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INTRODUCTION
One of the most challenging and important areas of
research in the chemistry of nucleic acids is that
concerned with the development of methods for the
chemical synthesis of oligo- and poly-nucleotides. It is a
challenging area in that it presents a formidable problem
msymheucommccbemlmynndanlmpommaream
that chemically-s: oligo-ribonucleotides and
-deoxyribonucleotides of known bese-sequence have
proved to be of considerable value in certain biological
studies. Thus tri-ribonucleoside diphosphates were used
directly in the elucidation of the genetic code' and short
ohodeoxyribomcboodechwbecnunduwmphmm

repeating base-sequences.
morelecentandmikingenmpleofﬂlebioloﬁal

tyrosine
acid (tRNA) by the enzymatic linking together of suitable
oligomer segments. There is every reasoa to believe that

such chemically-synthesized oligonucleotides  will
continue, in the future, to find important applications in
biological research.

Structurally, oligonucleotides 1 are poly-dialkyl phos-
phate esters in which the 3-hydroxy group of onc
nucleoside unit 2 is joined to the 5-hydroxy group of
another through an internucleotide phosphodiester
linkage. In oligoribonucleotides 1a, the nucleoside units
are B-D-ribofuranosides of pyrimidine and purine bases,
i.e. ribonucleosides 2a. In ribonucleic acids (RNA), there
are four principal nucleoside units: uridine, cytidine,
adenoside and guanosine (which are, respectively, the
1-B-D-ribofurancsides of uracil 3a and cytosine 4 and the
9-8-D-ribofuranosides of adenine $ and guanine 6. A
number of other ribonucleosides’ occur naturally in small
qmnﬁtia,upec'ullyintRNA.lnMoxyribonucleo-
tides 1Ib, the nucleoside units are p-D-z-deoxyribo-
furanosides of pyrimidine and purine bases, i.e. 2'-deoxy-
ribonucleosides 2b. 2-Deoxycytidine, 2'-deoxyadenosine
and 2-deoxyguanosine, three of the four principal
nncleoside units which occur in deoxyribonucleic acids
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(DNA), are derived from the same bases (4, § and 6,
respectively) as three of the above ribonucleosides but the
other principal 2-deoxyribonucleoside, thymidine, is the
1-8-D-2-deoxyribofuranoside of thymine 3.

So far, much more success has been achieved in the
synthesis of oligodeoxyribo- than of oligoribo-nucieo-
tides. This is due partly to the obvious necessity for the
2-hydroxy functions to be protected throughout an oli-
goribonucleotide synthesis and then released under such
mild conditions that they do not enter into any reactions
with the neighbouring internucleotide phosphodiester
linkages (see below). An additional problem which is
inherent in oligoribonucleotide synthesis is the steric
hindrance to the approach of a phosphorylating agent to
the 3-hydroxy functions which is presented by bulky
protected 2-hydroxy groups. Another important reason
why more progress has been made in the deoxyribose
series is that the approach which has been most
thoroughly investigated so far has proved to be more
effective in the synthesis of oligodeoxyribonucleotides.
This method, which involves the phosphorylation
of intermediates with unprotected internucleotide
linkages, is now commonly referred to as the phos-
phodiester approach; it was introduced in 1956 by H. G.

O~

Khorana ef al.* and investigated in great detail mainly by
the latter group’ in the subsequent decade or 30. An
example of the use of the phosphodiester approach in
extending a di- to a tri-nucleotide in the deoxyribose
series is indicated in Scheme 1.

A S-protected dinucleotide 7 is allowed to react with
mexecuofaB’-ptMcdmmnndeoodelmthe
presence of N,N'-dicyclohexylcarbodi-imide® 10 or an
arenesulphonyl chloride such as mesitylenesulpbony? or
2,4,6-tri-isopropyibenzenesulphonyl*® chloride 11a or 11b
in anhydrous pyridine solution. The protecting groups
(R' and R® for the terminal monophosphate of the
dinucleotide 7 and the 3-hydroxy function of the
mononucleotide 8 may, for example, be 2-cyanoethyl'!
(R'=CH,CH,CN) and acetyl (R*= Ac), respectively.
Goodyxddshaveoftenbeenobtamed’msuchamp-

wise synthesis of oligodeoxyribonucleotides by the
phosphodieuerlppm.ch.lndeed,ifahlpemofthe
protected mononucleotide 8 is used, it is possible to
extend much larger molecules than dinucleotides 7 in this
way and obtain satisfactory yields of products. However,
much less satisfactory yields are usually obtained” when
attempts are made to attach an oligomer (eg. 7) to
another oligomer instead. of to a monomer 8. Neverthe-
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less, despite the often very modest yields obtained, high
molecular weight oligodeoxyribonucleotides, including
an icosanucleotide sequence of the gene for alanine-
tRNA, have been prepared’ by linking together
ohsouuclaoﬁdeblocksbyﬂnephosphodmtaapproach.

It is not proposed to review the phosphodiester ap-
mchmmmmpmanhubeendahwuhmmushly
elsewhere.”'? Undoubtedly a number of biological prob-
lems of enormous significance have been solved with the
aid of oligodeoxyribonucleotides and indeed of short
oligoribonucleotides which were synthesized by the
latter approach. However, we first became aware of its
limitations during the course of some relatively unsuc-
cessful studies™ on the synthesis of ofigoribonucleotides.
Although we believed at the time that the steric proper-
ties of the bulky methoxytetrahydropyranyl protecting
groups (see below) on the 2-hydroxy functions contri-
buted to our lack of success, we Iater formed the
opinion™ that any phospborylation procedure in which
the internucleotide phosphodiester linkages are left un-
protected (i.e. any phosphodiester approach) suffers
from several inherent disadvantages:

(a) Phosphodiester functions are nucleophilic and are
therefore open to attack in subsequent phosphorylation
steps. Such side-reactions would wupset the
stoicheiometry, possibly result in cleavage of the inter-
nucleotide linkages and generally lead to lower yields.
Thus the phosphorylating species formed by the reaction
between 8 and 11b (Scheme ) could attack the inter-
nucleotide phosphodiester linkage of 7 as well as its
3-hydroxy group.

(b) Salts of phosphodiesters are normally soluble only
in water and the more polar organic solvents. Thus they
umaﬂycanmtbcpmﬂedbythestandardtechnmof
ommcchem:stysuchasadsorpnonchromatomphyon
sﬂmgelorah:mma.hmthereforemcessarytouse
fractionation techniques sach as cellulose or Sephadex
anion-exchange chromatography and this tends to limit
the scale of the reactions. Clearly, if it were intended to
undertake the synthesis of a high molecular weight ofi-
gonucleotide, it would be desirable to work with rela-
tively large quantities of material in the carly stages of
the synthesis.

(c) Anion-exchange chromatography generally in-
volves the use of agueous or aqueous alcoholic buffer
sohutions. Exceptional care has then to be taken in the
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purification of pamally-protected phosphodiester inter-
mediates as the protecting groups used are usually by
necessity very sensitive either to acid- or to base-
catalyzed hydrolysis. The purification of phosphodiester
intermediates is a particularly formidable task in the
ribose series as it is absolutely essential that no unblock-
ing of the 2-bydroxy functions occurs during chromato-
graphy or during the subsequent concentration of frac-
tions.

For these reasons, we thought it likely that ultimate
success in the chemical synthesis of even moderately-
sized oligoribonucleotides and significant improvement in
yields of oligodeoxyribonucleotides would depend on the
protection of the internucleotide linkages; i.c. that it
would be necessary to develop a synthesis involving
phosphotriester rather than phosphodiester inter-
mediates. In this way, the above disadvantages of the

hodiester approach would all be removed at one
ell swoop. )

The simple chain-extension of a di- to a tri-deoxyri-
bonucleotide (7—+9) by the phosphodiester approach is
represented in Scheme 1. The corresponding trans-
formation (12~»13) involving the phosphotriester ap-
proach is illustrated in Scheme 2. Clearly, a new problem
has been introduced: what protecting group (R) should
be used for the intemucleotide linkages. This is a crucial
problem which has not yet been solved completely and
which will be considered in detail later on in this report.

'Ihesynd:msoiohnonuclemdubymberthcphos-
phodmter or the phosphotriester approach involves two
main stages: () the preparation of suitably-protected
monomeric (nucleoside or nucleotide) units derived from
each of the common bases, and (ii) the linking together
oftbuemonomersmtherequnedmderbyastmble
phosphoryiation procedure. In a final stage, the protec-
ting groups must all be removed. The latter process will
be absolutely straightforward if the protecting groups
have been correctly chosen or suitably designed in the
first place. However, as will become clearer later on, the
latter condition is far from easy to fulfil. It is appropriate
at this point to include a few general comments on
prouctmsgmupsbeforepmceedmgwntbadetaileddxs-
cussion of the main stages of oligonucleotide synthesis.

The expression “‘suitably-protected” was used above.
A protecting group may be regarded’” as “suitable” for a
particular purpose if (i) it is relatively easy to introduce,
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(ii) it is stable under the reaction conditions and (iii) it is
readily removable at the end of the synthesis under
conditions under which the required product is stable. It
may also be desirable that a protecting group should
satisfy several additional criteria including (iv) it should
be possible to introduce it by means of a reagent which is
both readily accessible and stable, (v) it should be achiral
and (vi) it should be designed in such a way that the
NMR spectra of resultant protected intermediates will be
as simple as possible. The requirement that criteria (i)-
(iv) should be met calls for no comment and, as will
become clear in the discussion below, the use of chiral
groups for the protection of nucleosides leads to the
formation of mixtures of diastereoisomers, The rational-
ization for criterion (vi) is that the protecting group may
well be incorporated into a relatively complex molecule
and the characterization of the derivative may, especially
if it is not crystalline, then depend largely on NMR
spectroscopic evidence. Thus the methoxymethylene'*
(as in the ethylene glycol derivative 14a) is preferred to
theethoxymethylene" protecting group (as in 14b). Asa
sccond example, the 'H NMR spectrum of the 2,6-
dichlorophenoxyacetyl protecting group (as in 15e) is
much simplified (to the three singlets) by the introduction
of a 4-methyl substituent (as in 15b). Regrettably a
number of protecting groups which do not appear to
meet the three most essential criteria (i-iii) have been
proposed in the literature for use in oligonucleotide
synthesis.

STAGE 1—PREPARATION OF NUCLEOSIDE BUILINNG BLOCKS

The monomeric building blocks required in the phos-
photriester approach are all partially-protected ribo- or
2-deoxyribo-nucleoside derivatives. One of the great
merits of the phosphotriester approach is that once the
building blocks have been prepared they can be linked
together in the second stage of the synthesis by any
phosphorylation method which is available. Furthermore,
if, at some time in the future, a better method is
developed, it should be possible to use it in conjunction
with the same or perhaps slightly modified building
blocks. Indeed, a further serious disadvantage of the

phosphodiester approach is that it is not versatile in this -

way.

The choice of protecting groups and the preparation of
building blocks presents a much greater problem in the
ribose than in the deoxyribose series. In the first place,
the orientational problem of distinguishing between one
primary (5'-) and two different secondary (2- and 3'-)
hydroxy groups of ribonucleosides is much more difficult
than the more conventional problem of distinguishing
between the primary (5'-) and the single secondary (3'-)
hydroxy groups of 2-deoxyribonucleosides. Further-
more, the facility with which acyl groups migrate from
onesecondaryhydroyflmcuontotheothermribo-
nucleoside cbemlstry adds complexity to synthetic
work in this series. For this reason more effort and
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thought has been put into the synthesis of ribonucleoside
building blocks.
(=) RIBONUCLEOGIDE DUILDING BLOCKS

Protection of 2-hydroxy functions

Amnblythemumialdecisionwhichhastobe
made in the synthesis of oligoribonucieotides is the
choice of the protecting group (R, formula 16) for the
2-hydroxy functions. This protecting group has to
remammtactlmtiltheveryhststepofthesymbwsand
must then be removed under conditions which are mild
enough to prevent subsequent attack of the released
2-hydroxy functions on vicinal phospbodmter groups
with consequent cleavage or migration of the inter-
nucleotide linkages. Thus general criteria (ii) and (iii) (see
above) must be applied stringently to this protecting
group.
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A great deal is known about the action of acids and
bases on nucleic acids and their components and it is for
this reason that acid-labile (e.g. triarylmethyl, acetal,
orthoester) and base-labile (acyl) protecting groups have
usually been favoured over those which may be removed
in other ways (e.g. reductively or photochemically).
Much consideration was, therefore, given to the matter
as to whether R (as in 16) should be an acid-labile or a
base-labile group. Brown et al.'® had earlier shown that
when cytidine 3-benzyl phosphate (17) was heated in
0.1 M-hydrochloric acid solution at 80° for 2 hr, ca. 0%
hydrotysis to a mixture of cytidine 2- and 3'-phosphates
(20 and 19, respectively) occurred and that the remaining
unhydrolyzed material consisted of 17 and the isomeric
2-benzyl ester (18). Thus, under acidic conditions, both
hydrolysis and phosphoryl migration (presumably via a
penmcoordmm phosphorus intermediate) had occurred.
Brown et al."” also reported that alkaline hydrolysis of 17
(to 19 and 20) was not accompanied by isomerization to 18.
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IMETHUCCIONGE LKavagy) should acuumpaily ihe TemOVal
of 2'-protecting groups. However, it may well be possible
to separate an ofigonucleotide from lower molecular
welghtdeyadanonpmdumbycellulouorScphdex
anion-exchange chromatography. The isomerization
process is a much more serious matter as it is virtually
impossible to separate oligoribonucleotides containing
one or more 2-»5-internucleotide linkages from
isomeric material containing only natural 3'-»5-inter-
nucleotide linkages. Thus phosphoryl migration during
the final unblocking of the 2'-hydroxy functions must be
avoided at all costs. Therefore, if acid-labile protecting
groups are to be used for the 2-hydroxy functions, they
must be removable under conditions under which phos-
phoryl migration does not occur to a significant extent.

)
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In order to ascertain the conditions under which
phosphoryl migration occurs in acidic solution, the
simple di-ribonucleoside phosphate uridylyl-(3'— 5)-uri-
dine (UpU,* 21) was allowed to (Scheme 3) in
0.01 M-hydrochloric acid at 25°. After 216hr, it was
possible to detect ca. 0.5% degradation (to uridine and
uridine 2'(3)-phosphates) and not more than 1%
isomerization to 22. Degradation and isomerization were
both much faster in 0.1 M-acid but even under these
conditions only ca. 6% isomerization had occurred™ in
SO br at 25°. 'l'heaad-hbilemwhxhhsbeenmed
most widely for the protection of isolated alcoholic
hydroxy functions is the tetrahydropyranyl™ acetal
system. This group was first used in oligoribonucleotide
synthesis by Smrt and Sorm™ and by Kborasa ef o™ and

pot to be wholly satisfactory according to the
criterion under considerstion. However, the half-time (t.,,)
of hydrolysis of 2-O-tetrahydropyranyluridine 23 in
OOIMy&ochhncacduzz'wfomd"mbeﬂm
and t,» for the unblocking of the partially-protected
dinucleoside phosphate 4 was found to be 29 min under
the same conditions. It should therefore be possible to
unblock 24 completely in ca. 4-5 br in 0.01 M-hydrochloric
acid at 25° and only ca. 0.02% of concomitant migration of
the internucleotide linkage would be expected to occur.

*In general, XpYpZp ... denotes an oligonucieotide in which
the ¥-hydroxy group of mucleoside X is connected through a
phosphodiester linkage to the 5-hydroxy group of oucleoside Y
which, in tumn, is similarly connected through its ¥-hydroxy
group to the S-hydroxy group of nucleoside Z, and so on. The
ribooucleosides adenosine, cytidine, guanosine and uridine are
denoted by A, C, G and U, respectively and the 2'-deoxyri-
bonucleosides deoxyadenosine ine, deoxyguanosine

i , deonycytidine
and thymidine by dA, dC, dG and T, respectively.

It would therefore appear that the tetrahydropyranyl
group is removable under sufficiently mild conditions of
acidic bydrolysis to make it suitable for the protection of
2-hydroxy functions in oligoribonucleotide synthesis.
However, this group does not meet general criterion (v)
for protecting groups in that it is chiral and its use in
connection with optically-active alcohols leads to mix-
tures of diastereoisomers. Thus the preparation of 2'-O-
tetrahydropyranyluridine 23 led® to a mixture of two
diastereoisomers with widely different physical proper-
ties (c.g melting points, solubilitics and specific rota-
tions). Although both dissterecisomers of .23 and both
diasterecisomers of the 2-O-tetrahydropyranyl deriva-
tives of adenosine®™ and of N“-benzoylcytidine® have
been obtained crystalline, attempts to crystallize any one
of the four possible diastereoisomers of 2'5'-di-O-tetra-
hydropyranyluridine 28 failed.”” This is very unsatis-
factory as such 2,5-protected ribonucleoside derivatives

way the presence of 2',5’-mter-

hnkmmtheﬂmlprodmtsmnybemlm-
mnzedorpossiblyavondedalwgether

It was therefore necessary to develop an achiral aiter-

ca. the
those derived from formaldehyde) and are thus too
be useful as protecting groups. On the other
formaldehyde acetals; although achiral, are much too
to acidic hydrolysis™ for this purpose. However,
of mhy(ko4H-pynn-4-one 36, prepared by
acid-catalyzed addition of alcohols to §,6-dihydro-4-

i
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methoxy-2H -pyran™ 27 were found to have the desired
hydrolysis properties. Thus t,;» for the unblocking of
2-O-methoxytetrahydropyranyluridine 28, which may
readily be prepared as a crystalline compound in high
yield (see below), was found® to be 24 min in 0.01 M-
hydrochioric acid at 20°. The methoxytetrahydropyranyl
therefore appears to have even more satisfactory acidic
hydrolysis properties than the tetrahydropyranyl group.®
Furthermore, bis-methoxytetrahydropyrany! derivatives,
corresponding to 25, can usually be obtained (see below)
as pure crystalline solids in good yields. The enol ether
reagent 277 may readily be prepared from 26, which
itsef may be prepared®™ from 3-chloropropionyl
chloride in two steps in ca. 50% overall yield.

NHAc

e e

R’o

\P/°
07 o

29 ; R'=Ac or Bz 30
In their studies on the synthesis of oligoribonucleo-
tides by the phosphodiester approach, Khorana et al.*'
favom'edtheuueofbue-hbile(mylmdbcnmyl) over
acid-labile protecting groups for the 2-hydroxy
functions. The building blocks used were 2-O-acyl-¥-
ribonucleotide derivatives* 29. We showed™ that the
2-0-acy! ribonucleoside derivatives 30 and 31 could also
be used as building blocks in a phosphodiester syntheais.
WhileﬂandSlwouldbeeqmllysmtablemwmedmm
in a phosphotriester synthesis, 2'-O-acyl derivatives of
ribonucleosides are, on the whole, likely to be rather
unsatisfactory building blocks for oligoribonucleotide
synthesis as they can readily undergo base-catalyzed
acyl migration' to give mixtures of 2- and 3-isomers
(Scheme 4). Although such acyl migration is, especially
for benzoyl groups,’™ relatively slow in anhydrous
pyridine solution, it is accelerated by the presence of

R?0 8 o\ T
S i H
(o]
Rl
32

o=(Rl
33
Scheme 4.

C. B. Rezsz

Oy e
&Sy

small quantities of water. Furthermore, 3-isomers 33
appear invariably to be favoured over 2-isomers 32 at

equilibrium."™ Thus, if 2-O-acyl ribonucleoside deriva-

uves(wchuaandsnmtobeusedasbtﬂdhablocks
in the synthesis of oligoribonncleotides, either by the
phosphodicester or the phosphotriester approach, great
unmustbetxkenlftheformanonofaslmﬁant
proportion of 2'-»S'-internucleotide linkages in
products is to be avoided.

Several groups which may be removed other than by
acid- or base-catalyzed hydrolysis have been suggested
for the protection of the 2-hydroxy functions in oligori-
bonucleotide synthesis. For example, the 2'-O-ben-
zyluridine derivative 34 has been used * as a building

(o]

3

block in the synthesis of UpU 21 by the phosphodiester
approach. The benzyl protecting group was removed by
catalytic hydrogenolysis in the presence of 10%
palladized charcoal without any detectable hydro-
genation of the 5.6-double bond of the uracil residue.
Reitz and Pfleiderer™ have subsequently used the 2-0-
benzylenpmthc:yn&uuofUpUnby

the phosphotriester approach; however, these workers
observedsomehydmmhonoftheuncilrendmdm—
ing debenzylation. In any case, the use of benzyl groups
to protect the 2-hydroxy functions cannot be recom-
mended as a general procedure in oligoribonucleotide
synthesis as it is quite possible that some oligonucleotide
benzyl ethers will not be adsorbed on the catalyst sur-
face. Furthermore, in the case of oligomers containing
several benzyl protecting groups, it may be difficult to
establish by means of a simple analytical procedure
whether or not debenzylation is complete.

It is not intended to present a complete account of the
literature relaﬁna to any aspect of oligonucleotide
synthesis in this report. However, two other groups
which have been used to protect the 2-hydroxy
functions of ribonucleosides in oligoribonucleotide
synthesis are of particular interest. Ohtsuka, Tanaka and
Ikehara® have used the o-nitrobenzyl group (as in build-
ing block 38), which may be removed photochemically,
for this purpose in the synthesis of UpU and UpA by the
phosphodiester approach. Ogilvie ef aL.” have used 2',5'-
di-t-butyldimethylsilyluridine 36 in the synthesis of UpU
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Very recently, these workers have prepared™ other short
oligoribonucleotides from similar building biocks. If the
mmoﬁhet-hnyﬁmhylﬂylmmvem
be favourable enough to permit satisfactory yiekds of
phosphorylation products to be olvained, it seems Hkely
that it could be used a3 an alternative to the methoxytetra-
hydropyranyl group in the synthesis of oligoribontcleo-
tides by the phosphotriester approach.

38 ; Bwuracil—~l-yl
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b ; R'=H, R™=Ph
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Protection of terminal 2 3'-cis-diol system
In any olk ide synthesis, it is essential that
the 23-cis-diol system should, like the isolated 2-
hydroxy functions, remain protected until the very last
step. It is then desirable that the protecting group on the
cis-diol system shoulkd be removable under more or less
the same conditions as the protecting groups on the
2-hydroxy functions. Therefore, if the latter are blocked
by methoxytetrahydropyranyl groups, it is desirable that
the terminal 2',3'-diol system should be protected (see 37)
by a group with a similar acid lability. 'n:eeommonl;
usednsopmpyhdeneandbenzyhdeneprotechng;ronps
(as in 37a and 37b, respectively) are rather unsatisfactory
for this purpose in that they undergo acid-catalyzed
hydrolysis much too slowly. For example, t,; for the
hydrolysis of 2',3-O-isopropylideneuridine 38 in 0.01 M-
hydrochloric acid at 26° is 20hr.* Thus the isopropy-
lidene protecting group undergoes hydrolysis at a rafe
approximately two orders of magnitude slower than the
methoxytetrahydropyranyl group. It would seem that the
conditions required for the complete removal of the
protecting groups from 37a would lead to ca. 1% of
phosphoryl migration. Therefore a 1,3-dioxalan system
which underwent acid-catalyzed hydrolysis 50-100 times
more rapidly than the 2.3"-O-isopropylidene group was

Cychc orthoformate esters were very fortunately

foundwlmcpremelythereqnnedpmpema Such
2',3-O-methoxymethylene derivatives 40 are readily

o)
H OMe

40
H0*

o

">=o

4la

Scheme S,
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prepared™ by the acid-catalyzed exchange reaction be-
tween ribonucleosides 39 or their N-acyl derivatives (see
below) and trimethyl orthoformate (Scheme 5); these
compounds are rapidly converted'® [t~ 10 min for 40
(B = uracil-1-y)] into mixtures of the corresponding 2-
and 3'-formate esters 41a and 41b, respectively in 0.01 M-
hydrochloric acid solution at 20°. Thus the 2,3-O-
methoxymethylene appears to be ca. twice as labile to
aqueous acid as the 2'-O-methoxytetrahydropyranyl
protecting group. ‘Hydrolysis of the formate esters 41a
and 41b presents no problem; it proceeds rapidly under
mildly alkaline conditions and indeed occurs at a
reasonable rate even in pH 7 buffer at room temperature.
It should be noted that the methoxymethylene group is
chiral and that its use can lead to the formation of
mixtures of diastereoisomers. In practice,'® sometimes
pure diastereoisomers (as indicated by '"H NMR spec-
troscopy) and sometimes mixtures of diastereoisomers
cyrstallize from the reaction mixture. In either event, the
product obtained is quite suitable for use in oligori-
bonucleotide synthesis as there can be no doubt that it
consists solely of a 2,3"-protected ribonucleoside, free
fmm Posmon isomers. The ethoxymethylene protecting
7 in 14b) has also been used in oligori-
bonucleonde synthesis; it appears to offer no advantage
over the methoxymethylene group. Indeed it would seem
that the latter group should be preferred on the basis of
its spectroscopic simplicity (see criterion (vi) above).

42 43

Protection of base residues

Cytosine, adenine and guanine residues 42, 43 and 4,
respectively, are susceptible to attack by electrophiles
such as phosphorylating agents. Thus the matter of the
protecuonofdmebuemduummtbeeonndend
both in the synthesis of oligoribo- and oligodeoxyribo-
nucleotides. It seems clear that it is essential to protect
cytosine residues 4 to avoid phosphoramidate
formation*' during phosphorylation and it would also
seem to be a wise precaution to take in the case of
adenine residues 43 as the latter readily undergo acyl-
ation on N(6). It is not clear that protection of guanine
Mm“prevenuamckbyphocpmmm
but it is nevertheless desirable inasmuch as it improves
the crystallization and solubility properties of the
derivatives.

In their work on the synthesis of oligonucleotides by
the phosphodiester approach, Khorana ef al.” have used
N-acyl groups to protect all three base residues 42, 43
and 44. This initiative has been followed in most other
synthetic work carried out either by the phosphodiester
orthepbosphotriuterapproach.lnthedeoxyn‘bose

™ Khorana et al. appeartofavourtheprotecuon
ofcytosmeresldues-tzbyN -p-anisoylation (as in 45b),

*This is, of course, not true in the case of di-N-acyl deriva-
ﬁm(ul)whenomdﬁetwouylmwilbcmmwd
rapidly in alkaline solution.*

C. B. Reesz

47a’ ; R=Me
b ; R=Me,CH
¢ ; R=Ph

adenine residues 43 by N°-benzoylation (as in 46e) and
guanine residues 44 as their N-isobutyryl derivatives
4Tb. In their main studies on the synthesis of oligori-
bonucleotides,** Khorana et al. have protected cytosine
residues 42 by N*-benzoylation (as in 45a), guanine
residues 44 by N>-acetylation (as in 47h) and adenine
residues (as in 43) as their N*,N*-dibenzoyl derivatives
(as in 48).

N-Acyl protecting groups are relatively stable in neu-
tral and acidic media and have the valuable property in
the context of oligonucleotide synthesis® of being
moderately stable at high pH,® presumably because of
the dissociation of the amide (NHCOR) proton. Thus
N-acyl groups may be retained while both acid- and
base-labile protecting groups are removed from an oli-
gonucleotide. The N-acyl groups themselves may
generally be removed by ammonolysis.*®

The reasons behind the choices of particular N-acyl
protecting groups have not always been clear from the
literature. Benzoyl and p-anisoyl both appear to be
sufficiently stable groups for the protection of cytosine**®
(as in 4Sa and 45b, respectively) and adenine*® residues
(as in 46a and 46b, respectively) and deacylation of all of
the latter systems 45a, 45b, 46a and 46b can readily be
effected by ammonolysis.*® The p-anisoyl group, which
is somewhat more stable***#¢ than the benzoyl group,
has more satisfactory spectroscopic properties [criterion
(vi) for protecting groups; see above]. However, one or

- other of these groups may ultimately be preferred on the

grounds that its use leads to the isolation of crystalline
building blocks. N>-Acylguanine derivatives* (as in 47)
are much more resistant to ammonolysis than the cor-
spondxm N-acyl derivatives of cytosine®™*® and
Indeed NZ’-acetylguanipe derivatives (as in
ﬂn)appeartobesuﬁcnntlystable"foﬂhewetylmnp
to be used in the protection of guanine residues in
oligonucleotide synthesis. N*-Benzoylguanine residues
(as in 47¢) are very stable to ammonolysis but may
convemently be unblocked by treatment with methyl-
amine.**** NZ.Isobutyryiguanine residues (as in 47b)
wouldbeexpected"to ammonolysis at a rate
intermediate between that of N’aeetyl- and that of
NZ2-benzoylguanine residues.
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One further consideration relating to N-acyl protecting
mmywenmvembemmmthephmpho-
triester approach to  oligonucleotide  synthesis.
Oligonucleotide phosphotriester intermediates tend to
become more polar and hence less solnble in organic
solventsthhmcmmngmolecnhrwetght(seebelow)
This tendency can lead to experimental difficulties in
connection with extractions and purification by adsorp-
tion chromatography. It may therefore be advisabie to
attempt to counter this tendency by using lipophilic
N-acyl (e.8 p-alkylbenzoyl instead of benzoyl) protec-
ting groups.

N=CHNMe,

HNMe,

Nz

&)\N-cmm,

8l

Finally, as an alternative to N-acyl groups, the N-
dimethylaminomethylene group has been suggested™ for
the protection of cytosine (as in 49), adenine (as in 59)
and guanine (as in S1) residues in oligonucleotide
synthesis. Dimethylaminomethylene srongss may be
removed by treatment with dilute ammonia™ but it is not
clear that they are more effective than appropriate N-
acyl protecting groups or that they would remain intact
under conditions which would permit the removal of other
protecting groups from an oligonucleotide.

Preparation and characterization of 3-O-acyl derivatives
of ribonucleosides

It is appropriate at this point to consider one aspect of
ribonucleoside chemistry which has been crucial in the
development of methods for the preparation of all but

H

39

53
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one of the types of building block (see below) required in
the synthesis of oligoribonucieotides by the phospho-
triester approach. A general procedure for the con-
version of a ribonucleoside 3 or its N-acyl derivative
into its 3-O-acyl 54 and 3¥',5'-di-O-acyl 56 derivatives
was . Fortunately, our study of the chemistry of

23- O-mthoxymethylene ribonucleosides’® 40 sugges-
ted such a procedure.

The acid-catalyzed reaction (Scheme 6) between a
ribonucleoside 39 or its N-acyl derivative and a trimethyl
orthoester gives'™*' the corresponding nucleoside
orthoester 52 usually in high yield. This appears to be a
general reaction; it has, for example, been applied suc-
cessfully to the preparation of nucleoside orthofor-
mates' (49 or 52; R=H, see above). orthoacetates®’ (52;
R = Me), orthomethoxyacetates™ (52; R = McOCH;) and
orthobenzoates™ (52, R=Ph). Such methoxyalkylidene
derivatives 52 may be quantitatively converted, b
treatment with aqueous acid under mild conditions,’®"'
to give mixtures of the corresponding 2'- and 3-esters 53
and 54, respectively. In a number of cases,” when the
latter mixtures are dissolved in acid-free solvents, crys-
talsofoneofﬂzemm:sommﬁor.ﬂmdeposﬂed
Usually,” the 3'-esters 54 are obtained crystalline and, as
the material remaining in solution can re-equilibrate by
acyl migration' to give more of the thermodynamically
favoured 3'-isomers, isolated yiekds are often . For
example, both adenosine (3; B=43) and 47enzoyl-
adenosine (39; B = 46a) may be converted,”™** vig their
2,3-O-methoxyethylidene derivatives (52; B=43 and
46a, respectively, R = Me) into crystalline 3-acetates (54;
B=43 and 46a, respectively, R=Me) which may be
isolated in yields exceeding 75%.

When a crystalline 2- or 3-O-acyl ribonucleoside
derivative is obtained, its orientation is unknown. It was
therefore essential to develop an analytical procedure to
determine whether such a product was the 2- or the

".isomer 53 or $4. A general method was developed™
which depends on the observation that esterification of
the 2-hydroxy function of a ribonucleoside (i.c. trans-
formation 39-»53) leads to the deshielding of the gly-
cosidic proton [H(1)] by ca. 0.1-0.2ppm whereas
esterification of the 3-hydroxy function (i.c. trans-
formation 39 -» 54) has virtually no effect on the chemical
shift of the H(1") resonance. Thus if the 'H NMR spec-
trum of a micture of isomers 53 and 54, obtained by the

HO. 8
RClOMa), \\]‘;ii::fi:::iEiJ
“ *
H
R OMe

52

HO.
¢
‘_—-I H
OH
0
R
54

Scheme 6.
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hydrolysis of a nucleoside 2’,3"-orthoester derivative 52,
is examined, two doublets representing the resonance
signals of the glycosidic protons are observed in the
region of 3 6. If the spectrum of the crystalline material is
then measured, onlyonedoubleusobservedmthelatw
region in the case of a pure isomer. The crystalline
material is then identified as the 2'- or 3-isomer depend-
ing on whether the doublet corresponds to the downfield
onheupﬁeldmsnalmthespectmmofthemm
Trimethyl orthoesters may be replaced®™ by triethyl
orthoesters in the exchange reaction 39-» 52 and hence in
the acylation procedure (Scheme 6). Ribonucleoside 2-
and 3-esters 53 and 54 are readily susceptibie to alkaline
hydrolysis and, as indicated above, this is particularly so
forformteestmnandawhlchundemhydrolysw
even under neutral conditions.'™ Thus care must be
exercised if nucleoside 3'-formates 42 are to be used as
synthetic intermediates. The isolation of crystalline 2- or
3'-0-acyl ribonucleosides 53 or 54 in high yiclds depends
on the latter isomers being readily able to undergo equili-
bration by acyl migration" in the solvent used for crys-
tallization. For this reason it is generally more satis-
factory to work with acetate esters (such as 53 and 54;

Me) rather than with the corresponding benzoate
um(”md“;k-l’h)whichundunoeqnihﬁon
more slowly.'™ Acetate esters are reasonably stable to
alkaline hydrolysis'™ and are therefore also more con-
venient intermediates than the corresponding formates 41
and £2.

R'jl)/o. B

85

The orthoester exchange acylation procedure (Scheme
6) can readily be adapted to provide a general procedure
for the synthesis of 2.5- and 3,5-di-O-acyl ribo-
nucleoside derivatives (38 and 56, respectively). If a

Terminal units

2-¥-protected

57

C. B. Reese

2',3-O-methoxyalkylidene derivative 52 is acylated [by
treatment with R'COCl or (R'CO):0 in pyridine solution]
before the acidic hydrolysis step, the desired mixture of
2'.5'- and 3',5-di-O-acyl derivatives 55 and 56 may usy-
allybeobtamed""’"’mhrxhyleld.lnthnwuy,mdme"
and adenosine®™ (3; B=uracil-1-yl and adenin-9-yi,
respectively) have been converted into their crystalline
3',5'-diacetates (86; B = uracil-1-yl and adenin-9-yl, R=
R’ = Me) in 90 and over 60% isolated yields, respectively.
This extremely versatile procedure may be
used”"’”mthesynﬂmuofnwleomez',f 35.
diesters with different acyl groups (ie. 55 and 56;
R#R). It is experimentally straightforward and satis-
factory yiclds of diesters are generally obtained provided
that care is taken in the manipulation of the acid-sensi-
tive 2',3-O-methoxyalkylidene derivatives 52 prior to
their acylation.

{%M and non-terminal ribonucleoside building
l

The actual building blocks required in a general oli-
goribonucleotide synthesis will clearly depend on the
protecting groups which are to be used. If the 2'-hydroxy
functions are to remain protected by acid-labile groups
until the final step of the synthesis, two terminal or
chain-end building blocks in which the 3'- or 5-hydroxy
function is also protected by an acid-labile group would
appear to be necessary.'* Such 2,3- and 2,5'-protected
terminal units [40 and 57, respectively] are illustrated in
Scheme 7. If it is intended that it should be possible to
extend the growing oligonncleotide chains in either
direction [i.e. either from the terminal 3'- or the terminal
"-hydroxy function), it is necessary'® to have 2',3- and
2',5-protected non-terminal or chain extension building
blocks in which the 3'- and 5-protecting groups, respec-
tively, may be removed under conditions (e.g. alkaline
hydrolysis) which do not affect the 2'-acetal groups. It
would seem'* that ribonucleoside 2'-acetal-3'-esters and
2-acetal-5'-esters [Scheme 7; 58 and 59, respectively]
would make suitable non-terminal building blocks. The
procedures which have been developed for the prepara-
tion of these four types of building block are outlined
below.

Non-terminal units

38
R\E/o
OMe

HO (o]

HO
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@) Terminal 2',3-protected units. The_ preparation of

cytosine, adenine and guanine residues 42, 43 and 44,

mpecuvelyarepnenllyprmmdmtheueandmthe
other three types of ribonucleoside buikting blocks (see

below).
]
B é
[}] JHY

HO
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1:20:50:500. If, therefore, the diester 61a were treated
with dilute acomonia, it should be possible to remove the
formyl group selectively to give 61¢ in very high yield. The
degree of selectivity in the removal of the phenoxyacetyl
mf;om‘llshoddahobemmwﬁveﬂch

”gglecy‘:!“‘ﬁ deacylation may be used®™™ in the synthesis

(i) NaOMe or m,/mon=

54

HO 0
O

57

Scheme 8.

(i) Terminal 2,5-protected units. The acid-catalyzed
reaction between 3-O-acyl (preferably acetyl) ribo-
nucleoside derivatives®' 54 (see above) and an excess of
$,6-dihydro-4-methoxy-2H-pyran** 27 in dioxan solu-
tion leads to fully-proteeted bis-methoxytetra-
hydropyranyl derivatives.™ Treatment of the latter

mthsodmmmethonde(mthecaseofN-
acyiated intermediates) or ammonia in methanol gives
the desired 2,5'-di-O-methoxytetrahydropyrany! deriva-
tives 57 in satisfactory to good yields. Crystaliine
terminal 2',5'-pmtected building blocks derived from
uridine, N°-p-anisoyicytidine, adenosine, N’-benzoyl-
guanosine, inosine and N‘,N‘-dnnethyladenosme have
been prepared™ in this way, thereby confirming the
advantage of using an achiral protecting group.

i H
Ao

a ;R=Ms

Y

HO OH d;
60

(iii) Non-terminal 2'3-protected unmits. The prepara-
tion of non-terminal 2',3"-protected units depends on the
principle of selective deacylation.”® The relative rates of

deacylation™* of §'-O-acetyl-, 5'-O-methoxyacetyl-, §'-
OMxmtyi- and §-O-formyl-uridines 6a-d in
dilnte aqueons ammonia solution are approximately

b ; R=CH,0OMe
¢ ; R=CH,0Ph

R=H

of non-terminal 2’,3’-protectedumtsmthcfollowmg way.
A ribonucleoside 3 or its N-acyl derivative is first
allowed to undergo ac:d-catalyud exchange with an
orthoester [RC(OMe),] to give the corresponding 2',3'-O-
methoxyalkylidene derivative 52. The latter compound is
then acylated with an acid chloride or anhydride derived
from a carboxylic acid [R'CO.H], the esters of which
undergo saponification more readily than those derived
from the acid [RCO,H] corresponding to the orthoester.
The product obtained 62 is submitted to mild acidic
hydrolysis (Scheme 9) to give a mixture of 2',5- and
3 5'-di-O-acyl derivatives 55 and 56, respecuvely from
which it must be possible to obtain the pure 3',5-isomer

56 crystalline and in good yield. Reaction between 86 and
5,6-dibydro-4-methoxy-2H-pyran 27, followed by selec-

MeiOCH,-“'-CH,OR
6 a;R=CHO
b ; R=COCH,0Ph
¢ ;R=H

tive removal of the 5'-O-acyl group with methanolic
ammonia under coatrolled conditions shoukd give the
non-termmalra’pmtecwdb:mdmgblockﬂasacrys
talline compound in good
Asupomﬂanonohnumdmvedfromaprmy
slcohol is generally faster than saponification of an ester

>

w‘fﬁ K=

v,

W m,m-on
OH

Scheme 9.
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derived from the same acid and a secondary aicohol,

mvewymuwuﬁimyﬁwiﬁiﬁéiﬁme
preparation of 2,3-protected non-terminal units. The
combinations (8) R=Me or Ph, R'= CH;OMe and (b)
R=CH;OMe, R'=H were found**” to be suitable for
selective deacylation. Fortunately, good yields of pure
crystalline  3',5'-di-O-acyl derivatives 356 were
bmned”"" with both combinations in most cases
examined. Combination (b) which involves 5'-O-formyl-
'-0-methoxyacetyl-ribonucleoside derivatives (56; R =
CH;OMe, R'=H) as intermediates led” to satisfactory
yields of crystalline 2-O-methoxytetrahydropyranyi-3'-
O-methoxyacetyl-riboaucleoside derivatives (58; R=
CH,OMe) which may be further deacylated under
comparatively mild conditions of alkaline hydrolysis.
'I‘heluucrpointisofcousidenbleimpaunceineonnec-
tion with the phosphotriester approach to oligonucleotide
synthesis as such deacylation must be possible under
conditions which do not lead to appreciable concomitant
hydrolysis of the phosphotriester groups (see below.).

4_ae_ —a

HO. 8

2-O-Methoxytetrahydropyranyl derivatives”™ 28 with
unprotected 3-hydroxy functions and the corresponding
tetrahydropyranyl derivatives*® have been used instead
of 2,3-protected non-terminal units in the phosphotries-
ter approach to oligoribonucleotide synthesis. The 5'-
hydroxy function is clearly much more accessibie to a
phosphorylating agent than the comparatively hindered
"-hydroxy function and undoubtedly natural 3'-5-in-
ternuclootide linkages will be formed predominantly. Al-
though it has been claimed*' that the formation of 3'—3'-
internucleotide linkages cannot be detected when the
"-hydroxy function is left unprotected, a certain propor-

C.B. Rz

uondﬂnhnzrunmnn:nlhﬂpe!.mustmewublybe

deﬁvaﬁvesacwldufelybeusedudtzrmﬁvutoﬂn
above non-terminal 2',3'protected units 58.

(iv) Non-terminal 2 .5'-protected units. Selective
deacylation may also be used in the preparation of
non-terminal 2',5'-protected units 59.% For this approach
to be feasible, it must be possible to prepare pure crys-
talline 3',5"-di-O-acyl ribonucleoside derivatives €3 with
combinations of acyl groups such that following the
methoxytetrahydropyranylation step to give 64 (Scheme
10), the 3'-O-acyl groups may be removed selectively to
give the desired non-terminal 2',5-protected units 9.
Selecﬁveducyhtionislusfavomtblcinthisasethn
in the preparation of the corresponding 2',3'-protected
buildmgblocksﬂ(seeubove)unreqlmuthatthe
saponification of an ester derived from a secondary
akcohol should proceed much more rapidly than the
saponification of an ester derived from a primary alco-
hol. Nevertbeless combinations (a) R = CH;OMe, R'=H
and (b) R=Ph, R’ = CH:OMe were both found™ to be
suitable and crystalline non-terminal 2*,5"-protected units
were prepared in satisfactory yields by this method.

Non-terminal 2’,5'-protected ing blocks are per-
haps more conveniently prepared (Scheme 11) by selec-
tive acylation. Methoxytetrahydropyranylation of virtu-
ally any available crystalline 3'.5'-di-O-acyl ribo-
nucleoside derivative €3, followed by removal of both of
the O-acyl groups constitutes a general method” of
preparing 2-0-methoxytetrahydropyranyl ribo-
nucleosides 28 and their N-acyl derivatives. When the
huumtumedntumuuwdwnhaduhtexwuofm
aryloxyacetyl chloride 68 in the presence of 2,6-hmdme
in acetonitrile solution, regioselective acylation occurs™
to give the non-terminal 2',5'-protected building blocks 66
and usually in good yields. Very little of the isomeric
3’-amappunobeobumedbmnlsnotpossib|eto
avoid the formation of moderate wm of the 3.5
diesters. In a number of cases crystalline p-

T O T
o o v o\WO“ Ho o\E“jo

3 64

Scheme 10.

gy =

R - )

2,8 Wtidine / MeCN

je

€60 ; R=4-CIGH,

Scheme 11.
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chioropbemxymm&hsvebeenmpmdmgwd

blocks in phosphotriester  approach

saponification of aryloxyacetate esters (see above) can be

effected” under very mildly basic coaditions thereby

mmmmbydrol the extent of concomitant phosphotriester
ysis

HQ‘ ? m\ B
47 48
% 2-DECXYRIBONUCLEOSIDE BUELDING 2.OCKS
As indicated above, the preparation of building blocks
presents much less of a problem in the deoxyribose than

i the ribose series. For a completely geaeral stepwise or
block synthesis of oligodeoxyribonucieotides by the
phosphommzr

approach, two types of building blocks
are ¥ a Y.protected unit 67 and a 5-protected
unit 68, The symhcsls of these building blocks should be

relatively straightforward as a number of reagents would
be expected to attack 2-deoxyribonucleosides selectively
on their primary 5-hydroxy functions and it should be
possible to convert the S'protected umits thereby
obtained into 3-protected units.

Protecting groups
'I‘hechmeeofpmtecmgxmpsforz’-
deoxyribonucleoside building blocks again requires
careful congideration. As indicated in the above section
on the preparation of ribonucleoside building blocks,
Khorana et al.” used N-acyl groups to protect the base
msiduesmtheuworkonthesymhcsuofohpdeoxyw
bonucleoudesbyﬁ:epbosphodmterapprwh.&lbject
to detailed considerations regarding the suitability of
particular acy! groups for the individual bases, this would
also appear to be the best approach in the synthesis of
omexyn'bonucieondu by the phosphotriester ap-
p

R 70

Khorans ef al.” have used acid- and base-labile groups
to protect hydroxy functions. These workens™ first in-
troduced the 4-methoxytrityl (MMTY, as in €w) and the

ass

44 dimethoxytrityl (DMTy, 2z in M) as acid-labile
groups for the protection of 5-hydroxy functions in
oligoribonuicleotide synthesis. However, the latter pro-
mmmmmfmwﬁeuum

xyribomc synthesis both in Khorsna's
iaboratory®* and in 3 sumber of other laboratories.” As
will become apparent later, care must be taken in the
removal of acid-labile protecting groups from
oligodeoxyribonucicotides containing purine residues.
Nevertheless, preliminary cxpetiments {see below)
suggest that the above triaryimethy] protecting groups
are suitable for use in the synthesis of oligodeoxyri-
bonucleotides by the phosphotriester approach. Clearly,
the §-O-riarylmethyl-2-deoxyribonucleoside building
blocks 69 and 69 may be used in conjunction with
3.0-acyl derivatives 78 and other 3-protected building
blocks with acid-stable protecting groups. If 3-O-acyl
derivatives 78 are used in the phosphotriester approach
and if it is intended that the acy! groups should be
removed by alkaline hydrolysis, the latter protecting
groups should be chosen in such a way that they can be
removed under mild conditions thereby ensuring that
concomitant phosphotriester hydrolysis is kept fo a
minimum. As in the ribose series (see above), aryloxy-
acetyl groups (¢.g. phenoxyacetyl® in 70; R = CH.OPh)
to some extent meet this requirement.

Preparation of building blocks

5'-0-uiawlmeth}d derivatives (such as €% and 69b)
may be prepared® in high yields by the action of the
appropriste  triarylmethyl  chlorides on 2
deoxyribonuclieosides and their N-acyl derivatives. The
cmupomﬁngyo-acyidemanm?omaydudybe
prepared in two steps (acylation followed by acidic
hydrolysis) from 5-O-triaryimethyl derivatives 69a or
%%, Thus building blocks with 3'-base-labile and 5-acid-
labile protecting groups are readily obtainable.

Me Ci

T34 ; Reii
b ; R=OMe

T2a ; Xw
b X=S

Building blocks with ¥-acid-labile and 5'-base-labile
pxmetmgmhveﬂwbeenprepared For example,
2'deoxyribonucleosides and their N-acyl denvanves‘
may be acylated regiosclectively by reaction with 2,6-
dichloro-4-methylphenoxyacetyl chloride™ to give the
S-protected buliding blocks 71 in satisfactory yields. ¢
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The comesponding  3'-O-methoxytetrahydropyranyl
derivatives 72a may then be in two steps
(acetalation, followed by deacylation) from the Iaster 71 or
from other 5'-O-acyl derivatives. Preliminary experiments
(aeebelow)mdmlcthttheremovalofm&oxym-
bydropyranyl groups by acidic hydrolysis is
by at most a very small amount of
depurination. §' - O - Acyl - 2 - deoxyribonucleoside
derivatives (such as 71) may also be converted into the
corresponding 3'-O-methoxytetrahydrothiopyranyl® 72
and 3-O-triarylmethyl™ derivatives 73a and 7%. The
methoxytetrahydrothiopyranyl has been shown® to be
cmsumuwehbﬂemaquemu_acldwhmonthanthe
methoxytetrahydropyranyl protecting group and both the
4-methoxy- and 4,4'-dimethoxy-trityl groups appear to be
removable under conditions (see below) which lead to no
ination. As 2-deoxyribonucleosides and their N-
acyl derivatives can so readily*' be converted into the
corresponding §'-O-triarylmethyl compounds (such as
69) in high yields and as it appears (sce below) that
unblocking can be effected without the occurrence of
any undesirable side-reactions, it seems that the latter
S'-protected building blocks (e.g. 9) are particularly
suitable for oligodeoxyribonucleotide synthesis by the
phosphotriester approach.

Acidic hydrolysis of purine 2-deoxyribosides and deriva-
tives

As suggested above, the glycosidic linkages of purine
2-deoxyribosides are very sensitive to acidic hydrolysis.
Thus the halftimes for the hydrolysis of 2-deoxy-
adenosine 74a and 2'-deoxyguanosine 78a in 0.1 M-
hydrochloric acid at 23° are reported’ to be 105 and
100 min, respectively. The ing half-times for
the hydrolysis of 74a and 75a in 0.2 M-hydrochloric
acid-dioxan (1:1 v/v) at 20° are ca. 8 and 7 hr,” respec-
tively and under the latter conditions the time required
for the complete removal of the methoxytetra-
hydroyranyl goup from  3- O—methoxytetm

xranyk?&oxyadenosme (72a; B=43) is ca.
35 min.™ It would therefore be expected that the removal
of a methoxytetrahydropyranyl group from an oligodeo-
xyribonucleotide in aqueous dioxan solution would be
accompanied by ca. 5% cleavage of cach of the purine
residues. This is clearly unacceptable. Fortunately,
however, water-acetic acid (1:4 v/v) is a more suitable
unblocking reagent. Although the complete removal of
the methoxytetrahydropyranyl group takes ca. 6 hr® in
80% acetic acid at 20°, very little (possibly ca. 1%)
depurination of 2-deoxyadenosine 74a and 2'-deoxy-
guanosine 75a occurs under these conditions. The remo-
val of 4-methoxy- and 4,4'-dimethoxy-trityl protecting
groups occurs even more easily in 80% acetic acid: for

R? <t©

746 ; R'=R%=H
b; R'=Bz,R%=H
c; R‘-Bz RP=Ac

C. B. Reese

example, the thymidine derivatives (¢9a and €9%; B=
thymin-1-yl) are reported” to undergo complete
hydrolysis in 90 and 15 min at 26 and 27°, respectively in
this medium. It is further interesting to note® that 4-
methoxy- and 44'-dimethoxy-trityl are both removed
more slowly than methoxytetrahydropyranyl groups in
0.2 M-hydrochloric acid-dioxan (1:1 v/v).

A very important factor which must be taken into
account if acid-labile protecting groups are to be used in
oligodeoxyribonucleotide synthesis is that the glycosidic
linkage of N*-benzoyl-?-deoxyadenosine 74 [and
presumably other N*-acyl derivatives of 74a] is appreci-
ably more labile to acidic hydrolysis than the glycosidic
linkage of 2'-deoxyadenosine 74a itself. For example, the
half-time for the hydrolysis of 74b in 0,2 M-hydrochloric
acid-dioxan (1:1v/v) at 20° is ca. | hr,* that is one-eight
of the half-time for the hydrolysis of 74a under the same
conditions (see above). It is further noteworthy® that the
half-times, in the same medium for the cleavage of the
glycosidic linkages of N>-benzoyl-2-deoxygtianosine 75b
and 2-deoxyguanosine 75a itself are virtually identical.
Although the glycosidic linkage of 75b is more stable
than that of 74b in 80% acetic acid, it is, however,
conuduablylessstabletlmnthatofnamthelmu

Forey

PhO/P ~o -

Me

78 ; A%y .—bonzoylodenln—S-yl

Although the exceptional lability of the glycosidic
linkage of 74b (or rather of its 4-methoxytrityt derivative)
was noted” in the early literature on oligodeoxyri-
bonucleotide synthesis, the consequences of this obser-
vation are perhaps not widely appreciated. An obvious
consequence in the phosphodiester approach and in the
final unblocking steps of the phosphotriester approach is
that the N-acyl protecting groups should be removed
from the base residues before any step involving acid

T3a ; R=H
b; R=Bz
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treatment (preferably with 80% acetic acid) is carried
out. The consequences of the lability of the glycosidic
linkage of N°®-benzoyl-2-deoxyadenosine 74b in the
chain extension steps of the phosphotriester approach
in which it is necessary to remove acid-labile groups
without unblocking the base residues, are not as serious
as might have been anticipated. Thus it is possible® to
remove the ¥-O-methoxytetrahydropyrany! group from
the fully-protected dinucloside phosphate 76 cither by
treatment with 80% acetic acid (6 hr, 20°) or with 0.2 M-
hydrochloric acid—dioxan (1:1v/v) (1.5 hr, 20°) with only
a small amount of concomitant depurination.” It seems
likely that the increased stability of the glycosidic
linkages of 76 is due to the inductive effects of the

"-O-aryloxyacetyl and the 3',5'-phosphotriester groups.
This hypothesis is supported by the observation® that
the rate of depurination of 3',5'-di-O-acetyl-N*-benzoyl-
2'-deoxyadenosine 74¢ in 0.2 M-hydrochloric acid-dioxan
(1:1v/v) is only ca. one-twentieth that of 74b.

STAGE 3—OLIGONUCLEOTIDE SYNTHESIS

The development of the phosphotriester approach

Asmtedabove,thechoneeofayoupll(seeScheme
2) for the protection of the internucleotide linkages is
aucalmblemmthe:ymheuofolmnncbondubythe
phosphotriester This must, of course,
ﬁnﬂltheprmctpalum[()-(lﬁ)]mdmtzdnbovefot
protecting groups. The benzyl protecting group was used”
in the first phosphotriester synthesis of an oligonucleotide
containing a natural 3' - §'-internucleotide linkage. It is
interesting to note that the report of this work by Michel-
sonandTodd”inl%Santedﬂeatheﬁrstpapu by
Khorana et al..® on the synthesis of an oligonucleotide by
the phosphodiester approach.
In their synthesis of TpT 80 by the phosphotriester

°A small amount of depurination of phosphotriester inter-
mediates need not be a particularly serious matter as the resul-
ting “apurinic acid” may possibly be removed by adsorption
chromatography. The removal of a 4,4'-dimethoxytrityl protec-
ting group from a similar phosphotriester intermediate, by
treatment with 80% acetic acid, would be expected® to lead to a
mﬂuibhmomddecvmdhl'-bmmyhdonhem
Very recent experiments indicate that 4,4'-dimethoxytrityl” and
related™ protecting groups may be removed very rapidly and
wnhvimalymmommdmmnonﬁompbuphwm
intermediates by treatment with an arenesulphonic acid in
chloroform containing methanol.

s

approach (Scheme 12), Michelson and Todd™ phos-
phorylated 5'-O-acetylthymidine 77 with the nucleoside
5-benzyl phosphorochloridate derivative 78 to give the
fully-protected dinucleoside phosphate 79. Removal of
the protecting groups gave TpT 80. In the same paper,
the synthesis of pTpT, the 5'-phosphate ester of 80 was
also described. Despite these promising initial results, no
other work on the synthesis of oligonucleotides by the

phosphotriester approach was reported ing the
following 10 years. In 1965, Letsmaereral re-
examined the latter approach using the 2-cyanoethyl
group to protect the internucleotide linkages.

In their original studies on oligonucleotide synthesis by
the phosphotriester approach, Letsinger et al. in-
vestigated the possibility of using a polymer support.’*
Then, in order to carry out preparations on a large scale,
these workers™® investigated the use of the phospho-
triester approach in homogencous solution according to
the procedure outlined in Scheme 13. The 5'-protected
thymidine derivative 81 is allowed to react with 2-
cyanoethyl phosphate in the presence of an arenesul-
phonyl chioride in pyridine solution to give the 3'-phos-
phate ester 82. In the second phosphorylation step, 82 is
allowed to react with an unprotected 2-
deoxyribonucleoside ¢7a in the presence of 2,4,6-tri-
isopropylbenzenesulphonyl chloride (TPS, 11b) in pyri-
dine solution to give 83a. The latter product 83a, which is
contaminated with a small amount (ca. 4%) of material
with unnatural 3'-» 3-internucleotide linkages, may be
completely unblocked by treatment first with 80% acetic
acid (to remove the MMTY group) and then with dilute
ammonia (to remove the 2-Cyanoethyl group); alter-
natively, 83a may be converted into its 2-cyanoethyl
ester (83; R=PO(0O")OCHCH;CN) and the chain ex-
tended further. In this way, the oligothymidylic acids
(T;l))zT and (Tp);T were prepared from 83a (B = thymin-
1-yl).

In a later paper, Letsinger et al.”™ abandoned the use
of unprotected 2'-deoxyribonucleosides 67a in the chain-
extension steps and instead used the corresponding 3'-O-
B-benzoylpropionyl derivatives §7b, thercby preventing
the formation of any 3'- 3'-internucleotide linkages. The
B-benzoylpropionyl group may be removed’ by treat-
ment with hydrazine hydrate in pyridine-acetic acid un-
der conditions which do not lead to the unblocking of
internucleotide linkages. Using this modification,
Letsinger et al.™™ carried out the stepwise synthesis of
oligodeoxyribonucleotides containing bases other than
thymine and also the block synthesis (i.e. 2+2-+4 and

0 Thy AcO. Thy
77
HO + _— o\ P/o

PhCH,0~" 0

PhCH,o/ \CI ﬁ 7‘

= @

79 80

Thy = thymin-1-yi
Scheme 12.
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1(!;3-»6) of the tetramer, (Tp)T and the hexamer,
p)sT.

Both the benzyl and the 2-cyanoethyl protecting
groups have the great advantage that they can be
removed from the internucleotide linkages at the end of
the synthesis under very mild conditions indeed. Deben-
zylation may readily be effected™ by thiophenoxide ion
atroomtzmperaummdz-cyanoethylpmtecmsyoups
are removable’*” under very mild basic conditions.
Furthermore, both unblocking reactions involve specific
O-alkyl fission and therefore no cleavage of the inter-
nucleotide linkages should occur. Thus criterion (iii) (see
above) is fulfilled for both protecting groups. The
remaining question is whether criterion (ii) is fulfilled, i..
whether these ing groups are completely stable
under the reaction conditions. If a comparatively long
oligonucleotide is to be synthesized, a number of phos-

phorylation and purification steps will be necessary. If

phoqboryhﬁonmcﬁommtobemiedominpyridine
solution or in the presence of another base catalyst, it is
coneuvablethat:omeconoomtmtdebenzyhhonmuht
occur. Loss of very sensitive 2-cyanoethyl protecting
groups may occur during work-up and chromatography of
the phosphotriester intermediates on silica gel. Loss of
cither protecting group could also occur during the un-
blocking of terminal hydroxy functions prior to chain-

extension. It should nevertheless be emphasized that
neither of these protecting groups has been used in the
synthesis of high molecular weight oligonucleotides and,

- thaefm,thttheirpoui:lehmﬂauomlnvenotbeenfully

elucidated. However, it would seem unwise to embark ona
synthesis of a high molecular weight oligo- or poly-
nucleotide, mvdmahmmmbaofpbmphoryhuon
and purification steps, without first ensoring that the
internucleotide linkages are blocked with comparatively
stable protecting groups.

In 1967, Eckstein and Rizk” showed that the 2,2,2-
mchloroethylmlpcotﬂdbeusedtoprotectthemtef
nucleotide oligodeoxyribonucleotide
synthesis. lnthelrﬁrstsmdy”'theseworkersoonvened
§'-O-tritylthymidine 84 into its 3'-(2,2,2-trichloroethyl)
phosphate 85, The latter compound (85) was then al-
lowed to react (Scheme 14) with 3'-O-acetylthymidine
(87) in the presence of TPS 11b to give 88, This fully-
protected dinucleoside phosphate 88 was completely
unblocked by treatment with (i) zinc dust/80% acetic acid
at room temperature (to remove the 2,2,2-trichloroethyl
group), (ii) hot 80% acetic acid (to remove the trityl
group) and (iii) aqueous ammonia (to remove the acetyl
group) to give TpT 80. In a second and closely-related
study,” 84 was treated with 2,2,2-trichloroethyl phos-
phorodichioridate to give the intermediate phosphoroch-

Tro

TrQ

TrO

\(071' hy Thy hy
} -
HO 84 (\ Py 8s '~
P
cl ccn,o/ No. 4 %. CCCH0~~ Thy
Tro Thy H Thy
88
%P - AcO 87
ClsCCH,0~~ "\CI 1]
Thy = thymin-1-yl

Scheme 14.
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loridate 86 which was then allowed to react with 87 to
give 88. The trimer (Tp),T was similarly prepared in a
step-wise (1+2-+3) synthesis and the tetramer (Tp)T in
a block (2+2-4) synthesis. These workers also pre-
pared”® short oligodeoxyribonucleotides containing
adenine and cytosine residues.

NHBz

o Gl

HO
a9

The 2,2,2-tncbloroethyl protecting group would be
expected to remain intact during the chain-extension and
purification steps of oligonucleotide synthesis provided
that relatively mild conditions of alkaline hydrolysis
were used to remove acyl protecting groups, if any, from
the terminal hydroxy functions. A further merit of the
2,2,2-trichloroethyl group is that, like the benzyl and
2-cyanoethyl protecting groups, it may be removed by
specific O-alkyl cleavage. However, it is by no means
clear from the literature that criterion (iii) (see above) for
protecting groups is fulfilled, ie. if 2,22-trichloroethyl
u’onpsmybenmovedattheendofthesymm‘mm
the occurrence of undesirable side reactions. The 2,2,2-
trichloroethyl group has been removed by
uuunentwnhmcdustornnc-coppercouplem(a)
aqueous acetic acid,” (b) pyridine containing Jm)uc
acid™™ and (c) anhydrous dunethylformamnde"
has also been removed™ by sodium naphthalene in
hexamethyiphosphoric triamide {procedure (d)]. It would
seem that procedure (a) is unsuitable in nucleic acid
chemistry in that its use would very likely lead to partial
reduction of the pyrimidine bases. Thus Cook® reported
that a loss in ultraviolet absorption is observed when
N*-benzoyl--deoxycytidine 89 is treated with zinc-
copper couple in 90% acetic acid at room temperature.
Procedure (c) which involves aprotic reaction conditions
would appear, mpnnaple,tobesaferthanprocedure
(b). K procedure (d) is followed, strictly anhydrous
conditions are necessary in order to ensure that
concomitant alkaline hydrolysis of the phosphotriester
groups is avoided. As procedures (a)-(c) involve hetero-

DZ’%@ o °0Ap

PhO/P Nci

@
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geneous reactions, thmuapouibihtyﬂmtheunblock
ing conditions will not be reproducible. Furthermore, it
may be difficult to ensure that, and indeed determine
whetherallthem-uwhkloethylmmremoved
a large protected oligonucieotide
1968 Reese and Saffiill® demonstrated that the
phenyl protecting group could be used in the synthesis of
TpT 8. 5-O-Methoxytetrahydropyranylthymidine 90
wastren:edmthaveryahghtexcessofpbenylphos
phorodichloridate in the presence of
acetomu'ilesoluuontogm(Scbeme lS)tbeputatwe
mtzrmedmte 91. After a suitable
period o tnnc,theS’-pmtectedbuﬂdmgblockﬂwas
added thesecondphosphorylationstepwasallowed
to proceed to give the fully-protected dinucleoside
phosphate 92 in satisfactory yield. The latter product 92
was unblocked by treatment with (a) alkali for a short
time (to remove the acetyl group), (b) acid (to remove the
methoxytetrahydropyranyl group) and (c) alkali for a
longer time (to unblock the internucleotide linkage). Al-
though it was not recognized at the time, this unblocking
procedure™ led to a mixture of thymidylyl-(3'-» 5)-thy-
midine 80 and its two symmetrical isomers (see below).
The phenyl group is stable enough to remain intact

RO 0]

Z
P\ \P/
07 “opn R “omn
95 Y
A K 9
g > é
0y A
. Y.
}
R 0\ P/O
R OPh
93
(o)l-on
/ Scheme 16.

R%0” o-

94

+

=
=4

= thymin-1-yl
Scheme 15.
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during the chain-extension and purification steps of oli-
gonucleotide synthesis again provided'* that any O-acyl
protecting groups which are used are removable under,
at most, mild conditions of alkaline hydrolysis. The
phenyl group has one distinet disadvantage over the
benzyl, 2-cyanoethyl and 2,2,2-trichloroethy! protecting
groups in that its removal involves attack by hydroxide
morbywmemhernudeophile on phosphorus with
subsequent O-phosphoryl cleavage. As phenol is a
strongeracndﬂmasxmpledcoholhysomeSoerders
of magnitude, alkaline hydrolysis of phenyl protected
internucleotide linkages (represented by 93, Scheme 16)
mldltbeexpectedtopmeeedvmllyexduuvelyby
expulsion of phenoxide ion [pathway (a)] to give 94,
Unfortunately, this is not the case: alkaline hydrolysis of
phenyl protected oligonucleotides (represented by 93)

with internucleotide

cleavage [i.c. by pathways (b) and (c)] to give phenyl
alkyl phosphates 95 and 96 in significant quantities. The
conseqmcesotsnchmwmudeom‘:leavaaemnm

serious in the unblocking of oligonucleotides containing
only a few residues; however,aswinbeeome

later, they are very serious indeed in the unblocking of
memlar weight phenyl protected oligo- and poly-
n s.

o
Q”/ p

970

Thy

R, Pt
; RlssCl, ROt
¢ ; R'=H, R=C|

Thy = thymin-1-yl

The extent of internucieotide cleavage accompanying
alkaline hydrolysis can easily be moderated (see below)
by the introduction of electron-withdrawing substituents
mtotlnphenylgmupasinthefuﬂy-pmtected

u}a 972¢. The latter were

in satisfactory yiekds by the procedure
mdwawdecheme 15 using o-fluoro-, o-chloro- and
p-chloro-phenyl phosphorodichloridates, respectively,
instead of pheny! phosphorodichloridate. As well as
having the advantage that it can easily be modified by

C.B. Reesz

submmn,thephcnylmhutwomm&-
2,2 2-trichloroethyl

rather than of pyrimidine reduction) can usually be
separated from the desired products. Secondly, it is
mhnvdymywemmnthealkdmehydm!ymof

Aryl protecting
mxpsakotnveam.dvmhaemthatﬁwymbe
mtostableandpowaftﬂpbosphayhm
agents. Taking all these factors into consideration, it
seems likely that, if the extent of internucleotide
cleavage during unblocking can be decreased substan-
tially, aryl groups will emerge as the protecting groups of
choice in the synthesis of oligo- and poly-nucleotides by
the phosphotriester approach.

H a bifunctional phosphorylating agent, such as phenyl
phosphorodichioridate (98; X =Cl) is used in the phos-
photriester approach (Scheme 17), it is possibie to obtain
the symmetrical 3'-3- and 5 - 5'-phosphotriesters 100
and 161, respectively in addition to the desired unsym-
memcalpmdncus.'meformmonofuxhsymmetnul
pmdudsumdeedobaerved"wbenb:fmomlpbos-
phorylating agents are used in the synthesis of
oligodeoxyribonucleotides. Thus, for example, an inter-
mediate phosphorochloridate (99; X = CI) can, as soon as
it is formed, compete with the remaining
loridate (98; X =C1) for the S'-protected building
(R'OH). If stoicheiometric quantities of 98 (X = Cl) and
R'OH are used and some symmetrical 3’ 3'-phospho-
triester 100 is formed, then the remaining 98 (X = Cl) can
react with the 3'-protected building block (R*0OH) when it
is added. In this way the symmetrical $'- 5-phospho-
triester 101 may also be formed. It is therefore desirable
that, whatever protecting group is used in the phospho-
triester approach, the phosphorylating agent should be
monofunctional.

All the examples of the use of the phosphotriester
approach which have been considered so far relate to the

HO. Ad

0”7 o

o2

HO OH

Ad=adenin-9-yl; Ur=urscil-1-y

X P om R'O\P Py oom Ro. o
X~ ~oph b x” oPh b rRP0” oPh
98 99 93

e "Ose?
RO opn rR07 “oPh
100 101

Scheme 17.
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synthesis of oligodeoxyribonucleotides. The first
oligoribonucleotide: synthesized by the phosphotriester
approach was adenylyl-(? - 5)-uridine™ 182 which has
an unnatural internucleotide linkage. In 1969, Neilson*
reported the synthesis of UpU and (Up),U by the phos-
photnester approach, usmsthe 2,2,2-trichloroethyl pro-
tecting group, as indicated in Scheme 18,

The 2 $'-terminal building block 163, prepared
by the action of 4-methoxytrityl chloride on 2-O-
teuthydmpyxuylm'ldme 23, was phosphorylated by
treatment with pyridinium 2,2,2-trichloroethyl phosphate
and TPS 11b in pyridine solution to give 104. In the
second step of the phosphorylation, 164 and 23 were
allowed to react together in the presence of TPS 11b in
pyridine solution to give the partially-protected
dinucleoside phosphate 168 in satisfactory yield. None of
the 3’ 3-isomer of 105, which may be formed by phos-
phorylation of the more hindered 3-hydroxy function of
23, was detected in the products. Intermediate 105 was
then linked together in the same way with 23 to give the
partially-protected trinucieoside diphosphate. The latter
trimer and llswexeunblockedbytreamntwithzinc-
copper couple in dimethylformamide followed by acidic
hydrolysis to give (Up):U and UpU.

In a subsequent series of papers, Neilson ef al*' "™
have extended this procedure and have synthesized a
number of oligoribonucleotides both by stepwise and by
block synthesis. These workers invariably used 2'-O-
tetrahydropyranylnucleosides™™ (such as 23) instead of
2',3'-ptotected non-terminal building blocks (such as 58)
and in order to avoid possible contamination with
material containing 3’ ¥-internucleotide linkages, the
products were treated with an excess of 4-methoxytrityl
chloride before fractionation. Neilson ef al. have recently
noted™ that the recoveries of unprotected
oligoribonucleotides after the unblocking process (in-
cluding reduction with zinc-copper couple in dimethyl-
formamide) are generally rather poor. Unless a much
better unblocking procedure can be devised, these results
must cast considerable doubt on the suitability of the
2,2, 2-trichloroethyl protecting group in the synthesis of
oligonucleotides by the phosphotriester approach.
However, these studies clearly indicate that the phos-
p!mnester is more suitable than the phosphodiester ap-
proach in the synthesis of oligoribonucleotides.

In 1970, Grams and Letsinger™ reported a similar
synthesis of UpU by the phosphotriester approach using,
as in their original work in the deoxyribose series,” the
2-cyanoethyl protectmg group (Scheme 19). The protec-
ted 3-p! intermediate 107, prepared from
the comspondms 2,5"-bisacetal 106, is allowed to react
with the 2-acetal 108 in the presence of TPS 11b in
pyridine solution to give the partially-protected
dinucleoside phosphate 109. Treatment of the latter in-
termediate 189 with aqueous ammonia followed by 5%
acetic acid gives UpU in satisfactory yield.

Although the phosphotriester approach, with phenyl
protecting groups, had been used successfully™ in the
deoxyribose series, a difficulty was first encountered
when it was used in the ribose series. Thus, for example,
it was found that the reaction between the 2',5'-protected
non-terminal uridine derivative 66 and phenyl phos-
phomdich!oridate proceeded much more slowly than the
reacnon between the latter phosphorylating agent and

O-methoxytetmhydropyrsnylthymxhne 90. However,
treatment of the non-terminal uridine building block 66
with phenyl phosphorodichloridate (Scheme 20) in the

C. B. Regsg

presence of S-chloro-1-methylimidazole'
acetonitrile solution rapidly gives™™ the intermediate
phiosphorochloridate 111. Treatment of 111 with the 2',3"-
protected terminal uridine derivative 112 gives the fully-
protected dinucleoside phosphate 113 in high yield.**>
Unfortunately, the use of 110a leads® to the formation
of by-products which are difficult to separate from the
desired product 113. When 110a is replaced by 5-chloro-
1-ethyl-2-methylimidazole 110b, the formation of such
byproducts:savmdedbmbothstepsofthepbos
pboryhhonproeeu(Schmm)pmceedmeslowly
and a fower yield of 113 is obtained.™™ Although aryl
pbmhoro&ohlondatesappeartobemﬁmunsamfac-
tory phosphorylating agents in oligoribonucleotide
synthesis, it seems likely that 118b and otber l-alkyl
derivatives of imidazole will prove (see below) to be
valuable as catalysts in phosphorylation reactions.

The combination of phenyl dihydrogen phosphate 114

110 in

and TPS 11b constitutes a much more satisfactory
phosphorylating agent for the synthesis of
oligoribonucleotides than phenyl

phosphomdxchlondatz
Phenyl dihydrogen phosphate®*'? 114 is a non-
hygroscopic crystalline solid and TPS 11b may be used
in excess to remove traces of moisture from the reaction
medium. Treatment of the 2',5-non-terminal uridine
building block 66 with 114 and an excess of 11b in
anhydrous pyridine solution gives**™ the intermediate
115 (Scheme 21). Reaction between the latter 115 and a
small excess of the 2',3'-terminal uridine building block
112 in the presence of 11b gives 113 in high yield.**™
When the latter fully-protected dinucleoside phosphate
113 is treated with sodium hydroxide in aqueous dioxan
for a short timc, the partially-protected intermediate 116

is obtained.**”

When lwmanowedtoreact(Schemen)wnhthe
partially protected dmncleoude phos 116 in the
presence of TPS 11b in anhydrous pyrdine solution and
theproductsub;ectedtoaikahnehydrolymforashm
time, the partially-protected trinucleoside diphosphate
ll1lsobumedmover60%yxeld"'”’msstepmse
synthesis may be continued and preliminary experiments
havemdlcatedthatyleldsofca.w%mobtmnedmthe
overall conversion of 117 into the corresponding
tetramer and in the conversion of the tetramer into the
corresponding pentamer.*

The unblocking of 116, 117 and other phosphotriester
intermediates with free S-hydroxy functions to give oli-
goribonucleotides with solely  3'-» S-internucleotide
linkages cannot be effected simply by alkaline, followed
by acidic hydrolysis. Thus when 116 is treated with
alkali, the 5'-» S"-isomer 120 is formed®™ in addition to
the desired 3',5'-dinucleoside phosphate 119. When 118a

‘ntreatedwnhalkah(SchmeB)undercarefuﬂy

controlled conditions, the cyclic phosphotriester 121 may
beuohted”fromthcproductsmmoderamyxddandn
is clear from further alkaline hydrolysis studies™ that the
conversion of 118a into 119 and 120 proceeds solely via
121

Such neighbouring group participation of free 5- and
alsofreeB'—hydmxymncuomleadmgtopamﬂmlsm-
tion (usually ca. 20-3096) of the terminal internucleotide
lmkaaeorhnkamhubeenobscrvedbothmthe
ribose™ and the deoxyribose™> series. Thus, as in-
dicated above, complete unblocking of 92 leads to a
mixture of thymidylyl{} - 5)-thymidine 8 and the
isomeric 3-»3- and 5-»$'-dinucleoside phosphates.
Such phosphoryl migration cannot occur if both of the
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terminal 3'- and $-hydroxy functions are protected with dine (123 Scheme 24), free from its §'-»5-isomer, is
base-stable groups before the alkaline hydrolysis step is  obtained. ™™ Similarly, if 117 (Scheme 22) is tetra-

undertaken. Indeed when 116 is tetrahydropyranylated hydropyranylated before its is unblocked, UpUprrth
(Scheme 24) and the fully-protected dinucleoside phos- soielyi&'-»S’-m}cmudopﬁdelmkmuobmmd

%andthenwﬁhaqmacid,midylyl—(?*ﬂmi- tecting groups, starting from 2',5-protected terminal



Chemical synthesis of oligo- and poly-nucleotides 3165
HO B
o OMe i | \Cj
xp” @ p” (1) ~OH O P
! \
P o o—F— ""° \° o wrat P
g L]
o B g
HO OH
H><0Me H
ne 122 123
B = B' = uracil-1-yi
Scheme 24.
Oy, Ofey gy
OM.
ArO/ \0 Aro/ \o 0
Q
87 o B
124 o,Ar-Z-ClC,H.
+ —_—
OMe
HO o. B HO B HO 0
OMe e
HO
o=(2 °\@ ‘O 125 a; Ar=2-ClCeHq
0
L] 28
B = uracil-1-yi
Scheme 25.

ribonucleoside building blocks 57, has also been under-
taken.” 2 5'-Di-O-methoxytetrahydropyranyhuridine (57,
Scheme 25) reacts with 2-chlorophenyl dihydrogen
phosphate and TPS 11b in pyridine solution to give the
3'-phosphate ester 124a. Treatment of this intermediate
124a with 28 in the presence of TPS in pyridine solution
gives 125a in good yield. The latter partially-protected
dmndeoMepbosphatel&maydwnbehnkedtogether
with

yield.® Althonghnwunotappucmedattheume
unowcleu”thatnuaboneoeourytopmectthe?-
hydroxy functions of 125a and the corresponding parti-
aﬂy—proteaedmmldeosndedxphosphatewxdlbase-mble
groups before the alkaline hydrolysis step is carried out
if unblocked products with solely 3'—» §'-internucleotide
linkages are to be obtained. Although there is no evi-
dence for the formation of the 3'-» ¥-isomer of 125a in
the reaction between 124a and 28, this possibility can be
avoided altogether if the corresponding 2',3'-non-terminal
ribonucleoside building block 58 is used instead of 28.
As indicated above, the stepwise synthesis of oligori-

bonucboodesmybemnedoutbythephosphotrmur
approach with aryl protecting groups starting®-> from
2,5"-protected non-tcrmmalandZ‘J’-protectedtermmal
ribonucleoside building blocks (66 and 112, respectively;
Scheme 21) or from 2',5-protected terminal and 2',3'-
pon-terminal ribonucleoside building blocks™
(57 and S8, respectively; Scheme 25). In the first case
(Schemes 21 and 22), partially-protected intermediates
with free 5™-hydroxy functions (such as 116 and 117) and
in the second case (Scheme 25), partially-protected in-
termediates with free 3'-hydroxy functions (such as 125)
are obtained. Intermediates of these two types, for
example 116 (or 117) and 125, may be linked together in a
block synthesis. However, block synthesis by the phos-
photriester approach with aryl protecting groups was first
undertaken in the deoxyribose series.

Block synthesis of oh'go- and poly-thymidylic acids by
the phosphotriester app
'lbeblocksyntlmuofohwhymdyhcamdswucab
ried out with the 5-O-aryloxyacetylthymidine deriva-
tives 126e”° and 126b*, phenyl dihydrogen phosphate
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114 and 3'-O-methoxytetrahydropyranyithymidine 128 as
starting materials, The fully-protected dinucleoside
phosphates 1292 and 129b*”, which may be regarded as
the basic units in block synthesis, were accord-
ing to the procedure outlined in Scheme 26 and isolated
pure, followmsshortcohnnnchromatognpxm”md
71% yields, respectively. Preliminary studies™ were car-
ried out successfully with 129a but even more satis-
factory results were obtained® (see below) when the
block synthesis was based on 129b which differs from
129 only inasmuch as it has a more base-sensitive
§'-O-aryloxyacetyl protecting group. Both 129 and 129b
were provided with lipophilic aryloxyacetyl protecting
groups in order to promote their solubility and the solu-
bility of higher molecular weight oligomers derived from
them in organic solvents. Ready solubility in organic
solvents and especially in chloroform is advantageous in
thework-upofsuchpbosphoumtermmedmesandm
their fractionation by short column chromatography.®
When 129 is treated with dilute acid, 130 is obtained®
in high yield; when it is treated with dilute ammonia, 131
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our steps are involved in the unblocking of the fully-
protected obaonncboudes 132. The ﬁrst step mvolves
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HO

Thy = thymin-1-y
Scheme 27.

acidic hydrolysis of the 3'- and 5'-terminal acetal groups
to give completely unprotected oligo- and poly-thymidy-
The dimer, tetramer, octamer and hexadecamer (132;
n-:oz,hndll.mpectmly)myanbemblockedm
this way.” The dotriacontamer (132; n = 30), however,
presented a problem in that treatment with ammonia in
the first unblocking step led to an appreciable amount of
concomﬂantphocphomterhydmlm For this reason,
the second step, ie. tetrahydropyranylation, was omitted
in the unblocking of the dotriacontamer (132; n=30). It
is therefore almost certain that migration of the inter-
nucleotide linkage at the S'-end of the molecule occurred
to some extent. The unprotected di-, tetra-, octa- and
bexadeca-thymidylic acids (135; a=0, 2, 6 and 14,
respectively) were further purified by nmon-exchanae
chromatography on DEAE-cellulose or
Sephadex‘lhywﬁsofpmpmdnctso&medmdm
way were estimated to be 98, 94, 71.5 and 50%, respec-
tively, of the total nucleoside and nucleotide products
cluted from the ion-exchange columns.
Asmdmdvaybrieayabove{&heme 16),
alkaline hydrolysis of phenyl protected internucieotide
linkages proceeds to some extent by internucleotide
cleavage. This becomes more and more serious as the
number of intersucleotide linkages increases, ie. with

increasing molecular weight of the ofigonucleotides. Thus,
while unblocking of the dimer (132; n = 0) which has one
internncleotide linkage leads to only 29 loss of material by
cleavage, unblocking of the hexadecamer (132; n= 14)
which has fifteen internucleotide linkages leads to 50% loss
of material. It appears that the loss resuiting from inter-
nucleotide cleavage during the unblocking of phenyi esters
by the above procedure amounts to ca. 2% per phospho-
mtumforlowmoleenhrwadumdca.%m
pbospho&nﬂuuonpfothnhmolecnhrweuht oligo-
thymidylic acids.”” It therefore seems likely that the
unblocking of the dotrincontamer (132; n=30) led to
virtually no 138 (n= 30).

The elution pattern obtsined from the chromatography
of the fully unblocked octamer (135; n=6) on DEAE-
cellulose is illustrated in Fig. 1. The column was eluted
with a linesr gradient of triethylunmonium hydrogen
carbonate buffer (pH 7.5) and it is apparent that the
cleavage products with cherges of 0, -1, -2, -3, -4, ~§
and to some extent —6 are separated from the desired
(Tp)T (135; n = §) and the other possible products with &
charge of ~7. It can be seon from Scheme 28 that the
unblocking of the fully-protected octumer 136 can lead to
one product with zero charge (thymidine), three
products with a charge of —1 (TpT and thymidine 3'- and
S'-phenyl phosphates), and four possible products with
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Fig. 1. Elution pattern from chromatography of fully-unblocked (TphT (135; n=6) on DEAE—cellulose with
triethylammonium hydrogen carbonate buffer (pH 7.5; linear gradient, 0.001-0.6 M; ca. 14.5 mi fractions).

charges of —2. There are also four possible correspond-
ing products with charges of -3, -4, -5, 6 and -7. It
can be seen from Fig. 1 that either some of the possible
products (Scheme 28) are not formed or that they are not
fully separated by chromatography on DEAE-cellulose.

(THP)Tp TR TR TpTp TR TR TMTHP) -2,

i Q e <___><°”°;

Although (Tp);T (135; n=6) accounted for over 75%
of the total nucleotide products obtained by unblocking
the fully-protected octamer (132; n=6), the material
isolated following DEAE-~cellulose chromatography (Fig.
1, major peak) was almost certainly contaminated with
the isomeric heptanucleotide phenyl esters correspond-
ing to the dinucleotide derivatives (pTpT and TpTp)
indicated in Scheme 28. Therefore the occurrence of
significant (i.e. ca. 3% per phosphotriester group) inter-
nucleotide cleavage during the unblocking of phenyl-
protected oligonucleotides is disadvantageous in two
ways. Firstly, the yields of unprotected oligonucleotides
inevitably become lower with inaeuina molecular
weight. Secondly, the purification of unpmtected
oligonucleotides by DEAE-cellulose or
chromntomphyumdemmdﬂcultbytheprewnoeof
internucleotide cleavage products.

Attempts to suppress internucieotide cleavage during un-
blocking of the phosphotriester intermediates

I the phosphotriester approach with aryl protecting
groups is to become the method of choice for the
synthesis of oligo- and poly-nucleotides of high molecu-
lar weight, an unblocking procedure must be found
which limits the extent of internucleotide cleavage to not
more than, say, 0.5% per phosphotriester group. There
are, in principle, atlanthreemethodsbywhwhthn
target might be achieved: -

(i)_Byretainipgthephenylprotectingyoupand
effecting unblocking with hydroxide ion in a more suit-
able solvent.

(ii) By replacing phenyl with an aryl protecting group
derived from a phenol which is a stronger acid than

phenol itself and again effecting unblocking by hydroxide
ion in the most suitable solvent.

(ili) By using phenyl or another aryl protecting group
and effecting unblocking with a nucleophile other than
hydroxide ion.

T+(Tp+pT+TpT)+

(pTp+pTpT+TpTp +TpTpT)+- -

p= -0 —g—o -
OPh

It now seems unlikely that the target of not more than
0.5% internucleotide cleavage will be achieved if method
(i) is followed. Indeed 2-3% internucleotide cleavage per
phosphotriester group occurs even under the most
favourable conditions so far found.” When sodium
hydroxide in water-dioxan (1:1 v/v) is used in the un-
blocking of the triphenyl ester of (Tp)sT, over 7% inter-
nucleotide cleavage per phosphotriester group is obser-
ved.” Therefore, if hydroxide ion is to be used to effect
unblocking, method (i) must be used, i.e. the phenyl
protecungmmustbercplncedbyanarylm
derived from a more acidic . Preliminary studies
in the ribose series s thatanarylgroupdenved
from a phenol with a pK, of 7.5 or less is required if
internucleotide cleavage accompanying attack by
hydroxide ion is to be limited to 0.5% per phosphotrics-
ter group.

Thy
Ci
0.
S
MO)C 0 [o]
0 Thy
NO, k 7

o]
MeO
0

17 Thy = thymin-1-yl
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The feasibility of limiting internucleotide cleavage by
adopting method (i) was investigated®® by carrying out a
block synthesis of oligothymidylic acids based on the
fully-protected dinucleoside phosphate 137 which was
obtained in 66% isolated yield from the appropriate
thymidine building blocks, 2-nitro-4-t-butylphenyl dihy-
drogen phosphate and TPS 11b. The 2-nitro-substituent
was introduced into the aryl protecting group to reduce
internucleotide cleavage during unblocking (the pK. of
2-nitrophenol™ is 7.23) and the 4-t-butyl substituent was
introduced to increase the lipophilicity of the phospho-
triester intermediates. It had been found® that the solu-
bility of phenyl-protected oligonucleotides in chloroform
decreases markedly with increasing molecular weight
thus making the work-up and purification of the synthetic
reaction products more difficult. The intermediate 137
was treated with acid and with base and thereby con-
verted into the corresponding dinucleoside phosphates
with free 3'- and free 5'-hydroxy functions, respectively.
The latter were linked together to give the fully-protec-
ted tetramer in 58% isolated yield and repetition of this
sequence of reactions led to the fully-protected octamer
in 37% yield.*

The results obtained in the unblocking of the fully-
prowcteddnnermandtbecorrespondmgtzmrby
the procedure indicated in Scheme 27, with
0.2 M-sodium hydroxide in water-dioxan (1:1v/v) used
to effect hydrolysls of the phosphotriester group, were
very satisfactory in that internucleotide cleavage ap-
pwed“tobelessthano.s%perphospbomtcrmup
Furthermore, the use of a more lipophilic aryl protecting
group constituted an improvement in that the phospho-
triester intermediates proved to be readily soluble in
chloroform. Unfortunately, however, 2-nitro-4-t-butyl-
phenyl protected intermediates are difficult to work with
in that their phosphotriester groups are extreme
susceptible to basic hydrolysis. Indeed, it is

to use an acidified eluting solvent to limit silica gel

promoted hydrolysis during their purification by short
column chromatography. It therefore seems unlikely that
it will be possible to carry out the synthesis of high
molecular weight oligo- and poly-nucleotides by the
phosphotriester approach with an aryl protecting group
derived from a phenol with a pK, much below 8.5.
Method (iii) for unblocking aryl-protected internucleo-
tide linkages has so far been little investigated. Indeed
fluoride ion is the only alternative to hydroxide ion which
has been proposed in the literature. Itakura et al.> have

MMTrO
I 0 Thy
(o]
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used fluoride ion [tetracthylammonium fluoride in tetra-
hydrofuran-pyridine-water (8:1:1 v/v)] to unblock p-
chlorophenyl-protected internucleotide linkages of
comparatively short oligodeoxyribonucleotides but have
come to the conclusion that hydroxide ion is more suit-
able for unblocking higher molecular weight oligomers.
However, the latter workers™ did not discuss the occur-
rence of internucleotide cleavage during unblocking
cither by treatment with fluoride ion or by hydrolysis
with sodium hydroxide in aqueous dioxan. Ogilvie et al.”
have reported that treatment of the fully protected
dinucleoside phosphate 138 with 2 molecular equivalents
of tetra-n-butylammonium fluoride (TBAF) in tetra-
hydrofuran (Scheme 29) gives 139 with no detectable
internucleotide cleavage. However, this result needs to
be confirmed as treatment of 148a with 2 molecular
equivalents of TBAF in the presence of triethylamine (10
molecular equivalents) and water (3 molecular
equivalents) leads'™ to ca. 20% internucleotide cleavage.
Treatment of 140b with 2 molecular equivalents of TBAF
in tetrahydrofuran-pyridine-water (8:1:1 v/v), under
condmonscorrcspondmgtothoseusedbyltakma
al.”™ leads'' to ca. 3% internucleotide cleavage. Some-
wbat less (ca. 2%) internucleotide cleavage would be
expected in the unblocking of 148b by hydroxide ion in
aqueous dioxan.

It therefore seems that fluoride ion is unsuitable for
the unblocking of relatively high molecular weight aryl-
protected oligo- and poly-nucleotides. Nevertheless
method (iii) merits further investigation. Im the con-
version of 14194 (Scheme 30), it is preferable that only
one nucleophilic substitution reaction at phosphorus
should occur. However, presumably two such sub-
stitution reactions occur in the case of fluoride
ion. It is possible that formation of an intermediate
dialkyl phosphoroftuoridate (142; X =F) involves some
internucleotide cleavage [i.e. R'O™ or R*0~ instead of
ArQ~ as leaving group] but, due to the relatively high
strength of the P-F bond, it is even more likely that
phosphorofturidate hydrolysis [i.e. conversion of 142
(X=F) to %4] will proceed with some internucleotide
cleavage. Thus X~ should, if possible, be an oxygen
nucleophile (RO") such that the O-R bond is broken in
the conversion of 142 (X = OR) into 94. Clearly, despite
its other limitations, hydroxide ion meets this require-
ment. It now appears that ultimate success in the
synthesis of high molecular weight oligo- and poly-
nucleotides by the phosphotriester approach with an aryl
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protecting group will depend to a large extent on the
solution of this problem of internucleotide cleavage dur-
ing unblocking.t

Finally, it should be noted that, in several laboratories,
aqueous ammonia has been used™™'* to effect the
unblocking of aryl protected internucleotide linkages.

OMe

This procedure cannot be recommended as it can lead to
both phosphoramidate formation®*'™ and appreciable
internucleotide cleavage.'™ Thus when the fully-protec-
MZWt—hnybhenylemrdTleﬂmW
with 10 M-ammonia in aqueous acetonitrile (Scheme 31),
thepbosphomnndateof'lb’l‘(l“ 10%) is obtained*’ in

°\P (INH, / MeCN=H,0
Me,cQ i) Hz0°
i H HO
Thy 0 Thy
On \P/o
0~ o\ 0.
Thy = thymin-1-yl
Scheme 31.

 Footnote added in proof. We bave since found [C. B. Reese, R.
C. MMLYI&TMMW(W}MK
uablocking of 2-chloropheayl protected oligonucieotides is
dmm#mmwampymz-wbox-
aldoximate ion in aqueows dioxan, very little imternucleotide
cleavage occurs. In the same report, we confirm that fluoride ion is
an unsuitable sucleophile for unblocking aryl-protected inter-

addition to TpT (80; 90%). When the corresponding

-protected tetramucleoside triphosphate (tri-2-nitro-
4+t ester) is unblocked in the same way, the
yield of (Tp)T (135; n=2) is less than 70%: mono-, di-
and possibly tri-phosphoramidates are also obtained.*’
Although it is not clear that treatment® of the fally-
protected triphenyl ester of (TphT (ie. the S'-O-tetra-
hydropyranyl derivative of 133) with 10 M-ammonia in



Chemical synthesis of oligo- and poly-nucleotides

aqueous acetonitrile leads to forma-
tion, the yield of (Tp)T (138; n=2) following acidic
hydrolysis is only between 75 and 80%. If no phos-
phoramidates are formed, then the extent of inter-
nucleoude cleavage is ca. 7-8% per phosphotriester
group.

RECENT DEVELOPMENTS IN PHOSPHORYLATION
(a) Monofunctional phosphorylating agents )

As indicated above (Scheme 17 and.subsequent dis-
cussion), when bifunctional phosp! ing agents, such
as phenyl phosphorodichloridate (98; X = CI) or phenyl
dihydrogen pbosphate 114 in the presence of TPS 11b,
are used, symmetrical products (c.g. 100 and 1601,
Scheme 17) may be obtained. This is particularly so in
the syntbesis of oligodeoxyribonucieotides. The forma-
tion of such by-products is undesirable not only because
it leads to lower yields of the required products but also
because it leads to purification problems especially in the
case of relatively high molecular weight oligonucleo-
ides.” A further disadvantage of using an aryl or alkyl
dihydrogen phospha!z in the presence of an arenesul-
phonyl chioride in the first phosphorylation step of a
phospbomtersynthemlsthatyleldsappeartobe
much lower when NZ-acylguanine residues are
present.***'® Recent work (see below) has revealed
that, if a suitable monofunctional phosphorylating agent
is used, the formation of symmetrical products can be
avoided and satisfactory yiclds are obtained irrespective
of the base residues present.

A monofunctional phosphorylating agent (such as 145,
Scheme32)mtheﬁrststepofthepbospbommap-
proach must meet at least three requirements. Firstly, it
must be reactive enough to phosphorylate the relatively
hindered 3-hydroxy groups of ribonucleoside building
blocks (e.g. 59). Secondly, if it is ultimately intended to
protect the internucleotide linkages with an aryl group, it
must be possible to convert the initial phosphorylation

an

products 146 into the desired intermediate protected
nucleoside (or oligonucleotide) 3-aryl phosphates 147
under conditions which are sufficieatly mild for both the
acid- and base-sensitive protecting groups to remain in-
tact, and for no other undesired transformations to occur.
Thirdly, it must be possible to isolate the latter inter-
mediates 147 as pure salts, free from phosphorylation
and other by-products. Clearly, if all three of these
requirements are to be met, the choice of X in 145 is
likely to be strictly limited.

Three monofunctional phosphorylating agents 148, 149
and 150a have recently been suggested for this purpose.
Zielifiski and Leénikowski'™* reported that phenyl N-
phen i 148 reacts with 81
(Scheme 33) to give 151 in nearly quantitative yield and
that treatment of the latter with a large excess of isopen-
tyl nitrite in pyridine-acetic acid at 20° gives the cor-
responding intermediate phosphodiester 152 which may
be isolated by precipitation as its pyridinium salt in 85%
yield. However, the Polish workers'“didnotreporttbc
use of 152 as an intermediate in oligonucleotide
synthesis.

The use of 2-chlorophenyl 2,2,2-trichloroethyl phos-
phorochloridate 149 as a monofunctional phosphorylat-
ing agent has been reported by van Boom et al.'® Thus
5'-O-p-chlorophenoxyacetylthymidine 126 reacts with 149
in pyridine solution to give 153 in 90% isolated yield.
Treatment of 183 with an excess of zinc dust in the
presence of acid (0.2 molecular equivalents of 2,4,6-tri-
isopropylbenzenesulphonic acid with respect to 153) in
pyridine solution gives the desired intemdme 154
which is then isolated by extraction of its trieth “y
monium salt into chloroform. The Dutch workers’® have
used this phosphorylation procedure in the synthesis
both of oligodeoxyribo- and oligoribo-nucleotides (see
below). No difficulties regarding the unfavourable parti-
tioning of charged species (such as 154) between chloro-
form and aqueous buffer or any evidence of pyrimidine
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(especially cytosine) reduction by zinc dust in the
pmenceofpyndmnmwnhavebeenrepoﬁed

mmwasreeenﬂydemibedbykemandYanKm.
The latter reagent 150a, which may easily be obtained as
a distillable crystalline solid, reacts readily with 2',5"-
protected ribonucleoside building blocks (155; Scheme
35) in the presence of S-chloro-1-ethyl-2-methylimidazole
lltbmacetomuiletogwethecormpondmsphospho-
triester intermediates 156 in high yields. Thus the
isolated yield of an NZ-benzoylguanosine derivative
(156; B = N-benzoylguanin-9-yl) was 92%. This phos-
phorylating agent 158a reacts even more readily with
S'protectedr-deoxyribon\wleosldeb\ﬁldmgblocksato
give the corresponding 3'-diaryl phosphates. Treatment
of 156 (or one of the latter protected deoxyribonucleo-
tides) with an excess of p-thiocresol 158 and triethyl-
amine in acetonitrile at 20° gives a virtually quantitative
yield after ca. lhrofthemahyhmmomumsaltofthe
desired phosphodiester intermediate (157 or deoxyri-
bonucleoudemnlowe)""l‘helmzrsaltsmyreadilybe
isolated as pure precipitated solids

Very  recently, 2-chlotophenyl 4-nitrophenyl
p hloridate'®' 150b, which is also an easily ac-
cessible crystalline solid, has been shown™"*"!'* to be
an equally effective monofunctional phosphorylating
agent. Thus the phosphorylation procedure is general
w:thmpecttosubmteandthearylmmwndedfor

lmderthevuymﬂdeondmonsrequmdtoeouventhe
pbowhommn (c.g. 156) into tricthylammonium salts

the corresponding phosphodiesters (e.g. 157). Very
unsfactoryyleldsmgenmnyobmnedwhenthelamr

are used™ "' in the of

Thus both 158a and 150b appear fully to meet all of the
above requirements for monofunctional phosphorylating
agents in the synthesis of oligonucleotides by the phos-
photriester approach.

(b)’Ihuecondphoaphorylaaonstqa
a monofunctional reagent such as 4-nitrophenyl
phenylphosphorochlondatcl&nuusedmtheﬁrst
phosphorylation step (Scheme 35) in a phosphotri-
cster synthesis, an activating agent (189) is still
required in the second phosphorylation step. As in-
dicated above, TPS 11b, which was introduced by
Khorana ¢t al.'® as an activating agent in the phos-
phodiester approach, is also suitable for the second step
of the phosphotriester approach. On the whole, TPS 11b
has been preferred to mesrtylenesulpbonyl chloride 11a
in that it appears to react more slowly’® with the free
$-hydroxy functions of the second components (R*OH,
Scheme 36) and presumably therefore its use leads to
smaller amounts of sulphonate esters (RSO,OR?), which

are clearly undesirable by-products.
There is no doubt that TPS 11b is an effective activat-
ing agent for the second phosphorylation step and that its
use usually leads to satisfactory yields of oligonucleotide
products. Indeed some reports in the literature relating to
the limitations of TPS in this context may be misleading
inasmuch as its suitability for the second step cannot be

intermediates (157 and deoxyribonucleoude analogues)
oligonucleotides.

clearly evaluated unless a pure intermediate
ArO ¢90 Ron F,
rRo” No RSO0,X (199 R’o/ A
147 1l
Scheme 36.
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phosphodiester 147 is used. The latter condition may well
only be met when an effective monofunctional phos-
pboryhungaaent(e.g.lstaotlﬁ)lsusedmtheﬁm
step Nevertheleos,thenseof’l'PSllbdoesaomeumes

darknmg 1 of reaction media, some
homuon"’"' of the second components (R'OH,

have advantages as activating agents in oligonucleotide
synthesis over the corresponding arenesulphonyl
chlorides.

Berlin et al“" have reponed that l-toluene-p-

mpecuvely]areusefulacuvaunzaaentsmthesyntbesu
ofohaodeoxyribonudeondesbythepbosphodlesterap-
proach. Although the latter promote
phosphorylauonwnhomdarkznmgofﬂ:emacuonmedm
and without concomitant sulphonation of 3'-hydroxy
groups, the reactions [especially in the case of 161a
(Ar = 2,4,6-(Me,CH);CcH,)] proceed very slowly.
Narang et al.''? then found that the corresponding
arenesulphonyi-1,2 4-triazole derivatives [putative struc-
tures 162] can be used in the second step of oligodeoxy-
ribonucleotide synthesis by the phosphotriester ap-
proach. The latter reagents promote phosphorylation
reactions more slowly than TPS 11b but at three times
the rates of the corresponding imidazole derivatives
161a. More recently, workers in the same group have
reported'’® that arenesulphonyitetrazoles [putative

TETRA Vol 34 No. 21-C
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structures 163] act as powerful activating agents in the
second step of the phosphotriester approach and
promote rapid phosphorylation with no concomitant
snlphonanon of 5-hydroxy groups. Benzenesulphonyl
and mesitylenesulphonyl-tetrazoles [putative structures
163; Ar = Ph and 2,4,6-Me;CeH,, respectively] have been
found"™ to be particularly effective activating agents.
Neilson et al.™ have reported that mesitylenesulphonyl
-124-triazole [putative structure 162; Ar=24,6-
MesCeH.], used in conjunction with 2,2.2-trichloroethyl
phosphate, is superior to TPS 11b in both steps of
oligoribonucleotide synthesis in that its use leads to no
coloration of the reaction medium and to consistently
higher yields. van Boom et al.™ have reported that
2,4,6-tri - isopropylbenzenesulphonyl - 4 - nitroimidazole
[putative structure 161b; Ar = 2,4,6-(MeCH),C:H,] is a
useful activating agent in the second step of oligori-
bonucleotide synthesis; these workers have found™ that
the latter reagent promotes phosphorylation somewhat
more slowly than TPS 11b in the synthesis of dimers and

e Liit s s idle fm the hlook cemtbhaal fotar
trimers but more rapidly in the block synthesis of higher

molecular weight oligonucleotides. The extent of 5'-
sulphonation is reported™ to be lower and yields of
products are reported to be generally higher when 161b
[Ar = 2,4,6-(Me.CH),CcH] is used instead of 11b.

(c) Other recent developments in phosphorylation

In the belief that normal phosphorylation reactions
proceed too slowly to allow the efficient synthesis of long
polynucleotides, Letsinger and Lunsford® investigated
the possibility of carrying out a phosphotriester synthesis
via phocphne rather than phosphate intermediates. For
example, in the synthesis of fully-protected TpT
(Scheme 37), these workers treated 5'-O-phenoxyacetyl-
thymidine l“w@ashghtdeﬁuencyofo-chlorophenyl
phosphorodichloridite  (165; R = 2-CIC.H.) in the
presence of 2,6-lutidine in tetrahydrofuran solution at
-78° to give, presumably, 166. After 6 min, the second
building block (167, ca. OSmolemlareqmvalentsmﬂl
respect to 164) was added to give 168 (R-2-CIC.H.)
Oxidation of the latter intermediate with iodine in
aqueous tetrahydrofuran at —10°, followed by treatment
with ammonia, gives the corresponding dinucleoside
phosphate (169; R=2-CICcHs) in 65% isolated yicld
(based on 167). Some symmetrical 3'— 3'-dinucleoside
phosphate, derived from two molecules of 164, is also
obtained. As aryl phosphorodichioridites 165 and the
intermediate phosphorochloridites 166 are remarkably
reactive, it is necessary to use an excess of the
component with a free 3-hydroxy group (e.g. 164) over
both the phosphorodichloridite 165 and the second
component (¢.g. 167). Symmetrical by-products with 3'—»

"-internucleotide linkages are inevitably formed.
LetsmwrandLunsford"wmnevenhelasahletocarry
out a satlafactofy stepwise synthesis of (Tp)T by this
procedure, using 2,22-trichloroethyl phosphorodich-
loridite (165; R = C1,CCH,) as the phosphttylnung agent.

The use of phosphorodichloridites in oligoribonucleo-
tide syntheus has been reported from two
laboratories.”™™ Despite indications that the 3-hydroxy
groups of 2'-0O-methoxytetrahydropyranyl ribonucleoside
derivatives (such as 57) are comparatively hindered,

substantial quantities of symmetrical with 3>
3-internucleotide linkages are obtained when methyl
is used™ as the

phosphorodichloridite
agent. The use by Daub and van Tamelen™ of the methyl
group for the protection of internucleotide linkages and
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its removal by treatment with thiophenoxide ion is
particularly noteworthy. Clearly, a stable monofunctional
phosphorochloridite would be of considerable value in
oligonucleotide s is.

Ramirez et al.""’ have investigated the use of di-(1,2-
dimethylethenylene) pyrophosphate 17 as a
phosphorylating agent in the synthesis of oligothymidylic
acids. The synthesis of a partially-protected dinucleoside
phosphate 173 by this approach is illustrated in Scheme
38. Treatment of 81 with a stoicheiometric quantity of
l‘mmthepresenee of triethylamine in dichloromethane
gives the intermediate 172. When the latter
Inumtedwnhunprotectedthymdmlﬂmthe
presence of triethylamine in dimethylformamide,
regioselective phosphorylation occurs to give 173 as the
main product in 82% yiekd. This partially-protected
dinucleoside phosphate is unblocked to give TpT 8 in
85-90% yield by treatment first with triffuoroacetic acid
in dichloromethane and then with triethylamine in
aqueous acetonitrile at (°. In the same way, (Tp),T (135;
n=1) was prepared from 173, 170 and 171 and the
process was repeated to give (TphT (135; n=2). It
should be noted that the unblocking of 1-methylacetonyl-

pmtectedmternucleoﬁdehnkam(asml‘rs)byalkahne
hydrolysis is accompanied'** by a significant amount
(21% in the case of the tetramer with three phospho-
triester groups) of internucleotide cleavage.

There have been a number of reports in the literature'
relating to solid support synthesis of oligonucleotides by
the phosphodxester approach. Indeed further develop-
ments in this area have been reported'' very recently.
On the other hand, the solid support synthesis of oli-
gonucleotides by the phosphotriester approach appears
so far to have been little investigated. However, Pless
and Letsinger'*® have carried out a synthesis of oligo-
thymidylic acids by the latter approach. An insoluble
polymer, obtained by the co-polymerization of styrene,

p-vinylbenzoic acid and p-divinylbenzene, is treated
withthionylchloﬁdcandthenwithn.AﬁeracidM-
ment, 176 (Scheme 39) is obtained. Reaction between 176
and an excess of 175 {obtained by the action of phenyl
phosphorodichloridate and 118b on 81 in dioxan solution]
in the presence of Il-methylimidazole 174 gives 177.
Chain extension is effected by treating 177 with 80%
acetic acid followed by an excess of 175. Oligothymidylic

. acids are finglly released from the solid support by

MMTrO
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y
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Scheme 38,
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alkaline hydrolysis. The unblocked dimer, trimer and
tetramer (135; n=0, 1 and 2) were obtained in this way
in 73, 35 and 31% yields, respectively.

THE STRATEGY OF OLIGO- AND POLY-NUCLEOTIDE

SYNTHESIS BY THE PHOSPBOTRIESTER APPROACH
In 1973, Catlin and Cramer™ proposed a strategy
(Scheme 40) for the synthesis of oligodeoxyribonucleo-
tides by the phosphotriester approach. This strategy is
based on fully-protected mononucieotide building blocks
178 which may be partially deprotected at the 3'- and
$'-ends by treatment with alkali and acid, respectively, to
give 179 and 199. The two types of intermediates 179 and
189 obtained may then be linked together by treatment
with, for example, TPS 11b in pyridine solution to give
fully-protected dinucleotides 181. Treatment of the latter
181 with alkali and acid similarly leads to partially-
protected dinucleotides functionalized at the 3'- and 5'-
ends, respectively. Such partially-protected dinucleotides

mythenbeenondedmanepwuemanneroreondemed

S'-ends and the oligonucleotide chain further extended.
Anhulshcahnand&nm’smalprocedme may be

mblechomofpmth(aeebelow).nn
equally applicable to the synthesis of oligoribonucleotides.
Very recently, Soodmde“‘havecamedouta
synthesis of oligo- and poly-thymidylic acids using
essenmnyCathnananmer’smtegy"meary!
gro!’?s for the internmucleotide linkages.
Narang e had previously shown that fuily-
probctedmommcbohdu(wchulﬂ)mybeobumed
by ftreating the corresponding S5-protected 2-
deoxyribonucleosides 69 first with a slight excess of
p-chlorophenyl phosphorodi<(1,2,4-triazolide) (putative

MMTrO MMTrO
' o B r o BlB) B(B)
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structure 183) and then with 2-cyanoethanol. Apparently
very satisfactory yields of mononucleotide building
blocks (e.g. 182) may be obtained in this way despite the
use of a bifunctional phosphorylating agent 183. The

"-protecting group is removed from 182 and fully-pro-
tected oligonucleotides (corresponding to 181 and higher
molecular weight oligomers) by a brief treatment with
benzenesulphonic acid in chloroform-methanol.” The
2-cyanoethyl group may be removed selectively from 182
and fully-protected oligonucleotides by treatment with a
large excess of triethylamine in anhydrous pyridine
solution. The latter procedure, which is of great im-
portance to the successful operation of this synthetic
strategy, was first reported by -Adamiak et al.'"” Sood
and Narang'® have used this approach in the block
synthesis of oligo- and poly-thymidylic acids containing
fourteen, twenty and thirty-cight thymidine residues
(135; n= 12, 18 and 36, respectively). In this work the
terminal 3-hydroxy functions were protected as acetate
esters and unblocking of the fully-protected products
was cffected by treatment first with benzenesulphonic
acid in chioroform-methanol (to release the terminal
"-hydroxy functions) and then with concentrated
aqueous ammonia at 50° (to remove all of the remaining
protecting groups). A noteworthy feature of this work is
that mesitylenesulphonyltetrazole (putative structure

0
A ® 8(8")
0 0 HON 5 B®n
Y4
Osp PR NeHe H0 OMe
ToHsN-ACOH"
_0”7 Toar O e O\P/° O\C
ClyCCHO” oAr
>p 3 0
186 ,ccuzo OAr o
185 87
ﬁ/)ro 0 B
ON o
L} X
!O) CHMe, 186 Oy,
2 4 188 Ar0” Yo 0
0 B’
MeCH CHMe, 187
188. 0. 0 ) 2
S
ClsCCH,0” ~OAr 0
189
Ar=2CICH,

l“)wasusedastheacuvaungagentmphosphorylauon
reactions. The latter reactions proceeded rapidly and the
reponedyleldscomparevcryfavomablymthyleld
obtained previously in oligonucleotide synthesis by the
phosphotriester approach. Although an appreciable ex-
cess of activating agent 184 was used in each conden-
sation, sulphonation of the components with free §'-
hydroxy functions was not observed.

Narang and his coworkers had previously reported™
the synthesis, by related procedures, of a number of
relatively high molecular weight sequences of the E. coli
lactose operator gene and restriction enzyme recognition
sites. These sequences contained all four common bases.
However, this work was carried out before the
development of the triethylamine-pyridine procedure for
the removal of 2-cyanoethyl groups from terminal phos-
photrmtenandthesynﬂ:euc adopted was less

actolx. In their recent work, Narang and his
coworkers'>'* have used concentrated ammonia to un-
block the phosphotriester functions of oligo- and poly-
deoxyribonucleotide intermediates with unprotected
terminal ¥- and 5-hydroxy functions. Such treatment
with ammonia is likely to lead to appreciable inter-
nucleotide cleavage (possibly 3-4% per phosphotries-
ter group). Furthermore, there is a risk of phosphorami-
dateformauon"andsomeofthelmbbckedproductsm

Scheme 41.
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likely to contain significant proportions of terminal 3’ -
3'- and §'-» S-internucleotide linkages.™>*

van Boom and Burgers'* have tackled the synthesis
of oligoribonuclectides using a strategy which is closely
similar to that adopted by Catlin and Cramer™ and more
recently by Sood and Narang''® in the deoxy-series;
these workers''® have used the acid-labile methoxy-
tetrahydropyranyl group to protect 2-hydroxy
functions and the o-chlorophenyl group to protect
internucleotide linkages. van Boom and Burgers have
avoided the possibility of i hydrolysis oc-
curring during the removal of 5'-O-acyl groups by using
the laevulinyl protecting group (as in 189, Scheme 41).
The use of the latter group was reported previously by
Hassner ef al.'™ and by Ho and Wong'* who removed
it, respectively, by reduction with sodium borohydride in
aqueous dioxan and by reaction with hydrazine in boiling
methanol. van Boom and Burgers have shown''® that the
laevuliny! group is removed very rapidly by hydrazine
hydrate in pyridine-acetic acid, the reagent previously
used by Letsinger and Miller’™ to remove the related
B-benzoylpropionyl group. The lacvulinyl is more suit-
able for use in oligonucleotide synthesis than the g-
benzo! ionyl group in that it is cleaved by hydrazine
ca. 10° times more rapidly and apparently under condi-
tions under which the removal of N-acyl protecting
groups from base-residues and other undesirable side-
reactions occur only to a negligible extent.

van Boom and Burgers'*® carried out the synthesis of
the decaribonucleotide (UpAp)UpA and shorter related
sequences based largely on two fully-protected
mononucleotide starting materials (185; B(B') = uracil-1-
yl and N°®-p-anisoyladenin-9-yl). Treatment of the latter
building blocks (185) with zinc in the presence of 2,4,6-
tri-isopropylbenzenesulphonic acid in pyridine and with
hydrazine hydrate in pyridine-acetic acid, respectively,
gives the partially-protected mononucleotides (186 and
187). The desired fully-protected dinucleotide (189; B =
uracil-1-yl, B’ = N -p-anisoyladenin-9-yl) is obtained in
87% yield by allowing the appropriate partiaily-protected
mononucleotides (186; B(B’) =uracil-1-yl and 187;
B(B") = N*-p-anisoyladenin-9-yl) to react together in the
presence of the 24,6-tri-isopropylbenzenesulphonyl
derivative of 4-nitroimidazole (putative structure 188) in
pyridine solution. As the fully-protected dinucleotide
(189; B = uracil-1-yl, B' = N*-p-anisoyladenin-9-yl) may,
like the fully-protected mononucleotides 185, be un-
blocked selectively at its 3'- and 5'-ends by treatment,
respectively, with zinc and hydrazine, a block synthesis
is possible. The 2,3-cis-diol system of the terminal
N®p-anisoyladenine residue was protected with a
methoxymethylene group. Satisfactory yields were
reported’'® for all the synthetic steps involved. The
fully-protected oligoribonucieotides were unblocked by
treatment first with tetra-n-butylammonium fluoride un-
der the conditions suggested by Itakura et al,™ then with
25% aqueous ammonia and finally with 0.01 M-hydro-
chioric acid to remove the 2-O-methoxytetra-
hydropyrany! and 2,3'-O-methoxymethylene groups.

CONCLUSIONS
Finally, it is reasonable to conclude that a considerable
amount of progress has been made in the phosphotriester
approach to the synthesis of oligo- and poly-nucleotides
in the past decade or so. At the present time, high
molecular weight oligo- and poly-deoxyribonucleotides
have already been synthesized in satisfactory yields by

nm

this approach and there is no reason to believe that the
synthesis of oligo- and poly-ribonucleotides will present
any further significant difficulties. Most of the
fundamental problems have been solved. Indeed, the
final choice of a protecting group for the internucleotide
linkages appears to be the only really important remain-
ing problem. It now seems very likely that it will be
possible substantially to decrease the extent of inter-
nucleotide cleavage accompanying the removal of aryl
protecting groups'*' and, if this proves to be the case,
there can be very little doubt that the phosphotriester
approach will rapidly become established as the method
of choice for the chemical synthesis of oligo- and poly-
nucleotides of defined base-sequence.
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