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Abstract

2'-0-(1H-Tetrazol-5-yl)ethyladenosine was synthesized using 2’-O-cyanoethyladenosine derivative as a key intermediate. The 2'-O-(1H-
tetrazol-5-yl)ethyl modifications exhibited intriguing properties such as the change in the structure of the tetrazole residue between a protonated
and a deprotonated form. The Ty, experiments of various oligodeoxynucleotides having a 2'-O-(1H-tetrazol-5-yl)ethyl-modified adenosine
showed reduced hybridization affinity in comparison to the unmodified oligonucleotides toward their complementary oligodeoxynucleotides.
The mechanism of the reduced hybridization affinity was discussed on the basis of the structure and the physicochemical properties of the

tetrazole moiety.
© 2008 Published by Elsevier Ltd.
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1. Introduction

Chemically modified oligonucleotides have been utilized as
indispensable materials for DNA chip technology,' gene ther-
apy,” gene regulation,® and recent nanotechnology,* because
of their hybridization affinity for target DNA or RNA mole-
cules. Modification of their carbohydrate residues at the 2’-
position has been studied as the principal strategy for improving
hybridization affinity, nuclease resistance, and conjugation with
functional molecules in nucleic acids.”> We have recently re-
ported that 2’-O-cyanoethyl RNAs have superior properties
compared to simple 2’-O-alkylated RNAs with respect to their
hybridization ability and nuclease resistance.® It is well known
that the cyano group can be converted to other functional groups
by a variety of chemical reactions. Therefore, 2’-O-cyanoethyl-
ated ribonucleosides may be useful precursors for the synthesis
of further functionalized 2’-O-modified ribonucleosides.

In this study, we focused on the conversion of the cyanoethyl
group into the (1H-tetrazol-5-yl)ethyl group that could be a new
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interaction site for the hybridization affinity. There are numer-
ous studies that utilized the high versatility of tetrazole.” '° For
example, in nucleic acid chemistry, tetrazoles have been used as
a proton donor/nucleophile for activating the phosphoramidite
derivatives,'" a component of 3'-N-tetrazolylthymidine (AZT
analogue),'? water-soluble inter-nucleotidic bond mimics,"?
and as a N-tetrazolyl nucleobase for a metal-mediated base
pair.'* On the other hand, because of the acidity of the 5-carbon
substituted tetrazole function (pK,=5.5—5.6)," the tetrazole
moiety is in the monoanionic form at the physiological condi-
tions. This character could affect the hybridization property
of oligonucleotides containing tetrazole residues (Fig. 1).

In this paper, we report the synthesis of oligonucleotides
containing 2'-O-[(1H-tetrazol-5-yl)ethyl]adenosine (At) and
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Figure 1. Interconversion between a neutral and a dissociated species of the
tetrazole moiety.


mailto:msekine@bio.titech.ac.jp
http://www.elsevier.com/locate/tet

H. Saneyoshi et al. | Tetrahedr

2'-0-[(1-methyl-1H-tetrazol-5-yl)ethyl]ladenosine (Amt) as
areference material and their hybridization affinity for the com-
plementary DNA oligomers. In addition, 2'-O-[(1H-tetrazol-5-
yDethyl]adenosine 3'-phosphoramidite building block and its
methylated derivative were synthesized via 2'-O-cyanoethyl-
adenosine previously reported by us as the precursors for the syn-
thesis of the corresponding 3’-phosphoramidite building blocks
and were successfully incorporated into oligonucleotides.

2. Results and discussion

2.1. Synthesis of 2'-O-[(1H-tetrazol-5-yl)ethyl]adenosine
derivatives and protected adenosine 3'-phosphoramidite
derivatives

Conversion of the nitrile group of the 2’-O-cyanoethylated
adenosine derivative (1)'° to a tetrazole ring was studied. The
combined use of sodium azide and ammonium chloride,'’
which have been widely used for tetrazole ring formation,
resulted in the formation of complex mixtures. These reaction
media are slightly acidic; therefore, an increase in the temper-
ature of the reaction led to considerable loss of the 1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl (TIPDS) group. However,
the use of trimethylsilylazide (TMSNj3) in the presence of
a catalytic amount of Bu,SnO'® produced an 89% yield of
the desired product 2 without decomposition.

The treatment of the resulting product 2 with Et;N-3HF
produced a 67% yield of 2'-O-[(1H-tetrazol-5-yl)ethyl]adeno-
sine (3). The sugar conformation of 3 was analyzed by 'H
NMR and compared with that of 2’-O-methyladenosine (4)
and 2'-0-(2-cyanoethyl)adenosine (5),6 as shown in Table S1.
The analyses revealed a slight increase in the population of
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the S-type (C2'-endo) conformation caused by the introduction
of the tetrazolylethyl group.

To incorporate 3 into oligonucleotides, a suitable protecting
group of the tetrazole moiety was required because the unpro-
tected tetrazole moiety would accelerate the decomposition of
the phosphoramidite unit. Protecting groups such as trityl,
tetrahydropyranyl, benzyl, and cyanoethyl have been used
for the NH function of the tetrazole residue.”> We chose the
cyanoethyl group as the protecting group because it could be
removed under the same conditions as those prescribed for
the removal of base and phosphate.

Treatment of 3 with phenoxyacetyl chloride in pyridine
produced an 80% yield of the N-protected derivative 6. In
a previous paper, we reported a new method for the cyanoeth-
ylation of the hydroxyl group using Cs,COs in -BuOH.°
Therefore, this method was initially used for the cyanoethyl-
ation of the tetrazole moiety of 1. However, cyanoethylation
at the base moiety occurred simultaneously. The basicity of
Cs,CO5; seemed to be responsible for this result, because
Cs,CO;5 could abstract tetrazolic proton and the relatively
acidic proton of the amide group on the base moiety too.
Therefore, we used NaHCOj as a less basic reagent to avoid
the side reaction. However, cyanoethylation occurred neither
at the tetrazole moiety nor the base moiety. In this case, the
NaHCOs; as a base was too weak to activate tetrazole moiety
at room temperature. Finally, we found that the reaction at
80 °C in -BuOH produced a mixture of N-cyanoethylated
regioisomers 7a and 7b. From the mixture, 7a and 7b were
isolated with yields of 12 and 23%, respectively, and the cya-
noethylated site was determined using HMBC spectra to con-
firm the structures shown in Scheme 1. Next, to observe the
effect of the acidic proton of the tetrazole moiety on hybridiza-
tion affinity, we synthesized the adenosine derivatives 8a and
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Scheme 1. Synthesis of 2'-O-[(1H-tetrazol-5-yl)ethyl]ad
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enosine derivatives and its N-alkylated derivatives.
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8b containing the N-methylated tetrazoyl group. Methylation
of 6 with methyl iodide in DMF in the presence of NaHCO;
produced a 12% yield of the desired compound 8a. In this
case, a 21% yield of the alkylated regioisomer 8b was also ob-
tained. The alkylated sites were determined from the HMBC
spectra.

The 2'-0-(2-cyanoethyl- 1 H-tetrazol-5-yl)adenosine 3’-phos-
phoramidite derivative 11 was synthesized from compound 7b,
as shown in Scheme 2. Treatment of 7b with Et;N-3HF
produced a 99% yield of the 3’,5'-O-free derivative 9. The usual
tritylation of 9 produced a 73% yield of the 5'-O-protected
derivative 10. Phosphitylation of the resulting product 10 with
(i-Pr,N),POCH,CH,CN produced a 71% yield of 11. Similarly,
the 2'-O-(1-methyl-1H-tetrazol-5-yl)adenosine 3’-phosphor-
amidite derivative 14 was synthesized from the compound 8a
via compounds 12 and 13, as shown in Scheme 2.

2.2. Synthesis and properties of modified oligodeoxy-
nucleotides

Next, to observe the effects of the tetrazole-type modifica-
tions on duplex stability when methylated, 2'-O-tetrazolyl-5-
ylethyl-modified oligodeoxynucleotides 15, 17, and 19, and
2'-O-methyltetrazol-5-ylethyl-modified 16, 18, and 20 with
either one or four 2’-0-modified adenosine residues were syn-
thesized by solid-phase synthesis, as summarized in Table 1.
We noticed that the cyanoethyl groups on the tetrazole moie-
ties in the oligonucleotides were not completely deprotected
under NH,OH at room temperature for 8 h (conditions b) in
the case of 15, 17, and 19 according to the anion-exchange
HPLC analysis. Therefore, the deprotection reactions were
carried out in NH,OH at 55 °C for 5 h (conditions a) for these
oligonucleotides. The modified oligomers 15 and 16 have one-
point modification with At and Amt, respectively, at the
central position. Oligomers 17 and 18 have four modified
nucleosides at discontinuous positions. Oligomers 19 and 21
have a consecutive sequence of four modified nucleosides.

Hybridization affinities of unmodified 5'-d(CGTAGAC-
TATGCTAT)-3' (21), 15, and 16 toward the complementary
strand 3/-d(GCATCTGATACGATA)-5' (22) were measured

Table 1
Modified oligodeoxynucleotides synthesized using 11 and 14

Oligonucleotide MALDI-TOF MASS

Calcd. Found
15  5-d(CGTAGAtCTATGCTAT)-3"* 4677.8 4679.1
16  5'-d(CGTAGAmtCTATGCTAT)-3"° 4691.9 4695.2
17  5-d(CGTAtGAtCTAtTGCTALT)-3"* 5014.0 5015.7
18  5-d(CGTAmtGAmtCTAmtTGCTAmtT)-3"° 5070.0 5066.2
19  5-d(CGTGCAtAtAtAtTGTCTT)-3" 5014.0 5018.8
20  5'-d(CGTGCAmtAmtAmtAm¢tTGTCTT)-3°  5070.0 5075.1

# Deprotection conditions, NH,OH, 55 °C, 5 h.
b Deprotection conditions, NH4OH, rt, 8 h. At: 2'-O-[(1H-tetrazol-5-yl)-
ethyl]adenosine, Amt: 2'-O-[(1-methyl-1H-tetrazol-5-yl)ethyl]adenosine.

to evaluate the effect of the attachment of the 2’-substituent
and the anionic modification. The T,, data are described in
Table 2. As a results, the introduction of At (15) and Amt
(16) reduced the hybridization affinities toward 22 in compar-
ison with unmodified 21 by 2.9 and 2.0 °C, respectively. In ad-
dition, the stability of the 15/22 duplex was proved to be
0.9 °C lower than the 16/22 duplex, probably because the
deprotonation of the tetrazole ring of At generated an addi-
tional negative charge and caused anion—anion repulsion
with internucleotide phosphates.

Table 2
Effects of the 2'-substituents on the duplex stabilities”
Oligonucleotide Tm °C) AT, (°C)
21 5'-d(CGTAGACTATGCTAT)-3 48.5 —
15 5'-d(CGTAGAtCTATGCTAT)-3’ 45.6 2.9
16 5'-d(CGTAGAmtCTATGCTAT)-3 46.5 —-2.0

# Conditions: 2.0 uM of 21, 15, or 16 and 2.0 uM of 22 in 10 mM sodium
phosphate buffer (pH 7.0), 0.1 M NaCl, 0.1 mM EDTA.

The 2'-O-cationic modified oligonucleotides are known to
stabilize duplexes due to the neutralization of phosphate an-
ions in the case of a discontinuous sequence.19 Howeyver, a con-
secutive sequence of modified nucleosides retains or decreases
the hybridization affinity due to the cation—cation charge re-
pulsions.19 Therefore, we next examined the anionic repul-
sions between dissociated tetrazole moieties and phosphate
anions in duplexes with four At or Amt modifications using
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Scheme 2. Synthesis of protected adenosine 3'-phosphoramidite derivatives.
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the duplexes 17/22, 18/22, 19/23{3'-d(GCACGTTTTACA-
GAA)-5'}, and 20/23.

As shown in Table 3, the introduction of the four At modifi-
cations into 17 and 19 significantly decreased the hybridization
affinity as compared to their neutral counterparts 18 and 20 by
3.3 and 5.0 °C, respectively. As clarified by the comparison of
the two AT, values, the consecutively introduced At residues in
19 decreased the hybridization affinity more than the non-
consecutively modified 17. It should be noted that although
the T, of the 18/22 duplex became higher than that of the
anionic 17/22 duplex, it was still much lower than that of the
unmodified 21/22 duplex. Therefore, it seemed that not only
the anionic charge of the At residue but also the steric and
conformational effects of At and Amt residues contributed to
the duplex destabilization. A similar trend was observed for
the 19/23 and 20/23 duplexes in comparison with the unmodi-
fied duplex of 5'-d(CGTGCAAAATGTCTT)-3' (24)/23, which
gave the T,, of 55.7 °C.

Table 3
The sequence dependency of the duplex stabilities®
Oligonucleotide T (CC) AT, (°O)
17 5'-d(CGTAtGAtCTAtTGCTALT)-3' 34.3 —
18 5'-d(CGTAmtGAmtCTAmtTGCTAm(T)-3' 37.6 +3.3°
19 5'-d(CGTGCAtAtAtAtTGTCTT)-3' 43.6 —
20 5'-d(CGTGCAmtAmtAmtAmtTGTCTT)-3' 48.6 +5.0°¢

% Conditions: 2.0 uM 17, 18, 19, or 20 and 2 uM of 22 in 10 mM sodium
phosphate buffer (pH 7.0), 0.1 M NaCl, 0.1 mM EDTA.

® AT=(T,, of 18/22 duplex)—(Ty, of 17/22 duplex).

¢ AT, =(Ty, of 20/23 duplex)—(T,, of 19/23 duplex).

Finally, the thermodynamic parameters of the duplexes 17/
22 and 18/22 were also estimated (Table 4). The AH° values of
17/22 and 18/22 duplexes were —81.5 and —86.8 kcal/mol,
respectively. These data suggest that the less negative enthalpy
value of 17 compared to 18 was the main reason for the lower
hybridization affinity.

Table 4
Thermodynamic parameters of the duplexes containing At and Ami#*

Duplex AH° (kcal/mol) AS° (cal/K mol) AGY; (kcal/mol)
17/22 —81.5 —237 —-8.0
18/22 —86.8 252 8.7

* Conditions: 10 mM sodium phosphate buffer (pH 7.0), 100 mM NaCl,
0.1 mM EDTA and 60, 50, 30, 25, 15, 10, 5, 3, 2, 1.5, 1.0, 0.6, and 0.5 uM
duplex, respectively. Eq: 1/T,,=AS/AH+R In(C/4)/AH.

3. Conclusion

In this paper, a new class of artificially 2’-modified ribonu-
cleosides were synthesized using a 2'-O-cyanoethylated adeno-
sine derivative (1) as a precursor. Chemical conversion of the
nitrile function of the cyanoethyl group into the 1H-tetrazol-
5-yl group was carried out using trimethylsilylazide in the
presence of a catalytic amount of dibutyltin oxide without
losing the 3',5'-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)
group. The NH function of the tetrazole moiety was pro-
tected with the cyanoethyl group by a Michael reaction.
Selective N-protection was achieved for preparing the

phosphoramidite derivative 11. The 2'-O-(1H-tetrazol-5-yl)-
ethyl modification provided a new property different from that
of 2'-O-cyanoethylated oligonucleotides. The oligonucleotides
incorporating At having a 1H-tetrazol-5-yl group showed re-
duced hybridization affinity toward the complementary strands
probably due to the anionic charges of the tetrazole moiety as
clarified by the comparative T},, analyses by use of the oligonu-
cleotides incorporating Amt having a 1-methyl-1H-tetrazol-5-
yl group. Although the methylation of the acidic NH group
slightly improved the hybridization properties, the T, values
of the duplexes modified with Amt were still much lower than
those of the unmodified duplexes. Therefore, not only the anionic
charges of the tetrazolide moiety but also the 2'-O-(1H-tetrazol-
5-yl)ethyl skeleton itself seemed to contribute to the duplex
instability. Although such duplex destabilize, this ionizable
modification would make it possible to interact with a metal—
cation, proton and/or protonated amine for the regulation of
the hybridization affinities. It should be noted, however, although
the pK, of 1H-tetrazole (5.5—5.6) supported the deprotonation of
the tetrazole moiety of At in the oligonucleotides, the structure of
the tetrazole moiety in the oligonucleotides has not yet been de-
termined directly. Detailed physicochemical experiments such
as NMR and UV titration of the oligonucleotides are necessary
to clarify this point. The studies on the structures and the appli-
cability of the oligonucleotides modified with the (1H-tetrazol-
5-yl)ethyl are underway and will be reported elsewhere.

4. Experimental section
4.1. General remarks

"H NMR spectra were recorded at 500 MHz and the chemi-
cal shifts were measured from the solvent peak as an internal
standard, and 13C NMR spectra were recorded at 500 MHz and
the chemical shifts were measured from the solvent peak used
as an internal standard and dioxane (D,0O) used as an external
standard. *'P NMR spectra were recorded at 109 MHz and the
chemical shifts were measured from 85% H;PO, as an external
standard. Pyridine was distilled twice from p-toluenesulfonyl-
chloride and CaH, after being refluxed for several hours and
stored over molecular sieves 4 A. TLC was performed on
Merck Kieselgel 60 F,s4 precoated glass plates. Column chro-
matography was performed with silica gel C-200, C-300
(Wako Co., Ltd.), 60 N (Kanto Chemical, Co., Inc.), and NH
(Fuji Silysia Chemical Ltd.), and a minipump for a goldfish
bowl was conveniently used to attain sufficient pressure for
rapid chromatographic separation. Recycling preparative
HPLC was performed by use of an apparatus from Japan
Analytical Industry Co., Ltd. Anion-exchange HPLC was
performed using the following systems. System A: anion-
exchange HPLC was performed on a Waters Aliance system
with a Waters 3D UV detector and a Gen-Pak FAX column
(Waters, 4.6x100 mm). A linear gradient (0—60%) starting
from 25 mM sodium phosphate buffer (pH 6.0) and applying
25 mM sodium phosphate buffer (pH 6.0) containing 1 M
NaCl (pH 6.0) was used at a flow rate of 1 mL/min for
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45 min at 50 °C. High resolution ESI mass spectrometry was
performed by use of a Mariner (PerSeptive Biosystems, Inc.).

4.1.1. 3',5-0-(1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl)-
2'-0-[2-(tetrazol-5-yl)ethyl]adenosine (2)

Compound 1 (23.3 g, 41.4 mmol) was dissolved in anhy-
drous toluene (200 mL). To the solution were added trimethyl-
silyilazide (27.5 mL, 207 mmol) and n-Bu,SnO (2.06 g,
8.28 mmol). After being stirred at 110 °C for 23 h, the mixture
was evaporated in vacuo. The residue was chromatographed on
a column of silica gel with hexane/CHCIl;/MeOH (1:0:0/1:1:0/
0:1:0/0:98:2, v/v/v) to give compound 2 (22.4 g, 89%). 'H
NMR (CDCl;, 500 MHz) 6 0.94—1.13 (28H, m), 3.36—3.40
(2H, m), 4.06—4.10 (2H, m), 4.20 (1H, d, /=8.6 Hz), 4.24
(1H, d, J=4.6 Hz), 4.30 (1H, d, /=13.6 Hz), 4.38—4.41 (1H,
m), 4.67—4.70 (1H, m), 5.92 (2H, br), 6.09 (1H, s), 8.17 (1H,
s), 8.39 (1H, s); *C NMR (CDCls) 6 12.3, 12.9, 13.1, 13.6,
16.9, 17.2, 174, 17.5, 24.4, 59.4, 68.1, 69.2, 81.8, 82.6, 88.4,
120.5, 138.0, 148.5, 153.3, 153.8, 155.8. HRMS calcd for
C,5H43Ng05Si, (M+H™T) 606.2999, found 606.3051.

4.12. 2'-0-[2-(Tetrazol-5-yl)ethyl]adenosine (3)

Compound 2 (151 mg, 0.25 mmol) was dissolved in anhy-
drous THF (2.5 mL). To the solution were added triethylamine
trihydrogen fluoride (141 pl, 0.88 mmol) and triethylamine
(62 pl, 0.45 mmol). After being stirred at room temperature
for 1 h, the mixture was evaporated in vacuo. The residue was
chromatographed on a column of silica gel with hexane/ethyl
acetate (3:1/1:1, v/v) and passed through Dowex (H™) to give
compound 3 (61 mg, 67%). 'H NMR (D,O, 500 MHz)
0 3.13—3.17 (2H, m), 3.82—3.90 (3H, m), 4.17—4.22 (1H,
m), 4.28—4.30 (1H, m), 4.47—4.54 (1H, m), 4.43—4.54 (1H,
m), 4.73—4.85 (1H, m), 5.93 (1H, d, J=7.1 Hz), 8.17 (1H, s),
8.19 (1H, s); '*C NMR (D,0) 6 24.5, 62.2, 68.0, 69.7, 82.4,
86.9, 87.5, 119.5, 141.2, 148.5, 152.0, 155.4, 155.8. HRMS
caled for C3H;7NoO, (M+H™) 364.1476, found 364.1483.

4.1.3. 6-N-Phenoxyacetyl-3',5'-0-(1,1,3,3-tetraisopropyl-
disiloxane-1,3-diyl)-2'-O-[2-(tetrazol-5-yl)ethyl]adenosine (6)
Compound 3 (4.85 g, 8 mmol) was co-evaporated once with
anhydrous pyridine and dissolved in anhydrous pyridine
(40 mL). To the solution was added phenoxyacetyl chloride
(1.22 mL, 8.8 mmol). After being stirred at room temperature
for 4 h, the reaction mixture was quenched with H,O and evap-
orated in vacuo. The residue was diluted with CHCI; and washed
with brine and aq NaHCO;. The organic phase was dried over
Na,SO, and filtrated. The residue was chromatographed on
a column of silica gel with hexane/CHCl;/MeOH (50:50/
0:100:0/95:5, v/v) to give compound 6 (4.73 g, 80%). 'H
NMR (CDCl;, 500 MHz) 6 3.34—3.40 (1H, m), 3.43—3.47
(1H, m), 3.98—4.03 (1H, m), 4.07—4.10 (1H, m), 4.25—4.27
(1H, m), 4.31—4.33 (2H, m), 4.51—4.54 (1H, m), 4.77 (1H,
dd, J=4.6, 4.9 Hz), 4.85 (2H, br), 6.18 (1H, s), 7.04 (3H, m),
7.34—7.38 (2H, m), 8.36 (1H, s), 8.79 (1H, s), 9.47 (1H, br);
3C NMR (CDCly) 6 12.1, 12.9, 13.0, 13.5, 16.8, 17.1, 17.3,
17.4,17.5, 24.6, 59.2, 68.1, 68.2, 68.9, 81.9, 83.1, 88.1, 115.1,
122.6, 123.5, 130.0, 141.1, 148.6, 150.7, 152.8, 153.8, 157.1,

166.8. HRMS caled for C33H4oNoO,Si, (M+H™) 740.3366,
found 740.3330.

4.14. 2'-0-[(1-N-Cyanoethyltetrazol-5-yl)ethyl]-6-N-
phenoxyacetyl-3',5'-0-(1,1,3,3-tetraisopropyldisiloxane-
1,3-diyl)adenosine (7a) and its regioisomer (7b)

Compound 6 (0.5 g, 0.676 mmol) was dissolved in +-BuOH
(3.4 mL). To the solution were added acrylonitrile (221 pl,
3.4 mmol) and NaHCO; (57 mg, 0.680 mmol). After being
stirred at 80 °C for 23 h, the reaction mixture was evaporated
in vacuo. The residue was diluted with ethyl acetate and washed
with brine. The organic phase was dried over Na,SO, and
filtrated. The solution was evaporated in vacuo. The residue
was chromatographed on a column of silica gel with CHCl,/
MeOH (99.7:0.3, v/v) to give compounds 7a (66 mg, 12%)
and 7b (125 mg, 23%) was eluted with CHCl3/MeOH
(99.6:0.4, v/v). '"H NMR of 7a (CDCl;, 500 MHz) 6 0.92—
1.10 (28H, m), 3.10—3.14 (2H, m), 3.32—3.37 (2H, m), 3.97
(2H, d, J/=11.0 Hz), 4.18—4.22 (2H, m), 4.25—4.30 (2H, m),
4.65—4.67 (2H, m), 4.71—4.80 (2H, m), 4.86 (2H, br), 6.00
(1H, s), 7.03—7.06 (3H, m), 7.32—7.35 (2H, m), 8.27 (1H, s),
8.74 (1H, s), 9.42 (1H, br); '*C NMR of 7a (CDCl;) 6 12.5,
12.9, 13.0, 13.4, 169, 17.1, 17.1, 17.2, 17.4, 17.4, 17.5, 18.9,
24.8, 429, 59.7, 68.2, 69.3, 69.6, 81.8, 83.1, 88.3, 115.1,
116.1, 122.6, 123.4, 130.0, 141.5, 148.5, 150.8, 152.7, 153.8,
1571, 166.8. HRMS of 7a calcd for C36H52N1007Siz
(M+H™) 793.3632, found 793.3548.

"H NMR of 7b (CDCls, 500 MHz) 6 0.98—1.10 (28H, m),
3.09-3.11 (2H, t, J=6.8 Hz), 3.23—3.35 (2H, m), 3.98—4.02
(1H, m), 4.09—4.20 (3H, m), 4.32—4.33 (1H, d, J=4.6 Hz),
4.39—4.43 (1H, m), 4.77 (1H, q, J=4.6 Hz), 4.83—4.86 (4H,
m), 6.00 (1H, s), 7.05—7.08 (3H, m), 7.33—7.37 (2H, m),
8.28 (1H, s), 8.75 (1H, s), 9.41 (1H, br); °C NMR of 7b
(CDCl3) o 12.7, 129, 13.0, 13.5, 17.0, 17.1, 17.2, 17.3,
17.4, 17.5, 18.3, 26.9, 48.0, 59.9, 68.2, 69.1, 69.8, 81.5,
82.4, 88.9, 115.1, 115.6, 122.5, 123.4, 129.9, 142.2, 148.4,
151.0, 152.6, 157.1, 165.0, 166.8. HRMS of 7b calcd for
C36Hs,N,904Si, (M4+H™) 793.3632, found 793.3656.

4.1.5. 2'-0-[(1-N-Methylitetrazol-5-yl)ethyl]-6-N-phenoxy-
acetyl-3',5'-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-
adenosine (8a) and its regioisomer (8b)

Compound 6 (0.5 g, 0.676 mmol) was dissolved in anhy-
drous DMF (3.4 mL). To the solution were added NaHCO;
(57 mg, 0.680 mmol) and methyl iodide (210 pl, 3.4 mmol).
After being stirred at room temperature for 19 h, the mixture
was evaporated in vacuo. The residue was diluted with ethyl
acetate and washed with H,O three times. The organic layer
was dried over Na,SOy, and filtered. The solution was evapo-
rated in vacuo. The residue was chromatographed on a column
of silica gel with CHCl; to give 8b (107 mg, 21%). Compound
8a (59 mg, 12%) was eluted with CHCI3;/MeOH (99.6:0.4, v/v).
'"H NMR of 8a (CDCls, 500 MHz) 6 0.92—1.11 (28H, m),
3.22—3.31 (2H, m), 3.96—4.00 (2H, m), 4.12 (3H, s), 4.18—
4.19 (1H, m), 4.21 (1H, s), 4.25—4.27 (2H, m), 4.64—4.67
(1H, m), 4.86 (2H, s), 6.00 (1H, s), 7.03—7.06 (3H, m),
7.32—7.36 (2H, m), 8.28 (1H, s), 8.74 (1H, s), 9.41 (1H, br);
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13C NMR of 8a (CDCly) 6 12.5, 12.9, 13.0, 13.4, 16.9, 17.1,
17.2, 17.4, 17.5, 24.7, 34.0, 59.7, 68.3, 69.2, 69.5, 81.8, 83.0,
88.3, 115.1, 122.6, 123.4, 130.0, 141.5, 148.5, 150.8, 152.7,
1535, 1571, 166.8. HRMS of 8a calcd for C34H52N907Siz
(M+Na™) 776.3348, found 776.3300.

'"H NMR of 8b (CDCl;, 500 MHz) 6 0.97—1.14 (28H, m),
3.22—3.31 (2H, m), 4.00—4.03 (1H, m), 4.11—4.22 (3H, m),
4.27 (3H, s), 4.33—4.34 (1H, m), 4.37—4.39 (1H, m), 4.75—
4.81 (1H, m), 4.89 (2H, s), 6.02 (1H, s), 7.04—7.08 (3H, m),
7.32—7.37 (2H, m), 8.31 (1H, s), 8.75 (1H, s), 9.58 (1H, br);
13C NMR of 8b (CDCly) 6 12.7, 12.8, 13.0, 16.9, 17.0, 17.1,
17.2, 17.3, 17.5, 26.8, 39.2, 59.8, 68.2, 69.3, 69.7, 81.5,
82.3, 88.9, 115.0, 122.4, 123.3, 129.8, 142.1, 148.4, 150.9,
152.5, 157.1, 1642, 166.9. HRMS of 8b caled for
C34H52N907Si2 (M+Na+) 7763348, found 776.3493.

4.1.6. 2'-0-[(2-N-Cyanoethyltetrazol-5-yl )ethyl)]-6-N-
phenoxyacetyladenosine (9)

Compound 7a (5.02 g, 6.35 mmol) was dissolved in anhy-
drous THF (32 mL). To the solution were added Et;N-3HF
(3.6 mL, 22.2 mmol) and triethylamine (1.6 mL, 11.4 mmol).
After being stirred at room temperature for 3 h, the mixture
was evaporated in vacuo. The residue was chromatographed
on a column of silica gel with hexane/CHCl3/MeOH (100:0:0/
0:98:2, V/V/v) to give compound 9 (3.46 g, 99%). 'H NMR
(CDCl3, 500 MHz) ¢ 3.07—3.22 (4H, m), 3.78—3.87 (2H, m),
3.99—4.05 (2H, m), 4.41 (1H, s), 4.57 (1H, br), 4.69—4.70
(1H, d, J=4.2 Hz), 4.86—4.91 (5H, m), 5.92—5.94 (1H, d,
J=7.6 Hz), 6.01 (1H, d, J=10.5Hz), 7.05—7.09 (3H, m),
7.34—7.38 (2H, m), 8.02 (1H, s), 8.80 (1H, s), 9.46 (1H, br).
3C NMR (CDCls) 6 18.3, 26.2, 48.3, 63.5, 66.9, 68.2, 70.7,
80.2, 81.6, 88.5, 89.5, 115.1, 115.5, 122.7, 124.7, 130.1,
143.9, 149.3, 150.8, 152.2, 157.1, 165.1, 166.7. HRMS calcd
for Co4Ho¢N 19O (M+H™) 551.2110, found 551.2127.

4.1.7. 2'-O-[(1-N-Methyltetrazol-5-yl)ethyl]-6-N-phenoxy-
acetyladenosine (12)

'"H NMR (CDCls, 500 MHz) 6 2.89—2.93 (1H, m), 3.04—
3.10 (1H, m), 3.80 (1H, m), 3.88—3.91 (1H, m), 3.96—4.03
(4H, m), 4.12—4.17 (1H, m), 441 (1H, s), 478 (1H, d,
J=4.2 Hz), 4.84—4.88 (3H, m), 5.67 (1H, br), 5.94 (1H, d,
J=7.8 Hz), 6.01 (1H, br), 7.03—7.06 (3H, m), 7.32—7.36
(2H, m), 8.07 (1H, s), 8.78 (1H, s), 9.57 (1H, br); >°C NMR
(CDCl3) 6 24.1, 33.5, 63.4, 64.9, 68.2, 70.3, 81.5, 88.5,
89.2, 115.0, 122.6, 124.6, 130.0, 144.0, 149.2, 150.8, 152.1,
153.3, 157.1, 166.9. HRMS calcd for C»,H,sNgOg (M+Na™)
534.1820, found 534.1859.

4.1.8. 2’-0-[(2-N-Cyanoethyltetrazol-5-yl )ethyl]-5'-O-
(4,4'-dimethoxyltrityl)-6-N-phenoxyacetyladenosine (10)
Compound 9 (3.46 g, 6.28 mmol) was co-evaporated four
times with anhydrous pyridine and dissolved in anhydrous pyr-
idine (31 mL). To the solution was added 4,4-dimethoxytrityl
chloride (2.55g, 7.54 mmol). The mixture was stirred at
room temperature for 165 min and quenched with H,O. The
mixture was evaporated in vacuo and diluted with ethyl acetate.
The solution was washed with brine and aq NaHCOj;. The

organic layer was dried over MgSO, and filtered. The solution
was evaporated in vacuo. The residue was chromatographed on
a column of silica gel with hexane/ethyl acetate (1:1/0:1, v/v)
containing 0.5% triethylamine to give compound 10 as white
foam (5.15 g, 73%). "H NMR (CDCls, 500 MHz) 6 3.10 (2H,
m), 3.20—3.21 (1H, m), 3.24 (1H, dd, /=4.2, 5.1 Hz), 3.41—
3.44 (1H, m), 3.51—3.54 (1H, m), 3.78 (6H, s), 4.11—-4.14
(1H, m), 4.16—4.19 (2H, m), 4.26 (1H, dd, /=4.2, 3.7 Hz),
4.54 (1H, q, /=49 Hz), 4.75 (1H, t, J/=4.6 Hz), 4.85—4.88
(4H, m), 6.16 (1H, d, /=4.6 Hz), 6.80—6.83 (4H, m), 7.05—
7.08 (3H, m), 7.20—7.38 (9H, m), 7.43—7.45 (2H, m), 8.22
(1H, s), 8.71 (1H, s), 9.41 (1H, br); *C NMR (CDCl,)
0 18.2, 26.3, 48.2, 55.3, 63.2, 67.5, 68.2, 69.9, 81.9, 84.4,
86.7, 87.0, 113.3, 115.1, 115.5, 122.6, 123.5, 127.1, 128.0,
128.3, 130.0, 130.2, 135.7, 142.4, 144.6, 148.4, 151.7, 152.6,
157.1, 158.7, 165.0, 166.7. HRMS calcd for C4sH44N;¢Og
(M+Na™) 875.3236, found 875.3234.

4.1.9. 5'-0-(4,4'-Dimethoxyltrityl)-2'-O-[(1-N-methyl-
tetrazol-5-yl)ethyl]-6-N-phenoxyacetyladenosine (13)

"H NMR (CDCls, 500 MHz) 6 2.95—3.00 (1H, m), 3.14—
3.16 (1H, m), 3.42 (1H, dd, J=4.2, 6.6 Hz), 3.51 (1H, dd,
J=3.2, 7.6 Hz), 3.78 (6H, m), 4.00 (3H, s), 4.15—4.17 (1H,
m), 4.28 (1H, t, J=3.9 Hz), 4.30 (1H, d, J=8.8 Hz), 4.65
(1H, q, J=4.6 Hz), 4.78—4.80 (1H, m), 4.85 (2H, br), 5.20
(1H, d, J=5.1 Hz), 6.14 (1H, J=5.1 Hz), 6.81—6.83 (4H, m),
7.05—7.08 (3H, m), 7.20—7.29 (3H, m), 7.32—7.38 (6H, m),
7.43—7.45 (2H, m), 8.24 (1H, s), 8.71 (1H, s), 9.41 (1H, br);
13C NMR (CDCl5) 6 24.3, 33.5, 55.4, 63.3, 65.7, 68.2, 70.1,
82.0, 84.5, 86.8, 87.1, 113.3, 115.1, 122.6, 123.5, 127.1,
128.1, 128.3, 130.0, 130.2, 135.8, 142.5, 144.7, 1484,
151.8, 152.6, 153.2, 157.1, 158.7, 166.7. HRMS calcd for
C43H43NgOg (M+Na™) 836.3127, found 836.3192.

4.1.10. 2'-O-[(2-N-Cyanoethyltetrazol-5-yl)ethyl]-5'-O-
(4 ,4'-dimethoxyltrityl)-6-N-phenoxyacetyladenosine
3'-(2-cyanoethyl N,N-diisopropylphosphoramidite) (11)
Compound 10 (341 mg, 0.4 mmol) was co-evaporated four
times with anhydrous toluene and once with anhydrous
CH,Cl,, and dissolved in anhydrous CH,Cl, (2 mL) under argon
atmosphere. To the solution were added 2-cyanoethyl N,N,N',N'-
tetraisopropylphosphorodiamidite (152 pl, 0.48 mmol) and
diisopropylammonium tetrazolide (27 mg, 0.16 mmol). And
further 2-cyanoethyl N,N,N',N'-tetraisopropylphosphorodiami-
dite (62 pl, 0.20 mmol) and diisopropylammonium tetrazolide
(20 mg, 0.12 mmol) were added. After being stirred at room
temperature for 6 h, the mixture was diluted with ethylacetate.
The solution was washed with brine and aqg NaHCO;. The or-
ganic layer was dried over Na,SO, and filtered. The solution
was evaporated in vacuo. The residue was purified by use of re-
cycling preparative HPLC eluted with ethyl acetate to give com-
pound 11 as white foam (298 mg, 71%). '"H NMR (CDCls,
500 MHz) 6 1.10—1.31 (12H, m), 2.40—2.42 (1H, m), 2.65—
2.68 (1H, m), 3.05—3.08 (2H, m), 3.12—3.22 (2H, m), 3.35—
3.39 (1H, m), 3.53—3.73 (4H, m), 3.81 (6H, m), 3.84—4.01
(2H, m), 4.13—4.22 (1H, m), 4.36—4.43 (1H, m), 4.60—4.67
(1H, m), 4.78—5.00 (1H, m), 6.12—6.13 (1H, m), 6.82—6.85
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(4H, m), 7.08—7.11 (3H, m), 7.22—7.47 (11H, m), 8.18—8.22
(1H, m), 8.69—8.72 (1H, m), 9.40 (1H, br); >C NMR (CDCl5)
6 18.1,20.2, 20.3, 20.5, 20.6, 24.7, 24.8, 26.3, 43.2, 43.3, 43 .4,
43.5, 48.0, 55.3, 57.9, 58.1, 58.8, 58.9, 62.8, 63.1, 67.9, 68.2,
68.4, 70.9, 71.0, 71.4, 71.5, 80.2, 80.5, 84.0, 84.2, 86.7, 86.8,
87.0, 87.1, 113.3, 115.4, 115.7, 115.8, 117.5, 117.9, 122.5,
123.6, 127.1, 128.0, 128.3, 128.4, 130.0, 130.2, 135.7, 135.8,
142.7, 142.9, 144.5, 144.6, 148.4, 152.0, 152.5, 152.6, 157.2,
158.7, 164.4, 164.5, 166.8. *'P NMR (CDCl3) 6 151.1, 151.8.
HRMS caled for CsyHgN1,00P (M+H') 1053.4538, found
1052.4427.

4.1.11. 5'-0O-(4,4'-Dimethoxyltrityl)-2'-O-[(1-N-methyl-
tetrazol-5-yl)ethyl]-6-N-phenoxyacetyladenosine 3'-2-cyano-
ethyl N,N-diisopropylphosphoramidite (14)

"H NMR (CDCls, 500 MHz) 6 1.03—1.16 (12H, m), 2.38—
240 (1H, m), 2.61-2.66 (1H, m), 3.12—3.20 (2H, m),
3.33—-3.37 (1H, m), 3.47—3.66 (5SH, m), 3.78—3.79 (6H, m),
3.99—4.00 (3H, m), 4.01—4.32 (2H, m), 4.34 (1H, m), 4.55—
4.70 (2H, m), 4.86 (2H, br), 6.13—6.17 (1H, m), 6.80—6.83
(4H, m), 7.05—7.08 (3H, m), 7.21—7.47 (11H, m), 8.21—-8.27
(1H, m), 8.71—8.73 (1H, m), 9.40 (1H, br); *C NMR (CDCl3)
0 7.21, 20.3, 20.4, 20.5, 24.4, 24.5, 24.6, 24.7, 24.8, 33.9,
43.2,43.3,43.4,55.3,554, 58.0, 58.1, 58.2, 58.3, 62.5, 63.0,
68.2, 68.4, 70.9, 71.0, 71.2, 71.3, 81.8, 83.8, 83.9, 86.8, 86.9,
87.1, 87.2, 113.3, 115.1, 117.5, 118.0, 122.5, 123.3, 127.1,
128.0, 128.3, 130.0, 130.2, 130.3, 135.5, 135.6, 142.0, 144.4,
144.5, 148.5, 151.6, 151.7, 152.6, 152.7, 153.1, 153.2, 157.2,
158.7, 158.8, 166.8. >'P NMR (CDCls) 6 150.8, 151.2. HRMS
calcd for Cs,HgoN|;OoP (M+H™) 1014.4385, found 1014.4324.

4.2. Oligonucleotide synthesis

Oligodeoxynucleotides were synthesized on an Applied Bi-
osystems 392 oligonucleotide synthesizer in 1 pmol, using pac
phosphoramidite building blocks. A 0.1 M solution of each 2'-
O-tetrazol-5-ylethyl adenosine phosphoramidite was used and
the time for coupling was set to be 15 min. 5-Benzylthio-1H-
tetrazole (0.25 M) was used as the reaction activator. Release
of full modified oligonucleotide and deprotection of protecting
group at phosphate, base, and tetazole-5-yl was carried out
by use of NH,OH at room temperature for 8 h or 55 °C for
5 h. The crude oligonucleotides were purified with standard
DMTr-on protocol by using C-18 cartridge and further purified
by anion-exchange HPLC.
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