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Abmacr Reaction of 1-(%racrlylmethylene)pyndtmum salts wtth tb~ols leads to the formauon of the comqondmg 
thymme denvauves This transformatmn of a urzd dertvahve to the correqondmg thymme IS explamed on the basis of 
the formauon of an exccycbcmethylene mtenuedmte, analogous to that proposed m the thymidylate synthase reachon, 
followed by its reduction by additional dnol, presumably mvolvmg a rackal mechamsm 

The enzyme thymldylate syntbase (E C 2 1 145) medmtes the conversion of 2’-deoxyundme-5’-monophospbate (dUMP) to 2’-de- 

oxythymldme-S-monophosphate (dThQ) 3, reqmred for the. bmsyntbesls of DNA The methyl group mvolved m this hansfonnauon 

IS donated by the cofactor .5,10-medtylenetetrahydrofolate (5.1~CH2+folate) The mechamsm of the overall reacuon mvolves the 

followmg steps (I) A nucleophlbc attack by the thiol residue of Cys-198 (of the apoenzyme) at the C(6) postmn of the uracd mol- 

ety of the substrate, resultmg m a nucleophlbc centre at C(5). (II) attack by the latter upon the lrmmmn carbon of the (imulazohdme 

ring-opened) mtermedmti, derived from the cofactor, to result m a ternary apoenzymesubstrate-cofactor covalent complex, (m) frag- 

mentauon of the ternary complex mto an exocycbcmethylenedlhydrouractl mtermedmte and teuahydmfolate and (IV) reductmn of the 

exocyclic mtermedmte. by tetrahydmfolate VP a “hydnde equrvalent” transfer, with concomuant release of the Cys-198 thiol and for- 

mauon of dTh&P (Fig 1) 3 
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Duct evidence has been mently presented for the formatton of the ternary complex 4 However, detads of the fragmentahon step 

and aspects of the reduction process reqmre further enqmry 5 In dus paper we descnbe the results of the reactmn of uracd denvahves 

la-f (Scheme I) with thlols (2a,b) which, servmg as a model reactton, throw hght upon the formahon of the exocychcmethylene 

mtermedlate and its rcducuon, vm a rad& mechamsm, to thymme denvauves (3ad) 
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Scheme I 

In a typIcal reaction the uracd denvabve (0 3 mmol) and the duo1 (0 75 mmol) were refluxed m 10 ml of dry dlshlled benzene 

The formtion of the conespondmg thymme denvauve was followed by HPLC, usmg 3-methyluracd as an mtemal standard 6 The 

results are presented m Table 1 

Table 1 Reactton of uracd denvahves with duols 

Uracfi denvative duo1 hme (hours) product yield (%) 6 

la 2a 169 3a 97 
la 2b 408 3a 35 
lb 2a 96 3a 50 * 
lC 2a 8 3d 80 
Id 2a 8 3d 67 
le 2a 384 3b 18 
le tb 576 3b 0 
lf 2a 48 3c 13 

* xylene (h p 140 Oc) used as solvent 

The formatlon of thymme denvatlves 3a or 3b by the reaction of la and le with thiols, as a funchon of ume, 1s presented m 

Rg 2 The thymme denvaaves were isolated and ldenhfied by their spectra and by comparison with authentic samples Reacuon of 
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lb with 2~ pmce&d very slowly to yield 3a, however, dus reactmn could be s~gmficantly expedited by add~tton of ace& awl Of 

mechamstnz s~gmtlcance (vaie mfra) 1s the formahon of 3c m the reactmn of lf with duoi 2a In contrast to the afo5ementloned, re 

action of urxd denvauves lc and Id wuh duo1 2a nxwlti m the formatton of duo ether 3d 

III (3a) 

Fig 2 Rate of formanon of thymme denvatwes upon re8chon of pyndmmm salts with thiols (benzene, reflux) 

I reacuon of la wltb 2a (product 3a), II reacuon of le unth 28 (prodoct3b), III reaction of la with 2b (product3s) 

‘Ihe formauon of thymme denvauves from the salts (la and le) can be ratmnabzed on the bmss of two mechamtic pathways (A 

and B) described for la m Scheme II Accordmg to mechamsm A, la IS converted to exocychcmethylene mtezmedlate a whtch is re- 

duced via a rad& mechamsm - to be discussed later - to thymme 3a The formauon of a can proceed by either the attack of a duo- 

late amon at C(6), followed by expulsmn of pyndme. or vm a reverse sequence of steps, that IS, first the loss of pyndme (kadmg to 

b) and a subsequent addtuon of Uuolate In mechanism B. the coqugated lmmmm Ion IS directly reduced by a hydnde species 

AH, 
(b) 

la 

/ \ 

0 

‘J-b 

LH, 

3a 
Scheme II 

That pathway B can operate m the transformation of la to 3a IS demonstrated by the expenments m which la IS conveTted to 3a 

by heatmg wnh either tiydmphenanthruhne (4a) or Hantzsch ester (5s) (Scheme III) When the coriqxmdmg deuternted reducing 
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agents (4b,Sb) were employed, the thymme formed (3e) contamed one deutenum atom m the C(5) methyl group (Scheme III), as 

attested by the ‘H Nh4R and mass specha 7 of the product It 1s noteworthy, that the latter reacuons pmce&d at a slower rate than 

the analogous reduc~ons by thlols Thus, formauon of 50% 3a, by reaction of la with th1ol2n and Hamch ester (S), takes place 

m two and seven days, sspectlvely Furthermore, it was shown that when la was allowed to react with a 1 1 mlxtme of Sb and Za, 

the product of the reachon. &ed upon NMR analysis, was (non-deutemted) Ja Another mterestlng and relevant observauon IS the 

fact that the perchlorate salt of la IS not reduced by tnbutylhnhydnde m the presence of AIEtN (typlcat tical reducmg condmons). 

even after refluxmg m benzene for two weeks This IS mterestmg, smce It LS the second case observed by us 8 which suggests that 

a$-unsaturated lmlmum salts cannot be reduced by rad& reducmg agents In the event that this should be a general sltuatmn, then 

the cc,Bunsaturated umnuun salts could be regarded as dmgnoshc substrates for hydnde medmted reduchons In the context of the 

present study, the lmplicatnm would be that throl mechated (presumably radical) reductions do not utdlze an m~amedmte of type b 

la 

4a 6,6-Hz, 4b 6.6-h 

kH, 

3a Y=H 
3e Y=D 

%l 4$-H& Sb 4.4-q 

Scheme III 

That the reacuon of la W&I tlnols proceeds vlli mechamsm A denves support from the consldemons bussed m the sequel The 

mtermolecular and mtzamo1ccular addmon of nucleuphdes to the C(6)-pnsmon of umcd denvabves has been wniely evulenced g The 

mtramolecular ad&bon of tluols to C(6) of uracd denvauves, has been shown by us prevmusly lo As an example of mtermoleculs~ 

thml group addmon to uracd, It was demonstrated that an exchange of the C(5)-hydrogen took place when 1.3~&methylumcd (6) was 

allowed to react W~I HS(CH2)2NH3Cl m D20 (Scheme Iv) The extent of the exchange was pD dependent and exhibited a maxI- 

mum at about 9 8 1 ’ There was no exchange m the absence of the thlol This strongly suggests the addition of th101 to the uracd 

substrate, as expressed m Scheme IV 

6 

HS(CH ,),NH Xl, w 
* 

That an mtermedate such as (a) (Scheme II) 1s mvolved m the reacuon of the pynduuum salts with thlols 1s supported by the ob- 

served ct&rences m the rates ofthymme tbmahon wnen stenc hmaerance 1s maodbceu to the ml01 actaaon step, aUler vui suesatu- 

uon at C(6) of the substrate, or via Increase m bulk of the thlol In this context, a comparison of the rates of thymme formahon 

from la and le by reaction with 2a,b IS highly mformahve Inspecuon of Fig 2 shows that the rate (of 3a or 3b formahon) de 
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creases w& an mcm m hmderance to the th101 ad&uon step at C(6) In case of salt le. reactcon with t-butylduol(2b), IS so 

highly hmdered that the transformatmn 1s not measurable The formauon of 3a from lb, albelt at a veay slow rate (50% conversion 

after refluxmg for four days m xylene; b p 140 OC), IS m accord wrlth both, the reduced eleetmphduz character of C(6) - rmphcated m 

the duo1 ad&non reachon - and the sluggishness of the pyrrohdme (pKa = 113) ebmmauon step Adtion of acehc acid promotes 

both of these processes In the absence of aceuc acid, the duo1 itself protonates the pyrrohdme mlmgen, thus accountmg for a slow 

reaction The observatmn that compounds lc and Id react with thiol2a to yield only duo ether 3d, alsu emphasw the role of 

dnol addmon to electrophlllc C(6) m the overall reducuon reactton A fiuther decrease m the eleciroposmve character of C(6) such as 

m le and Id suppresses the thlol add&on and allows the nucleophdlc substuutton of the halogen by duo1 to become the predoml- 

nant reaction pathway 

The reachon of lf, a substrate which mcorporates a thlol group at C(6), with duo1 2a, IS a cnucal case anth respect to the evl- 

dence for pathway A The nzactmn leads to the formatmn of thymme denvauve 3c The exchange of the duo1 resulue aceompanymg 

the reducuon process can be rahonahzed by mvokmg the formation of mtermedmte (c) [analogous to (a) m mechanism A, Scheme 

II] The reducuon of Uns mterme.dMe IS accompanied by ehmmauon of the mOre stable of the two th101 anions, namely, the phenyl 

mercaphde amon In thts context d IS highly relevant that there is no exchange of the. th101 residue when l,%i1methyl-6-d11opheny- 

luracd is allowed to react with p-nmobenxylduol(2a). under the condmons of the reacuon 

Whereas radzal reacuons of duals, mcludmg reduction pm, are amply documented l*, m only one, somewhat related, case 

It has been suggested that th~ols reduce by the delivery of a “hydnde species” l3 The evidence presented for dus mechamsm how- 

ever, IS not unambiguous l4 In the ltght of the results obtamed in our study we favour the reduction of mtermedlate (a) accordmg to 

the sequence described in Scheme V In dus mechanism, the tiol amon transfers an electron to @) with the formation of radical 

amon (4) Subsequently, a second molecule of thlol debvem a hydrogen radical to mtermedmte (a), whereby anion (e) IS generated 

The latter undergoes ehmmaaon of the duo1 amon to give the final product 3a The quesuon whether the reductmn mvolves a hy- 

dnde or a nuhcal mechamsm IS under further mvesugahon m our laboratory 
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Expenmenial 

Meltmg pomts were deterrmned on a Leitz Wet&r 
apP-s-re 

lmcarcaedInfmredspecaaweren%xdedonaPekmEhner 
257 spectrophotometer Absorptmns are given in cm- NMRspecaawaedetcmuned~HlthVananA6o(60MHz),BrukerAC200 
(200 MHZ) and Bruker WM 250 (250 MHZ) msrruments, usmg T&IS as mtemal standard Chemical shifts (iI) are given m ppm and 
spin-spm couphng constants (J) m Hertz Mass spectra wem obtamed with a Vanan Matt 711 spectrometer (EI = electron impact, 
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FI = field ~omzaaon) Flash chromatography was appbed usmg the method described by Sull 15, using s&age1 60 (Merck) as sta- 
tionary phase All solvents were d~tdled pnor to use 

Met vv N(3) of m 

L 
A mixture of 3 0 mmol of uracrl or thymme denvatwe, 35 mmol CH3I and 35 mmol K2C03 m 50 ml of acetone p a was sbrred 
at room tern- for 50 hours The salts were removed by filtranon, the soluaon was evaporated and the residue was suspended 1n 
50 ml CH2Cl2 The msohmble salts were filtered and CH2Cl2 was evaporated Products were crystalhzed from ethanol 

yield 378 mg (90 %), m p 120-122 v (ht l6 121 5 oc), IR (CHC13) 3000, 1710, 1660. ‘H NMR (CDCI,) 3 32 (s. 3H, 
NCH?), 3 37 (s, 3H, NCH?), 5 70 (d, 2H, H5, J = 7 8), 7 09 (d, 2H. H6, J = 7 8) 

d d 

J.3-D1methw 
yield 318 mg (69 %), m p 156 OC (lit l7 155 ‘C). lR (CHC13) 3000,2900, 1685. 1660, 1610. *H NMR (CDCl3) 194 (d, 
3H, CH3, J = 1 l), 3 36 (s, 3H, NCH3). 3 37 (s, 3H, NCH3), 6 99 (d, lH, H6, J = 1 1). MS (EI) 154 (M+, 100 %), 97 (21). 68 
(84). 56 (13). exact mass found 154 0738, talc for C7Hl0N2O2 154 0743 
1.3.6-T- 
yield 328 mg (65 96). m p 128-130 OC (11t l8 123-125 5 oc). IR (CHC13) 3000,2950, 1685, 1640, 1420, 1350, lH NMR 
(CDCl3) 196 (s, 3H, CH3), 2 22 (s, 3H, CH3), 3 33 (s, 3H, NCH3), 3 40 (s, 3H, NCH3). MS (El) 168 (M+, 100 46). 110 (7). 
96 (ll), 82 (52), 68 (15), 56 (75). 53 (7), 42 (14). 39 (7). 31 (11). 28 (20), 18 (30). exact mass found 1680902, talc for 
C8H12N2% 168 0899 

aethvl-S-chloro- 
To a sturcd solution of 6 3 g (45 mmol) of 6 1n 150 ml of 30 % HCl was added 3 0 g (100 mmol) of paraformaldehyde The m1x- 
ture was heated to 80 ‘C for 2 hours, while HCl gas was lead through After coolmg to room temperature, the half of the solvent 
was evaporated and the remam1ng soluuon was extracted with CHC13 (3x) The CHCl tiact~ons were collected, washed with 50 ml 
H20, dncd over MgS04 and eva 
l7lO,l66O,l~O,l460,l~O, p” 

rat& y1eldmg 7 36 g (87 W) of lc, m p 146-147 a, (11t l9 148-149 OC), IR (CHC13) 3000, 

lH, I+) 
H NMR (CDC13) 3 36 (s, 3H, NCH3), 3 42 (s, 3H, NCH3), 4 39 (d, 2H, CH2, J = 0 5). 7 34 (s, 

L3-Dunethyl (N m _- _ 

A solution of 940 mg (5 0 mmol) of lc m 10 ml of pyrrohdme was surred at room temperature for 48 hours lXe excess of pyrmb- 
dme was evaporated and the resdue was separated by flash chromatography (S102, CH2CL2/CH30H 90 lo), y1eldmg 342 mg 
(31 45) of lb (after crystalbzat1on from ethanol), m p 198-200 OC, IR (CHC13) 2960, 2680, 1710. 1660, 1~ NMR (CDC13) 
2 14 (m, 4H, 2x CH pyrrolidme moiety), 3 35 (s. 6H, 2x NCH3). 3 49 (m, 4H, 2x NCH2 pyrrolrdme moiety), 4 08 (s, 2H. 
CH2). 8 62 (s, lH, H 5 . MS ‘$0 223 (M+, 23 46). 194 (56). 181 (6). 167 (12). 166 (7), 153 (29). 140 (12). 96 (46). 84 (8). 70 
(100). 67 (5). 55 (30), 42 (47), 39 (7). exact mass found. 223 1319, talc for C7H17N302 223 1321 

A mmture of 566 mg (3 0 mmol) of lc and 600 mg (4 0 mmol) Nal 1n 35 ml CH3CN was refluxed for 3 hours After coolmg to 
rcom temperature tbe salts were removed by filtrauon and the solvent was evaporated, yteldmg 776 mg (92 %) of Id, m p 158- 
160 ‘C. IR (CHCl3) 3’300, l700.1660, 1480, 1460, ‘H NMR (CDC13) 3 33 (s, 3H, NCH3), 3 36 (s, 3H, NCH3), 4 16 (s, 2H, 
CH2), 7 33 (s, lH, H6) 

p-Nnrobenzvlth1ol Q& 
A mixture of 3 24 g (15 mmol) of p-mtrobenzylbrom1de and 171 g (15 mmol) KSCOCHq m 200 ml of absolute ethanol was 
stmcd at rOOm tempirature for 24 hours The formed preclpnate (KBr) was removed by tiltrat& and the filtrate was evaporated Tbe 
residue was dnsolved m 150 ml 0 1N NaOCH3 and stured under N2 for 15 mm The mixture was acidified w1t.b 15 ml CH3COOH 
and almost evaporated to dryness 250 ml of CHC13 was added and the mu(ture was basdied with a saturated NaHC03 solution ‘f$e 
organic la 
oc (llt 2 

er was separated, washed with 50 ml H20, dned over Na2S04 and evaporated, yleldmg 2 52 g (99 96) of 2~. m p 48-50 
58 ‘C), IR (CHC13) 3000.2830,1580,1510,1330, ‘H NMR (CDC13) 

J = 7 8), 7 47 (d, 2H, Ar, J = 8 7), 8 15 (d, 2H, Ar, J = 8 7) 
182 (t, lH, SH, J = 7 8), 3 79 (d, 2H, CH2, 

1.3-Dlmethvl-5-o-n1 n 
A mixture of 94 mg (0 5 mmol) of le. 85 mg (0 5 mmol) of 2a and 1 ml Et3N m 50 ml CH3CN was mfluxd under Ar for 6 
hours The solution was evaporated and the residue was puntied by flash chromatography (S102, CH2C12/EtOAc 50 50). y1eldmg 
124 mg (77 %) of 3d, m p 105-106 OC, IR (CHCl3) 3000.2800, 1700, 1660, 1640, 1600, 1520, 1340, *H NMR (CDCl3) 
3 35-3 40 (3x s, 8H, CH2,2x NCH3), 3 86 (s, 2H, CH2). 7 08 (s, lH, H6), 7 51 (d. 2H, Ar, J = 8 6). 8 16 (d. 2H, Ar, J = 8 7). 
MS @I) 321 (M+. 16 %). 185 (42). 169 (11). 153 (100). 136 (14), 128 (8). 121 (6). 96 (71). 89 (8). 78 (9), 69 (7). 63 (5), 55 
(28L exact mass found 3210788, talc for Ct4H15N304S 3210783 
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6 mmol) LrAlD4 m 200 ml dned ether was added m porhons 10 g (5 12 mmol) of phenan- 
tbndone The mature was &hued for 18 hours Aftu coolmg broom tempemture 10 ml H?O was added and the orgamc layer was 
separated, dned over MgSO4 and evaporated, ylehlmg 623 rni (67 %) of 4b (after crystallkn from hexane), m i 123-i24 OC 
(m p 5.6~~ydrcqhenanthndme 123 OC 21), IR (CHC13) 3400, 3000, 1600. 1500, lH NMR (CHC13) 3 56 (s, lH, H5). 6 69 
(dd,1H,Ar,J=O9,J=79),686(dflH.Ar,J=l1,J=76),720(m,4H,Ar),770(m,2H.Ar),MS~ 183(M+) 

To a smred solutmn of 2 0 g (10 6 mmol) of lc m 60 ml CH3CN was added 2 ml of pyndme The mixture was refluxed fot 16 
hours After ccobng to room temperature the solutmn was evaporated and the residue was washed ~th 15 ml ether twuze, yleldmg 
2 50 g (88 %) of la, m p 208-209 OC. IR (KBr) 3050.2980, 1700, 1650, 1630, 1475, *H NMR (D,MSO_dd 3 14 (s, 3H, 
NCH3). 3 39 (s, 3H, NCH3). 5 54 (s, 2H, CH2), 8 16 (t. 2H, pyndme moiety, J = 6 7). 8 44 (s. lH, H6 ), 8 61 (t, lH, pyndme 
moiety, J = 7 8). 9 19 (d, 2H. pyndme moiety, J = 6 0) Elemental analyss showed the presence of water of crystallization anal 
found C, 46 90, H, 5 89. N, 13 77, talc for C12Hl4N30$1 2 25 H20 C, 46 75, H, 6 01, N, 13 64 The perchlorate salt of la 
was obtamed by exchange of the chlonde Ion of la with perchlorate from AgC104, carned out in CH3CN 

To a starred solution of 1 66 g (10 8 mmol) of 1,3,6-tnmethyluracd m 75 ml 30 % HCl was added 750 mg (25 mmol) of 
paraformaldehyde The mlxtllre was heated to 80 OC for 2 hours, whale HCl gas was lead through After coohng to room temperature 
the half of the solvent was evaporated and the remammg soluhon was extracted with CHC13 (3x) The collected CHC13 fractmns 
were dned ova Na2S04 and evaporated to dryness The residue was dissolved m 90 ml CH3CN. 5 ml of pyndme was added and the 
mixture was refluxed for 48 hours After coohng to rmm temperature, the soluhon was evaponued and the crude product was washed 
with 15 ml of ether twice, yleldmg 816 mg (27 46) of le. m p 212-214 OC, IR (KBr) 3020,2950, 1685, 1625, 1470,1350, lH 
NMR (D20) 2 58 (s, 3H, CH3). 3 28 (s, 3H, NCH3), 3 54 (s, 3H, NCH3). 5 71 (s, 2H, CH2), 8 06 (t, 2H, pyndme moiety, J = 
6 8), 8 56 (t. lH, pyndme moiety, J = 7 8). 8 85 (d. 2H, pyndme moiety, J = 5 7) Elemental analysis showed the presence of water 
of crytalhzation anal found C, 49 23, H, 6 30, N, 13 51, talc for C13H16N3G2Cl 2 H20 C, 49 13, H, 6 30, N, 13 23 

-dtmethyl&hmphenyhuacd and 2 0 g (67 mmol) of parafonnaldehyde m 150 ml 30 % HCl 
was st~rmd at room temperatme for 2 hours, wlule HCI gas was lead through The half of the solution was evaporated and the residue 
was e&acted with CHC13 (3x) The collected CHC13 hrrcbons were washed with 50 ml H20 and evapomted The reaultmg emul- 
slon was dissolved in 200 ml CH3CN. 20 ml of pyndme was added and the mlxhne was refluxed for 48 hours After coohng to 
mom temperature the sohmon was evaporated and the restdue was washed wrth 20 ml of ether twice, yleldmg 2 65 g (89 46) of a 
pale brown foam, IR (KBr) 3000,1700,1650,1580,1480. ‘H NMR (CD3CN) 3 23 (s, 3H. NCH3). 3 38 (s, 3H, NCH3) 5 78 
(s. 2H. CH2). 7 30 (m. 5H, Ar), 7 90 (t. 2H, pyndme moiety, J = 7 0). 8 40 (t. lH, pyndme moiety. J = 7 8). 8 87 (d, 2H, pyndme 
moiety, J = 5 6) 

on of lf wlt&_& 
A mixture of 356 mg (10 mmol) of If and 423 mg (2 5 mmol) of 2a m 10 ml of benzene was refluxed for 2 days After coohng to 
room temperature the solvent was evaporated and the residue was punfied by flash chromatography (S102, CH.+Xl2/MeoH 95 5). 
yieldmg 42 mg (13 %) of a pale yellow od (3d), IR (CHC13) 3010,2800, 1700, 1670, 1580, 1510, 1330. H NMR (CDC13) 
2 07 (s. 3H, CH3). 3 36 (s, 3H. NCH3). 3 37 (s, 3H. NCH3). 3 90 (s, 2H, CH2). 7 53 (d, 2H. Ar, J = 8 7). 8 15 (d, 2H, Ar, J = 

8 7). MS (EI) 321 (h@. 46 %), 261 (18). 218 (7). 185 (76). 166 (15). 150 (18). 136 (100). 128 (22). 120 (14). 106 (63). 99 (22), 
90 (29). 78 (40), 66 (17). 56 (23). 42 (27). 28 (83) 

ReactIon of m 
A mixture of 53 5 mg (0 2 mmol) of la and 910 mg of 4e m 10 ml of benzene was refluxed under Ar for 7 days After coolmg to 
room temperature the solvent was evaporated and the residue was puntied by flash chromatography (S102, CH2C12/EtOAc 50 50, 
yieldmg 14 8 mg (48 %) of 3a 

Reactmn of la with 5a 
A mixture of 53 5 mg (0 2 mmol) of la and 127 mg of 5a m 10 ml of benzene was reflexed under Ar for 7 days After coohng tc 
mom temperature the solvent was evaporated and the residue was punkd by flash chromatography (SlG2, CH2C12/EtGAc 50 50, 
yleldmg 16 2 mg (53 %) of 3a 
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