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/. Introduction 

Ribo- and deoxyribooligonucleotides are of interest both be
cause of their biological significance and for the challenge they 
present to the synthetic organic chemist. The synthesis of 
oligonucleotides and their conversion to polynucleotides of 
known nucleotide sequence have made possible studies in the 

genetic code,12 in decoding the nucleotide sequences in DNA 
regions controlling initiation and termination of transcription,3 

in the action of DNA and RNA polymerases, and in structure-
function relationships of f-RNA. Synthetic oligonucleotides 
containing the required codons have potential use in the enzy
matic assembly of proteins which are difficult to prepare by other 
means.4 Further investigations on the biological functions of 
oligonucleotides and exploration of their potential pharmaco
logical uses await efficient and convenient chemical synthesis 
of nucleotide chains having defined nucleotide sequences. 

Since Khorana5 initiated the pioneering research (see ref 6-8 
for earlier reviews) in this field, many synthetic routes involving 
various protective groups have been successfully undertaken. 
Synthesis of icosadeoxyribonucleotide segments during a total 
gene synthesis910 and of a nonaribonucleotide11 can be con
sidered as indications of progress made in the past few 
years. 

Recently Khorana12 and lkehara13 published short accounts 
of their work in oligonucleotide synthesis. However, a com
prehensive review covering all aspects of chemical synthesis 
of oligonucleotides is needed to present the developments of 
the past decade in the light of problems still to be solved. The 
present review is aimed at this goal, and papers cited in Current 
Contents up to September 1975 (Vol. 18, No. 39) have been 
included.1415 

//. Statement of the Problem 

The complexity of oligoribonucleotide synthesis may be il
lustrated by the reactions leading to the trinucleotide GpApU 
(Scheme I).16 5'-0,/V-Diacetyl-2'-0-tetrahydropyran-2-ylade-
nosine 3'-phosphate (1) and 2',3'-0-methoxymethylideneuridine 
(2) illustrate the protected monomers. Various methods for 
forming the intemucleotide linkage between nucleoside residues 
are outlined in section IV. The tendency of the phosphodiester 
moiety to undergo 3' —- 2' migration in 3 is eliminated by pro
tection of the 2'-hydroxyl with, for example, a tetrahydropyranyl 
group. The 5'-0-acetyl and 2',3'-0-methoxymethylidene groups 
in 1 and 2, respectively, are typically used to direct specific 
phosphodiester bond formation between the 3'-phosphate of 
the nucleotide 1 and 5'-hydroxyl of the nucleoside 2. More will 
be said about such hydroxyl blocking agents in section III.A. 
Section III.C is devoted to a discussion of amino-protecting 
groups, such as acetyl, which preclude the possibility of N-
phosphorylation of the amino functions of adenine, guanine, or 
cytosine. 

The protected dinucleoside monophosphate 3 is treated with 
base in order to free the 5'-hydroxyl function (the N6-acetyl group 
is simultaneously hydrolyzed) in preparation for condensation 
with another nucleotide 6. The amino function of 4 might be 
selectively protected by treatment with dimethylformamide di
methyl acetal. Coupling of 5 with the appropriately protected 
nucleotide 6 in the presence of TPS leads to 7. Base treatment 
of the protected trinucleoside diphosphate 7 removes the acetyl 
and A/-dimethylaminomethylidene groups; subsequent acid 
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treatment hydrolyzes the tetrahydropyranyl and methoxy-
methylidene groups yielding, in this case, guanylyl(3'-5')-
adenylyl(3'-5')uridine. 

If the final oligonucleotide should bear a terminal phosphate, 
one usually starts with a nucleotide in place of the nucleoside 
component, such as 2. Such a nucleotide, in addition to the 
protective groups mentioned earlier, must also carry a blocking 
agent on the phosphate to prevent the latter from reacting with 
an available hydroxyl function (section III.B). 

Stepwise synthesis as outlined in Scheme I, chemical poly
merization of nucleotides, synthesis of oligonucleotides on 
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polymer supports, and related synthetic reactions are all dis
cussed in section V. 

///. Protecting Groups 

A. Protection of the Carbohydrate Hydroxyl 
Functions 

Protecting groups for the hydroxyl functions on ribose and 
deoxyribose play a very important role in the synthesis of 
oligonucleotides. The value of a particular blocking agent de
pends on the following four main factors: (1) the ease and 
specificity of attachment of the protecting group to the desired 
hydroxyl function, (2) the stability of the group to the conditions 
required for internucleotide bond formation, (3) the ease of de
blocking under conditions which prohibit 3' —- 2' phosphate 
migration, and (4) the yields of the blocking and deblocking re
actions. The available protecting groups will be discussed under 
three headings according to the positions of the hydroxyl func
tions they protect. 

/. Protection of the 2! -Hydroxyl Group in Ribose 

The lack of an ideal protecting group for the 2'-hydroxyl 
function has caused considerable delay in the progress of syn
thesis of oligoribonucleotides as compared to deoxyoligori-
bonucleotides. The best masking group for this purpose would 
be one which is stable to conditions required for the chain 
elongation and for the attachment and release of other protecting 
groups, thereby preventing the isomerization of 3'-5'phos-
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phodiester to the 2 ' -5 ' linkage, and which may be cleaved 
usually as the last step without affecting other bonds and groups. 
At present, practically all methods for introducing the masking 
groups on 2'-hydroxyl function also lead to 3' isomers and hence 
necessitate separation of 2' and 3' derivatives. 

a. Ac id Labile Groups 

/. Trltyl Group. The trityl group has found some use in blocking 
the 2'-hydroxyl as illustrated by the well-known 2',5'-di-0-
trityluridine.17 However, the steric bulk of the trityl group 
markedly reduced the yield of condensation reaction in the 
synthesis of uridyluridine18 compared to reactions in which a 
smaller 2'-hydroxyl protecting group was used. For this reason, 
the trityl function is reserved almost exclusively for protection 
of the 5'-hydroxyl moiety (vide'tafra). 

H. The Tetrahydropyran-2-yl Group. This group was initially 
evaluated for the protection of the 2'-alcoholic function because 
of the ease of its introduction with 2,3-dihydro-4W-pyran and its 
lability under mild acidic conditions. The original method of 
Khorana19,20 and Fresno21 for the preparation of 2'-0-tetrahy-
dropyranyl acetals of nucleotides is outlined in Scheme II. 

A satisfactory chemical synthesis was later provided by 
Reese22 and extended by Neilson and Werstiuk.2324Cleavage 
of the 2',3'-0-cyclic orthoacetate 16 with acid gave a mixture 
of 2'- and 3'-acetates 18 and 1725 '26 in varying ratios (3' :2\ 3:1 
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for cytidine23 and 1:1 for guanosine24). The 3'-acetate 17, which 
was usually less soluble than the 2' isomer, was purified by 
fractional crystallization from ethanol and allowed to react with 
2,3-dihydro-4H-pyran; release of the acyl moieties on 3' and 5' 
positions under mildly basic conditions yielded the target com
pound 19. The overall yields of the 2'-0-tetrahydropyranyl nu
cleosides ranged from 5 to 15 %. Dilute acetic acid, 0.01 N hy

drochloric acid,22 or sulfonic acid resins in the pyridinium or 
ammonium form27 suffice for complete hydrolysis of this acetal 
group. 

Unfortunately from synthetic point of view, the reaction of 
2,3-dihydro-4H-pyran with an asymmetric nucleoside gives rise 
to a pair of diastereomers (20 and 21) in a ratio which is deter-
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mined in an unpredictable manner by asymmetric induction. The 
component with lower Rf value on silica gel and with higher 
melting point is usually more readily isolated and is therefore 
selected for further reactions.23,24 In addition to the obvious 
reduction in yield (by 3 0 - 5 0 % depending on the particular nu
cleoside) inherent in the selection of only one isomer, a tedious 
separation procedure is required in order to obtain the pure, 
crystalline, blocked nucleoside. 

Neilson and his co-workers11 have successfully used the te-
trahydropyranyl moiety for protection of 2'-hydroxyl functions 
in their synthesis of the anticodon loop of E. coli methionine t-
RNA. 

Hi. 4-Methoxytetrahydropyran-4-yl Group. As an alternative 
to the asymmetric and hence troublesome tetrahydropyran-2-yl 
group, Reese28 introduced the symmetrical 4-methoxytetrahy-
dropyran-4-yl ketal function. The required reagent, 4-methoxy-
5,6-dihydro-2H-pyran (24), was prepared by heating tetrahy-
dro-4H-pyran-4-one dimethyl ketal with a trace of mesityl-
enesulfonic acid.29 The preparative pathway to the 2'-0-(4-
methoxytetrahydropyran-4-yl)nucleoside is very similar to that 
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of the 2'-O-tetrahydropyranyl derivatives as illustrated for the 
synthesis of 25 in Scheme III.30 The 4-methoxytetrahydropy-
ran-4-yl group, which was found to be more acid labile than te-
trahydropyranyl,29 was successfully utilized by Reese31 in the 
synthesis of short-chain oligoribonucleotides. 

Iv. Other Groups. Recently Reese32 introduced two more 
achiral groups 26 and 27 for the protection of hydroxyl functions. 
The thioether ketal 26 was slightly more labile and the sulfone 
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26 

ketal 27 much less labile than the oxygen analog toward acidic 
hydrolysis. The different rates of hydrolysis seem to be dictated 
by the basicities of the ether, thioether, and sulfone groupings 
compared to the basicity of the ketal oxygen. 

Other ketal functions such as 1-ethoxyethyl,33-35 2-me-
thoxy-2-propyl,28 and various alkyl groups36 (introduced in a 
manner similar to that of Scheme II) have been considered. 
These groups offer no advantage to those described above and 
have not assumed a significant role in ribonucleoside protec
tion. 
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substituted nucleosides generally leads to a mixture of both 
isomers.37 Since the 3' isomer 29 is marginally more stable than 

H 
B R ' ° - l .Q 

HO O 

28 

the 2' isomer 28 in most cases so far investigated, the use of acyl 
groups for the purpose of masking the 2'-hydroxyl was not 
considered profitable in the early studies.38 Equilibration is slow 
in anhydrous pyridine, but very fast in aqueous solutions around 
pH 7.3940 However, the rate of isomerization varies considerably 
with the nature of the acyl group. For example, in anhydrous 
pyridine the relative mobilities of p-anisoyl, benzoyl, acetyl, and 
formyl moieties are respectively 1, 1.5, 27, and 1000.39,41 The 
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isomerized slightly faster than derivatives of uridine.39,40 The 
effect of the base may well be an indirect one resulting from the 
well-known but poorly understood influence of the base upon 
the conformation of the sugar.42 

Less mobile acyl groups hold promise as masking groups for 
the 2'- or 3'-hydroxyl functions. The most useful approach to 
monoacylation of the c/s-glycol system in ribonucleosides relies 
upon the readily prepared 2',3'-0-alkoxyalkylidene derivatives. 
Upon mild acid hydrolysis, these compounds yield a mixture of 
2'- and 3'-0-acylribonucleosides. Unfortunately, the 3' isomer 
usually predominants, and the separation procedures are 
somewhat laborious.43 
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by alcoholic methylamine.41 The benzoyl group has been used 
by lkehara et al.44 for blocking the 2'-hydroxyl function in their 
synthesis of short oligoribonucleotide chains. Since the rate of 
removal of an acyl group under basic conditions is proportional 
to its negative inductive effect,45 other groups such as 
methoxyacetyl,30 chloroacetyl, and formyl46 have also been 
occasionally used. 

An often-needed component in oligoribonucleotide synthesis 
is a 3'-nucleotide bearing substituents at the 5' and 2' sites which 
are selectively removable under different conditions (38 and 39). 
Scheme IV illustrates two combined chemical and enzymatic 
approaches to such key intermediates.2747-54 Similar proce
dures have been applied to a dinucleotide 2',3'-0-cyclic phos
phate for the trinucleotide synthesis.55 

c. Groups Removable under Neutral Conditions 

Purine-glycosyl bonds of nucleosides and nucleotides, par
ticularly when the purine bears an N-acyl group, may be partially 
broken under the acidic conditions necessary to remove acid-
susceptible blocking groups.56 This points to the consideration 
of protective groups removable under neutral conditions. Since 
removal of the 2'-hydroxyl protecting group is usually the ultimate 
step in a synthetic sequence, the availability of both acid and 
base labile groups for 3'- and 5'-hydroxyl protection suggests 
that a blocking agent for 2'-hydroxyl function insensitive to acidic 
and basic conditions would be advantageous. 

;. Benzyl Group. Cleavage of benzyl ethers by catalytic hy-
drogenolysis to toluene and an alcohol is a well-known phe
nomenon which has led a number of investigators20,57-64 to 
undertake the preparation of 2'-0-benzylribonucleosides. Reese 
and his coworkers,58 for example, were able to cleave the benzyl 
group under neutral conditions from 40 to obtain UpU. 
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sonable yields. Some difficulty was encountered in hydro-
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to some extent, suggesting the benzyl ethers may not be as 
useful65 as originally hoped. 
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on the nucleoside susceptible to alkylation, as illustrated by 42 
and 44,61 was necessary to reduce the number of undesired 
products. Recently, however, a one-step procedure for the 
preparation of a readily separable mixture of 2'- and 3'-Obenzyl 
ribonucleosides was reported.64 Reaction of the unprotected 
nucleoside with phenyldiazomethane in the presence of a 

Ii. o-Nitrobenzyl Group. o-Nitrobenzyl derivatives have found 
use as photosensitive protecting groups for amino acids66,67 and 
carbohydrates.68,69 The protected compound 48, on irradiation 
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+ YH 

in a variety of protic and nonprotic solvents at wavelengths 
longer than 320 nm, undergoes rearrangement leading to o-
nitrosobenzaldehyde and the free alcohol or amine. This group, 
which is stable to acidic and basic conditions and which may be 
removed in neutral solution, is ideally suited for 2'-hydroxyl 
protection, and attention has been recently directed to this 
end. 
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Two successful attempts to prepare 2'-0-(o-nitrobenzyl) 
ethers of nucleosides have been reported. The first7071 involves 
the action of o-nitrophenyldiazomethane on unprotected nu
cleosides; the total yields of 2' and 3' isomers were more than 
80%. In the second approach72 2'- and 3'-hydroxyl functions 
of uridine were selectively activated by formation of the 2',3'-
O-(dibutylstannylene) derivative 5273 prior to treatment with 

350 nm . . _ . , „ . „ , , 
1 h , 14 B = A(94%) 
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onitrobenzyl bromide. Only the 2' isomer was isolated in a yield 
of 24%. Deblocking of 51 and 54 in high yields was achieved 
by photolysis at 350 nm within 1 h. 
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of 2'-0-(1-oxido-2-pyridylmethyl)adenosine gave adenosine in 
only 55% yield;70 treatment with acetic anhydride gave better 
yields7075 but led to the formation of fully acetylated nucleo
sides. 
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2. Protecting Groups for 3- and/or 3'-HydroxyI 
Functions 

Stepwise elongation of an oligonucleotide chain may, in 
principle, be carried out by any of the four approaches illustrated 
diagramatically by pathways A-D. A comparative discussion of 
these strategies is reserved for section V; suffice it to say here 
that blocking groups represented by R1 remain intact until re
moved from the final oligonucleotide product, whereas groups 
R2 must be selectively removable prior to each chain elongation 
step. Selectivity in protection of the 5'-hydroxyl (a primary al
cohol) is rather readily achieved using mild conditions and bulky 
blocking groups. Such selectivity is more difficult to obtain in 
masking the secondary 3'-alcohol function, particularly when 
it occurs as part of the c/s-glycol moiety in ribonucleosides, and 
multiple step procedures are usually required for the preparation 
of compounds of the types 59 and 62 (R = OR3). 
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/. Trityl, Monomethoxytrityl, and Dimethoxytrityl Groups. 
Triphenylmethyl chloride derivatives20,56 are the most commonly 
used blocking agents for the 5'-hydroxyl function because al-
kylation takes place preferentially at the less hindered site. 
Secondary alcohol groups at 3' and 2' positions may also react 
to a slight extent;76"78 under forcing conditions, separable 
mixtures of 2',5'- and 3',5'-di-0-tritylpurine61 and- pyrimidine5863 

nucleosides are formed. Trityl chlorides bearing methoxy sub-
stituents in the para positions of one or more benzene rings are 
more reactive than trityl chloride and are slightly less selective 
for primary hydroxy Is.20 Acidic conditions necessary to hydrolyze 

the unsubstituted trityl group may be severe enough to cause 
marked isomerization of the phosphodiester bond in the ribose 
series and cleavage of the glycosidic linkage in the 2'-deoxy 
series. Substitution of electron-releasing groups in the para 
position of the benzene rings should enhance acidic hydrolysis 
through stabilization of the incipient carbocation. This reasoning 
led Khorana20 '38 ,56 '79-81 to the synthesis of trityl derivatives 
carrying one, two, or three p-methoxy substituents. For each 
p-methoxy moiety introduced the acid lability of the tritylated 
compounds was found20 to increase by a factor of 10. Mono
methoxytrityl chloride, the ethers of which are readily cleaved 
at room temperature in pyridine-acetic acid buffer,82 by 8 0 % 
acetic acid or by naphthalene radical ion in hexamethylphos-
phoric triamide,83 exhibits the most optimal properties of stability 
and lability and hence the reagent of choice for 5' protection. 
Other derivatives of trityl group have also been proposed84 but 
appear to offer little advantage over the monomethoxytrityl 
group. 

Two additional advantages accrue with the use of trityl groups. 
First, their presence on the plates is readily detected by means 
of a eerie sulfate spray. Heating the sprayed chromatogram at 
300-400 0 C gives rise to a distinctive yellow-orange coior de
noting the location of trityl derivatives.85 Second, the presence 
of bulky trityl groups on nucleotide chains renders them lipo
philic, enabling Khorana's group86 to separate tritylated com
pounds from others on trityl- and a-naphthylcarbamoylcellulose 
columns (Scheme V). Since the method is simple and the re
covery almost quantitative, it is an efficient purification step 
preceding the separation of individual trityl derivatives. 

/7. AcetalandKetalDerivatives. Acid-labile 1-ethoxyethyl87 

and 1-butoxyethyl48,50'51 acetals, 4-methoxytetrahydropyran-4-yl 
and 2-methoxy-2-propyl88 ketals, and semiacetal-semithioacetal 
derivative 72 have been considered for use as protecting groups 
for 5'- or 3'-hydroxyl functions. However, these moieties, par
ticularly 4-methoxytetrahydropyran-4-yl31'89 and 1-ethoxyethyl,90 

are most useful when 2' and 5' sites are to be protected and 
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released simultaneously. For example, Reese and co-work
ers31,89 prepared the bisketal 73 and used it in the preparation 
of the dinucleotide phosphate 74 in good yield. 2',5'-Bisacetals 
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of uridine and uridine 3'-phosphate have also been obtained by 
treatment with a mixture of an aldehyde and alcohol in the 
presence of trifluoroacetic ac id . 4 8 9 1 
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b. Base Labile Groups: Esters 

Esters have been commonly employed for the protection of 
3'- and/or 5'-hydroxyls; in the ribose series the 2'-hydroxyl is 
usually protected prior to acylation in order to eliminate 3' - » 
2' isomerization. Acylation is commonly accomplished by 
treatment of the nucleoside or nucleotide with an acyl chloride 
or anhydride in anhydrous pyridine;92"94 other reagents such as 
benzoyl cyanide95 have also been occasionally used. It should 
be noted that free amino functions on the base moiety are often 
N-acylated under these conditions;79 indeed this method is fre
quently used to protect the amino groups. Some selectivity for 
the 5' position has been demonstrated with bulky acyl chlorides 
such as pivaloyl chloride. An application of the pivaloyl group 
to the synthesis of 78 is illustrated in Scheme Vl. 

A unique access to selective 5'-0-benzoylation was recently 
achieved through the use of benzoic acid, diethyl azodicarbox-
ylate, and triphenylphosphine.96 An interesting approach com
bining the steric bulk of the trityl function with the base lability 
of an ester has been realized in the TPS-activated condensation 
of sodium triphenylmethoxyacetate with N,2'-0-protected r i-
bonucleosides. The key intermediate 79 was obtained in more 
than 70% yield.9798 The majority of other acylating agents show 
little selectivity for the 5' position. Methanolic ammonia and to 
a lesser extent sodium methoxide in methanol are used for 
breaking the ester linkage. Extended dissolution in TEAB buffer 
(pH 7.5) or short treatment with alkaline hydroxylamine solution 
have also been suggested.99 

The formyl group, the simplest acyl moiety, is one of the most 
susceptible to 3' -»• 2' migration.39 Although earlier workers had 
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only limited success with the formyl group, 4 3 4 6 1 0 0 Seliger101 

has very recently resurrected it for protection of the 3'-hydroxyl 
function in the synthesis of 2'-deoxyribooligonucleotides. The 
acetyl moiety is widely used in oligonucleotide chemistry. A 
number of investigators53,102-104 have used 5'-0-acetyl-3'-
nucleotides for dinucleotide synthesis, and Holy16 has prepared 
37 trinucleotides in the same manner. The acetyl group has been 
extensively employed by Khorana12 for masking the 3'-hydroxyl 
function. 

Many substituted acetyl groups have been investigated in 
attempts to increase susceptibility to mild basic condition, in
cluding trifluoroacetyl,105 phenoxyacetyl,106 p-chlorophenox-
yacetyl,107 and methoxyacetyl106 moieties. Of these, the 
methoxyacetyl group, which could be selectively removed by 
a solution of 0.2 N ammonium hydroxide in methanol,106 was 
found108 to be particularly suited for masking the 3' position. 
3'-Methoxyacetyl derivatives are readily prepared by partial 
hydrolysis of orthoesters (for example, 30c). 

Scheme VII illustrates the application of p-nitrophenyl chlo-
roformate to 5'- or 3'-hydroxyl protection,104 although poor 
selectivity mediates against its general use for the former. 
Cleavage of the p-nitrophenyloxycarbonyl residue was brought 
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about by imidazole in aqueous organic solvents under weakly 
basic conditions. 

c. Groups Removable in Neutral Solutions 

/. Chloroacetyl Group. Chloroacetic anhydride, which lacks 
selectivity, was found109 to esterify partially protected thymidine, 
giving the corresponding chloroacetyl derivatives. Diphenyl-
chloroacetyl chloride exhibited selectivity toward the primary 
alcohol function of thymidine. The reagents evaluated for se
lective removal of chloroacetyl group include thiourea in etha-
nol,1 1 0 2-mercaptoethylamine, ethylenediamine, and o-phe-
nylenediamine.109 
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Ii. 2,4-Dinitrobenzenesulfenyl Group. This moiety was studied 
by Letsinger,111 who found it to be removable cleanly from the 
5'-hydroxyl site of nucleosides by thiophenol in phenol.1 1 1 1 1 2 

The reaction of adenosine or its N6-acyl derivative with 2,4-
dinitrobenzenesulfenyl chloride is not selective, giving a mixture 
of products in low y ie ld.1 1 2 1 1 3 Also the protection in 5'-O-
(2,4-dinitrobenzenesulfenyl)-2'-0-tetrahydropyranyluridine was 
not complete under conditions of phosphorylation involving 

•2,2,2-trichloroethyl phosphate and TPS in pyridine.97 
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Hi. Benzoylpropanoyl Group. Letsinger114115 introduced the 
benzoylpropanoyl derivatives as very effective 3'-hydroxyl 
blocking agents in oligonucleotide synthesis. Deprotection was 
effected with dilute hydrazine hydrate solution (0.5 M) in pyri
dine—acetic acid buffer; the ester moiety was lost as 4,5-dihy-
dro-6-phenylpyridazone leaving both acid and base sensitive 
linkages unaffected. Letsinger was able to prepare hexathymi-
dylic acid in 11 % yield using 3'-0-benzoylpropanoylthymidine 
as the building unit.116 
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Iv. 2,2,2-Tribromoethyl Chloroformate. A protecting group 
which is stable to acid but may be removed via a /3-elimination 
promoted by a zinc-copper couple is 2,2,2-tribromoethoxy-
carbonyl.117 Chloroformate 88 reacted at O 0C with the hydroxyl 
functions of thymidine within 1 h. In the case of 2',3'-0-isopro-
pylideneadenosine, prior protection of the amino group was 
found necessary to avoid N-substitution. 
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v. SiIyI Groups. Trimethylsilyl derivatives of nucleosides and 
nucleotides were initially prepared in order to render these highly 
polar, high-melting compounds sufficiently volatile for gas-liquid 
chromatography.118 '119 The stable fert-butyldimethylsilyl pro
tective group introduced by Corey120 has enhanced the utility 
of silyl groups as hydroxyl masking agents. Ogi lv ie1 2 1 1 2 2 eval
uated various silyl chlorides for blocking hydroxyl functions of 
the nucleosides. Generally silyl derivatives are stable to base 
and hydrazine hydrate, conditions usually employed for the re
moval of acyl-protecting groups. They are deblocked easily by 
treating with tetrabutylammonium fluoride in tetrahydrofuran. 
In addition, mass spectroscopy can be used to identify silylated 
nucleosides and nucleotides.123 

Ogilvie124 reported that in the 2'-deoxy series, fert-butyldi-
methylsilyl and, in particular, tri(isopropyl)silyl and tetramethy-
lene-fert-butylsilyl chlorides showed preference for the 5'-
hydroxyl function over 3'-hydroxyl in forming the monosubstituted 
derivative. The 5'-0-silyl ethers, in turn, were found to be more 
acid labile than the 3' isomers. 

In the case of uridine the trend in reactivity of the alcoholic 
functions toward fert-butyldimethylsilyl or tri(isopropyl)silyl 
chloride was 5' » 2' > 3'.125 Again the 5'-silyl moiety was se
lectively cleaved in the presence of 2'- or 3'-silyl ethers. Based 
on this, 5'-silyluridine (70-75%) and the 2'-derivative (50-60%) 
were prepared from uridine.125 
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vi. Levulinyl Group. A recent communication discloses a 
simplified method for cleaving the levulinyl group by sodium 
borohydride reduction over the pH range of 5-8.5 through the 
intermediacy of 93.1 2 6 Levulinic esters were readily formed by 
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action of the anhydride upon the 5'- or 3'-hydroxyl functions of 
uridine and thymidine when other sites were masked. These 
ester derivatives were stable to acidic conditions. 

d. Enzymatically Removable Groups 

For Khorana's approach12 to the synthesis of oligodeoxyri-
bonucleotides (section V.C.1), the high selectivity and mild 
conditions of enzymatic reactions suggested the use of enzy
matically removable masking groups for the 3' position.127 

Taunton-Rigby128 investigated the hydrolysis of the dihydrocin-
namoyl (94), D-(+)-dihydrocoumariloyl (95), and o-phenyl-
enedioxyacetyl (96) esters of nucleosides and nucleotide chains 
by a-chymotrypsin. a-Chymotrypsin cleaved dcm and pda 

.CH2CH2C— 

C = O 

94 95 

0N 

o/ Nc=o 

96 

groups at 37 0C under neutral conditions much faster (less than 
1 h) than dhc (8-16 h). However, o-phenylenedioxyacetyl and 
D-(+)-dihydrocoumariloyl chlorides were poor acylating agents, 
and their nucleotide esters were not stable enough for purifi
cation purposes. The suitability of the dihydrocinnamoyl moiety 
for protection was demonstrated by the stepwise synthesis of 
the tetranucleotide d-pTpCpApG (Scheme VIII). The yields at the 
di-, tri-, and tetramer stages were 54, 46, and 36%, respectively. 
It was also observed that the rate of enzymatic hydrolysis was 
faster for an oligonucleotide than for a mononucleotide. 

e. Select ive Blocking of the 3'-Hydroxyl End 

The yield of condensation reaction creating an internucleotide 
linkage is generally less than 80%; hence the reaction mixture 
at the end of a coupling step always contains the starting nu
cleotide chain with an unreacted hydroxyl residue at its growing 
end. The separation of the elongated chain from the predecessor 
is difficult in most cases. Masking the free hydroxyl function of 
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the unreacted oligonucleotide at least prevents it from entering 
into undesired condensations (Scheme XXVIII). 

Agarwal and Khorana129 observed that di- and higher deox-
yribonucleotides with appropriate blocking agents on the 5'-
terminal hydroxyl and all amino functions reacted quantitatively 
with aromatic isocyanates in pyridine at the 3'-hydroxyl end. 
Application of this reaction to oligonucleotide synthesis is out
lined schematically for 109 (Scheme IX). 

3. Simultaneous Protection of 2'- and 3'-Hydroxyl 
Functions 

When an oligoribonucleotide is synthesized from the 3' end 
by adding mononucleotides or oligonucleotide blocks at its 5' 
end, or when the synthesis in the opposite direction is terminated, 
both 2'- and 3'-hydroxyl functions at the 3' terminus must be 
blocked. Selectivity for the c/s-glycol system may be readily 
achieved by taking advantage of the stability of 5-5 fused ring 
systems. A variety of reagents which react with the cis-diol group 
to form five-membered dioxolane-type rings have been used. 
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a. 2',3'-0-Alkylidene Derivatives 

The acid-labile isopropylidene group, first employed four 
decades ago for protection of the 2',3'-cis-diol system,130 is even 
today perhaps the most commonly employed group in ribonu
cleoside chemistry.131'132 The 2',3'-0-isopropylidene ketal 110 
is isolated, usually in very good yield, by allowing acetone to 
react with a ribonucleoside in the presence of an anhydrous acid 
such as hydrogen chloride, p-toluenesulfonic acid, sulfuric acid, 
perchloric acid, or di-p-nitrophenyl phosphate133 and a water 
scavenger such as ethyl orthoformate134 or 2,2-dimethoxy-

HO—i 
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14 + MeCMe —*• 
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propane.133 Similarly, reaction with a wide variety of ketones135 

and aldehydes45136 yields alkylidene derivatives of varying acid 
susceptibility. For example, reaction with benzaldehyde leads 
to a mixture of diastereomeric benzylidene acetals 111 and 
112.137 The isopropylidene and benzylidene blocking groups are 
cleaved by treatment with acid under conditions such that 3'-2' 
migration of the phosphate residue present in the system may 
take place.138 Hence the more acid-labile p-dimethylamino- and 
2,4-dimethoxybenzylidene acetals have been recommend
ed.136'139 
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Despite the occasional purification difficulties associated with 
diastereomer formation, alkoxyalkylidene derivatives have been 
widely used because of their enhanced lability to acidic hydrol
ysis relative to isopropylidene ketals. They are readily formed 
by transesterification between ribonucleosides and appropriate 
orthoesters.140 Reese31 and others have extensively employed 
the methoxymethylidene acetals since they may be hydrolyzed 
under mild conditions involving sodium citrate buffer (pH 5.6);22 

the intermediate formates are readily removed under these 
conditions. On the other hand, when R in 113 is methyl or phenyl, 
treatment with aqueous acid gives rise to 2'(3')-acyl esters, 
necessitating alkaline treatment for complete cleavage. 
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b. 2',3'-0-Cyclic Carbonates 

As noted above, p-nitrophenyl- and 2,2,2-tribromoethyl 
chloroformates may be used to protect single alcohol function. 
In the presence of a c/s-glycol group, however, the initially 
formed acyclic carbonate diester undergoes further intramo
lecular transesterification to yield the corresponding 2',3'-cyclic 
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carbonate 114.1 0 4 1 1 7 Cyclic carbonates141 '142 have also been 
prepared with diphenyl carbonate143 or by the hydrolysis of 2' 
,3'-0-dimethoxymethylidene orthoesters 115.144 Compounds 
114 are readily hydrolyzed under mild basic conditions (pH 8, 
100 0C, and 15 min);143 the use of cyclic carbonates in olig
onucleotide synthesis has not been demonstrated. 
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c. 2 ' ,3 ' -Cycl ic Phosphates 

The accessibility145 and the highly specific opening of 2',-
3'-cyclic phosphates to 3'-nucleotides by various ribonucleases 
have made them valuable intermediates in the synthesis of 
jj.146-149 a n c j trinucleotides150 (Scheme X). The removal of any 
protecting group present on the heterocyclic amino functions 
may be necessary before the cyclic phosphate is cleaved by 
RNAaSeMOrT1 .150 

d. 2 \3 ' -0 -Pheny l Boronates 

Although boric acid complexes of ribonucleosides are not 
sufficiently stable for use as protecting groups,151 2',3'-0-phenyl 
boronate derivatives have been isolated152,153 and used for 
further reactions.154 These boronate esters were hydrolyzed in 
water within 10 min and were cleaved by transesterification with 
ethylene glycol.153 
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B. Phosphate Protect ing Groups 

1. Internucleotide Phosphate Protection 

Difficulties in synthesis and purification of such relatively large 
molecules as oligonucleotides are often aggravated by the 
presence of negative charges associated with the internucleotide 
phosphate moieties (vide infra). A number of phosphate pro
tecting groups designed to eliminate this difficulty by affording 
triester rather than diester condensation products have been 
developed. Such groups must, of necessity, be stable to the 
conditions of internucleotide bond formation as well as those 
required for the manipulation of various hydroxyl blocking 
groups. 

a. 2,2,2-Trichloroethyl Group 

The trichloroethyl group, originally introduced by Woodward155 

for the synthesis of cephalosporin, was first adapted to phos
phate protection by Eckstein.156 Various approaches to the 
requisite trichloroethyl nucleotides are illustrated in Scheme 
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Xl;85,157-159 yields generally exceed 50%. The protection is 
stable to acidic and slightly basic conditions; it is only slightly 
affected by 80 % acetic acid and concentrated ammonium hy
droxide.158 The cleavage of the group had been effected by (i) 
zinc dust and 80% acetic acid,157 (H) copper-zinc couple in 
/V,A/-dimethylformamide,158 (iii) sodium hydroxide in aqueous 
dioxane,85 or (iv) zinc dust in pyridine containing acetic 
acid.159 

b. 2-Cyanoethyl Group 

The 2-cyanoethyl group, initially used by Khorana for terminal 
phosphate protection,160-162 was suggested by Letsinger163 for 
masking internucleotide phosphate residues. The requisite re
agents for introducing the protection are readily available, and 
the deblocking can be easily had under mild basic conditions 
involving ammonium hydroxide, conditions to which esters are, 
unfortunately, also susceptible. 
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c. Phenyl and Substituted-Phenyl Moieties 

These groups have been employed less frequently than the 
2,2,2-trichloroethyl and 2-cyanoethyl groups although they are 
equally useful in protecting the internucleotide phosphate moiety, 
Phenyl, o-chlorophenyl, and p-methylthiophenyl 3'-phospho-
diesters of 5',2'-disubstituted nucleosides have been prepared 
and employed for oligonucleotide synthesis.31,164-166 Phenyl 
dichlorophosphate is an ambident phosphorylating agent which 
was used for the direct formation of the internucleotide bond 
between two appropriately protected deoxyribonucleosides.165 

U 

—OR1 

R1Q. —OH 

U 

+ ROPOH TPS. 
-OR1 

/ 
O 

R1Q. \— OP 

O- OR 
125 

R = Ph, 2-CIC6H4-, 4-MeSC6H4-

Attempts to apply the reaction to the far more hindered 2'-O-
(4-methoxytetrahydropyran-4-yl)ribonucleoside failed in the 
absence of a catalyst.31 The use of 5-chloro-1-methylimidazole 
as catalyst led to phosphorylation of the hindered secondary 
3'-hydroxyl in reasonable yields.145 This catalysis is a potentially 
important phenomenon which deserves additional attention. 
Potassium hydroxide (0.1 M) in water-dimethylsulfoxide was 
suggested167 to deprotect dinucleoside phosphate triesters 
without cleaving the phosphodiester bond to any significant 
extent. 

d. Phenylthio Group 

The possible use of the base labile phenylthio group in olig
onucleotide synthesis via the phosphotriester method has been 
very recently reported168-170 (126). 
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2. Protection of a Terminal Phosphate Group 

Synthesis of an oligonucleotide chain bearing a 3'- or 5'-ter-
minal phosphate may be accomplished by phosphorylation 
(chemical or enzymatic) of an appropriately protected preformed 
oligonucleotide. It is generally preferred, however, to initiate the 
synthesis with a nucleotide, the phosphate of which will be 
masked throughout oligomer preparation until its ultimate release 
as the 3'(5')-terminal phosphate. In addition to the usual stability 
requirements to all conditions required for oligonucleotide 
synthesis, these blocking groups must protect the phosphate 
against esterification or pyrophosphate formation; this is gen
erally achieved through the selection of groups which sterically 
or electronically reduce phosphate reactivity. The 2-cyanoethyl56 

and 2,2,2-trichloroethyl1581171 groups described above were 
widely used for this purpose, but recent developments have led 
to phosphate protecting groups which, in addition to affording 
protection against unwanted side reactions, provide real ad
vantages in product purification and ease of removal. 

a. Substituted Phosphorothioates 

The initial use of 5'-substituted phosphorothioates in nucle
otide synthesis was by Cook and Nussbaum.172-174 The S-ethyl 
group was shown to have considerable stability to a variety of 
reaction conditions and, upon mild oxidation with iodine in 
aqueous dioxane, it was made susceptible to displacement by 
a number of nucleophiles (Scheme XII).175 The full utility of the 
S-ethyl phosphorothioate moiety in masking phosphate function 
was convincingly demonstrated by Nussbaum, Cook, and their 
co-workers.176-178 

b. Arylmercaptoethanol 

The 2-arylmercaptoethyl protecting group, introduced by 
Narang,179180 conferred hydrophobic character to its derivatives 
(132), thereby facilitating their separation from the more hy-
drophilic starting materials and condensing agents by chroma
tography on benzoylated DEAE-Sephadex. The novelty of the 
blocking group lies in the mode of its removal; periodate oxi
dation converted the sulfide to sulfoxide (133a). The greatly in-

- O H 
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creased acidity of the a proton in the latter facilitated base-
catalyzed jS-elimination of phosphate. The 2 N sodium hydroxide 
used by Narang180 led to removal of N-acyl protecting groups. 
The use of periodate oxidation prevented application of the re
action to oligoribonucleotides having a free 2',3'-terminus; this 
difficulty was later obviated by Khorana,181 who used /v-chlo-
rosuccinimide to oxidize 132 to the arylsulfonyl derivative 133b 
prior to cleavage by 1 N sodium hydroxide. Obviously, this 
methodology is not applicable to incorporation of sulfur-con
taining nucleosides into oligomers. 

c. Aryl and Aralkyl Phosphates 

The advantage of having aryl groups in protected nucleotide 
chains is to make them extractable by organic solvents or readily 
separable by affinity chromatography. Particularly suited for this 
purpose is the AMrityl-p-aminophenyl group.182 Isolation of 136 
or oligothymidylates bearing the protection by 7:3 chloroform-
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butanol extraction at each stage increased the overall yield 
(15%) and reduced the time of workup considerably. The group 
was more stable than aromatic phosphoramidates in anhydrous 
pyridine and was unaffected by isoamyl nitrite. The cleavage of 
/v-trityl-p-aminophenyl residue from 137 was carried out in ac
etone containing iodine. 

A number of other aryl and aralkyl protecting groups including 
benzhydryl,183 a-pyridylethyl,184 fluorene-9-methyl,185 2,4-
dinitrophenyl,186-188 4-chloro-2-nitrophenyl,189 and various other 
aromatic derivatives190 have been studied. 

Two additional phosphate masking ethers, which have been 
recently described, need to be mentioned. These are the 1-
oxido-2-pyridylmethyl191 and the o-nitrobenzyl192 moieties. The 
former is removed by treatment with acetic anhydride with 
concomitant acetylation of susceptible functions, requiring an 
additional treatment with methanolic ammonia for complete 
deblocking. The o-nitrobenzyl group, on the other hand, offers 
the clear advantage of photolability under conditions which do 
not affect the purine or pyrimidine bases. The application of 
these protective groups to oligonucleotide synthesis is yet to be 
demonstrated. 

d. Phosphoramidates 

lkehara et a l .1 9 3 first evaluated the possible use of aromatic 
phosphoramidates148,194-197 for blocking the phosphate moiety. 
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These workers used aniline and p-anisylamine and found that 
the amidate residue could be cleaved by isoamyl nitrate treat
ment in neutral buffered solutions. This approach was extended 
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by Khorana's group198 who found that A/-(p-tritylphenyl)phos-
phoramidates (139) could be converted to dinucleotides 141 
which could be extracted from the reaction mixture into organic 
solvents. Pure dinucleotides 141 were readily obtained by pre
cipitation. Alternatively, phosphoramidates of the types 139 and 
141 could be separated from other components of the reaction 
mixture on columns of trityl cellulose or naphthylcarbamoyl-
cellulose.86 

131 + t r - ^ g > - N H 2 
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In contrast to the approaches described above, which rely 
upon increasing the hydrophobicity of an anionic molecule, 
Hata199 '200 elected to attach a cationic "handle" to phosphate 
in order to enable separations using ordinary ion-exchange 
resins. His initial approach is outlined in Scheme XIII; it relies 
heavily upon the unexplained and astonishing ability of Dowex-50 
(H+) resin to selectively and quantitatively adsorb mononucle
otide 142 while not retaining dinucleotide 144. In more recent 
work2 0 1 2 0 2 Hata has used the much more basic aniline derivative 
146 for phosphoramidate formation and depended on trity!cel
lulose and DEAE-cellulose for separation and purification of a 
variety of deoxyoligonucleotides. 

C. Protection of the Amino Functions on the 
Bases 

Protection of the amino functions of adenine, guanine, and 
cytosine containing nucleosides and nucleotides often may be 
regarded as a necessary evil in oligonucleotide synthesis, evil 
because two additional steps are required (blocking and de
blocking) but frequently necessary in order to avoid undesired 
phosphoramidate formation with activated phosphate residues 
during condensation.203204 An advantage is the general increase 
in solubility obtained as a result of masking the heterocyclic 
extranuclear amino groups. 

Reese et a l . 2 2 first reported that satisfactory yields in the 
preparation of adenosyl(3'-5')uridine could be obtained without 
acylating the amino function. Recently Narang205 and Smrt206 

reported the apparent superfluity of amino protecting groups on 
adenosine and guanosine. The yields and the purity of dinu
cleotides were essentially unaffected by the presence or ab-
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sence of blocking agents on the amino functions. On the other 
hand, the use of cytidine with a free amino group led to an N-
phosphorylated compound as the major (ca. 42%) product.205 

Earlier Khorana207 also observed the major reaction between 
3'-0-acetylthymidine 5'-phosphate and 5'-0-trityldeoxycytidine 
in the presence of DCC to be phosphorylation of the amino 
moiety. 

Relatively few types of amino protecting groups have been 
developed, primarily because the criteria they must meet are 
much less stringent than those for hydroxyl blocking groups. 
Generally the bases are N-substituted prior to initiation of in-
ternucleotide link formation and remain blocked until the chain 
is completely assembled. Thus, the protective groups need only 
be stable to all the chemical manipulations leading to the syn
thesis of an oligonucleotide, and be removable under conditions 
which do not permit cleavage of the chain. 

1. N-Dimethylaminomethylene Group 

This group was introduced and developed by the Czech group 
for the selective masking of heterocyclic amino functions in 
nucleosides208-210 and nucleotides.211^212 Treatment of aden
osine, cytidine, guanosine, and their 2'-deoxy analogs with di-
methylformamide dimethyl acetal in dimethylformamide afforded 
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R = H, OH; BNH2 = A, C, G 

almost quantitative yields of the corresponding /V-dimethylam-
inomethylene derivatives (147). 

Cleavage can be brought about in acidic as well as basic 
solutions; shaking with ammonia is often used. As pointed out 
in Scheme I the reagent can also be used to selectively protect 
amino groups on di- and presumably higher oligonucleotides. 
A note of caution should be added, however; in the presence of 
a uridine residue, the corresponding dineopentyl acetal is pre
ferred to avoid methylation of the uracil ring. The major disad
vantage to the /v-dimethylaminomethylene moiety is its sus
ceptibility to both acid and base; reintroduction is often required 
prior to subsequent steps. 

2. Acyl Groups 

Ease of amide formation with heterocyclic amino functions 
has led to widespread use of various acyl groups for amino 
protection. One major limitation of using N-acyl derivatives is 
that glycosidic bond is made more susceptible to hydrolytic 
cleavage. This observation is of greatest significance with the 
2'-deoxynucleosides, which are quite acid labile even in the 
absence of N-acyl groups. 

Although N-acetyl derivatives of nucleosides and nucleotides 
were utilized by early workers,210213,214 the limited solubility 
of these derivatives in pyridine and the instability of N-acetyl 
protection to an acidic medium207 restricted their use.52 De
pending upon the base lability of N-acylated bases, different acyl 
groups have emerged for different bases. At the present time, 
anisoyl for cytosine,207 benzoyl for adenine,215 and isobutyryl216 

or 2-methylbutyryl for guanine seem to be the acyl moieties of 
choice.12'198 They are generally removed by treatment with 
concentrated ammonium hydroxide or with 1:1 mixture of 
methanol and butylamine.217 Scheme XIV illustrates two com
mon ways of preparing nucleosides 149 and 151 with protected 
amino groups. The lability of the ester function compared to 
amide is extensively exploited in reactions of this type. Selective 
acylation of the basic amino function218 is seldom carried out 
because some ester formation almost inevitably occurs. 
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3. Isobutyloxycarbonyl Group 

Whenever hydrazine has to be used in any of the synthetic 
steps, acyl groups on amino functions may be cleaved. To 
overcome this limitation isobutyryl chloroformate has been in
troduced115 to protect the amino groups on cytosine and adenine 
since the resulting carbamate derivative is more stable toward 
hydrazine than the amide moiety. This principle is brought out 
by considering dinucleotide formation from 154; hydrazine re
moval of the benzoylpropionyl group may be carried out without 
affecting the isobutyloxycarbonyl function at the N4 site of the 
cytosine ring. The latter in turn may be hydrolyzed with con
centrated ammonium hydroxide. 
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IV. Internucleotide Bond Formation 

The key reaction in any oligonucleotide synthesis is joining 
two components, one containing a free phosphate function and 
another a hydroxyl, to form a 3-5 internucleotide bond. A re
duced yield due to uncontrolled side reactions at this stage may 
waste valuable starting materials and lead to undesirable con
sequences in the yield and the purification of the product. A few 
synthetic reactions have been devised which approach the ideal 
of keeping the yields high within reasonable periods of reaction 
time. 

A. In Situ Activation of the Phosphate Function 
The fragments to be linked having unprotected phosphate and 

hydroxyl residues are brought together in this method without 
prior activation. The condensing agents commonly employed 
are dicyclohexylcarbodiimide (DCC), mesitylenesulfonyl chloride 
(MS),219 and 2,4,6-triisopropylbenzenesulfonyl chloride (TPS).220 

Other conventional condensing reagents such as ethoxyac-
etylene,221 rV-ethyl-5-phenylisoxazolium fluoroborate,219221'222 

trifluoroacetonitrile,223 picryl chloride,224 mesitoyl chloride,225 

and carbonyl bis(imidazole)219 proved to be of no practical value 
for oligonucleotide synthesis. Steric constraints caused by the 
presence of substituents in the ortho positions of MS and TPS 
reduce the amount of sulfonation of the free hydroxyl group 
present in one of the components. The intermediate DCC, MS, 
or TPS activated nucleotide is usually allowed to react in situ with 
the appropriate alcohol function of the other fragment. The 
generality and the simplicity of this method are responsible for 
its wide popularity. Of the three common condensing agents DCC 
is least reactive; it does not effect coupling when the phosphate 
residue bears an additional substituent as in phosphotriester 
method (vide infra). TPS is often the reagent of choice. However, 
MS, which is more soluble in pyridine and more reactive than 
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TPS, is preferred for block synthesis. The mode of action of 
these condensing agents has not been fully elucidated.159,226_228 

The coupling step is usually carried out in anhydrous pyridine, 
which by far seems to be the best solvent; the reaction is very 
sensitive to moisture and a special apparatus for it has been 
described.229 

There are three drawbacks to MS and TPS, which restrict their 
use. The liberation of free hydrogen chloride during the activation 
step sometimes caused unwanted reactions. Sulfonation was 
not completely eliminated even with the most sterically hindered 
TPS. Finally, removal of arylsulfonic acid after the reaction was 
difficult, particularly for the triester method. To overcome these 
shortcomings while retaining the coupling power of MS and TPS, 
a few modifications have been attempted. 

p-Toluenesulfonyl and mesitylenesulfonyl imidazolides (155a 
and 155b) and the less reactive 2,4,6-triisopropylbenzenesul-
fonyl imidazolide (155c) were found230 to be slower than TPS 
in bringing about the formation of the phosphodiester linkage. 

ArS—N N N 

a, Ar = Ts; 
b, Ar = Me 

W 
156 

c, Ar : 

Nevertheless, sulfonation of hydroxyl function was not detected 
even with excess 155, and acid-sensitive bonds in the starting 
materials were unaffected. Narang et al.231 recently reported 
that arylsulfonyl 1,2,4-triazolides (156) were more reactive than 
the imidazolides. Both 155 and 156 may be easily obtained from 
arylsulfonyl chlorides and the appropriate heterocycle in the 
presence of triethylamine. The sulfonamides are gaining pop
ularity.169'232 

Attachment of the reagent to a polymer support was investi
gated by Rubinstein and Patchornik.233 The reactivity of poly-
(3,5-diethylstyrene)sulfonyl chloride (157) was comparable to 
that of TPS in coupling ability. The sulfonic acid product was 
removed simply by filtration of the polymer at the end of the 
reaction. The extent of sulfonation was slightly higher than that 
encountered with TPS, but the resulting sulfonates were removed 
with the polymer. 

—fCH2 CHBTT 

SO2CI 

157 
A recently introduced condensing agent234 is the addition 

compound of 2,2'-dipyridyl disulfide and triphenylphosphine. This 
effective reagent, which has been employed successfully for 
the synthesis of peptides234 and for obtaining mixed esters of 
phosphoric acid and pyrophosphate,235,236 was found to be 
useful in nucleotide chemistry as well.201202 

All of the coupling reagents described above have in common 
a rigorous requirement for anhydrous conditions. It seems 
somewhat paradoxical, then, to consider phosphodiester bond 
formation in aqueous solutions. Nonetheless, coupling reactions 

in aqueous solution brought about by water-soluble condensing 
agents such as 158237 and 159238 have been demonstrated. The 

N=C=N(CH 2 ) 2N, 

158 

TsO-

N=C=N(CH2 )3NMe3 

TsO-

159 
technique requires a complementary template in order to po
sition the hydroxyl of one nucleotide in proximity to the activated 
phosphate of the next for effective competition with water 
molecules. Naylor and Gilham239 observed 5% dimerization of 
thymidine hexanucleotide in the presence of both the reagent 
159 and polyadenylic acid at —3 0C in 1 M sodium chloride so
lution. Despite the understandable low yield, the method may 
be valuable for repairing an isolated phosphodiester bond break 
in natural polymers and for adding single nucleotides to a long 
oligonucleotide on a suitable template. Low temperature and 
viscous solutions may be expected to increase the yield of such 
reactions. The use of 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide240 hydrochloride for chemical polymerization will be 
discussed in section V.B. 

B. Coupling through Elimination of HX (X - , a 
Good Leaving Group) 

The presence of a good leaving group X - on phosphate or at 
the 5'(3') position amounts to prior activation; nucleophilic dis
placement of HX may lead to an internucleotide linkage. Since 
these preactivated reactions are usually more involved than in 
situ activation, they have been reported only sporadically (161241 

and 162164). Specificity is often increased because only one 
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reactive site is present in each molecule. Protective groups for 
amino functions on the bases are sometimes not necessary, and 
the formation of pyrophosphates, a serious problem with TPS, 
is also precluded in most cases. 

Reaction between an activated phosphate and a nucleoside 
alkoxide anion generated by an anhydrous strong base (e.g., 
potassium fert-butoxide) has been evaluated.242 The formation 

T 

dmtCX - O P F HO^ —Ommt 

164 
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of 166 was complete in 10 min, and the yield was more than 
8 0 % . The method suffers from three limitations: (i) the lability 
of the glycosidic bond to strong anhydrous base, (ii) the low 
solubility of the potassium salts of oligodeoxyribonucleosides 
in DMF, and (iii) the relative lack of availability of the requisite 
phosphorofluoridates. 
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Activation of phosphate through conversion to a phospho-
ranilidate moiety has been reported by lkehara.243 Since 
phosphoranilidates can be employed for phosphate protection 
(vide supra), use of these compounds directly in chain elongation 
step is an advantage, particularly in block synthesis. Further 
investigation is needed to test the generality of this reaction. 

The mercury(ll) chloride oxidation of a nucleoside 3'-phosphite 
attached to a polymer support in presence of a nucleoside was 
investigated by Kabachnik et al.244 to generate a phosphodiester 
linkage. The yields were good only for dinucleotides, but pro
tecting groups for hydroxyl and amino functions were not needed 
and phosphorylation at amino nitrogen was not observed. 

Letsinger245 has recently published a synthetic sequence 
(Scheme XV) for the formation of internucleotide linkages which 
is fast and compatible with most common blocking agents. The 
procedure uses the highly reactive aryl phosphodichloridites for 
formation of a triester of phosphorus acid; conversion to the 
requisite phosphate triester is readily carried out by oxidation 
with iodine. 
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C. Through Cyclonucleosides 

Cyclonucleosides (also called anhydronucleosides) such as 
171, which have a very good intramolecular leaving group, are 
susceptible to nucleophilic attack by the phosphate moiety of 
another nucleotide to produce a dinucleotide. For example, 
treatment of 171, which was rendered more susceptible to nu-
cleophiic attack by N-acetylation, with an equivalent amount of 
uridine 2'(3')-phosphate yielded 172.246 
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172(73%) 

It is apparent that this reaction shares with reactions described 
above the advantage of specificity with regard to the site of 
nucleophilic attack. For this reason there was considerable 
enthusiasm for using pyrimidine247-253 and purine2 4 6 2 5 4"2 5 6 

cyclonucleosides as intermediates in dinucleotide synthesis 
during the late sixties. Representative examples are provided 
in Scheme XVI. Since a 3'-ribonucleotide with an unprotected 
2'-hydroxyl function upon reaction with a 2,5'-cyclonucleoside 
may lead to a mixture of 3 ' -5 ' and 2 ' -5 ' dinucleotide mono
phosphates,248 reaction between a 2,3'-cyclonucleoside and 
a 5'-ribonucleotide250'252 is an advantageous modification. The 
utility of cyclonucleosides in oligonucleotide synthesis seems 
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to depend on large-scale preparation of di- or trinucleotides ready 
for block synthesis. However, investigation in this direction has 
diminished, primarily because of the lack of convenient synthetic 
procedures for the preparation of cyclonucleosides. 

V. Synthesis 

A. Nonspecific Phosphodiester Linkage 

During the formation of a diribonucleotide, if the 2'-hydroxyl 
function is not masked in the nucleoside destined to be at the 
5' end, both 3 ' -5 ' and 2 ' -5 ' isomers are invariably formed. This 
section is a short account of reactions which led to such mix
tures. 

Michelson's early method214 ,257 for the preparation of a 
diribonucleotide consisted of the condensation of a ribonucle-
oside 2',3'-cyclic phosphate (179) with a 2',3'-isopropylidene 
acetal of a nucleoside in the presence of diphenyl chlorophos-
phate and tributylamine leading to a mixture of 3 ' -5 ' and 2 ' -5 ' 
dinucleoside monophosphates. The major drawback of this 
approach is that at the end of condensation the isomers must 
be separated prior to addition of another nucleotide. Recent 

A c O . MAo-
179 

+ 110 

— OH 

— OH 

B = U, 5-bromouracil 

advances in ion-exchange chromatography,258 gel filtration,259 

ionophoresis on cellulose,257 or DEAE-cellulose paper260 and 
ion-exchange thin-layer chromatography260 techniques have 
enabled facile separation of the isomers. For example, the 
mixture of 2 ' -5 ' and 3 ' -5 ' isomers of 180 (B = 5-bromouracil) 
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was separated on a column of Dowex-1 X 2 (formate) with so
dium formate (pH 5) as the eluent. This ability to separate the 
isomers renders approaches such as those in Scheme XVII 
feasible under two sets of circumstances. First, if both 2 ' -5 ' and 
3 ' -5 ' linked oligonucleotides are desired, it is unnecessary to 
carry out several blocking and deblocking steps.261,262 Second, 
large-scale preparation of dinucleotides can be made simpler 
by minimizing the number of protecting groups and carrying out 
the separation just once at the completion of the coupling step. 
Miura and Ueda263 found this shorter method particularly useful 
for producing diribonucleoside monophosphates having adenine 
or guanine at the 3'(2') end; the yields of the unprotected mix
tures were more than 70 %. 
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B. Chemical Polymerization 
This term as used here refers to uncontrolled condensations 

leading to oligonucleotides with repeating units. The repeating 
unit may be either a single nucleotide or a small chain of nu
cleotides. In the case of ribonucleotides the 2'-hydroxyl is most 
often protected in order to yield C3'-C5' internucleotide linkage 
exclusively. The product of polymerization is a mixture of 
oligonucleotides of varying lengths in addition to products of any 
side reactions. 

7. Polymerization with Condensing Agents 

One of the first studies on oligomerization of ribonucleo
tides264 involved treatment of a 1:4 mixture of pyridinium 
2',5'-di-0-acetyluridine 3'-phosphate and 2'-0-acetyluridine 
3'-phosphate with DCC. Since short oligonucleotides bearing 
a 3'-phosphate residue have a marked tendency to form 3',5'-
cyclic derivatives (184), the incorporation of 5'-masked mono
mer was expected to minimize that side reaction. At the end of 
polymerization, the reaction mixture was treated with acetic 
anhydride to remove the P\P2-di(nucleotidyl)pyrophosphates 
and with ammonia to remove the acetyl groups; homologous 
oligouridylic acids (183) up to the hexanucleotide were isolated 
and identified while higher oligomers and 184 were also de
tected. The yields of both 183 and 184 decreased with increase 
in chain length, as expected on the basis of probability. 
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Similarly, Khorana's group prepared thymidine,265 deoxy-
guanosine,266 deoxycytidine,207 deoxyadenosine,215 and 
adenosine287 oligonucleotides and separated them by chro
matography on a column of DEAE-cellulose. Copolymerization 
of A/,3'-0-diacetyldeoxycytidine 5'-phosphate (25%) and thy
midine 5'-phosphate (75%) resulted in a homologous series of 
oligothymidylates (185) with deoxycytidine at the 3' end.265 
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With slight modifications the above procedure has been ap
plied by others268-270 to the preparation of oligomers of other 
nucleotides. In order to obtain oligonucleotides possessing the 
naturally occurring 5'-phosphate and 3'-hydroxyl termini, Straus 
and Fresco270 started with pyridinium salts of monomer N-
benzoyl-2'-0-tetrahydropyranylguanosine 5'-phosphate and 
3'-terminator N-benzoyl-2',3'-di-0-tetrahydropyranylguanosine 
5'-phosphate. DCC activated polymerization of monomer and 
terminator in the ratio of 4:1 yielded mainly tetraguanylate along 
with lesser amounts of higher oligomers. 

Short chains of oligothymidylates up to the hexamer were also 
prepared on a Merrifield resin support271 as well as on a soluble 
polymer support.272 Self-condensation of a modified nucleotide 
has also been reported.273 

2. Use of Cyclonucleoside Phosphates 

The potential of O2, 5'-cyclothymidine 3'-phosphate (186) for 
the formation of oligomers through repeated self-condensations 
was recently explored by Nagyvary and Nagpal.274 Since 186 
contained both the nucleophile and the leaving group, an external 
source of activation for coupling was unnecessary and pyro
phosphate formation was not observed. Oligonucleotide chains 
(187) 2-12 units long were obtained and were analyzed on a 
Sephadex G-25 column. The practical use of this interesting 
approach depends on the accessibility of the requisite starting 
materials. 

HO, > \ 
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o-
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Il -OH 

187 

n= 3-7 (44%) 
r?=7-11 (23%) 

186 

3. Catalyzed Polymerizations 

Thermal polymerization of unprotected 2'-deoxyribonu-
cleoside 5'-phosphates catalyzed by protic acids has been re
ported by Pongs and Ts'o.275,276 Pyrimidine nucleosides in re-
fluxing DMF were polymerized to a mixture of oligomers with 
structural formulas of (pN)„ and (pN)np. 0-lmidazolyl-4(5)-pro-
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TABLE I. Yield Ol Block Polymerization Using Condensing Agents 

Monomer without 
protective groups 

d-pTpG 
d-pTpC 
d-pCpGpA 
d-pCpGpT 
d-pApApG 
d-pApApApG 
d-pApTpCpG 

Approximate yields after deblocki 

Cyclo-
monomer 

21.4 
31.7 
16.00 
12.7 
10 
14 
12.5 

Monomer 

27.5 
28.0 
29 
54 
29.5 

ng, % 

Cyclo-
dimer 

4.5 
3.4 

Dimer 

24.5 
16.4 
21.0 
14.0 
30 
11 
11.5 

Trimer 

9.7 
10.0 
8.0 
8.4 
8 
1 
6.5 

Tetramer 
and higher 

7.8 
19.5 
11.6 
6.3 
4 

panoic acid and triethylammonium chloride were observed to 
be the best catalysts, yielding up to 60% polymerization. Since 
the glycosyl bond in purine nucleotides is less stable to acidic 
conditions, similar preparation of oligopurinylic acids was less 
successful. Although 3'-5' cyclic nucleotides and pyrophos
phates were not detected in the final product, 5-10% of the 
oligomers were composed of at least one 5'-5' phosphodiester 
bond. Pyrophosphate 188 was found to be an early product and 
was thought to play an important role in self-condensation. 

131 H \ 
HO--TV 

O O 

'POP. 

Ux° 

B 

—OH 
O 

188 

* • • _ - , _ 
HOPQ. h-OPCL \— OH 

o- o-
189 

"Polyphosphoric ester" condensation of 3'- or 5'-nucleotides 
yielded high-molecular weight compounds277 which did not 
undergo complete degradation by ribonuclease;278 they were 
probably cross-linked and partially substituted. Hayes and 
Hansbury279 reported that ethyl polyphosphate and 5'-thymidylic 
acid did not give long polymers with 3'-5' linkages. 

Zinc ion catalyzed oligomerization of adenosine or uridine 
5'-phosphorimidazolide has been studied recently.280 The 
maximum yield of oligoadenylic acids (up to tetramer) was only 
25.2% and 76-90% of the internucleotide linkages were 2'-5' 
rather than 3'-5'. 

Another example of a similar process is provided by oli
gomerization of thymidine 5'-triphosphate in presence of thy
midine 5'-diphosphate, cyanamide, and 4-amino-5-imidazole-
carboxamide under drying conditions at 60-90 0C.281 These 
thermal polymerizations illustrate possible pathways for prebiotic 
polynucleotide synthesis. 

4. Block Condensation 

Oligomerization of a small chain of nucleotides with unpro
tected 5'- or 3'-hydroxyl and 3'- or 5'-phosphate ends enables 
one to obtain larger oligomers containing more than one kind 
of nucleotide. Separation of the product mixtures is greatly fa
cilitated by the greater disparity in molecular weight between 
successive members than is the case in mononucleotide oli
gomerization. However, the yields of polymerization for the 
self-condensation of appropriate oligonucleotides (Table I) are 
still low,162282-285 although the tendency to form 3',5'-cyclic 

derivatives decreases with the length of monomer used. One 
example of block polymerization is provided by the TPS activated 
self-condensation of 190.287 
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CAn 
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- O R l -OPQ. — O 
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191 

Nl 

1 2 3 4 
Yield (B = T), %; 22.2 17.9 16.3 19.7 

5. Polymerization on Templates 

In chemical polymerizations, as seen above, the yield of 
coupled product decreases abruptly for oligomers of longer chain 
length.284 Hence the effect of complementary templates on the 
yield of repeated self-condensation has been studied. 

Miles and co-workers were first to observe that under con
ditions favoring the formation of triple helices, poly U, in the 
presence of the condensing agent 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide, enhanced the coupling of adenosine 
5'-phosphate with itself or with adenosine to 10% efficiency, 
generating primarily 5'-5' and 2'-5' internucleotide bonds.240 

The importance of the template was shown by the lack of effect 
of polycytidylic acid on the condensation between adenosine 
nucleotides and of poly U on the formation of internucleotide 
bonds between adenylic acid and nucleosides other than 
adenosine.288 

In an analogous manner, the self-condensation of guanosine 
5'-phosphate and its coupling with guanosine was facilitated 
specifically by a polycytidylic acid template to give 6.9 % dinu-
cleotide, 18% pyrophosphate, and 2.8% trinucleotide.289 The 
relative effectiveness of poly U and an atactic polymer poly(1-
vinyluracil) as templates for the condensation of adenosine 
2',3'-0-cyclic phosphate with adenosine has also been exam
ined.290 The efficiency of poly(l-vinyluracil) was lower than that 
of poly U under all conditions except at freezing temperatures 
when the binding with the template became more important than 
the rate of coupling. 

The influence of a template on coupling can be expected to 
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TABLE II. Polymerization of Oligoinosine Derivatives on Poly C 

Chain 
length 

n = 6 or 5 

6n 
5n 
4n 
3n 
Zn 

n 

% 

Polymerization 
of (2'-MeIp)6 at 

0 0C for 15 days 

9.2 
9.1 

13.2 
29.7 
39.0 

ratio of the products 

Polymerization of (2'MeIp)5 

AtO0CfOr 15 
days and at —15 

0C for 28 days 

14.7 
11.2 
12.5 
12.7 
19.7 
29.0 

At 0 0C for 11 
days and at 24 

0C for 4 days 

4.8 
5.8 
7.8 
9.1 

15.9 
56.7 

be more pronounced for a pair of short chains of nucleotides than 
for single units because of enhanced binding of oligonucleotides 
relative to mononucleotides. Uesegi and Ts'o291 utilized hexa-
(2'-0-methylinosine 3'-phosphate) (2'-MeIp)6 and the corre
sponding pentamer (2'MeIp)5 as starting materials for water-
soluble carbodiimide activated polymerization directed by a poly 
C template at low temperatures. From the results, summarized 
in Table II, the influence of the template in enhancing the yields 
of higher oligomers is apparent. The data regarding the poly
merization of (2'MeIp)5 at different temperatures indicate the 
importance of the stability of the complex between the oligo
nucleotides and the complementary template in determining the 
extent of coupling. 

The efficiency of the self-condensations brought about by 
water-soluble carbodiimides is often low (less than 10%) even 
in the presence of templates. To rationalize this, Badashkeeva 
et al.292 showed the denaturing effect of reagents such as 192 

N=C=NCH,CHpN +
/~~Y 

Et 

D TsO-

192 

on the complex between the template and the substrate. They 
were able to obtain higher yields (26% dimer) by adding mag
nesium salts to stabilize the complex. 

This difficulty has been partially circumvented by preactivating 
the phosphate moiety. For example, Orgel's group293 observed 
that adenosine 5'-phosphorimidazolide formed phosphodiester 
bonds on a poly U template to the extent of 50%. Prokof'ev et 
a i 294,295 employed phenylalanine 5'-phosphoramidates of di-
adenylic acid and a poly U template; under conditions in which 
complex formation occurred, yields of oligo- and polyadenylates 
of around 10% were obtained. 

C. Stepwise Synthesis in Solution 

The nonspecific oligomerization procedures described above, 
although useful and interesting, offer no comfort to the chemist 
who seeks to emulate nature in the synthesis of nucleic acid 
macromolecules having a specifically defined primary structure. 
The brilliant studies of Khorana and his group over two decades, 
which recently culminated in the synthesis of a complete 
gene,910 represent a major milestone in nucleic acid chemistry. 
Such achievements in DNA chemistry have, as yet, no coun
terpart in the synthesis of large RNA molecules. The goal of a 
chemical synthesis of a complete f-RNA molecule is far from 
attainment.13 

As illustrated below, the principles and strategies involved 
in the synthesis of ribo- and deoxyribooligonucleotides are 
strikingly similar. However, in addition to the problems en
countered in the former series with selective protection of the 
2'-hydroxyl, a major difficulty arises from the steric barrier im
posed upon internucleotide bond formation by the replacement 

of a hydrogen by a substituted oxygen moiety. Since no alter
native to this arrangement has been or is likely to be found, the 
RNA synthetic chemist must seek ways to decrease the bulk of 
2'-hydroxyl blocking groups and to increase the efficiency of 
internucleotide bond formation to the greatest extent possi
ble. 

The stepwise approach (as opposed to block condensation) 
to oligonucleotide synthesis has been and is today the most 
frequently used method. This is true for three reasons: (i) the 
yields of individual condensations tend to be relatively high 
(40-95 %); (ii) it is only by the stepwise approach that the olig
onucleotide blocks may be prepared; and (iii) most of the studies 
hitherto reported (particularly in the ribose series) are designed 
for methodological development and are much more readily 
carried out at the di-, tri-, or tetranucleotide level. 

The primary disadvantages to the stepwise approach are the 
decrease in coupling yield with increasing chain length and the 
difficulty in separating the product and the starting oligonu
cleotides differing in molecular weight by only one nucleotide. 
In addition, a maximum number of coupling steps to the desired 
goal is required. These problems are largely overcome by linking 
preformed oligonucleotide blocks; but the usual yields of such 
condensations are quite low. The exception is found in the DNA 
series in cases when a template complementary to the blocks 
to be connected is available and the enzyme DNA ligase295-301 

may be used to effect the linkage.302-306 Since at the present 
time no "RNA ligase" is available, the method is not applicable 
to coupling of oligoribonucleotides. In any event a discussion 
of enzymatic methods (which encompass polynucleotide 
phosphorylase from E. col/307'3'10 and terminal deoxynucleotidyl 
transferase311-314 in the deoxy series, and polynucleotide 
phosphorylase,315-320 specific321-337 and nonspecific338-368 

ribonucleases in the ribo series) for oligo- and polynucleotide 
synthesis lies beyond the scope of this review. 

Two types of condensation resulting in joining two nucleotide 
residues may be visualized depending on the origin of the 
phosphate function. In the type 1 condensation, a 5'-nucleotide 
(59 and 67) is coupled with a free 3'-hydroxyl function of properly 
protected 58 or 66. The type 2 condensation is the opposite; i.e., 
a 3'-phosphate (61 or 63) is condensed with a 5'-hydroxyl (62 
or 64). Few studies designed for direct comparison of these two 
strategies have appeared, although it has been reported369 that 
similar yields for uridyl-3'-5'-uridine were obtained by each 
approach. As a general statement, however, the type 1 con
densations are most applicable in the less hindered 2'-deoxy 
derivatives, whereas condensations involving 3'-phosphate and 
5'-primary alcohol groups (type 2) are applicable to both ribo-
and deoxyribonucleotides. 

1. Type 1 Condensations 

This type of reaction has been extensively studied by Khorana 
and his associates12370-373 in their syntheses of oligo- and 
polydeoxyribonucleotides. An oligonucleotide chain or a single 
nucleoside bearing an acid-labile monomethoxytrityl group or 
protected phosphate moiety (see also section V.D. 1) at its 5' end 
is lengthened in two steps (Scheme XVIII). This strategy of 
building from the 5' end to the other is extremely popular175374 

in the deoxy series because of the well-established routes for 
preparing the key intermediates and of its applicability to longer 
chains. 

It is intuitively obvious that the methodology illustrated in 
Scheme XVIII is directly applicable to ribonucleosides (-tides) 
carrying an acid-labile 2'-hydroxyl masking group. As is often 
the case with intuitively satisfying "paper chemistry", the actual 
application of the technique has proved rather disappointing. 
The difficulties encountered result largely from steric hindrance 
by the 2'-substituent to the approach of 5'-phosphate, usually 
carrying a bulky activating group, to the 3'-hydroxyl function. 
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SCHEME XVI I I 3 7 1 
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Although a variety of type 1 approaches have been reported, 
notably by Reese,22,29,30,89,103,375 synthesis beyond the dinu-
cleotide level has not been accomplished.376-378 The synthesis 
of various diribonucleotides in reasonable yields (50-70%) by 
this route,376,377 as illustrated for 198, may be of use in preparing 
intermediates for block synthesis. 

—Othp 

PvO —OH 
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HOPON 
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s
— O OMe 
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1.DCC, 48 h 

2. "OH " 

2. Type 2 Condensations 

Condensations between a 3'-nucleotide and the 5'-hydroxyl 
of a nucleoside (type 2) represent the most common approach 
to the synthesis of oligoribonucleotides (Scheme XIX).379 In the 
2'-deoxy series, however, the substantially greater availability 
of 5'-nucleotides than 3'-phosphates has encouraged the type 
1 coupling described above. In the type 2 approach, both diester 
and triester condensations have been extensively utilized. 

a. Phosphodiester Method 

Pioneering work by Khorana,20'38'80'267-380'381 Hall,18 Holy 
and Smrt,102 and Cramer5253'382 laid the foundation for this 
productive method. Basically, a 3'-nucleotide is added to 5'-
hydroxyl at the growing end. The protecting group at the 5' end 
of the chain is released after each condensation under conditions 
to which 2'-hydroxyl and 2',3'-c/s-glycol blocking agents are 
insensitive. The synthetic scheme involving the acid-labile 5'-

HoC 

NHBz 

LRNAase M 
2. Bz2O 

H9C 

O=P—O 
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U GiBu 

-OBz - O i B u 
O 
Il 

HQ. H - O P O L - O i B u 

O ^ 

DCC 

2. NH3-MeOH * 

O-monomethoxytrityl moiety was used by Khorana for the 
preparation of all the 64 possible ribotrinucleotides assembled 
from the four common ribonucleotides383 (Scheme XX). The first 
step is the condensation of a 2'-0-acyl-5'-0-monomethoxy-
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SCHEME XXI 
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trityl-3'-nucleotide (118) with the 2',3'-di-0-acylnucleoside (202). 
Acidic workup of the reaction mixture yields the diribonucleoside 
monophosphate 203 with a free 5'-hydroxyl function while the 
acyl groups remain intact on all other sensitive functions. In 
principle these two steps may be repeated to a desired goal; in 
practice the yields fall off fairly sharply with each addition. 

This approach requires the isolation of intermediate com
pounds in neutral or weakly acidic media and at low temperature. 
The difficulty of carrying out acylation of a 3'-nucleotide on a 
large scale and the multistep procedures required for the syn
thesis of 2',3'-di-0-acyl nucleosides such as 202 are drawbacks 
to this approach. The latter disadvantage may be overcome by 
blocking 2',3'-hydroxyls by acid-stable groups, such as the 
carbonate moiety, which are specific for the cis-diol system. 
Despite the disadvantages, preparative routes to the necessary 
intermediates worked out by Khorana have enabled Ikehara's 
group1 3 4 4 to employ this approach to make short segments of 
ribonucleotides which were parts of yeast alanine f-RNA 
(Scheme XXI).384 

Since many common protecting groups for the 2'-hydroxyl 
and 2',3'-cis-diol functions are acid labile, base-sensitive 
blocking agents at 5'-0 site were evaluated by Holy, Smrt, and 
their co-workers16 '92 '102 '385 '386 and Cramer.53-54'382 An example 
of this strategy, which also progresses from the 3' end of the 
chain, was provided in Scheme I. This method may find use in 
making tri- or tetraribonucleotides for block synthesis (vide 
infra). 

One prominent shortcoming of the diester method is the 
time-consuming separation of the starting and the product 
oligonucleotides. The need for more rapid methods for isolation 
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and characterization of oligonucleotides has encouraged con
siderable investigation in the applications of various separation 
techniques and tools to these compounds. 

Retaining the often used DEAE-cellulose,387 Koster and 
Kaiser388 employed alcohols or mixtures of alcohols with ionic 
strength gradients of appropriate steepness for elution. Identi
fication, estimation, and separation of mixtures of oligothymi-
dylates as well as mononucleosides and nucleotides were shown 
to be possible by thin-layer chromatography on Avicel-cellulose 
plates.389 Egan successfully separated oligoribo- and oligo-
deoxyribonucleotides390'391 by reversed phase chromatography 
on columns of polychlorotrifluoroethylene support coated with 
methyltrialkylammonium chloride using ammonium acetate el-
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uents. Purification based on the varied affinities between a 
mixture of oligonucleotides and nucleotide chains of known 
length and sequence immobilized on a cellulose column has 
been investigated.392"396 For example, a mixture of hexa-, 
hepta-, octa-, and nonaadenylic acids was resolved by a column 
of cellulose-p(dT)9. Cook et al. recently have reported397 an 
application of high-pressure liquid chromatography (HPLC) for 
resolving oligodeoxyribonucleotides of intermediate size. 

b. Triester Method 

In the synthesis of long oligonucleotides by the diester method, 
undesired side reactions have been encountered resulting from 
activation of the unprotected phosphodiester functions and 
subsequent displacement at phosphorus by available nucleo-
philes (Scheme XXII).44160-398-399 Such side reactions increase 
in probability with increasing chain length; they compete ap
preciably with the slower condensations found in the ribo series. 
Protection of the phosphodiester residues has been shown to 
be a successful solution to this problem. The ability to purify the 
resulting triester derivatives on silica gel, which has higher ca
pacity and faster flow rate than DEAE-cellulose, is an additional 
advantage, one which will be compounded by the application 
of HPLC techniques. 

The common practice has been to have the diester, for ex
ample, 215, as one of the components for a TPS activated 
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216(22%) 

condensation. Although pyrophosphate formation is essentially 
prevented, the rate of internucleotide bond formation is lowered 
by a factor of 10.400 Hence the reaction period is usually pro
longed (2 to 6 days). An interesting report401 evaluating the 
method for oligodeoxyribonucleotide synthesis revealed that the 
presence of a 5'-phosphate triester unexpectedly stabilized the 
3'-0-acetyl group such that its removal caused some depro-
tection of amino groups on the bases. This sort of observation, 
coupled with increase in reaction times, has inhibited extensive 
application of the triester approach in the deoxy series. 

In the synthesis of oligoribonucleotides the isolated yields of 
trinucleoside diphosphates from dinucleotides by the diester 
method rarely exceeds 25 %. The triester method, by eliminating 
some of the side reactions, has been found to improve the yields 
of the tri- and tetranucleotides considerably.399 Therefore this 
approach has gained increasing application in the synthesis of 
oligoribonucleotides. 

The choice among 2,2,2-trichloroethyl, 2-cyanoethyl, and 
phenyl or substituted-phenyl moieties much depends on the 
nature of other protective groups. When the synthesis and iso
lation of the phosphate protected derivatives are carried out in 
alkaline solution, 2,2,2-trichloroethyl blocking is appropri-
ate24,85,i57,159,402 though its removal from long chains is not 
always satisfactory.400 The 2-cyanoethyl group is well suit

ed87,163 to most other conditions. Phenyl and substituted-phenyl 
groups31,145'164 are less commonly used. 

The general approach has been to phosphorylate a nucleoside 
derivative at the 3' position with a phosphate monoester and to 
activate the resulting diester before reaction with the 5'-hydroxyl 
residue of another nucleoside. In the deoxy series it is necessary 
to have a 3'-blocked nucleoside in order to prevent the formation 
of 3'-3' linkage; for example, condensation of 217a with 218a 
led to 4% of the 3'-3' isomer of 219a.163 The 2'-0-tetrahydro-
pyranyl moiety, on the contrary, hindered the cis 3'-hydroxyl of 
uridine (218b) sufficiently that no prior protection of the latter 
was required.402 The distinction is important because a block
ing-deblocking sequence is eliminated with each chain exten
sion step. 

B 

mmtOv 

B 

— R 

S — OP—OH HO^ —OH 

OR' 218 

217 
a, B = T; R = H; R' = -(CH2J2CN 
b, B = U; R = Othp; R' = -CH2CCI3 

r—R r—R 
O 

rnrnUD 
2.218 

mmto - O P O 

OR' 

219a (62%) 
b (64%) 

B B 

-OH 

B 

— R 

-OPO. 

-R, — R 

- O P O ^ p—OH 

I 
OR' OR' 

22Oa (67%) 
b (49%) 

Ideally, it would be highly desirable to combine the relatively 
high reaction rate of the phosphodiester approach with the 
convenience of isolation of the triester method. Smrt has de
scribed in a recent series of papers403-406 just such methodol
ogy. A typical condensation between a 3'-mononucleotide (221) 
and a nucleoside (222) bearing a free 5'-hydroxyl is followed by 
reaction of the resulting diester with 2-cyanoethanol in situ. The 

dmtO 

U 

- O A c 

— OP—OH 

i-
HO. 

U 

- O A c 

—OP-H-OCH2CCI3)2 

222 
221 

U 

1.TPS 

2. NCCH2CH2OH, TPS 

3. Zn/Py-AcOH 
dmtOv 

U 

-OAc - O A c 

- O P O . - O P O H 

I ^ I 
Oce 0" 

223 



208 Chemical Reviews, 1977, Vol. 77, No. 2 V. Amarnath and A. D. Broom 

SCHEME XXI I I 

B' 

H(X dmtCL —OPOCH2CCI3
 n u \ 

B2 

O 
Ii 

—OPOce 

OC 

B1 B2 

dmtC ! Q ^ - O P Q x —OP^-OH 

OCH2CCI3 

227 

N31 

B1 B2 

HO^ - O P O —OROce 
CH2CCI3 

,(M 
JCH2CCI3 

225 

^ ICH2CCI3 

1.TPS 

2. H,*0 

B1-pB2-pB1'pB2'P 

B1, B2 = N-protected base; B1', B2'= unprotected base 

triester product is purified by silica gel chromatography; the 
yields are markedly enhanced. 

The synthetic sequences so far discussed have also been 
used for the preparation of oligonucleotides incorporating 
modified nucleotides, which encompass modified bases,407-417 

anhydronucleosides,379'418-424 isomeric sugar moieties,425-427 

and internucleotide linkages other than the phosphodiester 
bond.4 2 8 - 4 4 0 

D. Block Synthesis in Solution 

1. Oligonucleotides with Terminal Phosphate Groups 

Oligonucleotides carrying a phosphate residue at the 5' end 
(as in natural polynucleotides) or at the 3' end are the requisite 
building units for block synthesis. Since initial experiments on 
phosphorylation of oligonucleotides gave low yields,441 the 
tendency has been to use a protected nucleoside 5'- or 3'-
phosphodiester as the phosphate terminal unit. The various 
phosphate blocking agents available for this purpose were dis
cussed in section III.B.2. Direct phosphorylation of a 3'-O-
acetyldi(deoxyribonucleoside) monophosphate with phosphorus 
oxychloride has been reported recently.442 

It is obvious from the discussion of the diester and triester 
approaches that phosphomonoesters are more reactive in 
condensations than phosphodiesters; the triesters are, of course, 
unreactive. In condensations of two nucleotides, one of which 
is to bear the 3'(5')-terminal phosphate, the terminal group may 
be a diester if the incipient internucleotide phosphate is a 
monoester (136 and 139). If the coupling is to lead directly to a 
triester, however, the terminal phosphate must be protected as 
a triester (Scheme XXIII). In such a case, the terminal triester 
may bear the same443 (222) or different166232 '401 (226 and 227) 
protecting groups, depending on whether chain termination or 
elongation is planned. Alternatively, the terminal phosphate may 
be added to the product of condensation with reagents such as 
phenyl phosphate165 or 2,2,2-trichloroethyl phosphate.444 For 
example, Neilson et a l .4 4 4 phosphorylated the 5' position of 
various protected di- and trinucleotides with TPS activated tri-
chloroethyl phosphate followed by deblocking in good yields 
(57-70%). 

SCHEME XX IV 
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2. Joining the Blocks 

The condensation of preformed blocks to provide longer 
oligonucleotides shortens the number of steps toward the target 
compound and simplifies the isolation of the product. Oligonu
cleotide units carrying terminal phosphate residues are required 
for this approach; they offer the flexibility of chain extension at 
either end through selective blocking or deblocking. 

In the deoxy series Khorana attempted block synthesis as 
early as 1962 with limited success.1 6 0 1 6 2 , 4 4 5 His later experi
ments,8 2 '4 4 6 4 4 7 which centered around type 1 condensation 
(Scheme XXIV),448 led to the following deductions: (i) the rate 
of condensation between two blocks was lower than that for the 
addition of a single nucleotide; (ii) the yield decreased with in
crease in chain length, which was compensated for by increasing 
the excess of the nucleotide component (229); and (iii) although 
a large excess of condensing agent tended to increase the yield 
of coupling, its interaction with the preformed phosphodiester 
bonds caused undesirable side reactions. The loss due to side 
reactions was minimal when MS was used in limited excess (0.6 
molar equiv of total molar equivalents of phosphodiester 
groupings in both chains) and especially when the reaction period 
was reduced to less than 4 h.449 The components were usually 
introduced as their trialkylammonium salts to enhance their 
solubility in absolute pyridine. 

Synthetic routes to deoxyribooligonucleotides employing 
reactions similar to Scheme XXIV have been extensively ex
ploited with only slight modifications (ref 176-178, 216, 217, 
450-467). The choice of oligonucleotide blocks depends on 
various factors; for example, the coupling of a purine nucleotide 
to another is avoided because of low yields. The size and total 
anionic charge of the fragments play dominant roles in product 
separation, which is most efficient when the component units 
are of equal size.457 For example, the condensation between 
232 and 233 or between 234 and 2354 6 0 was followed by 
chromatography on benzoylated DEAE-celiulose; 232 and 234 
were preferentially retained by virtue of the aromatic protecting 
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groups. Since products and reactants differ in molecular weight 
substantially, they were separated by gel filtration.457 

Block synthesis involving oligoribonucleotides has been 
pursued only recently because of the difficulties involved in 
obtaining the requisite starting materials. Ikehara's group coupled 
diester intermediates (Scheme XXI) and encountered all the 
disadvantages of the diester method.13,44,384 The yields were 

PhS(CH2)2pApTpT0H + pAAcpAAcpGA<=OAc 

232 (0.025 mmol) 233 (0.030 mmol) 

1. MS (0.30 mmol), 2 h 

2 .NH 3 

3. benzoylated DEAE-cellulose 

4. Sephadex G-75 

5. TLC 

PhS(CH2)2pApTpTpApApG0H 

234 (25%) 

(0.002 mmol) 

1. pTpGAcpAAcpTpGAcpGA(=OAc 

235 (0.0017 mmol), MS (0.068 mmol) 

2 .NH 3 

3. benzoylated DEAE-cellulose 

4. Sephadex G-75 

5. TLC 

PhS(CH2)2pApTpTpApApGpTpGpApTpGpG0H 
236(10%) 

low; reaction of a trinucleotide with another trinucleotide44 and 
with a hexanucleotide384 gave only 18 and 8% yields, respec
tively. The results were more respectable for Neilson's triester 
approach97 to the synthesis of a nonaribonucleotide (Scheme 
XXV).11 As a result of continuing improvement in the methods 
of internucleotide bond formation,245 this pathway is expected 
to dominate oligoribonucleotide synthesis. 

E. Synthesis on a Polymer Support 

Separation of oligonucleotides from other reagents at the end 
of coupling is usually a laborious and time-consuming process. 
If the starting nucleoside, nucleotide, or even a small chain of 
nucleotides is joined covalently to a polymer support and sub
sequent nucleotide units are added stepwise, major purification 
may be attained simply by filtering the polymer-supported olig
onucleotide and washing away other soluble by-products and 
excess reagents. At the end of the synthesis the polymer may 
conveniently be removed to yield the product. This concept, 
introduced by Merrifield, has been quite successful in the syn
thesis of peptides and enzymes.468 The successful application 
of the concept to nucleotide field depends on certain require
ments which are elaborated below. 

The salient information regarding the polymer supports used 
for oligonucleotide synthesis is displayed in Table III. The diester 
method has been investigated almost exclusively in conjunction 
with polymer carriers. It is likely that difficulties arising from the 
presence of ionic phosphodiester moieties in proximity to a 
nonpolar support may be alleviated by application of the triester 
method.469 

1. Preparation of the Polymer Supports 

The polymer supports should be easily prepared and must 
possess an adequate number of reactive sites. Most of the 
polymers of Table III were prepared with no great difficulty ex
cept, perhaps, isotactic crystalline polystyrene carriers.470 

Reactive functions are usually introduced onto a polymer by 
common organic reactions. An excellent illustration is the 
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preparation of polystyrene supported 2-pyridineethanol471 

(Scheme XXVI). One problem often encountered in such reac
tions is the low efficiency of incorporation of the functional sites 
on the polymer470 (especially for highly cross-linked and crys
talline polymers), thereby making preparative-scale synthesis 
(100 mg or larger) very difficult. Synthesis of copolymers carrying 
the reactive group or its immediate precursor reduces the 
number of reactions that must be applied to the support and 
frequently gives a direct measure of the number of active centers 
per unit weight of polymer.472-474 Certain polymers such as 
polyvinyl alcohol475 and cellulose476 have intrinsic active cen
ters. In any case, after the carrier has been charged with the 
initial nucleoside (-tide), all other unreacted functions must be 
blocked prior to oligonucleotide synthesis.272,477 
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TABLE III. Polymer Supports for Oligonucleotide Synthesis 

Item no. Ref Polymer type Active group 

Loading 
mmol/g of 
polymer 
or % a 

Attachment 
Mmol/g of 
polymer 
or % b 

Yield of internucleotide 
bond formation, % c 

I Il III IV V 

1 

2 

3 

4 
5 

6 

7 
8 
9 

10 

11 
12 
13 

14 
15 

16 
17 
18 
19 

20 
21 

472 
473 
486 
487 
482 

480 
481 
481 
484 

511 

514 
108 
470 

495 

471 
477 
493 
494 
505 
503 

496 
497 
475 
501 

498 
272 
500 

Styrene popcorn copolymer with about 0.1 % 
cross-linking 

Popcorn styrene copolymer with 0.2% di-
vinylbenzene 

Polystyrene with 0.75-1.0% cross-linking 

1-2% divinylbenzene-styrene copolymer 
Bead styrene-divinylbenzene (2%) copoly

mer 
Bead styrene-divinylbenzene (2%) copoly

mer 
Porous styrene-divinylbenzene copolymer 
lsotactic polystyrene 
lsotactic polystyrene cross-linked with di-

vinylbenzene 
Highly cross-linked macroporous polysty

rene 
6% cross-linked macroporous polystyrene 
5 % cross-linked macroporous polystyrene 
Highly porous nonswellable copolymer of 

styrene and 33% divinylbenzene 
Poly-L-lysine with 2.4 mol % cross-linking 
Silica gel 

Polystyrene (mol wt 270 000) 
Polystyrene (mol wt 170 000) 
Polyvinyl alcohol (mol wt 70 000) 
Diaminopoly(ethylene glycol) (mol wt 

10 000) 
Polyethylene glycol) 
Hydrolyzed copolymer of vinyl acetate and 

/v-vinylpyrrolidone 

Insoluble Polymers 
0-C6H4COCI 

©-dmt Cl 

©-mmtCI 

0-C6H4CH2Om(TItCI 
0-C6H4CH2OC6H4NH2 

0-C5H4CH2OC6H4NH2 

0-C6H4CO(CHa)2CO2H 
0-C6H4CO(CH2J2CO2H 
0-mmtCI 

0-mmtCI 

243 
0-C6H4CH2Cl 
0-mmtCI and 
0-dmtCI 
0-NHCOC6H4NH2 

©-Si-trCI 

Soluble Polymers 
0-mmtCI 
0-mmtCI 
©-OH 
0 - N H 2 

0-OmmtCI 
0 - N H 2 

11-12% 

0.7-1.0 
13.3% 

9% 

1.7-2 
1 1 % 

1.19 

16% 
0.1-0.4 

20% 
0.75 
5-8% 

6 1 % 
0.19 

5% 
20% 

1 

40-60% 

35-50% 

70-80% 

~ 9 0 % 
60-80% 

8% 

80% 

4.65 

175-270 

40-60% 

6% 

15% 
40% 

28.7 
110 

72 

64 

71 

59 
40 

38 

38 
50 

73 

35 
39 

54 

96 
91 
26 
60 

76 

64 

79 

52 
13 

10" 

25 
50 e 

66 

50 
25 

87 
62 
41 
40» 

51 

39 

28 

78 
19 
49 

43 

10 

37 

49 

33 38 
21 

3 7 ' 

8 14 

a Loading refers to the extent of polymer sites reacted to contain the active groups, in mmol of functional groups/g of polymer unless indicated in percent. 
b The amount of nucleotide material in ^mol anchored to a gram of polymer or the percent of active groups carrying the chain initiator. c The yields are 
for the chain elongation step (indicated by the number) during the synthesis of oligothymidylates except noted otherwise. I is the yield of dimer from monomer, 
Il the yield of trimer from dimer, etc. " For the synthesis of ApUpGp. e For the synthesis of UpUpU. ' For block synthesis using dinucleotide fragments. 
s For the synthesis of d-pABzpABzpABz. 

SCHEME XXVI 

241 
Ph 

1.2UC6H5 

2. CH2O 
(CH2)2OH 

2. Ease of Handling 

The main reason for using a polymer support carrying nu
cleotide chains—clean and convenient separation from the 
reaction mixture—can also serve as criterion for ease of han
dling. Most of the carriers currently in use are polystyrene based 

copolymers; their aromatic character makes them stable to the 
conditions used in synthesis and provides a handle for the in
troduction of required functional groups. 

The available supports may be considered in three broad 
categories: insoluble (swelling), insoluble (nonswelling), and 
soluble. The insoluble polystyrene-type polymers with a low 
degree of cross-linking472'473'478-488 swell to different extents 
in various solvents, thus sharply limiting the choice of solvents 
and conditions for purification. Insoluble polymers with high 
cross-linking,489-495 particularly in bead form,491 and crystalline 
isotactic polymers108 do not swell. They may be recovered 
completely and purified easily by washing. 

Soluble supports may be low molecular weight functionalized 
polystyrenes496,497 which are soluble in pyridine but not in water, 
alcohol, or ether. These basically hydrophobic chains, when 
loaded with hydrophilic oligonucleotides, are not completely 
recovered (10-15% loss with each extension step) by salting 
out techniques.496 This approach has given way to many polymer 
carriers272475'498-502 which are soluble in water, pyridine, and 
possibly other solvents. Seliger and Aumann272 have recently 
suggested the use of modern techniques such as dialysis, ul-
tracentrifugation, and Sephadex chromatography for overcoming 
the problem of separation and purification of the soluble supports 
from low molecular weight compounds. 

In order to eliminate the incompatibility of the nonpolar 
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polymers and the increasing number of strongly polar phos-
phodiester bonds, a few polar carriers have been investigated, 
including cellulose,476 silica gel,503 polysaccharide,504 poly
peptide,505 poly (ethylene glycol),506 and macroreticular partially 
hydrolyzed polyvinyl acetate)507 supports. Synthesis directed 
by a polymer supported polynucleotide has also been suggest
ed.508 

3. Attachment to and Removal from the Polymer 
Support 

The covalent attachment of the nucleoside or nucleotide chain 
initiator to the polymer and the subsequent release of the olig
onucleotide chain must be easily and efficiently brought about 
under conditions to which other bonds in the system are stable. 
The nucleotide functional group selected for attachment to the 
polymer has often been 5'-hydroxyl, although the amino group 
on the base,473'509 5'-phosphate,471'475'484'501'510 3'-phos-
phate,511 3'-hydroxyl,486 and 5'-thiophosphate477 functions have 
served the same purpose. 

The selectivity of removal in most of the reported carriers has 
not been satisfactorily demonstrated in the synthesis of complex 
oligonucleotides. On the basis of the sensitivity of phosphora-
midates to fairly mild conditions of isoamyl nitrite in pyridine-
acetic acid buffer Ohtsuka et al.511 synthesized ApUpGp 
(Scheme XXVII). In many other cases, however, acidic or basic 
conditions employed for breaking the polymer-oligonucleotide 
linkage have led to depurination or loss of acyl protecting groups. 
The new o-nitrobenzyl resin512 (248), which may be released 
by photolysis, seems to be a welcome addition to the list of 
polymers, although its application in oligonucleotide chemistry 
has yet to be demonstrated. 

r e s i n — ( C j ) — C H 2 N H C — ( C j ) — C H 2 B r 

NO2 

248 

4. The Yield at the Coupling Step 

One severe limitation of the polymer support approach to 
specific oligomer synthesis is the formation of truncated and 
failure sequences.513 The former represents sequences with 
one or more missing units at the growing end, while the latter 
include sequences in which units are missing from anywhere 
within the chain (Scheme XXVIII). Identification and isolation of 
the required sequence from a mixture are very difficult, espe
cially if the target chain is very long. The formation of truncated 
(250 and 252) and failure (253 through 256) sequences may be 
eliminated only by quantitative linking of each unit, a goal un
attainable in practice. It is feasible to keep failure sequences 
very low by blocking the unreacted growing end after each in-
ternucleotide bond formation (as in Scheme IX), but the only 
method for reducing the number of truncated sequences is to 
improve the yield of condensation reaction. In general, the yield 
of phosphodiester bond formation seems to increase by shifting 
from insoluble to soluble supports,496497 from highly cross-linked 
to macroporous polymers473'482'488514 and from too small or 
too large a degree of loading to an optimum level. 

A recent development, which illustrates the potential of 
polymer-supported synthesis, came from the laboratory of 
Koster.493'494 Addition of both mono- and dinucleotides to a 
growing chain anchored to a porous copolymer (Scheme XXIX) 
gave an impressive yield of the target heptanucleotide 260. 

It is clear that the "ideal polymer" for the support of olig
onucleotide synthesis has yet to be found. A thorough and sys
tematic study utilizing the extensive body of data provided in 
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Table III should be undertaken in order that the promise of sub
stantial savings in time and effort in the preparative synthesis 
of oligonucleotides may be realized. 

VI. Conclusion 

Chemical methods for the synthesis of oligonucleotides have 
undergone dramatic improvement in the last two decades, but 
such goals as the synthesis of a f-RNA molecule or the facile 
preparative synthesis of DNA genes still shimmer in the distance. 
A recent publication from Khorana's laboratory,515 describing 
a new computer program (DINASYN) designed to minimize the 
time required for synthesis, reports that the combined enzymatic 
and chemical synthesis of the gene for yeast alanine f-RNA re
quired 20 man-years of effort. The minimum time which resulted 
from a computer determination for the optimal path to the two 
complementary 75 nucleotide chains was still 11 man-years. 
We have a long way to go. 

VII. Appendix 

Among the new papers516-565 published during the past year, 



212 Chemical Reviews, 1977, Vol. 77, No. 2 V. Amarnath and A. D. Broom 

SCHEME XXVIII 
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two deserve particular mention. One552 describes the total 
synthesis of the bihelical DNA corresponding to the precursor 
for the E. co//tyrosine suppressor f-RNA. The other,557 which 
describes an RNA ligase for joining oiigoribonucleotides, can 
be expected to have a profound effect on the synthesis of spe
cific polyribonucleotides. The other papers generally extend the 
principles documented in the review, as summarized below: 
III.B.2,516 III.B.2.b,517 III.B.2.C,518 III.B.2.d,519'520 IV.A,521"525 

iy g 526-531 v.A 532 V B . 1 5 3 3 , 5 3 4 V.B.2 535 V.B.3 536,537 

V.B.5.538-540 V.C.1,541 V.C.2.a,542-546 V.C.2.b,547-550 V.D.1,551 

\J'Q 2 552-560 y £ 561-563 a n ( j y- | 564,565 
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