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The thionation of a p ro tec ted  uridine with the aid of P2S5 has given the cor responding  4- 
thiouridine de r iva t ives ,  which have been phosphoryla ted  at  the 5' o r  the 2, (3 ')hydroxyl.  
On being heated in aqueous pyr idine solution with liquid hydrogen sulfide, cytidine phos-  
phates a lso  f o r m  4- thiour idine phosphates .  4-Thiour id ine  2 , ,3 , -cyc lophosphate  has been 
obtained. 

Among the minor  components  of some  tRNAs have been found nucleotides containing sulfur  in a p y r -  
imidine o r p u r i n e  base  [1-3]. In addition to this ,  nucleosides  and nucleotides modified in the base  a r e  con- 
venient  ins t ruments  for  the study of var ious  enzymes .  In view of this ,  it appea r s  impor tan t  and of in te res t  
to synthes ize  4- th iour id ine  and its phosphate e s t e r s .  

A v e r y  widespread  method of introducing a thione group into posit ion 4 of a pyr imid ine  nucleus of a 
nucleoside is thionation of the nucleoside with phosphorus pentasulf ide [4-6]. This method has also been 
extended to nucleotides [7]. However,  a defect  of d i rec t  thionation is the neces s i t y  for  protect ing the sugar  
pa r t  of the molecule  of the nucleoside.  An ethanotic solution of sodium hydrogen sulfide has been used for  
the thionation of 2 ' , 4 - d i - O - m e t h y l u r i d i n e  [8], but the p repa ra t ion  of the initial compound in this synthes is  is 
again  assoc ia ted  with the neces s i ty  for  protec t ing  the r ibose  hydroxyls .  An easy  r e p l a c e m e n t  of the amino 
group in some  nuc leo -bases  by a thione group with the aid of liquid hydrogen sulfide in aqueous pyridine 
solutions has r ecen t ly  been r epo r t ed  [9]. 
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The present  paper is devoted to a comparat ive  study of var ious methods of obtaining 4-thiouridine 
and its derivat ives.  According to the f i r s t  method (see [4, 5]), benzoylated uridine (I) was thionated with 
phosphorus pentasulfide in boiling pyridine.  The thio der ivat ive  (H) obtained was debenzoylated with a 
methanolic solution of sodium methoxide, and the thiouridine (III) was phosphorylated by Scheit 's  meth- 
od [10]. 

In the second case,  acid- and alkal i - labi le  protect ive  groups for the hydroxy group of the r ibose  par t  
of the molecule of the nucleoside were  used. In this way, unambiguous phosphorylation was subsequently 
achieved. 

After  t rea tment  with 2,2-diethoxypropane in acetone in the p resence  of acid catalysts  (p-toluenesul-  
fonic acid), uridine gave 2 ' ,3 ' -O- isopropyl ideneur id ine .  The lat ter  was acetylated with acet ic  anhydride in 
pyridine.  On thionation with phosphorus pentasulfide in pyridine [11], the 5 '-  O-ace ty l -2 , ,3 , -O- i sopropyl i -  
deneuridine (IV) gave the protected thio compound (V). The acetyl  protect ion was el iminated by t reat ing (V) 
with aqueous ammonia  in dioxane, and compound (VI) was obtained with a yield of 53%. Heating (V) in 50% 
acet ic  acid gave an 88% yield of (VII). An ex t remely  convenient method for  the purif icat ion of compounds 
(III and V-VID is chromatography on columns of si l ica.  

The thio der ivat ives  of uridine (VI} and (VII) were  phosphorylated by Scheit 's  method with f l-cyano- 
ethyl phosphate, using N,N'-dicyclohexylcarbodi imide as condensing agent. 

Good resu l t s  a re  given by the thionation of cytidine der ivat ives  with liquid hydrogen sulfide in 
aqueous pyridine solution [9]. By this method, cytidine itself,  cytidine 5,-phosphate (VIII) and cytidine 
2, (3')-phosphate (IX)were conver ted into the corresponding der ivat ives  of 4-thiouridine.  
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4-Thiour idine  2 ' ,3 , -cyclophosphate  (X) was obtained in good yield f rom 4-thiouridine 2, (3,)-phosphate 
(XI) in the p resence  of dicyclohexylcarbodi imide in d imethylformamide solution. 

We obtained the 4- thiouridine 5 ' - t r iphosphate  (XIII) n ece s sa ry  for study in various enzyme sys tems 
by th ree  methods. If cytidine 5 , - t r iphosphate  (XIV) is t r ea ted  with liquid hydrogen sulfide in aqueous pyr i -  
dine solution, under the reac t ion  conditions the t r iphosphate undergoes degradation and the yield of the 
requ i red  product is negligible. The o ther  two methods consis t  in the reac t ion  of 4- thiouridine 5 ' -phos-  
phate (XII) with di( ter t-butylammonium) pyrophosphate in the p resence  of carbonyldi imidazole or  suifinyl- 
di imidazole as condensing agent. The use of sulfinyldiimidazole is p r e f e r a b l e -  it is convenient to handle, 
the reac t ion  with it is conpleted more  rapidly,  and the yield of t r iphosphate  is higher.  

E X P E R I M E N T A L  

The UV spec t ra  were  taken on a Specord UV-VIS spec t rophotometer  and the PMR spec t ra  on a Hi- 
tachi  R-20A spec t rome te r  with a working f requency of 60 MHz. 
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4-Thiour id ine  {III) was  obtained by a published method [5]. Yield 41%, mp 136-137~ UV spe c t ru m 
(pH 7) : k max  331 nm (e 22,600). According to the l i t e ra tu re  [5], mp 135-138~ 

5 ' - O - A c e t y l - 2 ' , 3 ' - O - i s o p r o p y l i d e n e u r i d i n e  (IV). To a solution of 4 g (14 mmoles)  of 2 ' , 3 ' - O - i s o -  
propyl ideneur id ine  in 30 ml  of absolute  pyridine was added 3.3 ml of f r e sh ly  dist i l led acet ic  anhydride,  and 
the mix tu re  was left at  r o o m  t e m p e r a t u r e  fo r  20 h. Then 15 ml  of absolute  methanol  was added and the 
resu l t ing  mix tu re  was kept for  1 h 30 rain and was evapora ted  to d ryness .  The reac t ion  products  we re  
used for  thionation without purif icat ion.  

5 ' -  O-Ace ty l -2 ' , 3 , -  O- i sopropyl idene-4- th iour id ine  (V). To a s t i r r e d  boiling suspension of (IV) (14 
mmoles )  and 7.9 g (28 mmoles )  of phosphorus pentasulf ide in 150 ml  of absolute  pyridine was added 1.4 ml  
of wa t e r  dropwise  and v e r y  s lowly (5 h), and the resul t ing  mix tu re  was left  overnight .  Then it was evap-  
o ra ted  to d rynes s  and the r e s idue  was t r ea t ed  with 100 g of c rushed  ice and a f t e r  1 h 30 min it was ex- 
t r a c t ed  with ch lo roform.  The ex t rac t  was dr ied with magnes ium sulfate  and evapora ted ,  and the res idue  
was dissolved in the min imum volume of ch lo ro fo rm and ch romatographed  on a column of s i l i ca  (200 g) 
with elution by ch lo roform.  Yield 4.2 g (87%), mp 143-144~ (from isopropanol) [11]. VV s p e c t r u m  (pH 7): 
k m a  x 329 nm (~ 18,700). PMR spec t rum* (CCI4) , 6, ppm: 7.50 (d, Js,~ = 14 Hz, 6-H); 7.38 (d, Js,~ = 14 Hz, 
5-H); 6.58 (s, I ' - H ) ;  6.08 (m, 2 ' - ,  3 ' - ,  and 4 ' -H);  5.35 (s, 5'-CH2); and 3.17, 2.68, and 2,48 (three s,  CH3). 

2 ' , 3 ' - O - I s o p r o p y l i d e n e - 4 - t h i o u r i d i n e  (VI). A solution of 1.7 g (5 mmoles)  of (V) in 50 ml  of a mix-  
tu re  of 12% aqueous am m on i a  and dioxane (1 : 1) was s t i r r e d  at  r o o m  t e m p e r a t u r e  for  16 h. Then the r e a c -  
t ion mix ture  was evapora ted  and t r a c e s  of wa te r  we re  e l iminated by dis t i l la t ion with ethanol and benzene,  
and the r e s idue  was r e c r y s t a l l i z e d  f r o m  isopropanol .  Yield 0.8 g (53%), mp 181-182~ (according to the 
l i t e r a tu re  [11], mp 184~ UV s p e c t r u m  (pH 7): k m a  x 330 nm (~ 21,000). 

5 ' -O-Ace ty l -4 - th iou r id ine  (VII). A solution of 0.1 g (0.3 mmole)  of (V) in 30 ml  of 50% ace t ic  acid 
was heated at 70~ fo r  2 h. The solution was evapora ted  to d ryness  and was r e e v a p o r a t e d  with wa te r  and 
ethanol, and the r e s idue  was dissolved in a mix tu re  of ch lo ro form and methanol .  This  solution was de- 
posi ted on a column containing 50 ml  of s i l ica ,  the column was washed with ch loroform,  and ch roma tog raphy  
was p e r f o r m e d  with 5% of methanol  in ch lo roform.  The f rac t ions  containing the (VII) we re  combined and 
evapora ted  in d ryness .  Yield 0.08 g (88%), mp 143-145~ (from isopropanol) .  UV spec t rum (in methanol):  
kma x 332 nm (~ 19,000). PMR spectrum (in D20) , 5, ppm: 7.61 (d, Js,~ = 6 Hz, 6-H); 6.56 (d, J5,6 = 6 Hz, 
5-H); 5.85 (d, Ji,,2, = 6 Hz, I'-H); 4.37 (d, 5'-CH2); 4.33 (m, 2'-, 3'-, and 4'-H); 2.18 (s, CH3CO). 

4-Thiouridine 5'-Phosphate (XII). A. A mixture of 100 mg (0.33 mmole) of 2',3'-O-isopropylidene- 
4-thiouridine and 1 ml of a i M solution of fl-cyanoethyl phosphate was dried by distillation with absolute 
pyridine (3 x 10 ml), the residue was dissolved in i0 ml of absolute pyridine, 0.68 g (3.3 mmoles) of dicy- 
clohexylcarbodiimide was added, and the mixture was stirred at room temperature without the access of 
atmospheric moisture for 2.5 days. Then 20 ml of water was added, and after stirring for 1 h the pre- 
cipitate was filtered off and was washed with 20 ml of 50% pyridine. The filtrate and the wash waters were 
combined, extracted with cyclohexane (2 x 20 ml), and evaporated. The residue was evaporated with water 
(3 x 10 ml). The residual oil was dissolved in 20 rnl of 50% acetic acid and the mixture was heated at 
100~ for 45 rain and was then evaporated with water (3 x I0 ml). The residue was dissolved in I0 ml of 
I N KOH and the solution was heated at 100~ for 15 rain. After cooling, it was filtered and the filtrate 
was passed through a column containing 50 ml of Dowex-50 resin (H + form), the eluent being collected in 
i0 ml of dilute (I :i0) ammonia. The solution was evaporated to half-volume and deposited on a column 
containing 250 ml of DEAE-cellulose equilibrated with 0.05 M NH4HCO 3. Chromatography was carried out 
with NH4HCO 3 (linear gradient from 0.05 to 0.3 M; total volume 5 liters). The fractions containing the 
(XII) were combined, evaporated to small volume, and freeze-dried. Yield 55 mg (46%). 

B. A solution of 0.4 g (1.1 mmole) of cytidine 5'-(disodium phosphate) in 5 ml of water, 5 ml of pyri- 
dine, and i0 ml of liquid hydrogen sulfide was heated in an autoclave at 60~ for 45 h. The reaction mix- 
ture was evapora ted ,  the r e s idue  was t r ea t ed  with wa te r ,  and the mix tu re  was f i l te red .  The f i l t r a te  was 
evapora ted  to sma l l  volume and the 4- th iour id ine  5 ' - (d i sod ium phosphate) was prec ip i ta ted  by the addition 
of an excess  of absolute  ethanol.  Yield 0.3 g (71%). UV spec t r a :  0.1 N H C I -  Xma x 333 nm ($ 22,300); 
pH 7 -  ~-max 333 nm (e 21,900); 0.1 N K O H -  k m a  x 319 nm (e 18,700) (see [9]). lOMR s p e c t r u m  (in D20), 
6, ppm: 7.98 (d, J5,6 = 12 Hz, 6-H); 6.69 (d, J5,6 = 12 Hz, 5-H); 5.97 (d, J l ' , 2 '  = 3 .8  Hz, I ' - H ) ;  4.38 (s, 5- 
CH2); and 4.43, 4.28, and 4.00 (m, 2 ' - ,  3 ' - ,  and 4 ' -H) .  

*Abbrev ia t ions  he re  and below: s) singlet;  d) doublet; m) mult iplet .  

919 



4-Thiouridine 2, (3,)-phosphate (XI) was obtained by method A descr ibed for  (XII) f rom 100 mg (0.33 
mmoles) of (VII), 1 ml of a 1 M solution of fl-cyanoethyl phosphate, and 0.68 g of dicyclohexylcarbodiimide 
with the omiss ion of the stage of the hydrolysis  by acetic acid. Yield 42.6 mg (36%). 

B. A solution of 0.5 g (1.4 mmole) of the sodium salt  of cytidine 2' (3,)-phosphate in 5 ml of water ,  5 
ml of pyridine, and 10 ml of liquid hydrogen sulfide was heated in an autoclave at 60~ for 41 h. Then the 
react ion mixture was evaporated, the res idue  was t reated with water ,  and the mixture was fi l tered.  The 
f i l t rate  was evaporated to small  volume, and an excess of absolute ethanol was added. This gave 0.52 g 
(96%) of the sodium salt  of 4-thiouridine 2 ' (3 ' ) -phosphate.  UV spect ra :  0.1 N H C 1 -  •max 330 nm (~ 
19,800); pH 7 - Ama x 330 nm (~ 20,000); 0.1 N K O H -  Xmax 317 nm (e 17,900) (see [6]). PMR spect rum 
(in D20) , 6, ppm: 7.78, 7.70 (two d, J5 s = 10 Hz, 6-H); 6.54 (d, J5,6 = 10 Hz, 5-H); and 5.95 (two d, J l ' , 2 '  = 6 
Hz for  the 2 ' -phosphate  and 3 Hz for  the 3 '-phosphate) .  

4-Thiouridine 2 ' ,3 , -Cyclophosphate  (X). F resh ly  prepared  4-thiouridine 2, (3')-phosphate (from 240 
mg of the disodium salt) was dried by distillation with absolute DMFA and was then dissolved in 20 ml of 
DMFA, and 800 mg of dicyclohexylcarbodiimide was added. The solution was s t i r r ed  at room tempera tu re  
without the access  of a tmospher ic  moisture .  After  30 min, the precipitate that had deposited was f i l tered 
off and washed with water .  The pH was brought to 7.5 by the addition of 0.1 N caustic soda and the mixture 
was evaporated. The residue was dried by evaporation with absolute pyridine and was then dissolved in 
the minimum volume of pyridine, and the solution was t rea ted  with an excess of ether.  The resul t ing 
c rys ta l s  were  f i l tered off and washed with ether.  Yield 175 mg (90%). UV spect ra :  0.1 N H C 1 -  Xma x 
330 nm (e 20,800); pH 7 - kma  x 330 nm (~ 20,600); 0.1 N KOH - k m a  x 318 nm (e 18,800). PMR spect rum 
(in D20) , 6, ppm: 7.60 (d, J5 s = 10 Hz, 6-H); 6.58 (d, Js,s = 10 Hz, 5-H); and 5.95 (d, Jl ' ,2 '  = 3 Hz, I ' - H ) .  

4-Thiouridine 5 ' -Tr iphosphate  (XIII). A. The ammonium salt  of 4-thiouridine 5,-phosphate (50 mg; 
0.14 mmole) was passed through a column containing 50 ml of Dowex-50 res in  (pyridinium form) and was 
eluted with water  (50 ml). The eluent was evaporated to dryness .  The res idue  was dissolved in 4 ml of 
50% pyridine, 0.034 ml of t r ibutylamine was added, and the mixture  was evaporated and was reevapora ted  
with absolute pyridine and then with absolute DMFA. The res idue  was dissolved in 2 ml of DMFA, 69.7 
mg (0.43 mmole) of carbonyldiimidazole was added, and the mixture was s t i r red  for 2 h. Then 0.57 
mmole  of methanol was added and s t i r r ing  was continued for  another 30 rain. After  this, a solution of 0.7 
mmole  of t r ibutylammonium pyrophosphate in 7.15 ml of DMFA was added to the react ion mixture and it 
was s t i r r ed  at room tempera tu re  for  20 h. The precipitate was f i l tered off and was washed with DMFA and 
methanol, the f i l t rate was evaporated to dryness ,  the resul t ing res idue was dissolved in 10 ml of water ,  
the solution was fi l tered,  the f i l t rate was diluted to 100 ml with a 0.1 M solution of NH4HCO 3 and was de- 
posited on a column of DEAE-cel lulose  (500 ml) and eluted with NH4HCO 3 (linear gradient  f rom 0.15 to 
0.35 M, total volume 5 l i ters) .  This gave 41.7 mg (53%) of the tr iphosphate (XIII). 

B. A solution of 0.14 mmole of the t r ibutylammonium salt  of 4-thiouridine 5 ' -phosphate,  obtained as 
descr ibed above, in 1 ml of DMFA was mixed at 20~ with a solution of 0.14 mmole of sulfinyldiimidazole 
(from 144 mg of imidazole and 0.038 ml of thionyl chloride in 4 ml of tetrahydrofuran) in 1 ml of DMFA. 
The mixture was s t i r red  at r o o m  tempera tu re  for 1 h, and then 0.57 mmole of methanol and 0.57 mmole of 
a solution of t r ibutylammonium pyrophosphate in 4 ml of DMFA were  added. The reac t ion  mixture was 
s t i r r ed  at room tempera tu re  for 3 h, the precipitate was f i l tered off and washed with a smal l  volume of 
DMFA, the f i l t rate  was evaporated, the res idue  was dissolved in a minimum amount of water ,  and the 
f i l tered solution was diluted to 100 ml with 0.1 M NH4HCO 3 solution and deposited on a column containing 
DEAE-cel lulose  and was chromatographed with NH4HCO 3 (linear gradient  f rom 0.15 to 0.35 M, total 
volume 5 li ters).  This gave 52.7 mg of (XIII) (67%). UV spec t rum (in water):  Xma x 333 nm (~ 21,000). 

Thionation of Cytidine 5 ' -Tr iphosphate .  A solution of 0.5 g (0.8 mmole) of cytidine 5 ' - t r iphosphate  
in 3.3 ml of pyridine, 6.6 ml of water ,  and 6.6 ml of liquid hydrogen sulfide was heated at 60~ for 40 h. 
After  evaporation, the res idue  was t reated with water ,  the solution was f i l tered and made up to 100 ml of 
with 0.1 M NH4HCO 3 solution and was then deposited on a column of DEAE-cel lulose  and was chromato-  
graphed with NH4HCO 3 (linear gradient  f rom 0.15 to 0.35 M; total volume 7 li ters).  The yield of 4- thiour i -  
dine monophosphate was 42%, of the diphosphate 46%, and of the tr iphosphate 12% {by UV spectroscopy) .  

The authors thank M. Ya. Karpeiskii  for  his constant in teres t  in the work and for valuable cr i t ical  
observat ions.  
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