric purity was found to be
>99% using chiral HPLC, confirming that the stereochemistry
of the precursor was retained throughout the entire
manufacturing process. Doses produced using Cu-mediated reac-
tions also need to be free of residual Cu if they are to be applied
in the clinic, since the permitted daily exposure limit for Cu is
≤340 µg day−1 for parenteral administration.17 Samples from
each of the qualification runs were submitted for inductively
coupled plasma mass spectrometry (ICP-MS) analysis and were
found to contain residual Cu below the limit of quantification
(0.11 ± 0.02 ppm), well under the established limit for Cu.

In summary, we report the validation of our Cu-mediated
radiofluorination of BPin esters for the cGMP synthesis of
[18F]FDOPA for clinical use. The synthesis was fully
automated using a commercial radiochemistry synthesis
module, and doses met all QC criteria for human use. We
expect to initiate clinical imaging studies with [18F]FDOPA in
the near future.

All hazardous laboratory chemicals were used by trained
personnel under the supervision of University of Michigan
(UM) Environmental Health and Safety. Radioactivity was used
by trained personnel under the approval of the UM Radiation
Policy Committee (Protocol 12-029) and supervision of the UM
Radiation Safety Service.
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