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N U C L E O S I D E S  & N U C L E O T I D E S ,  2(1) , 81-90 (1983) 

MECHANISMS OF FORMATION OF CYCLIC UREA NUCLEOSIDES. 
2. DIRECT N-GLYCOSYLATION VERSUS 0- TO N-TRANSGLYCOSYLATIOY. 

V i c t o r  E. Marquez 

Drug Design and Chemistry Sec t i on  

Developmental Therapeut ics  Program 
D i v i s i o n  o f  Cancer Treatment 

Na t iona l  Cancer I n s t i t u t e  
Na t iona l  I n s t i t u t e s  o f  Hea l th  

Rethesda , Maryland 20205 

Labora to ry  o f  Med ic ina l  Chemi s t r y  and B i  o l  ogy 

Abs t rac t  - C y c l i c ,  sa tu ra ted  urea nuc leos ides ,  can be formed e i t h e r  by a 
d i r e c t  N -g l ycosy la t i on  mechanism or by an i n t e r m o l e c u l a r  0- t o  N-trans- 
g l y c o s y l a t i o n  process i n  t h e  presence o f  a m i l d  Lewis a c i d  c a t a l y s t  such 
as (CH3)3SiS02CF3(TMSOTf). The mechan is t i c  p re fe rence i s  c o n t p o l l e d  by 
t h e  t ype  o f  i n t e r a c t i o n  between t h e  p e r s i l y l a t e d  ureas ( la,b) -- and TMSOTf 
which appears t o  be so l  ven t  dependent. P rev ious l y  made t e t r a m e t h y l  eneu- 
rea  0-nucleoside (7b) rearranged very  e f f i c i e n t l y  (86%) t o  t h e  correspon- 
d i n g  N-nucleoside - i n  t h e  presence o f  TMSOTf. 

Cyc l i c ,  s a t u r a t e d  urea nuc leos ides ,  have been prepared i n  our l aho ra -  
t o r y  by a mercury -ca ta lyzed condensat ion reac t ion .1  The success o f  t h e  

syn thes i s  depended on t h e  c r i t i c a l  i n t e r a c t i o n  between t h e  N ,N-b i s ( t r i -  

m e t h y l s i l y l )  u rea  and t h e  mercur ic  ox ide  c a t a l y s t .  Th i s  r e a c t i o n  was 

shown t o  proceed th rough t h e  i n i t i a l  f o rma t ion  o f  an i n t e r m e d i a t e  O-nucle- 
os ide  which rearranged t o  t h e  d e s i r e d  N-nucleoside by an i n t e r m o l e c u l a r  
mechanism.1 For t h i s  reason, t h e  o v e r a l l  y i e l d  of t h e  N-nucleoside was 
ve ry  much dependent on t h e  e f f i c i e n c y  o f  t h e  i n t e r m o l e c u l a r  0 + N i n t e r -  

conversion. It was expedient,  t he re fo re ,  t o  search for  o t h e r  c a t a l y s t s  
that  would e i t h e r  l ead  t o  t h e  N-nucleoside d i r e c t l y  or i nc rease  t h e  

e f f i c i e n c y  o f  t h e  0 + N i n te rconvers ion .  

Copyright 0 1983 by Marcel Dekker, Inc. 
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82 MARQUE2 

Resul t s  and D iscuss ion  
Dur ing  t h e  i n i t i a l  s t u d i e s  i t  was observed t h a t  SnC14 d i d  no t  per -  

form w e l l  as a c a t a l y s t  f o r  t h e  g l y c o s y l a t i o n  o f  c y c l i c ,  s a t u r a t e d  ureas. 

It was r a t i o n a l i z e d  t h a t  SnCl4 p o s s i b l y  l e d  t o  t h e  fo rma t ion  o f  a s t r o n g  
and non-d issoc iab le  complex w i t h  t h e  p e r s i l y l a t e d  urea (l-) t h a t  was incap-  

ab le  o f  r e a c t l n g  f u r t h e r  (i.e., - -  s t r u c t u r e  - 4). The fo rma t ion  o f  u- 

compl exes hetween SnCl4 and s i  l y l  a t e d  u r a c i  1 s has heen documented p r e -  

v iously.2 Rased on t h e  assumption t h a t  a weaker Lewis a c i d  c a t a l y s t  
would produce a more d i s s o c i a b l e  complex, t h e  r e a c t i o n  was s t u d i e d  w i t h  

(CH3)3SiS02CF3 (TMSOTf). Because TMSOTf i s  i n  a d d i t i o n  a power fu l  

s i l y l a t i n g  reagent i t  was expected t o  i n t e r a c t  w i t h  1 i n  t h e  manner 
i n d i c a t e d  t o  produce a N,O-bis(trirnethylsily1) urea ( 2 )  - capable o f  fo rming  

t h e  N-nucleoside d i r e c t l y  as i n  a convent iona l  H i lber t -Johnson r e a c t i o n  

(pa th  a).2 An a d d i t i o n a l  a t t r a c t i v e  f e a t u r e  o f  t h i s  c a t a l y s t  was i t s  
w e l l  proven e f f e c t i v e n e s s  i n  g l y c o s y l a t i o n  r e a c t i o n s  which a l lowed t h e  

use o f  c r y s t a l 1  i n e  2,3,5-tri-O-benzoyl-l-O-acetyl-8-D-ribofuranose (5) as 

t h e  s t a r t i n g  sugar reagent i n s t e a d  o f  t h e  uns tab le  halogeno ~ u g a r s . 2 , ~  

T 
(CH,), + TMSOTf 

Me,SiJ SiMe, 
\ 
co,ScF, 

la ,  n = 2  
b, n = 4  

Me,Si SiMe, 

Q9 
e03SCF, 

- \  M%Si- N 
0 &;J/""'n 

10 I 
CI,Sn SiMe, 

4a. n = 2  
b. n = 4  

-TMSOTf 

i 2a. n = 2  
b. n=4  

SiMa, 3a. n = 2  
b, n = 4  

It 
1a.b 

Before t h e  experiment was conducted t h e  i n t e r a c t i o n  between t h i s  
s o l u b l e  c a t a l y s t  and t h e  p e r s i l y l a t e d  ureas and 2 was s t u d i e d  by 
13C-NMR spectroscopy. As descr ibed e a r l i e r ,  t h e  13C-NMR spectrum of 
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CYCLIC UREA NUCLEOSIDES 83 

p e r s i l y l a t e d  e thy leneurea gave a s imp le  p a t t e r n  c o n s i s t e n t  w i t h  a 

N ,N-b i s ( t r ime thy l s i l y1 )  u rea  s t r u c t u r e  ( l a ) . 4  - S i m i l a r l y ,  as shown i n  

FIGIJRE l a ,  p e r s i l y l a t e d  te t ramethy lene  urea a l s o  gave a spectrum con- 

s i s t e n t  w i t h  a symmetric Y ,N-h i s ( t r ime thy l s i l y1 )  urea s t r u c t u r e  (Ib). 
A d d i t i o n  o f  0.3 equ iva len ts  o f  TMSOTf changed t h e  spectrum o f  - l b  so 
tha t  t h e  l i n e s  corresponding t o  t h e  carbon resonances o f  t h e  r i n g  

methylene groups appeared broadened (FIGURE l b ) .  When 1.1 equ iva-  
l e n t s  o f  TMSOTf were added, t h e  l i n e s  sharpened aga in  g i v i n g  r i s e  t o  a 
s e t  o f  f o u r  peaks. This was c o n s i s t e n t  w i t h  t h e  fo rma t ion  o f  a non-sym- 

m e t r i c a l  species o f  t h e  k i n d  represented  by s t r u c t u r e  - 2b (FIGURE l c ) .  

These changes were almost ins tan taneous and none o f  t h e  new resonances 
c o i n c l d e d  w i th  those o f  un t rea ted  - l b .  I n  a d d i t i o n ,  t h e  .carbony1 carbon 
resonance exper ienced an u p f i e l d  s h i f t  o f  7.54 ppm. A l l  these da ta  

suggested t h a t  t h e  spectrum corresponded t o  t h a t  o f  a s i n g l e  new spec ies  
(G) r a t h e r  than  t h a t  o f  a m i x t u r e  o f  2 and - 2b. 

I f  indeed t h e  new species formed was t h e  N,O-bis(trimethylsily1ated) 
urea (2b) - t h e  p o s s i b i l i t y  o f  genera t i ng  t h e  N-n iK leos ide  by a d i r e c t  d i s -  

placement on t h e  sugar was f e a s i b l e .  A sys temat ic  s tudy  o f  t h i s  r e a c t i o n  
was undertaken, and i t  i s  summarized i n  TARLE 1. 

Compound - l b  and TMSOTf were reac ted  under almost t h e  same c o n d i t i o n s  

as those used f o r  r e c o r d i n g  t h e  NMR spectrum. neu te ra ted  ch lo ro fo rm was 
rep laced by d i ch lo roe thane  and soon a f t e r  t h e  a d d i t i o n  o f  one e q u i v a l e n t  

o f  TMSOTf t o  t h e  p e r s i l y l a t e d  urea, t h e  1-0-acety l  sugar - 5 was added. 

Cons is ten t  w i t h  t h e  i n i t i a l  expec ta t i ons  o f  a d i r e c t  N -g l ycosy la t i on ,  no 
0-nuc leos ide  was observed a t  t h e  i n i t i a l  stages o f  t h e  reac t i on .  However, 

t h e  y i e l d  o f  t h e  des i red  N-nucleoside was o n l y  142 (TABLE 1, e n t r y  1). The 
r e a c t i o n  was ve ry  s l u g g i s h  and t h i s  a l lowed t h e  sugar t o  g r a d u a l l y  decom- 

pose i n  t h e  presence o f  t h e  Lewis a c i d  c a t a l y s t .  Use o f  excess c a t a l y s t  
was de t r imen ta l  and produced an even lower  y i e l d  o f  N-nucleoside. I n  

theory ,  each t i m e  t h e r e  i s  a & + - 2b convers ion  a new molecu le  o f  ca ta-  

l y s t  i s  regenerated, 

Under t h e  same cond i t i ons ,  t h e  r e a c t i o n  w i t h  la y i e l d e d  no produc t  
w i t h  t h e  excep t ion  o f  decomposed sugar by-products (TABLE 1, e n t r y  2). 

However, when t h e  temperature was r a i s e d  t o  600 f o r  1 h r ,  t h e  N-nucleoside 
- 6a formed and was t h e  o n l y  observable p roduc t  (TARLE 1, e n t r y  3). As 

seen i n  t h e  nex t  e n t r y  a temperature inc rease i n  t h e  r e a c t i o n  w i t h  
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t 

RO OR 

5 

I 
SiMe, 

la, n=2 
b. n=4 

L J 

TMSOTf 
RO 

RO OR 

6a. n=2 (16%) 
b, n=4 (14%) 

produced l i t t l e  change except f o r  t h e  reduc t i on  o f  t h e  o v e r a l l  r e a c t i o n  

t ime  (TABLE 1, e n t r y  4 ) .  

It was no t  s u r p r i s i n g  t h a t  - l a  r e q u i r e d  a h i g h e r  temperature t o  g i v e  

t h e  N-nucleoside - 6a. I n i t i a l l y ,  f rom NMR exper iments,  i t  was found t h a t  

a d d i t i o n  o f  TMSOTf caused no change i n  t h e  spectrum o f  - l a  when observed 

a t  room temperature. I f  one s tud ies  t h e  t r a n s f o r m a t i o n  o f  - l a  t o  - 2a and 

t h a t  o f  l b  t o  2h w i t h  t h e  a i d  o f  models, one sees t h a t  i n  t h e  l e s s  f l e x i -  

b l e  - l a  t h e r e  i s  g rea te r  crowding and s t e r i c  r e p u l s i o n  between t h e  N-tri- 
m e t h y l s i l y l  group and t h e  r i n g  methylene hydrogens brought  about by t h e  

change i n  h y b r i d i z a t i o n  o f  t h e  n l t r o g e n  i n  t h e  t r a n s i t i o n  s t a t e  f rom - l a  

t o  2a. On t h e  con t ra ry ,  t h e  more f l e x i b l e  seven-membered urea  accommo- 

dates these changes w i t h  a minimum o f  s t e r i c  r e p u l s i o n  t h a t  a l l ows  t h e  

r e a c t i o n  t o  occur a t  room temperature. 

I n  o rde r  t o  improve t h e  y i e l d s  o f  t h e  des i red  N-nucleoside, d l f f e r e n t  

so l ven ts  were s tud ied ,  More p o l a r  so l ven ts  such as CH3C.N (TARLE 1 ,  e n t r y  

5 )  induced decomposit ion w i t h  no ohservable p roduc t  fo rmat ion .  When 

l e s s  p o l a r  so l ven ts  such as benzene were used, t h e  r e a c t l o n  worked (TARLE 

1, e n t r i e s  6 and 7 ) ;  however, i n  t h i s  i ns tance  t h e  r e a c t i o n  was c l e a r l y  

proceeding v i a  a 0 * N t r a n s g l y c o s y l a t i o n  s ince  o n l y  t h e  0-nuc leos ide  - 7b 

was observed a t  t h e  i n i t i a l  stages o f  t h e  reac t i on .  Th is  r e a c t i o n  was 

a l s o  very  i n e f f i c i e n t  and gave almost equal amounts o f  0- and N-nucleo- 

s ides,  It i s  p o s s i b l e  t h a t  i n  t h i s  case t h e  i n t e r a c t i o n  between c a t a l y s t  

and p e r s i l y l a t e d  urea occur red  i n  a d i f f e r e n t  manner ( p o s s i b l y  th rough 

t h e  fo rma t ion  o f  I n te rmed ia tes  -- 3a,h). 

I n  v iew o f  t h e  f a c t  t h a t  under these cond i t i ons ,  t h e  sugar appeared 

t o  decompose f a s t e r  than it reac ted  w i t h  e i t h e r  form of t h e  s l l y l a t e d  

- -  
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CYCLIC UREA NUCLEOSIDES 87 

ureas, i t  was decided t o  i n v e s t i g a t e  t h e  t r a n s f o r m a t i o n  o f  t h e  O-nucleo- 

s i d e  - 7b, p r e v i o u s l y  made i n  519, y i e l d  by t h e  mercu r i c  ox ide  process, t o  

t h e  N-nucleoside - fib i n  t h e  presence o f  TMSnTf. As demonstrated p rev ious -  

l y  t h e  major  drawback o f  t h e  mercury-catalyzed r e a c t i o n  was t h e  r e l a t i v e  

i n e f f i c i e n c y  o f  HgRrZ t o  induce t h e  0 + N rearrangement.' Up t o  t h e  

i n t e r m e d i a t e  fo rma t ion  o f  t h e  O-nucleoside, however, t h e  r e a c t i o n  was 

f a i r l y  e f f i c i e n t  when performed i n  t h e  e x c l u s i v e  presence o f  y e l l o w  

mercu r i c  oxide.' Since SnC14 was incapab le  o f  i n d u c i n g  t h e  0 + N 

t r a n s g l y c o s y l a t i o n  when performed on t h e  s i l y l  a ted  O-nucleoside, l  t h e  

e f f e c t i v e n e s s  o f  a m i l d e r  Lewis a c i d  c a t a l y s t  was i n v e s t i g a t e d .  TMSOTf 

proved t o  be an e x c e l l e n t  c a t a l y s t  f o r  t h e  0 + N t r a n s g l y c o s y l a t i o n  

which was accomplished very  e f f i c i e n t l y  (86%) d u r i n g  t h e  course o f  3h 

a t  room temperature.  Th is  corresponded t o  an o v e r a l l  y i e l d  o f  44% f o r  

t h e  N-nucleoside - 6b. The O-nucleoside was r e q u i r e d  t o  be p e r s i l y l a t e d  

and a d d i t i o n a l  sugar - 5 was necessary t o  i n i t i a t e  t h e  i n t e r m o l e c u l a r  

reac t i on .  

RO OR 

7a. n = 2  
b, n=4 0 

I1 
R =  C-C,H, 

I n  summary, i t  can be concluded t h a t  N-nucleosides o f  c y c l i c ,  sa tu-  

r a t e d  urea  nuc leos ides  can a r i s e  v i a  two d i s t i n c t  mechanisms. I f  mercur- 

i c  c a t a l y s t s  a re  used, t h e  o n l y  observable p a t h  appears t o  be t h e  0 + N 

t r a n s g l y c o s y l a t i o n  mechanism.1 I n  t h e  presence o f  m i l d e r  Lewis a c i d  

c a t a l y s t s ,  such as TMSOTf, t h e  0 + N t r a n s g l y c o s y l a t i o n  mechanism s t i l l  

operates i n  benzene, w h i l e  a d i r e c t  N -g l ycosy la t i on  i s  almost e x c l u s i v e  

a l b e i t  i n e f f i c i e n t  i n  e i t h e r  d i ch lo roe thane  o r  methy lenech lor ide .  Th is  

l a t t e r  mechanism i s  e s s e n t i a l l y  t h e  same as t h a t  o f  t h e  m o d i f i e d  H i l b e r t -  

Johnson g l y c o s y l a t i o n  o f  a romat ic  ureas.2 The low y i e l d s  o f  t h e  above 

d i r e c t  d isplacement r e a c t i o n  may r e f l e c t  a d im in i shed  n u c l e o p h i l i c i t y  o f  
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t h e  n i t r o g e n  atom i n  -- 2a,b as compared t o  t h a t  o f  t h e i r  a romat ic  count-  
e r  par ts .  The m i l d e r  Lewis a c i d  c a t a l y s t  JMSDTf proved very  e f f e c t i v e  

i n  c o n v e r t i n g  p r e v i o u s l y  syn thes ized 0-nucleoside - 7b t o  t h e  d e s i r e d  

N-nucleoside - 6b. Th is  r e a c t i o n  proceeded by an i n t e r m o l e c u l a r  t r a n s g l y -  
c o s y l a t l o n  mechanism s i m i l a r  t o  t h a t  p r e v i o u s l y  descr ibed f o r  t h e  mer- 
c u r y  c a t a l y s t s . 1  

EXPERIMENTAL 

General Methods: Pro ton  NMR spec t ra  were determined on Var ian  T-60 o r  

HA-1DOD instruments.  13C-NMR spec t ra  were recorded on a Var ian  FT-80A 
spectrometer. Carbon NMR spec t ra  were run  a t  room temperature w i t h  a l l  
va lues  re fe renced t o  1% o f  added dioxane, which was 66.67 ppm r e l a t i v e  
t o  MeqSi. Columns f o r  chromatography were packed w i t h  s i l i c a  ge l  ( B i o - S i l  

A, 200-400 mesh, Bio-Rad Labora to r ies )  and e l u t e d  w i t h  m i x t u r e s  o f  e t h y l  

acetate-hexane. The methodology o f  S t i l l  -- e t  a1.,5 a l s o  known as f l a s h  
chromatography, was used throughout.  Th in - l aye r  s i l i c a  gel  p l a t e s  (250 

~JM) were purchased from Analtech,. Inc.  

General Procedure f o r  t h e  Condensation React ion o f  P e r s i l y l  a ted  C y c l i c  
Ureas ( la,b) w i t h  2,3,5-Tri-0-benzoyl-l-O-acetyl-8-D-ribofuranose ( 5 )  i n  

-- t h e  Presence o f  TMSOTf. To a suspension o f  t h e  c y c l i c  urea (3 mnol) 

s t i r r e d  i n  d ry  a c e t o n i t r i l e  ( d i s t i l l e d  over PzO5) a t  room temperature 

was added a s i x - f o l d  excess ( 5  9, 19 mmol) o f  b i s ( t r i m e t h y l s i l y 1 ) t r i -  
f luoracetamide (SSTFA). The m i x t u r e  was s t i r r e d  f o r  2 h r  a t  room tem- 

pe ra tu re ,  and t h e  excess o f  reagent and so l ven t  were removed i n  vacuo 

t o  l e a v e  a c l e a r  o i l .  The o i l y  p e r s i l y l a t e d  urea was d i s s o l v e d  i n  30 m l  

o f  t h e  r e a c t i o n  so lvent  (see TARLE 1) and t r e a t e d  immedia te ly  w i t h  0.6 
m l  (-3 mmol) of TMSOTf. A f t e r  2 minutes t h e  cor respond ing  amount 
o f  - 5 (3.17 mmol o r  6 mmol), as i n d i c a t e d  i n  TABLE 1, was added and t h e  
m i x t u r e  s t i r r e d  a t  t h e  i n d i c a t e d  temperature and t i m e  (TARLE 1). TLC 

observa t ions  were made a t  several  i n t e r v a l s  d u r i n g  t h e  f i r s t  hour and 
a t  t h e  end of t h e  reac t ion .  The r e a c t i o n  m i x t u r e  was e x t r a c t e d  w i t h  a 

sa tu ra ted  s o l u t i o n  o f  NaHCO3; t h e  o rgan ic  so l ven t  was then washed w i t h  
water  and d r i e d  over anhydrous MgS04. The s o l u t i o n  was reduced t o  ca. 
5 m l  and a p p l i e d  t o  a s i l i c a  ge l  column. E l u t f o n  o f  t h e  column was per-  
formed with e t h y l  acetate-hexane (3:2). I n  t h i s  s o l v e n t  system bo th  0- 
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nuc leos ides  and N-nucleosides e l u t e  as a s i n g l e  band which was e a s i l y  

separable f rom t h e  r e s t  o f  t h e  fas te r -mov ing  unreacted sugar d e r i v a t i v e s .  

I n  those ins tances  where m ix tu res  were ob ta ined (TABLE 1, e n t r i e s  6 and 7 )  

a TLC system c o n s i s t i n g  o f  a 4% methanol s o l u t i o n  i n  methylene c h l o r i d e  

a l lowed f o r  easy separa t i on  o f  t h e  two spots (TABLE 1).  The r e l a t i v e  

y i e l d s  were es t imated  from i n t e g r a t i o n  o f  t h e  NMR s i g n a l s  cor respond ing  

t o  t h e  anomeric p ro tons  o f  each isomer as repo r ted  p rev ious l y .1  When a 

s i n g l e  p roduc t  was v i sua lzed  i n  t h e  methanol-methylene c h l o r i d e  system, 

i t  was i s o l a t e d  as a s o l i d  foam. The NMR, and o t h e r  p h y s i c a l  p r o p e r t i e s  

o f  - -  6a, 6b and - 7b agreed w i t h  those r e p o r t e d  e a r l i e r . l , 4  

Conversion o f  t h e  0-Nucleoside 7b t o  t h e  Corresponding N-Nucleoside 6b - i n  

t h e  Presence o f  TMSnTf. - The 0-nuc leos ide  - 7 b l  (0.3 g, 0.53 mmol) was s i l y -  

l a t e d  i n  CH3CN ( 3  m l )  w i t h  1.5 m l  o f  BSTFA f o r  1 hr a t  room temperature.  

The so l ven t  and excess reagent were removed i n  vaciio and t h e  remaining 

semiso l i d  d i s s o l v e d  i n  15 m l  o f  1,2-dichloroethane. The s o l u t i o n  was 

coo led  t o  OOC and TMSOTf (0.2 m l )  and - 5 (0.25 g, 0.5 mmol) were added. 

The m i x t u r e  was s t i r r e d  a t  OOC f o r  1 h r  d u r i n g  which t i m e  very  l i t t l e  

0 + N convers ion  was observed on TLC. A f t e r  l e t t i n g  t h e  temperature 

g r a d u a l l y  r i s e  t o  room temperature t h e  0 + N i n t e r c o n v e r s i o n  was f a s t e r  

and t o t a l l y  completed a f t e r  3 hr.  A f t e r  a s i m i l a r  workup, as p r e v i o u s l y  

descr ibed, and us ing  f l a s h  chromatography (column l e n g t h  150 mm, d iameter  

l~mm), 0.2611 g (864;) o f  pure  N-nucleoside - 6b was i s o l a t e d .  
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