
he concentration ofthe neurotransmitterserotonin
is lower in the brain of patients with certain mental
disorders than in the normal brain (1). Cerebral metab
olism of serotonin is, therefore, obviously a topic of
some importance. To date we have not had a means to
quantify it in vivo in the human brain.

The metabolism of serotomn has been extensively
investigated in animals by tracing labeled tryptophan
(Trp) and its metabolic product, serotonin (5-HT), and
the serotonin degradation product, 5-hydroxyindole
acetic acid (5-HIAA) (2,3). It should be noted that this
metabolite can be lost from the brain during the course
of an experiment. Therefore, although serotonin syn
thesis can be quantified in animal experiments if HPLC
separation of different metabolic products is done, it
might be difficult to do so using external monitoring
(e.g., PET) and labeled tryptophan as a tracer.

With PET we can measure uptake and, in some
instances, follow a part of the metabolic pathway of
various labeled substances in human brain (4,5). For
instance, PET imaging of the neurotransmitter dopa
mine pool in the living human brain using fluorine-18
labeled 6-fluoro-L-dopa has recently been described (6).
PET can also be used to examine cerebral metabolism
of serotonin by means of labeled tryptophan. To do
this, tryptophan should be labeled in a position other
than carboxylic.

A synthesis of carbon-li (â€œC)tryptophan with the
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label in the carboxylicposition has alreadybeen devised
(7,8). However, any label in that position would be lost
during subsequent metabolism, during the conversion
of5-hydroxytryptophan to serotonin, preventingproper
quantitation. Yet synthesis oftryptophan with the label
in any other position than the carboxylic is presently
extremely difficult. Several fluorinated analogs of L
tryptophan have been synthesized (9,10), but their use
fulness in studying the rate of serotonin synthesis has
never been confirmed. For these reasons we decided to
investigate analog oflabeled tryptophan that, like tryp
tophan, follow serotomn's metabolic pathway but not
metabolized into 5-HIAA.

Sourkes and co-workers (11,12) have shown that a-
methyl-L-tryptophan follows, at least in part, the met
abolic pathway of L-Trpand thus could be a suitable
tracer for measurement of the in vivo synthesis of
serotonin. They have also shown that the metabolic
product of a-methyl-L-Trp is a-methyl serotomn (11,
12), which they postulated was the end product of the
metabolic degradation of a-methyl-L-Trp.To facilitate
measurement of the rate of synthesis of serotonin in
vivo we have synthesized a-[' â€˜CImethyl-L-tryptophan.

MATERIALS AND METHODS

All chemicals used in this work were of research grade
exceptforhighperformanceliquidchromatography(HPLC)
solvents which were of HPLC purity and were obtained from
regular suppliers. â€˜H-NMRspectra were obtained at 200 MHz
usinga VarianXL-200spectrometer.Tetramethylsilanewas
used as an external standard when aqueous solutions were
analyzedand as an internalstandardwhenorganicsolvents
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FIGURE1
Schematic representation of reaction
sequencesused in the synthesisof
a-methyl-L-tryptophan.

into diethyl ether (80 ml) from 16 ml of cold lN sodium
hydroxide. The ether layer was washed with 30 ml of ice-cold
distilled water.

After drying with anhydrous sodium sulfate, the ether was
evaporatedleavinga viscousliquid(yield75%).CompoundI
wasusedwithoutfurtherpurificationin the synthesisof the
Schiffbase (2). 0.6 g (2.6 mmol) ofl was mixed with 4 ml of
dry triethylamine and the mixture cooled to â€”10Â°C.A mixture
of 0.274 g (2.6 mmol) of benzaldehyde in 5 ml of dry trieth
ylamine wasthen addeddropby dropduringvigorousstirring.
After all benzaldehyde had been added, the reaction mixture
was stirred for another 4 hr at a bath temperature between â€”5
Â°Cand â€”10Â°C.At the end ofthis period, the reaction mixture
wasslowlywarmedto roomtemperatureas the stirringwas
continuedfor an additionalhour. SolidKOH (2 g)wasadded
to the reaction mixture, the mixture was left to stand for 30
mm, and then ifitered.After removalof the solvent, the
remaining oil was triturated with diethylether giving white
crystals which were recrystallized from benzene-cyclohexane
(l:1)(13)(yield 50%).Identificationdata:M@124â€”125Â°C,lit.
124â€”125Â°C(13);â€˜H-NMR(CDC13),Ã´(ppm)3.29(m, 2H,CH2-
); 3.61(s,3H,CH3(ester));4.10(m, 1H,-CH-),6.60â€”7.68(m,
lH); 7.86 (s, broad, lH); MS (rn/c) 306 (10%, M@,El).

Preparation of â€œCH,I(No-Carrier-Added)
No-carrier-added â€˜â€˜CH3Iwas prepared by adapting the

method describedearlier(15) and outlined in the synthesisof
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FIGURE2
HPLC comparisonof the enantiom
eric purity of a-methyl-L-tryptophan
and L-tryptophanused as starting
materials.Chromatographicanalysis
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were used. Mass spectra were taken with a HP5980A mass
spectrometer using chemical ionization (CI) or electron im
pact (El) (80 eV) as the ionization mode. High performance
liquid chromatographywas done on a chiral column (Chiral
pak WH, Baker Chemical Co.) using uv (=254 nm) or radio
activity detector. Thin layer radiochromatography (TLRC)
wasdoneon a hardlayersilicagelplate(AnaltechUniplates,
Analtech Inc., AN-47521).Melting points were determined in
a block heaterand are reporteduncorrected.Radioactivity of
the positron-emitting radionucides was measured in an iso
tope calibratorwhich was calibrated for various volumes to
permit measurement at different stages ofthe synthesis. These
measurements were also used when determining the specific
activity.

Preparationof the Starting Material for a-Methylation
The reaction sequences used in the synthesis of benzaldi

mine ofL-tryptophan methyl ester (2), the startingmaterialin
the synthesis of a-[' â€˜C]methyl-L-tryptophan(4), are schemat
ically outlined in Figure 1. Synthesis 2 was adapted from the
methods described in Ref. 13 and 14; it should be noted that
it was not possible to reproduce the synthesis exactly as
described because of instability (at least in our hands) of the
L-tryptophanmethyl ester in the basic conditions proposed
for its preparationin Ref. 13. The startingmaterial, L-trypto
phan methyl ester hydrochloride (1.8 g), was first, therefore,
converted into L-tryptophanmethyl ester (1) by extracting 1



UC. choline and choline analogues (16,17). Briefly, â€œCO2was
produced through a â€˜4N(p,a) â€œCreaction by irradiating
research purity nitrogen (18) with 9.8 MeV protons. Carbon
11-labeled CO2 was reduced to [â€˜â€˜C]CH3OHwith LiA1H,.
â€œCH3Iwas released with hot HI in the same vessel in which
â€˜â€˜CO2 had been collected and then reduced to â€˜â€˜CH3OH.

Carbon-i 1-labeled methyl iodide dissolved in dry THF was
added to a solution ofan anion of 2 preparedin dry THF.

Synthesis of or-(â€•CJMethyl-L-tryptophan (4)
A solution of 0.05 mmol of di-isopropylamine in 1â€”2ml

of dry THF was cooled to -78Â°Cin a dry ice-acetone bath
under nitrogen. A solution of methyl lithium in THF (0.05
mmol in 0.5 ml) was added drop-wise while the solution was
stirred in the bath (in situ preparation of lithium di-isopro
pylamine (LDA). After all solution had been added, the mix
tare was stirred for another 20 mm. To this solution 0.05
mmol of2 in 1 ml ofdry THF was added and the reaction
mixture was stirred for 20 mm. No-carrier-added â€˜â€˜CH3I(2-
30 mCi) in THF was injected into the reaction mixture

@ mctho&was direct@
distillation â€C̃H3I into the reaction mixture containing 2.)
When all of the â€œCH@Ihad been added,the solutionwas
warmed to room temperature (â€˜â€”5mm) and ifitered. The
solvent was removed under reduced pressureand the residue
treated with 1 ml of 2N HO for 5 mm in a bath at 135 Â°Cto
obtain a-[â€•C]methyl-L-tryptophan.However,hydrolysisof
the estermight not be necessary;it has been shown that methyl
esters ofother aromatic amino acids are promptly hydrolyzed
in vivo. Ifremoval ofbenzaldehyde only is desired, this could
be done by hydrolyzing the product in iN HG. After evapo
ration of the acid under reduced pressure, 2 ml of sterilized
waterwas added.The final solutionwas passedthrougha
reverse-phaseSEP-PAKcolumnanda 0.2@ Milliporifiter
membraneconnectedin series. The ifitrationsystem was
washed with an additional 2 ml of sterilized water. The
radiochemical yield of the final compound after a 30-mm
synthesis was around 20-25% calculated at the end of the
synthesis (not corrected for radioactive decay). In a clinical
run from 100 mCi ofCH3I, â€˜-@18mCi of' â€˜C-labeleda-methyl
L-tryptophan was obtained. On TLRC the final product
showed one radioactivespot with R@=0.85 (CH3OH-NthOH;
3.5:0.05), identical to that ofan authentic sample prepared by
the same procedureand identified by standardphysicochem
ical methods (see below).

The same procedure as described above was used to syn
thesize nonradioactive a-methyl-L-tryptophan at the 1-mmol
level to investigate reaction sequences, timing, and to deter
minestereoselectivityofthe synthesis.The nonradioactivea-
methyl-L-tryptophan was identified by standard physicochem
ical methods (given below) and the final product was purified
by trituratingthe oily residuewith ethyl ether. The compound
wasrecrystallizedfromcyclohexane(13).

Identificationwasdone by M@(methylester (1)); 133â€”136
C; lit. 135â€”137Â°C(13); â€˜Hâ€”NMR(amino acid hydrochlo

ride);Ã¶(D20)ppm; 1.36 (s, 3H, CH3);2.95â€”3.26(AB-system,
2H, â€”CH2_);6.9â€”7.47(m, 6H, indol system); MS (methyl
ester):rn/c (M = 232, 100%,CI).

Chiral Purity
Chiral purity was investigated on both radioactive and

nonradioactive compounds using a Chiralpak-WH column at
41 Â°Cand 15% MeOH in 0.5 mM CuSO4 in water as the

elution solvent (Vei 111 flu, a 3.1 at 41 Â°C)(Fig. 2). A
chromatogram (Fig. 2) showed the chiral purity of the final
product to be the same as that of the starting material, L
tryptop@ian@with no D-stereoisomer present. The chromato
gram also proved that there was no racemization during the
synthesis. For comparison, Figure 3 shows a composite chro
matogramcontaining chromatogramsof a-methyl-D- and -L
tryptophan and a chromatogram of a mixture of r- and L
stereoisomers.

HPLCChromatogramsof
a -Me-L,D-Trp

1

U

3

b

Time

FIGURE3
HPLC analysisof a-methyl L- and D-tryptophansynthe
sizedseparatelyfromL-andD.(A)showsa chromatogram
of a-methyl-L-tryptophan,(B) shows a chromatogramof
a-methyl-D,and (C)shows a chromatogram obtained after
mixingtwo enantiomers.Thesechromatogramsweredone
at roomtemperature.Other conditionswere the same as
those mentionedin the Figure2. Numbers1, 2, and 3
identify the injections, a-methyl-L-tryptophan, and a-
methyl-D-tryptophan, respectively.
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RESULTS AND DISCUSSION

The synthesis of a-[' â€˜C]methyl-L-tryptophan,as de
scribed in this manuscript, requires â€”-30mm to com
plete from the end of' â€˜CO2collection. It takes @-l0mm
to convert â€˜â€˜CCO2to â€˜â€˜CH3I.This reaction proceeds
with a high chemical yield (>90%) relative to the
amounts of â€˜â€˜CCO2present in the methyl iodide syn
thesis vessel (15â€”17).

The synthesis of a-methyl-L-tryptophandescribed in
the literature (13) did not work in our laboratory. We
had problems obtaining a free base of L-tryptophan
methyl ester when following the procedure in the liter
ature (14) because the methyl ester is not stable in the
basic medium used. To overcome this problem we used
ice-cold lN sodium hydroxide and promptly extracted
the L-tryptophanmethyl ester into di-ethyl ether. The
Schiffbase was synthesized by using the procedure from
Ref. 13.

The Schiffbase (2) was always used in the same week
it was synthesized because prolonged storage resulted
in partial decomposition and complicated the synthesis.
It should be noted that indolic nitrogen in compound
2 was not protected. However, the results suggest the
formation of an anion only on the a-carbon of com
pound 2 as was earlier reported by Brana et al. (13).
We have not investigated the consequences if any, of
the formation ofan anion on the indolic nitrogen. This
would probablyreduce the yield ofthe final compound
because of the side reaction resulting in partial forma
tion of some N-methyl compound. The reaction mix
ture was analyzed after the acid was added and since
no N-methyl compound was observed we concluded
that the side reaction does not occur or at least does
not have serious consequences on the reaction used in
this work.

It is also interesting to note that the reaction is
stereospecific. Retention of the configuration of the
chiral carbon in similar alkylation reactions was cx
plained as being due to the anchimeric assistance of the
imine nitrogen (19). An intermediary shown in Figure
4 (6) was proposed (19) as a compound that allows the
stereo-configuration to be â€œlockedâ€•in the position cx
isting in the original amino acid. One should note that
because of the lithium-nitrogen bridge, the configura
tion of the intermediary is not planar.

To prove that the configuration is indeed retained in

H
I IDA

Râ€”C--COOCH3@ R-C-COOCH3

N=CH0

(2)

the reaction used in this work, we have used the same
reaction sequences on L,Dand separately on the L and
D stereoisomers of tryptophan. As shown in Figure 2,

which represents chromatograms obtained on the chiral
column, the reactions resulted in a-methyl-tryptophan
of the same chiral composition as the tryptophan used
as a startingmaterial.Figure3 is a composite containing
chromatograms of both stereoisomers separately (Fig
ure 3) and of a chromatogram obtained after mixing
two isomers. A slight variation in the retention times
was noticed after consecutive injections of compounds
but this was not large enough to make identification of
the components doubtful. Since there is a large differ
ence in the elution volumes of L- and i-a-methyl
tryptophan, VL 123 ml and VD 24.6 ml, respectively
(a 5.66; room temperature), the identification was
relatively straightforward(see Fig. 3). The synthesis
proposed here for everyday use (applying SEP-PAK
purification) would produce a radiopharmaceutical
containing L-tryptophan as a chemical impurity. This
is the only chemical impurity seen by the HPLC analy
sis ofthe final radiopharmaceutical. We have not found
any need for HPLC purification to remove any poten
tial chemical impurity other than tryptophan. If there
is any doubt about chemical purity, HPLC purification
should be done.

The removal of tryptophan, the starting material,
could also be accomplished by HPLC on a chiral col
umn, but the long retention time (V = 85.5 ml) makes
this approach impractical (see Fig. 2). However, there
are other solvents available to obtain separation of L
tryptophanand L-methyl-tryptophanin a much shorter
time period (Sourkes TL, unpublished data). For this
reason, the amount of L-tryptophan should be kept to
a level that will not change the steady-state plasma
concentration oftryptophan after injection ofthe tracer
containing L-Trp. The levels of L-tryptophan used in
this work would add < 1% to the total plasma L
tryptophan.

The specific activity obtained in this work was deter
mined by HPLC and uv-detector(SA = 2,000 Ci/mmol
at the end of the synthesis). This specific activity is
acceptablebecausean injection of-'@20mCi ofthe tracer
would contain -@-l. l0@ mmol of a-methyl-L-trypto
phan. Assuming instantaneous dilution in human
blood, the concentration of the tracer would be â€˜--2x
l0@ mmol/ml (2 . lO_6 mM). This concentration is

OCH3
FIGURE4
Schematic representation of the in
termediary from which stereoselec
tivlty is derived. A nftrogen@4ithium
bridgeresultsin a nonplanarenolate
whichon alkylationresults in reten

I L@ tion of the stereoconfiguration of

@ amino acid.

N=CH0

(2

373Volume29 â€¢Number3 â€¢March 1988



York:Raven Press;1986.
5. Reivich M, Alavi A, Eds. Positron emission tomogra

phy. New York: Alan R. Liss; 1985.
6. GarnettES, NahmiasC, FirnauG. Dopaminevisual

ized in the basal ganglia of living man. Nature 1983;
305: 137â€”138.

7. Washburn LC, Sun iT, Byrd BL, et al. DL-[Carboxyl
1â€˜C]tryptophan, a potential agent for pancreatic im

aging; production and precinical investigations. J
NuclMed 1979;20:857â€”864.

8. Hayes RL, Washburn LC, Wieland BW, et al. Synthe
sis and purification of@ â€˜C-carboxyl-labeledamino
acids. mt JApplRadiat Isot 1978; 29:186â€”187.

9. ClarkJC, GouldingRW, Roman M, Ctal. The prep
arationof fluonne-l8 labeledcompounds using a re
circulatory neon target. Radiochem Radioanal Lett
1973; 14:101â€”108.

10. Atkins HL, Christman DR, Fowler JS, et al. Organic
radiopharmaceuticals labeled with isotopes of short
half-life. V. â€˜8F-labeled5- and 6-fluorotryptophan. J
NuciMed 1972;13:713â€”719.

11. Roberge AG, Missala K, Sourkes TL. Alpha-methyl
tryptophan: effects on synthesis and degradation of
serotonin in the brain. Neuropharmacology 1972;
11:197â€”209.

12. Sourkes TL. Alpha-methyltryptophan and its action
on tryptophanmetabolism.Fed Proc 1971; 30:897â€”
903.

13. Brana MR, Garrido M, Lopez ML, et a!. Improvement
in the synthesisof a-methyl-L-tryptophan.J Hetero
cyclicChem1980;17:829.

14. Abderhalden E, Kempe M. Beitrag zur kenntnis des
tryptophans und eimger seiner derivate. Hoppe-Sey
ler's zeitschrift fur physiol. Chemie 1907; 52:207â€”217.

15. Marazano C, Maziere M, Berger G, et al. Synthesis of
methyl iodide-â€•Cand formaldehyde-â€•C.mt J App!
Radiat Isot 1977; 28:49â€”52.

16. Diksic M, Yamamoto YL, Feindel W. Synthesis of
â€˜â€˜C-labelled choline. J Label Compds Radiopharm

1984;21:815â€”820
17. Diksic M, Jolly D. Synthesis of no-carrier-added â€˜â€˜C-

labelled [methyl] analogs of choline. J Label Compds
Radiopharm1986;23:987â€”993.

18. Clark JC, Buckingham PD. Short-lived radioactive
gasesforclinica!use. London: Butterworth; 1975:2 15â€”
260.

19. Fitt JJ, Gswend HW. a-alkylation and Michael addi
tion ofamino acidsâ€”a practical method. J Org Chem
1977;42:2639â€”2641.

20. Pardridge WM. Kinetics of competitive inhibition of
naturalamino acid transportacross the blood-brain
barrier.JNeurochem 1977;28:103â€”108.

several orders of magnitude below the concentration of
L-tryptophan in the blood (around 0.074 mM). No
special attempts to increase the specific activity were
made because the amount of a-methyl-L-tryptophan
that would be injected with the final radiopharmaceu
tical is well below the level that could induce pharma
cological effects (11,12). The amounts injected will also
be well below the K@,value for the blood-brain barrier
transport of L-tryptophan (20), thereby ensuring the
validity ofthe tracer kinetics.
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