Protection of 5’-Hydroxy Functions of

Nucleosides

The 5’-OH group is the primary hydroxy
group of nucleosides. It is the least influenced
by the electron-withdrawing effects of the other
substituents on the sugar moiety. Moreover, it
is the least sterically hindered hydroxy func-
tion, and shows the highest reactivity of all
nucleoside hydroxy groups in nucleophilic
substitutions. Although nucleobases can even-
tually be left unprotected, and nucleosides with
free 3’-hydroxy groups have been used in some
triester syntheses, it is mandatory to protect 5’
hydroxyls in all methods of oligonucleotide
synthesis that require nucleoside synthons.

For chemical oligonucleotide synthesis, the
blocking groups for the 5’-hydroxy function
must be integrated into an orthogonal protec-
tion system. Several such systems have been
proposed and are in use for deoxyribo- and
ribooligonucleotide synthesis as well as for the
preparation of structurally modified oligonu-
cleotide analogs. These protection schemes,
details of which are described elsewhere (e.g.,
UNITS 2.1-2.5 and 3.1-3.4), can be distinguished by
requiring, in principle, three alternative meth-
ods for 5’-deprotection: (1) acid conditions, (2)
alkaline or ammoniacal conditions, or (3) se-
lective deblocking reagents applied essentially
inthe absence of acid or base. Protecting groups
for 5’-hydroxy functions can be broadly classi-
fied into these three categories, and the sub-
sequent sections of this unit will follow this
division.

Additional criteria governing the choice of
5’-hydroxyl-protecting groups include (1) the
direction of chain lengthening, (2) the use of
polymer supports and/or other purification han-
dles, and (3) additional features related to mo-
lecular instability or chemical reactivity in the
case of oligonucleotides deviating from bio-
logical structure.

In particular, the direction of chain exten-
sion determines whether a 5’-hydroxyl-protect-
ing group will be permanent (i.e., remain at-
tached to the growing oligonucleotide chain)
or intermediary (i.e., will have to be removed
prior to each chain extension). If lengthening
occurs from the 5" to the 3" end, a permanent
protecting group is used. If chain extension is
done from the 3" to the 5” end, which is currently
most common, the 5”-hydroxy function must
be substituted by an intermediary protecting
group. In polymer support synthesis, the poly-

meric carrier assumes the role of a permanent
protecting group and is now usually attached to
the 3’-hydroxy end. However, there are a num-
ber of mostly earlier publications that describe
carrier fixation through the 5" end (see Miscel-
laneous Acid-Labile 5’-Substituents and see
5’-Hydroxyl-Protecting Groups Cleaved Un-
der Nonacidic and Nonalkaline Conditions).

In polymer support synthesis and in some
solution methods, it is desirable to simplify the
workup of the crude product obtained after
oligonucleotide chain extensions. A variety of
5’-hydroxyl-protecting groups have been de-
signed that serve as “purification handles” for
this purpose (see Triaryl-methyl Groups as Af-
finity Ligands). The underlying ideais to single
out the product chain from a complex admix-
ture of truncated and failure sequences, al-
though this may still be an unattainable goal.
Nevertheless, such “handle” methods may sig-
nificantly reduce the time and effort for oli-
gonucleotide purification, especially on a
preparative scale.

A final point in these introductory remarks
is that there is no protecting group exclusively
in use for the 5’-hydroxy function. Only the
conditions of the reaction determine whether
the same group will serve for the protection of
the 5’, the 3’, or the 2’ hydroxyl, or even of
functional groups at nucleobases, because there
are only subtle differences in the reactivity of
all of these functions. To master these subtle
differences is an art of regioselective substitu-
tion and comprises much of the challenge of
oligonucleotide synthesis. Additionally, there
are differences in the approach used for de-
oxyribo- versus ribooligonucleotide synthesis,
and these will be discussed in the subsequent
sections.

SCOPE OF THIS OVERVIEW

This unit will deal with substituents for the
5’-hydroxy function that fulfill the following
criteria of protecting groups. (1) The substi-
tuents can be affixed to/removed from the 5’
hydroxy function of a growing oligonucleotide
chain before/after chain elongation or in the
context of other reactions of the oligonu-
cleotide chain. (2) The substituents remain
bound during chain elongation and do not in-
terfere with other oligonucleotide reactions.
Substituents that serve to permanently modify
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the 5" position are not in the scope of this unit.
This includes chemical modifications of the
5’-hydroxy function as well as the substitution
of the 5-hydroxy function by linkers, labels,
spacers, and other groups that are meant to
remain an integral part of the completed oli-
gonucleotide chain (e.g., UNITS 4.2 & 4.3). Also,
protecting groups used specifically for the
preparation of certain oligonucleotide analogs
will not be treated here, as such syntheses are
discussed in further units (e.g., see Chapter 4).

Protected nucleoside-5’-phosphates have
played a role especially in the early days of
oligonucleotide synthesis. Essentially, a 5’-
phosphate residue can be used for protection of
the terminus, because enzymatic hydrolysis can
easily reconvert to a 5" hydroxyl. However, only
those cases when this was the declared reason
for 5’-phosphorylation will be mentioned in the
following text (see examples given in Fig.
2.3.10).

The topic of 5’-hydroxyl protection is essen-
tial to oligonucleotide synthesis and, therefore,
is generally included in all textbooks on prepa-
rative nucleotide chemistry, as well as in books
and articles dealing specifically with the field
of protective groups. A few recent reviews have
dealt more extensively with groups for protec-
tion of 5" hydroxyls, including articles by Son-
veaux (1986) and Beaucage and Iyer (1992,
1993). More extensive reviews in the earlier
literature are given by Kossel and Seliger
(1975) and Reese (1978).

ACID-LABILE PROTECTING
GROUPS

Triarylmethyl and Related
Substituents

Introduction of trityl and substituted trityl
groups

The triphenylmethyl (trityl or Tr) group
(S.1; Fig. 2.3.1), a well-known sugar protecting
group, was first used for nucleoside 5’-protec-
tion in Lord Todd’s laboratory (Andersen et al.,
1954) during hydrogenolytic removal. How-
ever, this work had limited success. The break-
through came from H.G. Khorana’s group, who
discovered that detritylation in acidic medium
is greatly facilitated if the trityl group is modi-
fied with one to three p-methoxy substituents
(Gilham and Khorana, 1958; Smith et al.,
1962). In 80% acetic acid, the rate of hydrolysis
increased roughly 10-fold with each introduc-
tion of an additional methoxy group.

R"
1 R=R'=R"=H

2 R=R'=H; R"=0CH,
3 R=H; R'=R"=0CH,;
4 R=R'=R"=0CH;

Figure 2.3.1 Trityl and p-methoxy-substituted
trityl protecting groups.

Since their introduction as acid-labile pro-
tecting groups for ribo- (Smith et al., 1962) and
deoxyribonucleotide (Schaller et al., 1963)
chemistry, the mono- and dimethoxytrityl
groups (MMTr, S.2, and DMTr, S.3, respec-
tively; Fig. 2.3.1) have become standard for the
protection of the 5’-hydroxy function.

The DMTr group has especially proven its
value in automated solid-phase deoxyribooli-
gonucleotide synthesis, for five main reasons
(Sonveaux, 1986). (1) It can be introduced
regiospecifically and in high yield at the 5-hy-
droxy function of (base-protected) nucleosides.
(2) It can be readily and quantitatively removed
from the growing oligonucleotide chain by
nonaqueous acid. (3) It is sufficiently stable to
tetrazole, which is used as an activator in the
chain extension step. (4) Its deprotection in
nonaqueous acid gives an intense color reaction
(ascribed to a cationic species), which can be
monitored by spectroscopy to estimate yields
of chain elongation. (5) A terminal 5-DMTr
group conveys a certain hydrophobicity to the
longest oligonucleotide chain in the crude prod-
uct released from the polymer support. This
hydrophobicity is often used to isolate the target
oligonucleotide from the mixture of truncated
and failure chains. These considerations (1 to
5) will be elaborated on further throughout this
unit.

Other trityl protecting groups are less useful
for automated synthesis. Unsubstituted trityl
and MMTr require conditions that are too harsh
for multistep removal with the complication of
depurination (see below). The trimethoxytrityl
group (TMTr; S.4; Fig. 2.3.1) is extremely
sensitive. It can be introduced readily and in
high yield at the 5’-position of deoxyribonu-
cleosides and was found to be completely stable
when stored at —20°C for ~6 months; however,
it is partially removed in a mixture of tetrazole
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and acetonitrile (Kotschi, 1987). This detrity-
lation occurred more readily with purine than
with pyrimidine nucleosides. Also, an oli-
goadenylate prepared with TMTr-deoxyade-
nosine contained a significant admixture of
longer chains, obviously arising from multiple
monomer addition.

The trityl protecting groups are generally
introduced by treatment of nucleosides with the
respective trityl chloride. The reactivity of these
trityl chlorides increases with increasing num-
ber of p-methoxy substituents. If the reaction
is run at room temperature and with not more
than a slight excess of trityl chloride, the sub-
stitution will be highly regiospecific at the 5’
hydroxyl. If the reagent is in higher excess and
the temperature is raised, the substitution also
occurs on the more sterically hindered 3" hy-
droxyl. Exocyclic amino groups are usually
protected prior to tritylation, because they
would otherwise react with trityl chlorides.

Three routes to base-protected, 5'-tritylated
nucleosides are described in Figure 2.3.2. The
classical approach (route A) from Khorana’s
laboratory uses per-acylation of all hydroxy
and amino functions, followed by treatment
with strong alkali, which selectively cleaves
acylesters and thus liberates 5" and 3" hydroxyls

for tritylation. This method is no longer in use.
The more elegant route B relies on transient
silyl protection to apply acyl groups regiose-
lectively to the nucleobases in a procedure that
can be carried out in a single reaction tube (Ti
etal., 1982; also see “silylation first” procedure
in Fritz et al., 1982). The alternative route C
uses initial 5’-tritylation followed by silylation
and then acylation (“tritylation first” proce-
dure, Fritz et al., 1982; for a recent report see
Wada et al., 1998a,b). In most cases, pyridine
serves both to dissolve the reactants and to
neutralize the ensuing hydrochloric acid.

If necessary, trityl groups can be substi-
tuted at the unprotected 5’-hydroxy function
of oligonucleotide chains, either postsynthe-
sis orin exchange for other protecting groups.
This can be done by treating a support-bound
oligonucleotide with 4,4’-DMTr chloride in
pyridine/4-dimethylaminopyridine for 1 hr,
which restores ~95% of the previously re-
moved DMTr (Kotschi, 1987; Reddy et al.,
1987). This reaction could even be performed
in the presence of unprotected internu-
cleotidic bonds due to the lability of phos-
phoric acid trityl esters (Reddy et al., 1987).
With support-bound nucleosides, however,
the reaction was more sluggish and had to be

route A
AcylO o gAY
acylation
B
AcylO HO
Me3SiO
alkaline
deesterification
Me3SiO
|

BAcyl .
HO—% o § o Me3SiO
‘desnylanon
) -
OH

Me3SiO

T DMTrO
tritylation
—

route B

HO B DMTrO B
ioj tritylation ioj
—_—

OH
l 3',5"silylation 3'-silylationl
B DMTrO o B
Me3SiO
l acylation acylation l
gAY DMTIO— gAY
Me3SiO

OH

route C

BAcyI
desilylation

Figure 2.3.2 Three routes to N-protected, 5’-O-tritylated 2’-deoxyribonucleosides (modified from
Fritz et al., 1982, with permission from Verlag Chemie).
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activated by addition of tetra-n-butylam-
monium nitrate and 2,4,6-collidine in di-
methylformamide (DMF). The retritylation
procedure has recently been applied to the
preparation of oligonucleotide-polyamide
conjugates (Tong et al., 1993) and to the
postsynthetic introduction of the 4-(17-tetra-
benzo(a,c,g,i)fluorenylmethyl)-4’,4”-dimeth
oxytrityl protecting group (TBF-DMTr; S.25;
Fig. 2.3.8; Ramage and Wahl, 1993; see Tri-
arylmethyl Groups as Affinity Ligands).

Other methods of tritylation can be applied
if this is required by the sensitivity of modified
nucleoside or oligonucleotide reactants. Re-
ports have described the application of pow-
dered molecular sieves as acid scavengers (Ko-
hli et al., 1980), and the use of 4-N,N-dimethy-
laminopyridine in a mixture of triethylamine
and DMF as an alternative solvent (Chaudhary
and Hernandez, 1979). As alternatives to trityl
chlorides, N-tritylpyridinium fluoroborate
(Fersht and Jencks, 1970) and DMTr
tetrafluoroborate (Lakshman and Zajc, 1996)
have been described.

Removal of trityl and substituted trityl
groups

The removal of trityl groups was initially
performed with 80% aqueous acetic acid (e.g.,
Smith et al., 1962; Schaller et al., 1963), and
such aqueous media are still in use if the depro-
tection is carried out in the last step of oligonu-
cleotide workup. Nuclear magnetic resonance
(NMR) studies have shown that the chemical
shifts of all nucleoside protons change upon
removal of 5’-trityl groups. On this basis, rate
constants were determined for the hydrolysis
of different methoxy-substituted trityl groups
from the 5" and 3’ positions of deoxythymidine
in aqueous tetrahydrofuran solution brought to
different pHs with HCI; a linear relationship
between pH and hydrolysis rate was established
(Regel et al., 1974).

If detritylations are done as intermediate
steps during machine-aided polymer-support
synthesis, nonaqueous acidic media are gener-
ally applied. The most common are solutions
of strong protic acids, such as trichloro- or
dichloroacetic acid (Adams et al., 1983; for a
recent survey of detritylation conditions see
Habus and Agrawal, 1994). Methylene chloride
is routinely used as a solvent, although there is
a tendency to avoid chlorinated hydrocarbons.
For this reason, toluene has been recommended
as an alternative for detritylation with dichlo-
roacetic acid (Krotz et al., 1999; Table 2.3.1).
This was the result of extensive kinetic studies
that showed that the rate of detritylation de-
creases in the series DMTrdG*B" > DMTrd AB*
>DMTrdCB?>DMTrdT (where Bzis benzoyl),
and is highest not only in haloaliphatic but also
in aromatic solvents, but is slow in DMF, hex-
ane, ethylacetate, tetrahydrofuran, or fert-
butylmethyl ether.

Unwanted retritylation can occur through
reversal of the equilibrium generated by
nonaqueous detritylation, between the colored
cationic species and the DM Tr-oligonucleotide
(Fig. 2.3.3; Dellinger et al., 1998). The same
problem was reported for the 9-phenylxanthen-
9-yl group (see discussion of pixyl and related
protecting groups, below; Reese et al., 1986).
This is usually not a problem in solid-support
oligonucleotide synthesis, since this equilib-
rium is shifted by washing and filtration; how-
ever, it can lead to incomplete deblocking in
solution-phase synthesis.

Detritylation steps in solid-phase oligonu-
cleotide synthesis are generally believed to be
complete when appropriate treatment with
nonaqueous acid and extensive washing leave
resins and wash solutions colorless. Minute
deviations from this scheme of quantitative
deblocking, which can occur, for example,
through trace impurities in the deblocking so-
lution, are listed among the reasons for the
occurrence of truncated sequences in the crude

OCH,

Cl,CHCOOH

HsCO <c;io—] o B ——
0o

3

@ = polymer support

HsCO@d CkCHCOO™  + HO7 o

OCH,

o}
$

®

Figure 2.3.3 Detritylation equilibrium.
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products released from the polymer support
(e.g., Fearon et al., 1995). Whether this is a
potential reason for failure cannot be decided
without distinguishing between the efficiencies
of the individual steps in the elongation cycle.
The literature appears undecided about whether
such failures occur statistically throughout all
cycles (Fearon et al., 1995) or with higher
probability during the initial chain elongation
(Temsamani et al., 1995).

Depurination as a side reaction during
detritylation

The most stringent problem, however, is the
avoidance of depurination on removal of trityl
groups. N-Acylated nucleosides and N-acy-
lated units in oligonucleotides are especially
susceptible to deglycosidation. This leads to the
formation of apurinic sites, with subsequent
chain cleavage during ammoniacal deprotec-
tion. This side reaction becomes more and more
problematic with longer oligonucleotide chains
or larger-scale preparations. The incentive to
overcome the depurination problem has led to
the development of a wide variety of finely
tuned acid-deprotection conditions; examples
are given in Table 2.3.1. Although most publi-
cations list only the optimum detritylation con-
ditions without giving background data, recent
studies, stimulated by large-scale oligonu-

cleotide support synthesis, have been accom-
panied by extensive analyses of detritylation
versus depurination kinetics (Paul and
Royappa, 1996; Septak, 1996). The essence of
their findings is that haloacetic acids bind
strongly to immobilized growing oligonu-
cleotide chains. If, as usual, very dilute acid
solutions are applied, detritylation is slowed by
depletion of acid from the medium, whereas
depurination is allowed to proceed through acid
saturation. The authors, therefore, recommend
using a short pulse of more concentrated acid
(e.g., 15% dichloroacetic acid in methylene
chloride) and avoiding any acetonitrile con-
tamination. The length of the acid treatment
must be adjusted to the length of the growing
oligonucleotide chain.

In some cases, ion exchange resins in the H*
form may be a good choice for detritylation
(Patil et al., 1994), especially to substitute for
acetic acid in large-scale preparations (Iyer et
al., 1995). A long treatment with silica gel was
found advantageous in the preparation of sen-
sitive nucleosides (Rosowsky et al., 1989).

Lewis acid deprotection of trityl and
substituted trityl groups and miscellaneous
detritylation methods

Great expectations to solve the depurination
problem had accompanied the introduction of

Table 2.3.1 Examples of Acidic Deprotection Conditions of 5’-Trityl Groups?

Protecting Deprotection conditions Application Reference

group

DMTr Benzene sulfonic acid in 9:1 ODN solid phase Patel et al. (1982)
(v/v) DMF/DCM

DMTr 3% (w/v) TCA in DCM A-rich ODN solid phase Tanaka and Oishi

(1985)

DMTr 3% (w/v) TCA in 95:5 (v/v) Protected dA Takaku et al. (1983)
DCM/CH;OH

DMTr 0.1 M p-toluene sulfonic acid in ODN solid phase Matteucci and
THF Caruthers (1981)

DMTr 0.1 M p-toluene sulfonic acid in ODN solid phase Seliger et al. (1987);
acetonitrile Septak (1996)

DMTr 2% (viv) DCA/0.1% (v/v) ODN solid phase Habus and Agrawal
CH;0H in DCM (1994)

DMTr 3% (v/v) DCA in ODN solid phase Sproat and Gait (1984)
1,2-dichloroethane

DMTr 3% (v/v) DCA in toluene ODN solid phase Krotz et al. (1999)

DMTr 3% (w/v) TCA in 1% ODN solid phase Sinha et al. (1984)
CH;OH/nitromethane

DMTr 2% (w/v) benzene sulfonic acid ODN solution Gaffney et al. (1984)
in 7:3 (v/v) DCM/CH;0H

DMTr 15% (v/v) DCA in DCM ODN solid phase Habus and Agrawal

(1994)

“Abbreviations: DCA, dichloroacetic acid; DCM, dichloromethane; DMF, dimethylformamide; DMTr, dimethoxytrityl;
ODN, conditions applied in oligodeoxynucleotide synthesis; TCA, trichloroacetic acid; THF, tetrahydrofuran.
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OCH,

CH50,
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OH

Figure 2.3.4 Proposed mechanism for the
selective removal of 5-O-DMTr groups by
ZnBr2 in organic solvent (according to Mat-
teucci and Caruthers, 1980).

zinc bromide as a detritylating agent (Kohli et
al., 1980; Matteucci and Caruthers, 1980). The
mechanism, described for B-
methoxyethoxymethyl ethers by Corey et al.
(1976), involves the formation of a bidentate
complex with O-C5” and intracyclic oxygen
(Fig. 2.3.4). This explains the selectivity for
5’-hydroxy over 3’-hydroxy detritylation,
which was found to disappear upon addition of
an alcohol (Waldmeier et al., 1982). This does
not play a role in oligonucleotide support syn-
thesis, since the 3’-hydroxy function, conven-
tionally, is anchored to a support. Here the
objective is to ensure the most efficient and
quantitative deblocking of immobilized grow-
ing chains. Initially, a saturated (~0.1 M) solu-
tion of zinc bromide in nitromethane was ap-
plied (Matteucci and Caruthers, 1980, 1981).
Under these conditions, depurination of N6-
benzoyl-deoxyadenosine was found to be in-
significant over a 24-hr period. However, the
formation of an unreactive chain end (presum-
ably a zinc compound) was observed under
anhydrous conditions, requiring a hydrolytic
wash after detritylation. Additionally, the time
required for complete deblocking was rela-
tively long (~15 min for purine, ~30 min for
pyrimidine; Matteucci and Caruthers, 1981).
Therefore, it was found advantageous to add
1% water (Seliger et al., 1982; Winnacker and
Dorper, 1982) or 5% methanol (Caruthers,
1982) to the nitromethane solution, which
serves to increase the zinc bromide concentra-
tion. Applying zinc bromide in a number of
protic solvents, Itakura and colleagues (Kier-
zek et al., 1981) found that a 0.7 M solution of
zinc bromide in 9:1 (v/v) chloroform/methanol
would lead to complete detritylation within 1
min. Depurination was not detected; however,
on prolonged treatment, N-acyl groups were
found to be removed, especially from the ade-
nine moiety (Fig. 2.3.5). Since this was also
attributed to a nucleophilic attack on a chelate

MeOH Ph

HN™ S0
N X N,ZnBrz
P
NT N
(e}

HO H

HO

Figure 2.3.5 Deacylation of nucleobases as
a side reaction in the removal of 5-O-trityl
protecting groups with zinc bromide (Kierzek et
al., 1981).

of zinc bromide with the protected base (Kier-
zek et al., 1981; Beaucage and Iyer, 1992),
sterically hindered alcohol components were
found to suppress this side reaction. A 1 M
solution of zinc bromide in 85:15 (v/v) dichlo-
romethane/isopropanol was found to be an op-
timal deblocking reagent (Kierzek et al., 1981;
Ito et al., 1982; Itakura et al., 1984). Addition
of zinc bromide to amide groups linking the
oligonucleotide chains to the support was also
postulated (Ito et al., 1982; Adams et al., 1983).

In spite of these extensive investigations,
neither zinc bromide nor other Lewis acids—
such as TiCly, AICl; (Matteucci and Caruthers,
1981), diethyl and diisopropyl aluminum chlo-
ride (Koster and Sinha, 1982), or boron tri-
fluoride, applied as etherate (Engels, 1979) or
methanol complex (Mitchell et al., 1990)—are
of importance in current automated solid-phase
deoxyribooligonucleotide synthesis. One of the
reasons may be the deposition or adsorption of
reagents and by-products (e.g., zinc salts)
within the oligonucleotide/solid support sys-
tem, resulting in the necessity for extensive and
time-consuming washes.

Outside the mainstream, a number of studies
have reported the application of unusual de-
tritylation reagents. Examples are formic acid
(Bessodesetal., 1986), 1,1,1,3,3,3-hexafluoro-
2-propanol (Leonard and Neelima, 1995), chlo-
rine/chloroform solution (Fuentes et al., 1994),
or diethyl oxomalonate/methanol solution
(Sekine, 1994); some earlier reports are sum-
marized in other reviews (e.g., Beaucage and
Iyer, 1992). Other noteworthy detritylation al-
ternatives, such as reductive cleavage with radi-
cal anion (Letsinger and Finnan, 1975) or elec-
trochemical deblocking (Mairanovsky, 1976),
may not be easily adaptable to automated oli-
gonucleotide synthesis.

In routine solid-phase oligonucleotide syn-
thesis, the detritylation solution usually goes to
waste after yield monitoring. However, this is
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not tolerable for syntheses scaled up to kilo-
gram dimensions and beyond, because the
DMTr group comprises ~35% of the total
weight of constituent-protected nucleoside
phosphoramidites. Recently, a process has been
reported for the workup and neutralization of
the detritylation solution, coupled with the re-
conversion of the ensuing dimethoxytrityl al-
cohol (DMTrOH) to DMTr chloride. This proc-
ess resulted in the recycling of 89% of the
weight of DMTr residues. At the same time,
>90% of the hazardous solvent dichlo-
romethane was recovered with >95% purity
(Guo et al., 1998).

Pixyl and related protecting groups

As a structural analog to the trityl group, the
9-phenylxanthen-9-yl (pixyl or Px) protecting
group (S.5, Fig. 2.3.6) has been described
(Chattopadhyaya and Reese, 1978; Chattopad-
hyaya, 1980). This protecting group is removed
by acid at approximately the same rate as the
DMTr group; however, the pixyl derivatives of
nucleosides can be more readily purified by
crystallization. The preparation of monomeric
(Christodoulou and Reese, 1983) and all six-
teen dimeric (Balgobin et al., 1981b) building
blocks for deoxyriboolignucleotide synthesis
in solution has been done using the pixyl group,
and the combination of such blocks to deoxyri-
booligonucleotides of biological interest has
been described (Josephson and Chattopad-
hyaya, 1981; Balgobin and Chattopadhyaya,
1982b). A more acid-labile variant is the 9-(p-
anisyl)xanthen-9-yl (MOX) group (S.6;
Kwiatkowski et al., 1983; Kwiatkowski and
Chattopadhyaya, 1984; Tanimura et al., 1988,
1989; Tanimura and Imada, 1990). Alterna-
tively, the 9-phenylthioxanthen-9-yl (S-pixyl;
S.7) and 9-phenyl-7-chlorothioxanthen-9-yl
(S.8) groups were introduced to modulate de-
protection (Balgobin and Chattopadhyaya,
1982a). The recent finding that the pixyl sub-
stituent is susceptible to photochemical cleav-

5 X=0;R=H;R'=H
6 X=0;R=0CHyz R =H
7 X=S;R=H;R'=H
8 X=S;R=H;R'=Cl

Figure 2.3.6 9-Phenylxanthen-9-yl and re-
lated 5’-hydroxyl-protecting groups.
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age (Misetic and Boyd, 1998) may revive in-
terest in this 5’-protecting group.

Trityl and related groups for 5'-hydroxyl
protection in oligoribonucleotide synthesis

Somewhat different considerations apply to
the use of trityl and related groups for 5-hy-
droxyl protection in oligoribonucleotide syn-
thesis. Depurination is not very problematic in
this case, which allowed the application of
MMTr as the preferred protecting group in
earlier studies focusing on the preparation of
relatively short sequences by solution methods
(for reviews, see Reese, 1978, 1989; Ohtsuka
and Iwai, 1987). Detailed procedures for the
chemical preparation of small oligoribonu-
cleotides were described by van Boom and
Wreesmann (1984). In such oligoribonu-
cleotide syntheses where the conditions of acid
deprotection are not of great concern, essen-
tially all of the previously described trityl-de-
rived protecting groups should be applicable in
RNA synthesis. This has, in fact, been shown
in a number of publications cited earlier; how-
ever, for simplicity, most protecting groups
have been tested first (and often only) in DNA
chemistry.

Nonetheless, modern strategies of oligori-
bonucleotide synthesis, in particular the prepa-
ration of long sequences on solid phase, require
orthogonality of the complete set of protecting
groups used for all functionalities of the RNA
synthons. In particular, the intermediate pro-
tecting group for the 5’ hydroxyl must blend
with the groups used for 2’-hydroxyl protec-
tion. The latter must be stable throughout all
chain elongations, and their removal after com-
pletion of synthesis, in the presence of unpro-
tected phosphodiester internucleotide bonds,
should not be done in an alkaline medium for
risk of isomerization (e.g., Beaucage and Iyer,
1992). Therefore, 2’-hydroxyl-protecting
groups should be removed in acidic solution or
by a specific reagent in near-neutral medium.
Hence, acid-labile protecting groups of the
trityl type can be used for 5-protection of
ribonucleotide synthons only under the follow-
ing conditions. (1) If an acid-labile protecting
group is used for the 2" hydroxyl, there must be
asignificant difference in the deprotection rates
for the 5" and 2" functionalities. (2) If the 2’-hy-
droxyl-protecting groups are stable to acid and
released by a specific reagent in a close-to-neu-
tral medium, there is free choice of acid-labile
5’-hydroxyl protection. (3) An acid-labile pro-
tecting group can be used for 2’-hydroxyl pro-
tection in combination with a substituent for
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5’-hydroxyl protection that can be removed
under nonacidic conditions. This alternative
will be discussed below (see Blocking Groups
Labile to Nonacidic Conditions).

It is beyond the scope of this unit to give
credit to all publications that have described
solutions to the above protection alternatives
(1) and (2); these are treated in detail in recent
reviews (Beaucage and Iyer, 1992, 1993). As a
general guideline, it can be said that the com-
bination of the most common acid-labile pro-
tecting groups (i.e., DMTr or pixyl for 5 hy-
droxyls, and tetrahydropyranyl or 4-methoxy-
tetrahydropyranyl for 2” hydroxyls) is not fully
compatible with approach (1). This can be
remedied by changing the conditions or prop-
erties of the 5’-hydroxyl-protecting groups or
by changing the nature of the 2’-hydroxyl-pro-
tecting group. For instance, it was found that
the 5-DMTTr group could be deprotected selec-
tively at 0°C without cleavage of 2’-tetrahy-
dropyranyl (Seliger et al., 1983; Caruthers et
al., 1986). Since this condition does not lend
itself to automated support synthesis, the use of
the 4,4’,4”-trimethoxytrityl protecting group
was investigated for the 5" hydroxyl (Seliger et
al., 1986); however, the lability of this substi-
tuent caused substantial loss on chroma-
tographic purification of the synthons.

A number of 2’-hydroxyl-protecting groups
with modulated or increased acid stability have
been described that are compatible with 5’-
DMTr protection. Examples are the 1-(2-
chloro-4-methylphenyl)-4-methoxypiperidin
-4-yl (CTMP) and 1-(2-fluorophenyl)-4-
methoxypiperidin-4-yl (FPMP) groups
(Reese et al., 1986; Reese and Thompson,
1988), and the 1-(2-chloro-ethoxy)ethyl
(Yamakage et al., 1989) and 3-methoxy-1,5-
dicarbomethoxypentan-3-yl (Sandstrom et al.,
1985) groups. However, none of these ap-
proaches is of widespread application in current
solid-support oligoribonucleotide synthesis.

The approach that has currently won the
competition for a DMTr-compatible system of
2’- and 5’-hydroxyl protection comes from al-
ternative (2) above, namely the introduction of
appropriate silyl groups at the 2" hydroxyl. This
approach, which was mainly developed in the
laboratory of Ogilvie (Usman et al., 1987, and
references therein; Ogilvie et al., 1988), has
been extensively investigated during recent
years (for discussion, see Beaucage and Iyer,
1992) and is at present the most commonly used
method for automated solid-phase oligoribonu-
cleotide preparations.

Triarylmethyl Groups as Affinity
Ligands

Up to now, the modification of trityl protect-
ing groups has been discussed only with respect
to steering the acid lability by introduction of
one, two, or three p-methoxy substituents. In
an attempt to simplify the workup of the crude
product of polymer-support synthesis, it was
first shown that MMTr or DMTr groups can
serve to single out the target chains by hydro-
phobic chromatography if they remain bound
to the last monomer unit after completion of
chain elongations (“trityl-on purification”;
Seliger et al., 1977a, 1978). Subsequent to
purification, these groups are cleaved with 80%
acetic acid to generate the unprotected oligonu-
cleotide. Such groups are referred to as “puri-
fication handles.”

More recently, a number of trityl groups
substituted with longer alkyl chains, ranging
from C8H17 to C16H33 (S.9 to S.13, Table 232),
have been described as lipophilic protecting
groups (Gortz and Seliger, 1981) and used for
separation on reversed-phase columns (Seliger
and Gortz, 1981). The structures of substituted
trityl groups tailored for purification assistance
and other special applications are summarized
in Table 2.3.2. The 4-decyloxytrityl (C¢Tr or
DTr) group (S.10, Fig. 2.3.7; Seliger and
Schmidt, 1987) was found to be especially
useful for the purification of genes and gene
fragments with lengths up to 147 bases (Seliger
et al., 1987; Schmidt et al., 1988). The Ci¢Tr
group (S.13) has the highest lipophilic affinity;
however, the solubility of Cy¢Tr-nucleosides in
acetonitrile and other solvents common for oli-
gonucleotide synthesis is somewhat decreased.
In order to minimize the risk of depurination
during terminal acid deprotection, a series of
more labile 4-methoxy-4'-alkoxytrityl groups
(S.14 to S.20; Table 2.3.2) was proposed for
purification assistance (Gupta et al., 1991). Of
these, the 4-methoxy-4’-octyloxytrityl group
(S.19; MOTr; Fig. 2.3.7) was found most suit-
able. The 4,4’-dianisyl-2"-hexadecyloxyphenyl
group (S.21; Table 2.3.2) has mainly been used
for oligoribonucleotide purification (van Boom
and Wreesman, 1984). The pixyl (S.5), MOX
(S.6; Kwiatkowski et al., 1983; Kwiatkowski
and Chattopadhyaya, 1984; Tanimura et al.,
1988, 1989; Tanimura and Imada, 1990), and
especially the 9-(4-octadecyloxyphenyl)xan-
then-9-yl (C,gPx; S.22; Fig. 2.3.7; Welch et al.,
1986) groups have been used as purification
handles in solution- and solid-phase oligonu-
cleotide synthesis.
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Table 2.3.2 5’-Hydroxyl-Protecting Groups (R1, Rz, and R3) of the Substituted Triarylmethyl Type as Purification
Handles or for Other Special Applications?

Struc- R, R, R; Abbrevia- Deprotection Reference
ture tion
S.2 Phenyl Phenyl p-Anisyl MMTr  Acid, ZnBr,, Seliger et al. (1978)
etc.
S.3  Phenyl p-Anisyl p-Anisyl DMTr Acid, ZnBr,, Seliger et al. (1978)
etc.
S.5  Phenyl Xanthen-9-yl ~ Xanthen-9-yl Px Acid Chattopadhyaya and Reese
(1978)
S.6  p-Anisyl Xanthen-9-yl ~ Xanthen-9-yl C,Px Acid Kwiatkowski and
Chattopadhyaya (1984)
S.9  Phenyl Phenyl 4-Octyloxyphenyl CgTr Acid Seliger and Schmidt (1987)
S.10 Phenyl Phenyl 4-Decyloxyphenyl CioTror Acid Seliger and Schmidt (1987)
DTr
S.11 Phenyl Phenyl 4-Dodecyloxy- CpTr Acid Seliger and Schmidt (1987)
phenyl
S.12  Phenyl Phenyl 4-Tetradecyloxy- C4Tr Acid Seliger and Schmidt (1987)
phenyl
S.13 Phenyl Phenyl 4-Hexadecyloxy- CieTr Acid Seliger and Schmidt (1987)
phenyl
S.14 Phenyl p-Anisyl 4-Propyloxyphenyl Acid Gupta et al. (1991)
S.15 Phenyl p-Anisyl 4-Butyloxyphenyl Acid Gupta et al. (1991)
S.16 Phenyl p-Anisyl 4-Pentyloxyphenyl Acid Gupta et al. (1991)
S.17 Phenyl p-Anisyl 4-Hexyloxyphenyl Acid Gupta et al. (1991)
S.18 Phenyl p-Anisyl 4-Heptyloxyphenyl Acid Gupta et al. (1991)
S.19 Phenyl p-Anisyl 4-Octyloxyphenyl MOTr Acid Gupta et al. (1991)
S.20 Phenyl p-Anisyl 4-Dodecyloxy- Acid Gupta et al. (1991)
phenyl
S.21 p-Anisyl p-Anisyl 2-Hexadecyloxy- Acid van Boom and Wreesman
phenyl (1984)
S.22 4-Octadecyl- Xanthen-9-yl =~ Xanthen-9-yl CsPx Acid Kwiatkowski and
oxyphenyl Chattopadhyaya (1984)
S.23 p-Anisyl p-Anisyl Pyrenyl BMPM  Acid Fourrey et al. (1987)
S.24 Phenyl Phenyl 4-(17-Tetrabenzo- TBF-Tr  Acid Ramage and Wahl (1993)
(a,c,g,Dfluorenyl-
methyl)phenyl
S.25 p-Anisyl p-Anisyl 4-(17-Tetrabenzo- TBF- Acid Ramage and Wahl (1993)
(a,c,g,i)fluorenyl- DMTr
methyl)phenyl
S.26 p-Anisyl p-Anisyl 4-[(Succinimidyl-N- Acid Gildea et al. (1990)
oxy)carbonyl]phenyl
S.30 Phenyl p-Anisyl 1-Naphthyl Acid, ZnBr,  Fisher and Caruthers (1983)
S.31 o-Anisyl o0-Anisyl 1-Naphthyl Acid, ZnBr,  Fisher and Caruthers (1983)
S.32 Phenyl p-Fluoro- 1-Naphthyl Acid, ZnBr, Fisher and Caruthers (1983)
phenyl
S.33 Phenyl Phenyl p-Tolyl Acid, ZnBr, Fisher and Caruthers (1983)
S.34 Phenyl 0-Anisyl 0-Anisyl Acid, ZnBr, Fisher and Caruthers (1983)
S.35 p-Anisyl p-Anisyl 3-(Imidazolyl-1- IDTr Acid Sekine and Hata (1987)
methyl)phenyl
S.36 p-Anisyl p-Anisyl 3-(Imidazolyl-1- IETr Acid Sekine et al. (1993)
ethylcarbamoyl)
phenyl
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Table 2.3.2 Continued

Struc-

Abbrevia-

R; R, R; . Deprotection Reference
ture tion
S.37 p-Anisyl p-Anisyl 3-(Imidazolyl-1- IPTr Acid Sekine et al. (1993)
propylcarbamoyl)
phenyl
S.38 p-Anisyl p-Anisyl 3-(Imidazolyl-1- IBTr Acid Sekine et al. (1993)
butylcarbamoyl)-
phenyl
S.39 p-Anisyl p-Anisyl 3-(Imidazolyl-1- IHTr Acid Sekine et al. (1993)
hexylcarbamoyl)-
phenyl
S.40 p-Anisyl p-Anisyl 3-(N-Methylimid- IMTr Acid Sekine et al. (1993)
azolyl-2-ethylcarbamoyl)-
phenyl
S.41 p-Benzoyl- p-Benzoyl- p-Benzoyloxyphenyl Alkali Sekine and Hata (1983)
oxyl oxyphenyl
S42 p-(4,5- p-(4,5-Dichloro- p-(4,5-Dichloro- CPTr Hydrazine in  Sekine and Hata (1984);
Dichloro-  phthalimido) phthalimido) pyridine/acetic Happ and Scalfi-Happ
phthalimido) phenyl phenyl acid (1988)
phenyl
S.43 p-(Levulin  p-(Levulin p-(Levulinyloxy)phenyl Hydrazine in Sekine and Hata (1985)
yloxy)phenyl yloxy)phenyl pyridine/acetic
acid
S.44 p-Anisyl p-Anisyl p-(Fluorenyl-9-meth- B- elimination Happ and Scalfi-Happ
oxycarbonyl)phenyl (1988)
S.45 p-Anisyl p-Anisyl p-(Fluorenyl-9-methoxy B-elimination Happ and Scalfi-Happ
carbonyl)aminophenyl (1988)

4 Abbreviations: BMPM, 1,1-bis(4-methoxyphenyl)-1-pyrenylmethyl; CPTr, tris-(4,5-dichlorophthalimido)trityl; DMTr, dimethoxytrityl; DTr, 4-decy-
loxytrityl; IBTr, (imidazolyl-1-butylcarbamoyl)dimethoxytrityl; IDTr, (imidazolyl-1-methylcarbamoyl)dimethoxytrityl; IETr, (imidazolyl-1-ethylcar-
bamoyl)dimethoxytrityl; IHTr, (imidazolyl-1-hexylcarbamoyl)dimethoxytrityl; IMTr, N-methylimidazolyl-(Z-ethylcarbamoyl)dimethoxytrityl; IPTr,
(imidazolyl-1-propylcarbamoyl)dimethoxytrityl; MOTr, 4-methoxy-4’-octyloxytrityl; MMTr, monomethoxytrityl; Px, 9-phenylxanthen-9-yl (pixyl);

Tr, triphenylmethyl (trityl).

Other applications might include purification, fluorescent labeling, visible absorption, biotin substitution, color coding, 3’-phosphate activation, and
nonacidic cleavage.
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The 1,1-bis(4-methoxyphenyl)-1-pyrenyl-
methyl (BMPM) group (S.23; Fig. 2.3.8; Table
2.3.2; Fourrey et al., 1987) not only allows the
easy purification of target sequences from the
solid-phase preparation of deoxyribooligonu-
cleotides and their methyl phosphonate ana-
logs, but also allows their detection by thin-
layer chromatography (TLC) or gel electropho-
resis down to the picomole level by virtue of
the fluorescence of the 5 substituent in the
visible range. Ramage and Wahl (1993) have
described the 4-(17-tetrabenzo(a,c,g,i)fluo-
renylmethyl)trityl (TBF-Tr; S.24) and 4-(17-
tetrabenzo(a,c,g,i)fluorenylmethyl)-4’,4""-
dimethoxytrityl (TBF-DMTr; S.25; Fig. 2.3.8;
Table 2.3.2) protecting groups. The latter group
was especially found interesting for the purifi-
cation of long oligonucleotides. Its acid hy-
drolysis is about twice as fast as that of DMTr,
and the product is easily identified through the
visible absorption of the substituent. The yields

of TBF-DMTr-protected synthons in phos-
phoramidite synthesis were only between 70%
and 88%, but this problem could be circum-
vented by postsynthetic treatment of the 5'-de-
protected, support-bound oligonucleotide with
TBF-DMTrCL.

Gildea et al. (1990) have described a DMTr
group substituted with a hydroxysuccinimide
active ester residue (S.26; Fig. 2.3.9). This
linker allowed the addition of, for example,
biotin, allowing the possibility of purifying a
target oligonucleotide from a crude solid-phase
product on a streptavidin-agarose column (Fig.
2.3.9). The 5’-hydroxyl-protecting group could
subsequently be released by acid treatment to
elute the unprotected oligonucleotide. This
trityl-on purification scheme can be coupled
with chemical 5" phosphorylation, as demon-
strated by Lonnberg and collaborators (see pro-
tecting group S.27 in Figure 2.3.10; Guzaev et
al., 1995). Bannwarth and Wippler have de-
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Figure 2.3.7 Examples of trityl or pixyl groups modified to serve as purification handles (for

complete list see Table 2.3.2).

scribed an interesting approach to combined
purification and phosphorylation by adding a
protected uridine-5’-phosphate at the 5" termi-
nus of an oligonucleotide chain. The uridine
base was modified with a DMTr-protected
thioether residue (S.28 in Fig. 2.3.10). After
detritylation, the target sequence was selec-
tively retained and purified by disulfide forma-
tion with the activated thiol function of a resin.
The oligonucleotide was released by periodate
treatment with formation of a terminal 5 phos-
phate (Bannwarth and Wippler, 1990).

Of course, the “dual applications” described
above for many modified or substituted trityl
groups can be similarly found in oligoribonu-
cleotide chemistry. The trityl-on purification,
for instance, is adaptable in the ribonucleotide
series, and a recent publication has established
that the deprotection of DMTr does not cause
migration of the internucleotidic linkages
(Mullah and Andrus, 1996). The 4,4'-di-
methoxy-2"-hexadecyloxytrityl group (S.21;
van Boom and Wreesmann, 1984) and the 9-
(4-octadecyloxyphenyl)xanthen-9-yl group
(S.22; Welch et al., 1986) were alternatively
introduced to promote the separation of RNA
fragments.

A problem inherent to polymer-support syn-
thesis is that the product is always a more or
less complex mixture of the desired chain with

truncated and failure sequences (Foldes-Papp
et al., 1998, and references therein). In view of
the efficiency and selectivity of affinity tech-
niques, a solution-phase synthesis using “affin-
ity protecting groups” would be an interesting
alternative to solid-phase preparations (Seliger,
1993). An example of such an affinity separa-
tion—based solution synthesis was described
(Seliger et al., 1977b) using a combination of
the 5’-MMTr and 3’-lipoyl groups. Very re-
cently, an approach to large-scale oligonu-
cleotide synthesis was described in which the
chain elongation was done in solution and the
extended chain was intermediately anchored to
a polymer via a Diels-Alder reaction, so as to
allow filtration of educts and by-products
(product-anchored sequential synthesis or
PASS; Pieken, 1997). A purification-oriented
oligonucleotide synthesis in solution has also
been achieved through the use of a bridged
bis-DMTr 5’-protecting group as soluble car-
rier (S.29 in Fig. 2.3.11; Biernat et al., 1983).

Color-Coded Triarylmethyl Groups
and Triarylmethyl Groups with a
Catalytic Function

In order to modulate the visible absorption
of the species obtained after nonaqueous acid
deprotection, a variety of groups of the triaryl-
methyl type has been constructed (see S.30 to

OCH,

cmo@c%

23 (Bmpm)

OCH,

25 (Tbf-DMTT)

Figure 2.3.8 Examples of trityl groups tailored to serve as combined purification handles and

visible-absorbing fluorescent markers.
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OCH,
cmo@c—%
(I) 6]
O%/\\N_/v/o
26
OCH;
o CH@QC—O—oIigonucIeotide—OH
HN NH
H
N~~~
S N~ ~O
e} H

Figure 2.3.9 A hydroxysuccinimide-substituted DMTr group and its biotinyl derivative for affinity
purification of solid-phase oligonucleotide products.

S.34 in Table 2.3.2). This should allow the gonucleotide synthesis, but may be useful to
“color coding” of different synthons (Fisher = monitor the mixed simultaneous addition of
and Caruthers, 1983), a principle that has not two or more nucleotides.

found application in routine automated oli-

E10,G COEt | Et0,C COoEt |
DMTrO—% 0B DMTrO o—;fl‘—o o B DMTrO O_;I,'_o
— A I o 5

o._0O Oo0._0O OH
27

AcOH / H,0

1. CLCHCO,H / CH,Cly
2. NH,

Et0,G CO,Et

HO\)& ?
0-p-07) B

=0

o—

-0

—0O B
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|
OH OH
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28

Figure 2.3.10 5’-Phosphorylation via DMTr- or MMTr-protected protecting groups.
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Figure 2.3.11
(Biernat et al., 1983).

Through another structural modification,
namely the introduction of an imidazol-1-yl-
methyl residue, the DMTr substituent could be
transformed into a protecting group that serves
to activate a protected 3’-phosphate moiety
(S.35; Fig.2.3.12; Sekine and Hata, 1987). This
concept was recently exended to the introduc-
tion of a number of 3-imidazolylalkylcar-
bamoylphenyl-4,4’-dianisylmethyl substi-
tuents (S.36 to S.39, Fig. 2.3.12), as well as a
corresponding N-methylimidazolyl derivative
(S.40; Sekine et al., 1993; Wada et al., 1998b).
In addition to accelerating the rate of internu-
cleotide bond formation, a shift in the ratio of
diastereomeric triester was observed in some
cases.

Miscellaneous Acid-Labile
5’-Substituents

In view of the multiple advantages of trityl
groups, as well as their modified and substi-

Example of modified trityl protection for a purification-oriented solution synthesis

tuted derivatives, other acid-labile residues do
not play a role as protecting groups in current
oligonucleotide chemistry. Acetal groups have,
for example, been used in early syntheses (e.g.,
Grams and Letsinger, 1970), and 5’-O-tetrahy-
dropyranyl or 5’-O-methoxytetrahydropyranyl
derivatives have been mentioned (Reese,
1978).

Although a thorough discussion is not in the
scope of this unit, there are also approaches to
solid-phase oligonucleotide synthesis that use
a support anchored to the 5’-hydroxy function.
A number of studies appeared, especially in the
1980s, in which support-bound trityl groups
were used as anchors for oligonucleotide prepa-
rations in the 5’-to-3’ direction (Shabarova,
1980; Belagaje and Brush, 1982; Birch-
Hirschfeld et al., 1983; Rosenthal et al., 1983).
The availability of 3’-protected nucleoside-5’-
phosphoramidites or -H-phosphonates allows

OCH, OCH, OCH,4
0 @ ®
C\o—| o B CH30—©\C—O—| o B CH30—©—C—0—| o B
o OY© o OY© o
Né\N_f::o 0=P—SPh 0=P-SPh
& HN ] SPh HN SPh
cr SPh \h " j\/\
N
W N
N MeN~
35 36 n=2 40
37 n=3
38 n=4
39 n=6

Figure 2.3.12 DMTr groups substituted with imidazolyl residues for 3’-phosphate activation (S.36
to S.40), and a proposed activated intermediate (S.35).
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the use of all timely methods of solid-phase
synthesis in both directions of chain growth.

Finally, it may be noteworthy that Tr or
DMTr groups present at the 5 terminus of
deoxyribooligonucleotides were found to en-
hance their anti-HIV activity (Furukawa et al.,
1994; Hotoda et al., 1994), a fact that was attrib-
uted to the enhancement of membrane permeabil-
ity through the remaining protecting group.

BLOCKING GROUPS LABILE TO
NONACIDIC CONDITIONS

Acyl Substituents and Base-Labile
Triarylmethyl Groups

In spite of their obvious advantages, acid-
labile protecting groups for the 5’-hydroxy func-
tion have some limitations to their application in
oligonucleotide synthesis. In the deoxyribonu-
cleotide series, even a small number of statisti-
cally distributed depurination sites may seri-
ously impair the quality of a solid-phase or
large-scale synthesis product. In the ribonu-
cleotide series, multiple acid deprotection steps
may interfere with the stability of 2’-hydroxyl-
protecting groups. This has stimulated the search
for new orthogonal protection schemes involving
5’-hydroxyl-protecting groups that can be de-
blocked under nonacidic conditions.

Of course, there are limitations to the use of
simple acyl groups such as acetyl or benzoyl as
long as the exocyclic amino groups of nucleo-
bases are blocked by acyl residues as well.
Thus, acetyl protecting groups are found in the
recent literature only for syntheses at the mono-
mer level—e.g., in the preparation of 'N-la-
beled (Kamaike et al., 1995, 1996) or 2H-la-
beled nucleosides (Kawashima et al., 1995,
1997), or of components for oligodeoxyribonu-
cleotides with base-modified or mutagenic
units (Matsuda et al., 1993; Ozaki et al., 1994,
for earlier literature see, e.g., Kossel and
Seliger, 1975; Reese, 1978; Sonveaux, 1986).
From the preparative standpoint, methods for
rapid O-acylation of nucleoside hydroxy
groups through phase-transfer catalysis may be
noteworthy (Sekine, 1993). Isobutyryl
(Gaffney and Jones, 1982a,b) or methoxyacetyl
groups (Reese and Skone, 1984) were intro-
duced at sugar hydroxy functions in order to
allow the additional protection of the 6-oxo
group of deoxyguanosine as well as the 4-oxo
group of thymidine.

Acyl groups that can be removed under
virtually neutral conditions are more attractive.
Earlier examples, such as methoxy- and phe-
noxyacetyl (Reese and Stewart, 1968), did not

completely fulfill the expectations. A more in-
teresting alternative was the o-bromomethyl-
benzoyl group (S.46; Fig. 2.3.13; Chattopad-
hyaya et al., 1979), which was used for the
preparation of an SV40-specific deoxyribooli-
gonucleotide (Chattopadhyaya and Reese,
1980). Derivatives of the 4-hydroxybutyryl and
2-hydroxymethylbenzoyl groups (Brownetal.,
1984; van Boom and Wreesman, 1984; Reese,
1985; Brown et al., 1989a,b) are similarly of
interest, since the neighboring participation of
the hydroxy groups allows their hydrolysis un-
der extremely mild conditions.

Of course, the hydroxy groups have to be
protected during chain elongation. In case of
the 4-(methylthiomethoxy)butyryl (MTMB;
S.51), 2-(methylthiomethoxymethyl)ben-
zoyl (MTMT; S.47), and 2-(isopropyl-
thiomethoxymethyl)benzoyl (DTMT; S.48)
groups (Fig. 2.3.13), the deblocking of the
methylthiomethyl residue was done with mer-
cury(Il) perchlorate and 2,4,6-collidine within
3 hr at room temperature, and the subsequent
treatment with K;COj3 in tetrahydrofuran/water
released the 2-hydroxymethylbenzoyl substi-
tuent within 30 sec (Fig. 2.3.14). As an alterna-
tive, the 2-(2,4-dinitrophenylsulfeny-
loxymethyl) benzoyl (DNBSB) group (S.49;
Fig. 2.3.13) was initiated by removal of the
sulfenyl residue with p-toluenethiol (Christo-
doulou et al., 1987a,b). Although these “pro-
tected protecting groups” are appealing from
their deprotection conditions, difficulties in in-

R

46 R=Br, R'=H
47 R=0CH,SCHy; R'=H
48 R = OCH,SCH(CHy),; R' = H

49 R= o—s—§i>—No2 R=H

ON
50 R = OCOCH,CH,COCH; R' = NO,

o
¥

51 R" = OCH,SCH,

Figure2.3.13 Acyl substituents for removal at
close-to-neutral pH.
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Figure 2.3.14 Example of two-step removal of an ortho-substituted benzoyl protecting group

(Brown et al., 1984; Reese, 1985).

troduction and, in particular, the two-step pro-
cedure of removal make them less practical for
current automated oligonucleotide synthesis.

The B-benzoylpropionyl (S.52; Letsinger et
al., 1967) and the levulinyl (S.53; van Boom
and Burgers, 1976; Iwai and Ohtsuka, 1988;
Iwai et al., 1990) groups can be deprotected by
hydrazine in a pyridine/acetic acid mixture
(Fig. 2.3.15). However, a partial deprotection
of acyl groups from the nucleobases was also
observed under the conditions of hydrazi-
nolysis of the PB-benzoylpropionyl group
(Letsinger and Miller, 1969). Especially mild
conditions of hydrazinolytic deprotection ap-
ply to the 2-levulinyloxymethyl-5-nitroben-
zoyl group (S.50; Fig. 2.3.13; Kamaike et al.,
1997). Appropriate substitution with electron-
donating substituents that stabilize a trityl cat-
ion may strongly modify the conditions of
cleavage. Based upon the earlier finding that
the 4-hydroxytrityl group is hydrolyzed much
more easily than the corresponding 4-ace-
toxytrityl residue (Taunton-Rigby et al., 1972),
the 4,4’,4”-tris(benzoyloxy)trityl substituent
(S.41; Table 2.3.2) was prepared as an acid-sta-
ble but base-labile “protected 5’-protecting
group” (Sekine and Hata, 1983), the removal
of which is shown in Figure 2.3.16. This prin-
ciple was further extended to 4,4",4”-tris(4,5-
dichlorophthalimido)trityl (S.42; Sekine and
Hata, 1984) and 4,4’ ,4”-tris(levulinyloxy)trityl
(S.43; Table 2.3.2; Sekine and Hata, 1985) as
protecting groups labile to hydrazine treatment
in pyridine/acetic acid.

Based on the same general concept, the
4-(9-fluorenylmethoxycarbonyl)oxy-4’,4”-di-
methoxytrityl (S.44) and 4-(9-fluorenyl-

methoxycarbonyl)amino-4’,4”’-dimethoxy-
trityl) (S.45; Table 2.3.2) groups were intro-
duced. Their release could be triggered through
B-elimination (Scalfi-Happ et al., 1987; Happ
and Scalfi-Happ, 1988). The usefulness of hy-
drazine-labile modified trityl groups such as
4.4’ 4”-tris(4,5-dichlorophthalimido)trityl
(S.42; Sekine and Hata, 1984, 1986; Scalfi-
Happetal., 1987) and the S.44 and S.45 groups
for B-elimination-triggered deprotection
(Happ and Scalfi-Happ, 1988) was also dem-
onstrated for large-scale oligoribonucleotide
synthesis and for the preparation of 2’(3’)-O-
aminoacyl-oligoribonucleotides (Scalfi-Happ
et al., 1987).

Carbonate-Type Protecting Groups

Protecting groups of the carbonate type,
most popular in peptide chemistry, have also
received much attention in oligonucleotide
synthesis. In earlier work, the isobutyloxycar-
bonyl group (S.54; Fig. 2.3.17; Ogilvie and
Letsinger, 1967) and the p-nitrophenyloxycar-
bonyl (NPOC) group (S.55; Letsinger and
Ogilvie, 1967) were shown to be introduced
rather selectively at 5’-hydroxy functions en
route to 3’-tritylated thymidine and uridine de-
rivatives. However, their removal in dilute so-
dium hydroxide/dioxane would not be compat-
ible with exocyclic acyl protection of nucleo-
bases.

p-Nitrophenyloxycarbonyl and a number of
other carbonate protecting groups could also be
introduced into partially protected thymidine
and uridine via the corresponding 5’-chlorofor-
mates (Seliger, 1972). These studies later led to
the introduction of the 5’-p-phenylazophenyl-

(0]
R)WO o ? NH,NH,
o - -
pyridine / acetic acid
HO
52 R =phenyl
53 R = methyl

Figure 2.3.15 Hydazinolytic deprotection of B-benzoylpropionyl (S.52) and levulinyl (S.53)

groups.
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Figure 2.3.16 4,4’,4”-Tris(benzoyloxy)trityl as an acid-stable, base-labile 5’-hydroxyl-protecting

group.

oxycarbonyl (PAPOC) group (S.56; Kossel and
Seliger, 1975), which was introduced via p-
phenylazophenylchloroformate (Seliger and
Kotschi, 1985; Seliger et al., 1986). This group
could be released by a two-step treatment with
B-cyanoethanol/triethylamine and diazabicy-
cloundecene (DBU). This group retains some
of the features of trityl- or pixyl-type substi-
tuents (i.e., its deprotection gives a visible-ab-
sorbing solution), and the PAPOC nucleosides
are readily crystalline; however, the two-step
deprotection procedure is less advantageous.
More attention has been given to the 9-fluo-
renylmethoxycarbonyl (FMOC) group (S.57,
Fig. 2.3.17), a standard in peptide protection.
FMOC-protected synthons allowed an alterna-
tive protocol for solid-support deoxyribooli-
gonucleotide synthesis, retaining the standard
acyl protection for the bases and avoiding acid
deblocking steps (Gioeli and Chattopadhyaya,
1982; Balgobin and Chattopadhyaya, 1987; Ma
and Sonveaux, 1987, 1989). The potential of
5’-FMOC protection for oligoribonucleotide
synthesis was demonstrated by Fukuda et al.
(1988) and by the group of Gait (Lehmann et
al., 1989). The FMOC group was also used in
acetal-linked solid-support oligonucleotide
synthesis (Palom et al., 1993).

Recently, the p-chlorophenyloxycarbonyl
group (S.57a, Fig. 2.3.17) was found to be
removed in <2 min in a solution of peroxyan-
ions buffered to pH 9.6 (10 ml LiOH-H,0, 12
ml 30% H,0,, 1.78 g m-chloroperbenzoic acid,
15 ml 1.5 M AMP buffer, pH 10.3, in 50 ml
dioxane; Caruthers et al., 1994; Dellinger et al.,
1998). This allowed the design of a solid-phase
two-step chain-elongation cycle consisting of
only a coupling step and the combined depro-
tection/oxidation step (excluding capping), re-
ducing the phosphoramidite cycle time to 6 min.

Other carbonate protecting groups that could
be selectively released in the presence of base-
protecting acyl groups include 2-(trimethyl-
silyl)ethoxycarbonyl (S.58; Fig. 2.3.17; Gioeli
et al., 1981) and 2-(phenylsulfonyl)ethoxycar-
bonyl (S.59; Balgobin et al., 1981a).

More recently, Pfleiderer and colleagues
have developed an orthogonal protection
scheme for solution- and solid-phase de-
oxyribo- and ribooligonucleotide synthesis,
with avoidance of acid-deprotection steps. The
main feature is the exclusive use of protecting
groups that can be cleaved by B-elimination.
For instance, in combination with the p-ni-
trophenylethyl (NPE) phosphate protecting
group, the 2-(4-nitrophenyl)ethoxycarbonyl
(NPEOC; S.60) or 2-(2,4-dini-
trophenyl)ethoxycarbonyl (DNPEOC; S.61)
substituents were applied for 5’-protection
(Schirmeister et al., 1993; Fig. 2.3.18). The
NPE/NPEOC strategy was further extended to
large-scale oligonucleotide synthesis (Weiler
and Pfleiderer, 1995). Particularly attractive is
the dansylethoxycarbonyl group (S.62;
Bergmann and Pfleiderer, 1994a,b,c), which

X

R

> B

(¢] OT o
HO

54 R =isobutyl

55 R = p-nitrophenyl

56 R = p-phenylazophenyl
57 R =fluoren-9-methyl

57a R = p-chlorophenyl

58 R = 2-trimethylsilylethyl
59 R =2-phenylsulfonylethyl
88 R = o-nitrophenyl

Figure 2.3.17 Carbonate protecting groups
for the 5’-hydroxy function.
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Figure 2.3.18 Carbonate substituents for 5’-
OH as part of an orthogonal scheme of protect-
ing groups that can be cleaved by B-elimination.

62 R=

can easily be cleaved with dilute DBU in aprotic
solvent and allows yield monitoring by far UV
or fluorescence detection at 530 nm, even in
small-scale synthesis of long RNA molecules
(Pfleiderer et al., 1995). A further advantage of
this scheme of deprotection via B-elimination
in solid-phase synthesis is the possibility of
retaining a deprotected oligonucleotide prod-
uct on the support, which facilitates purifica-
tion of the target sequence.

5’-0-Silyl Protecting Groups

The use of silyl groups for 5’-hydroxyl pro-
tection does not have any major advantages
over trityl in the deoxyribonucleotide series;
examples in the literature are concerned with
modeling the behavior of different silyl groups
(e.g., S.63 to S.67; Fig. 2.3.19; Ogilvie et al.,
1974) or the preparation of structurally modi-
fied nucleosides (e.g., keto-nucleosides; Rob-
ins et al., 1990; McEldoon and Wiemer, 1995).

In oligoribonucleotide synthesis, however,
silyl protecting groups are nearly essential in
developing orthogonal protection systems. The
alternative of 2’-silyl protection combined with
5’-MMTr or 5’-DMTr has been discussed above
(see Triarylmethyl and Related Substituents).
A new route to orthogonal ribonucleoside pro-
tection uses acid-labile groups for the 2’-hy-
droxy function in combination with silyl sub-
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stituents at the 5’-hydroxy function. In this case,
the tetra(isopropyl)disiloxane-1,3-diyl group
(S.68; Fig. 2.3.19; Markiewicz, 1979, 1980)
can be elegantly used as a transient bifunctional
protecting group for 3" and 5” hydroxyls, which
ensures the regioselective introduction of an
acid-labile group at the 2’ position. Subsequent
to deblocking of the disiloxane-diyl group, an-
other silyl substituent is selectively attached to
protect the 5’-hydroxy function.

Two approaches of this kind have recently
been described. The 1,1,3,3-tetraisopropyl-3-
[2-(triphenylmethoxy)ethoxy]disiloxane-1-yl
(TES) group (S.69; Fig. 2.3.19; Hirao et al.,
1998), a “trityl-protected silyl protecting
group,” can be deblocked with 0.1 M tetrabuty-
lammonium fluoride in tetrahydrofuran within
1 min at room temperature. The resultant de-
blocking solution will be colored on addition
of acid. In solid-phase synthesis, using tere-
phthalate as an anchor to the support, the silyl
deprotection conditions do not lead to removal
of other blocking groups except for the B-cy-
anoethyl residue at the internucleotidic link-
ages, which is lost during this treatment. A
better solution to this orthogonality problem
has recently been reported (Caruthers, 1998,
and pers. comm.). A number of silyl substi-
tuents (S.70to S.86; Fig. 2.3.20) can be regiose-
lectively introduced and deprotected in <30 sec
with tetrabutylammonium fluoride in tetrahy-
drofuran. On testing for stability in acid and
base (Table 2.3.3), this author found that the
bis(trimethylsiloxyl)cyclooctyloxysilyl group
(S.83) was best for 5’-hydroxyl protection, as
the resulting fully protected phosphoramidite
synthons (Fig. 2.3.21) could be prevented from
oiling out on workup.

The internucleotidic bonds, in this case,
were protected by the methoxy group, which
was found to be resistant to fluoride cleavage,
but is released with a thiol reagent. Alterna-
tively, the bis(trimethylsiloxyl)-1,3-(trityl-
oxy)propyl-2-oxysilyl group (S.87; Fig.
2.3.20) can be designated for monitoring the
deprotection step.

Photosensitive 5’-Hydroxyl-Protecting
Groups

Groups that can be cleaved by photochemi-
cal methods have not been of relevance to
5’-hydroxyl protection in earlier times, al-
though photolabile phosphate-protecting
groups such as o-nitrobenzyl were in use
(Hasan et al., 1997, and references therein).
Only recently has the photochemical cleavage
of 5’-hydroxyl-protecting groups become an
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Figure 2.3.19 Silyl protecting groups for the 5’-hydroxy function.

interesting option, since Fodor and collabora-
tors pointed out the possibility of producing
DNA arrays on glass substrates (DNA “chips”)
by light-directed solid-phase synthesis (Fodor
etal., 1991; Pease et al., 1994). Arrays contain-
ing up to 10° unique oligonucleotide sequences
per square centimeter can be constructed by the
elongation of each sequence triggered through
photodeprotection of the 5’-hydroxy function

of relevant oligonucleotide spots in a technique
similar to photolithography.

The efficiency of this technique relies very
much on the ease of photochemical deprotec-
tion and the extent to which it can be quantified.
Several new protecting groups been developed
for this purpose. Based on the experience of
investigations on carbonate protecting groups,
the o-nitrophenyloxycarbonyl (NPOC; S.88;

Me—} MegSio—%

o }Yé

O B 0% o O O

% OAc
Q N
i k 1

Structure R' R? R
70 a a b
vl a a h
72 a a i
73 a a f
74 a a g
75 a b b
76 b b b
77 b b i
78 d i i
79 ] k k
80 a a c
81 i i k
82 e e e
83 e e k
84 e k k
85 k k k
86 i e e
87 e e i
104 methyl methyl i
105 isopropyl isopropyl i

Figure 2.3.20 Silyl protecting groups that are rapidly deblocked by tetrabutylammonium fluoride

(Caruthers, 1998). PAP, 4-phenylazophenyl.
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Table 2.3.3 Fluoride Deprotection and Acid/Base Degradation of Silyl Protecting Groups S.70 to

S.86%

Fluoride Acid degradation Base degradation
Structure R!,R% R? deprotection” (T)° )
S.70 a,a,b <1 min 1% 24 hr 0% 24 hr
S.71 a,a,h <15 sec 100% 24 hr 75% 24 hr
S.72 a,a,j <15 sec 1% 24 hr 0% 24 hr
S.73 a,a,f <30 sec 1% 24 hr 0% 24 hr
S.74 a,a,g <30 sec 5% 13 hr 5% 13 hr
S.75 a,b,b <30 sec NA NA
S.76 b,b,b <15 sec 5% 5 hr 5% 5 hr
S.77 b,b,j <15 sec 1% 24 hr 0% 24 hr
S.78 d.j,j <15 sec NA NA
S.79 jkk <15 sec NA NA
S.80 a,a,c <15 sec NA NA
S.81 .-k <15 sec NA NA
S.82 e.e,e <15 sec NA NA
S.83 e,ek <15 sec NA NA
S.84 ek.k <15 sec NA NA
S.85 k.kk <15 sec NA NA
S.86 i,e,e <15 sec NA NA

“From Caruthers (1998 and pers. comm.). See Figure 2.3.20 for structures and substituents (Rl, R2, R3).
bTime for complete removal of protecting group with 5 eq tetrabutylammonium fluoride in tetrahydrofuran.
“Percent degradation in 0.01 M HCI within specified time. NA, data not available.

Percent degradation in 10% aqueous triethylamine within specified time. NA, data not available.

Fig. 2.3.17) and o-nitrophenylethoxycarbonyl
(NPEOC; S.89; Fig. 2.3.22) groups were re-
ported from Pfleiderer’s laboratory (Hasan et
al., 1997). Their photochemical cleavage leads
to the formation of o-nitrobenzaldehyde and
CO; in the case of NPOC, or o-nitrostyrene and
CO; in the case of NPEOC (Fig. 2.3.23). The
parent nucleosides were recovered in a clean
reaction after irradiation at 365 nm, with a
half-life of 7.5 min for NPEOC (Biihler et al.,
1999; Table 2.3.4). Such long deprotection
times are, of course, less suitable if a great

o

Q
MeasiO—S‘ifO o B
Me;SiO
MeO. O O _O._~
IT’ \( OAc
-ProN o\/\OAc
B = uracil-yl

N -acetyl-cytosin-yl
NB-benzoyl-adenin-yl
NP-isobutyryl-guanin-yl

Figure 2.3.21 5’-O-Silyl-protected synthons
for oligoribonucleotide synthesis (Caruthers,
1998).
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number of parallel oligonucleotide chain exten-
sions are to be performed in a fast and efficient
way. Therefore, a number of new protecting
groups have been described that are either of
the o-NPEOC type (S.90 to S.94, Fig. 2.3.22)
or of the o-nitrophenylethylsulfonyl type (S.95
to S.101, Fig. 2.3.22) (Biihler et al., 1999), for
which half-lives of photochemical deprotection
are reported to be between 10 min and 50 sec
(Table2.3.4). Up to 85% of unprotected nucleo-
sides were recovered after 10 min irradiation
time.

Other protecting groups such as methylni-
tropiperonyloxycarbonyl (MeNPOC; S.102;
Fig. 2.3.22; Pease et al., 1994) and 3",5’-di-
methoxybenzoinoxycarbonyl (DMBOC;
S.103; Fig. 2.3.22; Pirrung and Bradley,
1995a,b) have been tested in solid-support oli-
gonucleotide synthesis. A comparison of re-
sults obtained with both protecting groups and
with conventional DMTr protection showed
that cycle yields are diminished with photo-
chemical deprotection with respect to cycles
including conventional detritylation, and some
by-product was obtained due to damage of
N-benzoyl cytosine bases. In a parallel study,
the removal of the MeNPOC group (Fig.
2.3.24) was found to be independent of the
length and terminal base of the growing oli-
gonucleotide chain, and was most rapid in non-
polar solvents or in absence of solvent (¢, =
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Figure 2.3.22 Photochemically cleaved 5’-hydroxyl-protecting groups of the carbonate or sulfon-
ate type. Taken in part from Blihler et al. (1999) with permission from Marcel Dekker.

10to 13 sec at A = 365 nm, irradiation intensity
27.5 mW/cm?). The average yield of chain
elongation was 92% to 94% in solid-support
reactions and ~96% on photolysis in solution,
as compared to 98% in conventional cycles
(McGall et al., 1997). A thorough investigation
on the DMBOC group (Pirrung et al., 1998)
showed half times of deprotection on a glass
surface in the presence of dioxane (326.5 nm,
irradiation with 44.5 mW/cm?) to be between
5 and 13 sec. The use of shorter wavelengths
decreases the deprotection time, but is discour-
aged due to the risk of damage to the deoxyri-
booligonucleotide chain. The yields per chain
extension cycle were found to be base depend-
ent, ranging from 91% to 98% for T, 82% to
95% for C, 79% t0 92% for G, and 74% to 84%
for A.

Recently, McGall and collaborators have
proposed a technique for the preparation of
oligonucleotide arrays that combines photoli-
thography with acid deprotection (McGall et
al., 1996; Wallraff et al., 1997). In this case,
spots of growing oligonucleotide chains are
grafted to the surface of a functionalized carrier
(chip), which is then covered by a photosensi-
tive polymer coating (a “photoresist”). Oli-
gonucleotide spots that are meant for chain
lengthening are first exposed to further chain
elongation by photoetching of the polymer
coating. They can then be subjected to conven-
tional 5’-deprotection and chain lengthening.

It is likely that, in further pursuit of light-di-
rected combinatorial oligonucleotide synthe-
sis, new protecting groups will have to be de-
veloped. Some of these may deviate from the
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Table 2.3.4 Photolabile 5’-Protecting Groups of the o-Nitrophenylethoxycarbonyl and

o-Nitrophenylethylsulfonyl Types?

Structure R! R2 R3 ta?
Carbonate groups

S.89 H H H 7.5 min
S.90 Cl H H 82 min
S.91 H H CH; 56 sec
S.92 H Cl CH; 62 sec
S.93 H Br CH; 60 sec
S.94 H I CH; 53 sec
Sulfonate groups

S.95 H H H 10.9 min
S.96 Cl H H 16.3 min
S.97 H Cl H 10.9 min
S.98 H H CH; 82 sec
S.99 H Cl CH; 66 sec
S.100 H Br CH; 70 sec
S.101 H I CH; 60 sec

9Data from Biihler et al. (1999) with permission from Marcel Dekker. Deprotection conditions: irradiation with a 200 W
mercury lamp (365 nm) in 1:1 (v/v) methanol/water. See Figure 2.3.22 for structures and substituents (R 8- R3).

bvalues given for 5’-protected thymidine derivatives.

structural concept of carbonate esters, which
are now the first choice. Examples include
photochemically cleavable silyl groups such as
hydroxystyryldimethylsilyl (HSDMS; S.104;
Fig. 2.3.20) and hydroxystyryldiisopropylsilyl
(HSDIS; S.105; Fig. 2.3.20; Pirrung and Lee,
1993). However, these do not seem to have been

hv

NO,

H_ + CO, + ROH
C—CH,

Figure 2.3.23 Proposed mechanism for pho-
todeprotection of the o-nitrophenylethoxycar-
bonyl group (Hasan et al., 1997).
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extensively tested for oligonucleotide synthe-
sis.

5’-Hydroxyl-Protecting Groups
Cleaved Under Nonacidic and
Nonalkaline Conditions

The general interest in 5’-hydroxyl-protect-
ing groups that are cleaved under nonacidic and
nonalkaline conditions has yielded a number of
interesting solutions. Structural modifications
of trityl that allow deprotection under nonacidic
conditions (e.g., in a two-step procedure in-
volving hydrazine in a near-neutral solution)
have been discussed in the previous section (see
Acyl Substituents and Base-Labile Triaryl-
methyl Groups). 2,4-Dinitrobenzenesulfenyl
residues (S.106, Fig. 2.3.25) have been intro-
duced by reaction with the corresponding
sulfenyl chloride (Grams and Letsinger, 1968).
This protecting group can be removed by treat-
ment with a nucleophilic reagent such as thio-
phenol in pyridine (Letsinger et al., 1964).
Stereochemical and mechanistic aspects of in-
troduction and release of sulfenyl groups have
been investigated (Bazin et al., 1985).

The protection of hydroxy functions of
sugar derivates by p-methoxybenzyl (S.107)
and 3,4-dimethoxybenzyl groups (S.108; Fig.
2.3.25), which are susceptible to oxidative
cleavage with 2,3-dichloro-5,6-dicyanobenzo-
quinone (DDQ), has been described (Oikawa
et al., 1982), but these groups are not in use in
oligonucleotide chemistry. The p-methoxyben-
zyl group could also be released from the 5
hydroxyl in 68% yield by treatment with ceric
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Figure 2.3.24 Proposed photocleavage of the MeNPOC protecting group.

ammonium nitrate in aqueous acetonitrile
(Luzzio and Menes, 1994); attempts at hydro-
genolytic removal of the benzyl group did not
give satisfactory results.

The 1,1-dianisyl-2,2,2-trichloroethyl resi-
due (S.109, Fig. 2.3.25) was introduced in the
laboratory of Ugi as a protecting group that is
stable to acid and base, but is readily removed
by reductive fragmentation with the supernu-
cleophile lithium cobalt(I)-phthalocyanine
(Karl et al., 1995; Klosel et al., 1996). The
application of this group in the preparation of
a dinucleoside-trifluoromethyl-phosphonate
was demonstrated (Karl et al., 1996).

Again, it is beyond the scope of this unit to
review all publications that describe the linkage
of the 5" hydroxyl to polymer supports with a
non-acid-labile anchor. Examples of anchoring
through ester linkage (e.g., Shimidzu and
Letsinger, 1968) or, more often, through succi-
nate groups (Ohtsuka et al., 1984; Weiss et al.,
1984) are in the literature; in each case, the
chain extension was carried out from the 5" to
the 3’ end.

Capping of the 5’-Hydroxy Terminus
in Oligonucleotide Synthesis

Capping refers to the introduction of a pro-
tecting group at the 5”-hydroxy function as a
postcondensation step during solid-phase oli-
gonucleotide synthesis. The capping step is
meant to mask growing chain ends that have
escaped elongation and, therefore, will remain
as truncated or failure sequences. For this rea-
son, the groups substituted during capping
should not be removed before the end of chain
growth, if at all. Hence, capping groups should
(1) be easily attached even to longer oligonu-
cleotide chains through a highly reactive and
sterically unhindered reagent, and (2) be com-
patible with the chemistry chosen for chain
elongation.

For solid-phase preparations of oligonu-
cleotides according to the phosphotriester
method, phenylisocyanate has been used as a
capping reagent in earlier procedures (e.g., Gait
etal., 1982). Subsequently, capping was mostly

done with acetic anhydride/4-dimethylami-
nopyridine (e.g., Koster et al., 1983, 1984). In
order to blend with a set of protecting groups
removable under B-elimination conditions, Re-
iner and Pfleiderer have proposed a number of
B-substituted ethylsulfonylchlorides as cap-
ping reagents. The resulting sulfonyl groups are
removed with DBU together with the protect-
ing groups for bases and internucleotide link-
ages, as well as the terminal 5’-NPEOC group
(Reiner and Pfleiderer, 1987).

In oligonucleotide synthesis with 5-DMTr-
protected phosphoramidite synthons, capping
with acetic anhydride activated by 4-dimethyl-
aminopyridine or N-methylimidazole has been
the standard procedure from the beginning (At-
kinson and Smith, 1984). Because the yields of
chain extension in phosphoramidite support
synthesis average 98% to 99%, only ~1% to 2%
of unreacted ends are left over for capping

NO,

S\

O,N

106

109

Figure 2.3.25 Miscellaneous 5’-hydroxyl-
protecting groups labile to nonacidic condi-
tions.
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during each cycle. The acetylation is generally
assumed to be nearly quantitative, but there are
no experimental methods to detect average cap-
ping yields. Recently, an estimation of capping
efficiency has been available through the cor-
relation of calculations using fractal mathemat-
ics with the results of capillary electrophoretic
separation of the crude product of oligonu-
cleotide preparations of up to 60 bases in
length. For support syntheses using the com-
mon controlled-pore glass (CPG) or polysty-
rene supports, the best correlation between cal-
culated and experimentally determined chain
length distributions was observed if capping
was assumed to proceed with not more than
70% to 80% of the non-elongated chain ends
(Foldes-Papp et al., 1996, 1998).

When the phenoxyacetyl group was used for
the protection of exocyclic amino groups, par-
tial replacement of this group by acetyl on the
guanine base was observed during conven-
tional capping. This could be avoided by using
phenoxyacetic anhydride in place of acetic an-
hydride (Chaix et al., 1989).

The choice of capping procedure necessar-
ily influences the workup of the solid support
product. The capping procedures described so
far have the common feature that the protecting
groups attached to the truncated chains are
hydrolyzed on removal of the polymer support
and deprotection of bases and internucleotidic
bonds. This, again, is prerequisite to the trityl-
on purifications described in a previous section
(see Triarylmethyl Groups as Affinity Li-
gands). Horn and Urdea have described an
alternative route where bases, internucleotidic
bonds, and truncated chain ends are depro-
tected while the crude product—with DMTr on
the 5” end of the full-length oligonucleotide—
remains bound to the support. This allows the
use of phosphodiesterase to selectively digest
the truncated chains and, thus, further simplify
the workup (Horn and Urdea, 1985).

Other capping alternatives result in an irre-
versible modification of the truncated chains.
This applies to the application of highly reac-
tive phosphite derivatives, for instance, to a
mixture of diethoxy-N,N-diisopropylphos-
phoramidite with tetrazole (Yu et al., 1994), or
to diethoxytetrazolophosphane, a stable tetra-
zole derivative of diethoxyphosphorous acid
(Berner et al., 1989). Also, bis(1,1,1,3,3,3-
hexafluoro-2-propyl)-2-propylphosphite, acti-
vated by N-methylimidazole, has been de-
scribed as a capping reagent to blend with
oligonucleotide syntheses using deoxyribonu-
cleoside-3’-bis(1,1,1,3,3,3-hexafluoro-2-pro
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pyl)phosphite synthons (Hosaka et al., 1991).
In these cases, an adjustment of workup and
purification procedures may be required.

Recently, a capping procedure that leads to
complete reversal of the removal of truncated
chains has been described (Natt and Héner,
1997). In this case, capping is done using B-cy-
anoethoxy-(n-octyloxy)-phosphoramidite/tet-
razole as a lipophilic phosphitylating reagent
(“lipocap”). If the synthesis is conducted to
generate a crude "trityl-off" product, reversed-
phase high-performance liquid chromatogra-
phy (RP-HPLC) will lead to a stronger reten-
tion of the more lipophilic truncated chains.
The target sequence was eluted first and found
to be recovered in higher quantity than through
“trityl-on” purification.

In oligonucleotide syntheses with H-phos-
phonate intermediates, the average yields of
chain elongation are slightly lower due to “self-
capping” with the acyl chloride activating
agent. Therefore, an additional capping step is
generally unnecessary. Yet, in order to avoid
further elongation of reactive truncated chain
ends, especially in large-scale preparations,
some authors have recommended a capping
procedure with, for example, triethylam-
monium isopropyl phosphite (Andrus et al.,
1988) or B-cyanoethyl-H-phosphonate
(Gaffney and Jones, 1988).

ENZYMATIC METHODS FOR
5-HYDROXYL PROTECTION AND
DEPROTECTION

Compared to the efficiency of automated
chemical solid-phase preparation techniques,
enzymatic methods play only a minor role in
current oligonucleotide synthesis. This is all the
more true for 5’-hydroxyl protection or depro-
tection methods, which are often considered
more or less trivial steps in the elongation cycle.
Nevertheless, there are some noteworthy argu-
ments in favor of performing protection/depro-
tection steps via enzyme catalysis. Enzymatic
reactions are regio- and stereospecific and often
proceed with good yields and high selectivity.
Such points are particularly important, for in-
stance, for large-scale oligonucleotide synthe-
sis, an area where enzymatic routes may be
worth consideration.

The state of enzymatic protecting-group
techniques for biomolecules has been reviewed
by Waldmann and Sebastian (1994). A special-
ized survey of enzymatic oligonucleotide acy-
lation/deacylation reactions has recently been
published by Prasad and Wengel (1996). A
summary of enzymatic reactions leading to the
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introduction of 5’-protecting groups is given in
Table 2.3.5. Essentially, two classes of enzymes
are known to introduce acyl or alkoxycarbonyl
substituents at the 5’-hydroxy function of nu-
cleosides, namely subtilisin and lipases. The
bestresults, so far, were obtained with subtilisin
8350, an enzyme prepared from subtilisin via
site-specific mutagenesis.

Catalysis of acetyl-group transfer from iso-
propenyl acetate in anhydrous DMF occurred
selectively to the 5’-hydroxy group of various
deoxyribo- or ribonucleosides in yields ranging
from 65% to nearly 100% (Wong et al., 1990).
Somewhat lower yields were found for acyl
transfer from trichloro- or trifluoroethyl-
butyrate to ribonucleosides catalyzed by sub-
tilisin in DMF or pyridine (Riva et al., 1988;
Singh et al., 1994).

Lipases from various sources have alterna-
tively been applied, but the yields are generally
lower and the conditions must be chosen very
carefully to ensure the introduction of acyl or
alkoxycarbonyl groups selectively or predomi-
nantly at the 5’-hydroxy position (Nozaki et al.,
1990; Moris and Gotor, 1992a,b, 1993; Garcia-
Alles et al., 1993; Garcia-Alles and Gotor,
1995; Ozaki et al., 1995).

Enzyme-catalyzed deacylations were of in-
terest in early times of nucleotide chemistry,
when an enzymatic approach to oligonu-
cleotide chain lengthening seemed to be a fea-
sible alternative to the still cumbersome meth-
ods of phosphodiester chemistry. The dihydro-
cinnamoyl protecting group received some
attention at that time, because 3’-dihydrocin-
namoyl-nucleoside-5’-diphosphates were dis-

covered as monoaddition substrates for polynu-
cleotide phosphorylase (Kaufmann et al.,
1971), and the same protecting group could be
removed by chymotrypsin (Sachdev and Stark-
ovsky, 1969; Taunton-Rigby, 1973). If, how-
ever, a 3’,5’-disubstituted nucleoside derivative
was the substrate, a distinct preference for the
hydrolysis of the 5’-O-acyl group was demon-
strated (Taunton-Rigby, 1973). The regioselec-
tive 5’-O-deacetylation of 2°,3’,5 -triacetyl nu-
cleosides was described by Singh et al. (1993).

In recent times, the tendency has been to
reverse the action of the before-mentioned en-
zymes, subtilisin and lipase. Whereas lipase
from Pseudomonas fluorescens has a prefer-
ence for the removal of secondary O-acyl
groups, subtilisin attacks first the acyl substi-
tuent on the 5’-hydroxy moiety (Uemura et al.,
1989a,b). In both cases, however, the reaction
can proceed to complete deprotection. Selec-
tive deprotection of 5’-0-acyl was found with
lipase from porcine pancreas, which yielded
3’-0-acetylthymidine from the 3’,5’-disubsti-
tuted nucleoside in 98% yield (Wong et al.,
1990). Similarly, 2°,3",5-tri-O-acetylated
pyrimidine and purine ribonucleosides (A, C,
G, U, and modified bases) were selectively
5’-deprotected by subtilisin to give 2’,3’-di-O-
acyl nucleosides in 40% to 92% yield (Singh et
al., 1993).

In general, it appears that the potential of
enzymatic protection/deprotection reactions
for the 5’-hydroxy function remains to be fur-
ther exploited. The isolation of enzymes from
different sources, as well the adaptation of en-
zyme specificity through mutagenesis, protein

Table 2.3.5 Enzymatic Introduction of Protecting Groups at the 5’-Hydroxy Function

Acyl group

Enzyme Substrate acyl donor Product Reference
transferred
Butyryl Subtilisin Trichloroethylbutyrate 5’-O-Acyl Riva et al. (1988)
in DMF predominant
Butyryl Subtilisin Trifluoroethylbutyrate  67%-82% Singh et al. (1994)
in pyridine 5’-0-acyl
Acetyl Subtilisin 8350 Isopropenyl acetate 80%-100%  Wong et al. (1990)
5’-0-acyl
Acyl Lipase SP 435 Alkane carbonyl oxime 5’-O-Acyl Moris and Gotor
(Candida esters r(d)A, G, T, U (1992a,b, 1993)
antarctica)
Alkoxy- Lipase SP 435 Alkoxy carbonyl oxime 5’-O-Alkoxy- Moris and Gotor
carbonyl (Candida esters r(d)A, G, T, U carbonyl (1992a,b, 1993)
antarctica)
Acyl Lipase Pentanoic acid 31%-75% Nozaki et al. (1990)
(Pseudomonas anhydride, preferably  5’-O-Acyl

fluorescens)  dC
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engineering, and in vitro evolution and selec-
tion techniques, may provide tools tailored to
perform highly specific reactions and, thus, to
match chemical methods for introduction and
removal of protecting groups.

PROTECTION OF 5-HYDROXY
FUNCTIONS: REMAINING
PROBLEMS, CONSIDERATIONS,
AND OPTIONS

Protection and deprotection of the 5’-hy-
droxy group remain essential operations for
oligonucleotide synthesis, independent of the
chemistry used for the formation of the inter-
nucleotidic bond. To many researchers in-
volved in routine small-scale oligonucleotide
synthesis, questions connected with 5-hy-
droxyl-protecting groups appear to be solved,
although the protection chemistry used in
>95% of all syntheses is now 35 years old.
Failures that arise through incomplete depro-
tection or capping during the elongation cycles
have been discussed above. Many attempts
have been made to minimize these failures
through the design of new protecting groups for
the 5" hydroxyl, nucleobases, or other func-
tional groups of the oligonucleotide, or through
the development of an altogether new orthogo-
nal protection scheme. However, no method
exists, so far, that allows detection and quanti-
tative analysis of, for example, small numbers
of depurination sites statistically distributed
within a population of long-chain oligonu-
cleotide molecules. Techniques still have to be
developed that might help assess such homo-
geneity problems, which are of importance es-
pecially when oligonucleotides are produced in
large numbers, large scale, or extended length.

Generally, more consideration should be
given to the avoidance of acid deprotection
steps. A particularly interesting new deprotec-
tion chemistry comes from the application of
photolabile protecting groups. Considerable ef-
forts are still necessary to establish quantitative
and selective removal of such groups, and new
developments are under way at several labora-
tories. For solid-phase bulk synthesis, other
deprotection alternatives that use neither acid
nor alkaline/ammoniacal media may have to be
investigated. The availability of silyl protecting
groups that can be released in <1 min by fluo-
ride treatment at room temperature may find
application beyond oligoribonucleotide syn-
thesis. Recent years have seen rapid progress
in the preparation of structurally modified oli-
gonucleotides, among them structures highly
sensitive to acid or base. These syntheses often
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require a new kind of protection chemistry;
such developments may feed back into routine
preparations of unmodified oligonucleotides.

One of the reasons that trityl groups have
been the first choice for several decades is that,
beyond their application for the protection of
the growing chain, they can be endowed by
appropriate substitution with additional prop-
erties useful for oligonucleotide synthesis and
purification. Examples—such as the monitor-
ing of chain extension yields, the simplification
of the separation of support products, or the
activation of a 3’-phosphate moiety—have
been discussed above. There will be a general
interest to also endow non-acid-labile protect-
ing groups with similar properties; examples
are in the literature, but there are still options
for new developments. Such projects may also
yield new solutions to simple practical ques-
tions, e.g., the choice of nontoxic, environmen-
tally unproblematic coupling and deprotection
solvents.

The development of synthetic oligonu-
cleotides that are ready to move into the drug
market has led to the budding of a new field:
the technology of industrial oligonucleotide
production. In this frame, protection and depro-
tection steps are part of a series of unit opera-
tions that have to be carefully analyzed and
optimized with respect to technical perform-
ance. In the previous sections, reference has
occasionally been given to investigations that
have been performed on this technical back-
ground, with the idea in mind that these inves-
tigations may well add new experience to
small-scale routine synthesis as well. Future
reviews may have to give broader attention to
technical aspects as this field develops into a
science of its own.

In this context, it is interesting to see that
oligonucleotide synthesis in the past years has
developed in the direction of ever new chemis-
try, while chemical production in general looks
more and more to biotechnology as a tool to
solve problems connected with the utilization
of fossil carbon sources, environmental pollu-
tion, or waste disposal. The impact of such
problems is already recognized and will be
increasingly felt as oligonucleotide synthesis
moves more towards bulk production. Enzy-
matic methods, which may be in the foreground
of future developments, necessarily require a
new approach to questions of protection and
deprotection.
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