
luorine-18-('8F) labeled 6-fluoro-L-dopa (3,4-dihy
droxy-6-fluoro-L-phenylalanine) accumulates in areas of
the brain that contain a large concentration of the neuro
transmitter dopamine (1). This finding has prompted in
terest in developing an improved synthesis for â€˜8F-labeled
6-fluoro-L-dopa, a tracer suggested as a marker for the
dopamine pool (1-5). iWo â€˜8F-labeledfluoro-dopas (5-
and 6-, substituted) have been prepared by various proce
dures (2-5); however, all syntheses reported to date in
volve low incorporation of fluorine, lengthy preparation
times, and consequently a low yield of the â€˜8F-labeled
radiopharmaceutical obtained at the end of the synthesis
and available for positron emission tomography. Fluorina
tion of L-dopa with fluorine in liquid HF has recently
been reported (5). This procedure produces a mixture of
2-, 5-, and 6-fluorodopa; an elaborate separation is there
fore required before components can be resolved (4, 5)
and 6-['8F]fluoro-L-dopa of96% radiochemical purity can
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be obtained. The yield and the level of reactivity are
invariably low. Since 6-['8F]fluoro-L-dopa might be an
important radiopharmaceutical for estimating the do
pamine pool (6, 7) in the human brain by means of posi
tron emission tomography (PET), a more productive, re
producible synthesis must be developed.

Recently it was shown that aryl-trimethyl silanes (7)
and arylpentafluorosiicates (8')can be used as substrates
for the fluorination reaction in the synthesis of simple
fluorinated compounds. Encouraged by our preliminary
results (7), we have investigated the synthesis of an â€˜8F-
labeled vinyl fluoride (4-fluoroantipyrine) (9). We report
here a synthesis of â€˜8F-labeled6-fluoro-L-dopa which in
volves cleaving the carbonâ€”silicon(Câ€”Si)bond with ma
lecular [â€˜8F]F2in a nonpolar solvent at the temperature of
dry ice.

EXPERIMENTAL

Materials and Methods
Fluorination reactions were done by using 5 % F2 in

nitrogen (â€œcoldâ€•preparations) and 0.5% [â€˜8F]F2in neon
when the labeled compound was synthesized. All fluori
nation reactions were carried out in a freon-i 1/CCI@(1:1)
mixture in a dry ice bath. The fluorine gas mixture was
bubbled at a rate of about 50 mI/mm in the fluorination
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FIGURE 1
Schematicsof reaction sequences
used in synthesisof 6-[18Fjfluoro-i-
dopa(7)

with â€˜8F-labeledfluorine and gradually decreased from 60
ml/min to almost zero in the fluorination with 5% F2 in
N2. lbchmques used to control the introduction of fluorine
and the production of [â€˜8F]F2were described in detail
elsewhere (10) and will not be repeated here. â€˜H-NMR
spectra were taken at 299.94 MHz using tetramethylsilane
(ThIS) as the internal or external standard when spectra
of silanes were taken. â€˜9F-NMRspectra were taken at
75.386 MHz on a Bruker WP-80 SY and at 282.203 MHz
on a Varian XL-200 spectrometer using CFC13 as the
external standard. All â€˜9Fchemical shifts are reported
relative to CFC13 (0 = 0) with the negative sign represent
ing a downfield shift. Mass spectra (MS) were obtained
using a HP5980A spectrometer. Melting points were de
termined in a capillary tube using conventional apparatus
and are reported uncorrected. High performance liquid
chromatography (HPLC) was done on a reverse-phase
column. Both uv and radioactive detectors were used for
all â€˜8Fpreparations. A radioactive detector with a cell of
500 or 50@ was used. Chromatographic conditions are
given later in the paper.

Thin layer chromatography (TLC) and radiochromato
graphy (TI@RC)were performed on hard layer silica gel
plates developed with solvent mixtures described in the
experimental part. The radiochemical yields are given at
the end of the synthesis relative to the [â€˜8F]F2coming
from the target into the reaction mixture (equated with the
total radioactivity present in the fluorination vessel at the
endofbubbling).

3,4-dimethoxypheny1-L-@iI1inineethyl ester (3)
3-methoxy-L-tyrosine (1 , Fig. 1) (1 .2 g, 5 mmol) was

converted into its potassium salt (11) by dissolving it in
35%KOH(6m1).Thereactionmixturewasstirredfor30
mm at room temperature. The potassium salt was dried
under vacuum for a few hours and then an excess of
dimethylsulfate (2.6 ml, 30 mmol) (11) in 30 ml of metha
nol was added. The reaction mixture was refluxed for 14
hr after which time a white precipitate was filtered off and
discarded. The solvent was evaporated to dryness and the
residue (compound 2) dissolved in ethanol (20 ml). The
esterification was done by adding chlorotrimethylsilane
(2. 1 ml, 16.2 mmol) into the ethanolic solution under
nitrogen atmosphere (12). The reaction mixture was
stirred at room temperature for 3 hr and the white precipi
tate was filtered off to collect the first crop of the product
(3). An additional crop of product was isolated from the
filtrate by evaporating the solvent to dryness, dissolving
the resultant colorless oil in ethyl acetate, washing the
ethyl acetate solution with a saturated solution of NaC1in
water, and concentrating the ethyl acetate solution. The
white crystals collected in the first step were also dis
solved in ethyl acetate and the solution was washed and
concentrated as described above. TLC plates developed in
a mixture of isopropanol/ammonia (7:3) showed one spot
with R@= 0.45. About 4.2 mmol ofester (3) was isolated.
The product was identified by â€˜H-NMRand MS.

MS (rn/c, intensity): 253, 0.76 (M@). â€˜H-NMR
(CD@OD,TMS) for ester; 6 = 4. 18 (q, -OCH2-CH3,
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2H); 6 = 1.26 (t, â€”OCH2â€”CH3,3H); Ã´= 3.84 (s, â€”
OCH3, 6H); Ã´= 2.77â€”2.88(m, â€”CH2-CH(NH2),2H); Ã¶
= 2.98-3.07 (d of d,-CH2-CH(NH2)-, 1H); Ã´ = 6.64â€”

6.84 (m, aromatic ring, 3H).

Bromination of 3,4-dimethoxy-L-phenylalanine ethyl
ester

The product (3) (1.14 g, 4.5 mmol) from the previous
step was brominated with bromine in glacial acetic acid
(13) (0.25 ml, 5 mmol) [10 ml of a solution of potassium
acetate in acetic acid (0. 15 M)], a procedure previously
used for introduction of bromine to position-6 (14). The
red-brown mixture was stirred for 30 mm at room tem
perature and then the ester (3), dissolved in acetic acid (2
ml), was added slowly to the mixture. The color of the
mixture disappeared a few minutes after the ester was
added. Stirring was continued for 2 hr at the same temper
ature. Evaporation of the solvent gave a yellowish oil (4),
which was generally used without further purification in
the subsequent step because the integrated â€˜H-NMR
agreed with the expected structure. An indication for the
introduction ofbromine into the aromatic ring in position
6 was obtained from the â€˜H-NMR(CD3OD/TMS), which
showed two sets of broad singlets at 6 = 6.66 ppm and 6
= 6.91 ppm, each integrated for one aromatic proton.

The ultimate proof for the proper assignment was ob
mined from the structure of the final product and compari
son with the â€˜H-NMRof diethyl (6-bromo-4,5-dimethyl)
benzylacetamideomalonate (14). The rest of the splitting
was similar to that given above for 3,4-dimethoxypheny
la.lanine ethyl ester (3).

The MS-spectrum of the product, 6-bromo ethyl ester,
gave a molecular peak for both Br-isomers (M@ , 331,
79Br-ester and 333, 81Br-ester, ratio 1: 1).

Schiff's base of aminoacid ester (5)
The amino group of the 6-bromo-ethyl ester (4), pre

pared as described in the previous step, was protected by
reacting the bromo-ester (4) with benzaldehyde (1 eq) or
p-nitrobenzaldehyde (1 eq) in ethanol (15) in the presence
of triethylamines. The bromo adduct (4) (1.6 g, 4.8
mmol) was dissolved in ethanol (1.5 ml) and Et3N was
added until the pH ofthe solution became neutral. Benzal
dehyde (520 mg, 4.8 mmol) or p-nitrobenzaldehyde (725
mg, 4.8 mmol), dissolved in ethanol (1.5 ml), was added
to the above solution and the mixture was kept at 50Â°Cfor
20 mm and stirred for 6 hr at room temperature. In the
case of p-nitrobenzaldehyde, the solution should be re
fluxed. After that the mixture was kept at -10Â°C for 14
hr. Evaporation of the solvent gave a yellow oil, which
was purified by extraction with hot ethyl acetate. The
yield of N-benzylidene (5a) and N-p-nitrobenzylidene
(Sb) was about 60% . â€˜H-NMRfor N-benzylidene adduct
(Sa) was (CD3OD/TMS), 6 = 6.99 (m, Ar-H, CH=N
and aromatic protons of amino acid ester, 8H). â€˜H-NMR
for N-p-nitrobenzylidene adduct in CDC13/TMSshowed a

multiplet at 6 = 7.25 ppm (N02-Ar-H, CH=N and aro
matic protons of amino acid ester; 7H).

Synthesisof 6-trimethylsilyl-3,4-dimethoxy-L-dopa
ethyl ester (6)

The benzylidene(5a, Fig. 1)or p-nitro-benzylidene1(Sb,
Fig. 1) adduct of aminoacid ester (4 mmol) was reacted
with magnesium turnings (120 mg, 5 mmol) in anhydrous
tetrahydrofuran (15) at reflux for 7 hr in the presence of a
crystal of iodine. Thmethylsilyl chloride (1 ml, 10 mmol)
was then added and the reaction was refluxed overnight.
After filtering off the magnesium salts, the filtrate was
evaporated to a brown oil, which was dissolved in chloro
form and washed with water. After evaporation of the
solvent, the yellowish oil was extracted with carbon te
trachionde giving the silane (6, Fig. 1) in a 5% yield (0.4
mmol) relative to 3-methoxy-L-tyrosine (1). â€˜H-NMRof
the products (CC1@)showed a peak at 6 = 0.02 ppm for
the trimethylsilyl group which corresponded to nine pro
tons. The other resonances were not greatly different
from the compounds described above. Integration agreed
with the expected structure.

Preparation of 6-'@F-fluoro-L-dopa(7)
The carbon tetrachloride/freon-1 1 (1: 1) (10 ml) solu

tion of 6-trimethylsilyl 3,4-dimethoxy-L-dopa ethyl ester
(6) (0.2 mmol) obtained in the previous reaction step was
first cooled in a dry ice bath for 10 mm and [â€˜8F]-F2(0.07
mmol) (9) was bubbled for 10 mm at the temperature of
dry ice. Evaporation of the solvent gave a solid residue
which was dissolved in chloroform (3 ml) and treated
with CaO. After the CaO was filtered off and the solvent
evaporated under vacuum, the residue was dissolved in 5
ml HBr (2, 3) (48%) and transferred in a vial. The vial
was closed and heated in a bath kept at 135Â°Cfor 35 mm.
Hydrobromic acid was evaporated to dryness under re
duced pressure and the excess acid removed by redissolv
ing the residue in 12 ml of water and re-evaporating it. To
remove HBr completely, the previous procedure was re
peated twice. The product was decolorized by redissolv
ing it in H20 (10 ml) and heating it with charcoal at
120Â°Cfor3min.

TLRC of the colorless solution in isopropanol-NI-I@OH
(6.5:3.5) showed 6-['8F]fluoro-L-,dopa with a Rf = 0.45.
Purification of a buffered solution (pH 4.5) by filtration
through a reverse Sep@Pak*(two in series) and steriliza
tion by filtration through a 0.2 @mMihipore yielded 6-
[â€˜8F]fluoro-L-dopawith a radiochemical yield of 5-10%
(average 8%). The radiochemical purity of the final prod
uct was about 95%. The product, 6-['8F]fluoro-L-dopa (7,
Fig. 1), was identified by its â€˜9F-NMR,which was com
pared to an authentic samples using D20 plus a few drops
of CD3COOD as a solvent, by HPLC comparing the elu
tion volume, and by R1values. â€˜9F-NMR(1)20 and a few
drops of CD3COOD) 4 = -126.91 ppm (3JHF = 9.8 Hz,
4JHF 7.3 Hz); â€˜H-NMR (D20 + MeOD -d@ + DM50-
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d6) appeared as two AB parts of the two ABX systems
corresponding to protons on carbon-2 and carbon-5, re
spectively. The lines appeared between 6.72 and 6.75
ppm for hydrogen in position-2 (JHH(pars) = 1.7 Hz, 4JHF
= 8 Hz, 1H) and between 6.91 and 6.95 ppm for hydra

gen in position-S (JHH(ortho) = 1.7 Hz, 3JHF 10 Hz,
1H). The protons of the side chain appear as an ABX
system with the X part at 6 = 3.77 ppm (3JHXHb= 4.4 liZ,
-CH(NH2)-, 1H) and AB parts between 2.92 and 3.0

ppm eJHaHb= 14.6 Hz, 3JHaHx 8.3 Hz, â€”CH2â€”,lH)
and3.16and3.23ppm eJHbHa 14.4liZ,3JHbHx 4.4
Hz,-CH2-,1H).

The specific activity of the final product agreed well
with the specific activity measurements of [â€˜8F]F2(10).
After a 30-mm irradiation the specific activity was about
680 mCi/mmol expressed at the end of synthesis. In a
typical preparation, from about 60 mCi of [â€˜8flF2we
obtained about 4.8 mCi of 6-['8F] fluoro-L-dopa after a 1-
hr synthesis. There is no need to remove L-dOpafrom the
final product because the concentration of L-dopa in hu
man plasma is about 8 @M.

RESULTS AND DISCUSSION

All syntheses of â€˜8F-labeled6-fluoro-L-dopa (7) re
ported to date have a low radiochemical yield (2-5) barely
amounting to that required for PET studies in humans.
The time required to complete these syntheses was gener
ally very long (2â€”4hi), especially when the synthesis was
done with a 110-mm radioisotope. Four hours were re
quired when fluorination was done with [â€˜8F]XeF2and 3
hr when it was done with acetylyhypofluorite reaching
yields of up to 1.3% (4). However, the synthesis reported
very recently (5) is shorter: it takes about 2 hr, reaching a
radiochemical yield of 3 %. The major shortcoming of
even the best ofthese syntheses is a long, elaborate punfi
cation procedure which itselftakes almost 110 mm (5). In
contrast, the synthesis reported here gives only 6-
[â€˜8F]fluoro-L-dopain a racliochemical yield at least twice
that of any synthesis ever reported. Having only one ra
dioactively labeled fluoro-dopa greatly simplifies purifi
cation, reducing the synthesis time to less than 1 hr.

â€˜9F-NMRanalysis of the final product revealed the
presence of only one 6-[18F1-fluoro-L-dopa,giving dou
blet of doublets with coupling constants (3JHF= 9.8 Hz,
4JHF 7.3 Hz) and chemical shift (-126.91 ppm). The

chemical shift is in good agreement with that reported by
Firnau et al. (4, 5); our coupling constants only approxi
mate theirs. (The chemical shift assigned to 6-fluoro-dopa
in the most recent paper (5) has probably been confused
with that of 5-fluoro-dopa). The coupling constants and
chemical shift obtained in this work are close to those
observed for commercially available 6-fluoro-dopamine.
A possible explanation for the difference in coupling con
stants is that the peaks in the â€˜9F-NMRspectra are not
very narrow. The broadening ofthe peaks might influence
the determination of the coupling constants.

Another set of difficulties derives from the influence of
the concentration on the shape of the spectra and therefore
on the determination of the coupling constants. We have
observed the splitting in the â€˜9F-NMRspectra to be a
function of the 6-fluoro-L-dopa concentrations. When the
amount of this compound was below about 1.0 mg the
peaks of doublet of doublets were not well resolved. â€˜9F-
NMR (D@0+ TMS) of 6-fluoro-dopamine showed dou
blet ofdoublets centered at 4 = -127.85 ppm with 3JHF=
9.8Hz and4JHF 7.3Hz,thesameasthoseobservedfor
6-fluoro-L-dopa. However, â€˜H-NMR(D@0 + TMS) of 6-
fluoro-dopaminegave3J@F = 11.3Hzand4JHF = 7.3Hz
with corresponding chemical shifts of 6.75 ppm. The H-F
coupling constants of the 6-fluoro-dopamine (3JHF= 10
Hz, 4JHF 8 Hz), are similar to those Obtainedfrom â€˜H-
NMR and â€˜9F-NMRSpectraof 6-f@uoro-dopa(3JHF= 9.8
Hz, 4JHF 7.3 Hz). H-F coupling constants for 6-fluoro
L-dopa obtained from the â€˜H-NMRspectra are somewhat
greater than those obtained from the â€˜9F-NMRspectra.

@ do not have a clear explanation for this. It may be that
the solvent and the concentration affect the resolution.

The couplings in the ABX system of the side chain of 6-
fluoro-L-dopa reported here do not agree well with those
reported by Firnau et al. (5) and Auhoury et al. (14) in 5-
fluoro-dopa and 6-bromo-dopa, respectively. The reason
for this discrepancy is not obvious but it could result from
mistaken assignment of the lines in the ABX system. We
have not determined the sign of the AB coupling con
stants. However, from its absolute magnitude we could
conclude that it has a negative sign (17). The chirality of
the final product was confirmed by HPLC, using a chiral
reverse-phase column prepared as described by Gil-Av et
al. (18). As measured by the HPLC ofthe final radiophar
maceutical, only one radioactive species was present and
eluted with the same elution volume as 6-fluoro-L-dopa.

Halogenation of the aromatic silanes has been investi
gated in the past (19) but not fluorination, possibly be
cause fluorine was considered to be too reactive to allow
controlled cleavage of the Câ€”Sibond and an aryl com
pound.@ have recently shown that cleavage can be done
with relative ease and that a simple purification yields
fluorinated compounds (7). In contrast to a recent report
that the fluorination of the Câ€”Sibond with F2 yields a
mixture of all possible substituents (8), the cleaving of the
C-Si bond in the case reported here yielded only one
fluorinated compound.

The formation of several regional isomers is similar to
that reported in the bromination of substituted aryl silanes
(19). However, in the experiments of Shiue et al. (8) the
silane/fluorine ratio was only about 1.5-2, in contrast to
the ratio of about 3: 1used in our work. The silane used in
this work cannot be considered a typical representative of
aryl silanes because position-6 in our compound is the
most nucleophilic (14). Having the silane in that position
would reinforce the direction of the electrophile to that
position and would result in a clean cleavage of the Câ€”Si
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FOOTNOTESbond. A similar result was observed in the bromination of
substituted aryl silanes (19) where the substituent directs
the electrophile to the Câ€”Sibond. The purification of the
silane is a critical step: if a silane is not properly purified
from a nonbrominated compound (3) all three isomers of
fluoro-dopa will be produced, complicating the purifica
ton of the final radiopharmaceutical.

A comparison of â€˜H-NMRspectra of 3,4-0-dimethyl
bromophenylalanmneethyl ester and diethyl (6-bromo-4,5-
dimethoxy) benzylacethmide malonate, prepared as de
scribed earlier (14), revealed the presence of bromine in
position-6. Our observations on the bromination of
methoxy-L-dopa agree well with results reported earlier
(14) to the effect that position-6 is one of the most nucleo
pililic- position and that bromination yields only a 6-
bromo-compound. The yields of different steps during
synthesis of the silane were generally good. The new
synthetic routes for silane preparation have been investi
gated in an attempt to increase the yield.

After fluorination, hydrolysis, and Sep-Pak (C-18) pu
rification, 6-['8Fjfluoro-L-dopa was analyzed by HPLC
using a reverse-phase column* and H20 with the addition
of 0. 1% AcOH and 0.01 % NH@0ACas an elution sol
vent. The elution volume of 11.9 ml was identical to that
of an authentic samples and showed only one symmetric
peak. No other radioactivity was present in the final ra
diopharmaceutical. The other compound carrying the â€˜8F-
label, trimethylsilyl fluoride, was lost during evaporation
under reduced pressure. As confirmed by elution from a
chiral column, there was no racemization during the syn
thesis.

The specific activity obtained in our work is about
twice that reported by Firnau et al. (5) which was claimed
to be sufficiently high for the application of tracer kinet
ics.

A major shortcoming of the synthesis reported here is
the preparation of the silane. 1\vo different Schiff's bases
were investigated but no difference in the silane yield was
observed. The silane used as the fluorination substrate is
difficult to prepare and at present the yield is only about
5 % relative to the 3-methoxy-L-tyrosine, the synthesis
starting material.
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