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4.3 ZE

Ny ReE—# 2RI DINEL 10 55 OKIRIZE S AKIRD 68%THY , v bre—4
D NWBITHARKEL L ->TWVWD, ZHUINY Fe—FAKKOBRE LR~ b —FAK
EOWRE LRICE LD THD, N Re—F MBSO NEERZEHELTBY., £h
WDIRE LR OBFIZRo TV B2 bk, £ZT, PO Fe—ZZAL, N
Fe— 2 RKIEDREEFEmD %, WROMBEIToTe, VAT LAOEHEFIEL L TEMFED
OO —FMAEITIAN T A OB, BA F U RBEIEOEFOTLENHY, T
TRICSHNETSH, ZOTRED 8 e —& ZME L, & JICEMEKEZ ANMET S &
< b —F OMBMERELL LOFERNREF N, ZOZ & LY, EROBRTHVWLN
TWEERE TIT o 2B ATHOIDICET A A DO OB FRETH D LB b,

Ry FIEEZACTER T 40% 0 Cu 2 RE L CHBERRT 2 Z & A T& T, Cu B
40%1% Cu IR ERIFIEDN/ NI W A F U KB EOHBRIZLEZOND, Ny FELE
WL MIER LSS Z L T Cu 2R 2, AERTIIHEHESEE 2B L L, fiFRRZ
ZELTH Cu BINRICKEREZA SN P72, 30 47k ERFMBHEZITO L0
BREEEERLT LTy FIEEZHANWEETO Cu BEINELZAESELIERTED
EEZOND,

LB OREEII N Y FIRICH ARG L o 20, BT MEEZRWVEERTITN 80%D Cu
ARETAIENTE, Ny FEIY LEIRERER LS ENTERL, Eio, RS
MEWE % W Cu LR XV b 64Cu OFERIZ T o7& &0 Cu BIRERN EH Lz, Ny
FIEZRBOTREE T Cu BINER LR T 2EABRLNTD, BT METHREOZ &
MNEZ LN M4CuBEIL 1ppm LV HIEWD CuBIER EH L EEZXObND ET2,
BT MERERMEETH VHIHARETH L DBRBEPEEL TWRNEEZIDND,

KR TRFE LIV AT AT XY 84Cu DET 1 A 7 D> b OERE R O BER RS B 8 T1T
5T LNTREL lp o T, AV AT AZ LY e4Cu FERUBERIIRES R D 2 BFE] & 1 RIS /A
Sh, FEEOWRECEEELZ KWVIER L, S50, EEOBKIICEIIL, S—Y
WCREEAMENE TSV EHNDZ ETRERA VT T U REARE L, BROLEN
BEETDEZEZOND, o, KVRAT AI Ny FIEE N T LEOSEEHE 2 IR
THIENTE, BONABEEZRTIENTERLLEEZILNLD,
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2

RIFFETIL, xR FEAI OB - W& A FTHR & 3 2 A DI A EN - B BE iR
ORFEFBEL, v Ry MIEACHRINLTHWDEI A a2 R— FEOY—RE—F % H
WT, ERENRE= b —Jflf#l 2 e L LIz AT ADIGH & L THEFBHETE
64Cu THERR X N7 i 3EA 64Cu-ATSM BLUE I M E 72 64Cu R F— 7 v G 64Cu &
SHERERT 2 BB REEE AR L. MREFHI 21T o 72,

AR L D E SN ERE LUTIORT,

(1) EFRAREEAEVECRBE2ERATRERZR2=y FET AL, E—F KU
WK~ aryR— FIZL T2 AT AOBEEZITV, VAT A0 BEYEKOE
WAk, fEEFOWREOCBBORKE, BHLA LT TR, BROZEEOM L2 E
WL,

(2) NyFEERWE VAT AEMEL, FEHHHEDEZ AW T Cu 2L E LT 40%EIX
TEDHZLEHER LI

) NyFEEXRANVEVATAIZLY 40%0 64Cu B LEE L THBRHNT 2 Z LR TEE,

(4 BTAEEFRANWEVAT LERE L, RSB Z AW T Cu & 60%EINTE S Z
EEER LI,

(B) HTLEERNZVAT ALY 80%D 64Cu & BT 5 Z R TET,

PEDZ Ehn, ARBFFRCRIE Ui 4Cu AR AU A B B LB 1T EM TR TH D
EEZ LN, £, AVAT AEFIANy FIEL DT MEOHHHE 2 EREICHL T Z LR
TE, BWIHAEERRT I ENRTELLEZZONT,

RS TR LA SA—VIIMEARARICEDECLA T U MRERTE, el —20
BHBECHETED LELX LN, ZLOFLWEAIDOBRSE - RIS THEOH
FINs 2 M R PICHRE L 2 Y | WROBHEROBRDBHEF A SN D PET H
BREWEANESTREBOIZEN 2 & PRI, BEREOERBICRKWVICEM T 2EE2bN15,
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SEEFR

1 64Cu HEVEREEIZHER L2 3—Y ROZE DRk

1.1 = axzJ A7 varFa—7T

EX2-25MH(Table.1)
ET-10(Table.2) X2

Table.1 EX2-256MH D4

ANEE 0.5 ml

Fa—TE 25 cm

Fa—T7 N 1.5 mm

F o —T7HIE 2.8 mm
Table.2 ET-10 Otk

WA & 0.2 ml

Fa—TF 10 cm

1.2 U< 10ml BBRAUN#HE X1

1.8 =FH{E#E RI-FL-LP Fy 748 X10

1.4 A TR 5-111-07

1.5 MEHe—%

M/ Fe—% BH4330(Table.3)

Table.3 KONy Fbt—% BH4330 O f4E

TR R X2

WOBEHHER X2

R N£E (mm)

M (mm)

BE (V)

A EW)

1E—X

43

30

200

120
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B FRUBEFER T-550-K(Table.d) 7 AU #H X1

Table.4 & _ERIEEREIZE T-550-K Ok

HA T-550-K
BEAA v POWER A A v FERREREHOT v 7 - Fo o F—
BIREE AC100V, 50/60 Hz &3
AR E LREEIREEIC LT 10%LHN
H SSR IC L B BEBEH 1. AC100 VMAX, 10 AGEHIATRD
A FH ik EHHTRIC L DHERE
T )40 5 =X PID A — b Fa—=r 7847
PIDS(A—/3—3 = — [ AY)
W Pt100 Q
R TE Vi JEE S 0 ~ 500°C(1° C B TERTE)

1.7 A A 3D T A

Poly-Prep Column, AG 1-X8 resin(Table.5) BIO-RED #t# X1

Table.5 Poly-Prep Column, AG 1-X8 resin M {tE

Ttem Poly-Prep Column AG 1-X8 resin
Matrix Styrene divinylbenzene
Bed Volume 2 ml
Ion Q (Quaternary ammonium)

pH Stability 0-14

Column Bore 8 mm
Barrel Material polypropylene

Mesh Size 100-200

Ionic Capacity 1.2 meq/ ml
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2 FHBNCEER U7 2E@E otk
2.1 FTUWEEEEF Z-5300(Table.6, Table.7) R IZLH

e oiris

R HIEIKBRTOERTER EEZERT D HIETH Y . JRFRICCER B
WHND, BFREREFHIAE L2 WEBTR BRI Wi —0 Y — T 7D

FE T L LE TR SR ENCE L, WEEEZREYT S Z & TR OERTHR
DEEZMET D LBTED,

Table.6 JRFEIENEF Z2-5300 DER

HH Z-5300
RRE~TE(S T A) 115 cm
me—hY—RKZ 7 e &
Ru—hY— K77 OERE AL
R 400 mm
WA B 1.3 nm/ mm
TEF L H RE AT aA—ay fhu—
AN s KEZV—ALFxzv 7T
X U7 A G E 0. 10, 30, 200 ml/ 4y
T — X #E GP-1B

Table.7 Z-5300 @7 L — L@ H RS

JLFR I E(am) B HBR A (mg / 1
Cu 324.8 0.012
Ni 232.0 0.036
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22 FUATAY M—TFx VT L—F

CRC-712, CAPINTEC

B
BREEFEFTIE— o= UET— 54 2T VA ZHH
HEFEORZ2 S 3FEEICT = A\ — 2RI AR

BARBIEMSHE 8 Ci, 80 Ci. 800 Ci
AV~ K EEVBEOT S EHE T, FHROEBOMEL v UK
Fazy hTU B b Fx oA ORI % R R A
BENT- & 2 A5 5 b EALTV, KE < THBW 4 LED £RF 4 27 LA

CRC-15W, CAPINTEC
UEHE
vz OEEBFY VT L—a s
6 ch MCA {BAIAAZR T = VT T &
~A4/uFatytarhbo—iu
HEh QC (T rifil, Ny s 7o 0y RfE, VAT LT A, ERER
EMET A )
80 #HAELL L OFEA L HEH T — F & AT VIR
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EiLGa

K EZATT HICHTD | BOITEHEICHEBEE 2 W o2 & LR HFEREIR I L
BEHIVLET, £, BHAKREED RN F—EZNIEY ¥ —OFKEAZR 2LV
WCERF B FICIL, FROFED LT, MCREICES E CTRLICBRO TS BT
WEREEE LEZ EELL VIEEBI W LET, Fio, 64Cu BREFIZOWTHRETE

WA T EEVWE LB HAREFNREOERESK, BRELEE ROV EEEINTE
BERERK, ZoMEIE S Z—OF 2 IETEICHBEERZ W EEE LI L2 LL0E
<EFWELET, MEElT 5 O OEBOREICH I L W ElEs . h—x
ot BEERIE FATE OB IR BAILH L B £, RO WICH = 0 EH I nwi=72
EF L@ ARFLFEME LB YR ORI EBBRIC LD OB LET, $i,
RANELTHATWEREEE LZAYO)HHEBRZHORFAEZZIT AN TS ES o0
RAF L7 F ) o THFREOERIZ O DS LET, BRREEFEZHOLELN
A&IZHEN. BAAEOBENT PET G OBRETHIRTH LN TE, Haell b %k
FRIENTELEIEZELSBENET, RYICHV I HENE L,

RBICHRD FE LER, FREZZRITTAICHY ., HLaRETH I L T eE&EE LA
A AT TV THRER S NCRFRFE RN T —EFIRE ¥ — OERITEH O
BEHRETLLbIC, #FEL SR TONREEET,
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OLLLLLLLL
#LET N1 =V00
#LET N1=V01
#LET N13 = V02
#LET N17 = V03

#LET N9 = V04
#LET N13 =VO05
#LET N8 = V06
#LET N8 = V07
#LET N8 =V08
#LET N8 = V09
#LET N8 =V10
#LET N13 = V11
#LET N1 =V15
#LET N1=V16
#LET N1=V17
#LET NO=V18
#LET NO =V19
OLLLLLLLH

J MAIN

‘PP

A0190

A0390

A0590

A07167

A0990

Al1190

A1390

A1590

A1790

A1990

A2190

#RET

‘WEND

#RET

‘WC

40

#IF V17 V16 WEND WEND ##
#LET N3=V15

#LET N1 =V17

#RET

‘SILING_UP
H#HIF V15 V16 SILING_UPH
SILING_UPH SILING_UPL

SILING_UPH

#IF VOO VO1 ## ## END
#AS S00 + 5

sMAX=5

#AM 400 1 N

#LET V0O N1 +=VO00

J SILING_UPH

‘SILING_UPL

#IF VOO VO1 ## # END
#AS S00 + 5

SMAX=5

#AM 400 1 N

#LET VOO N1 +=VO00

J SILING_UPL

:END

#LET N1 = V00
#LET V15 N1 -=V15
W100

#RET

‘KEND
#LET N1 =V00
#LET V01 N1 +=V01

W100
#RET

‘SILING_DOWN
#IF V15 V1é  SILING_DOWNH



SILING_DOWNH SILING_DOWNL

‘SILING_DOWNH

#IF VOO VO1 ## ## END
#AS S00 - 5

MAX=5

#AM 4001 N

#LET VOO N1 + = V00

J SILING_DOWNH

‘SILING_DOWNL
#IF VOO VO1 ## ## END
W200

W200

W200

W200

W200

W200

W200

W200

W200

W200

#AS S00 - 5

MAX=5

#AM 400 1 N

#LET VOO N1 +=V00
J SILING_DOWNL

‘SILING_DOWNK

#IF VOO Nb5 ## ## KEND
W200

#AS S00 - 1

MAX=1

#AM 1001 N

#LET VOO N1 +=V00

J SILING_DOWNK

‘L_TO_R

#AS SO07 + 156
MAX=156

#AM 162 1 N
#JSUB SILING_UP
W200

#AS S07 - 166
'MAX=156

#AM 162 1 N

#JSUB SILING_DOWN
W200

J END

‘TRANSFER_TO_R
#JSUB SILING_UP
#AS S07 - 156
sMAX=156

#AM 162 1 N

#JSUB WC

#JSUB SILING_DOWN
#RET

‘TRANSFER_TO_R_C
#JSUB SILING_UP
#AS S07 - 156
sMAX=156

#AM 162 1 N

#JSUB WC

#JSUB SILING_DOWN
#RET

:STOP

#AS S11 - 77
TMAX=77
#AM 791N
W200

W200

W200

#AS S11+ 77
sMAX=77
#AM 791N
#RET

:COD_A

#JSUB TRANSFER_TO_R
#JSUB L_TO_R

#JSUB L_TO_R

J END

‘:COD_A_A

#JSUB TRANSFER_TO_R
#JSUB L_TO_R

J END



:COD_B

#AS S11 + 77

sMAX=77

#AM 161 1 N

#JSUB SILING_UP
#AS S11 - 77

SMAX="77

#AM 79 1 N

#JSUB SILING_DOWN
#RET

:COD_C

#AS S09 + 77
#AS S11 - 79
sMAX=79
#AM 811N

#JSUB TRANSFER_TO_R_C

#AS S09 - 77
#AS S11+ 79
sMAX=T79
HAM 81 1 N
W200

#RET

‘AIR

#AS 821 - 79
"MAX=79

#AM 811N

#LET V19=V01
#JSUB SILING_UP
#AS S21+ 79
SMAX=79

#AM 81 1 N

#RET

:01N_WASH_LINE
#LET V02 = V01
#JSUB PP

#AS 503 - 79
sMAX=179

#AM 81 1 N
#JSUB COD_A
#RET

‘K_WATER
#LET V03 = V01
#JSUB PP

#AS S07 - 156
"MAX=156

#AM 162 1 N
#LET N2 = V15
#JSUB COD_B
#RET

‘K_6N_WASH
#LET V04 = V01
#LET N2 =V19
#JSUB PP

#AS S05 - 79
SMAX=T79

#AM 811N

#JSUB TRANSFER_TO_R

#AS S07 + 156
"MAX=156
#AM 162 1 N
#LET N2 =V17
#JSUB COD_C
#LET N2 =V17
#AS S07 + 156
"MAX=156
#AM 162 1 N
#JSUB COD_C
#LET N2 =V17
#AS S07 + 156
"MAX=156
#AM 162 1 N
#JSUB COD_C
#RET

:6N_WASH_LINE
#LET V05 =VO01
#JSUB PP

#AS S05 - 79
sMAX=179

#AM 81 1 N
#JSUB COD_A_A
#RET
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‘6N_TO_TARGET
#LET V06 = V01
#JSUB PP

#AS S05 - 79

#AS S13 + 77
SMAX=79

#AM 81 1 N

#JSUB SILING_UP
#LET V11 =V01
#AS S21- 179
sMAX=T79

#AM 81 1N

#JSUB SILING_UP
#AS S07 - 156

#AS S21 + 79
MAX=156

#AM 161 1 N

#LET V06 V11 +=VO01
#JSUB SILING_DOWN
#RET

#RET

‘HETER_1
#CTCLR
#CTUP

W200

W200
:COUNT1
#LET NO =V18

:COUNT

#LET VI8 N1 +=V18
W200

W200

W200

W200

W200

W200

#IF V18 N10 COUNT ## ##
#CTUP

TA9030 COUNT1 COUNT1 ##
OLLLLLLLL

#RET

‘TERGET_TO_K_TO_NI

#LET V06 V11 +=VO01
#LET VO1 N2 +=V01
#JSUB PP

#AS S07 - 156

#AS S13+ 77

#AS S15 + 77
"MAX=156

#AM 161 1N

#JSUB SILING_UP
#AS S09 + 77

#AS S11 - 79

#AS S13 - 77

sMAX=79

#AM 801 N

#LET N2 = V15

#LET V06 = VO1
#JSUB SILING_DOWN
W200

#AS S09 - 77

#AS S11+ 179
"MAX=79

#AM 811N

W200

#LET V11 =VO01

#LET VO1 N2 +=V01
#JSUB SILING_DOWN
W200

#RET

:6N_TO_TERGET_TO_K_TO_NI
#LET V08 = V01

#JSUB 6N_TO_TARGET

W200

#JSUB TERGET_TO_K_TO_NI
#RET

‘6N_TO_K_TO_NI
#LET V09 =V01
#JSUB PP

#AS 505 - 79

#AS 515+ 77
sMAX=79

#AM 811N
#LET N2 =V17
#JSUB COD_C



#RET
‘WATER_WASH_LINE

‘NI_LINE_WASH #LET V02 = V01
#JSUB PP #JSUB PP
H#AS S15 + 77 #AS S01 - 79
#AS S21- 79 sMAX=79
sSMAX=79 #AM 81 1N
#AM 81 1N #JSUB COD_A
#LET V09 =V01 #RET
#JSUB TRANSFER_TO_R
#RET 'WATER_TO_CU

#LET V10 =V01
'0IN_TO_K_TO_CU #JSUB PP
#LET V10=V1 #AS S01 - 79
#LET N10=V19 #AS S17+ 77
#JSUB PP sMAX=79
#AS S03 - 79 #AM 811N
#AS S17+ 77 #JSUB TRANSFER_TO_R
sMAX=T79 #RET
#AM 811N
#LET N2 =V17 "MAIN
#AS S09 + 77 #AS S04 + 109
#AS S11- 79 sMAX=109
TMAX=T79 #AM 113 1N
#AM 81 1N #JSUB 01N_WASH_LINE
#JSUB SILING_UP #JSUB K_6N_WASH
#JSUB AIR #JSUB 6N_WASH_LINE
#AS S07 - 156 #JSUB 6N_TO_TARGET
sMAX=156 #JSUB HETER_1
#AM 162 1 N #JSUB TERGET _TO_K_TO_NI
#JSUB WC #JSUB 6N_TO_TERGET TO_K_TO_NI
#LET V10 V19 +=V01 #JSUB 6N_TO_K_TO_NI
#JSUB SILING_DOWN #JSUB 6N_TO_K_TO_NI
#AS S09 - 77 #JSUB 6N_TO_K_TO_NI
#AS S11 + 79 #JSUB NI_LINE_WASH
sMAX=79 #JSUB 01N_WASH_LINE
#AM 81 1N #JSUB 01N_TO_K_TO_CU
W200 #JSUB PP
#RET E
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Alkyl-fluorinated thymidine derivatives for imaging cell proliferation
I. The in vitro evaluation of some alkyl-fluorinated thymidine derivatives
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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:
(2) 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-p-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 B
configuration) can stabilize thymidine analogs towards
enzymatic cleavage of the nucleoside glycosidic bond led
to the study of 1-(2-deoxy-2-['*F]fluoro-p-D-arabinofura-
nosyl)-thymine (['®FJFMAU) for proliferation imaging,
given that ['"*CJFMAU was known to label DNA [14-19].
The first human imaging study with ['*FIFMAU illustrated

* Cormesponding 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-B-D-arabino-
furanosyl)-thymine (FMAU) and 1-(2-deoxy-2-fluoro-f-
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
[*Hlarabinothymidine [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, ['®F]FLT, 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 1251.1abeled
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 (le; FTS101), 5-(2-fluo-

0
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X

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

roethyl)-4'-thio-2'-deoxyuridine (1d; FTS202), N3-
(fluoromethyl)-thymidine (1e; NFT201) and N*-(2-fluo-
roethyl)-thymidine (1f; NFT202) are already known and
have been used as antiviral agents, but the corresponding
18F_Jabeled 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 TKI1. 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) BCly, CH,Cl,, —78°C. (b) TBDPSC], 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 HCI, CHCI;/CH3CN, 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 TBDPSO
$Bn ——

TBDPS = tert-buthyldiphenylsilyt

with di-O-tert-butyldiphenylsilyl. Moreover, separation of
the o/f 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, N°-(3-fluoropropyl)-thymidine
(1g), N*-(2-fluoroethyl)-4'-thio-2'-deoxyuridine (1h) and 1-
(2-deoxy-2—ﬂuoro—B-D—arabinofuranosyl)—N3-(2~fluo~
roethyl)-thymine (1i)] was conducted in a one-step reaction
from the corresponding nucleoside (p anomer) by adapting

O Q

NH [ NH

A B
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S
&
O
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Fig. 3. Synthesis of Compound 1d (FTS202). Conditions: (a) (i) 5-(2-Fluoroethylyuracil, BTMSA, CH;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 -
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 p 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;OD, 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, J=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 Amax (CH;0H)=266 nm

m,=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 fert-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 (TMSCL; 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 (CDCl;, 400 MHz) 6 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=3.0 and 2.0 Hz, 1H), 4.30 (s, 2H), 3.68-3.63 (m,
2H),3.49(dd,J=12.4and 10.4 Hz, 1H), 2.14-2.07 (m,
1H), 1.44-1.38 (m, 1H), 1.07 (s, 9H), 0.94 (s, SH), 0.01
(s, 9H).

To a chloroform (10 ml)-acetonitrile (20 ml) 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
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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-R-uridine (7; 1.01 g, 97%):

'H NMR (CDCls, 200 MHz) § 7.54 (br.s, 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 1e (FTS101,
300 mg, 80%). The purity of Compound 1c 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 [150x4.6 (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, J=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, J=88 Hz, 2H), 4.37 (m, 1H), 3.59 (m, 1H), 3.58
(m, 1H), 3.29 (m, 1H), 2.20 (dd, J=7.2 and 4.0 Hz, 2H)
UV Aax (CH;0H)=267 nm

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

2.5. 5-(2-Fluoroethyl)-4' -thio-2' -deoxyuridine (1d;
FTS202)

The schematic diagram for the synthesis of FTS202 is
depicted in Fig. 3. 5-(2-Acetylhydroxyethyl)uracil was
synthesized, using +y-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-
droxyethyluracil, according to the method of Griengl et al.
[30]. To an acetonitrile (2.5 ml) suspension of 5-(2-
fluoroethyhuracil (237 mg, 1.50 mmol) was added BTMSA
(630 mg, 3.10 mmol), and the resultant mixture was stirred
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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 (CDCls, 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)
BC NMR (100 MHz, CDCl3) 6 162.7, 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
C43H5,FN,0,4SSi>Na: calculated=789.2220, found=
789.2994.

Anomer

'H NMR (CDCls, 400 MHz) & 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)

BC NMR (100 MHz, CDCly) 6 163.1, 150.7, 140.5,
135.7, 135.7, 135.6, 135.5, 132.8, 132.8, 132.7,
130.2, 130.1, 129.8, 127.9, 127.9, 127.7, 109.7,
109.6, 82.3, 80.7, 77.6, 71.2, 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-dg, 400 MHz) & 11.4 (s, 1H), 7.91 (s,
1H), 6.27 (t, J=7.4 Hz, 1H), 5.26 (d, J=3.8 Hz, 1H),
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