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ABSTRACT: Recently, P-boronated oligonucleotides have been attracting much attention as potential therapeutic
oligonucleotides. In this study, we developed H-boranophosphonate oligonucleotide bearing a borano group and hydrogen
atom on the internucleotidic phosphorus and demonstrated that this novel P-boronated oligonucleotide is a versatile precursor to
various P-boronated oligonucleotides such as boranophosphate, boranophosphorothioate, and boranophosphoramidate. The
method was also applicable to the synthesis of a locked nucleic acid-modified boranophosphate oligonucleotide, which exhibited
a dramatically enhanced affinity to complementary oligonucleotides.

B INTRODUCTION oligonucleotides are still very limited, despite intensive efforts
by many researchers.” '® To find potent therapeutic
oligonucleotides, the diversity of P-boronated oligonucleotides
that are synthetically available needs to be expanded.

The methods for the synthesis of P-boronated oligonucleo-
tides to date have generally been developed on an individual
basis; synthesizing different kinds of P-boronated oligonucleo-

Chemical modifications of the internucleotidic phosphate
linkages of oligonucleotides have been widely used for the
stabilization of unmodified natural oligonucleotides, which are
inherently labile to nucleases, especially for therapeutic
purposes.’ Such modifications have also been used to improve

their cellular uptake for the same purposes.” Phosphorothioate

oligonucleotides (PS-ODNs) modified with sulfur have been tid.es ;S%nres g.ifferer;lt met}}iods and fdifferént Sits of moncymei
particularly studied:® two therapeutic oligonucleotides have units. ) In this study, rather than following the conventiona
been approved, and many of them are in clinical trials.* stFategles, we developed a novel typ N of P-bf)ronatgd
However, they suffer from some drawbacks such as nonspecific oligonucleotide, H-boranophosphonate oligonucleotide, with

binding to proteins and toxicity, which has brought forth the the expectation that it could be used as a versatile precursor to
)
need for novel P-modified oligonucleotides that are more various P-boronated oligonucleotides via substitutions of the

suitable for therapeutic use.® hydrogen atoms of its H—P—BH, backbone (Scheme 1). A

Recently, P-boronated oligonucleotides have attracted much sir.nilar strate.gy has. been used for the synthesis Olfl P-modified
attention as potential therapeutic oligonucleotides because oligonucleotides using H-phosphonate precursors. ™ In fact, the
lower toxicity than that of their phosphorothioate counterparts diversity of P-modified oligonucleotides has been greatly
is expected.” Moreover, their stability to nucleases is even expanded since the development of H-phosphonate oligonu-
higher than that of PS-ODNs, and high potency for gene cleotides. Although H-boranophosphonate diesters cannot be
suppression has been demonstrated.”™® Furthermore, they are
also potential '°B carriers for boron neutron capture therapy for Received: January 24, 2014
cancer treatment;® however, synthetically available P-boronated Published: March 28, 2014
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Scheme 1. Synthesis of Diverse P-Boronated Oligonucleotides Using H-Boranophosphonate Oligonucleotides As Platforms®

— various P-boronated oligonucleotides
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“B = Nucleobase.

Table 1. Synthesis of 3'-H-Boranophosphonate Monomers 3a—e”

1) HiB
Fwp M = puro BPRO DMTIO Tb2
H™ SOTHN ) o 0
DMTrO o BPRO DMTrO o T2 2 N\
ﬁ 7 Bop-Cl / pyridine H3B\ /O HaB 0 0]
E +
OH or OH\O 2) TEAB buffer (1 M, pH 7) ~o- HNEt3 o ~o- HNEts
1a-d 1e 3a-d 3e
entry 1 (B™) reagents and conditions yield of 3 [%)]
1 a (T%) 2 (1.2 equiv), Bop-Cl (1.2 equiv) rt, 1 h 95
2 b (A*) 2 (2.0 equiv), Bop-Cl (2.0 equiv), 0 °C to rt, 25 min 72
3 c (C*) 2 (2.0 equiv), Bop-Cl (2.0 equiv), 0 °C to rt, 30 min 60
4 d (G 2 (2.0 equiv), Bop-Cl (2.0 equiv), 0 °C to rt, 1S min 74
S e (T™) 2 (2.0 equiv), Bop-Cl (2.0 equiv), 0 °C to rt, 20 min 75

“BFRO = Protected nucleobase; T = N°-benzoylthymin-1-yl; A” = N®-benzoyladenin-9-yl; C* = N*-isobutyrylcytosin-1-yl; G* ™ = O%-cyanoethyl-
N-isobutyrylguanin-9-yl; Bop-Cl = bis(2-oxo-3-oxazolidinyl)phosphinic chloride; TEAB = triethylammonium bicarbonate; DMTr = 4,4'-

dimethoxytrityl.

derivatized via tautomerization to the tricoordinate forms, as in
the case of their H-phosphonate counterparts, it has been
demonstrated independently by Montchamp et al.'* and our
group'® that the P—H function of H-boranophosphonate
diesters can be modified by deprotonation and subsequent
reactions with electrophiles. The chemistry of secondary
phosphine—borane complexes and their analogues'* was also
used for the development of our novel strategy.

B RESULTS AND DISCUSSION

Synthesis of 3’-H-Boranophosphonate Monomers
3a—e. Table 1 summarizes the synthesis of the 2’'-
deoxyribonucleoside 3'-H-boranophosphonate monomers 3a—
d and locked nucleic acid (LNA)'® thymidine 3'-H-
boranophosphonate monomer 3e. 2'-Deoxythymidine mono-
mer 3a was obtained in 95% from the thymidine derivative
bearing the 3’-OH 1a and pyridinium H- boranophosphonate 2
according to the procedure described in the literature."** 2'-
Deoxyadenosine, cytosine, guanosine, and LNA thymidine
monomers 3b—e were synthesized by the method for the
synthesis of 3a with some modifications.

Solid-Phase Synthesis of PBX-ODNs. Scheme 2 shows
the synthesis of P-boronated ohgodeoxyrlbonucleotldes bearing
oxygen, sulfur,'*'” or 2-morpholinoethylamino'® as the
substituent X on the phosphorus atoms (PBX-ODNs) via H-
boranophosphonate oligodeoxyribonucleotides (PBH-ODNis).
The monomers 3a—e were condensed with the 5-OH of

nucleosides or oligonucleotides on a controlled-pore glass
(CPG) in the presence of 1,3-dimethyl-2-(3-nitro-1,2,4-triazol-
1-yl)-2-pyrrolidin-1-yl-1,3,2-diazaphospholidinium hexafluoro-
phosphate (MNTP)'® and 2,6-lutidine, and the 5’-end was
deprotected by 3% dichloroacetic acid (DCA). Released
dimethoxytrityl (DMTr) cations were reduced by Et;SiH,
because they would otherwise cause side reactions with the
internucleotidic BH; groups.”® The PBH-ODN chains were
elongated by this cycle, and the modification of the phosphorus
atoms and subsequent deprotection afforded PBX-ODNs.
First, PBX-ODN 2mers were synthesized using this cycle to
optimize reaction conditions for the synthesis of oligomers.
The monomers 3a—d were condensed with the 5'-OH of N°-
benzoylthymidine anchored to a CPG via a succinate linker
using MNTP and 2,6-lutidine to afford the PBH-ODN 2mers
on a solid support (Scheme 2, S, n = 0). Subsequently, 5’
detritylation, P-modification (oxidation, sulfurization, or
amination), deprotection, and cleavage of the linker afforded
the desired PBX-ODN 2mers. P-Oxidation of the PBH-ODN
2mers on a solid support was performed via oxidative P-
chlorination with CCl, and subsequent nucleophilic substitu-
tion by H,O in the presence of i-Pr,NEt (Scheme 3,
oxidation).”* N,N’-Dimethylthiuram disulfide (DTD)** and i-
Pr,NEt were used for the P-sulfurization step (Scheme 3,
sulfurization). The introduction of a 2-morpholinoethylamino
group onto the phosphorus atom was performed via oxidative
P-chlorination with CCl, and subsequent reaction with 4-(2-
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Scheme 2. Solid-Phase Synthesis of PBX-ODNs using PBH-ODNSs 4 and S As Precursors®
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“Detritylation: 3% dichloroacetic acid (DCA) in CH,CL,—Et;SiH (1:1, v/v), rt, 30 s; oxidation: i-Pr,NEt, CCl,, H,O in CH,CN, rt, 30 min;
sulfurization: i-Pr,NEt, N,N'-dimethylthiuram disulfide (DTD) in CH;CN, rt, 1 h; amination: CCl,, 4-(2-aminoethyl)morpholine in CH,CN, rt, 30

min.

Scheme 3. Plausible Mechanisms of Conversions

oxdation or amination
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aminoethyl)morpholine (Scheme 3, amination).'®*' Reversed- (PBS) diesters were susceptible to DMTr", even in the

phase HPLC (RP-HPLC) analysis of the crude mixtures
showed that the desired PBX-ODN 2mers were obtained in
94—98% yields without any side reactions (Table 2).** Notably,
the boranophosphate (PBO) and boranophosphorothioate
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presence of Et;SiH.*® Therefore, as shown in Scheme 2, the
S’-detritylation step had to be performed prior to the P-
modification (oxidation or sulfurization) step for the synthesis

of the PBO and PBS-ODN 2mers. In contrast, the
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Table 2. Solid-Phase Synthesis of PBO, PBS, and PBN-ODN
2mers

entry monomer (B**)  P-modification product® yield [%]”
1 3a (T%) oxidation TpoT (6a) 96
2 3b (A™) oxidation dApgeT (6b) 96
3 3¢ (C™) oxidation dCppoT (6¢) 95
4 3d (Ge= bv) oxidation dGppoT (6d) 97
S 3a (T™) sulfurization dTppsT (7a) 98
6 3b (A%) sulfurization dApssT (7b) 96
7 3c (C™) sulfurization dCppsT (7¢) 97
8 3d (Ge= Pv) sulfurization dGpgsT (7d) 98
9 3a (T%) amination® TpsnT (8) 96
10 3a (T™) amination” TppnT (8) 94

“Subscript ‘PBO’, ‘PBS’, and PBN’ = boranophosphate diester,
boranophosphorothioate diester, and N-(2-morpholinoethyl) borano-
phosphoramidate diester, respectively. “Determined by RP-HPLC.
“Amination was performed prior to 5’-detritylation. 9Amination was
performed after 5'-detritylation.

boranophosphoramidate linkage of the PBN-ODN was less
susceptible to DMTr"; thus, the amination step for the
synthesis of the PBN-ODN 2mer could be performed either
before or after the 5'-detritylation, although a slightly better
yield was obtained when the amination was performed prior to
the §’-detritylation (Table 2, entry 9 vs entry 10).

Next, using the optimized conditions, we synthesized PBX-
ODN 12mers 9—14 (Table 3) bearing backbones thoroughly

Table 3. PBX-ODN 12mers 9—14 Synthesized via PBH-
ODNs

ield

PBX-ODN %]°
T(epoT)1s (9) 28
T(ppsT)1; (10) 31
T(PBNT)II (11) 10
GPBOCPBOAPBOTPBOTPBOGPBOGPBOTPBOAPBOTPBOTPBOC (12’) 44
GoppsCrpsApas Trps TrpsGrasGres TpasApps Teps TpesC (13) 16

GPBOCPBOAPBOTLPBOTLPBOGPBOGPBOTLPBOAPBOTLPBOTLPBOC (14)‘1 7
“T' = LNA thymidine. “Isolated yield.

modified with boranophosphate diesters (PBO-ODNs 9, 12,
14), boranophosphorothioate diesters (PBS-ODNs 10, 13), or
N-(2-morpholinoethyl)boranophosphoramidate diesters (PBN-
ODN 11) according to Scheme 2. An antisense sequence
against apoB protein mRNA** (5'-GCA TTG GTA TTC-3')
was chosen for the PBX-ODNs 12—14. We also synthesized a
PBO-ODN wherein all the thymidine 3'-boranophosphate
moieties were replaced with LNA thymidine 3’-boranophos-
phaztses (*NAPBO-ODN 14) by using LNA thymidine monomer
3e.

Hybridization Properties of PBX-ODNs. Finally, the
hybridization properties of PBX-ODN 12mers 9—14 with
complementary ODNs and oligoribonucleotides (ORNs) were
examined. Melting temperatures (T,) for the duplexes of the
homothymidylate 12mers 9—11 with the complementary dA,
and rA,, could not be determined.”® In contrast, the 12mers
containing all four nucleobases 12—14 formed duplexes with
the complementary ODN and ORN (Table 4, Figures 1 and 2).
On the basis of the T, values of 2’-deoxy ODNs (Table 4,
entries 1—4), the order of duplex stability is natural ODN 185,
PS-ODN 16, PBO-ODN 12, and PBS-ODN 13. These results
suggest that the hydrophobic and sterically hindered groups
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Table 4. T, Values of the Duplexes of ODNs with
Complementary ODN and ORN
complementary strand
ODN"” ORN*
T, [°C] (AT, [°C], T, [°C] (AT, [°()3],

entry  oligonucleotide® AT, /mod. [°C]) AT,./mod. [°C]
0.1 M NaCl, 10 mM NaH,PO,—Na,HPO,, pH 7.0

1 natural ODN (15) 42.7 42.0

2 PS-ODN (16) 313 (1149 —1.0°) 322 (-9.8%, —0.9°)
3 PBO-ODN (12) 259 (-16.8% —1.5%) 299 (1219 —1.1°)
4  PBS-ODN (13) 157 (=27.0%, —2.5°)  25.0 (=17.0%, —1.5%)
s NAPO.ODN (17) 60.1 (+174% +3.5)  69.0 (+27.09 +54/)
6 NADPS.ODN (18)  54.6 (=5.5% —0.5") 642 (—4.8% —04")
7 LN:PB)O-ODN 52.1 (—8.0%, —0.7") 639 (=5.1%, —0.5")

14

“Natural ODN 15: GpoCpoAroTroTroGroGroTroAroTroTroC; PS-
ODN 16: GpsCpsApsTps TpsGpsGps TpsAps TpsTpsC; “N*PO-ODN 17:
GPOCPOAPOTLPOTLPOGPOGPOTLPOAPOTLPOTLP%C? 'NAPS-ODN  18:
GpsCpsAps T ps T psGpsGps T psAps T psT'psC. “3'-CGT AAC CAT
AAG-S'. °3'-CGU AAC CAU AAG-S'. “Difference from the T, of
natural ODN/ODN (ORN). “Difference of the T, values per PS,
PBO, or PBS linkage. /Difference of the T, values per LNA thymidine.
2Difference from the T, of "W*PO-ODN/ODN (ORN). "Difference
of the T, values per PS or PBO linkage.

destabilize the duplex. However, notably, the PBX-ODN
12mers 12 and 13 formed more stable duplexes with ORN
than with ODN, indicating that the PBX-backbones generally
favor the duplex formation with complementary ORNs rather
than ODNs, which would be advantageous for antisense
strategy. 106,26

The duplex stability of "N*PBO-ODN 14 was comparable
with that of "VAPS-ODN 18 (Table 4, entry 6 vs 7). Although
the T, value of ™*PBO-ODN 14 was lower than that of
LNAPO-ODN 17, the difference of the T, values was 5.1—8.0
°C (Table 4, entry S vs 7). On the other hand, the difference of
the Ty, values of 2’-deoxy natural ODN 15 and PBO-ODN 12
was 12.1—16.8 °C (Table 4, entry 1 vs 3). These results suggest
that the incorporation of LNA can make up for the reduction of
the duplex stability caused by the BH; group. Thus, because
NAPBO-ODN 14 showed a significantly enhanced affinity to
the complementary strands, it has a great potency as an
antisense therapeutic oligonucleotide.

B CONCLUSION

In conclusion, we developed H-boranophosphonate oligonu-
cleotide and demonstrated its versatility as a precursor to
various PBX-ODNs. By using the H-boranophosphonate
method, incorporation of LNA to the oligomers can be
performed easily. Therefore, the present approach is efficient
for the synthesis of versatile antisense molecules. The P-
boronated oligonucleotides have a chirality center at the
phosphorus atom and therefore are obtained as a mixture of
diastereomers. Thus, the stereoregulated synthesis of P-
boronated oligonucleotides is in progress by our group.'*
From the hybridization studies, although the PBX-backbones
destabilized the duplexes with complementary ODN and ORN,
it was fully complemented by incorporating LNA-modified
boranophosphate motifs. Further study toward the expansion of
synthetically available P-boronated oligonucleotides and the
evaluation of their physicochemical and biological properties is
in progress.
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Figure 1. UV melting curves of the duplex of ODNs with complementary ODN.
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Figure 2. UV melting curves of ODNs with complementary ORN.

B EXPERIMENAL SECTION

Triethylammonium 5’-O-Dimethoxytrityl-N-benzoyladeno-
sine 3’-H-Boranophosphonate As a Mixture of (Sp)- and (Rp)-
Diastereomers (3b). 5’—O—DMTr—Né-benzoyladenosine 1b (0.66 g
1.0 mmol) and pyridinium H-boranophosphonate 2 (0.30 g, 2.0
mmol) were dried individually by repeated coevaporation with dry
pyridine (3 X 3 mL for 1b and S X 3 mL for 2) and dissolved together
in dry pyridine (10 mL) at 0 °C under argon. Bis(2-oxo-3-
oxazolidinyl)phosphinic chloride (Bop-Cl) (0.51 g, 2.0 mmol) was
added, and the mixture was stirred for 25 min at rt. The mixture was
diluted with CH,Cl, (50 mL) and washed with 1 M triethylammo-
nium bicarbonate (TEAB) buffer (pH 7) (3 X S0 mL). The washings
were combined and back-extracted with CH,Cl, (2 X 150 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 [3.7 X 4.8 cm, 28 g of silica gel
(spherical, neutral, 40—50 um), ethyl acetate—MeOH—Et;N (99:1:1,
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v/v/v) to CH,Cl,—MeOH—Et;N (99.5:0.5:1—99:1:1, v/v/v)]. The
fractions containing 3b were combined and concentrated under
reduced pressure. The residue was dissolved in ethyl acetate (100 mL)
and washed with 1 M TEAB buffer (100 mL). The washings were
combined and back-extracted with ethyl acetate (100 mL). The
organic layers were combined, dried over MgSO,, filtered,
concentrated under reduced pressure to afford 3b (0.61 g 0.72
mmol, 72%) as a colorless foam. "H NMR (CDCl;) & 9.09 (br s, 1H),
8.71, 870 (s, s, 1H), 8.23, 8.18 (s, s, 1H), 8.04—8.00 (m, 2H), 7.63—
7.58 (m, 1H), 7.54—7.49 (m, 2H), 7.42—7.38 (m, 2H), 7.31—7.16 (m,
7H), 7.31 (br d, Jpy = 389 Hz, 1H), 6.81-6.76 (m, 4H), 6.61—6.55
(m, 1H), 5.13-5.02 (m, 1H), 4.49—4.42 (m, 1H), 3.77, 3.77 (s, s,
6H), 3.43, 3.42 (s, s, 2H), 3.01-2.75 (m, 9H), 1.22 (t, ] = 7.4 Hz,
11H), 1.03—0.08 (br, 3H); *C NMR (CDCl,) § 164.7, 158.3, 158.3,
152.1, 151.4, 151.3, 149.3, 144.4, 1443, 141.5, 141.3, 13S.5, 1354,
1354, 133.5, 133.5, 132.6, 129.9, 129.8, 128.6, 127.9, 127.9, 127.7,
126.7, 123.4, 113.0, 112.9, 86.3, 86.2, 86.0, 85.9, 85.6, 85.6, 84.6, 84.5,

dx.doi.org/10.1021/j0500185b | J. Org. Chem. 2014, 79, 3465—3472
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76.8, 76.7, 75.5, 75.5, 63.4, 63.2, 55.0, 45.1, 40.1, 39.0, 8.5; 3P NMR
(CDCL) 6 105.6—102.4 (m). ESI-HRMS: Calcd for Cy5HyBNO,P~
[M — H]~ 7182607, found 718.2615.

Triethylammonium 5’-O-Dimethoxytrityl-N*-isobutyrylcyti-
dine 3’-H-Boranophosphonate As a Mixture of (Sp)- and
(Rp)-Diastereomers (3c). Compound 3¢ was obtained in 60% (0.48
g, 0.60 mmol) from 5’-O-DMTt-N*-isobutyrylcytidine 1c (0.60 g, 1.0
mmol) and 2 (0.30 g 2.0 mmol) as a colorless foam in a manner
similar to the synthesis of 3b, except for the reaction time (30 min)
and the conditions for silica gel column chromatography [3.7 X 5.3
cm, 30 g of silica gel (spherical, neutral, 40—50 ym), ethyl acetate—
MeOH—-Et;N (99:1:0.5, v/v/v) to CH,Cl,—MeOH—Et;N (99:1:0.5
to 99:1:1, v/v/v)]. '"H NMR (CDCL;) § 8.28, 8.26 (s, s, 1H), 8.20,
8.17 (s, s, 1H), 7.41-7.37 (m, 2H), 7.33—7.23 (m, 7H), 7.28 (br d,
Ypy = 394 Hz, 1H), 7.15-7.08 (m, 1H), 6.87—6.83 (m, 4H), 6.29,
622 (t, ] = 60 Hz, t, ] = 5.7 Hz, 1H), 5.09-5.01, 4.87—4.79 (m, m,
1H), 4.40—4.30 (m, 1H), 3.81, 3.80 (s, s, 6H), 3.46—3.44 (m, 2H),
2.95—2.87 (m, 8H), 2,57, 2.56, (sept, ] = 6.9 Hz, sept, ] = 6.9 Hz, 1H),
2.40-2.26 (m, 1H), 1.25—1.20 (m, 16.5H), 1.04—0.07 (br, 3H); *C
NMR (CDCL,) § 177.0, 176.9, 162.3, 162.2, 158.4, 154.9, 154.9, 144.4,
144.4, 144.0, 1439, 1353, 1353, 135.1, 135.1, 129.9, 129.9, 129.8,
128.0, 127.9, 127.8, 127.8, 126.9, 113.1, 113.1, 96.1, 96.0, 87.0, 86.8,
86.7, 86.6, 85.7, 85.6, 85.5, 85.4, 76.3, 76.1, 73.5, 73.4, 62.5, 62.0, 55.1,
45.2, 41.3, 40.7, 36.3, 36.2, 19.0, 18.8, 8.5; >'P NMR (CDCl;) &
107.1-102.2 (m). ESI-HRMS: Caled for C3,H,BN,O,P~ [M — H]~
660.2652, found 660.2653.

Triethylammonium 5’-O-Dimethoxytrityl-O%-cyanoethyl-N>-
isobutyrylguanosine 3’-H-Boranophosphonate As a Mixture
of (Sp)- and (Rp)-Diastereomers (3d). Compound 3d was obtained
in 74% (0.66 g, 0.74 mmol) from 5'-O-dimethoxytrityl-O%-cyanoethyl-
N?-isobutyrylguanosine 1d (0.67 g, 1.0 mmol) and 2 (0.30 g, 2.0
mmol) as a colorless foam in a manner similar to the synthesis of 3b,
except for the reaction time (15 min) and the conditions for silica gel
column chromatography [3.7 X 4.8 cm, 28 g of silica gel (spherical,
neutral, 40—50 ym), ethyl acetate—MeOH—Et;N (99:1:1, v/v/v) to
CH,ClL,—MeOH-Et;N (99:1:1, v/v/v)]. 'H NMR (CDCl,) § 8.01,
7.98 (s, s, 1H), 7.93, 7.90 (s, s, 1H), 7.42—7.39 (m, 2H), 7.28 (br d,
Yo = 390 Hz, 1H), 7.31-7.17 (m, 7H), 6.79—6.74 (m, 4H), 6.44—
6.38 (m, 1H), 5.23—5.11 (m, 1H), 4.80, 4.79 (t, ] = 6.6 Hz, t, ] = 6.6
Hz, 2H), 4.40—4.35 (m, 1H), 3.77, 3.77 (s, s, 6H), 3.38, 3.36 (s, s,
2H), 3.06, 3.04 (t, ] = 6.6 Hz, t, ] = 6.6 Hz, 2H), 3.01—2.83 (m, 9H),
2.76=2.66 (m, 2H), 1.23—1.14 (m, 18H), 1.02—0.07 (br, 3H); °C
NMR (CDCl,) 8 175.4, 159.4, 158.3, 152.7, 152.6, 151.5, 151.5, 144.5,
144.4, 140.8, 140.7, 135.6, 135.5, 135.5, 135.5, 129.8, 127.9, 127.7,
127.6, 126.7, 118.0, 118.0, 116.9, 112.9, 112.9, 86.2, 86.1, 85.7, 85.6,
85.4, 85.3, 84.4, 84.3, 76.1, 76.0, 75.2, 75.1, 63.4, 63.3, 61.4, 55.0, 45.2,
39.6, 38.8, 35.6, 29.5, 29.1, 19.1, 19.0, 17.9, 8.5; 3'P NMR (CDCl,)
105.1-102.1 (m). ESI-HRMS: Caled for CygH,;BN,OGP™ [M — H]~
753.2979, found 753.2986 .

Triethylammonium (1R,3R,4R,7S)-3-(N3-Benzoylthymin-1-
yl)-1-dimethoxytrityloxymethyl-2,5-dioxabicyclo[2.2.1]-
heptane-7-H-boranophosphonate As a Mixture of (Sp)- and
(Rp)-Diastereomers (3e). Compound 3e was obtained in 75% (0.65
g 0.75 mmol) from (1R,3R4R,7S)-3-(N*-benzoylthymin-1-yl)-1-
dimethoxytrityloxymethyl-7-hydroxy-2,5-dioxabicyclo[2.2.1]heptanes
le (0.69 g 1.0 mmol) and 2 (0.30 g, 2.0 mmol) as a colorless foam in
a manner similar to the synthesis of 3b, except for the reaction time
(20 min) and the conditions for silica gel column chromatography [3.7
X 15.8 cm, 85 g of silica gel (spherical, neutral, 63-210 um), ethyl
acetate—hexane—Et;N (67:33:0.5, v/v/v) to CH,Cl,~MeOH—Et;N
(99.5:0.5:0.5, v/v/v)]. 'H NMR (CDCl;) 6 8.00—~7.93 (m, 2H), 7.83,
7.81 (d, ] = 1.2 Hz, d, ] = 0.9 Hz, 1H), 7.67—7.61 (m, 1H), 7.53—7.46
(m, 4H), 7.41-7.30 (m, 6H), 7.43, 7.36 (br d, Jp;; = 385 Hg, br d,
You = 410 Hz, 1H), 7.24—7.21 (m, 1H), 6.89—6.85 (m, 4H), 5.63 (s,
1H), 4.92, 4.66 (d, ] = 6.6 Hz, d, ] = 6.6 Hz, 1H), 4.67, 4.63 (s, s, 1H),
4.00—3.72 (m, 8H), 3.57—3.44 (m, 2H), 2.90 (q, ] = 7.2 Hz, 7.5H),
1.68, 1.66 (d, ] = 0.9 Hz, d, ] = 0.9 Hz, 3H), 1.21 (t, J = 7.2 Hz, 11H),
1.01-0.07 (br, 3H); 3C NMR (CDCl;) 5 168.8, 162.8, 158.5, 148.7,
148.7, 144.4, 144.2, 135.3, 135.3, 135.1, 135.0, 134.9, 1344, 1343,
131.3, 1312, 130.5, 130.4, 130.0, 129.9, 129.8, 129.1, 129.1, 128.0,
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128.0, 127.9, 127.8, 126.9, 113.3, 113.2, 110.3, 110.3, 88.1, 88.0, 87.9,
87.4, 86.5, 78.6, 78.5, 74.6, 74.4, 72.2, 72.1, 71.5, 57.8, 57.5, 55.1, 45.3,
12.6, 12.5, 8.4; *'P NMR (CDCl;) 6 107.5 (m). ESI-HRMS: Calcd for
CyoH3BN,0,0P~ [M — H]~ 7372441, found 737.2443.

A General Procedure for the Manual Solid-Phase Synthesis
of PBH-ODN 2mers (for the synthesis of PBO- and PBS-ODN
2mers). CPG loaded with 5’-O-DMTr-N°-benzoylthymidine via a
succinate linker (0.5 gmol) was treated with 3% dichloroacetic acid
(DCA) in dry CH,Cl, (4 X 1S s), washed with dry CH,Cl, and
CH;CN, and then dried in vacuo for 10 min. Condensation reaction of
the corresponding 2’-deoxyribonucleoside 3'-H-boranophosphonate
monomer units 3a—d (0.1 M) was carried out in the presence of 1,3-
dimethyl-2-(3-nitro-1,2,4-triazol-1-yl)-2-pyrrolidin-1-yl-1,3,2-diaza-
phospholidinium hexafluorophosphate (MNTP) (0.25 M) and 2,6
lutidine (0.6 M) in dry CH;CN for 1 min under argon. The solid
support was then washed with dry CH;CN and CH,Cl,. The §’-O-
DMTr group of the resultant PBH-ODN 2mer was removed by
treatment with 3% DCA in CH,CL,—Et;SiH (1:1,v/v) (6 X § s), and
the solid support was washed with dry CH,Cl, and CH;CN and dried
in vacuo for 10 min. The resultant PBH-ODN 2mer was oxidized or
sulfurized as described below.

Synthesis of PBO-ODN 2mers (6a—d) (Table 2, entries 1-4).
PBH-ODN 2mer generated on the CPG as above was oxidized with i-
Pr,NEt (0.3 M), CCl, (1 M) and H,0 (0.5 M) in dry CH,CN at rt for
30 min under argon, and the CPG was successively washed with dry
CH,;CN and CH,Cl,. The CPG was then treated with 25% NH; aq—
EtOH (3:1, v/v) at 30 °C for 3 h (for TppoT 6a), at 30 °C for 12 h
(for ApgeT 6b and CppoT 6¢), or at SO °C for 12 h (for GppeT 6d),
filtered, and washed with EtOH (4 mL). The filtrate and washings
were combined and concentrated to dryness under reduced pressure,
and the residue was analyzed by RP-HPLC and MALDI-TOF MS. RP-
HPLC was performed with a linear gradient of 0—30% CH;CN in 0.1
M triethylammonium acetate (TEAA) buffer (pH 7) for 60 min at 30
°C at a flow rate of 0.5 mL/min using a column of C;s. MALDI-TOF
MS: Calcd for TppoT (6a) [M — H]™ 543.17, found 543.51. Calcd for
dAppoT (6b) [M — H]™ 552.18, found 552.21. Calcd for dCpyoT (6¢)
[M — H]™ 528.17, found 528.10. Calcd for dGppoT (6d) [M — H]~
568.17, found 568.10.

Synthesis of PBS-ODN 2mers (7a—d) (Table 2, entries 5—8).
PBH-ODN 2mer generated on CPG as above was sulfurized with i-
Pr,NEt (1 M) and dimethylthiuram disulfide (DTD) (0.3 M) in dry
CH;CN at rt for 1 h under argon, and the CPG was successively
washed with dry CH;CN and CH,Cl,. The CPG was then treated with
25% NH; aq at 30 °C for 3 h (for TpgsT 7a), at 30 °C for 12 h (for
AppoT 7b and CppoT 7c¢), or at S0 °C for 12 h (for GppeT 7d),
filtered, and washed with EtOH (1 mL). The filtrate and washings
were combined and concentrated to dryness under reduced pressure,
and the residue was analyzed by RP-HPLC and MALDI-TOF MS. RP-
HPLC was performed with a linear gradient of 0—30% CH;CN in 0.1
M TEAA buffer (pH 7) for 60 min at 30 °C at a flow rate of 0.5 mL/
min using a column of C;5. MALDI-TOF MS: Calcd for TpgsT (7a)
[M — H]~ 559.14, found 559.45. Calcd for dApssT (7b) [M — H]™
568.16, found 568.68. Calcd for dCpgsT (7¢) [M — H]™ 544.14, found
544.09. Calcd for dGpysT (7d) [M — H]™ 584.15, found 584.53.

Synthesis of TpgyT (8) (Table 2, entry 10). 5'-O-DMTr-TpgyT
(Scheme 2, 5, n = 0) was synthesized on the CPG as described above.
The TpgyT was treated with CCl, (1 M) and 4-(2-aminoethyl)-
morpholine (0.5 M) in dry CH;CN at rt for 30 min under argon, and
the CPG was then successively washed with dry CH;CN and CH,CL,.
The 5'-O-DMTr group was removed by treatment with 3% DCA in
CH,CL—Et;SiH (1:1, v/v) (6 X S s), and the CPG was washed with
dry CH,Cl,. The CPG was then treated with 25% NH; aq—EtOH
(3:1, v/v) at 30 °C for 1 h, filtered, and washed with EtOH (4 x 1
mL). The filtrate and washings were combined and concentrated to
dryness under reduced pressure, and the residue was analyzed by RP-
HPLC and MALDI-TOF MS. RP-HPLC was performed with a linear
gradient of 0—45% CH,CN in 0.1 M TEAA buffer (pH 7) for 60 min
at 30 °C at a flow rate of 0.5 mL/min using a column of C,;. MALDI-
TOF MS: Calcd for [M + H]* 657.28, found 657.31.
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Synthesis of 2’-Deoxy PBO and PBS-ODN 12mers. CPG
loaded with 5'-O-DMTr-N°-benzoylthymidine or 5'-O-DMTr-N*
isobutyrylcytidine (0.5 gmol) via a succinate linker was treated with
3% DCA in dry CH,Cl, (4 X 15 s), washed with dry CH,Cl, and
CH;CN, and dried in vacuo for 10 min. Chain elongation was
performed by repeating 11 times the following steps (a) and (b). (a)
Condensation of the corresponding nucleoside 3’-H-boranophospho-
nate monomer units 3a—d (0.1 M) in the presence of MNTP (0.2S
M) and 2,6-lutidine (0.6 M) in dry CH;CN for 1 min under argon and
subsequent washing with dry CH;CN and CH,Cl,. (b) Removal of §'-
O-DMTt group by treatment with 3% DCA in CH,CL—Et;SiH (1:1,
v/v) (6 X 5 s), subsequent washing with dry CH,Cl, and CH,CN, and
drying in vacuo for S min. The resultant PBH-ODN 12mers were
oxidized or sulfurized as described above. After the conversions, the
CPG was treated with 25% NH; aq—EtOH (3:1, v/v) at 30 °C for 12
h (for T(p0T) 1, (9)), 25% NH; aq at 30 °C for 12 h (for T(pgsT)y;
(10)), 25% NH; aq—EtOH (3:1, v/v) at 50 °C for 12 h (for PBO-
ODN 12mer (5'-GCA TTG GTA TTC-3") (12)) and 25% NH; aq at
50 °C for 12 h (for PBS-ODN 12mer (5-GCA TTG GTA TTC-3')
(13)). Then, the CPG was filtered and washed with EtOH (4 X 1
mL). The filtrate and washings were combined and concentrated to
dryness under reduced pressure. The residue was dissolved in H,O (4
mL) and washed with CHCl; (6 X 500 pL). The aqueous layer was
analyzed by RP-HPLC and MALDI-TOF MS. RP-HPLC analysis was
performed with a linear gradient of 0—60% CH,CN in 0.1 M TEAA
buffer (pH 7) for 60 min at 30 °C at a flow rate of 0.5 mL/min using a
column of C,4. Purification by RP-HPLC was performed with a linear
gradient of 8—44% CH,CN in 0.1 M TEAA buffer (pH 7) for 90 min
at rt at a flow rate of 1 mL/min using a column of Cg. Isolated yields:
28% (T(ppoT)11 (9)); 31% (T(ppsT)1y (10)); 44% (PBO-ODN 12mer
(5-GCA TTG GTA TTC-3') (12)); 16% (PBS-ODN 12mer (5'-
GCA TTG GTA TTC-3') (13)). MALDI-TOF MS: Calcd for
T(pgoT)i; (9) [M — H]™ 3564.01, found 3564.17; Calcd for
T(ppsT)1; (10) [M — H]™ 3739.75, found 3739.05; Calcd for PBO-
ODN I2mer (5-GCA TTG GTA TTC-3) (12) [M — H]™ 3627.05,
found 3626.82; Calcd for PBS-ODN 12mer (5-GCA TTG GTA
TTC-3') (13) [M — H]™ 3802.80, found 3801.52.

Synthesis of "N*PBO-ODN 12mer (5’-GCA T'T'G GT'A T'T'C-
3’) (14). "NAPBH-ODN 12mer (5’-GCA T'T*G GT'A T'T'C-3')
synthesized on CPG as above was oxidized®® with Et;N (0.1 M) in
CCl,—2,6-lutidine—H,0 (5:12.5:1, v/v/v) at rt for 1 h under argon,
and the CPG was successively washed with dry CH;CN and CH,Cl,.
The CPG was then treated with 25% NH; aq—EtOH (3:1, v/v) at 50
°C for 12 h, filtered, and washed with EtOH (4 X 1 mL). The filtrate
and washings were combined and concentrated to dryness under
reduced pressure. The residue was dissolved in H,O (4 mL) and
washed with CHCl; (6 X 500 uL). The aqueous layer was then
analyzed by RP-HPLC, ion-exchange HPLC (IE-HPLC) and MALDI-
TOF MS. RP-HPLC analysis was performed with a linear gradient of
0—60% CH,CN in 0.1 M TEAA buffer (pH 7) for 60 min at 30 °C at
a flow rate of 0.5 mL/min using a column of C5. IE-HPLC analysis
and purification were performed with a linear gradient of 0—1 M NaCl,
50—25% CH,CN in 10 mM Tris—HCl buffer (pH 8) for 20 min at rt
at a flow rate of 0.8 mL/min using a column of quaternary ammonium
anion exchange resin. Fractions containing 14 (see Supporting
Information, page S10, Figure S9 (b), fraction D) were combined
and concentrated to dryness under reduced pressure and desalted with
a short cartridge of Cg. The cartridge was washed with H,O (6 X §
mL), and then the desired product was eluted with 5S0% CH;CN.
Isolated yield: 7%. MALDI-TOF MS: Calcd for [M — H]™ 3767.02,
found 3767.06.

T(eenT)11 (11). 5-O-DMTr-T(ppyT),; (Scheme 2, 5, n = 10)
synthesized by repeating condensation and detritylation was aminated
as well as TppnT 8. The 5'-O-DMTr group was removed by treatment
with 3% DCA in CH,CL—Et;SiH (1:1, v/v) (6 X S s) and washed
with dry CH,Cl,. The CPG was treated with 25% NH; aq—EtOH
(3:1, v/v) at 30 °C for 1 h, filtered, and washed with EtOH (4 X 1
mL). The filtrate and washings were combined and concentrated to
dryness under reduced pressure. The residue was then analyzed by RP-
HPLC and MALDI-TOF MS. RP-HPLC analysis and purification
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were performed with a linear gradient of 0—60% CH;CN in 0.1 M
TEAA buffer (pH 7) for 60 min at 30 °C at a flow rate of 0.5 mL/min
using a column of Cg. Isolated yield: 10%. MALDI-TOF MS: Calcd
for [M + H]* 4799.12, found 4799.43.

Thermal Denaturation Studies (for natural, PS, PBO, PBS,
LNApQ, LNA ps and "NAPBO-ODN). Pairs of complementary strands
(1:1 molar ratio, 4.0 M, 0.6 nmol each) were dissolved in 10 mM
NaH,PO,—Na,HPO, buffer solutions (pH 7.0) containing 0.1 or 1 M
NaCl. The solutions were heated for 10 min at 90 °C or for 15 min at
95 °C and cooled to 0 °C at a rate of —0.5 °C/min, and then left at 0
°C for 1 h. Denaturation studies were carried out in a 1 cm path length
quartz cell. UV absorbance values (260 nm) were recorded at a rate of
0.5 °C/min from 0 to 90 °C or 100 °C.

Thermal Denaturation Studies (for PBN-ODN). Pairs of
complementary strands (1:1 molar ratio, 4.0 M, 0.6 nmol each)
were dissolved in (a) 10 mM NaH,PO,—Na,HPO, buffer solutions
(pH 7.0) containing 0, 0.1, or 1 M NaCl, (b) 10 mM NaH,PO,—
Na,HPO, (pH $.8) without NaCl or (c) 10 mM NaH,PO, (pH 5.0)
without NaCl. The solutions were heated for 10 min at 90 °C and
cooled to 0 °C at a rate of —0.5 °C/min, and then left at 0 °C for 1 h.
Denaturation studies were carried out in a 1 cm path length quartz cell.
UV absorbance values (260 nm) were recorded at a rate of 0.5 °C/min
from 0 to 90 °C.
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