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Use of the Lipophilic terz-Butyldiphenylsilyl Protecting Group in
Synthesis and Rapid Separation of Polynucleotides®

Roger A. Jones,! Hans-Joachim Fritz,$ and H. Gobind Khorana*

ABSTRACT: Butyldiphenylchlorosilanes react with deoxy-
and N-protected deoxymononucleotides to give, in each case,
the 3’-O-butyldiphenylsilyl ether in high yield. A comparative
study of n-, sec-, and tert-butyldiphenylchlorosilanes showed,
as expected, a wide variation in the rate of formation and in
the stability of the 3’-O-silyl ethers, the tert-butylphenylsilyl
group being the one of choice in polynucleotide synthesis. The
silyl group can be readily removed on treatment with fluoride
ion in buffered pyridine at room temperature. This property
markedly increases flexibility of the current methodology for

Efficiency in organochemical synthesis of polynucleotides
depends to a large extent on the design of suitable protecting
groups. In the general methodology developed in this labora-
tory (Khorana et al., 1972), one recurring step is the specific
deprotection of the terminal 3’-hydroxyl group after every
condensation in order that further elongation of the growing
chain may be carried out. The acetyl group has served rea-
sonably well for this purpose, but even the very mildly alkaline
conditions adequate for its removal have proved not to be
completely safe, especially because of the necessity to repeat
the treatment in a multistep synthesis. Further, more recent
developments in the overall strategy of polynucleotide synthesis
(Agarwaletal., 1972, 1976) have made it increasingly desir-
able that an alternative group, which should meet new re-
quirements, be designed for the protection of 3"-hydroxyl group
in mono- and oligonucleotide chains. For example, an improved
and rapid synthesis of the dinucleotide blocks carrying 5’-
phosphate groups utilizes the very lipophilic and alkali-sensitive
TPSE! group for the protection of the 5’-phosphate group
(Agarwal et al., 1976). But, straightforward use of this group
for the synthesis of tri- and tetranucleotide blocks is not pos-
sible in conjunction with the acetyl group because both groups
are base sensitive. For the synthesis of the tri- and tetranu-
cleotide blocks the 2-(p-tritylphenyl)thioethyl (TPTE) group
has been used (Agarwal et al., 1976), but the latter group re-
guires oxidation with ¥-chlorosuccinimide to the TPSE ana-
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polynucleotide synthesis. Secondly, because of its high lipo-
philicity, the silyl group allows rapid solvent extraction of
synthetic intermediates, and thirdly, it greatly facilitates the
isolation of the required product in synthetic reactions because
of the selective and strong retention of the condensation
product during reverse-phase high-pressure liquid chroma-
tography. Several examples of synthetic procedures, including
a stepwise synthesis of an undecanucleotide, are given which
demonstrate overall simplification of polynucleotide synthe-
sis.

logue before its removal can be effected. Clearly, the scope of
the above method for the synthesis of oligonucleotide blocks
would be much enhanced if a group, which is alkali stable but
is removable under suitably mild conditions, could be used to
protect the hydroxyl group at the 3’-terminus. Indeed, the ideal
situation would be one in which the groups protecting either
the 5- or 3’-termini can be removed, selectively and without
affecting the N-protecting groups. This would allow chain
elongation to proceed in either direction and permit maximal
use of oligonucleotides prepared as synthetic intermediates.

A second important consideration is the recent introduction
of the use of high-pressure liquid chromatography in polynu-
cleotide synthesis (Fritz et al., 1978a, b). This rapid separation
method, which replaces the earlier anion exchange chroma-
tography, shortens the time required in oligonucleotide syn-
thesis by about 50%. From the previous study of the influence
of the different protecting groups present in mono- and
oligonucleotides on the retention by the reverse-phase liquid
chromatography columns, it is clear that the effectiveness of
the technique could be greatly enhanced by further manipu-
lation of the protecting groups (Fritz et al., 1978b). Thus, in
conjunction with the protecting groups currently used, if there
were to be present at the 3’-hydroxyl end of every incoming
oligonucleotide block an extremely hydrophobic group, then
the required condensation product would be set apart from the
remainder of the reaction mixture because of its greatly in-
creased hydrophobicity and this would result in its uniquely
long retention on reverse phase columns.

In the present paper, we describe a study and the use of the
tert-butyldiphenylsilyl group for the protection of the 3’-
hydroxy! group of mono- and oligonucleotides. The group has
the highly desirable feature of being readily removable by
fluoride ion under mild and neutral conditions. Furthermore,
being very hydrophobic it has the desired attribute of causing
great retardation of the oligonucleotides which carry it during
elution from a reverse-phase column by high-pressure liquid
chromatography. Advantages accruing from the use of this
group in polynucleotide synthesis are illustrated by the syn-
thesis of several oligonucleotides. In particular, the marked
advantages in separation by reverse-phase liquid chromatog-
raphy are documented by the synthesis of an undecanucleotide,
d(G-G-A-A-G-C-G-G-G-G-C). The latter polynucleotide,
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whose synthesis has also been previously carried out (R. Be-
lagaje, E. L. Brown, M. J. Gait, K. E. Norris, & H. G. Kho-
rana, manuscript in preparation), forms the bridge between
the promoter and structural gene of the tyrosine suppressor
tRNA.

Results and Discussion

A number of novel groups have been proposed for the pro-
tection of the 3/-hydroxyl function of nucleosides and nucleo-
tides (for recent reviews see Amarnath & Broom, 1977; Késsel
& Seliger, 1975), but none has evidently proven to be of gen-
eral use in polynucleotide synthesis. Recently, a number of
tert-butyldimethylsilyl derivatives of carbohydrates as well
as of certain nucleosides (thymidine and uridine) have been
prepared (Ogilvie et al., 1976; Ogilvie, 1973). Furthermore,
the zert-butyldimethylsilyl ethers were shown to be cleavable
by fluoride ion (Ogilvie et al., 1976; Ogilvie, 1973). In addition,
some rert-butyldiphenylsilyl derivatives of carbohydrates have
been reported and their marked stability toward hydrolysis in
acid and base has been observed (Hanessian & Lavallee,
1975). Previously, 3'-tert-butyldiphenylsilylthymidine has been
prepared by first suitably protecting and subsequently de-
protecting the 5"-hydroxyl group (Ogilvie, 1973). In the present
work, the first aim was to study direct silylation of the 3’-
hydroxyl groups in the readily available deoxyribonucleoside
5’-phosphates, as well as their N-protected derivatives, which
have served as the starting materials in all of the synthetic work
reported from this laboratory. Since the ionized phosphomo-
noester groups in the nucleotides are much more reactive than
the 3’-hydroxyl groups, silyl-phosphate linkages would be
expected to be formed. However, the latter would be expected
to be selectively hydrolyzed in aqueous pyridine. Furthermore,
although their lipophilicities would not significantly differ, the
preparation of n-, sec-, and tert-butyldiphenylsilyl derivatives
of the mononucleotides was undertaken. In this way, three
series of derivatives with a wide range of stabilities would be
availabte for a systematic evaluation of their use in oligonu-
cleotide synthesis.

In the case of n-BuPh,SiCl, the use of 5 mol equiv gave the
3’-O-silyl derivatives of all the mononucleotides in practically
quantitative yield in pyridine at room temperature within 2 h.
In order to complete the analogous reaction with s-BuPh,SiCl
in under 24 h at room temperature, it was necessary to use a
larger excess (10 mol equiv) of the chlorosilane. The addition
of 5 equiv of imidazole (with 5 mol equiv of chlorosilane) re-
duced the time for the completion of reaction to 2 h. With ¢-
BuPh,SiCl, only silyl-phosphate formation was observed when
the reaction was attempted in pyridine alone. However, the
addition of 5 equiv of imidazole was effective in bringing about
complete 3’-O-silylation in 15 h. Imidazole, especially in di-
methylformamide, is a well-known silylation catalyst (Corey
& Venkateswarlu, 1972; Ogilvie et al., 1976; Ogilvie, 1973;
Hanessian & Lavallee, 1975).

As expected, the differences observed above in the reac-
tivities of the n-, s-, and ¢-BuPh,SiCl were also reflected in the
stabilities of the corresponding silyl ethers. This was first evi-
dent with the silyl-phosphate intermediates (Figure 1). In the
case of the n-butylsilyl derivatives, the silyl-phosphate inter-
mediate was too unstable to be detected on thin-layer chro-
matography (TLC). In the reaction between thymidine 5'-
phosphate and the sec-butylchlorosilane, a fast-travelling
material corresponding, presumably, to the silyl-phosphate
was observed and it persisted for several minutes after the re-
action mixture was quenched with water. The rert-butylsilyl
phosphate derivative of thymidine 5-phosphate was much
more stable (5 h) in aqueous pyridine at room temperature and,
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FIGURE 1: General method for the preparation of 3-O-(n-, sec-, or
tert)-butyldiphenylsilyl mononucleotides by the reaction of the chlorosi-
lanes (1) with mononucleotides (2). The intermediate silyl-phosphate
derivative (3) hydrolyzes to give the required products 4.

consequently, all the three possible silyl derivatives (the mo-
nosilyl phosphate derivative, the disilyl derivative, namely
silyl-phosphate and 3’-O-ether, and the required mono-3’-
O-silyl derivative) could all be isolated.

The 3’-O-silyl ethers exhibited, as expected, a wide range
of stabilities. The 3’-O-n-butyldiphenylsilyl derivatives of
nucleotides suffered extensive hydrolysis in aqueous pyridine
in 24 h2? and their isolation and storage necessitated the prep-
aration of the disodium salt (see Materials and Methods). Both
the 3/-0-sec- and tert-butylsilyl ethers of nucleotides were
stable to aqueous pyridine at room temperature. The difference
in stability in the two series was, however, evident during
treatment with 9 N ammonia, conditions which are routinely
used for removal of the N-protecting groups in polynucleotide
synthesis. While complete cleavage of the 3’-O-sec-butyl de-
rivative was observed in 4 h at 25 °C, the tert-butyl analogue
underwent less than 10% cleavage in 76 h. Because of this
stability to basic conditions and because of the fact that no
difficulty was experienced in fluoride ion catalyzed removal
of the rert-butyldiphenylsily! group, the latter group was se-
lected for the synthetic applications herein described. It should,
however, be emphasized that the groups now studied, and re-
lated ones carrying alternative substituents on the silyl group
that could be prepared, offer enormous flexibility and choice
in the strategy for polynucleotide synthesis.

Removal of the 3’-O-silyl group in the presence of tetra-
N-butylammonium fluoride with anhydrous pyridine as the
solvent occurred without difficulty at room temperature,
conditions which are completely safe for the usual protected
oligonucleotides. Thus, although the minimal conditions
necessary for the removal of the different isomeric butylsilyl
ethers have not been determined, the removal of all the but-
ylsilyl ethers of mononucleotides was complete in less than 20
min on treatment with 3.5 mol equiv of fluoride ion at room
temperature. Although there appeared to be a drop? in the rate
of cleavage in going from the mononucleotides to the oligo-
nucleotides, the use of 5-10 mol equiv of fluoride ion always
gave complete removal of the most stable terr-silyl group in
4-8 h.

Synthesis of the Protected Di- and Trinucleotide Blocks.
The syntheses shown in Figure 2 illustrate the advantages and
flexibility that the ¢t-BuPh,Si group offers in the preparation

2 The stability in pyridine is minimally adequate to be of use in olig-
onucleotide synthesis in certain situations. For example, the use of the
3’-0-formyl group, which is very inconvenient to prepare and which is
removed by treatment with aqueous pyridine, has been proposed in olig-
onucleotide synthesis (Seliger et al., 1975).

3 Substantial differences in rates of removal of the protecting groups
in differently substituted nucleosides and nucleotides have frequently been
observed in previous studies. For example, the presence of the 5’-monoester
phosphate group in nucleotides may influence markedly, relative to the
corresponding nucleosides, the stability of a protecting group on the 3’
hydroxyl group.
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FIGURE 2: The use of 3'-O-tert-butyldiphenylsilyl-N-isobutyrylguanosine 5'-phosphate (5) in the synthesis of suitably blocked di- and trinucleotides
(8-10). The 3’-O- and N-protected mononucleotide (8) is converted to d(TPSE-pibG) (6). Condensation between § and 6 affords the fuily protected
dinucleotide, 7; the latter on mild base treatment gives useful dinucleotide blocks of the type 8. Alternatively. treatment of 7 with fluoride ion gives
the dinucleotide 9, which on condensation with protected mononucleotides, e.g.. d[panC(z-BuPh,Si)], gives the trinucleotide block, 10. The use of the
latter in the final step of the undecanucleotide synthesis is shown in Figures S and 8.

of oligonucleotide blocks. The protected dinucleotide,
d[pibG-ibG(z-BuPh,Si)] (8), and the protected trinucleotide,
d[pibG-ibG-anC(¢-BuPh;Si)] (10), whose syntheses are
shown, were required for the synthesis of the undecanucleotide
described below. The conversion of the 3/-O-silyl derivative of
dpibG (5) to 6 was performed by first preparing the TPSE
derivative as worked out previously (Agarwal et al., 1976) and
the silyl group was then removed by treatment with tetra-n-
butylammonium fluoride. Condensation between S and 6 gave
the fully protected dinucleotide 7. The main feature of the
protecting groups used at the two termini in 7 is that either one
of them may be removed with complete selectivity. Thus, mild
alkaline treatment affords 8, which is especially suitable as an
intermediate in the undecanucleotide synthesis described
below. Alternatively, treatment of 7 with fluoride ion gives 9
having the 3’-hydroxyl end group free; the latter can be elon-
gated to the trinucleotide 10 as shown in Figure 2. The pro-
tected trinucleotide 10 was also required for the undecanu-
cleotide synthesis described below.

The differences in the hydrophobicities of the components
used in the synthesis of the trinucleotide (10) were such that

the latter could be readily purified effectively by solvent ex-
traction. The final preparation was analyzed by high-pressure
liquid chromatography (HPLC) as shown in Figure 3. Clearly,
the product was remarkably pure as obtained directly by the
extraction method.

The preparation of a second protected trinucleotide block
d[TPSE-pbzA-bzA-anC(s-BuPh,Si)], as described under
Materials and Methods, proceeded equally well. The dinu-
cleotide, d[(TPSE)pbzA-bzA], was reacted with the mono-
nucleotide, d[panC(s-BuPh,Si)], and the required protected
trinucleotide was isolated using a simple extraction proce-
dure.

The Silyl Group in Separation and Identification of the
Regquired Products by HPLC. In addition to the marked ad-
vantages of the silyl group described above in chemical
methodology, a highly useful feature of the hydrophobic silyl
group is that, following every condensation step, there is a
marked increase in the hydrophobicity of the required product,
relative to the starting material, by virtue of the silyl group in
the incoming oligonucleotide block. Consequently, the required
products are readily separable because of their uniquely strong
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FIGURE 3: Analysis of high-pressure liquid chromatography of the
preparation of the protected trinucleotide, d[pibG-ibG-anC(¢-BuPh,Si)]
(10). The latter was prepared as described in Figure 2 and in the text, only
solvent extraction being used for purification. Peak I, with a retention time
of 5 min at 20% acetonitrile concentration, corresponds to d(pibG-ibG).
Elution of 10, the trinucleotide, required 45% acetonitrile concentra-
tion.

retention on the reverse-phase columns. One example of the
facilitation of separation of the synthetic product is shown in
Figure 4. Condensation of d[(MeOTr)bzA-bzA-T] (R. Be-
lagaje, E. L. Brown, H.-J. Fritz, R. G. Lees, and H. G. Kho-
rana, manuscript in preparation) with dpT(z-BuPh,Si) gave
a mixture which, after fractionation with diethyl ether, was
applied to an HPLC column, The separation obtained is shown
in panel A (Figure 4). Thus, the desired tetranucleotide (peak
III) was well separated from the unreacted starting materials
(peaks I and II). In panel C is shown the influence of the
tert-butyldiphenylsilyl group on retention of the tetranucleo-
tide d(A-A-T-T). The fully unprotected tetranucleotide eluted
with 12% acetonitrile while the silyl derivative required 35%
acetonitrile concentration.

The main synthetic application of the silyl group in con-
junction with the HPLC technique has been in the synthesis
of the undecanucleotide d(G-G-A-A-G-C-G-G-G-G-C). The
steps used are shown in Figure 5, the preparation of the pro-
tected hexanucleotide (11) having been described previously
(Fritz et al., 1978a) (analytical HPLC in Figure 6A). Con-
densation with the protected dinucleotide 8, whose preparation
has been discussed above (Figure 2), gave the fully protected
octanucleotide 12. The latter was well separated from the other
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components of the reaction mixture and appeared last as shown
in the analytical HPLC run (Figure 6B) as well as in the pre-
parative run (Figure 6C). Panel D (Figure 6) shows another
analytical run of the isolated protected octanucleotide. The
latter was not purified further at this stage: the contamination
very likely was from the dinucleotide and not the hexanu-
cleotide, which was widely separated. Instead, the octanu-
cleotide was desilylated to 13 (Figure 5) and then subjected
to preparative HPLC again (Figure 7, panel A). Upon desil-
ylation, the dinucleotide should undergo a marked shift to
shorter retention times relative to the octanucleotide since only
the latter (13) has the lipophilic 5’-methoxytrityl group. The
octanucleotide (13) thus obtained was pure as seen in Figure
7, panel B. Furthermore, after removal of the 3/-O-ter:-
butyldiphenylsilyl groups, the hexa- and octanucleotides
showed very similar retention times, the latter eluting first as
seen in Figure 7C (cf. Fritz et al., 1978a). This result thus
confirmed that the large separation of the octanucleotide 12
from the hexanucleotide 11 was due entirely to the 3’-O-silyl
group. This was again evident in the next and the last step in
the synthesis, namely the condensation of 13 with the protected
trinucleotide (10, Figure 2) to give the protected undecanu-
cleotide 14 (Figure 5). Preparative HPLC of the reaction
mixture gave the pattern shown in Figure 8 (panel A), peak
IV containing the required product. An analytical HPLC of
the pooled peak gave the pattern in panel B. Desilylation fol-
lowed by preparative HPLC gave a product which from its
HPLC behavior (panel C, Figure 8) was pure. A co-injection
of the hexanucleotide 11, desilylated octanucleotide 13 and
undecanucleotide 15 gave the elution pattern shown in panel
D of Figure 8. This again illustrated the relatively minor dif-
ferences in retention times of the three oligonucleotides after
desilylation. Interestingly, the 3’-O-silylocta- and undecanu-
cleotides showed wider separation (Figure 9). Finally, complete
deprotection of the undecanucleotide by the standard method
gave a product which was analyzed by the two-dimensional
fingerprinting procedure (Sanger et al., 1974). As shown by
the pattern obtained (Figure 10), the undecanucleotide was
completely pure.

Materials and Methods

TPS (triisopropylbenzenesulfonyl chloride) was obtained
from Aldrich Chemical Co. and was recrystallized from diethyl
ether/petroleum ether before use. Diphenyldichlorosilane was
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FIGURE 4: High-pressure liquid chromatography (HPLC) in the synthesis and characterization of the tetranucleotide d(A-A-T-T). (A) HPLC of the
total reaction mixture obtained from the condensation of d[(MeOTr)bzA-bzA-T] with dpT(z-BuPh,Si). HPLC was performed at a constant acetonitrile
concentration of 43%. The methoxytrityl-protected trinucleotide appeared in peak I, while dpt(z-BuPh,Si) was in peak II. The required product
d[(MeOTr)bzA-bzA-T-T(s-BuPh,Si)] was in peak I11. (B) Characterization of the purity of the protected tetranucleotide (peak II1 in A) after purification
by solvent extraction as described in text. HPLC was performed at a constant acetonitrile concentration of 45%. (C) Influence of the tert-butyldiphenylsilyl
group on retention of the tetranucleotide, d(A-A-T-T). The fully unprotected tetranucleotide, d(A-A-T-T), and d[A-A-T-T(¢-BuPh,Si)], prepared
as described in the text, were subjected to HPLC. The unprotected tetranucleotide eluted with 12% acetonitrile concentration while the silyl derivative
required 35% acetonitrile concentration.
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FIGURE 5: Slcps in the synthesis of the protected undecanucleotide (15)
from the protected hexanucleotide (11).

obtained from Petrarch Systems (Levittown, Pa.), n, sec-, and
tert-butyllithium were obtained from Alfa Inorganics (Beverly,
Mass.), and tetra-n-butylammonium hydroxide (25%
methanolic solution) was obtained from Eastman. Pyridine was
distilled in the presence of chlorosulfonic acid (1 g/L), redis-
tilled from sodium hydroxide, and stored over predried mo-
lecular sieves (Linde 4A).

An anhydrous pyridine solution of the reactants for a con-
densation reaction was prepared by repeated evaporation (four
times) of dry pyridine added after each evaporation. Dry
pyridine and the specified amount of TPS were then added (in
a drybox) and the volume reduced in vacuo to that specified.
Workup included cooling the reaction mixture to —25 °C and
adding a 2 M solution (2 mol equiv/mol equiv of TPS) of di-
isopropylethylamine in pyridine and water, such that the final
concentration of the latter was about 25%.

Thin-layer chromatography was carried out on strips (2.2
X 10 cm) cut from EMS5775 silica gel F-254 plastic sheets
eluted with 25-50% methanol in ethyl acetate, as appropri-
ate.

Nuclear magnetic resonance spectra were determined on
a Varian T-60 spectrophotometer with tetramethylsilane as
an internal standard. Infrared spectra were recorded on a
Beckman 4210 spectrophotometer.

High-pressure liquid chromatography (HPLC) was per-
formed using a Waters Associates system as described in detail
elsewhere (Fritz et al., 1978a).
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Unless otherwise indicated, products were pure by TLC
and/or HPLC and by appropriate spectroscopic measure-
ments.

Buffered Tetra-n-butylammonium Fluoride. The proce-
dure previously developed for the cleavage of hindered silyl
ethers involves the use of tetrahydrofuran (Corey & Venka-
teswarlu, 1972; Ogilvie et al., 1976; Hanessian & Lavallee,
1975), a solvent which is unsatisfactory for oligonucleotides.
Pyridine is now found to be an excellent solvent for the prep-
aration of the fluoride reagent. An anhydrous solution of
tetra-n-butylammonium fluoride in pyridine was conveniently
prepared as follows: To 15 mL (12.6 mmol) of a 25% metha-
nolic solution of tetra-n-butylammonium hydroxide was added
25.2 mmol (10.9 mL) of a 2.3 M solution of hydrofluoric acid
in pyridine. The solution was evaporated to an oil, 5 mL of dry
pyridine was then added, and evaporation and pyridine addi-
tion were repeated two more times. The residue was then di-
luted to 50 mL with dry pyridine giving a 0.25 M solution of
tetra-n-butylammonium fluoride and 0.25 M pyridinium
fluoride.

Experimental Procedure

General Procedure for the Preparation of
Butyldiphenylchlorosilanes

Toan anhydrous solution of 100 mL (0.5 mol)of diphenyl-
dichlorosilane and 400 mL of diethyl ether maintained at 0 °C
under a nitrogen atmosphere was added dropwise 0.55 mol of
a 1.5-2.3 M solution of the butyllithium in cyclohexane, hex-
ane, or pentane (as commercially obtained) over 2 h. Stirring
was continued for an additional 2 h at room temperature. The
LiCl precipitate was then allowed to settle overnight and the
supernatant was transferred without exposure to air via a
double-tipped needle using nitrogen pressure to a dry flask;
solvents were removed by distillation at atmospheric pressure.
The residue was then transferred to a smaller flask and distilled
under vacuum. In this way n-butyldiphenylchlorosilane was
obtained in 76% yield over the range of 120-126 °C (0.05 mm)
(oil bath 184 °C) [NMR (CCl4) 6 0.93 and 1.38 (m and m, 9),
7.27 and 7.50 (m and m, 10); IR (neat) 2960, 2930, 2875,
1431, 1190, 1117, 736, and 698 cm™!]; sec-butyldiphenyl-
chlorosilane was obtained in 82% yield over the range 125-130
°C (0.03-0.05 mm) (oil bath 184 °C) [NMR (CCly) 6 1.07
and 1.33 (mand m, 9), 7.28 and 7.55 (m and m, 10); IR (neat)
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FIGURE 6: Analysis and purification of the octanucleotide (12, Figure 5) prepared from the hexanucleotide (11, Figure 5). {A) Examination of the
hexanucleotide (11) preparation used in the synthesis of the octanucleotide. HPLC was at 38% acetonitrile concentration. The first peaks cluting im-
mediately from the column are nonnucleotidic. Peak 1 eluting at about 5 min is the hexanueleotide 11. (B) HPLC (at 45% acetonitrile concentration)
of the total reaction mixture from the condensation of the hexanucleotide 11 (peak 1 of A) with the dinucleotide d[pibG-ibG(7-BuPh,Si)} (8, Figure
2.) The unreacted hexanucleotide is in peak 1, the dinucleotide is in peak I, while the required octanucleotide (12, Figure 5) is in peak 111. (C) Preparative
separation by HPLC of the reaction mixture shown in panel B. The fractions were pooled as shown by vertical dashed lines. The required product, peak
111, cluted at 40-45% acctonitrile concentration, (D) Analysis of the protected octanucleotide (12} isolated from C by HPLC. The concentration of

acctonitrile used was 46%.
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FIGURE 7: (A) Preparative purification by HPLC of the octanucleotide (13) after removal of the 3'-O-silyl group. The product was isolated by pooling
the fractions between vertical dashed lines. The increments in acetonitrile concentration used at different time intervals during HPLC are shown. (B)
Analysis of the octanucleotide (13) as isolated in panel A. HPLC was at 38% acetonitrile concentration. (C) Chracterization by co-injection of the
octanucleotide 13 (peak 1) and the hexanucleotide 11 (peak 11) by HPLC. Acetonitrile concentration was 38%.
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FIGURE 8: (A) HPLC, at 44% acetonitrile concentration, of the total
reaction mixture obtained after condensation of the octanucleotide 13,
with the trinucleotide d [pibG-ibG-anC(z-BuPh,Si)] (10) (Figure 2). The
octanucleotide is in peak I, the trinucleotide in peak I1, the pyrophosphate
of the latter in peak 111, while the required undecanucleotide (14, Figure
5) isin peak IV. (B) HPLC, at 44% acetonitrile concentration, of the un-
decanucleotide (14) isolated by preparative HPLC (panel A). (C) HPLC
(37% acetonitrile concentration) of the undecanucleotide 15 obtained after
removal of the 3’-O-silyl group and purification by preparative HPLC.
(D) HPLC of a co-injected mixture of the undecanucleotide 15 (peak I),
of the octanucleotide 13 (peak II), and of the hexanucleotide 11 (peak III).
Acetonitrile concentration was 39%.

2975, 2942, 2815, 1119, 1003, 855, 745, and 705 cm~!], while
tert-butyldiphenylchlorosilane was obtained in 77% yield over
the range 120-125 °C (0.06 mm) (oil bath 184 °C) [NMR
(CCly) 6 1.15(s,9), 7.28 and 7.70 (m and m, 10); IR (neat)
2965, 2935, 2865, 1431, 1365, 1112, 821, 742, and 700
cm™!],

General Procedure for the Preparation of 3'-O-
Butyldiphenylsilyl Deoxymononucleotides

n-Butyldiphenylsilyl Derivatives. 3’-O-Butyldiphenylsi-
lyl-N-isobutyryldeoxyguanosine 5’-phosphate {d[pibG(n-
BuPh;Si)]}. To a dry solution of pyridinium N-isobutyryl-
deoxyguanosine 5’-phosphate (1.0 mmol) in pyridine (15 mL)
was added 1.5 mL of n-butyldiphenylcholorosilane and the
sealed mixture was stirred at room temperature. After 0.5 h
the mixture was poured into 20 mL of 5% aqueous sodium bi-
carbonate solution. The excess of the silane was removed by
extraction with diethyl ether (20 mL). Extraction with a
20-mL portion of ethyl acetate followed by ethyl acetate con-
taining increasing amounts of 1-butanol (a 20-mL portion of
10% 1-butanol, a 30-mL portion of 33% 1-butanol, and a
30-mL portion of 50% 1-butanol in ethyl acetate) was required.
The combined ethyl acetate extracts were evaporated and a
concentrated pyridine solution of the residue precipitated by
dropwise addition to 400 mL of diethyl ether. This gave 780
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FIGURE 9: HPLC (46% acetonitrile) of a co-injected mixture of the un-
decanucleotide 14 and the octanucleotide 12. The former was in peak I,
while the octanucleotide was in peak II.
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FIGURE 10: (A) A two-dimensional fingerprint of a partial snake venom
phosphodiesterase digest of the undecanucleotide, d(G-G-A-A-G-C-G-
G-G-G-C), after it was phosphorylated using [y-*?P]JATP and polynu-
cleotide kinase. (B) An artist’s conception of the two-dimensional fin-
gerprint shown in panel A. The dashed circle in panel A indicates the po-
sition of the dye marker, xylene cyanol.

mg of the dipyridinium salt (96% yield) as a white powder,
homogeneous by TLC in 35% methanol in ethyl acetate
(Azﬁo/Azgo = 1.52, caled 1.45; Azgo/A_m() = 2.29, calcd
2.50).

sec-Butyldiphenylsilyl Derivatives. (a) Using Imidazole:
3/-O-sec-Butyldiphenylsilyl- N-anisoyldeoxycytidine  5'-
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phosphate {d[panC(s-BuPh;Si)]}. To a dry solution of pyri-
dinium N-anisoyldeoxycytidine 5’-phosphate (4.2 mmol) and
2.0 g (30 mmol) of imidazole in pyridine (75 mL) was added
6.5 mL (25 mmol) of sec-butyldiphenylchlorosilane. Although
the reaction was judged by TLC (35% methanol in ethyl ace-
tate) to be complete after 2 h, it was stirred overnight at room
temperature. Water (75 mL) was then added and the mixture
was washed with a 75-mL portion of petroleum ether. The
product was extracted with three 75-mL portions of ethyl ac-
etate, the combined ethyl acetate layers were evaporated, and
a concentrated pyridine solution of the residue was precipitated
by dropwise addition to 1.2 L of diethy! ether. This gave 3.2
g of the dipyridinium salt (95% yield) as a white powder, ho-
mogeneous by TLC in 35% methanol in ethyl acetate
(Azéo/Azgo = 069, caled 007, Azgo/A300 = 088, caled
0.80).

(b) Without Imidazole: 3’-O-sec-Butyldiphenylsilylthym-
idine 5’-Phosphate {d[pT(s-BuPh,Si)]}. To a suspension of
disodium thymidine 5’-phosphate (1 mmol) dried by evapo-
ration from pyridine in dry pyridine (15 mL) was added 2.1
mL (10 mmol) of sec-butyldiphenylchlorosilane. After stirring
at room temperature for 4 h, water (25 mL) was added and the
mixture was washed with a 50-mL portion of petroleum ether.
The product was then extracted with two 50-mL portions of
a solution of ethyl acetate containing 25% 1-butanol. The
combined ethyl acetate layers were evaporated and a concen-
trated pyridine solution of the residue was precipitated by
dropwise addition to 400 mL of diethyl ether. This gave 580
mg of the dipyridinium salt (88% yield) as a white powder,
homogeneous by TLC in 50% methanol in ethyl acetate
(Az(,o/Azgo = 133, caled ]38)

tert-Butyldiphenylsilyl Derivatives. (a) General Procedure
Starting from Thymidine 5’-Phosphate or N-Protected
Deoxynucleotides: 3’-O-tert-Butyldiphenylsilylthymidine
5’-Phosphate {d[pT(¢-BuPh,Si)}}. To a suspension of disodium
thymidine 5-phosphate (1 mmol) dried by evaporation from
pyridine and 400 mg (5.9 mmol) of imidazole in dry pyridine
(15 mL) was added 1.3 mL (5 mmol) of zert-butyldiphenyl-
chlorosilane. After stirring for 5 h at room temperature, water
(5 mL) was added and the mixture kept overnight. Water (25
mL) was then added and the mixture washed wtih a 50-mL
portion of petroleum ether. The product was then extracted
with two 50-mL portions of a solution of ethyl acetate con-
taining 25% 1-butanol. The combined ethyl acetate layers were
evaporated and a concentrated pyridine solution of the residue
was precipitated by dropwise addition to 400 mL of diethyl
ether. This gave 560 mg of dipyridinium salt (85% yield) as a
white powder, homogeneous by TLC in 50% methanol in ethyl
acetate (Aze0/A250 = 1.65, caled 1.38).

tert-Butyldiphenylsilyl Derivatives. (b) Silylation before
N-Protection: 3’-O-Isobutyryldeoxyguanosine 5-Phosphate
{d{pibG(z-BuPh,Si)]}. To a suspension of disodium deoxy-
guanosine 5’-phosphate (10 mmol) dried by evaporation from
pyridine and 6.8 g (0.1 mmol) of imidazole in dry pyridine (200
mL) was added 15 mL (60 mmol) of terz-butyldiphenylchlo-
rosilane. After stirring for 18 h at room temperature, water
(150 mL) was added and the mixture was washed with a
100-mL portion of petroleum ether. The product was then
extracted with a 100-mL portion of ethyl acetate containing
30% 1-butanol and a 100-mL portion of ethyl acetate con-
taining 50% 1-butanol. The combined ethyl acetate layers were
evaporated and a concentrated pyridine solution of the residue
precipitated by dropwise addition to 1 L of diethyl ether. This
gave a quantitative yield of the product as a white powder,
homogeneous by TLC in 50% methanol in ethyl acetate. It was
then dissolved in dry pyridine (200 mL) and the solution
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treated with isobutyric anhydride (60 mL). After stirring for
5 days at room temperature, water (150 mL) was added and
the mixture washed with three 100-mL portions of diethyl
ether. The product was then extracted with a 100-mL portion
of ethyl acetate followed by a 100-mL portion of ethyl acetate
containing 30% 1-butanol. The combined ethyl acetate layers
were evaporated and a concentrated pyridine solution of the
residue precipitated by dropwise addition to 1 L of diethyl
ether. This gave 5.14 g of the dipyridinium salt (64% yield) as
a white powder, homogeneous by TLC in 35% methanol in
ethyl acetate (Azéo/Azgo = 1.46, calcd 1.45; Azgo/A 300 = 2.44,
caled 2.50).

3’-O-tert-Butyldiphenylsilyl- V-benzoyldeoxyadenosine
5’-Phosphate {d[pbzA(s-BuPh,Si)]}. To a suspension of
deoxyadenosine 5’-phosphate (1 mmol) dried by evaporation
from pyridine and 400 mg (5.9 mmol) of imidazole in dry
pyridine (15 mL) was added 1.5 mL (5.8 mmol) of rert-
butyldiphenylchlorosilane. After stirring for 17 h at room
temperature, water (15 mL) was added and the mixture was
washed with a 50-mL portion of petroleum ether. The product
was then extracted with three 50-mL portions of ethyl acetate.
The combined ethyl acetate layers were evaporated and dried
by evaporation from dry pyridine and the residue was dissolved
in dry pyridine (20 mL). The solution was then treated with
21 mL of benzoyltrifluoroacetate (Emmons et al., 1953). After
stirring for 3 h at room temperature the solution was cooled
(0 °C) and a 25-mL portion of aqueous pyridine (50%) was
added. After being kept overnight the mixture was washed with
a 50-mL portion of petroleum ether and the product extracted
into three S0-mL portions of ethyl acetate. The combined ethy!
acetate layers were evaporated, dried by evaporation from dry
pyridine, and the residue dissolved in dry pyridine (20 mL).
The solution was then treated with acetic anhydride (6 mL).
After stirring for 2 h at room temperature, the reaction was
cooled (0 °C) and water was added (25 mL). After being kept
overnight, the mixture was washed with a 50-mL portion of
petroleum ether and the product was extracted into two 30-mL
portions of ethyl acetate. The combined ethyl acetate layers
were evaporated and a concentrated pyridine solution of the
residue precipitated by dropwise addition to diethyl ether. This
gave 440 mg of the pyridinium salt (58% yield) as a white
product homogeneous on TLC in 35% methanol in ethyl ace-
tate (Aae0/A280 = 0.65. caled 0.59: 4250/ A300 = 3.00, caled
2.62).

3/-O-tert-Butyldiphenylsilyl- N-anisoyldeoxycytidine 5'-
Phosphate {d{panC(z-BuPh,Si)]}. To a suspension of deoxy-
cytidine 5’-phosphate (1 mmol), dried by evaporation from
pyridine, and 400 mg (5.9 mmol) of imidazole in dry pyridine
(15 mL) was added 1.5 mL (5.8 mmol) of rert-butyldiphen-
ylchlorosilane. After stirring for 17 h at room temperature,
water (25 mL) was added and the mixture washed with a
50-mL portion of petroleum ether. The product was then ex-
tracted with two 50-mL portions of ethyl acetate. The com-
bined ethyl acetate layers were evaporated and dried by
evaporation from dry pyridine and the residue was dissolved
in 20 mL of dry pyridine. This solution was then treated with
0.8 mL (6 mmo!) of anisoyl chloride. After being stirred for
1 h at room temperature, the solution was cooled (0 °C) and
50% aqueous pyridine (15 mL) was added. The mixture was
washed with a 50-mL portion of petroleum ether and threc
25-mL portions of a 3:1 (v/v) mixture of diethyl ether and
petroleum ether. The product was then extracted into three
50-mL portions of ethyl acetate. The combined ethyl acetate
layers were evaporated and dried by evaporation from dry
pyridine and the residue was dissolved in dry pyridine (20 mL).
This solution was treated with acetic anhydride (4 mL). After



LIPOPHILIC PROTECTING GROUPS

stirring for 5 h at room temperature, the reaction was cooled
(0 °C) and a 15-mL portion of aqueous pyridine (50%) was
added. After being kept overnight the mixture was washed with
two 50-mL portions of diethyl ether. The product was then
extracted into two 50-mL portions of ethyl acetate. The com-
bined ethyl acetate layers were evaporated and the product was
precipitated by dropwise addition of a concentrated pyridine
solution to 350 mL of diethyl ether. This gave 505 mg of the
dipyridinium salt (66% yield), as a white powder homogeneous
on TLC in 35% methanol in ethyl acetate (A4260/ 4280 = 0.69,
caled 0.70; A0/ A300 = 0.86, caled 0.80).

3’-O-tert-Butyldiphenysilyl-N-isobutyryldeoxyguanosine
5’-[2-(p-Tritylphenyl)sulfonylethyl] Phosphate {d[(TPSE)-
pibG(z-BuBh,Si)]} (6). An anhydrous pyridine solution (20
mL) of 3’-O-tert-butyldiphenylsilyldeoxyguanosine 5’-phos-
phate (0.92 mmol), 2-(p-tritylphenyl)sulfonylethanol (1.3
mmol), and N,N’-dicyclohexylcarbodiimide (9.2 mmol) was
allowed to react for 22 h at room temperature. The mixture was
then filtered and a 10-mL portion of water was added to the
filtrate. The product was then extracted into two 20-mL por-
tions of ethyl acetate. The combined ethyl acetate layers were
evaporated and a concentrated pyridine solution of the residue
precipitated by dropwise addition to 400 mL of 1:1 mixture
(v/v) of diethyl ether and petroleum ether. This gave an 83%
yield of a white powder homogeneous on TLC in 25% methanol
in ethyl acetate.

The Dinucleotide d[(TPSE)pibG-ibG(z-BuPh,Si)] (1).
N-Isobutyryldeoxyguanosine 5'-[2-(p-tritylphenyl)sulfonyl-
ethyl] phosphate was prepared from d[(TPSE)pibG(z-Bu-
Ph,Si)] (6) by the standard procedure in quantitative yield.
To its anhydrous pyridine solution (3 mmol in 35 mL) were
added 3’-O-rerr-butyldiphenylsilyl- N-isobutyryldeoxygua-
nosine 5’-phosphate (4.5 mmol) and TPS (12 mmol) and the
mixture was allowed to react for 17 h at room temperature. The
reaction mixture was quenched and allowed to stand overnight.
The mixture was then evaporated to a gum, dissolved in 100
mL of 0.2 M TEAB, and washed with two 50-mL portions of
diethyl ether. The product was then extracted into three 50-mL
portions of ethyl acetate containing a 20% 1-butanol. The
combined ethyl acetate layers were evaporated and a concen-
trated pyridine solution of the residue precipitated by dropwise
addition to 1 L of diethyl ether to give 3.2 g of the product. A
1.9-g sample was further purified on a 3 X 34 ¢cm column of
EM7734 silica gel 60, eluted with 650 mL of 50% and 500 mL
of 60% methanol in ethyl acetate. Fractions comprising 400
to 1000 mL of the eluate were combined and evaporated to give
1.1 g (41%) of a tan powder homogeneous on TLC in 50%
methanol in ethyl acetate (A4a60/A2s0 = 1.43, caled 1.45;
Azgo/A300 = 1.90, caled 2.50).

The Dinucleotide d[(TPSE)pbzA-bzA(n-BuPh,Si)].
d[pbzA(n-BuPh,Si)] was prepared from d(pbzA) in 90% yield
by the standard method. An anhydrous pyridine solution (20
mL) of N-benzoyldeoxyadenosine 5'-[2-(p-tritylphenyl)sul-
fonylethyl] phosphate (3 mmol), 3’-n-butyldiphenylsilyl-N-
benzoyldeoxyadenosine 5’-phosphate (2 mmol), and TPS (7
mmol) was allowed to react for 5.5 h at room temperature; the
reaction mixture was then quenched and allowed to stand
overnight. The mixture was evaporated to a gum, dissolved in
100 mL of 0.2 M TEAB, and washed with a 100-mL portion
of diethyl ether. The product was extracted with a 100-mL
portion of ethyl acetate containing 10% 1-butanol and a
100-mL portion of ethyl acetate containing 20% 1-butanol. The
combined ethyl acetate layers were evaporated and the product
was precipitated by the dropwise addition of a concentrated
pyridine solution of the residue to 1 L of diethyl ether to give
3.4 g. Preparative HPLC gave 831 mg (28% yield).
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The Dinucleotide d[(TPSE)pbzA(t-BuPh,Si)]. An anhy-
drous pyridine solution (25 mL) of N-benzoyldeoxyadenosine
5’-[2-(p-tritylphenyl)sulfonylethyl] phosphate (3 mmol), 3’-
O-tert-butyldiphenylsilyl- N-benzoyldeoxyadenosine  5'-
phosphate (4.5 mmol), and TPS (12 mmol) was allowed to
react for 5.5 h; the reaction mixture was quenched and allowed
to stand overnight. The mixture was then evaporated to a gum,
dissolved in 100 mL of 0.2 M TEAB, and washed with two
50-mL portions of diethyl ether. The product was extracted
with a 50-mL portion of ethyl acetate containing 10, 15, 20,
and 25% I-butanol. The combined ethyl acetate layers were
evaporated and a concentrated pyridine solution of the residue
was added dropwise to 1 L of diethyl ether to precipitate the
product (6.4 g). Preparative HPLC of a 2.4-g sample gave 694
mg (30% yield) of the pure product.

The Dinucleotide d{(MeOTr)T-T(n-BuPh,Si)]. An an-
hydrous pyridine solution (1 mL) of 5/-O-p-methoxytrityl-
thymidine (0.1 mmol), 3’-O-n-butyldiphenylsilylthymidine
5’-phosphate (0.15 mmol), and TPS (0.3 mmol) was allowed
to react for 5.5 h, the mixture was quenched, and a 50-mL
portion of 10% aqueous sodium bicarbonate was added. This
was extracted with two 25-mL portions of ethyl acetate and
the extract was evaporated to a gum. The gum was dissolved
in 15% methanol in ethyl acetate and the solution applied to
a 7-g column of EM 7734 silica gel 60 (1 X 20 cm). Elution was
carried out with 90 mL of ethyl acetate containing 15%
methanol followed by 50 mL of ethyl acetate containing 25%
methanol. The fractions comprising 70 to 120 mL of the eluate
were evaporated and the residue, as a concentrated pyridine
solution, was precipitated by dropwise addition to 40 mL of
diethyl ether to give 50 mg (50% yield) of the product as the
pyridinium salt. This was homogeneous by TLC in 25%
methanol in ethyl acetate.

The Dinucleotide d[(TPSE)pibG-ibG]. An anhydrous so-
lution of d[(TPSE)pibG-ibG(z-BuPh,Si)] (7) (0.23 mmol),
tetra-n-butylammonium fluoride (1 mmol), and pyridinium
fluoride (1 mmol) in dry pyridine (4 mL) was allowed to react
for 17 h. The mixture was then passed over a 1-mL column of
pyridinium Dowex-50 resin; the eluate was diluted with water
(20 mL) and washed with 2-mL portions of diethyl ether. The
product was then extracted into one 50-mL and two 25-mL
portions of ethyl acetate containing 50% 1-butanol. The
combined ethyl acetate layers were evaporated and the residue
as a concentrated pyridine solution was precipitated by drop-
wise addition to 300 mL of diethyl ether. This gave 300 mg
(94%) of the product which was homogeneous by TLC in 50%
methanol in ethyl acetate and HPLC (A260/ A 280 = 1.63, caled
1.45; Azgo/A3oo = 2.96, caled 2.50).

The Dinucleotide d[pibG-ibG(z-BuPh,Si)]. To 200 mg
(0.133 mmol) of d[(TPSE)pibG-ibG(z-BuPh,Si)] (7) dis-
solved in 7.5 mL of methanol-pyridine-water (30:65:5) at 0
°C was added 2.5 mL of a 0.5 N NaOH solution in the same
solvent mixture. TLC (50% methanol in ethyl acetate) of a
sample removed after | min showed complete removal of the
TPSE group. After 3 min, the mixture was neutralized with
pyridinium Dowex-50 resin and the solution was filtered and
evaporated. The residue was dissolved in a small amount of dry
pyridine and the product was precipitated from 40 mL of di-
ethyl ether to give 130 mg (84%) yield) of a powder which was
homogeneous by HPLC (Aae0/A2s0 = 1.52, caled 1.45;
Azgo/A300 = 2.37, caled 2.50).

The Dinucleotide d[(TPSE)pbzA-bzA]. To an anhydrous
pyridine solution (3 mL) of d[(TPSE)pbzA-bzA (n-BuPh,Si)]
(0.18 mmol) was added 0.64 mmol of tetra-n-butylammonium
fluoride in 3 mL of dry pyridine. After 20 min the reaction was
passed through a 1-mL column of pyridinium Dowex-50 and
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the effluent was evaporated to a gum which was dissolved in
10 mL of 0.1 M TEAB. This was washed with 10 mL of diethy]
ether and the product was extracted with three 10-mL portions
of ethyl acetate containing 30% 1-butanol. The combined ethyl
acetate layers were evaporated and the product was precipi-
tated by the dropwise addition of a concentrated pyridine so-
lution to an excess of diethyl ether; yield 231 mg (89%).

The Trinucleotide d[(TPSE)pbzA-bzA-anC(s-Bu-
Ph;Si)]. An anhydrous pyridine solution (12 mL) of
d[(TPSE)pbzA-bzA] (0.45 mmol), 3’-O-sec-butyldiphen-
vlsilyl-N-anisoyldeoxycytidine 5’-phosphate (2.25 mmol), and
TPS (5.4 mmol) was allowed to react for 5.5 h. The mixture
was then quenched and allowed to stand overnight. Water (20
mL) was then added and the mixture washed with a 75-mL
portion of diethyl ether and the excess of the mononucleotide
was removed by extraction with two 100-mL portions of ethyl
acetate and two 50-mL portions of ethyl acetate containing
10% 1-butanol. The product was then extracted with four
50-mL portions of ethyl acetate containing 20% 1-butanol. The
combined product fractions were evaporated and the residue,
as a concentrated pyridine solution, was added dropwise to 400
mL of diethyl ether to give 700 mg (70% yield) of the product
which was homogeneous by HPLC (A4160/ A230 = 0.72, caled
063, Azgo//ﬁoo = 156, caled 150)

The Trinucleotide d[(TPSE)pibG-ibG-anC(z-BuPh,Si)].
An anhydrous pyridine solution (3 mL) of 0.1 mmol of
[{TPSE)pibG-ibG] (0.1 mmol), 3’-O-tert-butyldiphenylsi-
lyl-N-anisoyldeoxycytidine 5’-phosphate (0.5 mmol), and TPS
(1 mmol) was allowed to react for 16.5 h; the reaction was then
quenched and the mixture allowed to stand for 1.5 h. Water
(20 mL) was then added and the mixture was washed with a
30-mL portion of diethyl ether. The excess of the mononu-
cleotide was removed by extraction with a 25-mL portion of
ethyl acetate followed by a 25-mL portion of ethyl acetate
containing 10% l-butanol. The product was then extracted into
a 25-mL portion of ethyl acetate containing 25% 1-butanol,
which was evaporated. A concentrated pyridine solution of the
residue was added dropwise to 40 mL of diethyl ether to give
150 mg (70% yield) of a product homogeneous by TLC in 50%
methanol in ethyl acetate and HPLC {A2¢0/ 4280 = 1.17, caled
1.15: Aag0/ A0 = 1.42, caled 1.26).

The Tetranucleotide d[(MeOTr)bzA-bzA-T-T(z-Bu-
Ph,Si)]. An anhydrous pyridine solution (2 mL) of
d[(MeOTr)bzA-bzA-T] (0.1 mmol), 3’-O-tert-butyldiphen-
ylsilylthymidine 5-phosphate (0.4 mmol), and TPS (1 mmol)
was allowed toreact for 17 h at room temperature. The reac-
tion mixture, after quenching, was allowed to stand for 5 h.
Water (25 mL) was then added and the mixture was washed
with a 50-mL portion of diethy] ether and part of the excess
mononucleotide was removed by extraction with a 50-mL
portion of ethyl acetate containing 10% 1-butanol. Extraction
with two 50-mL portions of ethy! acetate containing 50% 1-
butanol brought all nucleotidic material into the organic phase.
Extraction of these ethyl acetate layers with three S-mL por-
tions of water isolated the product, leaving only mononucleo-
tide in the ethyl acetate layers. The aqueous extracts were then
diluted with 100 mL of pyridine, the solution was evaporated,
and a concentrated pyridine solution of the residue was added
dropwise to 40 mL of diethyl ether to give 210 mg (95% yield)
of the product, which was homogeneous by HPLC (4360/ 4250
= (.84, caled 0.80; Azg()/A 300 = 3.10, caled 343)

The Trinucleotide d[pibG-ibG-anC(z-BuPh,Si)]. To a so-
lution of 75 mg (0.035 mmol) of d[(TPSE)pibG-ibG-anC(¢-
BuPh,Si)] in 1.7 mL of methanol-pyridine~water (30:65:3)
at 0 °C was added 0.3 mL of 1 N NaOH in the same solvent.
After 3 min the reaction mixture was neutralized with pyri-

JONES. FRITZ. AND KHORANA

dinium Dowex-50 resin and the solution filtered. Water (5 mL)
was then added to the filtrate and the mixture washed, suc-
cessively, with a 10-mL portion of diethyl ether, a 5-mL portion
of ethyl acetate and a 5-mL portion of ethyl acetate containing
20% 1-butanol. The aqueous layer was then evaporated and
the product was precipitated by the dropwise addition of a
concentrated pyridine solution to 10 mL of diethyl ether to give
50 mg (80% yield) of a powder which was homogeneous by
HPLC (Azﬁo/Aggo = 1.17, caled 1.1 5; Ang/Ao() =1.17, caled
1.26).

The Octanucleotide d[(MeOTr)ibG-ibG-bzA-bzA-
1bG-anC-ibG-ibG(z-BuPh,Si)]. An anhydrous solution (1.4
mL) of d{{(MeOTr)ibG-ibG-bzA-ibG-anC] (14 umol),
d[pibG-ibG(z-BuPh,Si)] (8) (123 umol), and TPS (440 pmol)
was allowed to react for 6 h. The reaction was quenched and
the solution allowed to stand overnight. The mixture was then
diluted with 10 mL of 0.2 M TEAB and washed with a 10-mL
portion of diethyl ether, a 5-mL portion of ethyl acetate, and
a 5-mL portion of ethyl acetate containing 20% 1-butanol. The
aqueous layer was evaporated and a concentrated pyridine
solution of the residue precipitated by dropwise addition to 40
mL of diethyl ether to give 210 mg. This mixture was separated
in three runs on a semipreparative HPLC reverse-phase col-
umn using 43% acetonitrile plus 0.1 M TEAA and one run as
a 20-min gradient from 40 to 45% acetonitrile plus 0.1 M
TEAA. Appropriate fractions were combined and evaporated
and the product was precipitated from pyridine-ether by the
standard method. In this way, 11 mg of the hexanucleotide (11)
(28%) and 94 mg of the dinucleotide (8) (58%) were recovered.
The yield of product, octanucleotide (12), was 12 mg (21%)
(Aaz0/A2s0 = 1.15, caled 1.05; Aag0/A300 = 1.66, caled
1.62).

The condensation was repeated using the recovered hex-
anucleotide 11 (11 mg, 2 umol) and the dinucleotide 8 (94 mg,
72 umol) with 60 mg (200 umol) of TPS in 0.8 mL of anhy-
drous pyridine for 18 h. Treatment analogous to that described
above gave 120 mg of a mixture which was separated in two
runs as a gradient (40 to 45%, as above). Evaporation and
precipitation gave 35 mg (37%) of recovered dinucleotide (8)
and 40 ODa¢p units (12%) of the product octanucleotide 12.

The Octanucleotide d[(MeOTr)ibG-ibG-bzA-bzA-
ibG-anC-ibG-ibG] (13). To an anhydrous pyridine solution
(0.2 mL) of 300 ODj¢p units of d[(MeOTr)ibG-ibG-bzA-
bzA-ibG-anC-ibG-ibG(z-BuPh,Si)] (12) was added 0.2 mL
of 0.25 M tetra-n-butylammonium fluoride in pyridine. After
5 h, desilylation had occurred to about §0% as shown by
HPLC. After an additional 4 h the mixture was passed over
a 1-mL column of pyridinium Dowex-50 resin, the solution was
evaporated, and the product was precipitated as usual to give
18 mg. This was further purified in one run on the semipre-
parative reverse-phase column as a gradient from 30 to 38%.
This gave 120 ODagg units (40%) of the pure octanucleotide
(AZGO/AZSO = 1.10, caled 1.05: Aag0/Az00 = 1.94, caled
1.62).

The Undecanucleotide d[(MeOTr)ibG-ibG-bzA-bzA-
ibG-anC-1bG-ibG-ibG-ibG-anC(s-BuPh,Si)] (14). An an-
hydrous pyridine solution (0.3 mL) of 120 OD5eo units (1
umol) of 13, 36 mg (20 umot) of d[pibG-ibG-anC(z-Bu-
Ph,Si)] (10), and TPS (70 umol) was allowed to react for 17
h, quenched, and allowed to stand for 1 h. Water (10 mL) was
then added and the mixture washed with a 10-mL portion of
diethyl ether, a 10-mL portion of ethyl acetate, and two 5-mL
portions of ethyl acetate containing 20% 1-butanol. Evapora-
tion and precipitation of the aqueous layers gave 47 mg. This
was separated in one run on the semipreparative column as a
30-min gradient from 35 to 40%, giving 18.5 ODy¢o of the
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undecanucleotide (A4260/ A280 = 1.09, caled 1.68).

The Undecanucleotide d[(MeOTr)ibG-ibG-bzA-bzA-
1bG-anC-ibG-ibG-ibG-ibG-anC] (15). An anhydrous pyridine
solution (110 uL) of 14 (6 ODy4p units) and tetra-n-butyl-
ammonium fluoride (5 umol) was allowed to stand 19 h. (A
sample removed after 2 h showed approximately %; desilylation
by HPLC.) The mixture was then evaporated and the residue
was dissolved in 100 L of 0.1 M TEAA and purified in three
runs on the analytical HPLC column to give 3 OD7gq units of
15 (50%) (a260/A2s0 = 1.12, caled 1.07; Azgo/ A300 = 1.47,
caled 1.68).

The Deprotected Undecanucleotide d(G-G-A-A-G-C-G-
G-G-G-C). The product recovered from the HPLC column
was completely deprotected by the standard method. The re-
sultant undecanucleotide, without any purification, was
phosphorylated by polynucleotide kinase using [y-32P]ATP
and subjected to the two-dimensional fingerprinting procedure.
The pattern obtained is shown in Figure 10.

General Comments

Efforts continue to be made to devise new, as well as more
rapid, methods for the chemical synthesis of short polynu-
cleotides. The work now reported is significant, first, in regard
to the general methodology for polynucleotide synthesis and,
second, for introducing a new concept in facilitating rapid
separation of the required product after every condensation
step.

Chemically, even the preparation of protected mononucle-
otides has benefited from the use of the silyl groups. Since
amino groups do not form stable silyl derivatives, silylation of
mononucleotides can be carried out before protection of the
amino groups. Thus, disodium deoxyguanosine 5-phosphate
was first silylated with z-BuPh,SiCl; the 3’-O-rert-butyldi-
phenylsilyl derivative was isolated by extraction and treated
with isobutyric anhydride to protect the amino group. Simi-
larly, preparation of TPSE-protected mononucleotdies has also
been improved in that following protection of the 3’-hydroxyl
group by silylation only a limited (about 1 equiv) amount of
TPSE is required to derivatize the 5’-phosphate group, the
concomitant formation of homooligomers of the mononucle-
otides being precluded.

The synthesis outlined in Figure 2 demonstrates the increase
in scope and flexibility in oligonucleotide synthesis made
possible by the use of the 3’-O-tert-butyldiphenylsilyl group
in conjunction with the TPSE group. Thus, for the first time
in a direct manner, it is possible to go from 7 to either the
protected dinucleotide 8, which is suitable for chain elongation
reactions, or to go to the corresponding trinucleotide 10, via
9. The use of the classical 3’-O-acetyl group in conjunction with
the established 5’-protecting groups, TPSE or cyanoethyl,
entails additional steps which make the synthetic procedure
much less efficient. Furthermore, the very convenient and se-
lective removal of the 3’-O-silyl group by fluoride ions promises
to open new doors to polynucleotide synthesis and, indeed, it
appears highly desirable to reevaluate the protecting group
methodology. For example, the use of a base-labile 5’-pro-
tecting group in place of the monomethoxytrityl is now feasible
and would have the important advantage of avoiding the acidic
treatment required for removal of the trityl group. Finally, it
should be emphasized that although the present work has
mainly used the rers-butyldiphenylsilyl group, other silyl ethers
should no doubt be of use in special cases and in specific
combinations of protecting groups, e.g., the sec-butyldiphen-
ylsilyl group can be removed with ammonia.

The second general application of the present work is in the
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separation of the required product from the other components
of the reaction mixtures. Only the condenstation product
contains highly lipophilic groups at both the 5’- and 3'-termini.
The influence of the 3/-O-silyl group outweighs the effects of
the other constituents and the N-protecting groups in the oli-
gonucleotide chains. Thus, without exception, the condensation
products carrying 3’-O-silyl groups emerged last from the
HPLC columns (Figures 4, 6, 7, and 8). Thus, identification
of the required product should present no difficulty. Further,
it should be noted that in contrast with the classical anion ex-
change chromatography, where separations are largely de-
termined by charge, present separations are based on the
lipophilic “handles”.

Finally, another important possibility raised by the present
work is that the method of choice for the synthesis of short
chains of deoxyribopolynucleotides may be stepwise elongation
using 3’-0O-silyl mononucleotides alone. The merits of this
approach, in contrast with the one using preformed oligonu-
cleotide blocks, have been discussed from time to time. The
facile preparation of 3’-O-silyl mononucleotides and the ex-
tremely rapid separations made possible by HPLC make this
classical approach (Khorana, 1968a, b) more attractive. In-
deed, it would seem that this approach, involving rapid puri-
fication of the product at every step, would favorably compete
with the concept of solid-phase synthesis unless the latter ac-
complished exactly 100% yields at every step.
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Conformation of Dinucleoside Monophosphates Modified with
Benzo[a]pyrene-7,8-dihydrodiol 9,10-Oxide as Measured by Circular

Dichroism?

Krystyna Frenkel, Dezider Grunberger,* Miloslav Boublik,§ and I. Bernard Weinstein

ABSTRACT: The conformational properties of GpU modified
with the reactive derivative of benzo[a]pyrene, (+)-73,8a-
dihydroxy-9«,10a-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene,

have been investigated utilizing circular dichroism spectros-
copy. Binding of this carcinogen to the N2 of G residues in GpU
resulted in the formation of four compounds (I to IV) repre-
senting two pairs of diastereoisomers. The molar ellipticity
values of the modified dimers were approximately twofold
higher than those of the modified guanosine monomers. These
values were decreased appreciably when the spectra of the

Benzo[a]pyrene, one of the most abundant environmental
carcinogens (Committee on Biologic Effects of Atmospheric
Pollutants, 1972), interacts with the genetic material of cells
(Miller & Miller, 1974; Heidelberger, 1975). Recent studies
indicate that the major reactive metabolite of benzo[a]pyrene
with respect to covalent binding to nucleic acids, both in vitro
and in vivo, is (&)-78,8a-dihydroxy-9«,10a-epoxy-
7,8,9,10-tetrahydrobenzo[a)pyrene (BPDE I)! (Sims et al.,
1974; Daudel et al., 1975; King et al., 1976; Weinstein et al.,
1976; Koreeda et al., 1976). The in vitro modification of DNA
or poly[G] with BPDE yields derivatives which are the same
as those found in cellular RNA and DNA obtained from bo-
vine and human bronchial explants incubated with [*H)BP
(Jeffrey et al., 1976, 1977). More recently, BPDE adducts have
also been detected in mouse skin RNA following topical ap-
plication of [*H)BP (Moore et al., 1977). It has been estab-
lished,that the major nucleic acid derivative results from the
formation of a covalent bond between the 10 position of BPDE
and the N2 position of guanine (Weinstein et al., 1976; Jeffrey
et al.,'1976; Moore et al., 1977). Complete stereochemistry of
the'major guanine adduct present in bovine and human bron-
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Surgeons, New York, New York 10032. Received October 25, 1977. This
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! Abbreviations used: BP, benzo[a]pyrene; BPDE I, (+)-78,8a-dihy-
droxy-9«,10a-epoxy-7,8,9,10-tetrahydrobenzo{a}pyrene; BPDE 11,
(£)-73,8a-dihydroxy-948,103-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene;
G*, guanosines containing a covalently bound hydrocarbon residue as a
result of modification by BPDE; HPLC, high pressure liquid chroma-
tography.
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dimers were obtained at 80 °C or in methanol rather than at
25 °C in water, suggesting that under the latter conditions
there is a stacking interaction between the carcinogen and the
neighboring uridine residue. Based on these results, a confor-
mation is proposed for modified GpU. It includes insertion of
the benzo[a]pyrene moiety, by rotation of the modified gua-
nine residue about its glycoside bond, coplanar to the neigh-
boring uridine and perpendicular to the phosphodiester
backbone.

chial RNA and DNA has also been established (Nakanishi et
al., 1977; Jeffrey et al., 1977; Yang et al., 1977).

The biochemistry of BPDE is complicated by the fact that
it can exist as four isomers. In BPDE isomer I the 7-OH and
9,10-oxide groups are on opposite sides of the ring system and
in isomer II they are on the same side. Both isomers I and I1
consist of enantiomeric pairs, designated 7« and 73. All four
of these have been prepared (Harvey & Cho, 1977; Yagi et al.,
1977) and found to react with guanine and to a lesser extent
with adenine and cytosine residues in nucleic acids (Weinstein
et al,, 1976; Jennette et al,, 1977). It appears that both isomers
I and II are formed in vivo, although the relative abundance
of their corresponding in vivo nucleic acid adducts varies
among cell cultures, tissues, and species (Weinstein et al., 1976;
Jeffrey et al., 1977; Shinohara & Cerutti, 1977; Moore et al.,
1977, Baird and Diamond, 1977). In addition, although trans
addition to the 10 position appears to be the predominant re-
action during nucleic acid modification, there is also evidence
for cis addition products (Jeffrey et al., 1977; Moore et al.,
1977).

The covalent attachment of this bulky carcinogen to nucleic
acids presents steric and conformational problems which are
associated with structural and functional changes in the
modified nucleic acids and may be relevant to the biology of
carcinogens (Pulkrabek et al., 1977; Gamper et al., 1977;
Leffler et al., 1977). We have found that BPDE modification
of calf thymus DNA produces small localized regions of de-
stabilization of the native structure (Pulkrabek et al., 1977)
and inhibits chain elongation when the modified DNA is used
as a template for transcription by E. coli RNA polymerase
(Leffler et al., 1977). To find out in greater detail how at-
tachment of the bulky hydrocarbon molecule to the N2 position
of the guanosine residue alters the tertiary structure of nucleic
acids, the present study on the conformation of BPDE modified
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