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specificity and selectivity. However, the details of the synthesis,
such as the coupling efficiency, are not described in this paper.
To overcome these limitations, we have recently developed a
method for synthesizing P-stereodefined PS-ORNs using
diastereopure 2'-O-TBS-protected nucleoside 3'-0-(1,3,2-0x-
azaphospholidine) monomer units."* Using this method, we
have synthesized all-(Rp)- and all-(Sp)-PS-U,, with good
coupling yields (97—-99%) and stereoselectivity (>96:4) and
have shown that the duplex of the former with the
complementary ORN (rA,;,) was slightly more stable than
the unmodified duplex (AT, = ca. +0.4 °C per modification).
On the other hand, hybridization was not observed above 4 °C
for the all-(Sp)-PS-U,, and rA,,. However, attempts to
synthesize P-stereodefined PS-ORNs of mixed sequence for a
thermal denaturing study have revealed that the coupling
efficiency was lower than that observed for the synthesis of PS-
Uy and only short oligomers up to 4mers were accessible in
satisfactory yields. To solve this problem, we sought to develop
new monomers with improved reactivity. Recently, significant
efforts have been devoted to the development of new methods
for synthesizing ORNs owing to their growing demand in
biological and medical studies, and a variety of new protecting
groups for the 2'-OH of ribonucleosides have been
developed.'*'¢ Among these new protecting groups, we
selected the 2-cyanoethoxymethyl (CEM)*¢ group because
the replacement of the conventional 2'-O-TBS group by this
new, less bulky protecting group has been demonstrated to
greatly improve the reactivity of the phosphoramidite
monomers, and very long ORNs (110—170mers) were
efficiently synthesized.'™ It is also notable that CEM groups
can be removed under mild conditions using TBAF. In this
paper, we describe the development of novel 2'-O-CEM-
protected oxazaphospholidine monomers, their application to
the stereocontrolled synthesis of PS-ORNs, and a thermal
denaturing study on the duplexes of the resultant PS-ORNE.

B RESULTS AND DISCUSSION

Stereoselective Synthesis of 2’-0O-CEM-Protected 3'-
O-Oxazaphospholidine Monomers 3a—d. Table 1 summa-
rizes the synthesis of the 2'-O-CEM-protected nucleoside 3'-O-
oxazaphospholidine monomers 3a—d. The 2’-O-CEM-pro-
tected nucleosides having a free 3’-OH (1a—d)'® were allowed
to react with 2-chlorooxazaphospholidine derivatives p- and 1-2,
which were synthesized from D- and L-proline, respectively.!”
The reactions proceeded with complete stereoselectivity, and
only the trans-isomers were generated as was the case for their
2'-deoxy and 2’-O-TBS counterparts.">'” Because the 2'-O-
CEM-monomers were less stable on silica gel than the 2'-O-
TBS-protected oxazaphospholidine monomers, 3-aminopropyl-
functionalized silica gel was used for purification.'® As a result,
the complete set of diastereopure monomer units required for
the synthesis of the P-stereodefined PS-ORNs of mixed
sequence were successfully isolated in modest to good yields
(Table 1), though partial decomposition of the monomers was
observed even with the 3-aminopropyl-functionalized silica gel.
The stability of monomers varied with the P-configuration and
nucleobase; the (Sp)- and pyrimidine monomers were more
stable than the (Rp)- and purine counterparts, respectively.

Stereocontrolled Solid-Phase Synthesis of PS-ORNs.
Next, we investigated the manual solid-phase synthesis of PS-
ORN 2mers by using the monomers described above (Table
2). Uridine anchored to a controlled-pore glass (CPG) support
via a succinate linker (4) was condensed with each of the
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Table 1. Synthesis of 2'-0-CEM-Nucleoside 3'-O-
Ozxazaphospholidine Monomers 3a—d

DMTrO BPRO
DMTrO BPRO ol EtN
o GO O, S
HO OCEM .= thTe?Fé,_ig_gch o \N)
1a-d D-orL-2 Ph S,

(Sp)- or (Rp)-3a-d

OA"/CN
s
,lq N/)\Nk,oph
H

o o)

o] )LNH HNJJ\

gPro- [ NH EgN ,Nf“tN
o e e

a Ur b: Cy*® c: Ad®¢ d: Guee.pac
entry product BPRO yield (%) trans:cis®
1 (Sp)-3a U 71 >99:1
2 (Sp)-3b cx 75 >99:1
3 (Sp)-3¢ ATE 51 >99:1
4 (Sp)-3d GEepae 54 »99:1
5 (Rp)-3a U 62 >99:1
6 (Rp)-3b cx 53 >99:1
7 (Rp)-3¢ A 49 >99:1
8 (Rp)-3d Gep e >99:1

“Determined by *'P NMR.

Table 2. Stereocontrolled Solid-Phase Synthesis of 2'-O-
CEM-Protected Dinucleoside Phosphorothioates NyU Sa—

da,b
DMTrO gPRO HO o8B
HO U o —w
o O OCEM iiiii,iv S .0 OCEM
+ . -
g }\ 0” ~o 6. U
o O [e) N) |; -:r
Ac, succinyl-CPG Ph‘.‘ HO OH
4 (Sp)- or (Rp)-3a-d (Rp)- or (Sp)-5a-d
entry  monomer product yield (%)°  Rp:Sp°
1 (Sp)-3a (Rp)-UgU (Rp)-5a 96 >99:1
2 (Sp)-3b (Rp)-CsU (Rp)-5b 95 >99:1
3 (Sp)-3¢c (Rp)-AsU (Rp)-5c¢ 97 >99:1
4 (Sp)-3d (Rp)-GsU (Rp)-5d 96 >99:1
5 (Rp)-3a (Sp)-Usu (Sp)-5a 98 >1:99
6 (Rp)-3b (Sp)-CsU (Sp)-5b 96 >1:99
7 (Rp)-3c (Sp)-AsU (Sp)-5¢ 95 >1:99
8 (Rp)-3d (Sp)-GsU (Sp)-5d 97 >1:99

“Reagents and conditions: (i) (Sp)- or (Rp)-3a—d (0.13 M, 40 equiv),
CMPT (1 M, 300 equiv), CH,CN, rt, § min; (ii) DTD (0.3 M, 120
equiv), CHyCN, rt, 10 min; (iii) 3% DCA, CH,Cl, tt, 4 X 15 s; (iv)
conc NH; aq/ EtOH (3:1, v/v), rt, 3 h. bSubscript S denotes PS-
linkage. “Determined by RP-HPLC.

monomers in the presence of N-(cyanomethyl)pyrrolidinium
triflate (CMPT) that we developed for the stereospecific
condensation of oxazaphospholidine monomers.'” The resul-
tant dinucleoside phosphite intermediates were then sulfurized
with N,N'-dimethylthiuram disulfide (DTD)™ to give dinucleo-
side phosphorothioate triester intermediates. Finally, the §'-O-
(4,4'-dimethoxytrityl) (DMTr) group was removed by treat-
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Scheme 1. Synthetic Cycle for P-Stereodefined PS-ORNs
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ment with 3% dichloroacetic acid (DCA) in CH,Cl,, and the
oligomer on the solid support was then treated with
concentrated aqueous ammonia to deprotect the base and the
PS-linkage and cleave the linker. HPLC analysis of the resultant
crude 2'-O-CEM-protected dinucleoside phosphorothioates
(Rp)- and (Sp)-5a—d*' showed that the efficiency of the
cycle (95—98%) and diastereopurity of the products (>99:1)
were good enough for the synthesis of oligomers (Table 2).
Encouraged by these results, we extended this method to the
synthesis of oligomers. The synthetic cycle is shown in Scheme
1. The cycle consists of the following steps: (1) chain
elongation by a condensation reaction between the 5'-OH of
a nucleoside or a PS-ORN on a solid support and one of the
oxazaphospholidine monomers (3a—d) in the presence of an
activator, (2) capping of any unreacted 5'-OH as well as the
liberated secondary amino group of intermediate 7 using
trifluoroacetylimidazole (CF;COIm) and 1,8-bis-
(dimethylamino)naphthalene (DMAN)'*'” and the subse-
quent P-sulfurization with DTD, and (3) 5'-O-detritylation
with 3% DCA. The capping step was added to the method
shown in Table 2 in order to facilitate the purification of the
products as well as to protect the secondary amino group
derived from the chiral auxiliary. Trifluoroacetylation is used for
capping in place of the conventional acetylation because the N-
acetylated chiral auxiliaries would be too stable to be removed
from the product.">'” After repeating the cycle to assemble the
desired oligomer, the solid support is treated with a mixture of
concentrated aqueous ammonia and ethanol in order to remove
the protecting groups and chiral auxiliaries from the
nucleobases and PS-linkages, respectively, and to cleave the
succinate linker. The resultant PS-ORN bearing the 5'-O-
DMTT and 2'-0O-CEM protecting groups is then treated with a
solution of TBAF in DMSO containing 0.5 vol % CH;NO,, a
scavenger of acrylonitrile to deprotect the 2'-O-CEM groups.'®
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Subsequent purification by RP-HPLC (DMTr-on and -off)
affords the desired P-stereodefined PS-ORN.

First, four kinds of PS-ORN 4mers, all-(Rp)-PS-U, (9a), all-
(Sp)-PS-U, (9b), all-(Rp)-PS-CAGU (9c), and all-(Sp)-CAGU
(9d) (Table 3, entries 1—5), were manually synthesized, and
the efficiency of the synthesis was evaluated from the average
coup]ing yields and the RP-HPLC profiles of the resulting PS-
ORNs*' (2/-0-CEM-on—5"-O-DMTr-off and fully depro-
tected). The results showed that the efficiency of the synthesis
was greatly improved by employing the 2'-O-CEM protection.
Thus, the desired PS-ORNs 9a—d were obtained in the average
coupling yields of 94—98% when the coupling time was
extended to 10—15 min (entries 2—35) from that used for the
synthesis of 2mers (5 min). In contrast, we have previously
reported that the average coupling yields were 67—90% when
the same oligomers were synthesized by using the 2'-O-TBS-
protected oxazaphospholidine monomers under similar con-
ditions with a longer coupling time (20 min)."> This
improvement can be attributed to the enhanced reactivity of
the new monomers bearing a less bulky CEM group as was the
case with the phosphoramidite monomers.'® Furthermore, the
HPLC analyses showed that the 2'-O-CEM-protecting groups
were removed from the resultant 4mers by treatment with
TBAF2 : virtually quantitatively without observable side reac-
tions.

Next, we applied the optimized reaction conditions for the
synthesis of 4mers to the synthesis of 12mers (entries 6—12).
As shown in entries 6 and 7, all-(Rp)-PS-U), (10a) and all-
(Sp)-PS-U;, (10b) were manually synthesized in excellent
coupling yields under these conditions, although the isolated
yields were rather low owing to partial loss of the product
during a double purification procedure by RP-HPLC (DMTr-
on and -off) (Figures 1 and 2, A and B). However, attempts to
synthesize all-(Rp)-PS-(CAGU); (10c) and all-(Sp)-PS-
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Table 3. Stereocontrolled Solid-Phase Synthesis of PS-ORN
4—12mers

coupling
coupling yield isolated
entry product activator  time (min) (%)** yield (%)
1 Al(Rp)-PS- 9a  CMPT 5 91
4
2 All-(Rp)-PS- 9a CMPT 10 98
U,
3 All-(Sp)-PS- 9b CMPT 10 96
U,
4 AI(Rp)-PS- 9c  CMPT 15 98
CAGU
S Al(Sp)-PS- 9d  CMPT 15 94
CAGU
6  Al(Rp)-PS- 10a  CMPT 15 99 12
Ui
7 A]I—(Sp)—PS- 10b CMPT 15 99 14
U
8  Al(Rp)-PS- 10c  CMPT 15 90 (68)
(CAGU),
9 All-(Rp)-PS-  10c  CMPT 15 92 (75)
(CAGU),
10 All(Sp)-PS- 104 CMPT 15 93 (80)
(CAGU),
119 Al(Rp)-PS- 10c  PhIMT 15 94 (86) 6
(CAGU),
12 All(Sp)-PS- 10d  PhIMT 15 97 (92) 10
(CAGU),

“Average coupling yield. bAverage coupling yields of C*-monomers
are given in parentheses. “Double coupling. dSynthesized on
automated DNA synthesizer.

(CAGU); (10d) under the same conditions resulted in lower
average coupling yields (entries 8—10). The DMTr" assay
showed that the coupling yields of the C*-monomers were
particularly lower than those of the other monomers. Double
coupling of the C*-monomer improved the yield only slightly
(entry 9). The low coupling vield might be due to the relatively
high basicity of cytosine, which could be initially protonated
and thus hamper the protonation of its oxazaphospholidine
moiety. To solve this problem, we employed N-phenyl-
imidazolium triflate (PhIMT)** as the activator for the
synthesis of 10c and 10d. As expected, the coupling yield of
the C*-monomer improved, and the desired oligomers of
mixed sequence (10c and 10d) were isolated (Table 3, entries
11 and 12) (Figures 1 and 2, C and D). The diastereoselectivity
of the coupling reaction using PhIMT (98:2 for Rp; >99:1 for
Sp) was determined to be comparable or slightly lower than
that obtained using CMPT by independently synthesizing
(Rp)-UsU and (Sp)-UgU.>! We also applied the method to an
automated synthesis. The synthesis of all-(Rp)-PS-(CAGU);
(10c) was performed on an automated DNA synthesizer to
demonstrate the applicability of the method to automation. The
desired all-(Rp)-PS-(CAGU), (10c) was obtained with average
coupling yield of 94% as shown in entry 11. All-(Sp)-PS-
(CAGU); (10d) was also synthesized on an automated
synthesizer with similar efficiency (av. 95%) to that obtained
by a manual solid-phase synthesis.*’

P-Configurational Assignment of P-Stereodefined PS-
ORNs by Enzymatic Digestion. Isolated PS-ORN 12mers
10a—d were treated with snake venom phosphodiesterase™
(svPDE) (Rp-specific) and nuclease P1** (nP1) (Sp-specific)
for configurational assignments. After being incubated with
svPDE or nP1 for 16 h at 37 °C, the PS-ORNs were analyzed
by RP-HPLC.>' All-(Sp)-PS-U;, (10b) and all-(Sp)-PS-

(CAGU); (10d) were completely digested with nP1, whereas
only ca. 34% of 10b and ca. 31% of 10d were digested with
svPDE. On the other hand, complete digestion was observed
when all-(Rp)-PS-U,, (10a) and all-(Rp)-PS-(CAGU); (10c)
were treated with svPDE, whereas ca. 32% of 10a and ca. 78%
of 10c were digested with nP1. The partial digestion is 21:3robably
owing to the lower specificity of the enzymes.”>®> These
experiments confirmed that the stereochemistry of the PS-
ORNs synthesized using the new 2'-0-CEM oxazaphospholi-
dine monomers was as expected, that is, (Rp)- and (Sp)-PS-
linkages were formed from the (Sp)- and (Rp)-monomers,
respectively.

Hybridization Properties of the P-Stereodefined PS-
ORNSs. Finally, the hybridization properties of the P-stereo-
defined all-(Rp)-PS-(CAGU); (10c) and all-(Sp)-PS-(CAGU),
(10d) were studied. A UV denaturing study was carried out
with four kinds of duplexes consisting of 10¢ and 10d, stereo-
random-PS-(CAGU);, or an unmodified (CAGU); and the
complementary ORNs. As shown in Figure 3, the T, value of
the duplex containing of 10¢ was slightly higher than that with
unmodified (CAGU); (AT, = +3.7 °C). The stabilization
effect of an (Rp)-PS-linkage (AT, = ca. +0.4 °C per
modification) was virtually the same as that obtained previously
with all-(Rp)-PS-Ujo."> In sharp contrast, the T, values
obtained with all-(Sp)-PS-(CAGU); (10d) and stereo-
random-PS-(CAGU); were much lower than that of the
unmodified duplex (AT,, = —10.8 and —4.2 °C, respectively).
We have also shown the destabilizing effect of (Sp)-PS-linkages
previously by using all-(Sp)-PS-U,y; however, no distinct T,,
value was obtained."> Thus, the destabilizing effect of (Sp)- and
stereo-random PS-linkages was evaluated more precisely in the
current study using P-stereodefined PS-ORNs of mixed
sequence.

B CONCLUSION

In conclusion, we successfully developed a method for
synthesizing P-stereodefined PS-ORNs of mixed sequence by
employing 2'-O-CEM protection in the oxazaphospholidine
method. The coupling efficiency of the 2'-O-CEM-protected
oxazaphospholidine monomers was greater than that of the 2'-
O-TBS-protected monomers. The resultant P-stereodefined PS-
ORNs of mixed sequence enabled us to demonstrate that a PS-
ORN—ORN duplex was stabilized by incorporating (Rp)-PS-
linkages, whereas it was largely destabilized with (Sp)- or
stereo-random-PS-linkages. The expanded availability of P-
stereodefined PS-ORNs should promote their use in
therapeutic studies. Furthermore, the stabilizing effect of
(Rp)-PS-linkages can support the design of miRNA-based
drug candidates, which require a much higher hybridization
potential to target RNAs than that needed for siRNA.?

B EXPERIMENTAL SECTION

0%-Cyanoethyl-N*-phenoxyacetyl-3’,5"-0-(1,1,3,3-tetraiso-
propyldisiloxane-1,3-diyl)-2'-0-(2-cyanoethoxymethyl)-qua-
nosine 11. N®-Phenoxyacetyl-3',5"-O-(tetraisopropyldisiloxane-1,3-
diyl)-2-0-(2-cyanoethoxymethyl)-guanosine (11.18 g, 149 mmol)
was dried by repeated coevaporations with dry toluene and dissolved
in dry CH,Cl, (100 mL) under argon. DMAP (0.092 g, 0.75 mmol),
triethylamine (8.3 mL, 60 mmol), and 2-mesitylenesulfonyl chloride
(3.92 g 17.9 mmol) were successively added, and the mixture was
stirred for 30 min at rt. A saturated NaHCO, aqueous solution (50
mL) was then added. The organic layer was separated and washed with
saturated NaHCO; aqueous solutions (2 X 50 mL). The washings
were combined and extracted with CHCI; (2 x 30 mL). The organic
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Figure 1. RP-HPLC profiles of PS-ORNs bearing $'-O-DMTr and 2'-O-CEM groups: (A) crude all-(Rp)-PS-U,, (10a); (B) crude all-(Sp)-PS-U,,
(10b); (C) crude all-(Rp)-PS-(CAGU); (10c); (D) crude all-(Sp)-PS-(CAGU), (10d). RP-HPLC was performed with a linear gradient of 0—60%
CH4CN in 0.1 M TEAA buffer (pH 7.0) over 60 min at 30 °C and a rate of 0.5 mL/min.

layers were combined, dried over Na,SO,, filtered, and concentrated
under reduced pressure. The residue was dried by repeated
coevaporations with dry toluene and dissolved in dry CH,Cl, (100
mL) under argon. N-Methylpyrrolidine (15.9 mL, 149 mmol) was
added at 0 °C, and the mixture was stirred for 40 min at the same
temperature. 2-Cyanoethanol (10.1 mL, 149 mmol) and DBU (3.3
mL, 22 mmol) were then added, and the mixture was further stirred
for 25 min at 0 °C. A 1.0 M KH,PO, aqueous solution (SO mL) was
then added, and the organic layer was separated and washed with 1.0
M KH,PO, aqueous solutions (2 % 50 mL). The washings were
combined and extracted with CHCI; (2 X 30 mL). The organic layers
were combined, dried over Na,SO,, filtered, and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography [ethyl acetate—hexane (50:50, v/v to 100:0, v/v)].
The fractions containing 11 were collected, washed with a saturated
NaHCOj; aqueous solution (100 mL), dried over Na,SO,, filtered, and
concentrated to dryness under reduced pressure to afford 11 (6.20 g,
7.8 mmol, 52%) as a pale yellow foam. "H NMR (300 MHz, CDCl;) &
8.92 (1H, brs, 2-NH), 8.31 (1H, s, 8-H), 7.40—7.38 (2H, dd, ] = 8.0,
8.0 Hz, 3-H of Pac), 7.11-6.98 (3H, m, 2,4-H of Pac), 6.16 (1H, s, 1'-
H), 5.20 (1H, d, ] = 7.2 Hz, OCH,0 of CEM), 5.10 (1H, d, J = 7.2
Hz, OCH,0 of CEM), 4.85—4.78 (2H, m, 0°~OCH,CH,CN), 4.69
(2H, s, CH, of Pac), 4.53 (1H, dd, ] = 4.2, 9.3 Hz, 2'-H), 4.35-4.17
(3H, m, 3-H, §-H), 408—4.01 (2H, m, 4-H, OCH,CH,CN, of
CEM), 3.92—3.78 (1H, m, OCH,CH,CN, of CEM), 3.02 (2H, t, ] =
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6.8 Hz, 0°-OCH,CH,CN), 2.66-2.61 (2H, t, | = 6.6 Hz,
OCH,CH,CN of CEM), 1.12-0.95 (28H, m, i-Pr). '*C NMR (75
MHz, CDCla) 8 165.7, 159.6, 156.9, 152.0, 150.8, 139.8, 129.9, 122.6,
119.0, 117.8, 116.8, 114.9, 94.7, 88.4, 81.5, 78.6, 68.4, 67.9, 63.1, 61.7,
59.4, 188, 18.1, 17.5, 17.3, 17.3, 17.3, 17.1, 17.0, 16,9, 16.8, 13.3, 13.0,
12.9, 12.6. ESI-HRMS: m/z caled for CyHo N-O,Si," [(M + H)*]
796.3516, found 796.3527.
0%-Cyanoethyl-N*-phenoxyacetyl-2'-0-(2-cyanoethoxy-
methyl)-guanosine 12. Compound 11 (1.92 g, 2.4 mmol) was dried
by repeated coevaporations with dry toluene and dissolved in dry THF
(5.0 mL) under argon. Et;N-3HF (0.40 mL, 2.4 mmol) was added at
35 °C, and the mixture was stirred for 2 h at the same temperature.
The mixture was then diluted with CHCI, (50 mL) and washed with
saturated NaHCOj; aqueous solutions (3 X 30 mL). The washings
were combined and extracted with CHCI, (2 X 20 mL). The organic
layers were combined, dried over Na,SO,, filtered, and concentrated
under reduced pressure. The residue was purified by silica gel column
chromatography [CHCl;—MeOH (100:3, v/v)] to afford 12 (0.86 g,
1.6 mmol, 64%) as a pale yellow foam. '"H NMR (300 MHz, DMSO-
ds) 5 10.73 (1H, brs, 2-NH), 8.57 (1H, s, 8-H), 7.33—7.28 (2H, dd,
7.8, 7.8 Hz, 3-H of Pac), 6.96—6.93 (3H, m, 2,4-H of Pac), 6.09 (1H,
d, J = 6.0 Hz, 1’-H), 5.38 (1H, d, ] = 5.1 Hz, 3'-OH), 5.11—4.98 (3H,
m, $-OH, OCH,O of CEM), 4.78—4.65 (5H, m, 2'-H, 0%
OCH,CH,CN, CH, of Pac), 436 (1H, dd, | = 3.6, 4.7 Hz, 3'-H),
398 (1H, d, J = 3.6 Hz, 4-H), 3.72-351 (3H, m, S'-H,
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Figure 2. RP-HPLC profiles of fully deprotected and purified PS-ORNs: (A) all-(Rp)-PS-U,, (10a); (B) all-(Sp)-PS-U,, (10b); (C) all-(Rp)-PS-
(CAGU), (10c); (D) purified all-(Sp)-PS-(CAGU); (10d). RP-HPLC was performed with a linear gradient of 0—30% CH,CN in 0.1 M TEAA

buffer (pH 7.0) over 60 min at 30 °C and a rate of 0.5 mL/min.
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Figure 3. UV melting curves of PS-(CAGU);-PO-(ACUG),.

OCH,CH,CN, of CEM), 3.47—3.25 (1H, m, OCH,CH,CN of CEM),
3.22-3.16 (2H, t, ] = 5.9 Hz, 0°-OCH,CH,CN), 2.66—2.50 (2H, m,
OCH,CH,CN of CEM). *C NMR (75 MHz, CDCl,) § 166.1, 160.0,
156.8, 152.1, 150.6, 142.6, 129.8, 122.5, 119.6, 117.6, 1169, 114.8,
95.7, 88.4, 86.9, 79.9, 70.8, 67.5, 63.3, 62.4, 61.9, 18.7, 18.0. ESI-
HRMS: m/z caled for C,sHogN-Og" [(M + H)*] 554.1994, found
554.1996.
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0°-Cyanoethyl-N*-phenoxyacetyl-5'-0-(4,4'-dimethoxytri-
tyl)-2'-0-(2-cyanoethoxymethyl)-guanosine 1d. Compound 12
(0.86 g, 1.6 mmol) was dried by repeated coevaporations with dry
pyridine and dissolved in dry pyridine (5.0 mL) under argon. DMTrCl
(0.80 g, 2.4 mmol) was added at 0 °C, and the mixture was stirred for
9 h at rt. MeOH (5 mL) was then added, and the mixture was
concentrated under reduced pressure. The residue was dissolved in
CHCI, (50 mL), and the solution was washed with saturated NaHCO,
aqueous solutions (3 X 30 mL). The washings were combined and
extracted with CHCl; (3 X 20 mL). The organic layers were
combined, dried over Na,SO,, filtered, and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography [ethyl acetate—hexane—pyridine (50:50:0.5, v/v/v to
100:0:0.5, v/v/v)] to afford 1d (1.21 g 1.4 mmol, 91%) as a pale
yellow foam. '"H NMR (300 MHz, CDCL,) § 8.84 (1H, brs, 2-NH),
8.10 (1H, s, 8-H), 7.42—6.99 (14H, m, 2-H of p-An, Ph of Pac and
DMTr), 6.79 (4H, d, ] = 8.1 Hz, 3-H of p-An), 6.24 (1H, d, ] = 3.9 Hz,
1'-H), 5.03, 496 (2H, 2d, ] = 7.1 Hz, OCH,0 of CEM), 4.90-4.79
(3H, m, 2'-H, 0°-OCH,CH,CN), 4.68—4.61 (3H, m, 3'-H, CH, of
Pac), 426 (1H, d, J = 3.3 Hz, 4-H), 3.78—3.65 (8H, m, OMe,
OCH,CH,CN of CEM), 3.49 (2H, d, ] = 3.9 Hz, 5'-H), 3.02 (2H, t, |
= 6.6 Hz, 0°>-OCH,CH,CN), 2.62 (1H, d, ] = 6.3 Hz, 3’-OH), 2.50
(2H, t, J = 62 Hz, OCH,CH,CN of CEM). *C NMR (75 MHz,
CDCl;) § 165.7, 159.7, 158.5, 156.9, 152.8, 150.8, 149.7, 144.4, 140.9,
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135.5, 135.4, 130.0, 129.8, 128.1, 127.9, 127.0, 122.5, 118.7, 117.6,
116.8, 114.9, 113.1, 95.6, 87.0, 86.6, 83.9, 80.2, 70.2, 67.7, 63.4, 63.1,
61.7, 552, 18.8, 18.0. ES-HRMS: m/z caled for CogH,oN,O,0° [(M +
H)*] 856.3301, found 836.3300.

(Sp)-U-Monomer [(Sp)-3al. A Typical Procedure for the
Synthesis of 3a—d. 5-O-DMTr-2'-O-CEM-uridine (0.94 g 15
mmol) was dried by repeated coevaporations with dry pyridine and
dry toluene and dissolved in freshly distilled THF (5.0 mL) under
argon. Triethylamine (1.5 mL, 10.5 mmol) and a 0.5 M solution of the
2-chloro-1,3,2-oxazaphospholidine derivative p-2 in freshly distilled
THEF (9.3 mL, 4.7 mmol) were successively added at —78 °C, and the
mixture was stirred for 1.5 h at rt. The mixture was then diluted with
CHCI; (400 mL) and washed with a saturated NaHCO; aqueous
solutions (3 X 100 mL). The washings were combined and extracted
with CHCI; (2 X 30 mL). The organic layers were combined, dried
over Na,SO,, filtered, and concentrated under reduced pressure. The
residue was then purified by silica gel column chromatography [NH
silica gel, hexane—ethyl acetate—triethylamine (20:10:0.03 to
10:20:0.03, v/v/v)]. The fractions containing (Sp)-3a were collected,
washed with a saturated NaHCO; aqueous solution (100 mL), dried
over Na,S50O,, filtered, and concentrated to dryness under reduced
pressure to afford (Sp)-3a (0.89 g, 1.1 mmol, 71%) as a colorless foam.
'H NMR (300 MHz, CDCL,) 6 8.42 (1H, brs, 3-NH), 8.11 (1H, d, ] =
8.4 Hz, 6-H), 7.41-7.16 (14H, m, 5"-Ph, 2-H of p-An, Ph of DMTr),
6.85 (4H, dd, J = 2.1, 9.0 Hz, 3-H of p-An), 598 (1H, d, ] = 1.5 Hz, 1"-
H), 5.79 (1H, d, J = 6.3 Hz, $"-H), 5.20 (1H, d, | = 8.4 Hz, 5-H),
4.89—4.81 (3H, m, 3'-H, OCH,O of CEM), 4.32—4.25 (2H, m, 2'-H,
4-H), 3.87-3.68 (10H, m, 5'-H, 4"-H, OCH,CH,CN, OMe), 3.54—
341 (2H, m, 5'-H, 6"-H), 3.14-3.03 (1H, m, 6"-H), 2.47 (2H, ddd, |
= 1.8, 6.0, 6.0 Hz, OCH,CH,CN), 1.68—1.59 (2H, m, 7"-H), 1.28—
1.17 (1H, m, 8"-H), 1.01-0.88 (1H, m, 8"-H). '*C NMR (75 MHz,
CDCl,;) 6 163.0, 158.7, 158.7, 150.1, 144.0, 139.8, 137.7 (d, *Jpc = 4.0
Hz), 1350, 134.8, 130.3, 129.0, 1284, 128.3, 1282, 128.0, 127.7,
127.2, 125.3, 117.9, 113.2, 113.2, 102.2, 94.6, 88.4, 87.1, 82.3 (d, ¥pc =
9.5 Hz), 81.8 (d, ¥Jpc = 4.3 Hz), 78.5, 69.3 (d, *Jpc = 15.5 Hz), 67.3 (d,
*Joc = 3.2 Hz), 62.9, 60.2, 55.2, 47.0 (d, *Jpc = 34.4 Hz), 27.9, 25.9 (d,
*pc = 3.4 Hz), 18.6. P NMR (121 MHz, CDCl;) § 159.4. ESI-
HRMS: m/z caled for C;;Hg N;O,,P* [(M + H)*] 835.3103, found
835.3104.

(Sp)-C**-Monomer [(Sp)-3b]. Crude (Sp)-3b was synthesized
from 5'-0-DMTr-2'-0-CEM-N"*-acetylcytidine 1b (0.67 g, 1.0 mmol)
following the typical procedure described above and purified by silica
gel column chromatography [NH silica gel, toluene—ethyl acetate—
triethylamine (10:20:0.03, v/v/v)]. The fractions containing (Sp)-3b
were collected, washed with a saturated NaHCO; aqueous solution
(100 mL), dried over Na,SO,, filtered, and concentrated to dryness
under reduced pressure to afford (Sp)-3b (0.66 g, 0.75 mmol, 75%) as
a pale yellow foam. "H NMR (300 MHz, CDCl,) 6 9.07 (1H, brs, 4-
NH), 8.61 (1H, d, ] = 7.5 Hz, 6-H), 7.44—7.16 (14H, m, 5"-Ph, 2-H of
p-An, Ph of DMTT), 6.99 (1H, d, ] = 7.5 Hz, 5-H), 6.86 (4H, dd, J =
1.8, 8.7 Hz, 3-H of p-An), 5.98 (1H, s, 1-H), 5.78 (1H, d, ] = 6.3 Hz,
5"-H), 5.04 (1H, d, ] = 6.9 Hz, OCH,0 of CEM), 495 (1H, d, ] = 6.9
Hz, OCH,O of CEM), 478 (1H, ddd, ] = 4.8, 9.3, 9.3 Hz, 3'-H),
4.34-427 (2H, m, 2'-H, 4"-H), 3.88—3.73 (10H, m, 5'-H, 4"-H,
OCH,CH,CN, OMe), 3.56—3.39 (2H, m, 5'-H, 6"-H), 3.12-3.00
(1H, m, 6"-H), 2.49 (2H, t, ] = 6.9 Hz, OCH,CH,CN), 2.24 (3H, s,
Ac), 1.78—1.58 (2H, m, 7"-H), 1.28—1.11 (1H, m, 8"-H), 0.99—0.86
(1H, m, 8"-H). ®C NMR (75 MHz, CDCl;) § 170.2, 162.6, 158.7,
154.8, 144.7, 144.0, 137.8 (d, *fpc = 4.3 Hz), 135.1, 135.0, 135.0,
1303, 1283, 1283, 1280, 127.6, 1272, 125.3, 118.0, 1132, 1132,
113.2, 96.5, 94.6, 90.0, 87.1, 82.4 (d, ¥pc = 9.5 Hz), 81.3 (d, ¥pc = 4.0
Hz), 78.6, 68.6 (d, YJpc = 14.9 Hz), 67.2 (d, *Jpc = 3.2 Hz), 63.0, 59.7,
55.2, 46.9 (d, ¥Jpe = 354 Hz), 29.7, 27.9, 25.9 (d, *Jpc = 3.8 Hz), 24.9,
18.6.'P NMR (121 MHz, CDCI,) 6 159.0. ESI-HRMS: m/z caled for
CyHN.OoP* [(M + H)*] 876.3368, found 876.3365.

(Sp)-A*-Monomer [(Sp)-3c]. Crude (Sp)-3c was synthesized
from §'-O-DMTr-2"-0-CEM-N®acetyladenosine 1c (0.70 g 1.0
mmol) following the typical procedure described above and purified
by silica gel column chromatography [NH silica gel, toluene—ethyl
acetate—triethylamine (50:50:0.1, v/v/v)]. The fractions containing
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(Sp)-3c were collected, washed with a saturated NaHCO; aqueous
solution (100 mL), dried over Na,SO,, filtered, and concentrated to
dryness under reduced pressure to afford (Sp)-3c (0.46 g, 0.51 mmol,
519%) as a colorless foam. "H NMR (300 MHz, CDCL,) 8 8.60 (1H, s,
2-H), 8.51 (1H, brs, 6-NH), 821 (1H, s, 8-H), 7.42—7.22 (14H, m,
5"-Ph, 2-H of p-An, Ph of DMTr), 681 (4H, d, ] = 6.9 Hz, 3-H of p-
An), 622 (1H, d, ] = 5.1 Hz, 1’-H), 5.79 (1H, d, ] = 6.6 Hz, 5"-H),
5.07—4.98 (2H, m, 2"-H, 3'-H), 4.84 (1H, d, ] = 7.2 Hz, OCH,0 of
CEM), 4.76 (1H, d, ] = 7.2 Hz, OCH,0 of CEM), 4.36 (1H, dd, ] =
3.9, 8.1 Hz, 4-H), 3.87 (1H, ddd, ] = 6.0, 10.5, 10.5 Hz, 4"-H), 3.78
(6H, s, OMe), 3.64—3.44 (4H, m, 5"-H, 6"-H, OCH,CH,CN), 3.40
(1H, dd, J = 3.9, 10.8 Hz, §'-H), 3.17—3.06 (1H, m, 6"-H), 2.61 (3H,
s, Ac), 237 (2H, t, J = 6.3 Hz, OCH,CH,CN), 1.72—1.56 (2H, m, 7"-
H), 1.28—1.19 (1H, m, 8”-H), 1.02—-0.92 (1H, m, 8"-H). 3C NMR
(75 MHz, CDCl,) § 170.3, 158.6, 152.4, 151.0, 149.1, 144.3, 141.7,
138.0 (d, ¥pc = 4.0 Hz), 135.5, 135.4, 130.16, 128.3, 1282, 127.9,
127.6, 127.0, 126.6, 126.0, 125.4, 122.2, 117.5, 113.1, 949, 87.1, 86.7,
83.6 (d, ¥Jpc = 3.7 Hz), 824 (d, YJpc = 9.5 Hz), 78.0, 70.7 (d, YJpc =
12.0 Hz), 67.3 (d, Ype = 32 Hz), 62.9, 622, 55.2, 53.1, 50.7, 47.1 (d,
o = 34.7 Hz), 39.6, 27.9, 26.6, 26.0, 25.8 (d, *Jpc = 18.6 Hz), 206,
18.6. *P NMR (121 MHz, CDCl;) 5 156.1. ES-HRMS: m/z caled for
CysHy N,OP* [(M + H)*] 900.3480, found 900.3479.
(Sp)-G*P*-Monomer [(Sp)-3d]. Crude (Sp)-3d was synthesized
from §'-O-DMTr-2"-0-CEM-O%cyanoethyl-N*-phenoxyacetylguano-
sine 1d (1.28 g, 1.5 mmol) following the typical procedure described
above and purified by silica gel column chromatography [NH silica gel,
hexane—ethyl acetate—triethylamine (30:10:0.04 to 10:20:0.03, v/v/
v)]. The fractions containing (Sp)-3d were collected, washed with a
saturated NaHCOj aqueous solution (100 mL), dried over Na,SO,,
filtered, and concentrated to dryness under reduced pressure to afford
(Sp)-3d (0.87 g, 0.82 mmol, 54%) as a colorless foam. '"H NMR (300
MHz, CDCl,) 8 8.77 (1H, brs, 2-NH), 8.13 (1H, s, 8-H), 7.45-6.98
(19H, m, 5"-Ph, 2-H of p-An, Ph of DMTt, Ph of Pac), 6.79 (4H, d, J
= 6.6 Hz, 3-H of p-An), 6.23 (1H, d, ] = 4.8 Hz, 1"-H), 5.76 (1H, d, ] =
6.6 Hz, 5"-H), 4.99—4.75 (6H, m, 2'-H, 3'-H, OCH,0 of CEM, 0°-
OCH,CH,CN), 4.62 (2H, s, CH, of Pac), 439 (1H, d, ] = 3.3 Hz, 4'-
H), 3.85 (1H, ddd, ] = 6.0, 10.4, 10.4 Hz, 4"-H), 3.77 (6H, s, OMe),
3.62-342 (SH, m, 5'-H, 6"-H, OCH,CH,CN of CEM), 3.19-3.03
(3H, m, 6"-H, 0%OCH,CH,CN), 234 (2H, t, | = 6.3 Hz,
OCH,CH,CN of CEM), 1.75-1.59 (2H, m, 7"-H), 1.28—1.17 (1H,
m, 8”-H), 1.01-0.89 (1H, m, 8"-H). °C NMR (75 MHz, CDCL,) &
165.7, 159.7, 158.6, 157.0, 153.0, 151.0, 144.3, 140.8, 137.9 (d, ¥Jpc =
3.8 Hz), 1354, 1354, 130.1, 129.8, 128.5, 128.3, 1282, 127.9, 127.6,
127.0, 125.4, 122.4, 118.6, 117.6, 116.8, 114.9, 113.2, 94.8, 86.8, 86.5,
83.8 (d, *Jpc = 3.7 Hz), 82.3 (d, Ypc = 9.5 Hz), 78.0, 70.6 (d, Ypc =
12.9 Hz), 67.7, 67.3 (d, Jpe = 3.2 Hz), 63.0, 62.6, 61.8, 55.2, 47.1 (d,
Yoo = 349 Hz), 27.9, 25.9 (d, Jpc = 3.5 Hz), 18.6, 18.0. 'P NMR
(121 MHz, CDCl,) 6 157.5. ES-HRMS: m/z caled for
C37H55N8011P+ [(M + H)+:| ].061"3957, found 1061.3977.
(Rp)-U-Monomer [(Rp)-3a). Crude (Rp)-3a was synthesized from
§'-0-DMTr-2"-0-CEM-uridine 1a (0.63 g, 1.0 mmol) following the
typical procedure described above and purified by silica gel column
chromatography [NH silica gel, toluene—ethyl acetate—triethylamine
(60:40:0.1, v/v/v)]. The fractions containing (Rp)-3a were collected,
washed with a saturated NaHCO, aqueous solution (100 mL), dried
over Na,SO,, filtered, and concentrated to dryness under reduced
pressure to afford (Rp)-3a (0.52 g, 0.62 mmol, 62%) as a colorless
foam. 'H NMR (300 MHz, CDCL,) & 8.98 (1H, brs, 3-NH), 8.07 (1H,
d, J = 8.1 Hz, 6-H), 7.41-7.19 (14H, m, 5"-Ph, 2-H of p-An, Ph of
DMTr), 6.79 (4H, dd, ] = 8.1, 8.1 Hz, 3-H of p-An), 5.95 (1H, d, J =
12 Hz, 1-H), 5.75 (1H, d, J = 6.6 Hz, 5"-H), 5.16 (1H, d, ] = 8.1 Hz,
5-H), 5.01, 494 (2H, 2d, ] = 7.2 Hz, OCH,O of CEM), 4.89 (1H,
ddd, ] = 6.9, 8.4, 8.4 Hz, 3'-H), 435 (1H, dd, ] = 1.2, 4.8 Hz, 2'-H),
421 (1H, d, J = 8.1 Hz, 4-H), 394-387 (3H, m, 4"-H,
OCH,CH,CN), 3.77, 3.74 (6H, 2s, OMe), 3.63-3.52 (3H, m, §'-H,
6"-H), 3.09-3.03 (1H, m, 6”-H), 2.67 (2H, ddd, ] = 2.7, 6.5, 6.5 Hz,
OCH,CH,CN), 1.65—1.56 (2H, m, 7"-H), 1.25—1.19 (1H, m, 8"-H),
1.03-091 (1H, m, 8"-H). “C NMR (75 MHz, CDCl;) é§ 163.0,
1587, 158.6, 150.1, 144.3, 140.0, 138.0 (d, *Jpc = 4.0 Hz), 135.0,
1303, 130.1, 128.3, 1282, 128.0, 127.6, 1272, 125.5, 117.9, 1132,
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1132, 102.1, 94.6, 88.5, 87.1, 82.6 (d, YJpc = 9.6 Hz), 81.8, 784 (d,
3o = 3.2 Hz), 69.4 (d, YJpc = 144 Hz), 67.3 (d, Ypc = 3.2 Hz), 63.1,
60.3, 55.2, 55.2, 47.1 (d, ¥Jpc = 34.7 Hz), 28.1, 26.0 (d, *Jpc = 3.7 Hz),
18.7.3'P NMR (121 MHz, CDCL,) 6 158.2. ESI-HRMS: m/z caled for
CysHygN,O,P* [(M + H)*] 835.3103, found 835.3104.

(Rp)-C**-Monomer [(Rp)-3bl. Crude (Rp)-3b was synthesized
from §'-O-DMTr-2'-0-CEM-N*-acetylcytidine 1b (1.01 g, 1.5 mmol)
following the typical procedure described above and purified by silica
gel column chromatography [NH silica gel, hexane—ethyl acetate—
triethylamine (20:10:0.03 to 10:30:0.03, v/v/v)]. The fractions
containing (Rp)-3b were collected, washed with a saturated
NaHCO; aqueous solution (100 mL), dried over Na,SO,, filtered,
and concentrated to dryness under reduced pressure to afford (Rp)-3b
(0.69 g 0.79 mmol, 53%) as a pale yellow foam. 'H NMR (300 MHz,
CDCl,) 6 9.39 (1H, brs, 4-NH), 8.54 (1H, d, ] = 7.5 Hz, 6-H), 7.42—
7.16 (14H, m, $"-Ph, 2-H of p-An, Ph of DMTr), 6.88 (1H, d, J = 7.5
Hz, 5-H), 6.84—6.77 (4H, dd, ] = 6.0, 9.0 Hz, 3-H of p-An), 5.94 (1H,
s, I''H), 5.72 (1H, d, J = 6.3 Hz, 5"-H), 5.15 (1H, d, J = 69 Hz,
OCH,O of CEM), 4.98, (1H, d, ] = 6.9 Hz, OCH,O of CEM), 4.84
(1H, ddd, J = 4.8, 9.3, 9.3 Hz, 3'-H), 4.33—4.26 (2H, m, 2"-H, 4-H),
3.96—3.86 (3H, m, 4”-H, OCH,CH,CN), 3.77, 3.75 (6H, 2s, OMe),
3.69-3.50 (3H, m, 5'-H, 6"-H), 3.15—3.04 (1H, m, 6"-H), 2.78—2.59
(2H, m, OCH,CH,CN), 2.24 (3H, s, Ac), 1.67—1.51 (2H, m, 7"-H),
1.28—1.17 (1H, m, 8”-H), 1.01-0.93 (1H, m, 8"-H). *C NMR (75
MHz, CDCL,) 6 170.1, 162.6, 158.7, 158.6, 154.9, 144.8, 144.2, 138.0
(d, *Jpc = 4.0 Hz), 135.1, 130.3, 130.1, 128.3, 128.2, 128.0, 127.6,
127.2, 125.5, 118.1, 113.2, 98.4, 96.4, 94.4, 90.1, 87.1, 82.6 (d, YJpc =
9.5 Hz), 81.4, 78.2, 68.8 (d, }Jpc = 14.6 Hz), 67.3 (d, *Jpc = 3.5 Hz),
63.0, 59.9, 55.2, 47.1 (d, *Jpc = 34.7 Hz), 28.0, 25.9 (d, *Jpc = 3.5 Hz),
24.9, 18.7. *'P NMR (121 MHz, CDCl,) & 158.0. ESI-HRMS: m/z
caled for CHg N,O,,P* [(M + H)*] 876.3368, found 876.3367.

(Rp)-A**-Monomer [(Rp)-3c]. Crude (Rp)-3c was synthesized
from 5'-0-DMTr-2'-0-CEM-N-acetyladenosine 1c (0.70 g, 1.0
mmol) following the typical procedure described above and purified
by silica gel column chromatography [NH silica gel, toluene—ethyl
acetate—triethylamine (20:10:0.03, v/v/v)]. The fractions containing
(Rp)-3c were collected, washed with a saturated NaHCO; aqueous
solution (100 mL), dried over Na,SO,, filtered, and concentrated to
dryness under reduced pressure to afford (Rp)-3c (0.44 g, 0.49 mmol,
49%) as a colorless foam. '"H NMR (300 MHz, CDCl,) § 8.64 (1H,
brs, 6-NH), 8.61 (1H, s, 2-H), 826 (1H, s, 8-H), 7.45—7.16 (14H, m,
5"-Ph, 2-H of p-An, Ph of DMTr), 6.76 (4H, d, ] = 9.0 Hz, 3-H of p-
An), 624 (1H, d, | = 4.8 Hz, 1'-H), 5.77 (1H, d, ] = 6.3 Hz, 5"-H),
5.06—4.95 (2H, m, 2’-H, 3'-H), 490, 484 (2H, 2d, | = 7.2 Hz,
OCH,0 of CEM), 4.36 (1H, dd, J = 3.0, 6.0 Hz, 4-H), 3.88 (1H, ddd,
J = 6.3, 10.5, 10.5 Hz, 4"-H), 3.81-3.51 (10H, m, 5"-H, 6"-H, OMe,
OCH,CH,CN), 341 (1H, dd, ] = 3.6, 10.5 Hz, 5'-H), 3.18—3.06 (1H,
m, 6"-H), 2.60 (3H, s, Ac), 2.49 (2H, t, J = 6.3 Hz, OCH,CH,CN),
1.69—1.59 (2H, m, 7"-H), 1.28—1.18 (1H, m, 8”-H), 0.98—091 (1H,
m, 8”-H). *C NMR (75 MHz, CDCL;) § 170.3, 158.5, 158.5, 152.3,
1509, 149.2, 144.4, 1419, 1380 (d, *Joc = 3.7 Hz), 135.5, 1354,
130.1, 130.1, 128.3, 128.2, 127.8, 127.6, 126.9, 125.5, 122.2, 117.5,
113.1, 95.2, 87.3, 86.7, 83.6, 82.8 (d, Jpc = 10.0 Hz), 78.0, 71.0 (4,
Ypc = 10.6 Hz), 67.3 (d, ¥Jpc = 3.2 Hz), 63.1, 624, 55.2, 47.0 (d, ¥Jpc =
34.9 Hz), 28.1, 25.8 (d, ¥pc = 18.1 Hz), 18.6. *'P NMR (121 MHz,
CDCl;) § 157.0. ESI-HRMS: m/z caled for CygHg N,OgP™ [(M +
H)*] 900.3480, found 900.3480.

(Rp)-G<*P>*-Monomer [(Rp)-3d]. Crude (Rp)-3d was synthesized
from §'-0-DMTr-2"-0-CEM-0%cyanoethyl-N*-phenoxyacetylguano-
sine 1d (0.86 g, 1.0 mmol) following the typical procedure described
above and purified by silica gel column chromatography [NH silica gel,
toluene—ethyl acetate—triethylamine (80:20:0.1, v/v/v)]. The frac-
tions containing (Rp)-3d were collected, washed with a saturated
NaHCO; aqueous solution (100 mL), dried over Na,SO,, filtered, and
concentrated to dryness under reduced pressure to afford (Rp)-3d
(0.45 g, 0.42 mmol, 42%) as a colorless foam. '"H NMR (300 MHz,
CDCl,) 5 8.79 (1H, brs, 2-NH), 8.10 (1H, s, 8-H), 7.42-7.00 (19H,
m, 5"-Ph, 2-H of p-An, Ph of DMTT, Ph of Pac), 6.76 (4H, d, ] = 6.6
Hz, 3-H of p-An), 6.23 (1H, d, ] = 5.1 Hz, 1'-H), 5.74 (1H, d, ] = 6.3
Hz, $"-H), 5.01—4.82 (6H, m, 2"-H, 3'-H, OCH,0 of CEM, 0O°-
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OCH,CH,CN), 4.63 (2H, s, CH, of Pac), 4.35 (1H, d, ] = 2.7 Hz, 4"-
H), 3.90-3.42 (12H, m, 5"-H, 4”-H, 6’-H, OMe, OCH,CH,CN),
3.19-3.00 (3H, m, 6"-H, 0-OCH,CH,CN), 2.48 (2H, t, ] = 6.3 Hz,
OCH,CH,CN of CEM), 1.73—1.59 (2H, m, 7"-H), 1.29-1.12 (1H,
m, 8"-H), 1.01—-0.87 (1H, m, 8”-H). *C NMR (75 MHz, CDCL,) 8
165.7, 159.7, 158.5, 158.5, 157.0, 153.0, 151.0, 144.4, 140.8, 138.0 (d,
o = 4.1 Hz), 135.5, 135.4, 130.1, 130.0, 129.8, 128.2, 128.1, 127.9,
127.6, 127.0, 125.5, 1224, 118.7, 117.6, 116.8, 114.9, 113.1, 95.1, 86.7,
86.6, 83.7, 82.7 (d, ¥Jpc = 9.5 Hz), 78.2 (d, *Jpc = 3.5 Hz), 71.1 (d, *Jpc
= 12.0 Hz), 67.7, 67.3 (d, Jpc = 3.2 Hz), 63.2, 62.6, 61.8, 55.2, 47.0 (d,
Ioc = 34.7 Hz), 28.0, 259 (d, *Jpc = 3.5 Hz), 18.6, 18.0. >'P NMR
(121 MHz, CDCly) § 156.8. ESI-HRMS: m/z caled for
CeHisN;O,,P* [(M + H)*] 1061.3957, found 1061.3964.

A General Procedure for Solid-Phase Synthesis of PS-ORNs.
Manual solid-phase synthesis of P-stereodefined PS-ORNs was
performed according to the procedure given in Table 4 by using 5'-

Table 4. Procedure for Manual Solid-Phase Synthesis of PS-
ORNs

step operation reagents and solvents time
1 detritylation 3% DCA in CH,CI, 4x15s
2 washing (i) CH,Cl,, (ii) dry CH,CN, (iii)
drying in vacuo
3 condensation  0.13 M monomer 3a—d, 1 M 5, 10, or
activator, dry CH;CN 15 min
washing (i) dry CH,CN, (ii) drying in vacuo
5 capping 0.5 M CF,COIm and 1 M DMAN in 30 s
dry THF
6 washing (i) dry THEF, (ii) dry CH,CN, (iii)
drying in vacuo
sulfurization 0.3 M DTD in dry CH;CN 10 min
8 washing (i) dry CH,CN, (ii) drying in vacuo

O-DMTr-uridine-loaded HCP or CPG (0.5 gmol). Automated solid-
phase synthesis (10c,d) was performed according to the procedure
given in Table 5 by using 5-O-DMTr-uridine-loaded HCP (0.25

Table 5. Procedure for Automated Solid-Phase Synthesis of
PS-ORNs

step operation reagents and solvents time

1 detritylation 3% DCA in CH,Cl, 49 s

2 washing dry CH,CN

3 condensation 0.15 M monomer 3a—d, 1 M activator, 15 min
dry CH;CN

4 washing dry CH;CN

8 capping 0.5 M CF;COIm and 1 M DMAN in dry 30s
THE

6  washing dry CH,CN

7 sulfurization 0.3 M DTD in dry CH;CN 6 min

8  washing dry CH,CN

pmol). After the chain elongation by repeating steps 1—8 in Table 4 or
S, the 5'-O-DMTr group was removed by treatment with 3% DCA in
CH,Cl, except for those isolated ones, for which the DMTr group was
left as a purification handle. The deprotection of the bases and the PS-
linkages and the cleavage of the linker were performed by treatment
with a 25% NH; aqueous solution—EtOH (3:1, v/v) (6 mL) for 3 h
(for 2mers), 12 h (for 4mers), or 48 h (for 12mers) at rt. The resultant
crude products were analyzed (2—4mers) or purified (12mers) by RP-
HPLC. Fractions containing the desired PS-ORN 12mers (2'-0-CEM-
on—5-0-DMTr-on) were collected and lyophilized. The residue was
then treated with a 0.5 M TBAF solution in dry DMSO containing
0.5% CH,;NO, (400 L) for 5 h at rt and diluted with a 0.1 M TEAA
buffer solution (pH 7.0) (40 mL). The mixture was purified with a
Sep-pak C18 cartridge. The Sep-pak was washed twice with a 0.1 M
TEAA buffer solution (pH 7.0) (5.0 mL) to remove DMSO, TBAF,
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and CH;NO,, and then the desired PS-ORNs were eluted with 80%
CH,CN and lyophilized. The residue was then treated with an 80%
AcOH aqueous solution (500 yL) for 1 h at rt and diluted with a 2 M
TEAA buffer solution (pH 7.0) (20 mL). The mixture was desalted
with a Sep-pak C18 cartridge. The Sep-pak was washed twice with a
0.1 M TEAA buffer solution (pH 7.0) (5.0 mL), and then the product
was eluted with 40% CH;CN. The eluate was concentrated under
reduced pressure and purified by RP-HPLC to afford the desired PS-
ORNE. Isolated yields were determined by UV quantitation at 260 nm.
All-(Rp)-PS-U,, 10a, 12% isolated yield, MALDI-TOF MS: m/z caled
for CyosH,55N:053P;S1~ [(M — H)~] 3785.09, found 3788.62. All-
(Sp)-PS-U,, 10b, 14% isolated yield, MALDI-TOF MS: m/z calcd for
CrosH132N24053P 1S~ [((M — H)™] 3785.09, found 3789.25. All-
(Rp)-PS-(CAGU); 10c, 6% isolated yield, MALDI-TOF MS: m/z
caled for C,;H,, N,O-, P, S~ [(M — H)™] 3968.29, found 3971.19.
All-(Sp)-PS-(CAGU); 10d, 10% isolated yield, MALDI-TOF MS: m/z
caled for Cy4H, 4 N0~ P, S~ [((M — H)™] 3968.29, found 3972.53.

Enzymatic Digestion of P-Stereodefined PS-ORNSs. Digestion
with svPDE. An aqueous solution (20 uL, pH 8.5) containing a
purified PS-ORN (10a—d) (1.0 nmol), svPDE (0.1 X 10 unit), 100
mM Tris-HCl, and 15 mM MgCl, was incubated for 16 h at 37 °C.
The mixture was then diluted with 0.1 M TEAA buffer (pH 7.0) (80
uL), heated for 1 min at 100 °C to inactivate the enzyme, filtrated, and
analyzed by RP-HPLC.

Digestion with nP1. An aqueous solution (20 uL, pH 7.2)
containing a purified PS-ORN (10a—d) (1.0 nmol), nuclease P1 (1
unit), S0 mM CH;COONa, and 1 mM ZnCl, was incubated for 16 h
at 37 °C. The mixture was then diluted with 0.1 M TEAA buffer (pH
7.0) (80 pL), heated at 100 °C for 1 min to inactivate the enzyme,
filtrated, and analyzed by RP-HPLC.

Thermal Denaturating Experiment. An aqueous solution (200 uL,
pH 7.0) containing a 1:1 ratio of complementary ORNs (0.45 nmol
each), 10 mM phosphate, 100 mM NaCl, and 0.1 mM EDTA was
deaerated for 10 min under reduced pressure. An aliquot (165 xL) was
placed in a 1 cm path length quartz cell. The solution was then heated
at a rate of 5 °C/min from rt to 90 °C, kept for 10 min at 90 °C, and
cooled at a rate of —2 °C/min from 90 to 0 °C to hybridize the ORNS.
After being kept for 90 min at 0 °C, the solution was gradually heated
for denaturating experiments. UV absorbance values (260 nm) were
recorded at intervals of 0.5 °C while the temperature was ramped at a
rate of 0.5 °C/min from 0 to 90 °C under Ar.
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Oligodeoxyribonucleoside boranophosphates (PB-ODNs) were synthesized in a stereocontrolled manner
via the corresponding H-phosphonates with fully deprotected nucleobases by using diastereopure 2'-
deoxyribonucleoside 3'-0-oxazaphospholidine monomers bearing acid-labile protecting groups on the
nucleobases. Using the resultant stereodefined PB-ODNs, we demonstrated that the thermal stability of
the duplexes of PB-ODNs with complementary oligonucleotides was dependent on the configuration of

© 2012 Elsevier Ltd. All rights reserved.

Oligonucleoside boranophosphates and their analogs have at-
tracted much attention lately as potential therapeutic oligonucleo-
tides.! They are resistant to nucleases, adequately lipophilic, which
may facilitate transport across cell membranes, and have modest
to high affinity for complementary RNA sequences.'~* Recent stud-
ies have shown that they serve as potent short interfering RNAs,**4
being comparable with or more effective than natural siRNAs.* It
has also been demonstrated that effective cell transfection was
achieved with such P-boronated oligonucleotide analogs without
the aid of transfection agents.? Furthermore, these types of oligo-
nucleotide analogs have been expected to work as target-specific
198 carriers for boron neutron capture therapy (BNCT).!

For these reasons, chemical synthesis of P-boronated oligonu-
cleotide analogs has become a significant subject of research. How-
ever, there are still two major problems to be solved: first,
nucleobases other than thymine bearing conventional acyl protect-
ing groups suffer from severe side reactions caused by boronating
agents, such as BH3 THF and BH3.SMe,.> Thymine also becomes
sensitive to such boronating agents after being silylated during
the silylation step for the conversion of oligonucleoside H-phos-
phonate intermediates into boranophosphates.® Second, the phos-
phorus atoms of these P-boronated oligonucleotide analogs are
chiral and proper stereocontrol should have a positive impact on
their properties, such as the stability to nucleases and the affinity
for target RNA strands.”'°

The first problem has been successfully overcome by several
methods developed recently: an H-phosphonate method!! using

* Corresponding author. Tel./fax: +81 4 7136 3612.
E-mail address: wada@k.u-tokyo.ac.jp (T. Wada).

0040-4039/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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base-unprotected nucleoside 3'-H-phosphonate monomers,'? a
phosphoramidite method using base protecting groups unreactive
to the boronating agents (e.g., 4,4'.4"-trimethoxytrityl (TMTr)
groups),*'? and a boranophosphotriester method using nucleoside
3'-boranophosphate diester monomers.?!'* However, all of these
methods cannot control the stereochemistry at the phosphorus
atoms and the products are obtained as mixtures of P-diastereo-
mers. To date, there have been no reports for the stereoselective
chemical synthesis of P-boronated oligonucleotide analogs.'® The
enzymatic synthesis*'® can incorporate only (Sp)-boranophos-
phate diester linkages into oligonucleotides due to the substrate
recognition specificity of the enzymes. Thus, a new synthetic strat-
egy to overcome both of these two problems is required.

Recently, we have developed a method for the stereocontrolled
synthesis of oligodeoxyribonucleoside H-phosphonates (PH-ODNs)
using diastereopure nucleoside 3'-0O-oxazaphospholidine mono-
mers,'” and all-(Rp)- and (Sp)-tetrathymidylate boranophosphates
have been synthesized by silylation and boronation of the resultant
stereodefined H-phosphonate intermediates.>®'”'® The side reac-
tions on silylated thymine bases have been suppressed by using
DMEF as a solvent,'” but attempts to synthesize PB-ODNs contain-
ing four kinds of nucleobases using conventional acyl protections
resulted in failure due to significant side reactions on the acylated
nucleobases by boronation even in DMF (data not shown).

Given this result, we turned to the synthesis of stereodefined
PH-ODNs with unprotected nucleobases. As reported in the litera-
ture, unprotected nucleobases and the boronating agents can form
adducts, but regenerate the unmodified nucleobases during the
final deprotection of PB-ODNs.!"! Since base protection is necessary
for the synthesis of the nucleoside 3'-O-oxazaphospholidine
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Scheme 1. Solid-phase synthesis of stereodefined PB-ODNs.

Table 1
Synthesis of oxazaphospholidine monomers 1a-d

PRO
DMTrO 0.8
PRO ?i
DMTrO B
P. o
0 . oTN EtsN =
).,—O THF, =78 °C 0 N
OH P 5o thenrt, 2 h X
. Ph Me
S5a- L- or D-6 (Sp)-or (Rp)-1a-d
Entry 1 BrROb Yield (%) trans:cis
1 (Sp)-1a Th 74 >99:1
2 (Sp)-1b Cy™ 80 >99:1
3 (Sp)-1c Addmt 80 >099:1
4 (Sp)-1d Gysedmt 76 >99:1
5% (Rp)-1a Th 83 >99:1
6 (Rp)-1b Cy™ 88 >99:1
7 (Rp)-1c Addmt 80 >99:1
8 (Rp)-1d Gy=amk 71 >89:1

* Data taken from Ref. 17.

b BPRO = protected nucleobase; Th = thymin-1-yl; Cy"™ = N*-4,4' 4”-trimethoxytritylcytosin-1-yl; Ad™ = N°-4,4'-dimethoxytrityladenin-9-yl; Gu®®4™ = 05_trimethylsi-

lylethyl-N?-4,4'-dimethoxytritylguanin-9-yl.

monomers, we employed acid-labile base protecting groups so
that the nucleobases would be deprotected during the 5'-O-det-
ritylation. The method is outlined in Scheme 1. Diastereopure
nucleoside 3'-0-oxazaphospholidine monomers (Sp)- or (Rp)-1a-
d were condensed with the 5-OH of a nucleoside on solid support
in the presence of N-(cyanomethyl)pyrrolidinium triflate (CMPT,
2).'° The resultant phosphite intermediates 3 were treated with
1% trifluoroacetic acid (TFA) in CH,Cly-Et;SiH?*'#® for the 5'-0-
detritylation and the conversion of the phosphite triester linkage
into an H-phosphonate diester stereospecifically.!” Acid-labile pro-
tecting groups on the nucleobases were removed simultaneously.

As a result, stereodefined PH-ODNs were synthesized on solid sup-
port with the nucleobases being fully deprotected (4). The desired
PB-ODNs were given by silylation and boronation of 4. We have
already confirmed that oxazaphospholidine monomers do not
form adducts with unprotected nucleobases.?®

The synthesis of the nucleoside 3'-0-oxazaphospholidine mono-
mers (5p)- and (Rp)-1a-d is summarized in Table 1. 5'-0-DMTr-
nucleosides 5a-d bearing acid-labile TMTr (N*-position of cyto-
sine), DMTr (N®-position of adenine and N*-position of guanine),
and trimethylsilylethyl (TSE)*' (0®-position of guanine) groups
were allowed to react with the 2-chloro-1,3,2-oxazaphospholidine
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Table 2
Synthesis of dinucleoside boranophosphates 7a-d
Entry 7 dNgT® Yield® (%) Rp:Sp°
12 (Rp)-7a (Rp)-TeT 91 >99:1
2 (Rp)-7b (Rp)-dCsT 95 >99:1
3 (Rp)-7¢ (Rp)-dAsT 88 >99:1
4 (Rp)-7d (Rp)-dGgT 85 >99:1
59 (Sp)-7a (Sp)-TeT 92 >1:99
6 (Sp)-7b (Sp)-dCgT 94 >1:99
7 (5p)-7c (Sp)-dAgT 838 >1:99
8 (Sp)-7d (Sp)-dGeT 84 >1:99
* Data taken from Ref. 17.
b Subscript ‘B’ = boranophosphate diester linkage.
¢ Determined by RP-HPLC.
Table 3
Synthesis of P-stereodefined PB-ODNs
Entry PB-ODN Yield (%)
1 all-(Rp)-d(CpApGeT) 8 73*
2 all-(Sp)-d(CaAsG,T) 9 54
3 all-(Rp)-(Tg)1, T 10 130
4 all-(Sp)-(Tg)y, T 11 19°

* Determined by RP-HPLC.
" Isolated yield.

derivatives L- or D-6, which were synthesized from - or p-proline,
respectively.'” Only the trans-isomers were generated stereoselec-
tively and isolated in good yields (Table 1).

Using these diastereopure monomers, we attempted to synthe-
size dinucleoside boranophosphates (Rp)- and (Sp)-7a-d on solid
support by the method shown in Scheme 1. The monomers
(Sp)- or (Rp)-1a-d were allowed to condense with the 5-OH of
thymidine attached to the support in the presence of CMPT 2 to af-
ford the corresponding dinucleoside phosphite intermediates. The
phosphite intermediates were then treated with 1% TFA in CH,Cl,-
Et3SiH (1:1, v/v) for the removal of the chiral auxiliary, base pro-
tecting groups and 5'-0-DMTr group to give the base-unprotected
dinucleoside H-phosphonates. The resultant H-phosphonates were
converted into the corresponding boranophosphates by using
BH3-SMe; in DMF'? or N,N-dimethylacetamide (DMAc) in the pres-
ence of N,0-bis(trimethylsilyl)acetamide (BSA). After being re-
leased from the solid support by treatment with saturated NH;
in CHsOH, the crude products were analyzed by reversed-phase
HPLC (RP-HPLC). The analysis showed that diastereopure dinucle-
oside boranophosphates were obtained in modest to good yields
without significant side reactions on the nucleobases (Table 2). It
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should be noted that the coupling reactions of the adenosine
monomers (1c) were conducted using a lower concentration of
CMPT (0.5 M) and a Lewis basic cosolvent 1-methyl-2-pyrrolidone
to suppress the detritylation of the N°-DMTr-adenine caused by
the acidity of CMPT, whereas the other monomers (1a, b, d) were
coupled using a higher concentration of CMPT (1.0 M) in CHsCN.
This should be the reason for the relatively low coupling yields
for 1c (entries 3, 7). The equally moderate yields for 1d (entries
4, 8) may be due to the steric hindrance of the bulky N*-DMTr
group. Although the coupling yields still remain to be improved,
it is noteworthy that the side reactions on silylated thymine as well
as the other protected nucleobases during the boronation step
were completely suppressed in either DMF or DMAc.

Next, we synthesized stereodefined PB-ODN 4mers containing a
full set of nucleobases (Table 3, entries 1, 2) and dodecathymidy-
lates [(Tg)1T] (entries 3, 4) by this method. All-(Rp)- and
all-(Sp)~(Tp)1T (10, 11) were isolated by RP-HPLC for a thermal
denaturation study. Configurational assignment was conducted
by enzymatic digestion study using snake venom phosphodiester-
ase (svPDE) since it has been reported svPDE digests (Sp)-PB link-
ages stereospecifically over (Rp)-PB-linkages, though at a slower
rate compared to that for natural phosphodiester linkages at dimer
level.%*4 All-(Sp)-(Tg)1;T (11) was digested completely as expected,
whereas all-(Rp)-(Tg):;T (10) was also partially hydrolyzed.??
Although it is still not clear whether the partial digestion was
due to incomplete stereocontrol of the synthesis or imperfect
stereospecificity of the enzyme,?® it should be mentioned that
the diastereoselectivity of the synthesis was >99% at least at the
dimer level as shown in Table 2.

To evaluate the impact of the stereocontrol of PB-ODNs on their
duplex formation, a thermal denaturating study was carried out
with the duplexes of all-(Rp)-(Tg);;T (10), all-(Sp)-(Tg),T (11),
stereo-random (Tg);;T (12),** and natural dodecathymidylate
[(To)11T] (13) with the complementary dodecadeoxyadenylate
d[(Ao);1A] (14) and dodecadenylate r{(Ag);1A] (15) at low and high
ionic strength (Table 4). The data presented in Table 4 clearly show
that the configuration of phosphorus atoms of PB-ODNs signifi-
cantly affect the thermal stability of the duplexes. All-(Sp)-(Tg): T
(11) formed a duplex with d(Ag)1A (14) with T, values of 11.9
and 19.6 °C at low and high ionic strength, respectively (entries 3,
7, left), though the duplex was much less stable than that of natural
(To)11T (13) (entries 1, 5). In sharp contrast, no detectable T,,, values
were observed in the case of all-(Rp)-(Tg)::1T (10) (entries 2, 6, left).
Similarly, all-(Sp)-(Tg);;T (11) formed a duplex with r(Ag)1:A (15)
(entries 3, 7, right), whereas all-(Rp)-(Tg)1;T (10) and stereo-
random (Tg)1;T(12) did not (entries 2, 4, 6, 8, right). The differences
in T, values between the duplexes all-(S5p)-(Tg)1:1T-r(Ac)11A

Table 4
Melting temperatures for duplexes formed with P-stereodefined or stereo-random PB-ODNs and natural DNA and RNA
Entry ODN d(Ao)iiA 14 (Ao)A 15
Tm (°C) ATy (°C) ATy/mod.? (°C) T (°C) AT (°C) AT y/mod. (°C)
0.1 M NaCl, NaH;PO4-Na;HPO, buffer (pH 7.0)
1 (To)uT 13 34.8 30.4
2 all-(Rp)-(Tg);: T 10 -« " oI . _c c
3 all-(Sp)~(Tg)n T 11 11.9 229 -2.1 14.9 ~15.5 -1.4
4 stereo-random (Tg)y T 12 —d —d —d —c < <
1 M Nacl, NaH;PO4-Na;HFO, buffer (pH 7.0)
3 (To)inT 13 46.1 38.2
6 all-(Rp)~(Tg)i T 10 - - - g _c i
7 all-(Sp)-(Te)1: T 11 19.6 -26.5 -24 7.5 -20.7 -19
8 stereo-random (Tg);; T 12 —f —d =9 i 6 —€

Difference in T, values between duplexes of PB-ODNs and natural counterparts.
Difference in T, values per boranophosphate modification.

T value was not observed.

Not determined.

e n T
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(11-15) and (Tg)11T-r(Ag)1:A (13-15) were smaller (AT,/mod. =
—1.4°Cand —1.9 °C at low and high ionic strength, respectively) than
those in the cases with d(Ap)1A (14) (AT,/mod.=-2.1°C and
—2.4 °C at low and high ionic strength, respectively), being in consis-
tent with the data we obtained with stereo-random PB-ODNs.?

Thus, the study showed that all-(Sp)-(Tg);T (11) formed du-
plexes with complementary oligo(deoxy)adenylates (14, 15),
though with much lower T, values than those obtained with the
natural counterpart (Tp);;T (13). In contrast, all-(Rp)-(Tg)1:T (10)
did not form duplexes under the same conditions. The data indi-
cate that the duplexes in which the BH3 groups are oriented ‘in-
ward’ are thermally more stable than those in which the BHj
groups are oriented ‘outward’. This stereo-dependence is generally
similar to that of oligodeoxyribonucleoside phosphorothioates (PS-
ODNs).?® One of the reasons for the lower thermal stability ob-
tained with the PB-ODNs is the sterically more demanding BH;
groups compared to the oxygen atoms of natural ODNs.! However,
a more intensive physicochemical study using stereodefined PB-
ODNs containing four kinds of nucleobases would be necessary
for full clarification of the stereo-dependence in the duplex forma-
tion of PB-ODNs because it has been reported that duplexes con-
sisting of homothymidylates structurally differ in detail from
those consisting of two oligomers of mixed base-sequence.?®

In conclusion, we developed a method to synthesize stereode-
fined PB-ODNs at the oligomer level for the first time and clarified
that the modifications of ODNs with (Sp)-boranophosphate link-
ages were better than those with (Rp)- and stereo-random coun-
terparts in terms of the duplex formation. Although the duplexes
of PB-ODNs used in this study were much less stable than those
of natural ODNs, it should be improved by using PB-ODNs contain-
ing four kinds of nucleobases as we demonstrated previously with
stereo-random PB-ODNs.? Further studies on the synthesis of du-
plexes formed with stereodefined PB-ODNs of mixed sequence
and clarification of their properties are in progress.
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We developed a method to convert a nucleoside 5'-H-boranophosphonate monoester into the corre-
sponding nucleoside 5'-boranophosphorothioate monoester through temporary protection of the H-bor-
anophosphonate monoester moiety as a diester with 9-fluorenylmethanol, subsequent sulfurization of
the P-H group and removal of the 9-fluorenylmethyl group. Although the isolation of the resultant bor-
anophosphorothioate monoester was found to be difficult due to instability of the compound, this new

S method proved to be useful to synthesize some conjugates of the nucleoside 5'-boranophosphorothioate
with other biomolecules, such as cholesterol and an amino acid.

© 2012 Elsevier Ltd. All rights reserved.

Chemically modified 5'-nucleotide analogs have been studied
for years for their potential as antiviral and anticancer agents
inhibiting the biosynthesis of disease-related nucleic acids in
cells." P-Boronated 5'-nucleotide analogs have been developed rel-
atively recently, but have attracted much attention lately.? These
analogs are highly lipophilic and stable to nucleases, which would
favor their transport to the targets without degradation. Some of
these analogs have been reported to show antineoplastic,® anti-
inflammatory,* and hypolipidemic® activities in vitro and in vivo.
Studies toward the development of antiviral P-boronated nucleo-
tide analogs have also been reported.®® Furthermore, such boro-
nated nucleotide analogs are potentially useful as '°B carriers for
boron neutron capture therapy.’

However, only limited kinds of P-boronated 5'-nucleotide ana-
logs are currently available due to the lack of synthetic methods.
To solve this problem, we have recently developed nucleoside
H-boranophosphonate derivatives.'” These compounds are also
categorized as P-boronated nucleotide analogs but distinctively
different from the others in that they have a hydrogen atom on
their phosphorus atom. Thus, the phosphorus atom can be further
functionalized by deprotonation and subsequent reaction with
electrophiles (Fig. 1). We expect that this property makes the
H-boranophosphonate derivatives versatile precursors of various
P-boronated nucleotide analogs. In addition, nucleoside 5'-H-

# Corresponding author. Tel./fax: +81 58 293 2564,
E-mail address: oka@gifu-u.ac,jp (N. Oka).

0960-894X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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boranophosphonate monoesters can be modified by condensation
with other molecules, such as alcohols and amines (Fig. 1).

In this study, we focused on the synthesis of nucleoside 5'-bor-
anophosphorothioate derivatives using a nucleoside 5'-H-bor-
anophosphonate monoester as a precursor. The target molecules
are one of the P-boronated 5'-nucleotide analogs in which two of
the three non-bridging oxygen atoms of the phosphomonoester
group are replaced with a borane group and a sulfur atom. These
molecules are considered as potential therapeutic nucleotide ana-
logs because such double modifications have been reported to en-
hance the lipophilicity and stability to enzymatic hydrolysis
significantly.'' However, there are only a few reports on their syn-
thesis in the literature and their properties have not been studied
in detail.5*'"'2 We expected that the application of H-bor-
anophosphonate derivatives as precursors would facilitate access
to the boranophosphorothioate derivatives. Furthermore, sulfuri-
zation of the H-boranophosphonate monoester would be a good
model of other P-H modifications with electrophiles, such as chal-
cogenization, alkylation, and acylation.

We have already demonstrated that a dinucleoside H-bor-
anophosphonate could be converted into the corresponding dinu-
cleoside boranophosphorothioate by treatment with Sg and
Et;N.' However, in the case of an H-boranophosphonate monoes-
ter, the free P-OH group should be protected before sulfurization.
In fact, when a thymidine H-boranophosphonate monoester deriv-
ative (Scheme 1, 1), which was synthesized by condensation of 3'-
0-benzoylthymidine with pyridinium H-boranophosphonate
according to our previous procedure,'” was subjected to the same



4572 N. Oka et al./ Bioorg. Med. Chem. Lett. 22 (2012) 4571-4574

condensation with
alcohols, amines, etc.

HBB - /O_
W0 B
P
deprotonation & reaction OR

with electrophiles

Figure 1. Approaches to derivatization of nucleoside 5'-H-boranophosphonate
monoesters.

HiB___O~ HNEty HsB.___OSiR;
H™ ™o Th i o Th
:0: silylation 0
OBz OBz
1 2

SiRy = SiMey, SiMe,t-Bu, Si(-Pr)

HiB O HNEts

(e ~
Et;NH-S™ O o Th 1) sulfurization
S

2) hydrolysis

OBz
3

Scheme 1. Attempted synthesis of thymidine 5'-boranophosphorothioate mono-
ester 3 via silyl esters 2.

sulfurization conditions, multiple unidentified side products were
generated. So, we decided to protect the H-boranophosphonate
monoester group temporarily and employed the protection as silyl
esters first (Scheme 1). Compound 1 was converted into silyl esters
2 by treatment with N,0-bis(trimethylsilyl)acetamide, TBDMSCI or
i-Pr53SiCl, and the resultant silyl esters 2 were treated with Sg or
Beaucage reagent'? without isolation. The reactions were con-
ducted in MeCN and THF in the presence of Et;N or 1,8-bis(dimeth-
ylamino)naphthalene (DMAN). However, none of these reactions
gave the desired boranophosphorothioate derivative 3 and most
of the starting material 1 was recovered after aqueous work-up.
The use of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to accelerate
the deprotonation of the P-H group resulted in the formation of a
complex mixture.

These results can be attributed to the relatively low acidity of
the P-H group of the silyl esters 2 which have a highly polarized
0°~-Si"* bond adjacent to the same phosphorus atom. The depro-
tonation of the P-H group should be easier if the compound 1 is
protected as a diester with an alcohol because a C-0 bond is gen-
erally much less-polarized than a Si-O bond.' In fact, it has been
reported that the reaction of (EtO),P(—BH3)H with aldehydes at
the phosphorus atom was readily promoted by deprotonation with
i-ProNEt, whereas that of (i-PrsSiO)(EtO)P(—BHs)H was not.'® On
the basis of this hypothesis, we employed the protection as a 9-flu-
orenylmethyl (Fm) ester because the protection could be easily
carried out by condensation of the compound 1 with 9-fluorenyl-
methanol (FMOH) and it would also be easily deprotected by treat-
ment with an amine under anhydrous conditions (Scheme 2). First,
the compound 1 was allowed to condense with FmOH in the pres-
ence of bis(2-oxo0-3-oxazolidinyl)phosphinic chloride (Bop-Cl) and
EtsN. However, the product 4 once formed was slowly converted
back into the starting material 1 in the reaction mixture. It was be-
cause of the p-elimination of the compound 4 promoted by EtsN. It
was confirmed by a "H NMR analysis, which showed the formation
of dibenzofulvene in the crude mixture. To prevent this side
reaction, we replaced EtsN with DMAN because the latter has been

M FmOH (1.5 equiv)
HiB O~ HNEt
B jP{ : Bop-Cl (2 equiv)

H® 07 5. ™  DMAN (5 equiv)

HaBw__OFm
- p“\.

Th
e

MeCN, rt,1h
OBz OBz
1 4
5p 133.0
f - 1) Sg (2 equiv)
2) EtsNH HCO;~ aqg.
JEle 3an MeCN, t, 2 h
+Han 07 HNEty 1) DBU (5 equiv) H3B~ __-OFm
EtNH-S” O o_ Th MeCN. i 1.5h EtsNH -57" 0 o Th
b 2) Et;NH HCO5~ aq. b
OBz OBz
3 5
5p 130.2 5p 160.5
unstable

Scheme 2. Synthesis of thymidine 5'-boranophosphorothioate monoester 3 via 9-
fluorenylmethyl esters 4 and 5.

reported not to decompose 2-cyanoethyl-protected boranophos-
phate triesters by p-elimination.'® The triethylammonium cation
of 1 was also exchanged prior to the condensation by the addition
of DMAN and subsequent repeated coevaporation with toluene. In
this case, the desired product 4 was obtained without decomposi-
tion. The product 4 was then treated with Sz without purification
to synthesize the boranophosphorothioate diester derivative 5. A
1P NMR analysis showed that the sulfurization proceeded
smoothly without observable side reactions. Finally, the compound
5 was treated with DBU to remove the Fm group. The deprotection
itself proceeded without any side reactions. However, we found
that the compound 3 was unstable and always partially decom-
posed during the purification by silica gel column chromatography.
There is a report on the synthesis and isolation of a nucleoside 5'-
boranophosphorothioate monoester in modest yield,''* but every
attempt to isolate the product 3 (e.g., reversed-phase and ion-ex-
change chromatography, countercation exchange and precipita-
tion) failed in our hands. It has also been reported that
nucleoside 5'-boranophosphate monoesters are more sensitive to
hydrolysis than the natural nucleoside 5'-phosphates, especially
under acidic conditions.'” Because 3'-0-Bz-thymidine was ob-
served as a decomposition product, the partial decomposition of
the compound 3 can also be attributed to the cleavage of the P-
O bond by hydrolysis.

Thus, the study showed that the desired 5'-boranophosphoro-
thioate monoester was difficult to isolate. However, it was also
demonstrated that the nucleoside 5'-H-boranophosphonate mono-
ester derivative could be smoothly converted into the borano-
phosphorothioate counterpart as planned. Given this result, we
next explored the possibility of developing conjugates of the nucle-
oside 5'-boranophosphorothioate monoester with biomolecules in
which the unstable monoester moiety would be trapped into a
more stable form. Conjugates of therapeutic 5-nucleotides with
biomolecules, such as lipophilic sterols and amino acids, have been
widely studied to improve the therapeutic effects of the parent 5'-
nucleotides.! Such conjugates are much more lipophilic than the
parent phosphate monoesters, which is advantageous for their
delivery into cells. It has been reported that the conjugates are
gradually hydrolyzed in cells to regenerate the 5'-nucleotides.’
We expect that the strategy may also be useful for the delivery
of relatively unstable 5'-nucleotide analogs to targets, such as the
compound 3 shown above. New conjugates of P-boronated 5'-
nucleotide analogs may also exert therapeutic activity by them-
selves. There have been a few reports on the synthesis of P-boro-
nated 5'-nucleotide-amino acid conjugates in the literature
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Scheme 3. Synthesis of thymidine 5'-boranophosphorothioate-cholesterol conjugate 8 via H-boranophosphonate intermediate 6.
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Scheme 4. Synthesis of thymidine 5'-boranophosphorothioate-phenylalanine ethyl ester conjugate 11 via H-boranophosphonate intermediate 9.

aiming to develop antiviral agents.® Development of a novel meth-
od using an H-boranophosphonate derivative as precursor would
expand the availability of such conjugates.

We chose cholesterol as the first model of lipophilic biomole-
cules to synthesize a new P-boronated 5-nucleotide conjugate 8
as shown in Scheme 3. Compound 1 was condensed with choles-
terol by using Bop-Cl and DMAN to give the thymidine 5'-H-bor-
anophosphonate-cholesterol conjugate 6. We used DMAN even
though the compound 6 would not undergo a p-elimination as in
the case of the Fm ester 4 because the use of EtsN caused a partial
deboronation of the product 6 probably due to the coordination of
Et;N to the BHs. The deboronation was completely suppressed by
replacing EtsN with DMAN. Because the compound 6 was found
to be relatively unstable on silica gel, we sulfurized it without puri-
fication. The sulfurization reaction was slow but proceeded with-
out observable side reactions to afford the 3'-0-Bz-thymidine 5'-
boranophosphorothioate-cholesterol conjugate 7, and the subse-
quent deprotection gave the final product 8. Contrary to the bor-
anophosphorothioate monoester derivative 3, the compounds 7
and 8 were stable and isolated in good yield.

Next, we applied this method to the synthesis of a conjugate
with an amino acid. As shown in Scheme 4, the compound 1 was
allowed to condense with t-phenylalanine ethyl ester to give the
intermediate 9 having a P-H group. Compound 9 was then sulfu-
rized and treated with potassium ethoxide to give the desired thy-
midine 5’-boranophosphorothioate-phenylalanine ethyl ester
conjugate 11 in good yield. Compounds 10 and 11 were also found
to be stable in contrast to the monoester 3.

In conclusion, we developed a method to synthesize nucleoside
5'-boranophosphorothioate derivatives using a nucleoside 5'-H-
boranophosphonate monoester as a precursor. Although the nucle-
oside 5'-boranophosphorothioate monoester could not be isolated
due to the instability of the compound, we consider that the new
strategy using temporary protection of the H-boranophosphonate
monoester moiety as a Fm diester will be useful to synthesize di-
verse P-doubly modified P-boronated 5'-nucleotide analogs. Many

studies reported in the literature on the P-H functionalization of
secondary phosphine-boranes by various reactions, such as alkyl-
ation and transition metal-catalyzed arylation,'® as well as the re-
cent study on the alkylation of H-boranophosphonate esters, such
as (Et0);P(»BH3)H and (i-Pr3SiO)(EtO)P(—BH3)H,'> would be
informative to explore this possibility. Evaluation of biological
activity of the nucleoside 5'-boranophosphorothioate conjugates
which were successfully synthesized in this study is also intriguing
and will be presented elsewhere.
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Several oligocationic peptides have been synthesized and the effects of peptides on
the thermal stability of nucleic acid duplexes were investigated. Certain
stabilization effects on A-type RNA-RNA duplexes were observed, whereas B-type
DNA-DNA duplexes were not stabilized appreciably. These results suggested that
the cationic peptides could selectively recognize the A-type RNA-RNA duplexes.

Keywords: nucleic acid duplex, oligocationic peptide, thermal stability

Introduction

Recently, nucleic acid drugs, especially RNA interference drugs (RNAi drugs),
have been focused as new therapeutic agents. However, the current RNAi drugs are
not sufficiently efficient due to their low membrane permeability and instability of
siRNA in cells. Therefore, construction of a new RNAi drug delivery system (DDS) is
highly demanded for practical applications. To increase the stability of siRNAs, a
number of chemical modifications have been proposed. Another strategy to stabilize
. siRNAs is the use of molecules that can noncovalently bind to RNA molecules and
protect them from nucleases. RNAi drugs are composed of double stranded RNAs
existing A-type duplexes. In the previous study directing the development of DDS, we
designed  a-(1—4)-linked-2,6-diamino-2,6-dideoxy-D-glucopyranose  oligomers
targeting the phosphate groups in the major groove of A-type duplexes, which were
different from B-type DNA-DNA duplexes [1]. The oligodiaminosaccharide could
stabilize the RNA duplexes and showed the binding selectivity to RNA-RNA
duplexes. However, the synthesis of various types of oligodiaminosaccharides requires
multi steps and generally difficult. Thus we focus on cationic peptides as RNA binding
molecules. Synthesis of peptides is easier than that of oligosaccharide and conjugation
with other molecules such as signal peptides can be done in the same way of
synthesizing the oligocationic peptides. We herein designed and synthesized various
types of peptides, and compared the thermal stability of peptide-nucleic acids
complexes. For example, peptides with various side chain lengths were designed to
change the distance of amino groups, and peptides including aminoproline were
designed to change the conformation of the peptide backbones. In this study, the
correlation " of the peptide structure and the thermal stability of peptide-RNA
complexes were investigated.
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Table 1. Melting  temperatures  of r(CGCGAAUUCGCG), and
d(CGCGAATTCGCG),

RNA DNA
Peptide Tw (°C) ATy (°C) Te (C0) Al (°C)
None 60.9 48.2
Dapg 62.0 1:1 50.8 2.6
Dabg 68.3 7.4 495 1.3
Orng 67.0 6.1 51.3 3.1
Lysg 65.4 4.5 49.7 1.5
Dab;Amp; 63.1 2.2 512 3.0
DabgsAmp, 65.4 4.5 50.6 2.4
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Fig.1. UV melting curve of r(CGCGAAUUCGCG); and d(CGCGAATTCGCG)..

Results and Discussion

First, we compared the binding ability of oligocationic peptides, which have
different side chain length, to the nucleic acid duplexes. These peptides are variously
composed of lysine (Lys), ornithin (Orn), diaminobutyric acid (Dab), and
diaminopropionic acid (Dap). To analyze the interaction between peptides and nucleic
acid duplexes, CD spectrometry and UV melting experiments were performed. As the
results of UV melting experiments, the melting temperatures (T,,) of peptide-RNA
complexes were different according to the side chain length (Table 1, Fig. 1).
Furthermore, tendency of thermal stability of peptide-RNA complexes were different
from those of the peptide-DNA complexes. These differences suggested that the
distance between the amino groups could generate the A-type RNA-RNA duplex
binding selectivity.

Next, oligocationic peptides with other backbone were designed to improve
their RNA binding ability. Comparing with saccharide derivatives, peptides were more
flexible and an introduction of aminoproline into the peptide chain would be effective
to give a conformational rigidity. However, the T, values were decreased by
introducing of aminoproline (Table 1). The results suggested that the interaction of
peptides and nucleic acids were disturbed by the aminoproline residue. These results
also suggested that the amino group of peptides could recognize the phosphate groups
in the major groove of RNA duplexes.
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