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Abstract A new approach io the design of thywudylate synthase mhrbrtors for cancer chemotherapy IS 

described Several uracd and 2*-deoxyuruime denvanves beanng vznylsulfonde mowties at C-5 were 

prepared The two methods described involve a Pd-catalyzed coupling utrlmng suzrably substrruted 

organostannanes, and a stepwh9e route rnvolvvlg the regwseleclive addzaon of slJfeny1 chlorides I0 S-vmnyluracrl 

and rts correspondmg nucleondes 

Thymldylate Synthetase (TS) 1s one of the key enzymes involved m DNA synthesis It catalyzes the 
reductive methylatlon of 2’-deoxyundylate 1 to thymldylate 4 (Scheme 1) The methyl group 1s provided by 
the cofactor 5,10-methylene-5,6,7,8-tetrahydrofolate (mdtcated as m-Fol-CH2). which 1s oxldtzed to 7, 8- 

dlhydrofolate (H2-Fol) m the process 1 The first step of the catalytic process involves nucleophlhc addmon 

of the enzyme (by way of a cysteme residue), with formation of ternary complex 2 Since DNA synthesis 1s 

crucial to rapld cell rephcatton, TS has traditionally been a favonte target in anti-cancer drug design lv2 
Indeed the chmcally established agent 5-fluorouracil(5FU) 3 1s thought to act as a metabohc precursor of the 
correspondmg nucleotide (FdUMp), which forms a very stable ternary complex with the enzyme and the 
cofactor, 4 and therefore mactivates TS Although other targets have been proposed for 5-FU, there 1s 
evidence that TS macttvauon 1s the maJor mechanism of action 576 The strategy we propose involves the 
destgn of new sulclde mhtbltors 7 More specifically. we intended to exploit the use of masked allyhc 
sulfoxldes, first Introduced by Fuestone and Walsh, 8 as shown m Scheme 2 
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The inhibitor 5 would mmally be processed by the enzyme m the same way as its natural substrate, hterature 
precedents demonstrate that the enzyme 1s tolerant of functlonahty at C-5 1 Michael addmon should also be 

favored by the strongly electron-mthdrawmg vinyl sulfoxlde moiety at C-5 1 Subsequent protonanon should 

produce allyhc sulfoxlde 6 , m preference to the correspondmg vmyl analog, due to thermodynamic reasons 
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Compound 6 IS m eqmhbnum with the correspondmg sulfenate 7, as shown by Mlslow, 9 and the highly 
electrophlllc 7 may react with a nucleophlle within the active site, deactlvatmg the enzyme (Scheme 22 
However, since a highly lomzable compound such as 5 would probably be poorly transported through the 
membrane of tumor cells, we decided to prepare the correspondmg base 8 and Its nucleoslde denvatlve 9 as 
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potennal chemotherapeuuc agents In VIVO, 8 and 9 may be mterconverted by the intracellular salvage enzyme 
thymrdme phosphorylase Thymrdrne kmase may then effect phosphorylauon, producmg acuve spectes 5 1 

Our preparatton of the first member of thus class of compounds followed the recently reported 
preparatton of 5substrtuted uracrls via the Sttlle reacuon (Eq 1) 10 Once agam, the use of m(2- 
furyl)phosphme (TFP) proved crucral to the obtentron of 12 m hrgh yrelds 
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(1) oiN I + Php~s”s”3 0 J; 1 
\ s. 

Ph 
H 

10 11 12 
a) Pd2dba3, TFP, NMP, rt, 78-8896 

Compound 12 showed no measurable toxtctty agamst a panel of human tumor cells (mcludmg colon 
carcinoma and leukemia) One of the posstble reasons for thus observatton may be the lack of electron- 

wtthdrawmg subsutuents on the sulfoxtde moiety It has been shown that for best results the mhtbttor should 
be a para-mtrophenyl sulfoxrde 8 The dtfficulty encountered m makmg other sulfoxtde-contammg vmyl 

stannanes by tradmonal methods 11 led us to explore new chemistry. and eventually drscover a more 

convenient route to our proposed mhtbttors 

It 1s known that addition of p-mtrophenylsulfenyl chlonde to termmal olefins yields the antr- 
Markovmkoff product as the kmeuc adduct, and that eqmhbratton to the thermodynamrc product 1s very 
dfficult 8 In our case, this would therefore lead to the u&sued mode of ad&uon However, when we 
treated 5-vmyluracd 10 wtth p-mtrobenzenesulfenyl chlonde m THF at room temperature (Scheme 3 ) a raped 
reacnon ensued to yield a product that was chromatographtcally unstable Exammauon of an ahquot by lH- 
NMR spectroscopy, however, showed complete converston to one specres, tentauvely rdentrfied as 14 Thts 
was then confiied by quenching the mtxture with bicarbonate, whrch produced 15 as the major product 
Treatment with trrethylamme yrelded instead vmylsulfide 16 Finally, oxrdauon of 14 wrth a shght excess of 
meta-chloroperbenzorc acid, followed by tnethylamme, gave the desrred sulfoxtde 17, together wtth the 
overoxtdauon product 18 The sulfide and sulfone analogs of 17 are control compounds tf hoacuvrty 1s only 
due to our proposed mechanism, the sulfoxtde, but not the sulfide or the sulfone, should dtsplay cytotoxtctty 
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a) pNO&jI-&SC1,THF,tt b) aq NaHCO3 c) NEt3. tt. d) m_CPBA, then NEt3 

Evidently, m tis part~ular case the qmchemlstry of the atiaon favors the producaon of the Markovmkoff 
adduct This may be the result of a reversed kmetlc preference, as N(1) of the uracll nng should strongly 

affect the electron density m the vmyl group at C-5 Alternatively, kmehc preference may be unchanged, and 

formanon of 14 may sunply be the result of ready eqmllbratlon This 1s supported by the observation that 14 IS 

very unstable and easily solvolyzes, demonstratmg that N( 1) in the uracll redly supports a carbomum 10x1 at 
the C(S) posmon 

In any event, the same method worked well m the nucleoslde sems (Scheme 4) Thus, 2’-deoxy-5 
lodoundme was smoothly sdylated, and coupled with vmylmbutyltm according to the m&fled Snlle 
protocol A&non of para-mtrobenzenesulfenyl chlonde gave nse to a mixture of two adducts, as evidenced 

by lH-NMR That these were merely dlastereomers was shown by ehmmanon with tnethylamme, which 

cleanly provided only the terminally substituted aryl sulfide Oxldatlon followed by ehmmaUon provided 
instead compound 24 as a 1 1 dmstereomenc mixture of the two sulfoxldes Desllylanon of 23 with fluonde 
gave 25 but produced a rather complex mixture when applied to 24 The use of Dowex 5OW-X8, l2 
however, provided 26 m good yield Compounds 12,16,17,18,25 and 26 dlsplayed no useful cytotoxlclty 
(IQ0 > lOpg/ml) vs our panel of tumor cells This may due to lack of phosphorylanon of 26 by mtracellular 

kmases, or to unfavorable catabolism, rather than a frulure of the phosphorylated substrate to mteract with TS 
accordmg to the postulated mechanism In any event, the targetmg of TS with our sulfoxlde-contammg uracll 

denvatlves appears very &fficuIt at this stage 
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OR 

19 R=H 
21 

OSMe2tBu 0SMe2tBu 

20 R=TBDMS 

OR 
23 R=TBDMS OR 24 R=TBDMS 
25 R=H 26 R=H 

(a)TBSCl,Im~dazole,NMP,rt,92% (b)CH2=CHSnBu$Pd2dbq,TFP,NMP,rt,72% (c)pN@-CfjH&SCl,T~st (d)NEt3,rt,69% (e) 

m-CPBA, then NE& 51% (f) NBuF, THF, 87% (8) Dowex, MeOH, 72% 
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EXPERIMENTAL 

General expenmental protocols are as previously described l3 Proton Nuclear Magnetic Resonance 

expenments were run at 300 MHz on a Bruker AC-300 spectrometer 5-Iodourac~l and 2’-deoxy-5-mdoundme 

were obtamed from Sigma and used chrectly Tn(2-furyl) phosphme was prepared by the method of Allen l4 
All reactions were monitored by thin-layer chromatography (SlO2) except for the Pd-promoted couphngs, 

which were monitored by reversed-phase HPLC t3 

(E)-2-(Tributylstannyl)ethenylpbenylsulfoxide, 11. 

(E)-2-(Tnbutylstannyl)ethenylphenylsulfide , wluch was prepared according to Keck m 36% yield 11, ( 1 425 
g, 3 351 mmol) m anhydrous &chloromethane (5 mL) at -78’C was treated with m-chloroperbenzoic acid 
(85%, 573 mg, 2 822 mmol) m 5 batches over 10 mm The temperature was allowed to reach 0°C over lh, 
then work-up with aqueous sodmm bicarbonate (595, 100 mL) and ethyl acetate (100 mL) gave a crude 
product that was punfied by sihca chromatography ( 10% ethyl acetate m hexane), to yield a colorless ml, 
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402mg (32% yield) NMR (CDC13) 6 7 58-7 40 (m, 5H), 7 34 (d, J= 17 5 Hz, lH), 6 54 (d, J= 17 5 Hz, 

lH), 160-O 75 (m, 27H) 
5-(2-Phenylsulfinyl)ethenyluracil, 12 
5-Iodouracf (49 mg, 0 205 mmol) was dissolved m anhydrous N-methylpyrrohdmone (NMP, 2 mL) and 

treated \~lth m(2-furyl)phosphme (3 0 mg, 0 0129 mmol) and tns(&benzyhdeneacetonyl)bls-palladmm (3 0 
mg, 0 0065 mmol Pd) When the red solution had turned pale yellow, stannane 11(76 mg, 0 1458 mmol) was 

added m NMP solution (1 mL) The solution was smred under argon for 16 h The NMP was evaporated rn 
vucuo, and the residue partmoned between hexane and acetommle The acetommle layer was evaporated and 
the residue chromatographed (ethyl acetate followed by 2-3% methanol/ EtOAc) to elute 12, which was 
Isolated as a tan solid, m p 221-222’C (dec ) 
NMR (DMSO-d6) 6 115-11 3 (br s, 2H), 7 95 (s, lH), 7 63-7 36 (m, 5H), 7 39 (d, J=15 2 Hz, lH), 7 01 (d, 
J=15 2 Hz, 1H) HRMS Calcd for Cl2HlON203S 262 0412, found 262 0408 

5-[(1-Hydroxy-2-(4-mtrophenylthio)]ethyluracil, 15. 
5-Vmyluracll 10 (62 mg, 0 449 mmol) was suspended m dry THF (2 mL) and p-mtrophenylsulfenyl chlonde 

(Aldrich, 86 mg, 0 454 mmol) was added by synnge in THF solution (2 5 mL) The slurry turned mto a 

solution wlthm 5 mm, and after 2 h at RT, the reaction was worked up by adding aqueous sodmm bicarbonate 

(10 mL), stmmg for 10 mm, and partmomng between water and ethyl acetate The orgamc layer was further 
washed with water and bnne, then dned with sodmm sulfate Silica gel chromatography (10% methanol m 
dlchloromethane) gave a yellow amorphous solid, 70 mg (50% yield) 
NMR (DMSO-d6) 6 112 (s, lH), 10 82 (br d, lH), 8 08 (d, J=8 9 Hz, 2H), 7 57 (d, J=8 9 Hz, 2H), 5 62 (d, 

J=5 1 Hz, lH), 4 64 (m, IH), 3 47 (dd, J=13 5 Hz, J’= 3 3 Hz, lH), 3 15 (dd, J=13 5 Hz, J’= 7 6 Hz, IH) 
HRMS Calcd for Cl2Hl2N305S (MI-I+) 310 0498, found 310 0491 

5-[2-(4-Nitrophenylthio)]ethenyluracil, 16. 

5-Vmyluracil ( 82 mg, 0 5937 mmol) was suspended in dry THF (2 mL) and treated as above with p- 

mtrophenylsulfenyl chlonde ( 148 mg, 0 7805 mmol) in THF ( 1 mL) After 1 h at RT methylamme (0 085 

mL, 0 610 mmol) was added neat, and stimng was continued for 16h Then methanol (5 mL) was added, and 
the resultmg precipitate was shrred at 0°C for lh, filtered, and washed with cold methanol 
The sample of 16 thus obtained weighed 141 mg (81% yield), m p 298-299°C (dec ) 
NMR (DMSO-d6) 6 115 (br m, 2H), 8 18 (d, J=8 9 Hz, 2H), 7 78 (d, lH), 7 48 (d, J= 8 9 Hz, 2H), 7 39 (d, 
J=15 5 Hz, lH), 6 73 (d, J=15 5 Hz, 1H) HRMS Calcd for Cl2HlON304S (MH+) 292 0392, found 

292 0386 

5-[2-(4-Nltrophenylsulfinyl)]ethenyluracil, 17, and 5-[2-(4-nitrophenylsulfonyl)]ethenyluracil, 18. 

5-Vmyluracll (85 mg, 0 615 mmol) in dry THF (3 mL) was treated with p-mtrobenzenesulfenyl chloride 
(116 4 mg, 0 615 mmol) m THF ( 1 9 mL) as above After lh at RT, the solution was cooled to -78’C and m- 
chloroperbenzolc acid (85%, 129 mg, 0 625 mmol) m THF (3 mL) was added by synnge The mixture was 
slowly allowed to reach 0’ C ( 1 h), and tnethylamme (0 170 mL, 1 234 mmol) was added neat After 1 h at 
O”C, the slurry was stirred at RT for lh The suspension was evaporated to dryness, and the residue 
chromatographed Sulfone 18 eluted first (2% methanol m dlchloromethane), and was Isolated as an 
amorphous colorless sohd (67 5 mg, 35% yield), while elution with 5% methanol gave sulfoxlde 17 (85 mg, 
45% yield) as a tan solid, m p 230-232°C (dec ) Compound 17 gave the followmg data 
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NMR (DMSO-d6) 8 115 (s, H-J), 114 (s. lH), 8 39 (d. J=8 9Hz, W), 7 99 (br d, lH), 7 90 (d, J=8 9 Hz, 
2H), 7 46 (d, J=15 1 Hz, lH), 7 08 (d, J=15 1 Hz, 1H) HRMS Calcd for C12HlON305S @B-J+) 308 0341, 

found 308 0337 Compound 18 gave the followmg data 
NMR @MS@d6) 6 11 8 (s, lH), 11 5 (s, 1H). 8 41 (d. J=8 9Hz, 2H), 8 20 (br d, lH), 8.10 (d, J=8 9 Hz, 
2H), 7 50 (s, 2H) HRMS Calcd for Cl2HlON306S (MH+) 324 0290, found 324 0280 
1-(2-Deoxy-3~-di-tertbutyldimeulylsilyl-~D-ribofuranosyl)-5sthenyluraal, 21. 
2’-Deoxy-5-mdoundme ( 2 348 g. 6 631 mmol) was dissolved m dry NMP ( 20 mL) and treated wrth 

tmtdazole ( 2 250 g, 0 03305 mol) and t-butyldtmethylstlyl chlonde ( 2 501 g, 0 01659 mmol) for 2h at RT 

Work-up with water and ethyl acetate was followed by sthca gel chromatography (20% ethyl acetate m 
hexane) gave 20 as a foam (3 569 g, 92.4% yreld) 
NMR (CDC13) 6 8 50 (br s, lH), 8 02 (s, lH), 6 22 (m, lH), 4 32 (m, lH), 3 91 (m, lH), 3 83 (br d, J=9 Hz, 

lH), 3 68 (br d, J= 9 Hz, IH), 2 23 (m, lH), 1 88 (m, lH), 0 88 (s, 9H), 0 81 (s, 9H), 0 10 (s, 6H), 0 02 (s, 

6H) 
Compound 20 ( 1092 g, 1 874 mmol) was dtssolved m dry NMP (7 mL) and treated wrth m(2- 

furyl)phosphme (17 4 mg, 0 0750 mmol), ms(drbenzyhdeneacetonyl)brs-palladium (17 2 mg , 0 0376 mmol) 
followed by vmyltrtbutyltm ( 0 60 mL, 2 061 mmol) The mtxture was starred at RT under argon for 14h 
Work-up by parttttonmg between water and ethyl acetate was followed by further washing the organic layer 

wtth three volumes of water Drying and evaporatron gave a crude product, that was n&solved m acetomtnle 
and washed wtth three volumes of hexane Evaporatton and sthca chromatography (20% ethyl acetate m 
hexane) gave 21 as a colorless foam (653 mg, 72% yield) 
NMR (CDC13) 8 8 10 (br s, lH), 7 61 (s, lH), 6 30-6 15 (m, 2H), 5 92 (br d, J= 18 Hz, lH), 5 17 (br d, 

J=12 Hz, IH), 4 33 (m, lH), 3 89 (m, lH), 3 75 (AB q, 2H), 2 2 (m, lH), 192 (m, lH), 0 84 (s, 9H), 0 81 
(s, 9H), 0 05 (s, 6H) 0 01 (s, 6H) HRMS Calcd for C23~3N205Sl (MI-I+) 483 2711, found 483 2705 
1-(2-Deoxy-P_D-ribofuranosyl)-5-[2-(4-ni~ophenylthio)]ethenyluracil, 25. 

5-Vmylurrdme derivative 21 (225 mg, 0 466 mmol) was dtssolved m dry THF ( 3 mL) and p- 

mtrobenzenesulfenyl chlortde ( 97 mg, 0 513 mmol) was added as a THF ( 12 mL) solunon at 0°C After 30 
mm at 0°C and lh at RT, methylanune ( 0 130 mL, 0 925 mmol) was added neat, and the soluuon was sttrred 
overnight Dtluuon with ethyl acetate and washing with three poruons of water was followed by drymg, and 
silica chromatography Eluhon with 25% ethyl acetate m hexane gave 204 mg (69%) of 23 as a yellow foam 
NMR (CDC13) 6 8 30 (br s, lH), 8 08 (d, J=8 9 Hz, 2H), 7 71 (s, lH), 7 52 (d, J=15 5 Hz, lH), 7 33 (d, 

J=8 9 Hz, 2H), 6 48 (d, J=15 5 Hz, lH), 6 23 (m, lH), 4 32 (m, lH), 3 75 (AB q, 2H), 2 28 (m, 1H) , 195 

(m, lH), 0 83 (s, 9H), 0 81 (s, 9H), 0 05 (s, 6H), 0 02 (s, 6H) 
This foam (200 mg, 0 3145 mmol) was Qssolved m dry THF (5 mL) and treated wtth tetrabutylammonmm 
fluonde ( 1M in THF, 0 6 mL) for 3h at RT Evaporatton and chromatography (ahca, 5-10% methanol m 
dlchloromethane) gave 25 as a sohd Recrystalhzauon from little methanol gave a yellow powder, 112 mg 
(87%) m p 225-227’C (dec ) NMR @MSO&) 6 11 6 (s, lH), 8 19 (d, J=9 Hz, 2H), 8 18 (s, lH), 7 49 

(d, J=9 Hz, 2H), 7 36 (d, J=15 2 Hz, lH), 6 75 (d, J=l5 2 Hz, lH), 6 14 (m, lH), 5 25 (d, J=4 2 Hz, lH), 
5 11 (br t, lH), 4 24 (m, lH), 3 78 (m, lH), 3 59 (m, 2H), 2 15 (m, 2H) HRMS Calcd for Cl7Hl8N307S 

(MH+) 408 0865, found 408 0848 
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5-Vmylundme derivative 21 (356.6 mg. 0739mmol) was Qssolved m dry THF ( 5 mL) and p- 
mtrobenzenesulfenyl chhmde ( 153 8 mg, 0 812 mmol) was added as a THF ( 1 9 mL) solution at O°C After 
30 mm at O’C and lh at RT, the soluaon was cooled to -50°C. aud meta-chloroperbenzolc acid (150 mg, 0 739 
mmol) in THF (3 mL) was added The temperature was allowed to reach 25’C over 90 mm Tnethylamme 
(0 20 mL, 1478 mmol) was added neat, and the soluuon was stured for 30 mm Atition of aqueous 5% 
sodmm bicarbonate and ethyl acetate was followed by separation, and washing the orgamcs Hrlth more water 
The crude product was chromatographed (50% ethyl acetatiexane) to @ve a foam (249 mg, 517% yield) 
NMR (CDC13) 6 8.28 (d, J=9 0 Hz, 2H) 8 03 (s, 3H) 7 71 (d, J=9 Hz, 2H) 7 54 (d, J=15 2 Hz, 1H) 6 82 (d, 

J=15 2 Hz, 1H) 6 18 (m, 1H) 4 32 (m, 1H) 3 95 (m, 1H) 3 77 ( AB q, 2H) 2 28 (m. 1H) 193 (m, 1H) 0 9- 
08(m,18H) 015-OOO(m,12H) 
This foam (249 mg, 0 382 mmol) m methanol (10 mL) was s&red at RT for 72 h with methanol-washed 
Dowex 50X8-100 resin (6 g) F&anon, rmsmg with more methanol evaporation and slhca chromatography 
(10% methanol in hchloromethane), followed by recrystallization from methanol, gave 26 as a pale yellow 
solid (1 1 mature of tistereomers), 118 mg (72%) having m p 1 IO-141°C (sIow dec ) NMR (DMSO-d6) 6 

116 (s, lH), 8 39 (d, J=8 9 Hz, 2H), 8 33 (s, lH), 7 92 (d, J=8 9 Hz, 2H), 7 47 (2 d’s, J=15 2 Hz, 0 5H each), 
7 04 (d, J=15 2 Hz, lH), 6 10 (m, lH), 5 25 (d, J=4 3 Hz, lH), 5 13 (br t, lH), 4.23 (m, 1H) ,3 77 (m, lH), 
3 58 (m, 2H), 2 14 (m, 2H) HRMS Calcd for C17HlgN3GgS 424 0815, found 424 0806 
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