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The synthesis of naturally occurring oligorihonucleotides 

still presents, despite many efforts made in the past, a tre- 

mendous challenge to organic chemists. The reason for the slow 

progress in the synthesis of RNA, in comparison with DNA, can 

be ascribed to the complexity and diversity of these compounds. 

DNA's lack the 2'- OH function and are, in most cases, polymers 

derived from four comnon d-nucleosides. These structural ele- 

ments highly facilitate, from a chemical point of view, the 

preparation of properly-protected d-nucleosides and the for- 

mation of 3'- 5' internucleotide phosphodiester honds. 

On the contrary, the presence of an additional 2'- OH group 

in ribonucleosides and the fact that RNA's, from natural ori- 

gin, not only contain the four comnon but also modified nu- 

cleosides make the synthesis of RNA very complex and elaho- 

rate. 

The aim of this review' is to show that most of the diffe- 

rent types of naturally occurring RNA can be synthesized 

exclusively v i a  phosphotriester intermediates. 

Therefore, in order to make the synthesis of RNA v i a  phos- 

photriester intermediates more accessible, it would be of 

prime importance to have at our disposal: 



I .  general and non timeconsuming procedures for the nrenaration 

of suitably-protected ribonucleosides(tides); 

2. efficient phosphorylating and activating agents which are 

necessary for the introduction of phosphotriester func- 

tions; 

3. selective deblocking procedures; 

4. rapid and reliable analytical methods to assess homoge- 

neity and structural proof of completely deblocked oli- 

goribonucleotides . 

1 .  Synthesis of protected ribonucleosides and ribonucleotides. 

1 . 1 .  Properly protected ribonucleosides. 

It now seems clear that for a systematic synthesis of oligoribonucleoti- 

des via the phosphatriester approach several types of building blocks (i, z, 
4 and 2 ) of each common ribonucleoside are required. -. 
The reason for this is that a proper combination of the above units allows 
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the extension of a growing nucleic acid chain in either the 5'- and/or the 3'- 

direction (Scheme I). Thus a combination of the non-terminal unit (2 )  and the 

terminal unit (I) gives via a two-step phosphorylation procedure a fully-pro- - 
tected diribanucleoside monophosphate ( i ) ,  which by selective removal of the 

base-labile group ( R ) ,  can be extended in the 5'- direction. 

Scheme 1 

HO OMTHP 

OMTHP 

5 

PO OR" 

Extension of a growing nucleic acid chain, in either the 5'- or 3'-direction, 

is only successful if the protecting groups, used for the blocking of the 5'- 

or 3'- OH function, can be removed selectively. The latter means that the pro- 

tecting group for the phosphodiester linkage should remain intact during this 

particular deblocking step. It is for this reason that we choose p-chlorophe- 

noxyacetyl as a protecting group for the 5'-hydroxyl function. Indeed, this 

group could be removed selectively in the presence of an aryl-protected phos- 

phodiester linkage. 

The nature of the acid-labile protecting groups - 4-methoxytetrahydropyra- 

nyl and methoxymethylidene - is such that they can be removed, at the final 

stage of the deblocking process, without isamerization of the 3'- 5' phospha- 

diester linkages. 
3 

Building block (2)  which bears a methoxyacetyl group at the 3'-position 
is, in principle, suitable to extend a growing nucleic acid chain (Scheme 1) 



in the 3'- direction. However, this protecting group is too stable to he removed 

selectively in the presence of suitably aryl-protecting groups for the phospho- 

diester linkages. Fortunately, however, the monoprotected unit (_3) can be used 

instead of building block (4) for the extension of a growing nucleic acid chain .. 
in the 3'- dire~tion.~ Although .he application of unit (3) eliminates an extra 
deblocking step, ii 25"-1.' h- yainted out that oligoribonucleotides prepared 

from this unit may contain small amounts of unnatural (3'-3')-internucleotide 

linkages. 

The importance of units (2) is also underlined by the fact that they are 
easily converted, by selective acylation ', into the very valuable non-ter- 
rninal building blocks (2). 

Therefore, we developed a general and conven'ient method for the synthesis 

of ribonucleoside-2'-acetals (3a-d) of all four &mon ribonucleosides (7a-d; - 
Scheme 2) 

I R C0j20 

0 0 0 0 
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Treatment of the ribonucleosides (7&d) with trimethyl orthopropionate 

[R'c(oM~)~: R'  = ~ t ] ,  gave the 2',3'-0-(metho~yprop~lidene~derivatives (8a-d) - 
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in excellent yields. The latter compounds were, without further purification, 

treated with methoxyacetic anhydride [(RCr))20 : R = -CH ~ ~ e j i n  dry pyridine 2 

to afford the fully-protected compounds (z) which, after hydrolysis with 

aqueous acetic acid, were converted into a mixture of the 3',5'-diesters (IOa-d) - 
and their 2',5'-isomers. Crystallization afforded the required 3',5'-diesters 

in 58-70% yield. Only in the case of the compounds (IOa) and (sd) was it neces- - 
sary to purify the products by chromatography before crystallization. In all 

cases, quantities of up to 15 g of each pure isomer (2) could easily be obtai- 
ned. 

It is noteworthy (see Section 1.2) that compounds (IOa-d) are also key inter- - 
mediates in the synthesis of 2'-0-diphenylphosphoryl-3'-0-pronionyl nucleosi- 

des (2). 
Acid (MSA) catalyzed acetalization of ( k d )  with 5,6-dihydro-4methoxy-2H- 

pyran afforded the fully-protected derivatives (5) which, without further 

purification by column chromatography, were treated with sodium methoxide to 

yield the required crystalline 2'-0-acetal derivatives (38-d) in good yields. - 
2 

Only compound (3d: B = N -benzoylguanin-9-yl) had to be purified, prior to crys- - 
8 

tallizatian, by short column chromatography . 
The usefulness of compounds (%d) is also demonstrated (see Section 1.2) in 

the synthesis of 2'-07nethoxytetrahydropyranyl-3'-O-diphenylphosphoryl nucleo- 

sides (2 ) .  
Convenient synthetic procedures for the preparation of building blocks (1, 2, * 

and 3 ), by similar methods as depicted in Scheme 2, are described in the lite- ," 
9,10,11 

rature . 
1.2. Properly-protected ribonucleosides bearing a masked ~hos~hate at the 3'- 

or 2'- position. 

In the preceding section convenient synthetic methods for the preparation of 

properly-protected ribonucleosides were described. These building blocks make 

it possible to synthesize RNA's with a defined sequence but without phosphate 



groups at the head (5'-end) or tail (3'-end). 

Recently, we introduced the monofunctional phosphorylating agent (12) and 

showed I2'l3 that this reagent, in the presence of the tertiary base (21, was 

very convenient for the introduction of a phosphate group at the 3'-, 2 ' -  or 2',3'- 

position of ribonucleosides or oligoribonucleotides. 

Thus when 2',5'-his-0-4=ethoxytetrahydrapyran-4-yluridine (z;R=U) was treated 

with a slight excess of diphenyl phosphorochloridate (2) in acetonitrile solu- 
tion, in the presence of 1-methylirnidazole (s), phosphorylation occurred readily 
at 20'~ and 2',5'-bis-0-4-methoxytetrahydropyran-4-yluridine-3'-diphenyl phosphate 

(14) was obtained in 60% yield. Rase hydrolysis of (14) - 0.1 Y-sodium hydroxide - 
in aqueous dioxan at 20'~ - gave 2',5'-bis-0-4-methoxytetrahydropyran-4-yluridine 

3'monophenyl phosphate in quantitative yield. Acid hydrolysis (0.01 N-IICl,pH 2) 

of the latter intermediate afforded uridine-3'7nonophenyl phosphate, which was 

quantitatively converted - aqueous 0.155 Y-ammonia - into uridine-2',3'-cyclic 

phosphate (17;R=U). 

Yield, % 

57 
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The above described phosphorylation procedure could also be used in the synthesis 

of the dirihonucleoside phosphate 2',3'-cyclic phosphate (19c;B=R1=U). Thus reac- - 
tion between the partially-protected diribonucleoside monophosphate (6;B=B'=U;R'=H; 

R=R9'=MTHP;Ar=2-C1C H ) and diphenyl phosphorachloridate (12) in the presence of 6 4 - 
(13) gave the corresponding 3'-diphenyl phosphate in 60% yield. Complete deblocking 

of the latter comDound, under the conditions as used for the 

~re~aration of (17;R=U), gave the required 2',3'-cyclic phos- - 
I I 

O+,O OH phate (2;B=B1=U) in virtually quantitative yield. 
HOXP\O 

'0' Despite the positive results obtained in the synthesis of the 2' ,3'-cyclic phosphate (?;B=U), we developed j4 a more 
UO OR" 

convenient procedure for the synthesis of 2',3'-cyclic phos- 
ZD 21 22 

B U U U A  phates of all four cormnon ribonucleosides. Thus phosphoryla- 
8 ' U  A C  G t" &' 
a1 R'= -PIOH R '; H tion of the easily accessible 3',5'-diesters (zd;Scheme 2) 

8 with diphenyl phosphorachloridate (2)  in the presence of 
bi R'=H.R-= -PIOH4 

(13) , followed hy selective 5'-deacylation (K2C03/WeOH), af- 
c, \ r,o - 

,P,OH 

forded the phosphotriester derivatives (2) of all four com- 
mon ribonucleosides ( B = u , c ~ ~ , A ~ ~  or G~') in good yields. Alkaline treatment (aqu- 

eous ammonia) of the nucleoside 2'-diphenyl phosphates (5) results in the forma- 
tion of the nucleoside 2',3'-cyclic phosphates (I7;B=U,C,A or G), which could be - 
isolated in overall good yields. 

The usefulness of the phosphotriester derivatives (E), which can be regarded as 
terminal nucleotide building blocks, is also demonstrated in the synthesis of the 

nucleotid~l-(3'- 5')-nucleoside-3'-phosphates UpUp ( % I ,  UpAp (%a), UpCp (21a) - 
and ApGp (22a). For instance, removal of the propionyl, phenyl and aryl groups - 
from the fully-protected dinucleoside diphosphate (6;B=Bt=U;R=THP;R"=diphenyl 

,% 

phosphate;R'=propionyl;Ar=2-C1C H ) ,  which was prepared by using the nucleotide 6 4 

unit (15;B=U) as the second component in a two-step phosphorylation procedure ".. 
(Scheme I), with aqueous ammonia afforded the 2',3'-cyclic intermediate (6;B=B'=U; .., 
R v R v v ~  -2 r ,3'-cyclic phosphate;R=THP;Ar=H). Incubation of the latter intermediate 



with pancreatic RNase gave crude 3'-phosphate (,$;B=R'=U;R=THP;R'=phosphate; 

R1'=H;Ar=H) which, after purification, was treated with aqueous hydrochloric 

acid to give pure UpUp (Ea) in 80% yield (based on the 2',3'-cyclic inter- 

mediate).In the same way, UpCp ($) was prepared in 86% yield. The other two 

dirihonucleoside diphosphates UpAp (20.3) and ApGp (22a) were obtained in good - - 
yields (81 and 62%, resoectively) by treatment of the corresponding partially- 

protected 2',3'-cyclic phosphate intermediates with T2 takadiastase fallowed 

by acid hydrolysis. Bowever, complete deprotection of the afore mentioned 

fully-protected dinucleoside diphosphate (,$;B=B'=II;R=THP;R"=diphenyl phos- 

phate;R'=prapionyl;Ar=2-C1C H ) with aqueous ammonia followed hy acid resul- 
6 4 

ced in the formation of a mixture of 2'- and 3'-phosphates of the dinucleo- 

side diphosphates (19a and 19h;B=B'=U). - - 
Another interesting application of the above described phosphorylation pro- 

cedure is the synthesis and smooth conversion l 5  of nucleoside-2'-acetal-3'- 

diphenyl phosphates (16) into the nucleoside-3',5'-cyclic phosphates (18) in - 
good overall yields. For instance, the uridine derivative (16;B=11) was prepa- 

A.. 

red (79% yield) by treatment of the 2'-acetal-5'-ester of uridine (5;B=U) with 
rn 

a slight excess of diphenyl phosphorochlaridate (21, in the presence of l-me- 

thylimidazole (21, followed by removal of the 5'-0-p-chlorophenoxyacetyl 

group with potassium carbonate in methanol. Treatment of (16;B=il) with an excess - 
of potassium t-butaxide indimethyl sulphoxide solution followed by mild 

acidic hydrolysis (pH 2, 0.01 N-HC1) afforded the unprotected uridine 3',5'- 

cyclic phosphate (s;B=U) in 90% yield, based on (16;B=U). - 
The general usefulness of the present approach to the synthesis of nucleo- 

side 3',5'-cyclic phosphates was demonstrated by the preparation of the bio- 

6 6 
logically-important adenosine compounds (18;8=A;mlA or m2A, respectively). - 
Thus the crystalline 2'-0-methoxytetrahydropyranyl-3'-0-diohenyl phosphate 

6 6 6 6 .  an 
esters of N -p-anisoyl-, N -methyl- and N ,N -dmethyladenosine (Z;B=A , 
6 6 m A or m A) were obtained in 65, 70 and 71% yield, respectively, from the I 2 
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an 6 6 
appropriate 2'-acetal-5'-esters (5;B-A ,m A or m A) The phosnhatriesters 

r., I 2 .  
6 6 

( 1 6 ; ~ = ~ ~ " , m ~ A  or m A) were converted into the correspondinp, 3',5'-cyclic - 2 
an 6 6 

nucleotides (18;B=A ,mlA or m A) which were then isolated in 82, 90 and 
...% 2 

80% yields, respectively. Adenosine 3',5'-cyclic phosghate (18;B=A) itself - 
6 an 

was obtained by treating its N -p-anisayl derivative (18;B=A ) with aqu- - 
eous ammonia. 

1.3. Properly-protected ribonucleosides bearing a masked phosphate at the 

5'-position. 

For the introduction of phosphate groups at the 5'-position of partially- 

protected ribonucleosides or nucleic acids vio phosohotriester intermediates 

we developed I4'l6 the monofunctional phosphorylating agents (233-e and 
"Iclv* 

24a-b). The latter aryl or alkyl phosphoroamidochlori~lates  are readily avai- 

lable and stable crystalline compounds and are, furthermore, effective 

phosphorylating agents. 

a A r =  $ H 5: R C H  ~ 
,? RL -H 

b .Arc  2.'-C 
%"3; 

RW; e H 2 p c % r ,  

Aryl or alkyl phosphoroamidochloridates  may readily be prepared by treating 

17 . 
aryl or alkyl phosphorochloridates wlth two molecular equivalents of the 

appropriate amines in ether solution. In this way we prepared: four crystalline 



aryl phosphorocyclohexylamidochloridates ( E d )  in yields of 80% or more; one 

aryl methoxyalkylamidochloridate (23e) which was obtained as an oil in 80% yield; - 
one aryl phosphoromorpholidochloridate (24a) and one alkyl phosphoromorpholido- - 
chloridate (zb), both were obtained as crystalline ComDounds in yields of 80%. 

All of the above obtained aryl or alkyl phosphoramidochloridates were found to 

be effective phosphorylating agents. Thus treatment of 2',3'-O-methoxymethylene- 

uridine (I,B=U) with a twofold excess of phenyl, o-chlorophenyl or 2,4-dichloro- ,. 
phenyl phosphorocyclohexylamidochloridate (23a, z b ,  2& or 23e), in the presence - - 
of l-methylimidazole (l3), gave the corresponding 2',3'-Omethoxymethyleneuri- - 
dine-5'-aryl phosphoramidates (25;B=U) in overall yields of 88%. Jn the same way: * 
high yields of products (respectively, 25;~=~~";~r=2,4-~1 C H ;R=-C6HI, and 2;  - 2 6 3  

4 B = c ~ ~ ; A ~ = z , ~ - c ~  C H ;R=-C H ) were obtained, when N -anisayl-2',3'-Omethoxy- 2 6 3  6 l l  
an 6 methylenecytidine (l;B=C ) and N -anisoyl-2',3'-0-methoxymethyleneadenosine 

(I ; B = A ~ ~ )  were phosphorylated with 2,4-dichlorophenyl phosphorocyclohexylamido- ", 

chloridate (zb). Furthermore, the aryl and alkyl phosphoramidates displayed a 

high degree of regioselectivity. Thus phosphorylation of 2'-0-methoxytetrahy- 

dropyranyluridine (3;B=U) with both (E) and (%) gave crystalline (2) and - 
(26b) in 60 and 50% yield, respectively. The tribromoethyl phosphoromorpholi- - 

6 dates of the three modified nucleosides of adenosine (27a;B=iPA; 27h;B=m A and - nv* 2 
6 

27c;B=mlA) were prepared by allowing the corresponding modified nucleostdes and - 
2,2,2-tribromoethyl phosphoromorpholidochloridate (24h) to react together in 

dry pyridine at 20'~. The required phosphotriesters (27a-c) could be isolated - 
as colourless solids in 75-80% yield. 

Complete de~rotection of nucleoside aryl phosphormidates (25) and (26) was - 
performed by treating these nucleoside phosphotriester derivatives with 0.1 Y- 

sodium hydroxide in aqueous dioxan (4:l,v/v) at 20'~ followed by acid hydrolysis 

(0.01 N-HC1, pH 2) at 20'~. 

In all cases, alkaline hydrolysis of the nucleoside 5'-aryl phosphoramidates 

(2 and 2) led, although with different rates, to the formation of the corres- 
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ponding nucleoside 5'-phosphoramidates which could be isolated in virtually 

quantitative yield. Acid hydrolysis of the thus obtained 5'-phaspharocyclo- 

hexylamidates and 5'-phosphoromorpholidates afforded the nucleoside 5'-phos- 

phates as the sole nucleotide product. The half-times of acid hydrolysis of 

these two phosphoramidates were found to be 516 and 10 min, respectively. 

However, the relatively slow acidic hydrolysis rate of nucleoside phosphoro- 

clyclohexylamidates was not especially disadvantageous. Thus uridine, cyti- 

dine and adenosine 5'-phosphates were readily obtained in virtually quanti- 

an an tative yields from their respective precursors (25;R=U, C or A , respec- 
nn, 

tively) and uridine 5'-phosphate was also obtained in high yield by acidic 

treatment of the alkaline hydrolysis products of the above described 2'-0- 

methoxytetrahydropyranyluridine 5'-aryl phosphoramidates (26a-b) . - 
The monophosphorylating agents (23a) and (zd) showed also to be very sui- 

A.., 

table for the introduction of terminal 5'- 

phosphate groups in the phasnhotriester ap- 

proach to oligonucleotide synthesis. For in- 

stance, the oartially-orotected uridylyl- 

(3'-5')-uridine derivative (6;R=B1=U;R=H; * 

Ar=2,4-C12C6W3;R'R"=methoxymethylene) was 

phosphorylated with an excess of phosvhoryla- 

ting agent (23a) in acetonitrile solution, in - 
the presence of I-methylimidazole (13), to give - 
a fully-protected dinucleoside phosphate phos- 

phoramide in 85% yield. Treatment of the latter 

compound at 20'~ with 0.1 ?4 sodium hydroxide 

solution for 15 hr followed by dilute hydrachlo- 

r i c  acid (PH 2) for three days gave ur idyly l - (3 ' -5 ' ) -ur id ine  5'-phosphate (30a, 

pUpU) in virtually quantitative yield. 

Phosphorylation of the partially-protected adenylyl-(3'-5')uridine 3'-ohos- 



-- 

phate (~;B=A~";B'=u;R=H;A~=~-c~c A ;R'=diphenylphosphate;~"="lTHP) with phospho- - 6 4 

rylating agent (23d) gave a fully-protected dinucleoside triphosphate. Deblocking - 
of the latter compound with base and acid followed hy a short ammonia treat- 

ment afforded pApUIp in very good yield. This 2' ,3'-cyclic derivative was quan- 

titatively converted, by enzymic digestion with pancreatic RNase, into (30d, - 
pApU(3')p. 

The availability of the modified adenosine tribromoethyl phosphoromorpholi- 

dates (27a-c) enabled us to synthesize l8 the respective di- and triphosphates - 
of these modified adenosine nucleosides. (See Scheme 3.) 

Scheme 3 

So far, complete deblocking of nucleoside aryl ~hosphoramidates (25 and - 
26) was performed by alkaline followed by acid hydrolysis. 
.%,. 

However,recently, we showed that the 2,2,2-tribromoethyl group can be re- 

moved selectively, by CuIZn couple '', from the nucleoside tribromoethyl 

phosphoramorpholidates (27a-c) to give the respective nucleoside 5'-phos- - 
phoromorpholidates which, in turn, could be easily converted, in the presence 

of phosphoric or pyrophosphoric acid, into the corresponding di-(28a-c) and - 
triphosphates (29a-c), respectively. - 

6 2 .  
For example, removal of the 2,2,2-trihromoethyl group from N -(A -1sonen- 

tenyl)adenosine 5'-tribromoethyl ph~s~horomor~halidate (27a) with Cu/Zn couple - 
6 2 .  

during 10 min at 20'~ gave the corresponding N -(A -1sooenteny1)adenosine 
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5'-phosphoromorpholidate which was treated with bis(tri-n-hutylamonium) pyra- 

0 phosphate in DMF solution at 20 C for 3 hr. work-UP and purification of the 

6 2 .  
crude reaction mixture gave pure N -(A -1sopentenyl)adenosine 5'-triphosphate 

6 6 6 .  6 
(29a;B=iPATP).  m methyl- (29c;B=mlA) and N ,N -dunethyladenosine (29b;8=m2A) - - - 
were obtained similarly in 84 and 81% yields, respectively. 

In the above experiment, when mono(tri-n-buty1ammonium)phosphate salt in 

dry pyridine was used instead of the pyrophosphate salt in dry UMF the cor-- 

responding modified nucleoside diphosphates (28a-c) could be isolated in 71, - 
72 and 75% yields, respectively. 

Finally, 2,2,2-trihromoethyl phosphormorpholidochloridace (2) proved 20 

also to be a convenient reagent for the introduction of 5'-terminal di- and 

triphosphates in the phosphotriester approach to oligoribonucleotides. 

Thus the partially-protected uridylyl-(3'-5')-uridine derivative (6;R=B'=U; 
,% 

R'R"=methoxymethylene;R=H;Ar=2-C1C H ) was phosphorylated with an excess of 
6 4 

(24h) in the presence of l-methylimidazole (13) to give a fully-protected - - 
dinucleoside phosphate phosphoramide in 70% yield. Removal of the tribromo- 

ethyl group from the latter derivative gave the corresponding 5'-phosphor- 

morpholidate derivative which was converted, in the presence of phosphoric 

and pyrophosphoric acid,respectively, into the respective di- and triphos- 

phates. Comolete deblocking of the latter derivatives with base followed by 

acid afforded ppUpU (2) and pppUpIJ (z), respectively. 

2. The formation and deprotection of internucleotide phosphotriester bonds. 

Nowadays, the development of successful procedures, with the ultimate goal 

in mind, to synthesize oligoribonucleotides exclusively uia ~hosphotriester 

intermediates is one of the main and difficult tasks in nucleic acid chemis- 

try. The reason for this is, that it is very difficult to develop a Droper 

protecting group for the masking of the internucleatide phosphodiester link- 

ages. To be successful the nature of this group must be such that the following 

conditions are met: (a) it should remain stable during the whole course of 



the synthesis; (b) it should allow a selective deblocking of one of the pro- 

tecting groups at either the 5'- or 3'- position of a growing nucleic acid 

chain; (c) its final deblocking should not give rise to internucleotide bond 

fission. 

After a careful analysis of different aryl-protecting groups for the 

masking of phosphodiester linkages, we have come to the conclusion that the 

2-chlorophenyl group meets, in a satisfactory way, the above formulated con- 

ditions. This group is stable under the conditions as used for the formation 

of phosphotriester bonds and survives usual work-up orocedures. Its stabili- 

ty towards base allows a selective removal of a p-chloro~henoxyacetyl group 

at the 5'- position of a growing nucleic acid chain. Furthermore, removal of 

the 2-chlorophenyl from the phosphotriester intermediate (31; R and R are 
M 1 2 

properly-protected nucleosides) with aqueous sodium hydroxide in dioxan in- 

dicates that, on the average, alkaline hydrolysis proceeds (Scheme 4) 98% by 

pathway (a) and 2% by pathways (b) and ( c )  together (wrong breakdown). 

The introduction of the internucleotide phosphotriester bond can be accom- 

plished as follows (Scheme 5.). A protected nucleoside (2 ; B=U), having a 

free 3'- hydroxyl function, is added to a solution of a slight excess of 2- 

17 chlorophenyl dih~drogen phosphate (35) in pyridine in the presence of the 

activating agent 2,4,6-tri-isopropylbenzenesulphonyl chloride 22 (TPS). Af- 

ter 8 hr, the protected nucleoside (1 ; B=U), having a free 5'- hydroxyl func- .., 
tion, and more TPS were added and the second step of the phosphorylation was 
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allowed t o  proceed t o  completion. The products  were then worked-up and f r a c t i o -  

nated by sho r t  column chromatography on s i l i c a  Eel t o  g ive  the  ful ly-protec-  

Scheme 5 ,  "@ 
ted dinucleoside monophosphate (36 ; B=U) a s  a g l a s s  i n  75% y ie ld .Se l ec t ive  

n* 

deblocking of t he  p-chlorophenoxyacety1 group, a t  the  5 '-  pos i t i on  of (A6;R-U), 

with K2C03/MeOH a f fo rds  t he  d inucleos ide  monophosphate (37;B=U) which can be - 
i s o l a t e d  a s  a co lour less  s o l i d  i n  85% y ie ld .  The l a t t e r  de r iva t ive  (37) can - 
now he  extended i n  the  5'- d i r c t i o n  ( tai l- to-head synthes is )  wi th  another su i -  

tab ly  pro tec ted  r ibonucleoside.  

The syn thes i s  of d i r ibonucleos ide  monophosphates with the  ~ o s s i b i l i t y  f o r  

extension i n  t he  3'- d i r e c t i o n  (head-toitail syn thes i s )  can be accomplished 

by adding, i n  t he  second s t ep  of the  previously described phosphot r ies ter  

method, the  2 ' -  a c e t a l  nucleosides ( _ ~ ; B = u , c ~ " , A ~ "  o r  G ~ ' ) .  Coupling of these  

u n i t s  , which have the  3 '-  and 5 '-  OH unblocked, may g ive  r i s e  t o  the  forma- 

t i o n  of small amounts of unwanted s y m e t r i c a l  3'-3' t r i e s t e r s .  

Complete deblocking of t he  d inucleos ide  monophosphate (36;B=U) o r  (37;B=U) - ,%. 

with aqueous sodium hydroxide i n  dioxan followed by ac id  hydrolys is  (0.01 N- 

HCl, pH 2)  doesn ' t  a f f o r d  the  required u r i d y l y l - ( 3 ' - 5 ' ) u r i d i n e  (UpU). In s t ead ,  



Scheme 6. 

I 
lo NaOH 

2 O  Hi 

Experiment Substrate Diastereoisomers Distribution of Products 
no. 1 %IJ-SI %(s'- 5.1 , I 
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the deblocked product consists of a mixture of dinucleoside monophosphates with 

natural (3'-5') and unnatural (5'-5') internucleotide phasohodiester linkages. 

Examination 23 of this phenomenon revealed that, during the base hydrolysis 

of (36;B=il) or ( 27 ;B=U) ,  neighbouring group participation of the 5'- OX group - 
with the phosphotriester had occurred. The result of this participation is the 

rapid formation of the cyclic phosphotriester (38;B-U) which, after prolonged ",. 
treatment with base followed by acid, hydrolyses to give a mixture of two iso- 

meric dinucleoside monophosphates (Scheme 6). The quantities of isomeric diri- 

bonucleaside monophosphates which are formed during alkaline hydrolysis of 

(37;B=U) depend an the diastereoisomeric composition of the starting product. - 
Thus both pure diastereoisomers dl and d2 of starting product (37;B=U) give 39 - 
and 20%, respectively, uridylyl-(5'-5')-uridine (experiments no. 1 and 2 in 

Scheme 6). Furthermore, both pure dlastereoisomers d l  and d2 of the cyclic 

intermediate (38;B=U) afford (experiments no. 4 and 5) virtually identical ..-. 
amounts of uridylyl-(5'-5')-uridine as obtained in the previous two experi- 

ments. These results indicate that alkaline hydrolysis of (37;B=lJ) proceeds - 
almost exclusively vio  the cyclic intermediate (38;B=U). - 
The same phenomenon was observed during the deblocking of a dinucleoside 

o-chlorophenyl phosphotriester having a 3'- OH group free but all other hy- 

droxyl groups protected with base-stable groups. In this case, deblocking 

affords a mixture of dinucleoside monophosphates containing (3'-5') and 

(3'-3') internucleotide phosphodiester linkaaes . 
However, neighbouring group participation can be prevented by tetrahydro- 

pyranylation 24125 prior to unblocking of partially-protected oligonuclea- 

tides. Thus complete deblocking of dinucleaside monophosphate (36;B=IJ:R= 
P.. 

THP) affords solely u r i d y l y l - ( 3 ' - 5 ' ) - u r i d i n e .  

In table 1 are summarized some of the oligoribonucleotides which were pre- 

pared according to the above described two-step phosphorylation procedure. 

Another way to prevent neighhouring group participation in the deblocking 



process of oligoribonucleotides, with a 5'- end free or protected with a base 

labile group which is hydrolysed faster than the 2-chlorophenyl group for the 

protection of phosphodiester linkages, is to introduce one 2,2,2-tribramoethyl 

group at the head (5'- terminus) of the oligonucleotide to be synthesised. Com- 

plete deblocking is now performed in the following order: firstly the 2,2,2- 

0 tribromoethyl group is removed with CulZn-couple (5 min in DMF at 20 C); se- 

condly the remaining 2-chlorophenyl groups and other base-labile groups are 

0 removed with aqueous ammonia at 50 C and, finally, the acid-labile groups 

with aqueous hydrochloric acid (PH 2). In applying this modification, we were 

6 4 
able to synthesize 26 the two hexamers m2ApCpCpUpCpC and ADCPC~UPCP~~C 

without recurrence to tetrahydropyranylation. 

Table I. 

Oligoribonucleotides prepared via the two-step phosphorylation procedure. 

ApG(3')p 14 
6 
i Ap4sU 27 

PA~PU 20 

CGAA 20 

UCCC 20 

UUCA 20 

AGGA 20 

6 
m2ACCUCC 26 

4 ACCUCm C 2 26 

UCCA 20 

6 6 2 .  
Am = 2'-0-methyladenosine; i A = N -(A -1sopenteny1)adenosine; 4sU = 

6 4 4 4 .  
4-thiouridine; m 2 A = N~,N~-dimethyladenosine; m 2 C = N ,N -dunethyl- 

cytidine. 
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The results obtained (Table 1) in the synthesis of oligoribonucleotides v i a  the 

two-step phosphorylation procedure looked very promising. Nevertheless, the fol- 

lowing disadvantages still adhere to this approach. Firstly, the p-chloropheno- 

xyacetyl group which was used to block the 5'- position is too labile and some- 

times loss (of up to 5%) occurred during silica-gel chromatography. Resides,this 

group is too stable co be removed with complete selectivity from oligoribanu- 

cleotides (three ore more units long) having 2-chloro~henyl as protective groups 

for the internucleotide linkages. Secondly, phosphorylation with bifunctional 

phosphorylating agents, e.g. 2-chlorophenyl dihydrogen phosphate (z)I7, leads 

to the formation of unwanted (3'-3') symmetrical products in the first step of 

the phosphatylation and, because unreacted phosphorylating agent remains in the 

reaction mixture, (5'-5') symmetrical products in the second step of the reac- 

tion. Thirdly, deblocking of phosphodiester linkages protected with aryl groups 

requires that, in order to suppres neighbouring group participation, all cer- 

minal hydroxyl groups must be protected with base-stable groups. Finally, TPS 

is a rather sluggish activating agent, gives rise to the formation of sulpho- 

nylated 28 products and loss of required Droducts occurs, especially, in a 

coupling process in which guanosine participates. 

To overcome the above mentioned disadvantages we successively reD1aced:the 

p-chlorophenoxyacetyl by the levulinyl grauD; the bifunctional phosphorylating 

agent (35) by the monofunctional o-chlorophenyl 2,2,2-trichloroethyl phosphoro- - 
chloridate (41). Furthermore, deblocking of phos~hodiester protecting groups - 
was performed with fluoride ion instead of sodium hydroxide and activation 

during the formation of phophotriester bonds was performed with 2,4,6-triiso- 

propylbenzenesulphonyl-4(5)-nitroimidazold (45b). - 
By using the levulinyl group we found several properties which will make 

this group very attractive for further use: (i) it can easily be introduced, 

although with not high selectivity, by dropwise addition of a solution of 

an 
DCC in dioxan co a solution of a ribonucleoside-2'-acetal (2;  B=U, i: Or 



an 
A ) (Scheme 7) and l evu l in ic  acid i n  2,6-lutidineldioxan; ( i i )  it can be remo- 

DCC 

HO OMTHP 39 - HO OMTHP 
3 - 

ved se l ec t ive ly  by hydrazine hydrate i n  pyridine-acetic acid (conversion o f  

42 i n t o  44, Scheme 7 ) ;  the r eac t ion  time f o r  i t s  complete removal (3-4 min) 
&% - 
i s  independent of the  nature  of the  subs t r a t e ;  t h i s  f e a t u r e  i s  a  great  im-  

provement over the  use of base- labi le  protec t ing groups, i n  the l a t t e r  case 

30 
the r eac t ion  time depends on the  sequence 29 a s  well  as  the length of the  

o l igonucleot ides ;  ( i i i )  desp i t e  i t s  non-lipophil ic character  a  reasonable 

drop i n  R va lue  i s  observed upon i ts  removal, which f a c i l i t a t e s  the monito- 
f  

r ing  of t h i s  deblocking s t ep .  Another very important property,  which enables 

deblocking of 2-chlorophenyl groups i n  phosphotriester  intermediates bearing 

e s t e r  funct ions  a t  the  5 ' -  pos i t ion ,  i s  t h a t  the  l evu l iny l  group i s  s t a b l e  

under the condit ions necessary f o r  the  removal of phosphate protec t ing 2-chlo- 
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rophenyl groups by fluoride ion. 

To eliminate the formation of unwanted symmetrical products in the two- 

step phosphorylation method, we introduced the easily accessible 31 mono- 

functional reagent (41, Scheme 7). Thus treatment of the partially-protec- - 
ted nucleoside (2) with reagent (41) in acetonitrile solution, using 1-e- - 
thylimidazole (13) as tertiary base, afforded the fully-protected ribanu- - 
cleatide (42) in good yield. The fully-protected nucleotide (42) is a cru- - 
cia1 intermediate in the modified phosphotriester approach; to be effective 

in the synthesis of oligorihonucleotides it is essential that the removal 

of the 2,2,2-trichloroethyl group, to give the phosphotriester intermediate 

(43), is selective. Fortunately, we found that this group could be removed - 
fastly ($5 min) and selectively from the phosphotriester (2) with the rea- 
gent ZnITPSOH (45a)lpyridine. After removal of excess zinc by filtration, 

the filtrate was diluted with chlaroform and the zinc ions extracted from 

the organic layer with aqueous triethylammonim bicarbonate buffer (TEAB) to 

give the triethylamonium salt of phosphodiester (2) as the sole nucleotide 
product in quantitative yield. 

The usefulness of the intermediates (42) and (c), together with the ac- 
tivating agent TPSNI (gb), will be demonstrated 32 in the synthesis of the 

fully-protected tetradecamer [5;?P, (UPA)~]. 

First the fully-protected dinucleoside monophosphate (%)was prepared by 

6 condensation of (43;B=U) with 2',3'-0methoxymethylene-N -anisoyladenosine 

(!;B=A~~), using TPSNI (Cb) as activating agent. !.lark-up of the reaction 

mixture afforded ( 4 8 8 ,  n = 0 )  in 82% yield. - 
The fully-protected dinucleoside diphosphate (46a; m = I), which was used - 

in most steps of the chain-lengthening block-condensations, was prepared via 

the general procedure outlined above. Thus mononucleotide (43;B=U) was con- - 
an densed with the partially-protected mononucleotide (44;B=A ) and TPSNI (zb) ,.. 

to give, after work-up and purification by short column chromatography, (%a) 



in 87% yield. 

The dinucleoside diphosphate (z), bearing the chain-terminating 2',3'- 

Omethoxymethylene group, constitutes the 3'- terminus of the oligomer to 

be synthesized. Starting from this end the molecule was extended towards the 

5'- direction by: (i) removal of the levulinyl group from (El; (ii) re- 

moval of the trichloroethyl group from (%) and finally coupling of resul- 
ting (48b) and (42b), in the presence of TPSNI (42b), to give fully-protec- - 
ted tetramer (49a) in 72% yield. In the same way hexanucleotide (2, n = 21, 

octanucleotide (51a, n = 3) and decanucleotide (52a, n = 4) were prepared - - 
in reasonable yields (69, 74 and 61%, respectively) by zinc treatment of (%, 
m = I) and subsequent condensation of (46b, m = I) with (49b, n = I), (Eb, - - 
n = 2) and (51b, n = 3), respectively. - 

Finally, the fully-protected tetradecamer (s, n = 6 )  was obtained by 

block-condensation of a tetramer with a decamer. Tetranucleoside tetraphos- 

phate (c, m = 2) was prepared in 75% yield by condensation of dinucleo- 

side diphosphate (46a, m = I) with dinucleoside di~hosphate (%, m = I ) ,  - 
obtained by hydrazine treatment of (4>), and TPSNI (45b). The trichloro- - 
ethyl group was removed from (47a, m = 2) with zinc in pyridine/TPSO~ (421, - 
and the resulting phosphodiester (zb) was condensed with the partially-pro- 
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tected decanucleotide (52b, n = 4) in the presence of TPSNI to give the fully 
'VY 

protected tetradecamer in 58% yield. 

The usefulness of TPSNI (45b) should be pointed out in thisstudy. In compa- 

rison with TPS it gives far less sulphonylation of the 5'- hydroxy function 

of the incoming nucleoside and, besides, a higher yield of the desired product 

is obtained. Furthermore, block-condensations between small and large oligo- 

nucleotides are much faster (two times) with TPSNI than with TPS. Recently, 

arylsulphonyltriazolides have been used by Neilson 33 and Hata 34 in the syn- 

thesis of oligoribonucleotides with a defined sequence. 

Deblocking af the fully-protected tetradecamer (53a, n = 6) can now be per- - 
formed. The whole process comprises the successive removal of: o-chlorophenyl 

groups with fluoride ion ; N-acyl and levulinyl groups with aqueous ammonia 

at 50'~ and, finally, all acid-labile groups with aqueous hydrochloric acid 

(pH 2). Thus tetradecamer (53a) was treated with tetrabutylmonium fluoride - 
(TBAF) in tetrahydrofuran-pyridineuater for 16 hr at 7.0'~. The remaining 

base-labile groups were removed by treatment with 25% aqueous ammonia for 24 

hr at 50'~. The resulting partially-protected tetradecamer (54a) was analy- - 
zed by high-performance liquid chromatography and purified by DEAE-Sephadex 

chromatography. A consistent average of ca 2% internucleotide cleavage per 

phosphotriester linkage was found by using fluoride ion as the deblocking 

agent. 



The fact that phosphotriesters are susceptible to nucleophilic attack by 

fluoride ion has been known for many years 35 and, recently, two groups have 

employed 36 this nucleophile for the unblocking of aryl-orotected oligodeoxy- 

nucleotides. 

Finally, removal of the acid-labile p-otective groups (0.01 N-HCl, pH 2) af- 

forded the unprotected tetradecmer [ 54b, (UPA)~] in a yield of 37%. 

By applying the same procedures, as outlined above, we were able to synthe- 

size the oligoribonucleotides r-(UpA) 37, r-ApCpCpUpCpC 26, r-UpCpCpUpUpA 38 
5 

38 and r-ApCpCpUpCpCpUpUpA . 

3. Analysis of synthetically-prepared oligoribonucleotides. 

Existing analytical methods vhich are frequently used by organic chemists to 

assess homogenejty and structural proof of synthetically-pre~ared oligoribonu- 

cleotides are rather cumbersome and not very reliable. 

Kowever, many groups have reported an the use of high-performance 1i.quj.d 

chromatography (IIPLC) for the analysis of nucleic acid components 39, and 

showed that this technique could be used successfully for the identification 

and quantitation of nucleosides and nucleotides. 

Indeed, inspection of the analytical data presented in Table 2 clearly shows 

that: (i) the identity of different nucleotides can be rapidly and unambiguously 

achieved by a comparison of their respective retention times; (ii) the E values 

allow, in principle, a direct quantitation of ribonucleotides(si .des).  

Analysis of synthetically-prepared oligoribonucleotides, which consists of 

assessing base composition, ascertaining the nature of the internucleotide 

phosphodiester linkages and sequence analysis, can easjly be performed by using 

HPLC. 

Thus, for example, the identity of the (3'-5')-internucleotide linkages in 

the tetradecamer ~-(UPA)~ was established 32 by its complete digestion with 
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phosphadiesterase, spleen phosphodiesterase (Figure I) and pancreatic ribonu- 

clease (Figure 2) to the expected products. %antitation of the enzymic products 

Table 2. 

Retention times a) and E254 (pH 4.5) values of the common nucleotides(sides) 

Ribonucleosides 

a) Relative to injection peak and under isocratic elution conditions (0.005 M- 

KH2P04, pH 4.5). 

b) Expressed as l/mmole.cm. 

adenosine 

cytidine 

guanosine 

thus obtained affords the base composition of the tetradecamer. The sequence 

analysis of synthetically-prepared oligoribonucleotides, using HPLC, is based on 

the stepwise degradation of these oligoribonucleotides by the exonucleolitic 

action (the digestion of oligonucleotides starts at the righthand-end and pro- 

ceeds towards the left producing the mononucleoside 5'-phosphates) of the en- 

zyme venom phosphodiesterase and the simultaneous recording of the amounts of 

ribonucleotides and ribonucleosides evolved. Plotting of molar fractions of re- 

Retention times (min) 

M pM Y,p M(2')p Y(3')o 

leased monomers against time results in curves that relate the concentration of 

each ribanucleotide/ribonucleoside evolved to the time of venom phosphodieste- 

rase action. For instance, the sequence r-ApCpCpUpCpC is easily derived 40 from 

the curves in Figure 3. 

Furthermore, HPLC proved also 26'38 to be a very useful technique for monitoring 

the efficacy of the removal of protecting groups from masked phosphodiester link- 

ages. 

E~~~ values b) 

Y(3')p or DY Y 

0 14.0 3.6 9.1 13.5 

0 5.3 1.8 5.6 7.1 

0 13.6 6.8 20.7 27.0 

14.0 13.0 

5.3 6.6 

13.6 13.5 



Figure  1. HPLC a n a l y s i s  

of venom and sp l een  d i -  

g e s t i o n s  of t e t r adeca -  

mer r-(UpA),; B,C = i s0-  

c r a t i c  e l u t i o n .  

+ 
IU-A-l7 

I RNAse 

6A-Up * UP * A 

Figu re  2 .  HPLC a n a l y s i s  of W a s e  

d i g e s t i o n  of tetradecamer r-(UPA),; 

A = g r a d i e n t  e l u t i o n .  

l l  
\IMlnl2L 20 16 12 8 1 0  

A 
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" ' A  / 

Figure  3. Curves of the  time of appearance of nuc leo t ides  (pC and pU) and nu- 

c l e o s i d e  (A) from venom phosphodiesterase ac t i on .  Syn the t i c  r-AoCpCpUpCpC. 

Conclusion. 

The d a t a  presented i n  t h i s  review demonstrate t h a t  t h e  phospho t r i e s t e r  ao- 

proach i s ,  a t  the  present  time, t h e  method of choise  f o r  the  syn thes i s  of 

o l i ga r ibonuc l ea t i de s  w i th  a def ined  sequence and l eng th .  However, it must a l so  

be s t a t e d  t h a t  the  syn thes i s  of these  molecules i s  by no means a rou t ine  

method. To achieve t h i s  more research  dea l i ng  with t h e  development of r e l i a b l e  

deblocking procedures and more s e l e c t i v e  p ro t ec t i ng  groups has t o  be  done. 

I n  t h i s  r e spec t  t h e  r ecen t  r e s u l t s  of Reese 4 1 ,  Adamiak 42 and van Tamelen 
4 3  

on the use  of new procedures f o r  the  demasking of p r o t e c t i v e  groups from 

phospho t r i e s t e r  i n t e r n u c l e o t i d e  l inkages  a r e  noteworthy. 
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