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(54) Title: ONE-POT SYNTHESIS OF 6-L-['®F] FLUORO-3,4-DIHYDROXYPHENYLALANINE (6-L-[ '"*F] FDOPA).

(57) Abstract: The invention relates to the field of medicinal chemistry and radiopharmaceuticals,

catalyst Cu(Impy)4(OTf),.

R BG4 alkpt gicup

in particular to means, methods and cassettes for the automated synthesis of the radiotracer 6-L-
[ISF]ﬂuoro-3,4- dihydroxyphenylalanine (6-L-[18F]FDOPA). Provided is a method for the one-
pot synthesis of 6-L-[18F]FDOPA comprising contacting a BOC- protected stannyl precursor of
the formula I with [ISF] Tetracthylammonium fluoride ([ISF]EMNF) in the presence of the Cu-
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Title: One-pot synthesis of 6-L-[!8F]fluoro-3,4-dihydroxyphenylalanine
(6-L-['8F]FDOPA).

The invention relates to the field of medicinal chemistry and
radiopharmaceuticals. More in particular, it relates to means, methods and
cassettes for the automated synthesis of the radiotracer 6-L-[18F]fluoro-3,4-
dihydroxyphenylalanine (6-L-[3F][FDOPA).

Positron Emission Tomography (PET) with 6-L-['8F]fluoro-3,4-
dihydroxyphenylalanine (6-L-[8F]FDOPA) is currently being used to detect
and monitor neuroendocrine tumors, Parkinson’s disease, and other
neurodegenerative disorders. To this day, the electrophilic route has been
the main approach for the development of 6-L-[1SF]JFDOPA, regardless of its
low molar activity (Am) and low practical yields (de Vries et al. Appl Radiat
Isot. 1999;51:389-94). To satisfy the increasing demand of 6-L-['8F]FDOPA
in clinical practice, new late stage Cu-mediated '8F-fluorination has been
evaluated in the art. See for example Jiang et al. Am J Nucl Med Mol
Imaging. 2021 Aug 15;11(4):290-299), Andersen et al. EJNMMI Radiopharm
Chem. 2021 Jun 12;6(1):21; Krasikova, Molecules. 2020 Sep 23;25(19):4365;
Kuci et al., Labelled Comp Radiopharm. 2019 Jun 30;62(8):438-447, Mossine
et al., Nat Protoc. 2020 May;15(5):1742-1759; and Makaravage et al., Org.
Lett. 2016 Oct 21;18(20):5440-5443.

Other background references include US 2005/137421; WO 2015/058047;
and Edwards et al., Eur. J. Org. Chem., Jan 1 2015;2015(3):625-630.

Notably, whereas Zarrad et al. (Molecules. 2017;22:2231-2255) reported the
automated synthesis of 6-L-['8F]JFDOPA via a BOC-protected stannyl
precursor, this approach did not provide the fluorinated products in the

hands of other specialized laboratories following the published.
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Thus, published methods are more complex due to multi step synthesis, or
containing enzymatic conversions, or appear to be irreproducible. Because
the complexity or lack of robustness, these procedure are less suitable for
GMP productions. As a result, automated GMP—compliant synthesis of 6-L-
['SF]JFDOPA via the Cu-mediated 8F-fluorination in a commercially

available automated synthesizer is still lacking as of to date.

The present inventors therefore set out to develop a simplified approach
that allows for a reliable, one pot, high yielding, cassette based GMP
compliant production of 6-L-['SF]JFDOPA, in particularly making use of the
IBA Synthera® module, and being based on readily (commercially) available
precursor compounds. Moreover, it is an object of the invention to reduce the
number of reagents required as compared to previously used methods, such
as the method of Makaravage et al., Org. Lett. 2016 Oct 21;18(20):5440-
5443.

It was surprisingly found that these goals were met by a unique
combination of stannyl-precursor, the type of Cu-catalyst, and specific
performance of a 2-step procedure allowing for automated synthesis of 6-L-

[(SFJFDOPA having an RCC of 53+17%.

More in particular, the invention provides a method for the one-pot
synthesis of 6-L-[18F]fluoro-3,4-dihydroxyphenylalanine (6-L-['SF]JFDOPA)
involving the Cu-mediated 8F-fluorodestannylation of a BOC- protected
stannyl precursor, comprising the steps of:

@ contacting a BOC- protected stannyl precursor of the

formula I
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(1)

PCT/NL2023/050475

wherein R is C1-C4 alkyl

with [18F] Tetraethylammonium fluoride ([!8F]Et4«NF) in the
presence of the Cu-catalyst Cu@imidazo[1,2-
blpyridazine)4(OTH2 (Cu(mpy)«(OTH)2) to yield the [18F]-

BOC-protected intermediate compound of formula II

Formula Il ; and

hydrolyzing the 18F BOC-protected intermediate compound
using HCI to obtain 6-L-['8F]fluoro-3,4-
dihydroxyphenylalanine (6-L-['SF]FDOPA).

This method is not known or suggested in the art.

15 Zarrad et al. use Cu(Py)4(OTf)2, which is a Cu-source typically employed in

Cu-mediated radiofluorination of arylpinacol boronates and arylstannanes,

including precursors of 6-L-[1SF]FDOPA. See the review by Krasikova,

(Molecules. 2020 Sep 23;25(19):4365). The present inventors surprisingly

found that replacing the pyridine moiety in Cu(Py)4(OTf)2 with Impy
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(imidazo[1,2-b] pyridazine) to yield the catalyst Cu(Impy)+(OTf)2 led to
highly improved results.

The use of [Cu(Impy)4](OTi)2 in radiofluorination of organoborons has been
disclosed in the art. See for example the studies by Guibbal et al., (Mol
Imaging Biol. 2020; 22(5): 1226—-1234; Nature Protocols 15(4);
W02019/186135) relating to the synthesis of 18F-labelled PARP inhibitors

by Cu-mediated 18F-fluorodeboronation.

However, the art is silent about the advantageous use of Cu(Impy)4+(OTf)z in
reactions involving stannyl precursors, let alone in synthesis of ['8F]FDOPA.
Notably, whereas Zarrad et al. performed extensive optimization studies
including different salts, solvents, precursor and catalyst amounts, it was
never considered to switch to a different Cu(Il) complexing ligand, let alone

to substitute pyridine for imidazo[1,2-b]pyridazine (Impy).

Moreover, the method of the invention allows for the use of fewer different
reagents than disclosed by Makaravage et al. The latter advocates the use of
pyridine as an additional reagent, while the method of the invention results
in higher yields, even in the absence of pyridine as shown in Example 7

below.

Furthermore, in step (i1) of a method of the invention the protecting groups
are removed with HCIl, which was found to give better results compared to
HBr. More in particular, hydrolysis in the presence of HBr resulted in

turbid, dark colored solutions containing sticky residue.

Step (1) of a method herein disclosed involves the radiofluorination of a

BOC- protected stannyl precursor of the formula (I)
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wherein R is a C1-C4 alkyl moiety.

These are also herein referred to as N,N,O,O’-tetra-BOC-6-(SnMe3)DOPA-
O-R. Hence, suitable precursors include the BOC-protected methyl, ethyl,
(iso)propyl or butyl-esters.

It was found that highly reproducible results can be obtained with the
methyl-ester, i.e. wherein R is CHs. Furthermore, this fully protected
precursor can be obtained from commercial suppliers, for example from ABX

advanced biochemical compounds GmbH, Radeberg, Germany.

Alternatively, it can be readily prepared in a 95% or even higher yield by N-
BOC protection of the partially protected compound N,O,O- tri-BOC-6-
(SnMe3)DOPA-OMe, which is also commercially available from ABX

advanced biochemical compounds GmbH, Radeberg, Germany.

Hence, in a preferred embodiment, the invention provides a method the
comprising the steps of:

contacting N,N,0,0’-tetra-BOC-6-(SnMes) DOPA-OMe of the formula
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with [18F]Tetraethylammonium fluoride ([!3F]Et4NF) in the presence of
Cu(Impy)4(OTH)z to yield the [!8F]-BOC-protected intermediate fluorinated

compound of the formula

Optionally, the method comprises prior to step (i) the step of preparing
N,N,0,0’-tetra-BOC-6-(SnMe3) DOPA-OMe by N-BOC protection of N,0,0’-
tr1-BOC-6-(SnMes) DOPA-OMe.

The preferred nucleophilic 18F-source in a method of the invention is [!8F]-
tetraethylammonium fluoride ['8F]Et4NF. Typically, the concentration of the
18K source is less than or equal to 10-4 M, for instance less than or equal to
10->M. In some cases, the concentration will be nanomolar or even less, for

instance less than or equal to 10- or 10-° M.

['8F]Et4NF can be obtained using methods known in the art. Typically, this
involves elution of [8F]fluoride from an anion exchange resin by a suitable
tetraethylammonium salt Et4NX in a suitable solvent, e.g. MeOH, to result
in the corresponding [!8F]tetraethylammonium salt. See for example Zarrad
et al., showing a recovery of 18F elution capacity of 95-97% with the
tetraethylammonium salt Et«NHCOs, Ets4NOTS, Et«BF4 or Et4NI. In a
preferred embodiment, Et4aNHCOs3 is used. Alternative alkyl ammonium
salts include MesNX, PrsNX, BusNX, to result in the corresponding
['8F]tetra alkyl ammonium fluoride (['8F]MesNF, (['8F]Pr4NF or ['8F]BusNF,

respectively) for use as nucleophilic '8F-source in a method of the invention.
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The general process conditions of the radiofluorination step (i) can be

selected and optimized by a person skilled in the art.

The process of the invention is typically carried out in solution. The process
may be carried out in solution in any suitable solvent or solvent mixture.
Thus, step (i) of treating the stannyl-precursor with the F and Cu-source,
is typically carried out in the presence of a solvent. Typically, the solvent
comprises a polar aprotic solvent. Usually, the solvent is a polar aprotic
solvent, or a mixture of two, or more than two (for instance three or four)
polar aprotic solvents, in combination with about 5-20 vol% alcohol as co-
solvent. Polar aprotic solvents are well known to the skilled person, and
include 1,3-dimethyl-2-imidazolidinone (DMI), dimethyl formamide (DMF),
N,N-dimethyl acetamide (DMA) and acetonitrile. Suitable co-solvents
include methanol, ethanol, propanol and butanol. Preferably, the
radiofluorination step (i) is performed in the presence of dimethylacetamide
(DMA) and n-butanol. Good results are obtained with a solvent mixture

consisting of 5 to 15 vol%, preferably about 10 vol%, n-butanol in DMA.

The Cu-source may be used in any suitable amount or concentration.
Suitably, it is present in the reaction mixture at a concentration in the

range of 10- 25 mM, preferably 15-20 mM, such as 17 mM.

The molar ratio of the stannyl-precursor to the Cu-source may be from 1:10
to 10: 1, for instance from 1:8 to 8: 1, for example from 1:5 to 5: 1, for

instance from 1:3 to 3:1.

Typically, the amount of the precursor compound is less than the amount of
the copper compound. Thus, the molar ratio of the amount of the stannyl
precursor to the amount of Cu(Impy)4«(OTf)2 @i.e. the molar ratio) is suitably
from 2:3 to 1:8, for instance from 2:3 to 1:5 or 2:3 to 1:2. In one aspect, the
molar ratio of BOC-protected stannyl precursor (e.g. N,N,O,O-tetra-BOC-6-
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(SnMe3)DOPA-OMe) / Cu(Impy)4(OTf)z is in the range of 2:3 to 1:2,
preferably about 1:1.5 to 1:2.

Exemplary embodiments include the following :

Weight precursor per synthesis reaction =8 mg (10.3 umol)

Weight Cu(Impy)4(OT)2 per synthesis reaction= 14 mg (16.7 pmol)
Weight-to-weight ratio: 8 mg precursor / 14 mg Cu(Impy)4(OTf)2 =1 : 1.75.
Molar ratio 10.3/16.7= 1.6: 1.

Preferably, in the method, cassette, device, and/or reaction mixture of the
invention substantially no pyridine is used, and more preferably no pyridine

1s used.

Hence, the invention also provides a reaction mixture comprising the
reagents of step (1), more in particular a reaction mixture comprising the
BOC-protected stannyl precursor, the copper compound, the [18F]
Tetraethylammonium fluoride and the solvent in the (relative) amounts as
described herein above.

This reaction mixture is typically heated at a temperature of from 100 °C to
160 °C. For instance, the reaction mixture may be heated at a temperature
of from 110 °C to 160 °C, or from 120 °C to 150 °C, for instance at about 140
°C. The aforementioned reagents may be heated at said temperature for a
length of time of at least 1 minute, for instance at least 10 minutes, or for
instance at least 20 minutes. The reagents may for instance be heated at
said temperature for a length of time from 1 minute to 1 hour, for instance

from 10 minutes to 30 minutes, or from 20 minutes to 40 minutes.

Often, step of () treating the stannyl-precursor with '8F and the copper

catalyst comprises:
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(a) mixing the BOC-protected stannyl precursor, the copper
compound, the [18F]Tetraethylammonium fluoride and the solvent as
defined above; and

(b) heating the resulting mixture to at a temperature of from 120

5 to 150°C for from 20 to 40 minutes.
Typically, (b) comprises heating the resulting mixture in a sealed container.

The step of treating the stannyl-precursor with 8F and a copper source is

10  produces an intermediate of the following formula (II)
\\A‘g‘l_‘,f’

R.g Oy O

OO0 A N O
\f"Q o T 1
| 8
¢ Q

Dot
SNIENGY

,
«“\j b

j“;« N Q}i
Q7 o7 e
Re=C1-C4 alkyl group

The step of (i1) for removing the BOC protecting groups to produce the final
compound 6-L-[18F]fluoro-3,4-dihydroxyphenylalanine (6-L-[1SF]FDOPA)

. /‘j\\ -_,3-’ E o
15 HQ e ws\,
or a salt thereof, may be referred to as the deprotection step.

The deprotection step is performed by hydrolyzing the intermediate

20 compound with hydrochloric acid (HCI). Often, an aqueous solution of HC1
such as about 4M to 7M (4-7N) HCl is used. In a specific embodiment,
deprotection is achieved with about 6M HCI at elevated temperature, for

instance during an incubation for 20-60 minutes at about 120-140°C.



10

15

20

25

30

WO 2024/058665 PCT/NL2023/050475

10

It was found that the product formed during the deprotection is susceptible
for oxidation. Therefore, deprotection step (ii) is preferably performed in the
presence of an anti-oxidant, such as ascorbic acid. It was found that a
deprotection solution of 6M HCI / 0.25 M ascorbic acid resulted in a final
RCY of 53+17% (n=3).

As is exemplified herein below, a method of the present invention provides a
one-pot synthesis of 6-L-[18F]FDOPA in a radiochemical conversion (RCC) of
at least 50%, wherein RCC is for example assessed by TLC-SG (eluent:
Ethyl Acetate/n-hexane 1:1) and/or UPLC (Column: ACQUITY UPLC® HSS
T3 1.8um (3.0mm x 50mm); Eluent: 0.05M NaH2PO4pH=2.5 and Flow: 0.8
ml).

One major advantage of a method of the invention is that it does not require
any manual interventions and can thus be performed fully automated.
Accordingly, in one embodiment of the invention, the process of the
invention as defined herein for producing 6-L-['8F]FDOPA is conducted in
an automated synthesizer. The automated synthesizer may be any suitable

automated synthesizer, as are well known to the skilled person.

Automated synthesizers may include one or more means for performing the
process of the invention. For instance, an automated synthesizer may
comprise one or more of (1) a means for mixing the reagents used in the
process of the invention, (ii) a means for heating the mixed reagents of the
invention and (iii) means for isolating the target compound 6-L-[18F]FDOPA.
Such automated synthesizers may be used for the production of 6-L-
['SFIFDOPA. Thus, the automated synthesizer may be suitable for use in a
clinical setting, for instance in an imaging center equipped with a medical
cyclotron, radiopharmaceutical production facility, scanners to perform PET
imaging and/or scanning apparatus. For instance an IBA Synthera

synthesis module but also other available cassette based synthesis modules .



10

15

20

25

30

WO 2024/058665 PCT/NL2023/050475

11

An automated synthesizer may comprise one or more reagents used in the
process of the invention. For example, the automated synthesizer may be
pre-loaded with one or more reagents, for instance a protected stannyl-
precursor compound or Cu-source as described anywhere herein.
Alternatively, the process of the invention may be conducted in an
automated synthesizer, which process further comprises loading the
automated synthesizer with one or more reagents. The reagents may be
loaded into the automated synthesizer by inserting a pre-packaged amount
of the reagent, for instance in the form of a cassette or capsule. For instance,
the process of the invention may further comprise inserting a prepackaged
sample of the copper catalyst Cu(Impy)4(OTf)2 and/or or a stannyl precursor

as defined anywhere herein into an automated synthesizer.

Also provided is a cassette for carrying out an automated (one-pot) synthesis
of 6-L-['8F]fluoro-3,4-dihydroxyphenylalanine (6-L-['SF]JFDOPA), preferably
an automated method of the invention, the cassette comprising the selected
combination of copper catalyst i.e. Cu(lmpy)4+(OTf)z, and a stannyl precursor
as defined anywhere herein above. The catalyst and precursor may be
present in separate vessels or as “pre-mixture” in the same vessel. In one
embodiment, the cassette comprises one vessel containing Cu(Impy)4(OT)2
and another, distinct, vessel containing a BOC- protected stannyl precursor

of Formula I as defined herein above.

Preferably, the cassette comprises (i) a first vessel containing a mixture of
Cu(Impy)4(OTf)z and a BOC- protected stannyl precursor of Formula I as
defined herein above, preferably N,N,O,O -tetra-BOC-6-(SnMes) DOPA-OMe.

A cassette suitably comprises (i1) a vessel containing a solution of a
tetraethylammonium salt Et4{NX, wherein X is any suitable salt, preferably
selected from the group consisting of EtsNHCOs, Et4dNOT, Et4NF4 or Et4NI.

In a specific aspect, the cassette comprises a vessel with Et4NHCOs.
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Alternative alkyl ammonium salts for use in a method and/or cassette
according to the invention include MesNX, PrsNX, BusNX, wherein X is any
suitable salt, preferably selected from the group consisting of HCOs, OTf, F4

or L.

The cassette may further comprise, optionally in separate vessel(s),
additional reagents, additives and/or solvents. For example, it comprises in
a third or fourth vessel a deprotection solution comprising HCI, preferably

further comprising an anti-oxidant such as ascorbic acid.

Additionally, the cassette may contain a vessel comprising water or an
aqueous solution for use as HPLC eluent or diluting solvent.

Still further, the cassette may comprise one or more additional components
that aid in the (automated) manufacture of 6-L-[18F]JFDOPA, for example
one or both of: (iv) an ion-exchange cartridge for removal of excess [!18F]
Tetraethylammonium fluoride; and (v) a cartridge for carrying out step (i1)

for removing BOC-protecting groups.

This cassette is advantageously used in a device for automated (GMP-
compliant) synthesis of 6-L-[1SF]JFDOPA, such as the IBA Synthera module

or any other type of module making use of cassettes and/or disposables.

Accordingly, the invention also provides a device for automated synthesis of
a radioactive tracer, in particular a device set up for the synthesis of 6-L-
[(SFIFDOPA, comprising a cassette as defined above. In one embodiment,
the device comprises a fixed module and a disposable module which is
positioned on the fixed module, the fixed module comprising a processor and
an interface for the disposable module, and wherein the disposable module
comprises a cassette as defined above.

The interface of the fixed module may be provided with rotary actuators and

fluidic connectors leaving the interface and comprising a structure for
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positioning in an ejectable way a disposable module on said interface so that
the rotary actuators and the fluidic connectors may be inserted into the

disposable module.

LEGEND TO THE FIGURES

Figure 1: Schematic representation of a human-machine interface (HMI) for
the synthesis of 6-L-[18F]FDOPA. The numbers 1-4 represent one-way
valves, which can be opened or closed in order to add liquids to the reaction
mixture. Valves 5-8 represent three-port two-way valves, which can be used
to change the flow direction of liquids during the reaction.

Figure 2: Schematic representation of an exemplary cassette for use in the

automated synthesis of 6-L-[1SF]JFDOPA.

Figure 3: Radiochemical conversion analysis by TLC using an Amersham
Typhoon biomolecular imager. Entry 1 is BOC-protected 6-L-['*F]FDOPA;

entry 2 is an unknown byproduct and entry 3 is [18F]fluoride.

Figure 4: Radiochemical analysis by UPLC of the reaction mixture after the

deprotection step.



10

15

20

25

30

WO 2024/058665 PCT/NL2023/050475

14

EXPERIMENTAL SECTION

EXAMPLE 1: Manufacture of [18F]EtsNF.

A target filled with 2 mL enriched water (H2!%0) was bombarded with
protons using a medical 18 MeV cyclotron. After approx. 30 GBq of
[18F]fluoride was produced, the target was unloaded, and the enriched water
containing [18F]fluoride was transported via tubings to the
radiopharmaceutical production facility in to a hotcell, in which it was
collected in a conical vial. After collection, H2'80 containing ['8F]fluoride
was aspirated by the Synthera V2 synthesis module and [!8F]fluoride was
trapped onto a Waters® Sep-Pak Accell Plus QMA Carbonate Plus Light
Cartridge that was conditioned with 1 mL of water. The cartridge was
flushed with 2 mL of methanol and dried using a nitrogen stream for five
minutes. The [18F]fluoride was eluted from the cartridge into the reactor
using Et4NHCO3 (5 mg, 26.1 umol) in 1 mL of methanol. The cartridge was
flushed for one minute using a nitrogen stream. The contents of the reactor
were then concentrated to dryness by heating the reactor to 90 °C under

reduced pressure for five minutes to yield the dried [\SF]Et4NF.

EXAMPLE 2: Manufacture of Cu(Impy)4(OTf)2.

The copper catalyst was prepared based on published methods. See Wilson
et al. (J Nucl Med. 2019 Apr; 60(4): 504-510).

Briefly, a solution of imidazo[1,2-b]pyridazine (Impy) (758 mg, 6.36 mmol,
10 equiv.) in MeOH (1 mL) was added dropwise at 55°C to a solution of
Cu(OTf)2 (230 mg, 0.636 mmol, 1.0 equiv.) in MeOH (1 mL). The blue
precipitate which formed was washed with Et20 (3 x 2 mL), then
recrystallized from hot MeOH to afford [Cu(Impy)4(OTf)z] (324 mg, 0.387
mmol, 61%).
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EXAMPLE 3: One-pot synthesis of 6-L-[13F]FDOPA.

A reaction mixture was prepared comprising [18F]Et4NF according to
Example 1, a solution of the BOC-protected stannyl precursor N,N,O,O-
tetra-BOC-6-(SnMe3) DOPA-OMe (8 mg, 10.3 pmol; ABX advanced
biochemical compounds GmbH, Radeberg, Germany) and Cu(Impy)4+(OTf)z
(14 mg, 16.7 pmol) in 900 uL. DMA and 100 pL n-butanol. This reaction

mixture was heated to 140 °C for 30 minutes.

The reactor was cooled down to 50 °C prior to the addition of a deprotecting
solution containing 6 M HCI (800 pL, 4.8 mmol) and 0.25 M ascorbic acid
solution (200uL, 50 pmol). The deprotection reaction was heated to 120 °C
and allowed to proceed for 20 minutes, after which the solution was diluted
to a total volume of 2 mL by addition of water. The mixture was filtered over
a Waters® Sep-Pak Alumina B Plus Light Cartridge, followed by a Pall
Acrodisc 1.2 um filter and injected on HPLC for product characterization.

EXAMPLE 4: Conversion analysis by TLC.

The radiochemical conversion is calculated from the intensity of the spots on
TLC. Division of the signal of BOC-protected 6-L-[18F]FDOPA by the total
signal of all radioactive compounds present on the lane of the TLC plate

gives the percentage of [!8F]fluoride converted to BOC-protected 6-L-
['SFJFDOPA (Lane%).

EXAMPLE 5: Product analysis by HPLC.

The calculated radiochemical yield of the reaction is calculated from the
integration of radioactive peaks. The relative peak area of the 6-L-
['SFJFDOPA peak is divided compared to the total area of all radioactive
peaks combined gives the percentage of ['8F]fluoride converted to 6-L-

["*F]FDOPA (% Area).
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EXAMPLE 6: Comparative testing of Cu catalyst or anti-oxidant.
Table 1 below illustrates the advantages of using the copper catalyst
Cu(Impy)4(OTH)2 according to a method of the invention as compared to
catalyst containing no or different Cu(I) complexing ligands e.g. in
Cu(OTf)2 and CuPy)4(OTf)2. Reaction mixtures and conditions were as
described herein above using the BOC-protected stannyl precursor
N,N,0,0O-tetra-BOC-6-(SnMe3)DOPA-OMe (8 mg, 10.3 nmol; ABX advanced
biochemical compounds GmbH, Radeberg, Germany) and Cu-catalyst (16.7
pmol) in DMA/m-butanol. The comparative experiment was performed 4
times, each of which demonstrating that the highest conversion was

obtained using Cu(Impy)4(OTf)s2.

Table 1 : Conversion (%)

Cu(OToH: Cu(Py)4(OTH: | Cu(Impy)«(OTH):

According to no no yes

invention?

Experiment #

1 0 4 27
2 0 6 56
3 0 17 30
4 0 15 36

Table 2 below illustrates the advantages of including ascorbic acid (0.25 M)
as anti-oxidant in the HCl-containing deprotection solution. The conversion
18F-labeledBOC-protected intermediate compounds obtained by
radiofluorination of different amounts of BOC-protected stannyl precursor
(4, 16 or 8 mg) were subjected to a deprotection reaction in the absence (N)
or presence (Y) of ascorbic acid. The results in Table 2 conversion

percentages (reflecting the conversion of [18F]fluoride to BOC-protected 6-L-



10

15

20

WO 2024/058665 PCT/NL2023/050475

17

[18F]FDOPA) indicate that the presence of anti-oxidant increases the
product yield.

Table 2
Experiment # | Precursor (img) | Asc. Acid (Y/N) Calculated
radiochemical
yield (%)
5 4 N 10
6 16 N 30
7 16 N 19
8 8 Y 53
9 8 Y 70
10 8 Y 36

EXAMPLE 7: Comparative testing of fluorinating agent.

Table 3 below illustrates the advantages of using the fluorinating agent
[18F]Tetraethylammonium fluoride ([18F]Et4NF) according to a method of the
invention as compared to the fluorinating agent as used by Makaravage et

al., Org. Lett. 2016 Oct 21;18(20):5440-5443, viz. [\8F]KF.

Moreover, Table 3 shows the advantages of using the copper catalyst of the
invention (Cu(Impy)4(OTf)2) as compared to the copper catalyst of
Makaravage et al., viz. Cu(OTf)2.

Furthermore, Makaravage et al. advocate the use of a major excess of
pyridine (at least 15 equivalents). By contrast, the method of the invention
yields improved results while avoiding the use of pyridine. As such, in
experiment 7A pyridine is added in line with Makaravage et al., while in
experiment 7B no pyridine is added to the reaction mixture. The results
indicated as “Experiment 6” in Table 3 were taken from the final column of

Table 1 for ease of reference.
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For experiments 7A and 7B the following reaction conditions were used. In
experiment 7A, the reference catalyst Cu(OTf)2 is used, while in experiment

7B the catalyst of the invention is used.

A Waters® Sep-Pak Accell Plus QMA Carbonate Plus Light Cartridge
(hereafter: QMA cartridge) was conditioned using 10 mL of ethanol, 10 mL
of a 90 mg/ml solution of potassium trifluoromethanesulfonate solution in
water, and 10 mL of water. [18F]Fluoride was loaded onto the QMA
cartridge and eluted using a solution of 10 mg potassium
trifluoromethanesulfonate and 50 pg potassium carbonate in 550 pl. water.
1 mL of acetonitrile was added to the eluate and the mixture was dried

under vacuum.

To the dried mixture was added BOC-protected stannyl precursor N,N,O,O"-
tetra-BOC-6-(SnMe3) DOPA-OMe (8 mg, 10.3 pmol), 2 eq (20.6 umol) of the

copper catalyst in 1 mL of N,N-dimethylacetamide. In experiment 7A, 15 eq
(13 uL) of pyridine was also added, while in experiment 7B no pyridine was

added to the reaction mixture.

Thereafter, the radiofluorination reaction was performed at 140 °C for 30
minutes. Radio TLC (1:1 EtOAc/hexanes) and subsequent analysis as
described in Example 4 were used to determine the conversion of the

precursor to BOC-protected 6-L-['SF]JFDOPA.

The results in Table 3 demonstrate that using the catalyst of the method of
the invention improves the conversion, while the addition of pyridine can be
avoided. Moreover, using both the catalyst and the fluorinating agent of the

method of the invention results in a further improvement of the conversion.
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Table 3.
Experiment Catalyst Fluorinating | Pyridine | Conversion
agent (%)
7A Cu(OTf)2 [BFKF 15 eq. 0
(Makaravage
et al.)
7B Cu(Impy)4(OTf)z [*8F]KF none 12
(reference;
other
fluorinating
agent)
6 Cu(Impy)a(OTh)2 [3F]EtaNF none 27-562
(invention)

a Results taken from Table 1.

EXAMPLE 8: Disposable cassettes for automated synthesis

Cassette A

Vessel 1: Et4aNHCO3 (6 mg, 26.1 pumol) in 1 mL methanol
Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-

(SnMe3)DOPA-OMe (8 mg, 10.3 umol) and Cu(Impy)4+(OTf)2 (14 mg, 16.7
umol in 900 ul. DMA and 100 pL n-butanol.
Vessel 3: 6 M HCI (800 pL, 4.8 mmol) and 0.25 M ascorbic acid solution
(200uL, 50 pmol)

Vessel 4: HPLC eluent

Cassette B

Vessel 1: Et4aNHCO3 (10 mg, 52.2 pmol) in 1 mL methanol
Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-

(SnMe3)DOPA-OMe (8 mg, 10.3 umol) and Cu(Impy)4+(OTf)2 (14 mg, 16.7
pmol in 900 p. DMA and 100 pL. n-butanol.
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Vessel 3: 6 M HCI (800 pL, 4.8 mmol) and 0.25 M ascorbic acid solution
(200uL, 50 pmol)
Vessel 4: HPLC eluent

Cassette C
Vessel 1: Et4aNHCO3 (6 mg, 26.1 pumol) in 1 mL methanol
Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-
(SnMe3z)DOPA-OMe (8 mg, 10.3 umol) in 500 uL. DMA.
Vessel 3: Cu(lmpy)4(OTf)2 (14 mg, 16.7 pmol in 400 uL. DMA and 100 pL
n-butanol.
Vessel 4: 6 M HC1 (800 pL, 4.8 mmol) and 0.25 M ascorbic acid solution
(200uL, 50 pmol)

Cassette D
Vessel 1: Et4aNHCO3 (6 mg, 26.1 pumol) in 1 mL methanol
Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-
(SnMe3)DOPA-OMe (8 mg, 10.3 umol) and Cu(Impy)4+(OTf)2 (14 mg, 16.7
pmol in 900 p. DMA and 100 pL. n-butanol.
Vessel 3: 6 M HCI (800 pL, 4.8 mmol) and 0.25 M ascorbic acid solution
(200uL, 50 pmol)
Vessel 4: Water

Cassette E
Vessel 1: Et4aNHCO3 (6 mg, 26.1 pumol) in 1 mL methanol
Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-
(SnMe3)DOPA-OMe (8 mg, 10.3 umol) and Cu(Impy)4+(OTf)2 (14 mg, 16.7
umol in 900 ul. DMA and 100 pL n-butanol.
Vessel 3: 1 mLL. 6 M HCI (800 uL, 4.8 mmol)
Vessel 4: HPL.C Eluent
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Cassette F
Vessel 1: Et4aNHCO3 (6 mg, 26.1 pumol) in 1 mL methanol
Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-
(SnMe3)DOPA-OMe (8 mg, 10.3 umol) and Cu(Impy)4+(OTf)2 (14 mg, 16.7
umol in 900 ul. DMA and 100 pL n-butanol.
Vessel 3: 4 M HCI (800 puL, 3.2 mmol) and 0.25 M ascorbic acid solution
(200uL, 50 pmol)
Vessel 4: HPL.C Eluent

Cassette G
Vessel 1: Et4aNHCO3 (6 mg, 26.1 pumol) in 1 mL methanol

Vessel 2: BOC-protected stannyl precursor N,N,0O,O-tetra-BOC-6-
(SnMe3)DOPA-OMe (8 mg, 10.3 umol) and Cu(Impy)4+(OTf)2 (14 mg, 16.7
pmol in 900 pL. DMF and 100 pL n-butanol.

Vessel 3: 6 M HCI (800 pL, 4.8 mmol) and 0.25 M ascorbic acid solution
(200uL, 50 pmol)

Vessel 4: HPL.C Eluent
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Claims

1. A method for the one-pot synthesis of 6-L-['8F][fluoro-3,4-
dihydroxyphenylalanine (6-L-[13F]FDOPA) involving the Cu-mediated !8F-
5 fluorodestannylation of a BOC- protected stannyl precursor, comprising the

steps of:

(1) contacting a BOC- protected stannyl precursor of the formula I

R= Q1G4 alkyl group

10
with [18F]Tetraethylammonium fluoride ([!®F]Et4NF) in the presence of
the Cu-catalyst Cu@midazo[1,2-b]pyridazine)4(OTf)2 to yield the 8F-
labeled BOC-protected intermediate compound of the formula II

R= C1-C4 athyl group - and
15

(1) hydrolyzing the [18F] BOC-protected intermediate compound using
HCI to obtain 6-L-['8F]fluoro-3,4-dihydroxyphenylalanine (6-L-[!3F]FDOPA).

2. Method according to claim 1, wherein the BOC- protected stannyl
20  precursor is N,N,O,O -tetra-BOC-6-(SnMe3) DOPA-OMe.
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3. Method according to claim 2, comprising prior to step (1) preparing
N,N,0,0’-tetra-BOC-6-(SnMe3) DOPA-OMe by N-BOC protection of N,0,0’-
tr1-BOC-6-(SnMes) DOPA-OMe.

4. Method according to any one of claims 1-3, wherein step @) is

performed in the presence of dimethylacetamide (DMA) and n-butanol.

5. Method according to any one of claims 1-4 wherein step (@) is
performed at a temperature in the range of about 130-150 °C, preferably at
around 140°C.

6. Method according to any one of the preceding claims, wherein the
molar ratio of BOC-protected stannyl precursor / Cu@midazo[1,2-b]-

pyridazine)s(OTf)2 is in the range of 2:3 to 1:2, preferably about 1:1.5 to 1:2.

7. Method according to any one of the preceding claims, wherein step (i1)

is performed in the presence of an anti-oxidant, preferably ascorbic acid.

8. Method according to any one of the preceding claims, to provide 6-L-
[(SF]FDOPA in a radiochemical conversion (RCC) of at least 50%.

9. A cassette for carrying out a one-pot synthesis of 6-L-['8F]fluoro-3,4-

dihydroxyphenylalanine (6-L-[18F]FDOPA), comprising:

@) a BOC- protected stannyl precursor of Formula I as defined
in Claim 1 or 2; and Cu(imidazo[1,2-b]pyridazine)4+(OTf)s,
wherein said precursor and said Cu(imidazo[1,2-
b]pyridazine)4(OTf)2 may be present in the same vessel or in
separate vessels, preferably wherein said precursor and said
Cu(@midazo[1,2-b]pyridazine)4(OTf)2 are present as pre-

mixture in the same vessel.
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10. The cassette according to claim 9, further comprising (i1) a separate
vessel containing a solution of a tetraethylammonium salt, preferably
selected from the group consisting of Et4.NHCOs3, Et4NOTY, Et4NF4 and
Et4NI.

11. The cassette according to claim 9 or 10, wherein said BOC- protected
stannyl precursor is N,N,O,O -tetra-BOC-6-(SnMe3) DOPA-OMe.

12. The cassette according to any one of claims 9-11, further comprising

(111) a separate vessel comprising a solution of HCIL.

13. The cassette according to claim 12, comprising
1) a vessel comprising a solution of Et4aNHCOs3
@) avessel comprising N,N,O,O -tetra-BOC-6-(SnMe3) DOPA-OMe
and Cu@midazo[1,2-b]pyridazine)s(OTf)2

(1) a vessel comprising a solution comprising HCI and ascorbic acid.

14. A device for automated synthesis of a radioactive tracer, the device
comprising a fixed module and a disposable module which is positioned on

the fixed module, the fixed module comprising a processor and an interface
for the disposable module, and wherein the disposable module comprises a

cassette according to any one of claims 9-13.

15. A reaction mixture comprising N,N,O,O-tetra-BOC-6-
(SnMe3)DOPA-OMe, Cu@imidazo[1,2-b]pyridazine)4(OTf)2 and
[18F]Tetraethylammonium fluoride in a solvent, preferably in DMA

comprising n-butanol.
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