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Three new F labeled fluoroalkyl tyrosine derivatives, O-(2-[ F]fluoroethyl)-a-methyltyrosine (FEMT,
[18F]2), O-(2-[18F]fluoroethyl)-2-L-azatyrosine (FEAT, [18F]3), O-(2-[18F]fluoroethyl)-L-tyrosineamide
(FETA, [18F]4) have been synthesized and radiofluorinated with 5–34% decay-corrected yield. In vitro
studies were carried out in U-138 MG human glioblastoma. Cellular uptake of new tracers was compared
to clinically utilized imaging agent O-(2-[18F]fluoroethyl)-L-tyrosine (FET, [18F]1). The uptake of tracers
followed the order of FET ([18F]1) > FEAT([18F]3) > FEMT ([18F]2) � FETA ([18F]4).

� 2010 Elsevier Ltd. All rights reserved.
A number of classes of metabolically based radiotracers such as
radiolabeled glucose, amino acids, fatty acids and their analogs
were developed for tumor imaging and have shown tremendous
success in recent years. [18F]fluorodeoxyglucose (FDG), which uti-
lizes upregulated aerobic glycolysis in tumor cells,1 is routinely
used in clinics for detecting, staging and restaging of lymphomas2

and many solid tumors.3 However, it has certain limitations such
as high uptake in the cerebral cortex and non-specific accumula-
tion in inflammatory tissues.4 In search of new imaging agents, a
variety of radiolabeled amino acids were prepared based on in-
creased amino acid uptake and protein metabolism in cancer cells.
Numerous studies have demonstrated that amino acid based
tracers show better results than FDG in detecting and delineating
certain tumors, particularly in brain tumors.5

Currently, the most commonly used labeled amino acid in
positron emission tomography (PET) is [11C]methionine (MET).6,7

Despite the success, its susceptibility to multiple metabolic path-
ways complicates the pharmacokinetic analysis8,9 and its short
half-life (20.3 min) limits its clinical applicability. To overcome
these disadvantages, a number of 18F (half-life 109.8 min) labeled
amino acid analogs such as O-(2-[18F]fluoroethyl)-L-tyrosine (FET,
[18F]1),10

L-3-[18F]fluoro-a-methyl tyrosine (FMT),11 6-[18F]fluoro-
L-dihydroxy phenylalanine (FDOPA),12 and anti-1-amino-3-[18F]flu-
orocyclobutyl-1-carboxylic acid (FACBC)13,14 were developed. In
particular, FET ([18F]1), is a successful 18F labeled amino acid tracer
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and it has been used in imaging brain tumors and head–neck car-
cinomas for diagnosis and therapy planning.15,16

Several close analogs of FET ([18F]1), such as O-(18F]fluorometh-
yl)-L-tyrosine,17 O-(3-[18F]fluoropropyl)-L-tyrosine,18 and O-(3-
[18F]fluoropropenyl)-L-tyrosine19 have been developed and
evaluated. The uptake of these structurally similar tyrosine deriva-
tives in tumor cells is most likely attributed to elevated amino acid
transporter activity, in particular system L amino acid transporters
(LATs),5,20,21 a Na+ independent transport system which mediates
transport of branched and aromatic amino acids.22 LAT, generally
upregulated in many cancer cell lines, is a target for development
of tumor imaging agents.23–25 System L has broad substrate selec-
tivity; substitutions on aromatic ring with fluorine, hydroxy or
fluoroalkyl group as well as substitutions on a-hydrogen with
methyl are generally tolerated, this enables developing a variety
of structurally similar analogs as potential LATs substrates.26

To pursue aromatic amino acid derivatives with better tumor-
avid properties than FET ([18F]1) and exploring the structure–activ-
ity relationships (SARs) of LATs, three new 18F tyrosine derivatives
were synthesized and evaluated (Fig. 1): O-(2-[18F]fluoroethyl)-a-
methyl tyrosine (FEMT, [18F]2), O-(2-[18F]fluoroethyl)-2-L-azatyro-
sine (FEAT, [18F]3), and O-(2-[18F]fluoroethyl)-L-tyrosineamide
(FETA, [18F]4). FEMT ([18F]2) could be considered as fluoroalkyl
derivative of well established SPECT tracer 3-[123I]iodo-a-methyl-
L-tyrosine (IMT).27 We reasoned that FEAT ([18F]3) might have spe-
cific uptake in cancer cells, because its analog 2-azatyrosine was
reported to show antitumor activity and could reverse the ras
transforming cancer cells to normal cell.28 The amide derivative
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Figure 1. FET ([18F]1) and its new analogs.
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FETA ([18F]4) was synthesized in hope that higher lipophilicity of
[18F]4 may lead to improved pharmacokinetics compared to FET
([18F]1), such as reduced excretion through urinary tract.

FEMT 2 was synthesized starting from commercially available
a-methyl tyrosine 5 (Scheme 1). The initial attempt of Boc protec-
tion of amino group had low yield (<30%),29 which might be due to
steric hindrance from the a-methyl group and limited solubility of
5 in water or organic solvents. To solve this issue, we decided to
protect the carboxylic acid group29 first as shown in Scheme 1.
Methylation of the carboxylic group gave a-methyl tyrosine
methyl ester 6 in quantitative yield. The subsequent Boc protection
produced intermediate 7 in good yield. Since direct nucleophilic
radiofluorination is generally a better method than indirect label-
ing,30,31 we prepared labeling precursors as protected O-tosylalkyl
tyrosine derivatives. Tosylate precursor 8 was obtained in a yield of
HO
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Scheme 1. Synthesis of FEMT 2. Reagents and conditions: (a) SOCl2, MeOH, 0 �C to reflux
0 �C to 5 �C, 6 h, 46%; (d) NaH, DMF, FCH2CH2Br, 0 �C to rt, 6 h, 81%; (e) 6 N HCl, reflux,
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Scheme 2. Synthesis of FEAT 3. Reagents and conditions: (a) (i) zinc dust, I2, DMF, rt, 1 h
Pd(dppf)Cl2, KOAc, 85 �C, 4 h; (c) H2O2, CH2Cl2, 0 �C to rt, 16 h, 76%; (d) TsOCH2CH2OTs, K2

4 h, 75%.
46% after treating intermediate 7 with ethylene glycol ditosylate
and NaH in DMF. Alkylation of 7 with 1-bromo-2-fluoroethane fol-
lowed by deprotection in 6 N HCl, FEMT 2 was prepared with 23%
overall yield.

For synthesis of FEAT 3, the important intermediate is Boc-L-2-
azatyrosine methyl ester 12, which was prepared following the
same procedure reported by Germain et al.32 via Negishi cross cou-
pling using 2,5-dibromopyridine as precursor and subsequent hyd-
roboration–oxidation reaction (Scheme 2). From this protected
azatyrosine intermediate 12, we could obtain labeling precursor
13 and FEAT 3 through alkylation reactions as described in FEMT
synthesis with 26% and 28%, respectively, overall yield.

FETA 4, the amide analog of FET 1, was prepared from Boc-L-
tyrosine 15 in three steps (Scheme 3)—direct alkylation on phenol,
coupling reaction with 2,4,6-trimethoxy benzylamide (Tmob-NH2)
and final deprotection reaction with trifluoroacetic acid. Tosylate
precursor 20 was synthesized in a similar manner, except it re-
quired selectively protecting the ethoxyl group on phenol with
TBDMS and removing the protecting group with TBAF after cou-
pling reaction with Tmob-NH2. Overall yield of FETA was 34%
and of precursor 20 was 47%.

All of the 18F labeled ligands, FET ([18F]1), FEMT ([18F]2), FEAT
([18F]3), and FETA ([18F]4), were prepared via nucleophilic substi-
tution of tosylate with non-carrier-added [18F]KF–K2.2.2 complex
in acetonitrile, followed by deprotection (Scheme 4). In general,
fluorination reaction could reach completion within 10 min at
90 �C. Deprotection reaction conditions vary as shown in Table 1.
All ligands were purified with semi-preparative HPLC and were
prepared within 100 min in good radiochemical purity (RCP,
>95%) determined by both analytical HPLC and TLC. Results of
labeling such as decay-corrected radiochemical yield (RCY) and
specific activity were summarized in Table 1.
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, 16 h, 100%; (b) (Boc)2O, Et3N, MeOH, 50 �C, 3 d, 63%; (c) NaH, DMF, TsOCH2CH2OTs,
2 h, 46%.
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; (ii) 2,5-dibromopyridine, Pd(PPh3)Cl2, 68 �C, 2 h, 73%; (b) bis(pinacolato) diboron,
CO3, DMF, 70 �C, 47%; (e) FCH2CH2Br, K2CO3, DMF, 70 �C, 2 h, 67%; (f) 6 N HCl, reflux,
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Scheme 3. Synthesis of FETA 4. Reagents and conditions: (a) NaH, FCH2CH2Br, DMF, 0 �C to rt, overnight, 84%; (b) Tmob-NH2�HCl, HOBt, DIPEA, HBTU, DMF, 0 �C to rt, 2 h, 80%;
(c) TFA, CH2Cl2, 4 h, 50%; (d) NaH, BrCH2CH2OTBDMS, DMF, 0 �C to rt, overnight, 90%; (e) Tmob-NH2�HCl, HOBt, DIPEA, HBTU, DMF,0 �C to rt, 2 h, 77%; (f) TBAF, THF, 1 h, 78%;
(g) TsCl, Et3N, CH2Cl2, overnight, 87%.

X
OTsO

BocHN
COR1

R2

90ºC, 10 mins

K18F, CH3CN,
X

O
18F

BocHN
COR1

R2

X
O

18F

H2N
COR3

R2Deprotection

[18F]1, R2 =H, R3 = OH, X= CH
[18F]2, R2

 = Me, R3 = OH, X =CH
[18F]3, R2 = H, R3 = OH, X= N
[18F]4, R2

 = H, R3 = NH2, X= CH

22, R1= OBut, R2 =H, X= CH
8, R1 = OMe, R2 = Me, X =CH
14, R1 = OMe, R2

 = H, X= N
21, R1 = NHTmob, R2 = H, X = CH

[18F]23, R1= OBut, R2 =H, X= CH
[18F]9, R1 = OMe, R2 = Me, X =CH
[18F]15, R1 = OMe, R2 = H, X= N
[18F]18, R1 = NHTmob, R2 = H, X = CH

Table 1

Scheme 4. Radiolabeling reactions.

Table 1
Deprotection reaction conditions, average decay-corrected RCY and specific activities
at end of synthesis (EOS)

Ligands Deprotection
reaction conditions

RCYa (%) Specific activitya

(GBq/lmol)

[18F]1 TFA, 60 �C, 10 min 44 ± 8 32 ± 12
[18F]2 (1) TFA, 60 �C, 5 min;

(2) 2 N NaOH, 100 �C, 10 min
30 ± 8 13 ± 3

[18F]3 6 M HCl, 120 �C, 10 min 37 ± 8 23 ± 12
[18F]4 TFA, 60 �C, 10 min 5 ± 2 54 ± 12

a Values are means of three to six experiments, standard deviation is given in
parentheses.
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After successfully synthesizing 18F labeled tyrosine derivatives,
we carried out cell uptake studies as initial biological evaluation in
U-138 MG human glioblastoma cells. U-138 MG was used as posi-
tive control in uptake of FET and IMT.33,34 Since FET ([18F]1), was
used as reference compound, we chose U-138 MG to establish
the standard for amino acid tracers’ uptake. The cellular uptake
of 18F labeled tyrosine derivatives (Fig. 2) followed the order of
FET ([18F]1) > FEAT ([18F]3) > FEMT ([18F]2) � FETA ([18F]4).
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Figure 2. Uptake of new ligands in reference to FET ([18F]1). Maximum uptake of
ligands was normalized to FET’s highest uptake in U-138 MG.
The uptake of the tracers depends on the ligands’ binding affin-
ity to amino acid transporters and their transport rate. From the
uptake results, we could make some inference about amino acid
transporters substrate recognition. The low uptake of FEMT
([18F]2), the a-methyl substituted FET ([18F]1), indicates O-fluoro-
alkyl a-methyl tyrosine derivatives may not be good substrates
for amino acid transporters. As we know, there are four subtypes
of LATs discovered by now, designated as LAT1 to LAT4. Although
they have significant overlap of substrate selectivity, it is suggested
that some amino acid based tracers have preference towards spe-
cific subtypes of system L, in particular, FET ([18F]1) probably pre-
fer to be transported via LAT2.16 It is reported that a-methyl
substitution is tolerated by LAT1 but no evidence suggest that
LAT2 could accept a-methyl substitution as well,26 this might be
the reason that FEMT ([18F]2) has significantly lower uptake than
FET ([18F]1). FEAT ([18F]3), has a substituted pyridine side chain,
which reduces its lipophilicity compared to FET ([18F]1) and this
potentially leads to its low uptake into cells. FETA ([18F]4), which
substitutes carboxylic acid with amide, is a poor substrate. In
agreement, tyramine, dopamine, as well as phenylalanine methyl
ester, which lack the free carboxylic acid group, are not good sub-
strates for amino acid transporters either.26,35 These results sug-
gest that a-carboxylic acid might be essential amino acid
transporters’ substrate recognition.

In summary, three new potential PET imaging agents FEMT
([18F]2), FEAT ([18F]3), and FETA ([18F]4) were synthesized, radiola-
beled and evaluated via cell uptake studies in U-138 MG. New trac-
ers exhibited lower uptake compared to clinically utilized FET
([18F]1). Although these ligands might not be useful imaging
agents, they provided insight for amino acid transporters’ substrate
recognition patterns.
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