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cartridges instead of two Sep-Pak CI8 cartridges, the
extraction efficiencies improved to 27.2+2.8%. To avoid
the dead votume of a larger cariridge (500 mg or larger), we
employed multiple Oasis HLB Plus cartridges of the smaller
size (225 mg) to increase recovery of the intermediate.
When three Oasis HLB Plus cartridges were used, one
at position 11 and two at position 13, the extraction
efficiencies improved to 43.1£2.2%. Using four, five or
six Oasis HLB Plus cartridges all improved the efficiency to
greater than 50%. As a consequence, we decided to use four
Oasis HLB Plus cartridges, one at position 11 and three at
position 13, as shown in Fig. 2.

Following the purification, the hydrolysis of ethyl
['®F)fluoroacetate was carried out on the cartridges. For
['®F)FDG synthesis, this hydrolysis is accomplished at room
temperature. Although the hydrolysis of ethyl {'*F]fluoro-
acetate was reported to be performed at 60°C in 3 ml of | M
aqueous potassium hydroxide solution in a previous paper
[9], we anticipated that the hydrolysis of ethyl ['®F]fluo-
roacetate on the cartridges also might proceed at room
temperature. Therefore, we examined the hydrolysis of ethyl
['®F]fluoroacetate on the cartridges at two temperatures,
60°C and room temperature, and obtained the kinetic curves
of hydrolysis (data not shown). In the presence of 1.0 M
sodium hydroxide, ethyl ['*F]fluoroacetate was completely
hydrolyzed in 3.5 min at 60°C and 5.5 min at room
temperature. Because longer than 5.5 min was never
required, the hydrolysis of ethyl ['®F]fluoroacetate was
performed at room temperature for 5.5 min.

Because more HLB Plus cartridges were being used, the
amount of aqueous sodium hydroxide was increased to
2.7 ml based on experimental results. The concentration of
aqueous sodium hydroxide solution, 1.0 M [19], was used
without further investigation. About 3.0 ml of 1.0 M
aqueous hydrochloric acid solution was required to
neutralize the base. The pH of the final solution was
adjusted to 5.0-8.0 with 5 ml of 0.2 M aqueous sodium
bicarbonate solution, instead of the citrate buffer solution
used in the ['®F]JFDG synthesis.

3.4. Influence of initially added radioactivity

In the present work, different amounts of fluorine-18
radioactivity, from 740 MBq to 14.8 GBq, were used in the
radiosynthesis. Radiochemical yields (decay corrected) were
calculated to be 49.7+6.0%, 50.9+6.1%, 49.5+5.6% and
50.343.7%, in the cases of 740 MBq, 33.7 GBq, 7.4 GBq
and 14.8 GBq, respectively (#=3). The data indicate that the
radiochemical yield of the final product, sodium ['®F]fluo-
roacetate, did not depend on the initial amount of fluorine-
18 radioactivity.

3.5. Analyses of sodium ['®F]fluoroacetate

The final solution was analyzed by TLC and HPLC. No
fluorine-18 anion was detected in the final solution, and the
radiochemical purity of sodium ['®F]fluoroacetate was
confirmed to be more than 99%. The total radiochemical

yield was 50.2+4.8% (n=10, decay corrected). The
chemical purity was also assessed by HPLC, and no specific
peaks were found except for that of sodium bicarbonate.
The pH of the final solution was 7.5+£0.2. The total
synthesis time was about 32 min. The final solution was
also analyzed with GC to show that it contained less than
10 ppm acetonitrile. The pyrogenicity check was carried out
using an LAL kit and showed satisfactory results. The
absence of Kryptofix 2.2.2 was confirmed with a previously
reported method [20]. All the results from the preparation of
sodium ['F]fluoroacetate using the TRACERIab MXgpg
presented here showed dramatic improvement compared to
previous works [9-12].

4. Conclusion

The automated synthesis of sodium ['®F]fluoroacetate
has been successfully accomplished. Using the commercial
['®F]FDG synthesizer TRACERlab MXgpg, the final
solution can be obtained in 32 min after EOB with a
radiochemical yield of 50.2+4.8% (decay corrected). This
work widens the application of the TRACERIab MXgpg
and should provide users of the TRACERIab MXgpg with
easy access to sodium ['®F]fluoroacetate for PET imaging.
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Abstract

Derivatives of 2’ -deoxyuridine that contain fluoroalkyl groups at the C5 position and derivatives of thymidine that contain fluoroalkyl
groups at the N3 position were synthesized and examined in three in vitro assays designed to evaluate their potential as radiopharmaceuticals
for imaging cellular proliferation. Three of the former nucleosides and five of the latter were synthesized. The three assays were as follows:
() phosphoryl transfer assay, which showed that all three of the former nucleosides and four of the latter ones were phosphorylated by
recombinant human thymidine kinase 1 (TK1) and that N3-(2-fluoroethyl)-thymidine (NFT202) was the most potent substrate of the eight
nucleosides studied; (b) transport assay, which indicated that all eight nucleosides had good affinity for an 6-[(4-nitrobenzyl)thio}-9-f-D-
ribofuranosylpurine-sensitive mouse erythrocyte nucleoside transporter, with inhibition constants in the range of 0.02-0.55 mM; and (c)
degradation assay, which showed that all but one of the former nucleosides and none of the latter were degraded by recombinant Escherichia
coli thymidine phosphorylase (an enzyme that catalyzes the glycosidic bond of thymidine and 2’ -deoxyuridine derivatives). From these in
vitro screening assays, we selected NFT202 as a candidate for subsequent in vivo evaluation because this compound met the three minimum
requirements of the in vitro screening assays and had the most potent phosphorylation activity as a substrate for recombinant human TK1.
© 2006 Elsevier Inc. All rights reserved.

Keywords.: Nucleosides; Thymidine kinase; Thymidine phosphorylase; Nucleoside transporter

1. Introduction DNA synthesis for cell proliferation is essential, and
thymidine can be rapidly incorporated into newly synthe-
sized DNA via a specific salvage pathway. Based on these
findings, many attempts have been made to visualize tumor
cell proliferation by using thymidine and 2'-deoxyuridine
derivatives [6—13]. However, the rapid degradation of these
tracers in vivo results in numerous labeled metabolites,
which hampers the measurement of proliferation rates and
compromises image quality. The recognition that an
electronegative substituent at the 2'-position (o or P
configuration) can stabilize thymidine analogs towards
enzymatic cleavage of the nucleoside glycosidic bond led
to the study of 1-(2-deoxy-2-['®F]fluoro-3-D-arabinofura-
nosyl)-thymine (['®FJFMAU) for proliferation imaging,
given that ["*CJFMAU was known to label DNA [14-19].
The first human imaging study with ['®FJFMAU illustrated

* Corresponding author, Tel.: +81 43 206 4041; fax: +81 43 206 3261. that it was possible to image DNA synthesis in vivo in
E-mail address: toyohara@nirs.go.jp (J. Toyohara). _ human tumors [18]. However, an unexpectedly low uptake

The application of current nuclear imaging techniques,
such as glucose metabolism, depends basically on the
nonspecific phenotype of the tumor. This phenotype depen-
dence is troublesome in several patient management sit-
uations [1-4]. Based on recent progress in tumor biology,
cancer is best described as a mass of cells with highly elevated
and uncontrolled proliferative potential, caused by mutations
in cellular growth control genes that are partly inherited and
partly generated by spontaneous as well as environmental
DNA damage [5]. For that reason and because of the direct
link of phenotype to genotype, we have focused on tumor-
specific highly elevated cell proliferation.

0969-8051/% — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2006.06.003
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was seen for proliferative bone marrow in contrast to
thymidine and 3'-['®F]fluoro-3'-deoxythymidine (("*FJFLT)
[20]. Therefore, this unsolved mechanism of uptake and
retention in tumors relative to bone marrow should be
explored. From a substrate specificity point of view, these
2’-B-nucleosides, such as 1-(2-deoxy-2-fluoro-p-D-arabino-
furanosyl)-thymine (FMAU) and 1-(2-deoxy-2-fluoro-p-
D-arabinofuranosyl)-5-iodouracil, are efficient substrates
for thymidine kinase 2 (TK2; the mitochondrial isozyme
of thymidine kinase) but show only minimal activity with
thymidine kinase 1 (TK1; the key enzyme of mammalian
DNA synthesis) [21,22]. In a previous report, we found no
correlation between the cell proliferation (demonstrated by
[*H]thymidine uptake and S-phase fraction) of malignant
tumor cells and the uptake of the TK2 selective substrate
[*H]arabinothymidine [23]. We therefore concluded that
radiopharmaceuticals with a high affinity for TK2 are not
suitable agents for the diagnostic imaging of proliferating
tissues, despite the fact that 30% of [*H]arabinothymidine
was incorporated into DNA.

In 1998, a biologically stable radiofluorine-labeled
thymidine analog, ['®*FJFLT, was developed as a candidate
for cell proliferation imaging [20,24,25]. FLT is phosphor-
ylated by TK1, a cell-cycle-regulated isozyme, and it is
metabolically retained as 5'-phosphate. This is because FLT
lacks a 3’-hydroxyl structure necessary for the polymerase
reactions of oligonucleotide synthesis and because FLT 5'-
triphosphate can only terminate newly synthesized DNA
strands. These characteristics of FLT trapping will induce a
discrepancy between FLT uptake and the DNA synthesis
phenomenon [26].

Our group has reported on another strategy. Noting the
report of Rahim et al. [27] on 5-iodo-4'-thio-2"-deoxyuridine
(ITdU), we conducted an experimental study on 1251 labeled
ITdU [28,29]. It was preclinically confirmed that ITdU, in
which the 4’-oxo of 5-iodo-2’-deoxyuridine had been
replaced by 4’-sulfur, is resistant to metabolic decomposition
by thymidine phosphorylase (TP) and is an agent that
directly reflects DNA synthesis. The results of that study
suggested that this tactic could be used to produce a new
4'-thio derivative to supplement the research on the
2'-arabino-F and 3'-F derivative previously developed. As
mentioned, in spite of these studies on nucleoside-based
imaging agents, there is still a need for a thymidine analog
that might prove simpler to use for imaging DNA synthesis
and stimulates a more widespread use of such agents. That is
why we further tested several thymidine derivatives and
introduced a new approach to drug design.

In this paper, we describe studies with thymidine deriva-
tives that contain fluoroalkyl groups at the N3 position
and 2’ -deoxyuridine derivatives that contain fluoroalkyl
groups at the C5 position. The structures of these
derivatives and R designations are shown in Fig. 1 and
in the tables, respectively. The chemical structures of
5-(2-fluoroethyl)-2’-deoxyuridine (1b; FT202), 5-(fluoro-
methyl)-4'-thio-2'-deoxyuridine (lc¢; FTS101), 5-(2-fluo-

HO

o ””",.

Fig. 1. Structures of evaluated nucleosides. R designations are described in
the tables.

roethyl)-4’-thio-2'-deoxyuridine (1d; FTS202), N3-
(fluoromethyl)-thymidine (le; NFT201) and N3-(2-fluo-
roethyl)-thymidine (1f; NFT202) are already known and
have been used as antiviral agents, but the corresponding
'8F_labeled compounds are not known and have not been
used as imaging agents [27,30-33]. We have compared the
in vitro phosphorylation rates of these nucleosides with
those of recombinant human TK1 by phosphoryl transfer
assay. Nucleoside transport inhibition constants (K;) were
measured to evaluate their interaction with the nucleoside
transporter. Their stability toward the phosphorolytic
enzyme, TP, has been used as an indicator of their
metabolic stability. From these in vitro screening assays,
we selected NFT202 (1f) as a candidate for subsequent in
vivo evaluation because this compound surmounted the
three minimum requirements of in vitro screening assays
and also had the most potent phosphorylation activity as a
substrate for recombinant human TK1. In addition, this
compound might be amenable to labeling with '8F by the
use of a known method. '

However, our companion work describes an in vitro and
an in vivo evaluation of NFT202 (1f) and reveals that
NFT202 was less effective than 3’-deoxy-3'-fluorothymidine
(1j; FLT). We discuss the pitfalls of our limited selection
criteria in our companion paper.

2. Materials and methods

2.1. Chemicals

Thymidine (1a), FLT (1j) and 5-fluoro-2’ -deoxyuridine
(1k; FdUrd) were purchased from Sigma-Aldrich Japan KK
(Tokyo, Japan). Other reagents for synthesis were purchased
from Sigma-Aldrich Japan KK, Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), and Tokyo Kasei Kogyo,
Co., Ltd. (Tokyo, Japan).

2.2. Synthesis

A summary of the various syntheses is given below.
Experimental details and the characterization of compounds
are described in succeeding sections.

All isolated materials were shown to be pure by nuclear
magnetic resonance (NMR; free of obvious impurities) and by
thin-layer chromatography (TLC; homogeneous material).
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Fig. 2. Synthesis of FTS101. Conditions: (a) BCl3;, CH,Cl,, —78°C. (b) TBDPSCI, imidazole, DMF, 0°C. (c) (i) 5-Hydroxymethyluracil, BTMSA, MS4A,
DMF, 0°C; (ii) NIS, RT. (d) TMSCI, TEA, CH;CN, 0°C. (e) 6 N HCIl, CHCI:/CH;CN, 0°C. (f) DAST, CH,Cl,, —20°C. (g) TBAF, THF, RT.

Compound 1b was synthesized by a previously described
method [30]. The synthetic procedures of Compounds 1c
and 1d differed from that of 5-fluoro-4'-thio-2’-deoxyuridine
(11). The coupling reaction of benzyl 3,5-di-O-benzyl-2-
deoxy-1,4-dithio-D-erythro-pentofuranoside (2) with a sily-
lated base in the presence of N-iodosuccinimide (NIS) and
molecular sieves was processed successfully [34]. However,
subsequent debenzylation by Lewis acid hardly proceeded,
and the desired compounds (1¢ and 1d) were not obtained.
As shown in Figs. 2 and 3, Compounds 1c and 1d were
obtained by replacing the protecting groups of Compound 2

TBDPSO
s (a) TBDPSO
SBn

T8DPSO

S
<X
(o)

TBDPS
4

TBDPS = tert-buthyldiphenylsilyt

with di-O-tert-butyldiphenylsilyl. Moreover, separation of
the o/Bp mixture of Compound le¢ was conducted by
trimethylsilylation of the hydroxylmethyl residue of 3',5-
di-O-tert-butyldiphenylsilyl-5-hydroxymethyl-4'-thio-2'-de-
oxy-B-uridine (7). Compound le was synthesized by a
previously described method [32]. The N? alkyl-fluorination
of thymidine derivatives [1f, N3-(3-fluoropropyl)-thymidine
(1g), N*-(2-fluoroethyl)-4'-thio-2’-deoxyuridine (1h) and 1-
(2-deoxy-2-fluoro-p-D-arabinofuranosyl)- -N3-(2-fluo-
roethyl)-thymine (1i)] was conducted in a one-step reaction
from the corresponding nucleoside (B anomer) by adapting

&, i
e o/

s
S
N

O

H
1d

Fig. 3. Synthesis of Compound 1d (FTS202). Conditions: (a) (i) 5-(2-Fluoroethyljuracil, BTMSA, CH3;CN, RT; (ii) MS4A, NIS, DMF, RT. (b) TBAF,

THF, RT.
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previously described procedures [35,36]. Fluoroalkyl-tosy-
late or fluoroalkyl-bromide was added to a solution
containing a weak base and a nucleoside in either a N, N-
dimethylformamide (DMF)/acetone mixture, DMF, or tet-
rahydrofuran (THF) at a mild reaction temperature [from
room temperature (RT) to 80°C], yielding the target
compounds at high yields (72—-100%). While alkylations at
other positions on the nucleoside are possible, selective
alkylation on the N3 position of pyrimidine was reported
{35,37,38].

2.3. 5-(2-Fluoroethyl)-2'-deoxyuridine (1b; FT202)

5-(2-Acetylhydroxyethyl)uracil was synthesized using y-
butyrolactone as a starting material, according to the method
of Fissekis et al. [39]. Furthermore, FT202 was prepared
from 5-(2-acetylhydroxyethyl)uracil according to the meth-
od of Griengl et al. [30]. The pure B anomer of 3',5'-di-O-p-
toluoyl-5-(2-fluoroethyl)-2'-deoxyuridine was crystallized
in ethanol at 4°C, as reported in the literature [30]. After
deprotection, the resultant compound (1b) was obtained.
The melting point of Compound 1b was in agreement with
the previously reported temperature [30]. Its purity was
assessed by a conspicuous absence of impurities in the 'H
NMR spectrum and in high-performance liquid chromatog-
raphy (HPLC; purity, 96.9%):

'H NMR (CD;0D, 500 MHz) § 7.92 (s, 1H), 6.26 (t,
J=6.5 Hz, 1H), 4.53 (dtd, J=47.0, 5.5 and 3.0 Hz, 2H),
4.37 (quint, J=3.0 Hz, 1H), 3.92 (q, /=3.0 Hz, 1H), 3.90
(dd, /=12.0 and 3.0 Hz, 1H), 3.73 (dd, J=12.0 and
3.5 Hz, 1H), 2.71 (td, J=5.5 and 2.0 Hz, 1H), 2.68 (td,
J=5.5 and 1.5 Hz, 1H), 2.26 (m, 1H), 2.21 (m, 1H)
UV Anax (CH30H)=266 nm

mp=153°C

fast atom bombardment mass spectroscopy (FABMS),
m/z=297 [M+Nal].

The conditions of HPLC analysis are described in Section
2.15.

2.4. 5-(Fluoromethyl)-4'-thio-2'-deoxyuridine (1¢; FTS101)

The schematic diagram for the synthesis of FTS101 is
depicted in Fig. 2. Compound 2 was prepared with a seven-
step synthesis starting from 2-deoxy-D-erythro-pentose,
following the procedure of Dyson et al. [40]. To a
dichloromethane solution (25 ml) of Compound 2 (3.85 g,
8.8 mmol) was added borontrichloride (1.0 M in dichloro-
methane, 40 ml, 40 mmol) at —78°C. The resultant mixture
was stirred at —78°C for 4 h. The mixture was added to a
methanol-aqueous solution of ammonia (1:1 vol/vol, 40 ml),
then the organic layer was separated. The aqueous layer was
rinsed with chloroform. The combined organic layer was
dried with sodium sulfate, filtered and then concentrated in
vacuo. The crude material was purified by silica gel column
chromatography (eluent, acetone:hexane=1:1) to give
benzyl-2-deoxy-1,4-dithio-D-erythro-pentofuranoside (3)
(1.5 g, 66%).

To a DMF (30 ml) solution of Compound 3 (1.5 g, 5.85
mmol) was added tert-butyldiphenylsilylchloride (TBDPSCI;
3.8 ml, 11.7 mmol) and imidazole (1.79 g, 23.4 mmol) at 0°C.
The resultant mixture was stirred overnight at RT. The
mixture was concentrated in vacuo to remove DMF. The
residue was extracted with ethyl acetate. The organic layer
was washed with water, dried with sodium sulfate, filtered
and then concentrated in vacuo. The crude material was
purified with silica gel column chromatography (eluent,
hexane:ethyl acetate=10:1) to give benzyl-3,5-di-O-tert-
butyldiphenylsilyl-2-deoxy-1,4-dithio-D-erythro-pentofura-
noside (4) (3.88 g, 90%).

To a DMF (28 ml) suspension of 5-hydroxymethyluracil
(737 mg, 5.18 mmol) were added bis(trimethylsilyl)acety-
lene (BTMSA; 2.56 ml, 11.3 mmol), Compound 4 (3.8 g,
5.18 mmol) and molecular sieves 4 A (MS4A; ca. 460 mg)
at 0°C, and the mixture was stirred for 30 min. The mixture
was then added to a DMF (10 ml) solution of NIS (1.23 g,
5.18 mmol) and stirred at RT overnight. The mixture was
concentrated in vacuo to remove DMF. The residue was
added to ice water, and an aqueous solution of 5% sodium
thiosulfate then was extracted with ethyl acetate. The
organic layer was washed with 5% aqueous solution of
sodium thiosulfate, 5% aqueous solution of sodium hydro-
gen carbonate and a saturated aqueous solution of sodium
chloride. It was then dried with sodium sulfate, filtered and
concentrated in vacuo. The crude material was purified by
silica gel column chromatography (eluent, hexane:ethyl
acetate=1:1) to give a mixture of Compound 5 (1.2 g, 31%).

To an acetonitrile (40 ml) solution of Compound 5 (2.69 g,
3.58 mmol) were added triethylamine (TEA; 3 ml, 21.5
mmol) and trimethylsilylchloride (TMSCIl; 1.36 ml, 10.7
mmol) at 0°C. After stirring for 5 min, the mixture was
concentrated in vacuo. The residue was extracted with ethyl
acetate. The organic layer was washed with a diluted
aqueous solution of sodium hydrogen carbonate and a
saturated aqueous solution of sodium chloride, dried with
sodium sulfate, filtered and concentrated in vacuo. The crude
material was purified by silica gel column chromatography
(eluent, hexane:ethyl acetate=2:1) to give 3',5'-di-O-tert-
butyldiphenylsilyl-5-trimethylsilyloxymethyl-4’-thio-2'-
deoxyuridine (6) (1.15 g, 39%) and its anomer (1.4 g, 47%):

Compound 6
'H NMR (CDCls, 400 MHz) & 8.52 (br.s, 1H), 7.63—
7.27 (m, 21H), 6.56 (dd, /=8.8 and 6.2 Hz, 1H), 4.48
(dd,J=3.0and 2.0 Hz, 1H), 4.30 (s, 2H), 3.68-3.63 (m,
2H),3.49(dd,J=12.4 and 10.4 Hz, 1H), 2.14-2.07 (m,
1H), 1.44-1.38 (m, 1H), 1.07 (s, 9H), 0.94 (s, 9H), 0.01
(s, 9H).

To a chloroform (10 ml)-acetonitrile (20 mt!) solution of
Compound 6 (1.15 g, 1.39 mmol) was added 6 N hydro-
chloric acid (0.6 ml) at 0°C. The mixture was stirred for
10 min, neutralized with 5% aqueous solution of sodium
hydrogen carbonate and concentrated in vacuo to remove
the organic solvent. The residue was extracted with ethyl



&H 9

J. Toyohara et al. / Nuclear Medicine and Biology 33 (2006) 751-764 755

acetate. The organic layer was washed with water, dried
with sodium sulfate, filtered and concentrated in vacuo.
The crude material was purified by silica gel column
chromatography (eluent, hexane:ethyl acetate=1:1) to give
3’ ,5' -di-O-tert-butyldiphenylsilyl-5-hydroxymethyl-4’ -
thio-2’ -deoxy-B-uridine (7; 1.01 g, 97%):

'H NMR (CDCl,, 200 MHz) 6 7.54 (brs, 1H), 7.64-7.26
(m, 21H), 6.53 (dd, J=8.1 and 6.3 Hz, 1H), 4.43 (brs,
1H), 4.11 (d, J=2.4 Hz, 1H), 2.28-2.21 (m, 1H), 1.75-
1.60 (m, 1H), 1.07 (s, 9H), 0.96 (s, 9H).

To a dichloromethane (12 ml) solution of Compound 7
(1.0 g, 1.33 mmol) was added a dichloromethane (12 ml)
solution of (dimethylamino)sulfur trifluoride (DAST; 264
ul, 2.0 mmol) at —20°C, followed by stirring for 20 min.
The mixture was poured onto crushed ice then extracted
with chloroform. The organic layer was dried with sodium
sulfate, filtered and concentrated in vacuo. The crude
material was purified by silica gel column chromatography
(eluent, hexane:ethyl acetate=2:1) to give 3',5-di-O-tert-
butyldiphenylsilyl-5-fluoromethyl-4'-thio-2’-deoxyuridine
(8) (740 mg, 74%).

To a THF (6.5 ml) solution of Compound 8 (1.03 g,
1.36 mmol) was added tetrabutylammonium fluoride (TBAF;
1.0 M in THF, 4.1 ml, 4.1 mmol), followed by stirring at RT
for 35 min. The mixture was purified by silica gel column
chromatography (prepacked by dichloromethane eluent,
THF:dichloromethane=2:1) to give Compound 1c (FTS101,
300 mg, 80%). The purity of Compound 1¢ was assessed by
the conspicuous absence of impurities in the 'H NMR
spectrum and in HPLC (retention time, 13.6 min; purity,
98.7%). HPLC was performed with a C18 (5-um) analytical
column [150%4.6 (i.d.) mm, Mightysil RP-18 GP Aqua;
Kanto Chemical, Tokyo, Japan]. Elution was conducted by
CH;0H:H,O:trifluoroacetic acid (TFA)=10:90:0.1 at a flow
rate of 0.8 ml/min and was monitored at 254 nm:

'"H NMR [dimethy] sulfoxide (DMSO)-ds, 400 MHz] &
11.58 (s, 1H), 8.33 (d, /=4.0 Hz, 1H), 6.25 (t,J=7.2 Hz,
1H), 5.27 (d, J=4.0 Hz, 1H), 5.19 (t, J=5.6 Hz, 1H),
5.08 (d, /=88 Hz, 2H), 4.37 (m, 1H), 3.59 (m, 1H), 3.58
(m, 1H), 3.29 (m, 1H), 2.20 (dd, /=7.2 and 4.0 Hz, 2H)
UV /nax (CH30H)=267 nm

FABMS, m/z=299 [M+Na].

2.5. 5-(2-Fluoroethyl)-4' -thio-2' -deoxyuridine (1d;
FT5202)

The schematic diagram for the synthesis of FTS202 is
depicted in Fig. 3. 5-(2-Acetylhydroxyethyl)uracil was
synthesized, using vy-butyrolactone as a starting material,
according to the method of Fissekis et al. [39]. Furthermore,
5-(2-fluoroethyl)uracil was prepared from 5-(2-acetylhy-
droxyethyl)uracil, according to the method of Grieng! et al.
[30]. To an acetonitrile (2.5 ml) suspension of 5-(2-
fluoroethyl)uracil (237 mg, 1.50 mmol) was added BTMSA
(630 mg, 3.10 mmol), and the resultant mixture was stirred

at RT for 1 h. The reaction mixture was added to MS4A
(ca. 1.0 g), a DMF (2.5 ml) solution of Compound 4 (733
mg, 1.0 mmol) and NIS (270 mg, 1.20 mmol). The resultant
mixture was stirred at RT for 24 h and filtered, and the
filtrate was extracted with diethyl ether. The combined
organic layer was washed with a 5% aqueous solution of
sodium thiosulfate and a saturated aqueous solution of
sodium hydrogen carbonate and brine. It was then dried
with sodium sulfate, filtered and concentrated in vacuo. The
crude material was purified by silica gel column chroma-
tography (eluent, hexane:ethyl acetate=3:7—2:3—1:1) and
silica gel recycle HPLC to give 3',5'-di-O-tert-butyldiphe-
nylsilyl-5-(2-fluoroethyl)-4’-thio-2'-deoxyuridine (9)
(180 mg, 24%) and its anomer (227 mg, 30%):

Compound 9
'H NMR (CDCl;, 400 MHz) 6 8.67 (s, 1H), 7.67-
7.29 (m, 21H), 6.54 (dd, J=8.6 and 6.2 Hz, 1H),
4.49—4.42 (m, 2H), 4.38-4.31 (m, 1H), 3.62-3.03 (m,
3H), 2.49 (t, J=5.9 Hz, 1H), 2.42 (t, J=5.5 Hz, 1H),
2.22 (ddd, J=13.2, 6.2 and 3.5 Hz, 1H), 1.68-1.61
(m, 1H), 1.04 (s, 9H), 0.96 (s, 9H)
13C NMR (100 MHz, CDCl;) é 162.7, 150.2, 138.2,
135.7,135.7,135.6, 135.4,133.1, 133.1, 133.0, 132.6,
130.0, 130.0, 129.9, 127.9, 127.8, 127.8, 110.4, 82.1,
80.4,77.2,76.0,65.9,61.0,58.8,42.5,28.3,28.1, 26.9,
26.8,19.2,19.1
FABMS, m/z=789 [M+Na]
High-resolution mass spectroscopy (HRMS) for
C43Hs5 FN50,4SSi;Na: calculated=789.2220, found=
789.2994.

Anomer

"H NMR (CDCl;, 400 MHz) 6 9.01 (s, 1H), 8.14 (s,
1H), 7.60~7.28 (m, 20H), 6.22 (dd, J=8.1 and 3.1 Hz,
1H), 4.56 (t, J=6.1 Hz, 1H), 4.46-4.42 (m, 2H), 3.76
(td, J=6.0 and 2.4 Hz, 1H), 3.38 (dd, J=10.6 and
6.5 Hz, 1H), 3.26 (dd, J=10.6 and 6.5 Hz, 1H), 2.72-
2.38 (m, 3H), 2.19 (dt, J=14.3 and 2.8 Hz, 1H), 1.07
(s, 9H), 0.96 (s, 3H)

13C NMR (100 MHz, CDCl;) 6 163.1, 150.7, 140.5,
135.7, 135.7, 135.6, 135.5, 132.8, 132.8, 1327,
130.2, 130.1, 129.8, 127.9, 127.9, 127.7, 109.7,
109.6, 82.3, 80.7, 77.6, 77.2, 65.7, 62.5, 60.5, 44.6,
28.6, 28.4, 27.0, 26.7, 19.1.

To a THF (17.5 ml) solution of Compound 9 (1.34 g, 1.75
mmol) was added TBAF (1.0 M in THF, 6.99 ml, 6.99 mmol)
at 0°C, and the resultant mixture was stirred at RT. After 2 h,
the reaction mixture was concentrated in vacuo. The crude
material was purified by silica gel column chromatography
(eluent, chloroform:methanol =9:1) and was recrystallized from
methanol to give FTS202 (403 mg, 79%). The purity of Com-
pound 1d was assessed by the conspicuous absence of im-
purities in the "H NMR spectrum and in HPLC (purity, 99.7%):

'H NMR (DMSO-ds, 400 MHz) 5 11.4 (s, 1H), 7.91 (s,
1H), 6.27 (t, J=7.4 Hz, 1H), 5.26 (d, J=3.8 Hz, 1H),



BH o

756 J. Toyohara et al. / Nuclear Medicine and Biology 33 (2006) 751764

5.18 (t, J=5.4 Hz, 1H), 4.50 (dt, J=40.0 and 6.4 Hz,
2H), 4.37 (quint, J=3.5 Hz, 1H), 3.60 (m, 2H), 3.29 (m,
1H), 2.68 (td, J=6.2 and 3.3 Hz, 1H), 2.62 (td, J=6.0
and 3.7 Hz, 1H), 2.18 (d, J=4.0 Hz, 1H), 2.16 (d,
J=3.8 Hz, 1H)

3C NMR (DMSO-de, 75 MHz) & 163.0, 150.6, 138.8,
109.1 (d, J=6.2 Hz), 82.8, 80.6, 73.4, 63.5, 60.2, 59.0,
41.2,27.7 (d, J=21.2 Hz)

3C NMR (100 MHz, CDCl;) & 163.0, 150.6, 138.8,
109.1 (d, J=6.2 Hz), 82.8, 80.6, 73.4, 63.5, 60.2, 59.0,
41.2,27.7 (J=21.2 Hz)

UV Jmax (CH;0H)=270 nm

mp=196°C

FABMS, m/z=291 [M+H]

HRMS for C;H;sFN,04S: calculated=291.0815,
found=291.0821.

The conditions of HPLC analysis are described in Section
2.15.

2.6. N’~(fluoromethyl)-thymidine (1e; NFT201)

NFT201 was synthesized, using thymidine as a starting
material, according to the procedure of Ogilvie et al. [32].
The purity of Compound le was assessed by the conspic-
uous absence of impurities in the "H NMR spectrum and in
HPLC (purity, 89.2%). The structure of the compound was
based on its constitution (mass spectrometry), and the
similarity of its '"H NMR spectrum was based on other
closely related molecules (thymidine and NFT202):

'H NMR (CD;OD, 500 MHz) 6 7.89 (s, 1H), 6.28
(t, J=6.5 Hz, 1H), 5.97 (d, /=50.5 Hz, 2H), 4.40 (quint,
J=3.0 Hz, 1H), 3.92 (q, J=3.0 Hz, 1H), 3.80 (dd, /=12.5
and 3.0 Hz, 1H), 3.73 (dd, J=12.5 and 3.5 Hz, 1H), 2.28
(ddd, J=13.5, 6.5 and 3.5 Hz, 1H), 2.28 (ddd, J=13.5,
6.5 and 3.5 Hz, 1H), 2.22 (dd, /=13.5 and 3.5 Hz, 1H),
1.91 (s, 3H)

UV Zpax (CH30H)=271 nm

mp=67-70°C

FABMS, m/z=275 [M+H]

HRMS for C,H,sFN,Os5: calculated=275.1044,
found=275.0984.

The conditions of HPLC analysis are described in Section
2.15.

2.7. N*-(2-fluoroethyl)-thymidine (1f NFT202)

Using 2-fluoroethanol as a starting material, 2-fluoroe-
thyltosylate was synthesized according to the method of
Edgell and Parts [41]. 2-Fluoroethyltosylate (3.6 g,
17 mmol), potassium carbonate (4.6 g, 33 mmol) and
thymidine (2.0 g, 8.3 mmol) were dissolved in an
acetone:DMF (1:1) mixed solvent (500 ml), and the mixture
was heated at 50°C for 7 h under argon atmosphere. The
solvent was removed by rotary evaporation, and the desired
product (1f; NFT202, 2.2 g, 94%) was purified by silica gel
column chromatography (chloroform:methanol=5:1). The
purity of Compound 1f was assessed by the conspicuous

absence of impurities in the '"H NMR spectrum and in
HPLC (purity, 98.4%):

"H NMR (CD;0D, 500 MHz) 6 7.85 (s, 1H, H-5), 6.29 (t,
H-1, Jy »2=Jy 24=5.6 Hz), 4.62, 4.53 (each t, each
1H, H-2"), 4.39 (m, 1H, H-3'), 425 (m, 2H, H-1"),
3.91(dd, 1H, H-5 a, Js , 4 =2.4, J5 ,5 ,=9.6 Hz), 3.80
(dd, 1H, H-5' b, Js va =2.8, J5 b5 .=9.6 Hz), 3.72 (m,
IH, H-4'), 2.27 (ddd, 1H, H-2'a, Jy,3 =2.8,
Joap =6.0, Jy,»p=10.8 Hz), 221 (m, 1H, H-2'b),
1.89 (s, 3H, 5-CH3)

UV /ax (CH3OH)=267 nm

FABMS, m/z=289 [M+H]

HRMS for C,,H,gFN;0s: calculated =289.1200, found=
189.1230.

The conditions of HPLC analysis are described in Section
2.15.

2.8. N°’-(3-fluoropropyl)-thymidine (1g; NFT203)

1-Bromo-3-fluoropropane (5.0 g, 36 mmol), TBAF
(16.2 g, 62 mmol) in THF (62 ml) and thymidine (1.5 g,
6.2 mmol) were dissolved in THF (40 ml), and the mixture
was stirred at RT for 1 h under argon atmosphere. The
solvent was removed by rotary evaporation, and the desired
product (NFT203, 2.0 g, 100%) was purified by silica gel
column chromatography (chloroform:methanol=5:1). The
purity of Compound 1g was assessed by the conspicuous
absence of impurities in the '"H NMR spectrum and in
HPLC (purity, 97.8%):

'"H NMR (CD;OD, 500 MHz) § 7.82 (s, 1H, H-5), 6.28
t, H-Y, Jy ».=Jy 2b=5.6 Hz), 4.51, 442 (each t,
each 1H, H-2"), 4.39 (m, 1H, H-3), 4.04 (m, 2H, H-1"),
3.91 (dd, 1H, H-5 a, Js ,4 =2.4, J5 55 5=9.6 Hz), 3.80
(dd, 1H, H-5' b, Js p 4 =2.8, J5 1,5 a=9.6 Hz), 3.72 (m,
1H, H-4), 2.27 (ddd, 1H, H-2"a, Jy,3 =2.8,
.]2/ a1’ =6.0, sz a2 b=10'8 HZ), 2.21 (m, IH, H-2 b),
1.95 (m, 1H, H-2"), 1.89 (s, 3H, 5-CHj)

UV 2 ax (CH;0H)=268 nm

FABMS, m/z=303 [M+H]

HRMS for C;3H,¢FN,Os: calculated=303.1356, found=
303.1372.

The conditions of HPLC analysis are described in Section
2.15.

2.9. N*-(2-fluoroethyl)-4'-thio-2' -deoxyuridine
(1h; NFTS202) ‘

4'-Thio-thymidine was prepared from Compound 2,
according to the method of Otter et al. [34]. 2-Fluoro-1-
bromoethane (127 mg, 1 mmol), cesium carbonate (195 mg,
0.6 mmol) and 4 -thio-thymidine (129 mg, 0.5 mmol) were
dissolved in DMF (5 ml), and the mixture was heated at
80°C for 10 h under argon atmosphere. The solvent was
removed by rotary evaporation, and the desired product
(NFTS202, 122 mg, 80%) was purified by silica gel column
chromatography (chloroform:methanol=20:1). The purity
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of Compound 1h was assessed by the conspicuous absence
of impurities in the 'H NMR spectrum and in HPLC
(purity, 92.7%):

'H NMR (CD;OD, 500 MHz) & 6.60 (dd, H-I’,
Ju »2=4.6, Jy 2,=70 Hz), 5.74 (m, 1H, H-3), 4.81
(dd, 1H, H-5' a,J5 o4 =2.4,J5 5.5 s=10.0 Hz),4.544.77
(m, 2H, H-5' b, H-1"b), 4.60 (m, 1H, H-1"a), 4.55 (m, 1H,
H-4"), 435 (m, 1H, H-2"a), 4.33 (m, 1H, H-2"a), 2.99
(ddd, lH, H-2 a, Jz' a3 =].2, Jz' a,l’ =4.6, Jz' a2 b=11'2
Hz), 2.83 (m, 1H, 2"-OH), 2.30 (ddd, 1H, H-2'b,
Jz' b3 =5.2, le b1’ =7.0, JZ’ b2 a™ 11.2 HZ), 1.65 (S, 3H,
5-CH)

UV /pax (CH;0H)=271 nm

FABMS, m/z=305 [M+H]

HRMS for C,H;sFN,0,S: calculated=305.0971, found=
305.1013.
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The conditions of HPLC analysis are described in Section
2.15

2.10. 1-(2-Deoxy-2-fluoro- B-D-arabinofuranosyl)-N>-
(2-fluoroethyl)-thymine (1i; NFAU202)

FMAU was prepared by a four-step synthesis starting
from 1,3,5-tri-O-benzoyl-a-D-ribofuranose, according to
the procedure of Wilds and Damha {42]. 2-Fluoroethylto-
sylate (541 mg, 2.5 mmol), potassium carbonate (630 mg,
4.6 mmol) and FMAU (323 mg, 1.2 mmol) were dissolved
in acetone:DMF (1:1; 30 ml), and the mixture was heated at
50°C for 8 h under argon atmosphere. The solvent was
removed by rotary evaporation, and the desired product
(NFAU202, 272 mg, 72%) was purified by silica gel
column chromatography (chloroform:methanol=5:1). The
purity of Compound 1i was assessed by the conspicuous
absence of impurities in the 'H NMR spectrum and in
HPLC (purity, 97.5%):

'H NMR (CD;0D, 500 MHz) & 7.73 (s, 1H, H-5), 6.20
(dd, 1H, H-1, J;, ¢=17 Hz, Jy » =4.0 Hz), 5.03 (dt,
IH, H-2, Jy =52 Hz, Jy 5 =Jy 3 =2.5 Hz), 4.58 (dd,
2H, H-2", Jy»p=47 Hz, J)» 5 »=5.0 Hz), 4.32 (m, 1H, H-
3, 4.28 (m, 2H, H-1"), 3.91 (m, 1H, H-4"), 3.86 (dd,
1H, H-5 a, Js o9 =12.0, J5 o 5 y=4.0 Hz), 3.76 (dd, 1H,
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H-5'b, Js va =12.0, Js 5 ,=4.0 Hz), 2.66 (s, 3H, 5-
CH;)

UV /nax (CH;0H)=265 nm

FABMS, m/z=307 [M+H]

HRMS for C,,H,;F,N,05: calculated=307.1106,
found=307.1072.

The conditions of HPLC analysis are described in Section
2.15.

2.11. 5-Fluoro-4'-thio-2'-deoxyuridine (1I: FTS901)

The schematic diagram for the synthesis of Compound 11
(FTS901) is depicted in Fig. 4. To an acetonitrile (8.7 ml)
suspension of 5-fluorouracil (1.70 g, 13.0 mmol) was added
BTMSA (5.66 g, 27.8 mmol), and the resultant mixture was
stirred at RT for 2 h. The reaction mixture was added to
MS4A (ca. 4.3 g), an acetonitrile (8.7 ml) solution of
Compound 2 (3.80 g, 8.70 mmol) and NIS (2.35 g,
10.4 mmol). The resultant mixture was stirred at RT for
22 h, filtered and concentrated in vacuo. The residue was
dissolved with ethyl acetate, then the organic layer
was washed with a 5% aqueous solution of sodium
thiosulfate and a saturated aqueous solution of sodium
hydrogen carbonate and brine. It was then dried with
magnesium sulfate, filtered and concentrated in vacuo. The
crude material was purified by silica gel column chroma-
tography (eluent, hexane:ethyl acetate=3:2) to give 3',5'-di-
O-benzyl-5-fluoro-4'-thio-2'-deoxyuridine (10) (3.49 g,
91%, a:p=2:1):

B anomer 'H NMR (CDCls;, 300 MHz)  8.25 (d,
J=6.6 Hz, 1H), 8.05 (brs, 1H), 7.37-7.28
(m, 10H), 6.40 (t, J=6.6 Hz, 1H), 4.61-4.48
(m, 4H), 4.22 (q, J=3.7 Hz, 1H), 3.69 (q,
J=3.7 Hz, 1H), 3.80-3.60 (m, 2H), 2.51
(ddd, J=13.6, 6.6 and 4.0 Hz, 1H), 2.15
(ddd, J=13.6, 7.7 and 4.4 Hz, 1H).

To a dichloromethane (3 ml) solution of Compound 10
(@ anomer: 221 mg, 0.50 mmol) was added boron
trichloride (1.0 M in dichloromethane solution, 2.0 ml,
2.0 mmol) at —78°C, and the resultant mixture was stirred at
—78°C for 1 h. The mixture was quenched with a methanol

O
F F.
L B
8nO 8 N 0 N 0
Xy XY 0 T
SBn ————— .
B0 ano‘s Ho‘$
2 10 1l
Bn = benzyl

Fig. 4. Synthesis of Compound 11 (FTS901). Conditions: (a) (i) 5-Fluorouracil, BTMSA, CH;CN, RT; (i) MS4A, NIS, DMF, RT. (b) BCl;, CH,Cl,, —78°C.
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solution of ammonia (2.0 M, 3.0 ml), after which the
mixture was warmed to RT and concentrated in vacuo. The
residue was diluted with methanol and filtered, and
the filtrate was concentrated in vacuo. The crude material
was purified by silica gel column chromatography (eluent,
chloroform:methanol=9:1) to give Compound 11 (FTS901,
59 mg, 45%). The purity of Compound 11 was assessed by
the conspicuous absence of impurities in the '"H NMR
spectrum and in HPLC (purity, 97.6%):

'H NMR (DMSO-dg, 300 MHz) & 11.84 (br.s, 1H), 8.33
(d, J=7.3 Hz, 1H), 6.23 (t, J=7.3 Hz, 1H), 5.24-5.19 (m,
1H), 4.35 (m, 1H), 3.65-3.55 (m, 2H), 3.31-3.28 (m,
1H), 2.25-2.15 (m, 2H)

13C NMR (DMSO-dg, 75 MHz) 6 157.5, 150.2, 142.1,
126.4, 74.4, 64.0, 61.8, 59.9, 42.2

UV Jax (CH;0H)=272 nm

FABMS, m/z=263 [M+H]

HRMS for CoH,FN,0,4S: calculated=263.0502, found=
263.0508.

The conditions of HPLC analysis are described in Section
2.15.

2.12. Expression and purification of recombinant human
thymidine kinase

The preparation of recombinant human TK1 was
carried out as described previously, with minor modifica-
tions [35]. The cDNA for human TK1 was amplified by
polymerase chain reaction with plasmid pTK1! as tem-
plate [43] and a pair of primers (5-sense primer,
5 CCATATGAGCTGCATTAACCTG; 3'-reverse comple-
ment primer, 5 CGGGATCCCTCAGTTGGCAG) to cre-
ate an Ndel site at the 5'-end and a BamHI site at the 3’ -
end of the fragment. After treatment with Ndel and
BamHI, the TK1 fragment was ligated to plasmid pET-
14b (EMD Biosciences Inc., San Diego, CA), which had
been digested previously with the same restriction
enzymes, to yield the expression plasmid pETMS207No.5.
After being sequenced to confirm the correct insertion,
pETMS207No.5 was transfected into Escherichia coli
BL21 (DE3) pLys host cells. The expression of recombi-
nant TK1 was induced with 0.4 mM isopropyl P-D-
thiogalactopyranoside, and the protein was purified by
affinity chromatography on chelated His - Bind resin (EMD
Biosciences Inc.). The calculated molecular weight was 28
kDa for recombinant human TKI1, and sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
showed that the purity of TK1 was >95% (Fig. 5).

2.13. Phosphoryl transfer assay

Phosphoryl transfer assay with recombinant human TK1
was carried out as described previously, with minor
modifications [35]. Briefly, nucleosides were dissolved in
DMSO to make 100-mM stock solutions. The assays were
carried out in reaction mixtures of 100 pM nucleosides
(0.25% DMSO0), 1 mM [y->*PJadenosine 5-trisphosphate

TKA1 M
s €= 116KDa
——— €—— 97.4KDa

nsme €— 69KDa
oe €&— 55KDa

quaited €— 36.5KDa

g 29KDa

wzzr €—— 20.1KDa

Fig. 5. SDS-PAGE of recombinant TKI1 preparations. Two hundred
nanograms of purified TK1 was loaded onto 12% gel. M, molecular
weight markers.

(Amersham Biosciences, Piscataway, NJ), 50 mM Tris—HCI
(pH 7.6), 5 mM MgCl,, 15 mM NaF, 125 mM KCIl, 10 mM
dithiothreitol and 0.5% bovine serum albumin. The reaction
was initiated by the addition of 60 ng of purified
recombinant human TK1, and the reaction mixture was
incubated for 15 min at 37°C. After being heated to 100°C
for 3 min to stop the reaction, the mixture was centrifuged,
and 2-pl samples were applied to PEI cellulose TLC plates
(Merck Ltd., Darmstadt, Germany). The TLC plates were
developed with isobutyric acid:ammonium hydroxide:water
(66:1:33) for 12 h. The radioactivity on the plate was
measured and quantified by a bioimaging analyzer (BAS-
1500; Fuji Photo Film Co., Tokyo, Japan).

2.14. Transport assay

Transport assay was carried out as described previously,
with minor modifications [44,45]. Briefly, 9-week-old male
ddY mice were purchased from Japan SLC Inc. (Shizuoka,
Japan) and were held for 1 week prior to the study. All
procedures were performed in accordance with institutional
guidelines (Guidelines for Animal Experiments, University
of Fukui). The mice were asphyxiated with CO,; blood
was collected into a 3.8% citrate solution by cardiac
puncture and used on the same day. After the removal of
plasma and buffy coat, packed erythrocytes were washed
with buffered saline (140 mM NaCl, 1.4 mM MgSO, and
18 mM Tris—HCI, at pH 7.4) and suspended in the same
medium with a hematocrit of 11%. Nucleoside influx was
initiated by the rapid addition of cell suspension to the
buffered saline containing [2-'*C]thymidine (2.11 GBg/
mmol; Amersham Biosciences) at four concentrations
(0.05-0.5 mM) alone or together with various concen-
trations of test nucleosides. After 3 s, transport was
terminated by the addition of 6-[(4-nitrobenzyl)thio]-9-f-
D-ribofuranosylpurine (NBMPR; Sigma-Aldrich, St. Louis,
MO) at a final concentration of 10 uM. Cells were pelleted
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by an Eppendorf microcentrifuge (Model 5415D; Eppen-
dorf Co., Ltd., Hamburg, Germany) at 12,800xg for 1 min
and washed once with NBPMR solution. Cell pellets were
extracted and chilled with 5% perchloric acid. After at
least 30 min at 4°C, portions of the extracts were removed
and counted in ACSII (Amersham Biosciences) by a liquid
scintillation counter (LSC-5000; Aloka, Tokyo, Japan).
The radioactivity trapped in the extracellular space of the
pellet was measured in triplicate as a zero-time value by
reversing the order in which NBMPR and nucleoside were
added to the cells. This value was subtracted from the
radioactivity of influx samples.

2.15. Degradation assay

To evaluate the stability of the N1-C’' 1 glycosidic
bond, we tested the degradation of nucleosides by
recombinant E. coli TP. Degradation assay was carried
out as described previously, with minor modifications
[46]. Briefly, the reaction mixture (final volume, 0.2 ml)
contained 0.1 M potassium phosphate buffer (pH 7.4),
20 nmol of compounds and 0.015 U of recombinant E.
coli TP (Sigma). The reaction was carried out at 25°C for
5, 15, 30 and 60 min, and terminated by adding 2 N
perchloric acid (final concentration, 4%). After neutraliza-
tion with potassium hydroxide, the resultant precipitate
was removed by centrifugation. The supernatant was
filtrated through a 4-mm Millex Syringe Filter Unit
(Millipore, Bedford, MA), and a 10-ul aliquot was injected
into the HPLC with a C18 (5-um) analytical column
[150%x4.6 (i.d.) mm, Mightysil RP-18 GP Aqua; Kanto
Chemical]. Elution was conducted by CH;OH:H,O:TFA
[solvent compositions of CH3;OH:H,O:TFA were as fol-
lows: 5:95:0.1 for FdUrd (1k); 10:90:0.1 for thymidine
(1a); 15:85:0.1 for FT202 (1b), NFT201 (1e) and FTS901
(11); 20:80:0.1 for FTS202 (1d), NFT203 (1g) and FLT (1j);
25:75:0.1 for NFT202 (1f) and NFAU202 (1i); and
30:70:0.1 for NFTS202 (1h)] at a flow rate of 0.8 ml/min
and was monitored at 254 nm. Retention times were as
follows: thymidine (1a), 8.4 min; FT202 (1b), 6.8 min;
FTS202 (1d), 8.6 min; NFT201 (1e), 14.8 min; NFT202

Table |

(1f), 12.3 min; NFT203 (1g), 10.5 min; NFTS202 (1h),
8.4 min; NFAU202 (1i), 11.3 min; FLT (1j), 9.5 min; FdUrd
(1K), 7.4 min; and FTS901 (1l), 7.0 min. Each compound
was quantified by a comparison with the standard curve
using the HPLC peak area of each standard compound.

3. Results
3.1. Phosphoryl transfer assay

The TK1 substrate characteristics of nucleosides were
screened in phosphoryl transfer assays as a substrate for the
recombinant human TK1 {47,48]. The data are summarized
in Table 1. Among alkyl-fluorinated nucleosides, NFT202
(1) had the highest value. The relative order of phosphor-
ylation rates was as follows: thymidine (1a)>FdUrd
(1k)>NFT202 (1f)=FLT (1j)>FTS101 (1¢)>NFT201
(1e)=NFTS202 (1h)=FTS901 (11)>FTS202
(1d)=NFT203 (1g)=FT202 (1b)>NFAU202 (1i). No cor-
relation was observed between phosphorylation rates and
fluoroalkyl length at the N3 position of thymidine. The 4'-
thio substitution of FT202 did not reduce phosphorylation
rates. In contrast, 4’ -thio substitution of NFT202 (1f) and
FdUrd (1K) significantly reduced phosphorylation rates; the
2’-B-fluorine substitution of NFT202 (1f) further reduced
such rates.

3.2. Transport assay

Transport assay was carried out as described previously,
with minor modifications [44,45]. The concentration depen-
dence of thymidine influx was portrayed on a Hanes—Woolf
plot [49], yielding kinetic parameters of K,=0.26+£0.1 mM
and V.x=17.54+6.82 pmol/ug packed erythrocytes/s.
Competition among nucleosides with thymidine for entry at
an external transporter site was demonstrated in influx
competition experiments with [2-'*C]thymidine. The data
were plotted according to Dixon [50]; examples are shown in
Fig. 6A. For all compounds tested, the lines intersected at
points above the [/] axis. Assuming that these data represent
competitive inhibition [51], K; values were determined by

Phosphorylation of nucleosides by recombinant TK1, and K; values of nucleosides in influx competition with thymidine

Compound R, R, R; Ry Rs Phosphorylation (pmol/ug protein/h) Relative phosphorylation K; (mM)
Thymidine (1a) CH; H (o} H OH 3008.05+749.40 1 0.26 (Kmm)
FT202 (1b) F(CH,), H (o) H OH 697.03+87.20 0.23+0.03 0.53
FTS101 (1¢) FCH, H S H OH 1117.08+87.28 0.37+£0.03 0.55
FTS202 (1d) F(CH2), H S H OH 801.64+242.84 0.27+£0.08 0.23
NFT201 (1e) CH; FCH, 0 H OH 987.95+546.99 0.33+0.18 0.38
NFT202 (1f) CH; F(CH,), 0 H OH 1424.32+218.82 0.47+0.07 0.53
NFT203 (1g) CH; F(CH,); (¢) H OH 486.49+198.59 0.2610.06 0.51
NFTS202 (1h) CH; F(CH,), S H OH 906.61+168.76 0.30+£0.06 0.02
NFAU202 (1i) CH; F(CH,), (0] F OH 17.42+0.71 0.01+0.00 0.51
FLT (1j) CH; H (o} H F 1431.89+100.59 0.48+0.03 2.69
FdUrd (1k) F H (o} H OH 2571.06%151.38 0.851+0.05 0.70
FTS901 (11) F H S H OH 915.87+83.5 0.30+£0.03 0.88

The results represent the mean+S.D. of at least three independent experiments.
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Fig. 6. An example of plots used for determining K; values for nucleosides in influx competition experiments with thymidine. (A) An example of Dixon plots
[50,51] of inhibition data. Each point represents the mean value of duplicate measurements from a single-cell suspension. Ordinates are expressed as picomoles
of thymidine per microgram of packed erythrocytes per second, while those of the abscissa are FTS101 (1¢) concentrations (in millimolars). Thymidine
concentrations (mM) are shown in the legend. The lines were fitted by linear regression analysis. (B) Kmapp and Vimax values were determined at each inhibitor
concentration according to Eisenthal and Cornish-Bowden [52]. Shown is a replot of the ratios of these values as a function of FTS101 (1¢) concentration [51].
[Units of the ordinate are expressed as: mM (pmol thymidine/ug packed erythrocytes/s)~'.] The lines were fitted by linear regression analysis.

plotting influx competition data according to Eisenthal and
Comish-Bowden [52] to obtain K papp and ¥, values and by
replotting the ratio of these parameters as a function of [/]
[51]; examples are shown in Fig. 6B. The K values are given
in Table 1. These data showed that each of the eight
nucleosides had an affinity for the transporter. FTS202 (1d)
had affinities comparable to those of thymidine. The affinities
of NFTS202 (1h) were 10 times those of thymidine. The
other six alkyl-fluorinated nucleosides showed affinities that
were 1.4-2.0 times lower than that of thymidine. FdUrd (1k)
and FTS901 (11) each showed affinities that were three times
lower than that of thymidine. FLT (1j) showed affinities that
were 10 times lower.

3.3. Degradation assay

Degradation assay was carried out as described previ-
ously, with minor modifications [46]. Table 2 shows the

results. Except for FT202 (1b), there was no detectable
glycosidic bond cleavage for 60 min in any of the alkyl-
fluorinated nucleosides during incubations with recombi-
nant E. coli TP. In contrast, under the same experimental
conditions, thymidine (1a) underwent rapid glycosidic bond
cleavage to give 57%, 89%, 98% and 99% thymidine (1a)
degradation at 5, 15, 30 and 60 min, respectively. FdUrd
(1k) and FTS901 (11) also showed significant glycosidic
bond cleavage to give 13%, 29%, 46% and 66% FdUrd (1k)
degradation and 3%, 6%, 10% and 18% FTS901 (1)
degradation at 5, 15, 30 and 60 min, respectively. NFT202
(1b) underwent only slight time-dependent degradation to
give 3%, 4% and 7% NFT202 (1b) degradation at 15, 30
and 60 min, respectively. As expected from previous
findings, FLT (1j) did not show any significant glycosidic
bond cleavage during the 60-min incubation with recombi-
nant E. coli TP.

Table 2
Nucleosides as substrates for recombinant E. coli TP
Compound R, R, R; R4 Rs Remaining nucleosides (%)

0 min 5 min 15 min 30 min 60 min
Thymidine (1a) CH,3 H 0 H OH 100.0+1.1 43.1%0.1 10.6+0.2 2.3+0.1 1.0+0.0
FT202 (1b) F(CH,), H (0] H OH 100.0+£0.2 98.2140.2 974103 95.9+0.3 93.3+£0.1
FTS101 (1¢) FCH, H S H OH ND ND ND ND ND
FTS202 (1d) F(CH,); H S H OH 100.0+£0.2 99.4+0.3 99.1+0.3 99.3+£0.2 98.9+0.1
NFT20! (1e) CH, FCH, (0] H OH 100.0+2.4 100.9+1.7 98.7+1.7 101.74£0.3 102.0+£0.9
NFT202 (1) CH; F(CH3), (0] H OH 100.0£0.5 98.8+1.2 98.7+1.0 99.6+0.9 99.0+0.5
NFT203 (1g) CH,; F(CH,), (0] H OH 100.0+£0.7 99.7+0.6 99.5+0.4 98.0+0.1 99.4+0.2
NFTS202 (1h) CH; F(CH,), S H OH 100.0£0.6 98.9+0.4 99.0+£0.5 98.9+0.4 99.2+0.4
NFAU202 (1i) CH;3 F(CHj), 0 F OH 100.0+0.1 99.410.2 99.2+0.4 99.2+0.4 99.1£0.2
FLT (1j) CH,3 H 0 H F 100.0+1.4 100.1+0.4 98.5+0.7 100.5+0.5 100.410.5
FdUrd (1k) F H [¢) H OH 100.0+£0.3 87.1+£0.3 71.2+0.4 54.440.1 34.1+0.9
FTS901 (11) F H S H OH 100.0+0.3 97.5+0.1 942+1.0 89.6+0.3 822403

Values represent the mean+S.D. of at least three independent experiments of the remaining nucleoside as percentages of the total nucleoside in the reaction

(100 pmol/L).
ND, not determined.
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4. Discussion

In the last four decades, deoxynucleoside analogs have
become increasingly important in the treatment of viral
diseases and cancers. Nucleoside analogs are prodrugs
requiring 5’-phosphorylation to form active nucleotides that
can function as inhibitors of viral or cellular replication
processes. Therefore, when labeled with a suitable radionu-
clide, some of these compounds have potential as radio-
pharmaceuticals for the noninvasive diagnosis of tumor cell
proliferation. To be effective, they should: be selectively
phosphorylated by TK1, be amenable to labeling with a
positron-emitting or a single-photon-emitting radionuclide,
have good in vivo stability and be transported across the
cell membrane.

The present study examined those in vitro screens and
finally selected NFT202 as a candidate for subsequent in
vivo evaluation. This compound may be amenable to
labeling with 'F according to known methods.

All bioactive nucleosides have a B-configuration. In this
study, Compounds 1b, 1c, 1d and 11 were obtained as o/p
mixtures. The separation of a and B anomers of 3',5'-di-O-
p-toluoyl-5-(2-fluoroethyl)-2’-deoxyuridine was conducted
by crystallization, as previously reported [30]. The melting
point of Compound 1b was also in agreement with the
previously reported temperature ( anomer) [30].

The a and B anomers of Compounds 6, 9 and 10 were
easily separated by silica gel column chromatography.
Compound 11 was identified as a B anomer from the
references [34]. The melting point of Compound 1d was in
agreement with the previously reported temperature of B
anomer [27]. The B-isomer of Compound 1¢ was rationally
assigned by the result of a comparison of 'H NMR with
related B anomers (Compounds 1d and 1I).

The rationale of this study’s drug design was based on
the knowledge of S5-substituted 2’-deoxyuridines and
carboranyl thymidine analogs. Many S-substituted 2'-
deoxyuridines, such as 5-fluoro-deoxyuridine, 5-chloro-
deoxyuridine, 5-iodo-deoxyuridine, 5-bromo-deoxyuridine
and S5-ethyl-2’-deoxyuridine, are good substrates for TK1
[47,48,53-56]. Analogs of 5-substituted 2’-deoxyuridines
with bulky substitutions, such as 5-propenyl, 5-(2-chlor-
oethyl)-2'-deoxyuridine and 5-(2-bromovinyl)-2'-deoxyuri-
dine, are poor substrates for TK1 [53-55]. Therefore, we
tried to evaluate the derivatives of 2'-deoxyuridine that
contained a short-length fluoroalkyl chain at the CS5
position, such as 5-(2-fluoroethyl), 5-(fluoromethyl)-4'-thio
and 5-(2-fluoroethyl)-4'-thio derivatives of 2’-deoxyuridine.
These 5-fluoroalkyl-substituted 2'-deoxyuridine derivatives
were phosphorylated by human recombinant TK1. Among
them, the compact 5-fluoromethyl substitution was the
most effective substrate for TK1. However, the 5-fluoro-
methyl derivative is thought to be difficult to label with 13p
because attempts to synthesize the labeling precursor failed
due to the labile nature of the leaving group. Thymidine
analogs with methyl, ethyl and isopropyl, as well as various

bulky o-carboranylalkyl substituents at the N3 position,
were found to be surprisingly good substrates for TK1
[35,47,48,55-57]. These data indicate that TK1 can tolerate
bulky groups at the N3 position of thymidine. In
accordance with this hypothesis, TK1 effectively phos-
phorylated N>~(fluoromethyl), N>-(2-fluoroethyl), N3(3-
fluoropropyl) and N>-(2-fluoroethyl)-4'-thio derivatives of
thymidine. Very recently, NFT202 was found to inhibit the
phosphorylation of thymidine by recombinant TK1 [33].
Consistent with our results, NFT202 in that study retained
its affinity for TK1 (IC50=77-81 pg/ml). As expected by
the poor phosphorylation activity of the parent fluorinated
thymidine analog FMAU [21,22], its derivative (Compound
1i) showed only minimal activity.

Nucleosides are hydrophilic and diffuse slowly across
cell membranes. It is now well established that the
permeation of nucleosides across the plasma membrane
of mammalian cells is complex and is mediated by
multiple transport proteins known as nucleoside trans-
porters [58]. These transporters fall into two basic classes:
(a) equilibrative (facilitated diffusion) carriers, which
mediate both the influx and efflux of nucleosides, and
(b) concentrative Na'-dependent carriers, which, under
physiological conditions, mediate only influx [58-61].
Based on sensitivity to 6-[(4-nitrobenzyl)thio]-9-B-D-ribo-
furanosylpurine (NBMPR), equilibrative transporters have
been classified into two subtypes, equilibrative sensitive
(es) and equilibrative insensitive (ef) [61-65]. The es
subtype binds NBMPR with high affinity (Kq=1-10 nM)
[66]. In contrast, the ei subtype is not affected by NBMPR
at nanomolar concentrations and becomes inhibited only at
high NBMPR concentrations (>10 uM) [66]. These two
equilibrative transporters (es and ei) have been described
in a large number of tumor cells and normal tissues.
Especially, human tumor cell lines express predominantly
NBMPR-sensitive transporters [67]. In contrast, concentra-
tive transporters have been found predominantly in normal
tissues, and only a limited number have been found in
tumor cells [67]. Therefore, we focused on the transport
assay with the NBMPR-sensitive mouse erythrocyte
nucleoside transporter. However, inhibition constants,
determined from our nucleoside transport assay, are
assumed to reflect affinities for external binding sites on
the transporter. Therefore, our results do not exactly
provide evidence that the nucleoside transporter transports
extracellular nucleosides into the cell. Additionally, in in
vivo imaging, the expression and functional characteristics
of nucleoside transporter families in the absorptive/
excretory organs and target/nontarget cells will have
important effects on the pharmacokinetics of tracers.
Certainly, nucleoside transporters are crucial in determin-
ing the intracellular bioavailability and systemic disposi-
tion of nucleoside analogs. Knowledge of nucleoside
transporters is important in the evaluation and predic-
tion of the kinetics and targeting of nucleoside analogs. In
this respect, our restricted transport screening system is
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not helpful for predicting biodistribution. Therefore, our
screening results cannot be applied directly beyond the in
vitro situation.

Surprisingly, without any modification in the sugar
moiety, thymidine that contains fluoroalkyl groups at the
N3 position [N>-(fluoromethyl)-thymidine, N*-(2-fluo-
roethyl)-thymidine and N>-(3-fluoropropyl)-thymidine] was
not degraded during the 60-min incubations with recombi-
nant E. coli TP. In contrast, thymidine was efficiently
converted to thymine. Al-Madhoun et al. [47] reported that
thymidine analogs containing the o-carboranylalkyl group at
the 3-position were not substrates of recombinant TP. Our
present finding also supports their results.

The development of a molecular imaging probe for
positron emission tomography is based on a detailed
understanding of cellular and molecular biochemistry. From
this point of view, a recent report evaluating the kinetic
uptake and retention of FLT in A549 cells should serve as a
model for evaluating nucleoside analogs [25]. The DNA
salvage pathway involves a futile cycle for nucleoside
phosphorylation and dephosphorylation mediated by TKI
and a nucleotidase (dNT). This cycle poses an issue for
interpreting tracer uptake values, since it provides a
mechanism for the loss of established activity in cells. In
proliferating cells, nucleoside analog metabolism takes
place within the anabolic arm of the DNA salvage pathway.
TK1 controls entry into the salvage pathway and converts
intracellular nucleoside analogs to their nucleotide mono-
phosphates [68]. Subsequent phosphorylations by other
kinases within the DNA synthesis pathway [thymidylate
kinase (TMPK) and nucleotide diphosphate kinase] lead to
the added presence of nucleoside diphosphate and nucleo-
side triphosphate within cells. Intracellular thymidine labels
DNA so rapidly that the impact of the retrograde synthesis
of thymidine from thymidine triphosphate is negligible.
Therefore, as was done for FLT, knowledge of the activities
that dNT and TMPK have with regard to new nucleoside
analogs would definitively show what analogs are appro-
priate for further study [25]. In fact, our companion work
describes an in vitro and an in vivo evaluation of NFT202
(1f) showing that NFT202 (1f) was less effective than FLT
(1j). Consequently, our limited selection criteria were not
sufficient for discovering new nucleoside analogs for cell
proliferation imaging.

In conclusion, derivatives of 2’-deoxyuridine that contain
fluoroalkyl groups at the C5 position and derivatives of
thymidine that contain fluoroalkyl groups at the N3 position
were synthesized and examined in three in vitro assays
designed to evaluate their potential as radiopharmaceuticals
for imaging cellular proliferation. From these in vitro
screening assays, we selected NFT202 as a candidate for
subsequent in vivo evaluation because this compound met
the three basic criteria of in vitro screening assays and also
had the most potent phosphorylation activity as a substrate
for recombinant human TK1. Additionally, this compound
can be made amenable to labeling with '|F according to

known methods. Further investigation of the feasibility of
18F_labeled NFT202 (1f) as a cell proliferation marker is
described in separate papers.
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Abstract

We prepared N>-(2-['®F]fluoroethyl)-thymidine (['*FINFT202) and examined its potential as a positron emission tomography (PET)
ligand for imaging cellular proliferation. ['*F]NFT202 was synthesized from 3',5'-di-O-toluoyl-N>-(2-p-toluenesulfoxyethyl)-thymidine in a
two-step reaction. N>-(2-fluoroethyl)-[2-'*C]thymidine ((**CINFT202) was also synthesized from [2-'*C]thymidine in a one-step reaction.
Whereas ['®FINFT202 did not accumulate in mouse Lewis lung carcinoma tumors, 3/-{'8F]3'-fluoro-3'-deoxythymidine (['*F]FLT) showed
significantly high uptake. To clarify this unexpected result, we evaluated the cell uptake of [*CJNFT202 in vitro. The uptake was
approximately eight times higher in thymidine kinase 1 (TK1)" clones (L-M cells) than in TK1-deficient mutant L-M(TK™) cells (P <01,
Student’s ¢ test). In addition, we observed a positive correlation between tracer uptake and the S-phase fraction. However, the net in vitro
tumor cell uptake of ['*CINFT202 was lower than that of [2-'4C]3’-fluoro-3'-deoxythymidine. ['*CINFT202 was not effectively incorporated
into the DNA fraction and was indeed washed out from tumor cells. These results clearly showed that ['*FINFT202 did not surpass the
performance of ['®F]FLT. We therefore conclude that ['®FINFT202 is not a suitable PET ligand for imaging tumor cell proliferation.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Nucleosides; Positron emission tomography; Proliferation; ['8FNFT202

1. Introduction In a separate paper, our group identified the N* fluoroe-
thylated derivative of thymidine, N>-(2-fluoroethyl)-thymi-
dine (subsequently referred to as NFT202), as a potential
agent of cellular proliferation imaging by virtue of three basic
properties: (a) it is resistant to glycosidic bond cleavage; (b)
its phosphorylation by TK1 is comparable to that by
thymidine; and (c) it has an affinity for mammalian 6-[(4-
nitroxyl)thiol]-9-B-D-ribofuranosylpurine-sensitive nucleo-
side transporters. Therefore, we expected fluorine-18-labeled
NFT202 to be a suitable tracer for cellular proliferation
imaging by positron emission tomography (PET).

In this paper, we describe the synthesis of N°-(2-
['®F]fluoroethyl)-thymidine (['®FINFT202; 6) and examine
its potential as a PET ligand for imaging cellular prolifer-
ation. Despite its acceptable properties in vitro,
["®FJNFT202 did not accumulate in tumors. To clarify this
result and the uptake mechanism of ['*FINFT202, we also
performed an in vitro cell uptake study with N>-(2-
fluoroethyl)-[2-'*C]thymidine (['*CJNFT202). Based on

* Corresponding author. Tel.: +81 43 206 4041: fax: +81 43 206 3261. resultant data, we concluded that ['°FINFT202 is not a

E-mail address: toyohara@nirs.go.jp (J. Toyohara). suitable PET ligand for imaging tumor cell proliferation.

During the last four decades, deoxynucleoside analogs
have grown increasingly important in the treatment of viral
diseases and cancers. Nucleoside analogs are prodrugs
requiring 5’-phosphorylation to form active nucleotides that
can function as inhibitors of viral or cellular replication
processes. Therefore, when labeled with a suitable radionu-
clide, some of these compounds have potential use as
radiopharmaceuticals for the noninvasive diagnosis of tumor
cell proliferation. To be effective in that role, these
compounds should have at least the following attributes:
(a) they should be selectively phosphorylated by thymidine
kinase 1 (TK1); (b) they should be labeled with a positron-
emitting or a single-photon-emitting radionuclide; (c) they
should exhibit good in vivo stability; and (d) their transport
across cell membranes should be rapid.

0969-8051/8 — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2006.06.001
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Moreover, in a number of important ways, this paper
parallels previous validation studies with FLT, particularly
uptake/washout studies in A549 cells [1]. Nucleoside tracer
validation is also discussed.

2. Materials and methods
2.1. Radiochemicals

[2-'%C)3’-Fluoro-3'-deoxythymidine (['*CJFLT; 1.961
GBg/mmol, 3.7 MBg/ml) was purchased from Moravek
Biochemicals, Inc. (Brea, CA, USA). [2-'*C]Thymidine
((**C]Thd; 2.18 GBg/mmol, 3.7 MBg/ml) was purchased
from Amersham Biosciences (Piscataway, NJ, USA).

2.2. 3,5 -Di-O-toluoyl thymidine (2)

p-Toluoy! chloride (2.1 ml, 16.1 mmol) was added to a
solution of thymidine (1) (1.95 g, 8 mmol) in pyridine
(80 ml) under argon atmosphere. The mixture was stirred for
16 h at room temperature and then poured into ice water.
After being stirred for 5 min, the precipitated product was
collected, washed with water and dried. The desired product
(2; 3.4 g, 7.1 mmol, 89%) was purified by silica gel column
chromatography (n-hexane:ethyl acetate=3:1):

'H nuclear magnetic resonance (NMR) (CD;OD, 500
MHz): é 8.45 (bs, 1H, NH), 7.69 (m, 4H, o-Tol), 7.26
(m, 5H, H-6, m-Tol), 6.46 (dd, H-1', Jy, »,=4.4 Hz,
Jr, 2%=6.8 Hz), 5.64 (m, 1H, H-3'), 4.79 (dd, 1H, H-5a,
Jsa, #4=2.8 Hz, Js, s,=9.6 Hz), 4.65 (dd, 1H, H-5'b,
JIsp, 4=2.8 Hz, Jsn, 5.=9.6 Hz), 5.53 (m, 1H, H-4"), 2.70
(ddd, 1H, H-2'a, Jy,, =12 Hz, J», 1=4.4 Hz,
Joa, =112 Hz), 2.44, 2.43 (each s, each 3H, Tol-
CHs;), 2.31 (ddd, 1H, H-2'b, Jy4, 3=5.2 Hz, Jp,, v=6.8
Hz, Jon, 27.=11.2 Hz), 1.62 (s, 3H, 5-CH3)

13C NMR (CDCls, 100 MHz): § 166.10, 166.04, 163.06,
150.11, 144.64, 134.44, 129.85, 129.53, 129.51, 129.32,
126.54, 126.25, 111.64, 84.91, 82.82, 77.28, 7491,
64.18, 38.08, 21.76, 21.72, 12.13

mp=200°C

Fast atom bombardment mass spectrometry (FAB-MS):
m/z=479 [M+H]

High-resolution mass spectrometry (HRMS) for
C,6H27N,05: calculated=479.1819, found=479.1755.

2.3. 3,5'-Di-O-toluoyl-N>-(2-hydroxyethyl)-thymidine (3)

Tetrabutylammonium fluoride (TBAF; 20.9 g, 80 mmol)
in tetrahydrofuran (THF; 80 ml) and 2-bromoethanol (14 ml,
0.2 mmol) was added to a solution of Compound 2 (3.7 g,
8 mmol) in THF (120 ml) under argon atmosphere. The
mixture was stirred for 2 h at room temperature and then
poured into ice water. After having been stirred for 5 min,
the precipitated product was collected, washed with water
and dried (3; 3.3 g, 6.5 mmol, 81%):

'H NMR (CD;0D, 500 MHz): § 7.96 (m, 4H, o-Tol),
7.26 (m, 5H, H-6, m-Tol), 6.48 (dd, H-1', J,, 2,=4.4 Hz,

Jv, 7,=6.8 Hz), 5.64 (m, 1H, H-3'), 4.79 (dd, 1H, H-5'a,
Jsa ¢=2.8 Hz, Jsu 5v=9.6 Hz), 4.66 (dd, 1H, H-5'b,
Jsv, 4=2.8 Hz, Jsp, 52=9.6 Hz), 5.53 (m, 1H, H-4), 4.21
(m, 1H, H-1%, 3.86 (m, 1H, H-2), 2.72 (ddd, 1H, H-24,
Jra, ¥=1.2 Hz, Jy, =44 Hz, Jy, 2,=11.2 Hz), 2.53
(m, 1H, 2-OH), 2.44, 2.43 (each s, each 3H, Tol-CH3),
2.31 (ddd, 1H, H-2'b, Jop, 3=5.2 Hz, Jo, 11=6.8 Hz,
Jow, 72a=11.2 Hz), 1.65 (s, 3H, 5-CH3)

13C NMR (CDCl;, 100 MHz) § 166.06, 166.34, 164.12,
151.56, 144.61, 132.93, 129.81, 129.51, 129.48, 129.30,
126.51,126.25,110.99, 85.75, 82.85, 77.25, 74.89, 64.13,
61.79, 43.97, 38.19, 21.73, 21.69, 12.84

mp=180°C

FAB-MS: m/z=523 [M+H]

HRMS for C,3H;;N,04: calculated=523.2081,
found=523.2026.

2.4. 3,5 -Di-O-toluoyl-N>-(2-p-toluenesulfoxyethyl)-
thymidine (4)

p-Toluenesulfonyl chloride (229 mg, 1.2 mmol) was
added to a solution of Compound 3 (552 mg, 1.0 mmol) in
pyridine (10 ml) under argon atmosphere. The mixture was
stimed for 16 h at 0°C. After dilution with 50 ml of
chloroform, the organic layer was washed with 1 N
hydrochloric acid (40 ml), water (40 ml), saturated sodium
hydrogen carbonate solution (40 ml) and saturated sodium
chloride solution (40 ml). It was then dried by anhydrous
sodium sulfate and concentrated. The solvent was removed
by rotary evaporation, and the desired product (4; 550 mg,
0.74 mmol, 74%) was purified by silica gel column
chromatography (n-hexane:ethyl acetate=1:1):

"H NMR (CD;0D, 500 MHz): & 7.96 (m, 4H, o-Tol),
7.69 (m, 2H, 0-Ts), 7.26 (m, 7H, H-6, m-Tol, m-Ts), 6.44
(dd, H-V, Jy, 2,=4.4 Hz, J;/ 21,=6.8 Hz), 5.63 (m, 1H,
H-3), 4.81 (dd, 1H, H-5'a, J5, 4=2.4 Hz, Jg, 51,=10.0
Hz), 4.65 (dd, 1H, H-5'b, Js1, 4=2.8 Hz, Jsy, 5,=10.0
Hz), 5.54 (m, 1H, H-4'), 4.27 (m, 1H, H-2'), 4.22 (m, 1H,
H-1), 2.71 (ddd, 1H, H-2'a, J5,, y=12 Hz, Jy, =44
Hz, Jy,, »=11.2 Hz), 2.53 (m, 1H, H-2'), 245, 2.42,
2.40 (each s, each 3H, Ts-CH3, Tol-CHj), 2.28 (ddd, 1H,
H-2’b, J2’b, 3'25.2 HZ, J2’b, |r=6.8 HZ, J2'b, 2’a=11-2 HZ),
1.58 (s, 3H, 5-CHj3)

13C NMR (CDCls, 100 MHz): § 166.05, 166.12, 162.81,
150.60, 144.70, 144.57, 144.55, 132.86, 132.77, 129.79,
129.50, 129.46, 129.28, 127.79, 126.48, 126.25, 110.52,
85.72, 82.86, 77.21, 74.89, 66.30, 64.14, 39.73, 38.09,
21.71, 21.66, 21.55, 12.75

FAB-MS: m/z=677 [M+H].

2.5. Radiosynthesis of ['*FINFT202 (6)

['®F]Fluoride was produced with an OSCAR3 cyclotron
(Oxford Instruments, Oxon, UK) using '80-enriched water
and '®0(p,n)'®F reaction. ['®F]Fluoride was separated with
an anion exchange resin (SepPak QMA; Nihon Waters KK,
Tokyo, Japan). Elution with 66 mM aqueous potassium



