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Various amino acids have been specifically labelled in the B-position with the short-
lived positron-emitting radionuclide 'C (t,, = 20.4 min) by an asymmetric alkylation
reaction using various ''C-labelled organic halides with a nickel(II) complex of a
Schiff base derived from (§)-o-[(N-benzylprolyl)amino]benzophenone and glycine.
The nickel(II) complex was reacted with [''Clmethyl, [a-!'C]benzyl and [a-!'C]-4-
methoxybenzyl iodides, prepared in multistep syntheses starting from 'CO,. [B-''C]-
Labelled alanine, phenylalanine, tyrosine and O-methyltyrosine enriched in the
L-form were obtained, after acid hydrolysis, in 12-60 % radiochemical yields (decay
corrected) within 30-55 min and with radiochemical purities higher than 98 %. The
optical purities were 80-90 % enantiomeric excess (e.e.). Enantiomerically pure
L-[B-"'Clalanine (> 99 % e.e.) was prepared in 40 % radiochemical yield (decay
corrected), after preparative LC-separation of the diastereomeric products obtained
from the '"C-methylation reaction and subsequent hydrolysis of the appropriate
diastereomer. In a typical synthesis 400 MBq of [B-""C]phenylalanine was obtained,
starting from 5.2 GBq ''CO,, within 40 min, with 90% e.e. and a radiochemical

purity of more than 98 %.

Biomolecules and pharmaceuticals labelled with short-lived
positron-emitting radionuclides such as 'C, BN and "F (¢,,
= 20.4, 10.0 and 110 min, respectively) have become very
useful in combination with the positron emission tomog-
raphy (PET) technique.'? PET is a medical imaging tech-
nique that allows non-invasive measurements of the loca-
tion and concentration of such radiopharmaceuticals in
vivo. It has been applied extensively in studies of such
processes as energy metabolism and receptor binding.'
Amino acids labelled with 'C, ®N, or ®F, have been used
in PET for studies of amino acid transport,>* protein syn-
thesis®® and neurological diseases,” and also applied clin-
ically for tumour diagnosis.*°

[B-''C]-Labelled amino acids have been synthesized by
various methods in either racemic, enantiomerically en-
riched or pure form.!"? Resolution of enantiomers from a
racemic mixture has the disadvantage that 50 % of the
radioactivity is lost in the resolution procedure. Asym-
metric syntheses of [B-!'C]-labelled amino acids have thus
been of interest because since the preparation of either
enantiomer in high radiochemical yields is made possible.
The use of enzymes for ['C]-labelling of amino acids have
been shown to be very promising.'*® However, there are
some disadvantages with their use in labelling synthesis.

*To whom correspondence should be addressed.
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The high substrate- and stereo-selectivity can be a problem
in the synthesis of exogenic amino acids. Furthermore not
all enzymes used are easily or commercially available.

Since many of the chemical methods used in asymmetric
synthesis of amino acids involves reaction sequences that
are long or reagents that are sensitive to humidity and
temperature,'*' simpler methods of high reproducibility
and involving a minimum of technical handling are re-
quired. So far methods that work under mild and simple
conditions have produced [B-''C]-labelled amino acids with
lower optical yields,'"'® therefore there is still a need for
methods that give high asymmetric induction and allow the
simple preparation of enantiomerically pure [B-''C]-amino
acids.

In this paper, the asymmetric synthesis of [B-''C]-la-
belled amino acids using !'C-labelled alkyl iodides and a
chiral nickel complex (1) of the Schiff base of (S)-o-[(N-
benzylprolyl)amino]benzophenone (6) and glycine,*? ac-
cording to Scheme 1, is described. [''C]Methyl,®?* [a-
''Clbenzyl™*'® and [a-''C] 4-methoxybenzyl iodides® have
been used in rapid alkylations of 1 in acetone using solid
NaOH as the base. The resulting diastereomeric alkylation
products (2) were hydrolysed to obtain enantiomerically
enriched [B-''C]-labelled amino acids (3). In one case the
diastereomeric products (2a) were separated and then hy-
drolysed to obtain an enantiomerically pure L-[-''C]-
amino acid (3a).
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Scheme 1.

Reagents: i, NaOH(s); ii, R"'CH,l; iii, Acetone; iv, MeOH; v, HCI/H,O; (vi, HI) R = H (a), Ph (b), CsH,OMe (c), CsH,OH (d)

Results and discussion

The nickel(II) complex (1) of the Schiff base of (6) and
glycine was synthesized from L-proline (4) according to the
procedure described by Belokon et al.! (Scheme 2). The
["'C-]alkyl iodides used were prepared from "CO, as previ-
ously described in detail 1518232425 [1'C]Methyl iodide was
prepared , in 80 % radiochemical yield, by reduction of the
"CO, with lithium aluminium hydride (LAH) and treat-
ment with hydriodic acid followed by distillation in a spe-
cially designed one-pot reactor.? The [a-''C]benzyl iodides
were obtained, in 45 % radiochemical yield, after trapping
of the '"CO, in a Grignard reagent in tetrahydrofuran
(THF), reduction with LAH and treatment with hydriodic
acid, using the same one-pot reactor, followed by a liquid-
liquid extraction work-up procedure’>'®% (Scheme 3). The
alkylation reactions were carried out in a closed septum-
equipped glass vessel and were complete within 5 min at
80°C. Different substrate concentrations, solvents, sodium
hydroxide concentrations and temperatures were investi-
gated in order to optimize the reaction with respect to
reaction time, chemical yield and degree of asymmetric
induction. Acetone was found to be the best solvent for the
reactions using the ''C-labelled alkyl iodides.

Hydrolysis of the complexes (2) was carried out with 6 M
hydrochloric acid at 130°C for ca. 5 min. Addition of
hydriodic acid and further heating at 200°C for 5 min in a

Scheme 2. 4 5

closed vessel was required for the hydrolysis of [8-''C]-O-
methyltyrosine (3c) to [B-''C]tyrosine (3d). The amino
acids were purified using a Sep-Pak C-18 cartridge and a
Dowex 50 cation exchange column to give the amino acids
in 12-60 % radiochemical yield and with higher than 98 %
radiochemical purity. The cation exchange column was
used to remove Ni from the solution since it is intended to
be, after sterile filtration, administered to humans. Analy-
sis of the solutions with respect to Ni content, using atomic
absorption spectroscopy, AAS, showed approximately 130
ppm of nickel before and less than 0.1 ppm of nickel after
using the cation exchange column. In a normal batch of
about 5 ml that is approximately 0.5 ug of nickel.

The enantiomeric excesses in the range 80-90 % were
determined using N-(5-fluoro-2,4-dinitrophenyl)-L-alanin-
amide (Marfey’s reagent).'®? With this reagent diastereo-
meric N-derivatives of the amino acids, easily separable by
LC, are formed. In the case of tyrosine an additional pair of
diastereomers was formed which have been shown, by
NMR spectroscopy, to be the disubstituted products in
which both the amine and the phenolic oxygen have reac-
ted.”

Using a reversed-phase analytical HPLC system, the
diastereomeric alkylation products (2a) obtained during
the synthesis of [3-!"Clalanine (3a) were separated and the
stereochemical outcome of the reaction could be mon-
itored. The two diastereomers were collected and hydro-

Reagents: i, BzCl; ii, Q*OH™ aq.; iii, 0-NH,PhCOPh; iv, DCC; v, CH,Cl,; vi, Ni(NO,),; vii, MeO~Na*; ix, Glycine

i, i, i
RMgBr ———— R "'CH,|

R = Ph, p-MeOCgH,
Reagents: i, ''CO. i, LAH/THF; iii, HI/LIl

Scheme 3.

lysed separately to give L- and p-[-!'Clalanine (3a). The
L-[B-"'C]alanine (3a) was obtained enantiomerically pure
(>99 % e.e.), after preparative separation of the diastere-
omers (2a) on a C-18 column, and subsequent hydrolysis,
with approximately 40 % radiochemical yield (decay cor-
rected) within 50 min. The results are summarized in Table
1.
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Table 1. Asymmetric induction, radiochemical yields and
synthesis times for the syntheses of [B-''C]-labelled amino
acids.

[B-"'C]-Labelled Asymmetric  Radiochemical Synthesis
amino acid induction?® yield® (%) time%min
(% e.e.)
Alanine (3a) 80 60 30
Alanine (3a) <997 40 50
Phenylalanine (3b) 90 30 40
O-Methyltyrosine (3¢) 90 15 45
Tyrosine (3d) 90 12 55

2LC analysis after derivatisation with N-(5-fluoro-2,4-
dinitrophenyl)-L-alaninamide. *Decay corrected and based on
the amount of ''CO, released from the molecular sieves. °From
the start of the release of ''CO, to the purified product. ?After
preparative HPLC of the diastereoisomers.

Belokon et al.?!'# claimed that the formation of the dias-
tereoisomers was thermodynamically controlled, with the
L-amino acid diastereomer being the favoured one, and
that epimerisation of the diastereomeric alkylation prod-
ucts occurred under the reaction conditions when N,N-
dimethylformamide (DMF) or acetonitrile was used to
give, after hydrolysis, amino acids of 70-98 % e.e. Under
other conditions, using THF or dichloromethane as sol-
vents, the formations were kinetically controlled to give
amino acids of 41-58 % e.e. Compared with the results of
Bekolon et al. our results show lower optical yields with
DMF and acetonitrile. However, using acetone, higher
asymmetric induction was obtained as shown in Table 2.
Other solvents such as 1,3-dimethyl-3,4,5,6-tetrahydro-2-
pyrimidone (DMPU) as well as mixtures of some of the
above mentioned solvents were also investigated (Table 2).
All reactions were carried out as is described in detail in the
Experimental section.

When methanol or water was added and the heating was
continued at 80 °C for a few more minutes, the optical yield

Table 2. Asymmetric induction and radiochemical yield using
various solvents in the "'C-methylation reaction of the nickel
complex (1).

Solvents Asymmetric Radiochemical
used induction® (% d.e.) yield® (%)
Acetone’ 60 75

DMF¢ 35 65
Acetonitrile® 40 65

DMPU° 45 70
Acetone/acetonitrile (1/1) 40 50
Acetone/methanol (1/1)¢ 80 35
Acetone/water (1/1)¢ 80 30

?Determined by separation of the diastereomeric alkylation
products. ?Approximate radiochemical yield of the methylation
product, decay corrected and based on the amount of ''CO,
released from the molecular sieves. °After epimerisation with
methano! 80 % d.e. was obtained. “Most of the [''Clmethyl
iodide was hydrolysed to [''C]methanol.
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increased considerably. This could be due to the fact that
the increase of solvent polarity made the formation of the
(8)-amino acid diastereomer even more favourable, lead-
ing to an epimerisation with an increased optical yield.

Exposure of a pure diastereomer containing L-[B-''C]ala-
nine to the conditions of the epimerisation [sodium hydrox-
ide in acetone/methanol (1/1, v/v) at 80°C] led to an equili-
bration to the same 90/10 ratio of diastereomers (80 % d.e.)
that was obtained before the preparative purification. In
the absence of methanol a 80/20 ratio of diastereomers
(60 % d.e.) was obtained.

The nickel(IT) complexes of the Schiff bases (7,8) of (S)
of (8)-o-[(N-benzylprolyl)amino]benzophenone and ala-
nine and of (§)-o-[(N-benzylprolyl)amino]benzophenone
and phenylalanine were prepared in order to synthesize
!1C-labelled a-methyl amino acids (Scheme 4). However all
attempts to alkylate these complexes with 'C-labelled alkyl
iodides were unsuccessful. The increased steric hindrance
makes the alkylation reaction so slow that very little alkyl-
ation was observed even when a large excess of substrate
was used.

To confirm that the labelling position was correct,
methylation of the complex (1) using (**C)methyl iodide
was carried out. The *C NMR spectrum of the product was
then compared with that of the complex (7). It consisted of
two peaks at 21.8 and 21.0 ppm which is consistent with the
methyl signals from the complex (7). The *C NMR spec-
trum of the LC-purified diastereomer containing L-(**C)-
alanine showed only one peak at 21.8 ppm.

The use of a nickel(II) complex (1) of a Schiff base
derived from (6) and glycine has shown to be a mild, easily
performed and reliable method for the asymmetric syn-
thesis of [B-!'Clamino acids. This method is attractive as a
general procedure for the 'C-labelling of amino acids due
to the high chemical and optical yields, the fast reactions
and the potential to prepare optically pure [8-''Clamino
acids via simple chromatographic separations.

Experimental

General. The "'C was prepared by the “N(p,a)!'C nuclear
reaction using a nitrogen gas target bombarded with 10
MeV protons produced by the tandem van de Graaff accel-
erator at the ‘The Svedberg Laboratory,” University of
Uppsala. The [!'C]carbon dioxide formed was trapped in
4A molecular sieves kept in a quartz vessel in a lead-



shielded oven and then transported to the chemistry lab-
oratory.

Analytical LC was performed on a Hewlett-Packard 1090
liquid chromatograph equipped with a UV-diode-array de-
tector in series with a B-flow detector?® and a 250%4.6 mm
C-18 (Nucleosil) 10 p column (A) or a 250x4.6 mm
LC-NH, (Nucleosil) 10 p column (B). Preparative LC was
carried out using a Waters M-45 pump and a 250x10 mm
C-18 (Nucleosil) 10 p column (C) in series with a Pharmacia
dual path monitor UV-2 and tubing passing a GM tube
connected to a rate meter. Ammonium formate (0.05 M,
pH 3.50) (D), methanol (E), potassium dihydrogen phos-
phate (0.01 M, pH 4.6) (F) and acetonitrile/water (50:7,
v/v) (G) were used as mobile phases.

The identity of the [!'Clalkyl iodides and the [B-''C]-
amino acids were confirmed by the addition of reference
substances. In all cases the response from the UV detector
was simultaneous with the radiodetector response, cor-
rected for a delay (owing to the detectors being coupled in
series) between the detectors.

Tetrahydrofuran (THF) was dried by distillation over
sodium/benzophenone into a glass vessel containing activa-
ted 4A molecular sives. The hydriodic acid (HI, 54 %) was
distilled less than a month prior to use and stored in a
freezer. A solution of lithium aluminium hydride (LAH) in
THEF (ca. 1 M) was prepared by addition of a pellet (0.5 g)
of LAH to approximately 15 ml degassed and dried THF.
NMR spectroscopy was performed on a Varian XL-300
NMR spectrometer. For the atomic absorption spectrom-
etry (AAS) a Perkin-Elmer 2380 atomic absorption spec-
trometer equipped with a Ni lamp operating at 232 nm was
used.

Synthesis of the nickel(Il) complex (1) of the Schiff base of
glycine and (6). (S)-o-([N-Benzylprolyl)amino]benzophe-
none (6), synthesized in a two-step synthesis starting with
(S)-proline (4), was treated with nickel(II) nitrate and gly-
cine to give a red complex (1) as described earlier by
Belokon et al.* A slight modification of the purification
procedures were that ‘dry flash chromatography’? was used
instead of ordinary column chromatography. The reactions
were followed by TLC, and NMR spectroscopy was used to
identify the products. The yield was approximately 90 %.
BC NMR (75.5 MHz, CDCl,): 8 23.5, 30.5, 57.4 (CH,Pro),
61.1 (CH,Gly), 63.0 (NCH,), 69.7 (CHPro), 120.7, 124.0,
125.5, 126.1, 128.9, 129.1, 129.4, 129.5, 132.0, 132.9
(ArCH), 128.7, 131.5 (2xArCH), 125.0, 133.2, 134.3,
142.2 (ArC), 171.3 (C=N), 177.1, 181.1 (C=0).

Synthesis of the nickel(Il) complexes of the Schiff bases
(7.8) of alanine and (6) and of phenylalanine and (6). For
the synthesis of these complexes the procedure described
by Belokon et al.’® for the synthesis of the nickel(IT) com-
plex (7) between alanine and (6) was used. The reactions
were followed by TLC, and NMR spectroscopy was used to
identify the products. prL-Alanine and DL-phenylalanine
were used and the complexes were obtained in approxi-
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mately 90 % yield and with 80% and 90 % d.e., respec-
tively. "C NMR (75.5 MHz, CDCl,); Alanine complex (7):
6 209, 21.8 (CHjy), 24.1, 30.7, 57.3 (CH,Pro), 63.1
(NCH,), 66.5 (CHAla), 70.3 (CHPro), 120.9, 123.9, 127.1,
127.4, 128.8, 129.7, 132.0, 133.1 (ArCH), 1314
(2xArCH), 128.9 (4xArCH), 126.5, 141.7 (ArC), 133.3
(2xArC), 171.4 (C=N), 180.5, 180.8 (C=0). Phenylala-
nine complex (8): & 23.1, 30.6, 57.1 (CH,Pro), 39.6
(CH,Phe), 63.2, (NCH,), 70.2 (CHPro), 71.4 (CHPhe),
120.5, 123.3, 127.1, 127.4, 127.8, 129.0, 129.7, 132.3, 133.5
(ArCH), 128.7, 128.8, 128.9, 130.6, 131.5 (2xArCH),
126.1, 133.1, 134.1, 135.8, 142.8 (ArC), 171.1 (C=N),
178.5, 180.3 (C=0).

["'C]Methyl iodide. ["'C]Methyl iodide was prepared by
reduction of 'CO, with LAH and treatment with hydriodic
acid followed by distillation in a stream of nitrogen gas,
using a one-pot reactor as described in detail elsewhere,?
to the reaction vessel.

[a-"'C]Benzyl iodides. The [o-'C]benzyl iodides were ob-
tained after trapping of the "'CO, in a Grignard reagent in
THF, reduction with LAH and treatment with hydriodic
acid followed by a liquid-liquid extraction work-up proce-
dure using light petroleum as the organic phase as de-
scribed in detail elsewhere.'>®#% The light petroleum was
removed and the benzyl iodides were redissolved in ace-
tone and used directly in the subsequent alkylation proce-
dure.

Enantiomerically enriched [B-"'C]amino acids. The com-
plex (1) (10 mg, 0.02 mmol) and pulverized sodium hydrox-
ide (2 mg, 0.05 mmol) were dissolved in acetone (0.3 ml).
To this solution were added the [''C]alkyl iodides either in a
stream of nitrogen gas or directly as an acetone solution.
The reactions was heated at 80°C for 5 min, methanol (0.3
ml) was added and the heating was continued for another 3
min. 6 M Hydrochloric acid (0.4 ml) was added and the
solution was then heated at 130°C for 5 min. For the
hydrolysis of [B-''C]O-methyltyrosine (3¢) to [B-''C]tyro-
sine (3d), hydriodic acid (0.6 ml, 54 %) was added and the
solution was heated at 200 °C for a further 5 min in a closed
vessel. The resulting solution was diluted with 4 ml of water
and then passed through a Sep-Pak C-18 column and a
cation-exchange resin (Bio-Rad Ag 50W-X4, 200-400
mesh, 40x9 mm). The [B-!'C]amino acids (3) were eluted
from the cation-exchange column with 2 M aqueous ammo-
nia. This solution was evaporated to dryness and the amino
acids were redissolved in approximately 5 ml of saline and
sterile-filtered. The alkylation reaction and hydrolysis were
followed by LC [(column A, solvents D/E (35/65 v/v), flow
2 ml min~', column temp. 40 °C, wavelength 254 nm]. The
identity and radiochemical purity were determined by LC
using column B [solvents F/G (5/95 v/v linear gradient to
40/60 over 0-8 min), flow 2 ml min~!, column temp. 40°C,
wavelength 254 nm]. The retention times were 6.2, 4.5, 4.2
and 4.9 min for the [B-''C]-labelled alanine (3a), phenyl-
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alanine (3b), O-methyltyrosine (3c) and tyrosine (3d), re-
spectively.

L-[B-"'C]Alanine. The solution obtained after alkylation
and epimerisation was injected into the preparative LC
system [column C, solvents D/E (30/70 v/v), flow 6 ml
min~!, room temperature, wavelength 254 nm] and the
appropriate radioactive peak (7 min) was collected. After
evaporation to dryness, 2 M hydrochloric acid (2 ml) was
added and the solution was heated at 130°C for 5 min. The
purification and identity and purity control was performed
as described above.

Alkylation of complex 1 with ("C)methyl iodide. The com-
plex (1) (20 mg, 0.04 mmol) and pulverized sodium hydrox-
ide (4 mg, 0.10 mmol) were dissolved in acetone (0.4 ml).
("*C)Methyl iodide (3 ul, 0.05 mmol) was added and after
the reaction had been heated at 80 °C for 5 min, analysis by
LC showed that the alkylation was complete. The reaction
mixture was diluted with 25 ml of water and extracted with
3x25 ml of chloroform. The combined organic phases were
washed with 25 ml of water and evaporated to dryness. The
residue was dissolved in CDCl, and a *C NMR spectrum
was taken. After evaporation the complex was dissolved in
2 ml of methanol and injected into the preparative LC
system [column C, solvents D/E (30/70 v/v), flow 6 ml
min~!, room temperature, wavelength 254 nm] and the
appropriate peak (7-8 min) was collected. The methanol
was evaporated and the residue extracted with chloroform.
The organic phase was evaporated to dryness and then
redissolved in CDCl; and another *C NMR spectrum was
taken.

Determination of the stereochemical purities. The diastereo-
meric alkylation products (2a) obtained during the syn-
thesis of [B-''C]-labelled alanine were separated using the
above-mentioned conditions for column A. For the deter-
mination of the enantiomeric purity, the [B-''C]-labelled
amino acids (3) were converted into diastereomeric deriv-
atives by reaction with N-(5-fluoro-2,4-dinitrophenyl)-L-
alaninamide (Marfey’s reagent) as described in detail else-
where.'®2 The derivatives were separated by LC [column
A, solvents D/E (70/30 v/v linear gradient to 50/50 over
0-10 min for alanine and 60/40 to 35/65 over 0-15 min for
phenylalanine, O-methyltyrosine and tyrosine), flow 2 ml
min~', column temp. 40°C, wavelength 340 nm]. The re-
tention times were 6.0 and 9.0 min for the diastereomers of
L- and p-[B-''C]alanine, 8.2 and 12.2 min for phenylala-
nine, 7.2 and 10.9 min for O-methyltyrosine and 4.4 and
6.3 min for tyrosine. The retention times for the disubsti-
tuted derivatives of tyrosine were 12.5 and 17.2 min.

Determination of the nickel content in the solutions of the
[B-''C]amino acids. Two standard solutions were prepared
with nickel contents of 1 ug ml™! and 0.1 pg mi~'. These
samples together with the [B-''C]amino acid solutions were
analysed by atomic absorption spectroscopy.
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