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Abstract

Unlocked nucleic acid (UNA) is a nucleic acid analog that has an acyclic ribose ring lacking the bond between C2" and C3’ atoms. The base-pairing
properties of UNA have been studied, and it has been used as a scaffold for conjugation, but the chemical space around UNA and its potential
applications in the context of short interfering RNAs (siRNAs), which mediate RNA interference, have not been thoroughly explored. In this
study, we report syntheses of methylated and methoxylated UNAs and their incorporation into siRNAs. siRNAs with 5’-(R)-methyl-UNA and with
5’-(S)-methyl-UNA in the seed region had comparable potencies but reduced off-target effects compared to siRNA modified with UNA. In mice,
siRNAs with modified UNAs were of comparable potency to an siRNA of the same sequence and chemistry lacking UNA. Modeling studies
indicated that the flexibilities of UNA and the modified UNAs facilitate kinking of the antisense strand when incorporated at position 7 These
findings highlight the potential of modified UNA for advancing therapeutics that act through the RNA interference pathway.
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Introduction tion, thereby decreasing the expression of the encoded, unde-

Oligonucleotide therapeutics, particularly agents that act
through the RNA interference (RNAi) pathway, hold re-
markable potential for addressing unmet medical needs.
Seven RNAi-based therapeutics have been clinically approved:
patisiran (ONPATTRO), givosiran (GIVLAARI), lumasiran
(OXLUMO), inclisiran (LEQVIO), vutrisiran (AMVUTTRA),
nedosiran (Rivfloza), and fitusiran (QFITLIA) [1-12]. These
small interfering RNAs (siRNAs) mediate gene silencing by
acting post-transcriptionally. When loaded onto AGO2, the
catalytic component of the RNA-induced silencing complex
(RISC), siRNAs target complementary mRNAs for degrada-

sired disease-causing proteins [13].

The successes of these therapeutics hinge on chemical
modifications and efficient delivery methods [13-15]. Natu-
ral RNA duplexes are metabolically unstable, and their use
therapeutically necessitates the inclusion of chemically mod-
ified building blocks to minimize enzymatic degradation, en-
hance lipophilicity, improve cell-membrane permeability, and
mitigate immune responses and off-target effects (Fig. 1A)
[16]. Patisiran has 2’-O-methyl (2’-OMe) ribonucleotides and
is formulated in lipid nanoparticles [1]. Other therapeutics
from Alnylam, givosiran, lumasiran, inclisiran, vutrisiran, and
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Figure 1. Chemical modifications used in siRNAs. (A) Chemical modifications used in siRNAs approved for clinical use. (B) Chemical modifications used
to mitigate off-target effects. (C) Chemical modifications used in this study. Both R-and S-isomers of 2’-, 3'-, and 5’-Me-UNA and 4’-(S)-OMe-UNA were

studied.

fitusiran are chemically modified with both 2’-OMe and 2'-
deoxy-2'-fluoro (2'-F) ribonucleotides and are conjugated to
a trivalent N-acetylgalactosamine (GalNAc) [17-19]. This
GalNAc ligand specifically binds to the hepatic asialoglyco-
protein receptor to mediate liver cell-specific uptake of the
siRNAs. All clinically used siRNAs also have phosphoroth-
ioate (PS) linkages at the required 5" and 3’ termini, which
provide metabolic stability [20-23].

The 2’-OMe and 2’-F modifications help to maintain
the RNA-like C3’-endo conformation, resulting in improved
binding to complementary mRNA, reduced immune acti-
vation, more favorable AGO2 interactions, and increased
resistance to nuclease degradation. Thermally destabilizing
modifications, like (S)-glycol nucleic acid ((S)-GNA), a-(L)-
threofuranosyl nucleic acid (TNA), and 2’-deoxy-2'-«-F-2'-
B-C-methyl nucleotide (2'-geminal-Me/F) can minimize off-
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target effects (Fig. 1B) [18, 24-27]. (S)-GNA is well accom-
modated within the RNA duplex, allowing its incorporation
without altering the overall structure. When incorporated into
the seed region of the antisense strand of an siRNA, (5)-GNA
decreases binding affinity for mRNAs that do not have com-
plete complementarity to the siRNA antisense strand, with-
out altering desired on-target silencing efficacy [28, 29]. TNA
placed at position 7 of the antisense strand of the siRNA
also mitigates off-target effects, likely due to the decrease in
the thermodynamic binding affinity relative to the 2’-O-Me
residue [27]. The 2’-Gem modifications also cause significant
thermal destabilization due to steric effects and mitigate off-
target effects [23]. When bound to AGO2, the antisense strand
is kinked between positions 6 and 7, and the short internu-
cleotide linkages of GNA and TNA contribute to the proper
placement of these modifications within the RISC [27-29].

Another thermally destabilizing modification, unlocked nu-
cleic acid (UNA, Fig. 1B), invented by Wengel et al. [30] has
flexibility due to the lack of the C2’-C3’ bond, the bond that
closes the ribose ring in natural nucleotides. Incorporation of
UNA residues decreases RNA duplex thermal stability by 5-
10°C [25, 30, 31]. UNA modifications do not disrupt the he-
lical RNA duplex structure and protect siRNAs from degra-
dation [32]. Previous work has shown that UNAs at specific
positions enhance siRNA potency by preventing loading of the
sense strand into the RISC, thus minimizing off-target effects
[25, 33-35]. Here, we explored modified UNAs methylated at
various positions of the acyclic sugar moiety (Fig. 1C). These
methylated and methoxylated UNAs improve the resistance
of siRNA against degradation by nucleases, and siRNAs with
these modifications in the seed region do not decrease potency
but do mitigate off-target effects, making them promising for
RNAi-based therapeutic applications.

Materials and methods

Synthetic procedures and compound
characterization

Synthesis of compound 3S: To a solution of compound 1 syn-
thesized, as described [36] (20.0 g, 42.3 mmol) in anhydrous
dichloromethane (DCM, 500 mL) cooled to 0°C, was added
Dess-Martin periodinane (21.5 g, 50.8 mmol, 1.2 equiv.). The
reaction was stirred at 0°C for 1 h, warmed to room tem-
perature, and stirred for additional 1.5 h. The reaction was
then quenched by slowly adding the reaction mixture to vig-
orously stirred 10% aq. Na;S, 03 (300 mL) and saturated aq.
NaHCOj; (300 mL) at 0°C and stirred for 1 h. After quench-
ing, the organic layer was extracted with DCM (3 x 100 mL),
dried over anhydrous Na;SOu, filtered, and concentrated un-
der reduced pressure to yield crude compound 2 as flaky white
solid. The dried compound 2 was resuspended in anhydrous
THF (300 mL), and the solution was added via cannula to a
stirring solution of Me3Al (2 M in toluene, 63.5 mL, 126.9
mmol, 3 equiv.) in THF (300 mL) at 0°C. After stirring at 0°C
for 1 h, the reaction was warmed to room temperature and al-
lowed to stir overnight. The reaction was brought to 0°C and
quenched by gradually adding a 1:1 solution of aq. H3PO4
(10%) and saturated aq. NH4Cl (20 mL). After the solvent
was removed under reduced pressure, the crude residue was
extracted with DCM and sat. NaHCOj3. The organic layer was
separated, washed with brine, dried over anhydrous Na,;SOy4,
filtered, and concentrated under reduced pressure. The crude

Modified unlocked nucleic acid 3

material was purified by flash silica gel column chromatog-
raphy (0-30% EtOAc in hexanes) to obtain compound 3$
as a white foam (5.85 g, 12.02 mmol, 25%; Ry = 0.48, de-
veloped with 50% EtOAc in hexane). '"H NMR (400 MHz,
DMSO-dq) 5 11.35 (s, 1H), 8.07 (d, ] = 8.1 Hz, 1H), 5.83 (d,
J = 6.0 Hz, 1H), 5.71 (d, | = 8.1 Hz, 1H), 5.27 (d, ] = 4.2
Hz, 1H), 4.26 (dd, ] = 6.1, 4.4 Hz, 1H), 4.12 (dd, ] = 4.5,
2.5 Hz, 1H), 3.88 — 3.78 (m, 1H), 3.72 (t, ] = 2.2 Hz, 1H),
1.14 (d, ] = 6.4 Hz, 3H), 0.89 (s, 9H), 0.83 (s, 9H), 0.08 (d,
J = 3.6 Hz, 6H), and —0.04 (s, 3H) ppm. 3C NMR (101
MHz, DMSO-dg) 5 162.94, 150.74, 140.17, 102.05, 88.54,
86.43,74.75,72.90,65.04,25.70,25.59,19.98,17.74,17.60,
—4.63,—4.77,—4.84,and —5.07 ppm. HRMS: [M + H]* calc.
for CpoHa3N, 0481, 487.2654; found: 487.2659.

Synthesis of compound 4S: To a solution of compound
3S (5.85 g, 12.02 mmol) in anhydrous THF (50 mL) and
anhydrous pyridine (10 mL) were added DMTrCl (12.2 g,
36.1 mmol, 3 equiv.) and AgNO; (4.08 g, 24.0 mmol, 2
equiv.). The mixture was stirred at room temperature for 24
h then additional DMTrCl (6.11 g, 18.0 mmol, 1.5 equiv.)
and AgNO3 (2.04 g, 12.0 mmol, 1.0 equiv.) were added to
the reaction mixture. The mixture was stirred at room tem-
perature overnight. The mixture was filtered over Celite, and
the filter cake was washed with DCM. The filtrate was con-
centrated under reduced pressure, and the residue was ex-
tracted with DCM and saturated aq. NaHCOj3. The organic
layer was washed with brine, dried over anhydrous Na;SO4,
filtered and concentrated. The crude residue was purified by
flash column chromatography (0-25% EtOAc in hexanes) to
obtain the DMTr-protected compound as a yellow foam (8.05
g, 10.2 mmol, 85%, R¢ = 0.35, developed with 33% EtOAc
in hexanes). HRMS: [M + Na]* calc. for C43HgoN,OgSi;Na,
811.3786; found: 811.3798.

To a solution of the DMTr-protected compound (8.05 g,
10.2 mmol) in THF (51 mL) was added TBAF (1 M in THEF,
25.5 mL, 25.5 mmol, 2.2 equiv.). After stirring at room tem-
perature overnight, the solvent was removed under reduced
pressure. The crude residue was purified by flash column chro-
matography (0-100% EtOAc in hexanes then 2.5% MeOH in
EtOAc) to obtain compound 4S as a yellowish foam (5.84 g,
quant.; R¢ = 0.50, developed with 5% MeOH in EtOAc). 'H
NMR (500 MHz, DMSO-d¢) & 11.41-11.34 (m, 1H), 7.57
(d, ] = 8.1 Hz, 1H), 7.46-7.40 (m, 2H), 7.30 (t, ] = 7.9 Hz,
6H), 7.21 (t, ] = 7.3 Hz, 1H), 6.88 (dd, ] = 8.8, 6.7 Hz,
4H), 5.68 (d, ] = 5.1 Hz, 1H), 5.58 (dd, ] = 8.0, 1.6 Hz,
1H), 5.39 (d, ] = 5.2 Hz, 1H), 5.03 (d, ] = 5.1 Hz, 1H),
4.01 (h, ] = 5.8 Hz, 2H), 3.74 (s, 3H), 3.72 (s, 4H), 3.61—
3.51 (m, 1H), 0.67 (d, ] = 6.2 Hz, 3H) ppm. ’C NMR (126
MHz, DMSO-dg) § 162.93, 158.06, 150.67, 146.11, 140.47,
136.40, 136.30, 130.16, 130.08, 127.95, 127.61, 126.61,
112.99, 101.93, 87.25, 86.43, 85.81, 72.56, 69.24, 68.89,
55.00, 54.99, and 17.09 ppm. HRMS: [M + Na]* calc. for
C31H3,N,04Na, 583.2051; found: 583.2068.

Synthesis of compound 5S: To a solution of compound
4S (5.84 g, 10.42 mmol) in dioxane (135 mL) and H,O (25
mL) was added NalOy4 (2.45 g, 11.46 mmol, 1.1 equiv.) dis-
solved in H,O (25 mL). The bi-layer reaction mixture was
vigorously stirred at room temperature for 4 h. The reaction
mixture was filtered through a sintered funnel, and the filter
cake was washed with additional dioxane. To the filtrate was
added NaBHj4 (0.434 g, 11.46 mmol, 1.1 equiv.). After stirring
at room temperature for 2 h, the mixture was cooled to 0°C
then quenched with 1:1 v/v acetic acid:pyridine. After the sol-
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vent was removed under reduced pressure, the crude residue
was extracted with EtOAc and saturated aq. NaHCOj3. The
organic layer was separated, dried over anhydrous Na,;SO4,
filtered, and concentrated under reduced pressure. The crude
material was purified by flash column chromatography (0-
5% MeOH in DCM) to obtain compound 35S as a white foam
(5.01 g, 8.90 mmol, 85%; R; = 0.13 developed with 5%
MeOH in DCM). 'H NMR (400 MHz, DMSO-d;) & 11.14
(dy, J = 2.2 Hz, 1H), 7.35 (dd, ] = 8.0, 1.8 Hz, 3H), 7.30-
7.15 (m, 7H), 6.90-6.78 (m, 4H), 5.64 (dd, ] = 6.4, 4.7 Hz,
1H), 5.47 (dd, | = 8.0, 2.2 Hz, 1H), 5.01 (t, ] = 6.0 Hz, 1H),
4.68 (t,] = 5.4 Hz, 1H), 3.82 (dd, ] = 11.7, 5.7, 2.2 Hz, 1H),
3.60-3.51 (m, 2H), 3.50-3.39 (m, 2H), 3.24-3.17 (m, 1H),
3.12-3.01 (m, 1H), 2.07 (s, 2H), 1.19 (t,] = 7.3 Hz, 2H), 0.56
(d, ] = 6.3 Hz, 3H) ppm. '*C NMR (126 MHz, DMSO-ds)
5 163.08, 158.09, 158.03, 150.80, 145.64, 140.57, 136.49,
136.11, 129.75, 129.60, 127.65, 127.62, 126.68, 113.02,
101.18, 85.80, 84.73, 81.69, 68.82, 61.24, 60.36, 54.98,
45.48,39.24,15.38, 8.49, and 1.12 ppm. HRMS: [M + Na]*
calc. for C31H;34N,OgNa, 585.2207; found: 585.2224.

Synthesis of compound 6S: To a solution of compound
5S (5.01 g, 8.90 mmol) in anhydrous DCM (245 mL) and
pyridine (7 mL) cooled to —78°C was slowly added ben-
zoyl chloride (1.14 mL, 9.79 mmol, 1.1 equiv.). After stir-
ring at —78°C for 1 h, the reaction mixture was brought to
0°C, and quenched with ethanol (5 mL). The mixture was ex-
tracted with DCM and saturated aq. NaHCOj. The organic
layer was washed with brine, separated, dried over anhydrous
Na, SOy, filtered, and concentrated. The crude residue was pu-
rified by flash column chromatography (0-75% EtOAc in hex-
anes) to yield compound 6S as a white foam (1.31 g, 1.96
mmol, 22%; Ry = 0.32, developed with 50% EtOAc in hex-
anes). 'H NMR (400 MHz, DMSO-dg) § 11.29-11.25 (m,
1H),7.87 (dd, ] = 8.4, 1.4 Hz, 2H), 7.69-7.61 (m, 1H), 7.55-
7.46 (m, 3H), 7.39-7.32 (m, 2H), 7.27 (d, ] = 1.0 Hz, 1H),
7.25 (d, ] = 1.7 Hz, 2H), 7.23 (d, ] = 2.7 Hz, 3H), 7.22
(d, ] = 2.1 Hz, 1H), 7.20 (t, ] = 1.4 Hz, 1H), 6.03 (dd,
J = 6.8, 5.0 Hz, 1H), 5.57-5.52 (m, 1H), 4.78 (t, ] = 5.3
Hz, 1H), 4.50 (dd, ] = 11.5, 5.0 Hz, 1H), 4.33 (dd, ] = 11.5,
6.8 Hz, 1H), 3.84 (ddd, ] = 11.6, 5.1, 2.2 Hz, 1H), 3.72 (s,
7H), 3.59 (ddd, J = 11.6, 8.4, 5.5 Hz, 1H), 3.54-3.47 (m,
1H), 3.12 (ddd, ] = 8.5, 4.6, 2.2 Hz, 1H), 0.69 (d, | = 6.3
Hz, 3H) ppm. *C NMR (101 MHz, DMSO-d¢) & 164.93,
162.94, 158.12, 158.06, 150.58, 145.59, 139.93, 136.40,
136.10, 133.55, 129.74, 129.62, 129.12, 129.01, 128.77,
127.68,127.64,126.71,113.03,101.88, 85.88, 81.76, 81.60,
68.74, 63.36, 60.42, 54.98, 39.40, 39.18, 38.97, and 15.50
ppm. HRMS: [M + Na]* calc. for C33H33N,O9Na, 689.2470;
found: 689.2465.

Synthesis of compound 7S: To a solution of com-
pound 6S (1.21 g, 1.81 mmol) in DCM (10 mL) and DI-
PEA (0.66 mL, 5.4 mmol) was added 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (0.695 mL, 2.2 mmol) at
0°C. The mixture was stirred at 0°C for 2 h. The reaction
mixture was diluted with DCM (100 mL) then washed with
saturated aq. NaHCOj3 (100 mL). The organic layer was sep-
arated, dried over anhydrous Na,SOy, filtered, and concen-
trated. The amidite 7S was precipitated from hexanes (1.33
g, 1.5 mmol, 85%). 'H NMR (600 MHz, CD;CN) § 9.03
(s, 1H), 7.96-7.91 (m, 2H), 7.61 (tq, ] = 7.4, 1.3 Hz, 1H),
7.50-7.40 (m,4H), 7.37-7.14 (m, 9H), 6.81 (qdd, ] = 8.0, 6.6,
3.6 Hz, 4H), 6.02 (q, ] = 5.3 Hz, 1H), 5.55 (dd, ] = 8.1, 4.5
Hz, 1H), 4.42-4.33 (m, 1H), 4.27 (dt, ] = 11.5, 5.6 Hz, 1H),

4.11-4.00 (m, 2H), 3.87-3.69 (m, 9H), 3.66-3.53 (m, 2H),
3.01-2.85 (m, 1H), 2.66-2.58 (m, 2H), 1.18-1.13 (m, 12H),
0.95 (dd, J = 15.0, 6.4 Hz, 3H) ppm. *C NMR (151 MHz,
CD3;CN) § 166.41, 166.39, 163.83, 159.74, 159.70, 151.37,
151.33, 147.06, 147.01, 140.73, 140.70, 137.75, 137.66,
137.31, 137.30, 134.39, 134.38, 131.18, 131.16, 131.01,
130.99, 130.47, 130.45, 130.43, 129.61, 128.88, 128.75,
128.74, 127.85, 119.53, 114.02, 114.01, 113.99, 102.91,
87.46,83.00,82.92,81.14,81.08,80.99, 80.94, 70.06, 64.65,
64.60,64.53,64.42,64.08,63.98,60.95,59.65,59.53,59.40,
55.89,55.88,43.89,43.81,25.09,25.04,25.02,24.97,24.94,
24.92,24.89,24.87,21.09,21.06,21.04,21.02,16.11, 16.08
ppm. 3'P NMR (243 MHz, CD;CN) § 147.37, 147.13 ppm.
HRMS: [M + H]+ calc. for C47H56N4010P, 8673729, found:
867.3725.

Synthesis of compound 3R: To a solution of compound
3S (2.36 g, 4.85 mmol) in anhydrous THF (48.5 mL) at 0°C
were added p-nitrobenzoic acid (4.05 g, 24.25 mmol, 5.0
equiv.), triphenylphosphine (6.36 g, 24.25 mmol, 5.0 equiv.),
and DIAD (4.69 mL, 24.25 mmol, 5.0 equiv.). The reaction
was allowed to stir at room temperature overnight, and the
solvent was removed under reduced pressure. The crude ma-
terial was purified by flash column chromatography (0-25%
EtOAc in hexanes) to obtain p-nitrobenzyl ester as a yellow-
ish foam (2.86 g, 4.50 mmol, Ry = 0.37 developed in 33%
EtOAc in hexanes). This material was resuspended in 7 N
ammonia in methanol (100 mL) and stirred at room tem-
perature overnight. The solvent was removed, and the crude
material was purified by flash column chromatography (0-
30% EtOAc in hexanes) to yield compound 3R as a white
foam (1.47 g, 3.01 mmol, 62% over 2 steps; Rf= 0.27, de-
veloped with 33% EtOAc in hexanes). '"H NMR (400 MHz,
DMSO-dy) 6 11.37 (s, 1H), 7.85 (d, ] = 8.1 Hz, 1H), 5.89
(d, ] = 7.8 Hz, 1H), 5.71 (d, ] = 8.0 Hz, 1H), 5.19 (d,
J = 4.9 Hz, 1H), 4.30 (dd, ] = 7.8, 4.5 Hz, 1H), 4.21 (d,
J = 4.4 Hz, 1H), 3.82-3.73 (m, 1H), 3.62 (d, ] = 4.7 Hz,
1H), 1.11 (d, ] = 6.5 Hz, 3H), 0.89 (s, 9H), 0.81 (s, 9H),
0.10 (d, J = 2.9 Hz, 6H), 0.00 (s, 3H), —0.09 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-ds) § 162.78, 150.87, 140.66,
102.41, 90.00, 85.75, 73.90, 71.64, 66.39, 39.18, 25.69,
25.56,20.08,17.71,17.57, —4.57, —4.63, —4.70, and —5.22
ppm. HRMS: [M + HJ* calc. for C;;H43N, 06515, 487.2654;
found: 487.2650.

Synthesis of compound 4R: To a solution of compound
3R (1.40 g, 2.88 mmol) in anhydrous THF (11.5 mL) and
anhydrous pyridine (2.2 mL) were added DMTrCI (2.92 g,
8.63 mmol, 3 equiv.) and AgNO;3 (0.97 g, 5.75 mmol, 2
equiv.). The mixture was stirred overnight at room temper-
ature. The mixture was filtered over Celite, and the filter cake
was washed with DCM. The filtrate was concentrated under
reduced pressure, and the residue was extracted with DCM
and saturated aq. NaHCOj. The organic layer was washed
with brine, dried over anhydrous Na,SOy, filtered, and con-
centrated. The crude residue was purified by flash column
chromatography (0-25% EtOAc in hexanes) to obtain DMTr-
protected compound as a bright yellow foam (2.03 g, 2.57
mmol, 89%, R; = 0.27; developed with 33% EtOAc in hex-
anes). 'H NMR (400 MHz, DMSO-dg) & 11.38 (s, 1H), 7.46—
7.38 (m, 2H), 7.30 (td, ] = 8.1, 7.7, 5.7 Hz, 7H), 7.26-7.17
(m, 1H), 6.94-6.84 (m, 4H), 5.66 (d, ] = 5.8 Hz, 1H), 5.31 (d,
J=8.0Hz,1H),4.11 (dd, ] = 4.6, 3.2 Hz, 1H), 4.06—4.02 (m,
1H), 3.86 (dd, ] = 4.6, 3.2 Hz, 1H), 3.74 (s, 6H), 3.49-3.41
(m, 1H), 0.85 (s, 9H), 0.82 (s, 8H), 0.79 (d, ] = 6.2 Hz, 3H),
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0.06 (d, ] = 3.2 Hz, 5H), 0.01 (s, 3H), —0.08 (s, 3H) ppm.
13C NMR (101 MHz, DMSO-dy) & 158.13, 158.09, 150.42,
141.13, 135.84, 130.07, 130.03, 127.75, 127.65, 126.66,
113.09, 113.04, 101.86, 88.28, 87.24, 86.16, 73.32, 71.44,
69.53, 55.00, 25.64, 25.54, 17.62, 17.54, 17.09, —4.45,
—4.64, —4.86, and —5.07 ppm. HRMS: [M + Na]* calc. for
C43H60N2035i2Na, 811.3786; found: 811.3787.

To a solution of fully protected compound (2.03 g, 2.57
mmol) in THF (12.9 mL) was added TBAF (5.14 g, 5.14
mmol, 2 equiv.). After stirring at room temperature overnight,
the solvent was removed under reduced pressure. The crude
reside was purified by flash column chromatography (0-
100% EtOAc in hexanes then 2.5% MeOH in EtOAc) to
obtain compound 4R as a white foam (1.00 g, 1.78 mmol,
69%; Ry = 0.45, developed with 5% MeOH in EtOAc).
'H NMR (400 MHz, DMSO-dg) 5 11.35 (d, ] = 2.1 Hz,
1H), 7.47-7.40 (m, 2H), 7.31 (ddd, J = 10.1, 7.7, 3.8 Hz,
7H), 7.25-7.18 (m, 1H), 6.95 — 6.84 (m, 4H), 5.68 (d,
J = 5.9 Hz, 1H), 5.37 (d, ] = 5.8 Hz, 1H), 5.18 (dd,
J = 8.1, 2.0 Hz, 1H), 5.09 (d, ] = 5.5 Hz, 1H), 4.18 (q,
J = 5.3 Hz, 1H), 3.97 (q, ] = 5.9 Hz, 1H), 3.74 (s, 6H),
3.68 (dd, ] = 4.3, 3.1 Hz, 1H), 3.48-3.39 (m, 1H), 0.76
(d, ] = 6.4 Hz, 3H) ppm. 3C NMR (101 MHz, DMSO-d¢)
5 162.83, 158.10, 158.08, 150.61, 146.33, 140.77, 136.26,
136.16, 130.13, 130.09, 127.84, 127.69, 126.58, 113.10,
113.06, 101.65, 87.36, 86.92, 85.98, 72.53, 69.67, 68.96,
55.05, 55.03, and 17.08 ppm. HRMS: [M + Na]* calc. for
C31H3,N,08Na, 583.2051; found: 583.2060.

Synthesis of compound 5R: To a solution of compound 4R
(1.00 g, 1.78 mmol) in dioxane (24 mL) and H,O (3 mL) was
added NalOy4 (0.42 g, 1.96 mmol, 1.1 equiv. dissolved in 3 mL
H,O). The bi-layer reaction mixture was vigorously stirred at
room temperature for 4 h. The reaction mixture was filtered,
and the filter cake was washed with additional dioxane. To the
filtrate was added NaBH4 (0.074 g, 1.96 mmol, 1.1 equiv.).
After stirring at room temperature for 2 h, the mixture was
cooled to 0°C then quenched with 1:1 v/v acetic acid:pyridine.
After the solvent was removed under reduced pressure, the
crude residue was extracted with EtOAc and saturated aq.
NaHCOj;. The organic layer was separated, dried over anhy-
drous Na, SOy, filtered, and concentrated under reduced pres-
sure. The crude material was purified by flash column chro-
matography (0-5% MeOH in DCM) to obtain compound 5R
as a white foam (250 mg, 0.44 mmol, 25%; R; = 0.28 devel-
oped with 5% MeOH in DCM). "H NMR (400 MHz, DMSO-
dg) § 11.22 (d, | = 2.3 Hz, 1H), 7.65 (d, ] = 8.1 Hz, 1H),
7.37-7.30 (m, 2H), 7.29-7.14 (m, 8H), 6.90-6.77 (m, 4H),
5.65 (t, ] = 5.8 Hz, 1H), 5.53 (dd, ] = 8.0, 2.2 Hz, 1H), 5.10
(t,] =5.9Hz,1H),4.64 (t,] = 5.3 Hz, 1H), 3.73 (s, 7H), 3.63
-3.43 (m, 3H), 3.30-3.14 (m, 2H), 3.04-2.95 (m, 1H), 1.23 (t,
J=7.3Hz,1H),0.77 (d,] = 6.3 Hz, 3H) ppm. 3*C NMR (101
MHz, DMSO-d¢) 6 163.30,157.97, 151.06, 145.81, 141.30,
136.45, 136.36, 129.91, 129.86, 127.90, 127.55, 126.48,
112.98, 112.96, 101.48, 85.79, 84.25, 83.07, 69.00, 61.65,
61.03, 54.98, 15.80, and 1.12 ppm. HRMS: [M + Na]* calc.
for C31H34N208Na, 585.2207; found: 585.2217.

Synthesis of compound 6R: To a solution of compound
5R (4.63 g, 7.75 mmol) in anhydrous DCM (215 mL) and
pyridine (1.5 mL) cooled to -78°C, benzoyl chloride (1.0 mL,
8.53 mmol) was added dropwise. After stirring at —78°C for
1 h, the reaction mixture was brought to 0°C and quenched
with ethanol (5 mL). The mixture was extracted with DCM
and saturated aq. NaHCQj3. The organic layer was washed
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with brine, separated, dried over anhydrous Na;SOy, filtered,
and concentrated. The crude residue was purified by flash col-
umn chromatography (0-75% EtOAc in hexanes) to yield
compound 6R as a white foam (2.30 g, 3.45 mmol, 45%;
R¢ = 0.54, developed in 50% EtOAc in hexane). '"H NMR
(400 MHz, DMSO-ds) 5 11.32 (d, ] = 2.2 Hz, 1H), 7.88 (dd,
J = 8.4, 1.4 Hz, 2H), 7.79 (d, ] = 8.0 Hz, 1H), 7.70-7.63
(m, 1H), 7.53 (t, ] = 7.8 Hz, 2H), 7.37-7.31 (m, 2H), 7.29-
7.15 (m, 7H), 6.87-6.78 (m, 4H), 6.03 (dd, ] = 6.7, 5.0 Hz,
1H), 5.53 (dd, ] = 8.0, 2.1 Hz, 1H), 4.73 (t, ] = 5.1 Hz,
1H), 4.55 (dd, J = 11.4, 5.0 Hz, 1H), 4.40 (dd, | = 11.4,
6.8 Hz, 1H), 3.73 (s, 6H), 3.57 (qd, | = 6.4, 1.8 Hz, 1H),
3.35-3.25 (m, 2H), 3.20 (dt, ] = 11.4, 5.0 Hz, 1H), 2.97-
2.91 (m, 1H), 0.85 (d, ] = 6.3 Hz, 3H) ppm. *C NMR
(101 MHz, DMSO-dg) & 164.96, 163.08, 158.02, 150.86,
145.75, 140.73, 136.37, 136.24, 133.60, 129.92, 129.85,
129.10, 129.05, 128.83, 127.88, 127.59, 126.54, 113.04,
113.00, 102.08, 85.92, 83.05, 81.25, 68.92, 63.63, 61.13,
55.00, 39.99, and 15.74 ppm. HRMS: [M + Na]* calc. for
C33H33N;09Na, 689.2470; found: 689.2477.

Synthesis of compound 7R: To a solution of com-
pound 6R (2.30 g, 3.45 mmol) in DCM (30 mL) and DI-
PEA (2.30 mL, 18.9 mmol) was added 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (2.41 mL, 7.57 mmol) at
0°C. The mixture was stirred at 0°C for 2 h. The reaction
mixture was diluted with DCM (100 mL) then washed with
saturated aq. NaHCOj3 (100 mL). The organic layer was sep-
arated, dried over anhydrous Na,;SOy, filtered, and concen-
trated. The crude material was purified by flash column chro-
matography (0-33% EtOAc in hexanes) to give compound
7R as a white foam (2.31 g, 2.66 mmol, 77%, Ry = 0.41; de-
veloped with 50% EtOAc in hexanes). "H NMR (600 MHz,
CD3;CN) 6 9.04 (s, 1H), 7.94 (ddd, | = 8.4, 4.9, 1.4 Hz,
2H), 7.67-7.59 (m, 2H), 7.52-7.40 (m, 4H), 7.36-7.08 (m,
7H), 6.87-6.79 (m, 4H), 5.99 (q, ] = 5.0 Hz, 1H), 5.46 (d,
J = 8.1 Hz, 1H), 4.49-4.30 (m, 2H), 3.80-3.63 (m, 9H),
3.56-3.46 (m, 2H), 3.42-3.31 (m, 1H), 2.83-2.63 (m, 1H),
2.59 (td, ] = 5.9, 4.1 Hz, 2H), 1.15-1.09 (m, 7H), 1.09-
1.04 (m, 8H) ppm. 3C NMR (151 MHz, CD3CN) 6§ 166.43,
166.40, 163.87, 159.73, 159.67, 151.56, 147.06, 147.00,
141.80, 137.76, 137.74, 137.27, 137.19, 134.40, 131.31,
131.28, 131.07, 131.05, 130.51, 130.50, 130.43, 130.41,
129.64, 129.06, 128.98, 128.73, 128.72, 127.75, 127.72,
119.54, 119.51, 114.13, 114.08, 114.04, 114.01, 102.99,
87.72,87.70,82.97,82.95,82.78,82.72,70.34,70.30, 65.10,
65.00,64.93,64.89,64.85,64.84,60.95,59.51,59.38,59.34,
59.21,55.91,55.90,43.86,43.81,43.78,43.73,24.93,24.90,
24.87,24.85,24.82,21.14,21.02,21.01,20.98,20.96, 16.53,
and 16.38 ppm. 3'P NMR (243 MHz, CD3CN) & 147.33,
147.30 ppm. HRMS: [M + HJ]* calc. for C47Hs54N4O1(P,
867.3729; found: 867.3726.

Synthesis of compounds 9 and 10: mCPBA (19.9 g, 116
mmol) was added to a cooled solution of compound 8 syn-
thesized as previously described [37] (25.0 g, 55.9 mmol) in
methanol (275 mL), and the mixture was stirred overnight
at room temperature. To the solution were added 10% aq.
Na, 5,03 (100 mL) and saturated aq. NaHCO3 (100 mL),
and the reaction mixture was stirred for 15 min. The re-
action mixture was then extracted with DCM (150 mL x
3 times). The organic layers were combined, dried over an-
hydrous Na;SOy, filtered, and concentrated. The crude ma-
terial was purified by flash column chromatography (0-2%
MeOH in DCM) to give compounds 9 (1.0 g, 1.9 mmol, 3.6 %,
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R¢ = 0.48; developed with 5% MeOH in DCM) and 10 (8.8
g, 17.5 mmol, 31%, R = 0.42; developed with 5% MeOH
in DCM). Compound 9: "H NMR (400 MHz, DMSO-ds) 6
11.44 (d, ] = 2.1 Hz, 1H), 7.42 (d, ] = 8.2 Hz, 1H), 6.01
(d, ] = 7.4 Hz, 1H), 5.81 (dd, ] = 8.1, 2.0 Hz, 1H), 4.74
(t, ] = 4.9 Hz, 1H), 4.56 (dd, ] = 7.4, 3.7 Hz, 1H), 4.00
(d, ] = 3.6 Hz, 1H), 3.55 (t, ] = 4.3 Hz, 2H), 3.31 (s, 1H),
3.29 (s, 3H), 0.86 (d, ] = 40.3 Hz, 18H), 0.12 (d, J = 8.3
Hz, 6H), —0.01 (s, 3H), —0.09 (s, 3H) ppm. 3C NMR (126
MHz, DMSO-dg) 6 162.60, 150.98, 140.16, 109.53, 103.49,
86.14,75.18,74.91,55.45,48.85,25.82,25.77,17.99,17.77,
—4.33, —4.39, —4.97, and —5.10 ppm. HRMS: [M + Na]*
calc. for Cy;H4N,O-Si;Na, 525.2423; found: 525.2438.
Compound 10: '"H NMR (400 MHz, DMSO-d,) & 11.41 (d,
J =22Hz, 1H), 7.76 (d, ] = 8.1 Hz, 1H), 5.99 (d, ] = 7.2
Hz, 1H), 5.73 (dd, ] = 8.4, 2.4 Hz, 1H), 5.34 (t, ] = 5.6 Hz,
1H), 4.32 (dd, ] = 7.2, 5.2 Hz, 1H), 4.22 (d, ] = 5.2 Hz, 1H),
3.54-3.41 (m, 2H), 3.30 (s, 3H), 0.90 (s, 9H), 0.80 (s, 9H),
0.07 (d, ] = 6.2 Hz, 6H), —0.01 (s, 3H), —0.10 (s, 3H) ppm.
3C NMR (126 MHz, DMSO-d) § 162.60, 150.98, 140.16,
109.53, 103.49, 86.14, 75.18, 74.91, 55.45, 48.85, 25.82,
25.77,17.99,17.77, —4.33, —4.39, —4.97, and —5.10 ppm.
HRMS: [M + Na]* calc. for C22H42N207Si2Na, 5252423,
found: 525.2426.

Synthesis of compound 11: To a solution of compound
10 (8.8 g, 17.5 mmol) in anhydrous pyridine (60 mL) was
added DMTrCl (8.89 g, 26.3 mmol), and the mixture was
stirred at room temperature overnight. After removing the
solvent, the residue was extracted with DCM and saturated
aq. NaHCOj;. The organic layer was dried over anhydrous
Na,S0Oy, filtered, and concentrated. The crude material was
purified by flash column chromatography to give the DMTr-
protected compound (14.1 g, 17.9 mmol, 99%, R = 0.77; de-
veloped in 50% EtOAC in hexanes). 'TH NMR (400 MHz,
DMSO-dq) § 11.46 (s, 1H), 7.61 (d, ] = 8.1 Hz, 1H), 7.46—
7.37 (m, 2H), 7.33-7.23 (m, 6H), 7.22-7.15 (m, 1H), 6.86
(dd, J = 9.0, 3.1 Hz, 4H), 6.01 (d, ] = 4.9 Hz, 1H), 5.80 (d,
J = 8.1 Hz, 1H), 4.43 (t, | = 4.7 Hz, 1H), 4.03 (d, ] = 4.4
Hz, 1H), 3.71 (s, 6H), 3.65 (d, ] = 10.7 Hz, 1H), 3.45 (s,
3H), 2.88 (d, ] = 10.7 Hz, 1H), 0.71 (s, 8H), 0.63 (s, 8H),
~0.03 (s, 3H), —0.04 (d, ] = 3.6 Hz, 6H), —0.19 (s, 3H)
ppm. 3C NMR (126 MHz, DMSO-dy) § 158.07, 150.80,
144.86, 140.29, 135.71, 129.59, 129.57, 127.77, 127.55,
126.57,113.20,113.12,108.03,102.81, 88.51, 75.64, 74.36,
64.56, 54.97, 52.32, 25.63, 25.50, 17.51, 17.44, —4.33,
—4.81, —4.86, and —5.18 ppm. HRMS: [M + Na]* calc. for
C43HgoN;09Si;Na, 827.3730; found: 827.3710.

To a solution of the fully protected compound (12.1 g, 15.0
mmol) in THF (100 mL) was added 1 M TBAF in THF (30
mL, 30 mmol). The reaction was stirred overnight under ar-
gon atmosphere, and the next day the solvent was evapo-
rated under vacuum. The crude material was purified with
column chromatography (0-2% MeOH in EtOAc) to yield
compound 11 (8.31 g, 14.4 mmol, 96 %, R¢ = 0.48; developed
with 10% MeOH in DCM). 'H NMR (400 MHz, DMSO-
dg) & 11.35 (s, 1H), 7.48-7.42 (m, 2H), 7.39 (d, ] = 8.2
Hz, 1H), 7.34-7.17 (m, 8H), 6.87 (d, | = 8.9 Hz, 3H), 5.98
(d, ] = 7.4 Hz, 1H), 5.71 (d, J = 5.1 Hz, 2H), 5.52 (d,
J = 6.7 Hz, 1H), 4.44 («d, ] = 7.2, 4.2 Hz, 1H), 4.05 (¢,
J = 4.4 Hz, 1H), 3.72 (d, ] = 1.3 Hz, 7H), 3.44 (d, ] = 9.8
Hz, 1H), 3.31 (s, 3H), 2.83 (s, 4H), 2.80 (d, ] = 3.5 Hz,
1H), 1.98 (s, 1H) ppm. 3C NMR (126 MHz, DMSO-d,)
5 162.86, 158.13, 151.19, 144.65, 140.25, 135.48, 134.95,

129.99, 129.86, 127.83, 127.77, 126.73, 113.09, 113.07,
109.33, 103.11, 86.93, 85.32, 73.77, 73.22, 59.81, 57.26,
55.04, 48.13, and 25.85 ppm. HRMS: [M + Na]* calc. for
C31 H32N209Na, 599.2000; found: 599.2009.

Synthesis of compound 12: Compound 11 (7.28 g, 12.6
mmol) was dissolved in dioxane (85 mL) and water (15 mL).
NalOy4 (3.24 g, 15.2 mmol) was added slowly to this solu-
tion while stirring at room temperature. The reaction mixture
was stirred at room temperature overnight then filtered, and
the precipitate was washed with additional dioxane (100 mL).
To the filtrate, NaBHy4 (0.500 g, 19.0 mmol) was added, and
the reaction mixture was stirred at room temperature for 3 h.
The reaction was quenched with 20 mL of 1:1 mixture of pyri-
dine and acetic acid. After removing the solvents, the residue
was extracted with DCM and saturated aq. NaHCOj3. The
organic layer was dried over anhydrous Na; SOy, filtered, and
concentrated. The crude material was purified by flash column
chromatography (0-3% MeOH in DCM) to give compound
12 (5.40 g, 9.33 mol, 74%, Ry = 0.26; developed with 5%
MeOH in DCM). 'H NMR (400 MHz, DMSO-dg) & 11.12
(s, 1H), 7.47 (d, ] = 8.0 Hz, 1H), 7.42 — 7.12 (m, 9H), 6.95
- 6.82 (m, 4H), 5.84 (t, ] = 5.8 Hz, 1H), 5.50 (d, ] = 8.0
Hz, 1H), 5.08 (s, 1H), 4.85 (t, ] = 3.9 Hz, 1H), 3.73 (s, 6H),
3.44 (dd, ] = 7.1, 3.9 Hz, 3H), 3.26 (d, ] = 9.7 Hz, 1H),
2.90 (s, 3H), 2.87 (d, ] = 9.6 Hz, 1H) ppm. *C NMR (126
MHz, DMSO-dq) 5 163.40, 158.04, 150.41, 144.66, 141.80,
135.46, 135.09, 129.75, 129.70, 127.78, 127.66, 126.64,
113.15,113.11, 102.82, 100.91, 75.32, 61.95, 59.63, 58.85,
54.99,48.13,45.55,and 10.23 ppm. HRMS: [M + Na]* calc.
for C31H34N,O9Na, 601.2157; found: 601.2161.

Synthesis of compound 13: To a solution of compound
12 (4.70 g, 8.12 mmol) in DCM (175 mL) and pyridine (7
mL) at —78°C was added a solution of benzoyl chloride (1.04
mL, 8.9 mmol) in DCM (50 mL) over a period of 30 min.
The reaction mixture was then stirred for 1 h at —78°C and
then allowed warm to room temperature, at which point 5
mL of ethanol was added to quench the reaction. The mix-
ture was washed with saturated aq. NaHCOj3 (250 mL) and
extracted with DCM (100 mL x 3 times). The organic lay-
ers were combined, dried over anhydrous Na;SO4, and con-
centrated. The crude material was purified by flash column
chromatography (0-3% MeOH in DCM) to yield compound
13 (2.73 g, 4.0 mmol, 49%, R¢= 0.30; developed with 5%
MeOH in DCM). 'H NMR (400 MHz, DMSO-d¢) & 11.24
(s, 1H), 7.85-7.77 (m, 2H), 7.68 (d, | = 8.1 Hz, 1H), 7.66—
7.62 (m, 1H), 7.49 (t, ] = 7.8 Hz, 2H), 7.43-7.37 (m, 2H),
7.33-7.14 (m, 7H), 6.86 (d, ] = 8.9 Hz, 3H), 6.22 (t, ] = 6.2
Hz, 1H), 5.59 (d, ] = 8.1 Hz, 1H), 4.99 (t, | = 4.2 Hz, 1H),
4.38 (d, ] = 6.1 Hz, 2H), 3.73 (dd, ] = 11.5, 4.1 Hz, 1H),
3.70 (s, 6H), 3.47 (dd, ] = 11.5, 4.1 Hz, 1H), 3.26 (d, ] = 9.9
Hz, 1H), 2.98 (d, ] = 10.2 Hz, 1H), and 2.96 (s, 3H) ppm.
13C NMR (126 MHz, DMSO-dg) & 164.86, 163.13, 158.07,
150.30, 144.52, 141.08, 135.23, 135.01, 133.62, 129.72,
129.70, 129.07, 128.89, 128.79, 127.81, 127.63, 126.68,
113.16, 113.13, 103.38, 101.72, 85.40, 72.77, 63.73, 59.64,
59.36, 54.96, and 48.56 ppm. HRMS: [M + Na]* calc. for
C33H33N2010Na, 705.2419; found: 705.2411.

Synthesis of compound 14: To a solution of com-
pound 13 (2.58 g, 3.77 mmol) in DCM (20 mL) were
added DIPEA (1.38 mL, 11.31 mmol) and 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (1.32 mL, 4.15 mmol) at
0°C. The reaction mixture was allowed to warm room tem-
perature and was stirred for 3 h. The reaction mixture was

GZ0Z 190100 Gz uo 1senb Aq 8G//928//£64eXB/8L/cS/a[01e/1eu/wod dno olwapede//:sd)y woly papeojumoq



diluted with DCM (100 mL) then washed with saturated
aq. NaHCO3 (100 mL). The organic layer was separated,
dried over anhydrous Na; SOy, filtered, and concentrated. The
residue was dissolved in minimal DCM in 1 L of hexanes.
Solids were collected by dissolving in DCM and then con-
centrated to yield compound 14 (3.89 g, 4.4 mmol, quant.)
as a white foam. '"H NMR (600 MHz, CD3;CN) & 9.17 (s,
1H), 7.90 (d, ] = 8.3 Hz, 1H), 7.65-7.59 (m, 1H), 7.55
(dd, J = 11.3, 8.1 Hz, 1H), 7.51-7.44 (m, 4H), 7.39-7.26
(m, 6H), 7.25-7.19 (m, 1H), 6.88-6.81 (m, 4H), 6.28 (ddd,
J =114, 6.9, 4.6 Hz, 1H), 5.69 (dd, J = 11.6, 8.1 Hz, 1H),
4.45-4.31 (m, 2H), 4.16-4.00 (m, 1H), 3.90-3.57 (m, 10H),
3.55-3.43 (m, 3H), 3.41-3.11 (m, 2H), 3.05 (d, ] = 14.7 Hz,
3H), 2.75 (t, ] = 5.9 Hz, 1H), 2.66-2.51 (m, 2H), 1.30-1.09
(m, 24H) ppm. 3C NMR (151 MHz, CD3;CN) § 166.39,
163.89, 163.85, 159.75, 159.74, 151.33, 151.17, 145.82,
145.78, 141.82, 141.40, 136.60, 136.35, 136.33, 136.30,
134.48, 131.21, 131.20, 131.13, 131.10, 131.04, 130.39,
130.37, 130.35, 129.67, 129.06, 128.94, 128.90, 128.86,
128.84, 127.92, 127.90, 119.50, 119.44, 118.97, 114.05,
104.35,104.28,104.21,103.57,103.01, 87.22,87.13, 74.65,
74.28,65.00,62.25,62.14,61.66,61.56,61.31,60.88, 59.87,
59.75,59.72,59.59, 59.16, 59.13, 55.90, 55.89, 50.44, 50.25,
47.40,45.99,45.95,43.84,43.78,43.76,43.70,24.99,24.94,
24.91,24.88,24.84,23.17,23.16,23.10,23.09,21.01,20.99,
20.97, 20.95, 20.61, and 20.56 ppm. 3'P NMR (243 MHz,
CD;CN) & 147.26, 147.25 ppm. HRMS: [M + HJ* calc. for
C47Hs56N401,SP, 883.3678; found: 883.3674.

Synthesis of compound 16: To a solution of compound
15 synthesized as previously described [38, 39] (500 mg,
0.893 mmol) in DCM (10 mL) was added NalO4 (287
mg, 1.34 mmol) in H;O (10 mL). The resulting mix-
ture was vigorously stirred for 4 h, the reaction comple-
tion was confirmed by TLC. The organic layer was sepa-
rated and evaporated in vacuo. The resulting keto-aldehyde,
which was obtained as a colorless foam, was used for
next step without further purification. A round-bottom
flask was charged with n6-(p-cymene-8,S)-N-toluenesulfonyl-
1,2-diphenylethylenediamine ruthenium(II) chloride (15 mg,
0.024 mmol, 2.5 mol%) and the keto-aldehyde (500 mg,
0.893 mmol), and the system was flushed three times with
argon. A solution of sodium formate (2.27 g, 33.3 mmol)
in water (13 mL) was added, followed by EtOAc (3 mL).
The resulting two-phase mixture was vigorously stirred for
24 h at room temperature. The organic phase was separated,
and the aqueous phase was extracted with another 10 mL of
EtOAc. The solvent was removed from the combined organic
layers at reduced pressure on a rotary evaporator. The crude
residue was purified by flash column chromatography on sil-
ica gel (100% EtOAc) to afford compound 16 as a white foam
(401 mg, 80% over 2 steps). '"H NMR (400 MHz, DMSO-
dg): § 11.34 (s, 1H), 7.60 (d, ] = 8.0 Hz, 1H), 7.37-7.08 (m,
9H), 6.85 (d, J = 8.4 Hz, 4H), 5.48 (dd, ] = 15.5, 6.5 Hz,
2H), 5.08 (d, ] = 5.3 Hz, 1H), 4.72 (s, 1H), 3.72 (s, 7H),
3.55 (s, 3H), 3.10 (s, 2H), 1.03 (d, ] = 6.4 Hz, 3H) ppm.
13C NMR (126 MHz, DMSO-d;) § 163.21, 157.99, 151.08,
144.81, 141.57, 135.61, 135.51, 129.61, 129.57, 127.75,
127.63,126.59,113.12,113.09, 101.20, 86.46, 85.50, 79.54,
67.11, 63.64, 60.44, 59.75, 54.99, 39.23, 18.38, and 14.09
ppm. HRMS: [M + Na]* calc. for C3;H34N,OgNa, 585.2213;
found: 585.2224.

Synthesis of compound 17S: To a solution of compound
16 (520 mg, 0.925 mmol) in dry pyridine (10 mL) was added
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TBSCI (154 mg, 1.02 mmol) and DMAP (11 mg, 0.09 mmol).
The reaction mixture was stirred for 3 h at room tempera-
ture, and then the resulting mixture was diluted with DCM.
The reaction was quenched with saturated aq. NaHCOj. The
organic layer was washed with brine and concentrated under
vacuum. The crude residue was purified by flash column chro-
matography on silica gel (50% EtOAc in hexanes) to afford
compound 17S as a white foam (400 mg, 64%). 'H NMR
(400 MHz, DMSO-d¢) 6 11.34 (d, ] = 2.0 Hz, 1H), 7.62 (d,
J = 8.0 Hz, 1H), 7.45-7.06 (m, 9H), 7.00-6.69 (m, 4H), 5.62
~5.31 (m, 2H), 4.98 (d, ] = 5.9 Hz, 1H), 3.73 (ddd, ] = 41.8,
11.1, 5.2 Hz, 8H), 3.60-3.38 (m, 2H), 3.05 (d, J = 5.1 Hz,
2H), 1.05 (d, ] = 6.3 Hz, 3H), 0.74 (s, 9H), —0.07 (d, ] = 6.9
Hz, 6H) ppm. 3C NMR (126 MHz, DMSO-d6) & 163.21,
158.01, 151.07, 144.76, 141.61, 135.59, 135.41, 129.56,
129.54, 127.71, 127.57, 126.57, 113.09, 113.06, 101.02,
85.92,85.61,78.31,66.87,63.36,61.41, 54.96,25.58, 18.56,
17.70, —5.65, and —5.69 ppm. HRMS: [M + Na]* calc. for
C37H48N,0gSiNa, 699.3078; found: 699.3067.

Synthesis of compound 18S: To a solution of compound
17S (6.6 g, 9.76 mmol) in dry DCM (100 mL) were added
Et3N (13.5 mL, 97.6 mmol) and BzCl (5.6 mL, 48.8 mmol).
The reaction mixture was stirred for 4 h at room tempera-
ture, and then the resulting mixture was diluted with DCM.
The reaction was quenched with saturated aq. NaHCOj3. The
organic layer was washed with brine and concentrated un-
der vacuum. The crude residue was purified by flash column
chromatography on silica gel (25% EtOAc in hexanes) to af-
ford compound 18S as a colorless foam (7.8 g, 90%). 'H
NMR (400 MHz, DMSO-d) 5 8.07-7.11 (m, 20H), 6.98-
6.69 (m, 4H), 6.02 (d, ] = 4.6 Hz, 1H), 5.69-5.27 (m, 2H),
3.81-3.42 (m, 9H), 3.17 (qd, J = 10.7, 4.4 Hz, 2H), 1.37 (d,
J = 6.5 Hz, 3H), 0.71 (s, 9H), -0.10 (d, ] = 12.1 Hz, 6H)
ppm. 3C NMR (126 MHz, DMSO-ds) & 169.19, 165.01,
161.61, 158.08, 149.35, 144.66, 141.00, 135.57, 135.52,
135.30, 133.60, 130.92, 130.23, 129.62, 129.47, 129.23,
129.18, 128.73, 127.78, 127.63, 126.71, 113.14, 113.11,
101.19, 85.91, 84.66, 78.65, 69.99, 63.23, 61.81, 54.96,
25.54,17.67,14.99,and —5.76 ppm. HRMS: [M + Na]* calc.
for Cs1HssN,01SiNa, 907.3602; found: 907.3611.

Synthesis of compound 19S: To a solution of compound
18S (7.3 g, 8.25 mmol) in dry THF (83 mL) was added
Et3N-3HF (13.4 mL, 82.5 mmol) dropwise. The reaction mix-
ture was stirred for 8 h at room temperature then diluted
with EtOAc and quenched with saturated aq. NaHCO3. The
organic layer was washed with brine and concentrated un-
der vacuum. The crude residue was purified by flash column
chromatography on silica gel (50% EtOAc in hexanes) to af-
ford compound 19S as a colorless foam (6.1 g, 96%). 'H
NMR (400 MHz, DMSO-dg) & 8.05-7.11 (m, 20H), 7.04-
6.67 (m, 4H), 6.04 (d, ] = 3.9 Hz, 1H), 5.67-5.25 (m, 2H),
4.85 (t, ] = 5.1 Hz, 1H), 3.72-3.70(m, 7H), 3.60-3.38 (m,
2H), 3.18 (qd, ] = 10.7, 5.1 Hz, 2H), 1.39 (d, | = 6.5 Hz,
3H) ppm. BCNMR (126 MHz, DMSO-d) 5 169.19, 165.10,
161.60, 158.05, 149.26, 144.64, 141.00, 135.56, 135.50,
135.37, 133.56, 130.95, 130.19, 129.65, 129.47, 129.21,
129.17, 128.73, 127.78, 127.70, 126.72, 113.14, 113.12,
100.84, 85.83, 84.54, 79.12, 70.06, 63.63, 60.48, 54.97,
and 14.94 ppm. HRMS: [M + Na]* calc. for C45sH4,N,O1(¢Na,
793.2737; found: 793.2724.

Synthesis of compound 20S: To a solution of compound
19S (568 mg, 0.737 mmol) in dry DCM (8 mL) were
added DIPEA (385 uL, 2.21 mmol) and 2-cyanoethyl-N,N-
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diisopropylchlorophosphoramidite (181 uL, 0.811 mmol)
dropwise. The reaction mixture was stirred for 1 h at room
temperature, then diluted with DCM. The reaction was
quenched with saturated aq. NaHCOj;. The organic layer was
washed with brine and concentrated under vacuum. The crude
residue was purified by flash column chromatography on sil-
ica gel (30% EtOAc in hexanes) to afford compound 208 as a
white foam (623 mg, 87%). '"H NMR (500 MHz, CD3;CN) §
8.09-7.89 (m, 4H), 7.86-7.13 (m, 16H), 6.95-6.74 (m, 4H),
6.01 (dd,J =8.7,3.7 Hz, 1H), 5.45 (dtt, ] = 21.1,8.2,4.1 Hz,
2H), 3.90-3.60 (m, 11H), 3.51 (ddq, J = 13.5, 10.3, 6.7 Hz,
2H), 3.44-3.10 (m, 2H), 2.54 (dt, | = 8.8, 5.9 Hz, 2H), 1.44
(t,] = 6.2 Hz, 3H), 1.32-0.93 (m, 12H) ppm. '*C NMR (101
MHz, CD3;CN) § 169.12, 165.27, 161.69, 158.37, 149.44,
144.58, 140.43, 135.10, 133.09, 131.14, 129.94, 129.69,
129.67, 129.39, 129.11, 128.33, 127.69, 127.54, 126.57,
118.12,116.96, 112.76, 112.75,100.82, 84.61, 69.86, 54.58,
42.58, 42.46, 23.67, 23.62, 23.55, 23.48, 19.68, and 19.62
ppm. 3'P NMR (202 MHz, CD3CN) 5 149.67; 149.29 ppm.
HRMS: [M + H]* calc. for Cs4HgoN4O11P, 971.3996; found:
971.3989.

Synthesis of compound 17R: To a solution of compound
17S (2.2 g, 3.25 mmol) in dry THF (100 mL) were added
PPh; (4.26 g, 16.3 mmol), BzZOH (1.98 g, 16.3 mmol), and
DIAD (3.15 mL, 16.3 mmol) dropwise. The reaction mix-
ture was stirred for 3 h at room temperature, and reaction
completion was confirmed by TLC. The solvent was removed
under vacuum. The crude residue was purified by flash col-
umn chromatography on silica gel to afford a mixture of 2,2'-
anhydro-nucleoside and DIAD byproducts. This mixture was
dissolved in THF (50 mL). To the mixture was added 1 N aq.
NaOH (10 mL) dropwise. The resulting mixture was stirred
for 3 h. The solvent was removed under vacuum. The crude
residue was purified by flash column chromatography on sil-
ica gel (50% EtOAc in hexanes) to afford compound 17R as
a white foam (1.8 g, 80%). 'H NMR (400 MHz, DMSO-ds)
5 11.30 (d, ] = 2.1 Hz, 1H), 7.62 (d, ] = 8.1 Hz, 1H), 7.43-
7.04 (m, 9H), 6.96-6.65 (m, 4H), 5.60-5.40 (m, 2H), 5.07
(d, ] = 5.4 Hz, 1H), 3.96-3.44 (m, 10H), 3.11-2.77 (m, 2H),
1.14 (d, ] = 6.2 Hz, 3H), 0.75 (s, 9H), and —0.05 (s, 6H)
ppm. 3C NMR (126 MHz, DMSO-dg) § 163.22, 158.00,
157.99, 151.78, 144.75, 141.42, 135.58, 135.38, 129.51,
129.46, 127.70, 127.53, 126.56, 113.10, 113.06, 101.70,
86.25,85.44,77.71,66.11,63.07,61.51,54.96,25.59,19.72,
17.73, —=5.66, and —5.68 ppm. HRMS: [M + Nal* calc. for
C37H4gN,OgSiNa, 699.3078; found: 699.3099.

Synthesis of compound 18R: To a solution of compound
17R (3.3 g, 4.88 mmol) in dry DCM (50 mL) were added
Et;N (6.8 mL, 48.8 mmol) and BzClI (2.8 mL, 24.4 mmol).
The reaction mixture was stirred for 4 h at room tempera-
ture, and then the resulting mixture was diluted with DCM.
The reaction was quenched with saturated aq. NaHCOj3. The
organic layer was washed with brine and concentrated under
vacuum. The crude residue was purified by flash column chro-
matography on silica gel (25% EtOAc in hexanes) to afford
compound 18R as a colorless foam (4.0 g, 92%). 'H NMR
(400 MHz, DMSO-d¢) & 8.11-7.76 (m, 3H), 7.76-7.56 (m,
4H), 7.48 (t, ] = 7.7 Hz, 2H), 7.39-7.02 (m, 11H), 7.08-
6.69 (m, 4H), 6.03 (d, J = 7.1 Hz, 1H), 5.83 (d, | = 8.2
Hz, 1H), 5.40 (p, | = 6.4 Hz, 1H), 3.70 (s, 9H), 3.19-2.93
(m, 2H), 1.41 (d, ] = 6. Hz, 3H), 0.75 (s, 9H), —0.06 (d,
J = 1.4 Hz, 6H) ppm. 3C NMR (101 MHz, DMSO-dj)
5 164.48, 161.58, 158.07, 158.05, 149.77, 141.63, 135.50,

135.42, 135.31, 133.72, 130.77, 129.81, 129.61, 129.5S,
129.34, 129.21, 128.99, 128.87, 127.77, 127.58, 126.66,
113.16, 113.12, 102.04, 85.74, 78.75, 70.38, 62.97, 61.91,
54.96, 39.97, 25.59, 17.71, 16.19, —5.67, and —5.71 ppm.
HRMS: [M + Na]* calc. for C51H56N201()SiNa, 907.3602;
found: 907.3616.

Synthesis of compound 19R: To a solution of compound
18R (3.8 g, 4.30 mmol) in dry THF (43 mL) was slowly
added Et3N-3HF (6.98 mL, 43.0 mmol). The reaction mix-
ture was stirred for 8 h at room temperature, and then the
resulting mixture was diluted with DCM. The reaction was
quenched with saturated aq. NaHCO3. The organic layer was
washed with brine and concentrated under vacuum. The crude
residue was purified by flash column chromatography on sil-
ica gel (50% EtOAc in hexanes) to afford compound 19R as
a colorless foam (3.2 g, 97%). '"H NMR (400 MHz, DMSO-
dg) 8 7.96 (dd, ] = 8.2, 1.4 Hz, 1H), 7.90 (dt, | = 8.3,
1.4 Hz, 2H), 7.74-7.61 (m, 4H), 7.48 (t, | = 7.7 Hz, 2H),
7.40-7.16 (m, 11H), 6.86 (d, ] = 8.4 Hz, 4H), 6.03 (dd,
J =7.1,2.0 Hz, 1H), 5.84 (d, ] = 8.1 Hz, 1H), 5.46-5.34
(m, 1H), 4.86 (td, ] = 5.1, 1.7 Hz, 1H), 3.66-3.62 (m, 7H),
3.52 (s, 2H), 3.21-3.01 (m, 2H), and 1.48-1.37 (m, 3H)
ppm. BC NMR (101 MHz, DMSO-d;) § 169.14, 164.53,
161.60, 158.03, 158.01, 149.76, 144.74, 141.66, 135.50,
135.43, 133.70, 130.82, 129.80, 129.65, 129.57, 129.35,
129.22, 129.02, 128.87, 127.78, 127.64, 126.65, 113.15,
113.13, 101.94, 85.62, 84.94, 79.38, 70.53, 63.44, 60.51,
54.96, 16.33, and 14.07 ppm. HRMS: [M + Na]* calc. for
C45H42N2010Na, 793.2737; found: 793.2742.

Synthesis of compound 20R: To a solution of compound
19R (543 mg, 0.705 mmol) in dry DCM (7 mL) were
added DIPEA (368 pL, 2.12 mmol) and 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (173 uL, 0.776 mmol)
dropwise. The reaction mixture was stirred for 1 h at room
temperature, and then the resulting mixture was diluted
with DCM. The reaction was quenched with saturated aq.
NaHCOjs. The organic layer was washed with brine and con-
centrated under vacuum. The crude residue was purified by
flash column chromatography on silica gel (30% EtOAc in
hexanes) to afford compound 20R as a colorless foam (549
mg, 80%). 'THNMR (500 MHz, CD;CN) § 7.95 (ddd, ] = 8.4,
2.7, 1.4 Hz, 2H), 7.81-7.56 (m, 5H), 7.52-7.35 (m, 4H),
7.35-7.16 (m, 9H), 6.90-6.77 (m, 4H), 6.04 (dd, ] = 8.7,
6.8 Hz, 1H), 5.39 (dt, J = 11.2, 6.5 Hz, 1H), 3.86-3.61
(m, 11H), 3.62-3.40 (m, 2H), 3.33-3.11 (m, 2H), 2.56 (q,
J=35.9Hz,2H),1.45 (dd,] = 6.4, 3.9 Hz, 3H), 1.30-0.97 (m,
12H) ppm. 3C NMR (101 MHz, CD3CN) 6§ 166.05, 163.01,
159.76, 151.29, 146.07, 142.03, 142.00, 136.94, 136.84,
136.31, 134.59, 132.37, 131.05, 131.01, 130.97, 130.67,
130.56, 130.44, 129.82, 129.04, 128.91, 127.92, 119.52,
118.35, 114.16, 114.14, 103.32, 87.38, 86.03, 71.83, 71.78,
64.57,55.98,44.01,43.90,43.88,25.11,25.09,25.02,24.99,
24.96,24.89,21.10,21.03,17.08,17.04,2.01,1.80,and 1.67
ppm. 3'P NMR (202 MHz, CD;CN) § 149.61, 149.29 ppm.
HRMS: [M + H]+ calc. for C54H60N4011P, 9713996, found:
971.3967.

Synthesis of compound 22: To a solution of 1-O-acetyl-
2,3,5-tri-O-benzoly-L-rhamnofuranose (compound 21; 3.70
g, 7.14 mmol) synthesized as described previously [40] and
uracil (1.61 g, 14.3 mmol) in acetonitrile (MeCN, 80 mL)
was added N,O-bis(trimethylsilyl)acetamide (10.6 mL, 42.9
mmol). The mixture was refluxed for 1 h, and Me3SiOTf (1.55
mL, 8.57 mmol) was added dropwise at room temperature.
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After refluxing again for 1 h, the mixture was quenched with
saturated NaHCOj5 solution (100 mL), evaporated, and ex-
tracted with DCM. The organic layer was dried over MgSO4,
concentrated, and purified by column chromatography on
silica gel (25% EtOAc in hexanes) to afford compound 22
as a white foam (3.22 g, 79%, Ry = 0.15; developed with
25% EtOAc in hexanes). "H NMR (500 MHz, DMSO-dy)
8 11.46 (d, ] = 2.0 Hz, 1H), 7.95-7.30 (m, 16H), 6.26-6.19
(m, 2H), 6.10-6.07 (m, 1H), 5.73 (dd, | = 8.5, 2.0 Hz, 1H),
5.41-5.34 (m, 1H), 5.05 (dd, J = 8.5, 3.0 Hz, 1H), 1.43
(d, ] = 6.0 Hz, 3H) ppm. 13C NMR (126 MHz, DMSO-d¢)
5 164.59, 164.53, 164.41, 163.12, 150.61, 142.42, 133.90,
133.83, 133.42, 129.29, 129.22, 129.16, 129.10, 128.82,
128.65,128.61,128.59,128.24,102.34, 89.13, 81.75, 74.11,
71.96, 67.81, and 17.22 ppm. HRMS: [M + H]* calc. for
C31H27N,O9Na, 593.1536; found: 593.1545

Synthesis of compound 23: Compound 22 (9.60 g, 16.8
mmol) was dissolved in 1 N NH3 in MeOH (168 mL). The
resulting mixture was stirred for 3 days at room temperature,
and solvent was removed by evaporation. The crude residue
was purified by column chromatography on silica gel (10%
MeOH in EtOAc) to afford compound 23 as a white pow-
der (3.41 g, 80%, Ry = 0.23; developed with 10% MeOH in
EtOAc). '"H NMR (400 MHz, DMSO-d¢) & 11.29 (brs, 1H),
7.75 (d, ] = 11.5 Hz, 1H), 5.77 (d, ] = 8.5 Hz, 1H), 5.64 (d,
J=10.0 Hz, 1H), 5.33 (d, ] = 8.0 Hz, 1H), 5.03 (d, ] = 1.5
Hz, 1H), 4.56 (d, ] = 6.5 Hz, 1H), 4.39-4.31 (m, 1H), 4.06
(brs, 1H), 3.91 (dd, ] = 3.0, 10.5 Hz, 1H), 3.86-3.76 (m, 1H),
1.05 (d, ] = 7.5 Hz, 3H) ppm.!3C NMR (126 MHz, DMSO-
de) 8 163.11, 150.95, 141.90, 102.07, 88.24, 85.40, 74.32,
70.52, 63.45, and 20.53 ppm. HRMS: [M + Na]* calc. for
C10H14N,O4Na, 281.0744; found: 281.0619.

Synthesis of compound 24: To a solution of compound 23
(640 mg, 2.48 mmol) in a mixture of 1,4-dioxane (25 mL)
and water (5§ mL), was added NalO4 (591 mg, 2.72 mmol).
The reaction mixture was stirred for 1.5 h at room temper-
ature and then diluted with 1,4-dioxane and filtered through
a Celite pad. The solid residue was washed with 1,4-dioxane.
Sodium borohydrate (94.0 mg, 2.48 mmol) was added to the
filtrate. The resulting mixture was stirred for 15 min, and the
solvent was removed under vacuum. The crude residue was
purified by column chromatography on silica gel (10-20%
MeOH in EtOAc) to afford compound 24 as a colorless sticky
glass (548 g, 85%, R¢ = 0.34; developed with 15% MeOH in
EtOAc). "H NMR (400 MHz, DMSO-dg) & 11.16 (brs, 1H),
7.60 (d, ] = 8.0 Hz, 1H), 5.83 (m, 1H), 5.55 (d, ] = 8.0 Hz,
1H), 5.06 (m, 1H), 4.68 (d, J = 5.2 Hz, 1H), 4.49-4.41 (m,
1H), 3.76-3.67 (m, 1H), 3.65-3.46 (m, 1H), 3.38-3.21 (m,
3H), 1.05 (d, J = 6.4 Hz, 1H) ppm. >*C NMR (101 MHz,
DMSO-dg) § 163.49, 151.39, 141.61, 101.00, 84.33, 83.90,
65.85, 61.46, 60.73, and 18.25 ppm. HRMS: [M + H]* calc.
for C1oH16N204Na, 283.0906; found: 283.0916.

Synthesis of compound 25S: To a solution of compound
24 (2.04 g, 7.84 mmol) in dry pyridine (80 mL) were added
DMTCl (2.89 g, 8.63 mmol) and 4-dimethylaminopyridine
(95.8 mg, 0.784 mmol). The reaction mixture was stirred for
12 h at room temperature and then diluted with DCM. The
reaction was quenched with saturated aq. NaHCOj3. The or-
ganic layer was washed with brine, and the solvent was re-
moved under vacuum. The crude residue was purified by col-
umn chromatography on silica gel (EtOAc) to afford com-
pound 25S a white foam (1.32 g, 30%, R¢ = 0.52; devel-
oped with EtOAc). '"H NMR (400 MHz, DMSO-dg) & 11.31
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(d, ] = 1.2 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.35-7.10
(m, 9H), 6.88-6.81 (m, 4H), 5.89-5.80 (m, 1H), 5.46 (dd,
J = 1.2, 8.0 Hz, 1H), 5.13-5.06 (m, 1H), 4.72 (d, ] = 4.8
Hz, 1H), 3.78-3.52 (m, 10H), 3.04-2.78 (m, 2H), and 0.87
(d, ] = 6.4 Hz, 3H) ppm. 3C NMR (101 MHz, DMSO-d¢)
5 163.28, 157.98, 157.96, 151.51, 144.82, 141.23, 135.66,
135.54, 129.58, 129.49, 127.77, 127.61, 126.58, 113.14,
113.11, 101.67, 85.45, 84.42, 82.56, 66.08, 63.02, 61.01,
55.03, 55.00, and 18.09 ppm. HRMS: [M + Na]* calc. for
C31H34N;0gNa, 585.2213; found: 585.2205.

Synthesis of compound 27S: To a solution of compound
25S (500 mg, 0.890 mmol) in dry pyridine (85 mL) were
added benzoic anhydride (211 mg, 0.979 mmol) and 4-
dimethylaminopyridine (10.9 mg, 0.0890 mmol) at 0°C. The
reaction mixture was stirred for 5 h at room temperature
and then diluted with DCM. The reaction was quenched with
saturated aq. NaHCOj3. The organic layer was washed with
brine, and the solvent was removed under vacuum. The crude
residue was purified by column chromatography on silica gel
(50% EtOAc in hexanes) to afford compound 27S as a white
foam (474 g, 80%, Ry = 0.34; developed with 50% EtOAc in
hexane). "H NMR (400 MHz, DMSO-d¢) 5 11.43 (d, ] = 2.0
Hz, 1H), 7.96-7.82 (m, 2H), 7.82-7.43 (m, 4H), 7.41-7.04
(m, 9H), 7.02-6.73 (m, 4H), 6.32-6.12 (m, 1H), 5.51 (d,
J=8.1Hz,1H),4.84 (d, ] = 4.5 Hz, 1H), 4.65 (dd, ] = 11.6,
5.2 Hz, 1H), 4.49 (dd, ] = 11.5, 6.8 Hz, 1H), 3.79 - 3.61
(m, 8H), 3.17-2.74 (m, 2H), 0.90 (d, ] = 6.4 Hz, 3H) ppm.
13C NMR (101 MHz, DMSO-dg) 5 165.02, 163.10, 157.99,
157.97, 151.10, 144.75, 140.70, 135.56, 135.46, 133.65,
129.58, 129.49, 129.16, 129.01, 128.84, 127.77, 127.60,
126.61, 113.13, 102.13, 85.58, 82.81, 81.64, 66.08, 63.34,
62.94,55.01, 54.98, and 17.91 ppm. HRMS: [M + Na]* calc.
fOI‘ C3gH33N209Na, 689.2475; found: 689.2505.

Synthesis of compound 28S: To a solution of com-
pound 27S (2.50 g, 3.75 mmol) in dry DCM (38 mlL)
were added DIPEA (1.97 mL, 11.3 mmol) and 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite (921 uL, 14.1 mmol)
dropwise. The reaction mixture was stirred for 1 h at room
temperature and then diluted with DCM. The reaction was
quenched with saturated aq. NaHCOj;. The organic layer was
washed with brine, and the solvent was removed under vac-
uum. The crude residue was purified by column chromatogra-
phy on silica gel (40% EtOAc in hexanes) to afford compound
28S as a white foam (2.79 g, 86%, R¢ = 0.23; developed with
40% EtOAc in hexane). "H NMR (500 MHz, CD3CN) 5 9.20
(brs, 1H); 7.99-7.93 (m, 2H), 7.64-7.18 (m, 13H), 6.85-6.80
(m, 4H), 6.34-6.28 (m, 1H), 5.49 (d, ] = 8.0 Hz, 1H), 4.59—
4.40 (m, 2H), 4.19-4.05 (m, 1H), 3.79-3.48 (m, 12H), 3.19-
3.09 (m, 2H), 2.62-2.57 (m, 2H), 1.16-1.01 (m, 15H) ppm.
13C NMR (126 MHz, CD3;CN) 5 166.44, 163.94, 159.62,
159.59, 151.90, 151.82, 145.97, 145.95, 141.46, 141.41,
136.80, 136.77, 136.73, 134.38, 130.91, 130.89, 130.84,
130.80, 130.46, 130.44, 130.43, 129.60, 128.88, 128.82,
128.79, 127.77, 119.52, 114.03, 114.01, 103.05, 103.00,
87.48,87.45,83.30,83.26,83.08,82.99,82.89,82.86, 71.64,
71.51,71.35,71.21,64.76,64.72,64.09, 64.06,59.52,59.37,
59.14,58.99,55.87,55.86,43.88,43.87,43.79,43.77,25.05,
24.99,24.93,24.87,24.81,24.79,24.73,21.02,20.98,20.96,
20.92, 17.40, 17.39, 17.22, and 17.19 ppm. >'P NMR (202
MHz, CD3;CN) 6 148.94; 148.75 ppm. HRMS: [M + H]J* calc.
for C47Hs6N4O 1P, 867.3734; found: 867.3742.

Synthesis of compound 25R: To the solution of compound
25S (500 g, 0.890 mmol) in dry THF (9 mL) were added PPh;
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(622 mg, 2.67 mmol), benzoic acid (543 mg, 4.45 mmol), and
DIAD (526 uL, 2.67 mmol) dropwise. The reaction mixture
was stirred for 5 h at room temperature, and reaction com-
pletion was confirmed by TLC. The solvent was removed un-
der vacuum. The crude residue was purified by column chro-
matography on silica gel (5-10% MeOH in EtOAc) to afford
the 2,2’-anhydro nucleoside 26 (R¢ = 0.11; developed with
EtOAc). 'H NMR (400 MHz, DMSO-ds) 6 7.93 (d, ] = 7.6
Hz, 1H), 7.88-7.84 (m, 2H), 7.70-7.64 (m, 1H), 7.53-7.48
(m, 2H) 7.36-7.16 (m, 9H), 6.85-6.76 (m, 4H), 6.13 (dd,
J=5.6,1.6 Hz, 1H), 5.76 (dt, ] = 7.6, 12.4 Hz, 1H), 4.67 (dd,
J=10.0, 5.6 Hz, 1H), 4.51-4.41 (m, 2H), 3.70 (s, 3H), 3.69
(s, 3H), 3.26 (dd, ] = 10.0, 3.6 Hz, 1H), 2.96 (dd, ] = 10.4,
5.2 Hz, 1H), 1.15 (d, J = 7.2 Hz, 3H) ppm. 3C NMR (101
MHz, DMSO-dg) 6 171.00, 164.91, 160.23, 158.12, 158.05,
144.55, 136.77, 135.10, 135.05, 133.52, 129.62, 129.48,
129.16, 128.78, 127.86, 127.51, 126.75, 113.18, 108.72,
87.62,85.63,80.12, 73.40, 70.49, 62.56, 55.02, 54.98, 54.96,
and 15.37 ppm. HRMS: [M + H]* calc. for C53H37N,Og,
649.2550; found: 649.2546.

Compound 26 was dissolved in THF (10 mL). To the so-
lution was added 1 N aq. NaOH (3 mL) dropwise. The re-
sulting mixture was stirred for 12 h. The solvent was re-
moved under vacuum. The crude residue was purified by col-
umn chromatography on silica gel (0-5% MeOH in EtOAc)
to afford compound 25R as a white foam (452 g, 90%
over 2 steps, R; = 0.32; developed with EtOAc). 'H NMR
(500 MHz, DMSO-d¢) & 11.39 (brs, 1H), 7.63 (d, ] = 8.0
Hz, 1H), 7.39-7.04 (m, 9H), 6.97-6.67 (m, 4H), 5.82 (t,
J = 5.9 Hz, 1H), 5.49 (d, ] = 8.0 Hz, 1H), 5.23-5.16 (m,
1H), 4.77 (d, ] = 4.8 Hz, 1H), 3.84-3.46 (m, 10H), 3.06—
2.84 (m, 2H), 0.86 (d, ] = 6.4 Hz, 3H) ppm.'3C NMR (101
MHz, DMSO-dg) 6 163.27,157.97,157.95, 151.44, 144.81,
141.22, 135.58, 135.56, 129.61, 129.52, 127.75, 127.63,
126.57, 113.10, 101.73, 85.31, 84.80, 83.02, 65.90, 62.88,
61.16, 55.00, 54.98, and 18.55 ppm. HRMS: [M + Na]* calc.
for C31H34N,0¢Na, 585.2213; found: 585.2205.

Synthesis of compound 27R: To a solution of compound
26 (2.00 g, 3.56 mmol) in dry pyridine (36 mL) were added
DMAP (43.5 mg, 0.356 mmol) and Bz, O (845 mg, 3.74
mmol). The reaction mixture was stirred for 5 h at room
temperature, and then the resulting mixture was diluted
with DCM. The reaction was quenched with saturated aq.
NaHCOj;. The organic layer was washed with brine, and the
solvent was removed under vacuum. The crude residue was
purified by column chromatography on silica gel (50% EtOAc
in hexanes) to afford compound 27R as a colorless foam (1.99
g, 84%, Ry = 0.34; developed with 50% EtOAc in hexanes).
"H NMR (400 MHz, DMSO-dg) & 11.45 (d, ] = 2.0 Hz,
1H), 7.99-7.41 (m, 6H), 7.41-7.03 (m, 9H), 6.95-6.58 (m,
4H), 6.20 (t, ] = 6.0 Hz, 1H), 5.54 (dd, ] = 7.6, 1.6 Hz,
1H), 4.86 (d, ] = 5.2 Hz, 1H), 4.70 (dd, ] = 12.0, 5.6 Hz,
1H), 4.51 (dd, J = 12.0, 5.6 Hz, 1H), 3.86-3.52 (m, 8H),
3.10-2.91 (m, 2H), 0.84 (d, ] = 6.4 Hz, 3H) ppm. >C NMR
(101 MHz, DMSO-d) § 165.03, 163.10, 157.98, 157.96,
151.11, 144.75, 140.76, 135.52, 135.49, 133.69, 129.61,
129.52, 129.12, 129.00, 128.87, 127.75, 127.62, 126.59,
113.10, 102.20, 85.40, 83.17, 81.90, 65.75, 63.40, 62.73,
55.00, 54.97, and 18.49 ppm. HRMS: [M + Nal* calc. for
C38H33N209Na, 689.2475; found: 689.2490.

Synthesis of compound 28R: To a solution of com-
pound 27R (2.00 g, 3.00 mmol) in dry DCM (30 mL)
were added DIPEA (1.57 mL, 9.00 mmol) and 2-cyanoethyl-

N,N-diisopropylchlorophosphoramidite (737 puL, 3.30 mmol)
dropwise. The mixture was stirred for 2 h at room tempera-
ture and then diluted with DCM. The reaction was quenched
with saturated aq. NaHCOj;. The organic layer was washed
with brine, and the solvent was removed under vacuum. The
crude residue was purified by column chromatography on sil-
ica gel (50% EtOAc in hexanes) to afford compound 28R a
white foam (2.11 g, 81%, R¢ = 0.65; developed with 50%
EtOAc in hexane). "H NMR (500 MHz, CD3CN) § 8.00-7.94
(m, 2H), 7.64-7.16 (m, 13H), 6.86-6.81 (m, 4H), 6.28-6.22
(m, 1H), 5.56-5.48 (m, 1H), 4.69-4.44 (m, 3H), 4.23-4.03
(m, 1H), 3.86-3.42 (m, 12H), 3.31-3.04 (m, 2H), 2.61-2.51
(m, 2H), and 1.28-0.98 (m, 15H) ppm. *C NMR (126 MHz,
CD3CN) 8 166.51, 164.07, 164.04, 159.66, 159.64, 151.98,
145.99, 141.49, 141.43, 136.89, 136.84, 136.83, 136.81,
134.54, 134.52, 131.03, 130.97, 130.47, 129.73, 129.02,
129.00, 128.85, 127.84, 127.82, 119.56, 114.11, 114.07,
103.34, 103.30, 87.26, 87.24, 83.19, 83.02, 82.99, 82.96,
82.87,82.83,70.43,70.31,64.84,64.82,64.01,63.91,59.32,
59.29,59.17,59.14,58.19,55.95,44.06,44.00,43.96,43.90,
25.09,25.03,24.99,24.95,24.94,24.89,24.82,24.76,22.03,
21.07,21.02,21.00, 20.95, 17.87, and 17.84 ppm. 3'P NMR
(202 MHz, CD3CN) 5 149.10; 148.41 ppm. HRMS: [M + HJ*
calc. for C47Hs5sN4O1oP, 867.3734; found: 867.3760.

Synthesis of compound 29S: To a solution of compound
17S (100 mg, 0.148 mmol), DMAP (1.8 mg, 0.02 mmol),
and Et;N (103 pL, 0.740 mmol) in dry MeCN (2 mL) was
added (R-)-MTPACI (33.2 uL, 0.178 mmol) dropwise. The
reaction mixture was stirred for 5 h at room temperature, and
then the resulting mixture was diluted with EtOAc. The re-
action was quenched with saturated aqg. NaHCQOj3. The or-
ganic layer was washed with brine and concentrated under
vacuum. The crude residue was purified by flash column chro-
matography on silica gel (50% EtOAc in hexanes) to afford
compound 29S as a colorless foam (70 mg, 54%). 'H NMR
(400 MHz, DMSO-ds) 5 11.48 (s, 1H); 7.65 (d, J = 8.1 Hz,
2H), 7.53-7.02 (m, 13H), 6.94-6.65 (m, 4H), 5.88 (d, ] = 6.0
Hz, 1H), 5.56-5.27 (m, 2H), 3.87-3.44 (m, 9H), 3.31 (s, 3H),
3.04 (t, ] = 4.0 Hz, 2H), 1.20 (d, ] = 6.4 Hz, 3H), 0.68
(s, 9H), —0.15 (d, ] = 7.4 Hz, 6H) ppm. C NMR (126
MHz, DMSO-dq) 5 158.04, 150.98, 144.67, 135.45, 135.25,
129.94, 129.58, 128.53, 127.71, 127.54, 127.16, 126.61,
113.09, 113.06, 102.30, 77.77, 72.94, 63.27, 61.25, 55.19,
54.97, 39.06, 25.50, 17.62, 14.76, —5.83, and —5.86 ppm.
HRMS: [M + Na]* calc. fOI‘ C47H55F3N20105iNa, 915.3476;
found: 915.3484.

Synthesis of compound 30S: To a solution of compound
17S (100 mg, 0.148 mmol), DMAP (1.8 mg, 0.02 mmol), and
Et3N (103 puL, 0.740 mmol) in dry MeCN (2 mL) was slowly
added (S-+)-MTPACI (33.2 uL, 0.178 mmol). The reaction
mixture was stirred for 5 h at room temperature, and then the
resulting mixture was diluted with EtOAc. The reaction was
quenched with saturated aq. NaHCOj3. The organic layer was
washed with brine and concentrated under vacuum. The crude
residue was purified by flash column chromatography on sil-
ica gel (50% EtOAc in hexanes) to afford compound 30S as a
colorless foam (68 mg, 52%). 'H NMR (400 MHz, DMSO-
dg) 5 11.44 (s, 1H), 7.60-7.08 (m, 15H), 6.84 (dd, ] = 8.9, 3.5
Hz, 4H), 5.86 (d, ] = 5.9 Hz, 1H), 5.48-5.19 (m, 2H), 3.72
(s, 6H), 3.51-3.34 (m, SH), 2.93 (t, | = 4.4 Hz, 3H), 1.31 (d,
J=6.4Hz,3H),0.69 (s, 9H), —0.15 (d, ] = 9.4 Hz, 6H) ppm.
13C NMR (126 MHz, DMSO-dg) & 165.03, 162.83, 158.02,
150.90, 144.65, 139.94, 135.42, 135.24, 131.20, 129.81,
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129.56, 128.41, 127.68, 127.52, 126.85, 126.59, 113.06,
113.03, 102.06, 85.63, 82.96, 77.67, 72.79, 63.22, 61.07,
55.35,54.95,39.23,25.48,17.59, 15.09, —5.78,and —5.84
ppm. HRMS: [M + Nal* cale. for C47Hs55F3N,010SiNa,
915.3476; found: 915.3485.

Synthesis of compound 31R: To a solution of compound
17R (100 mg, 0.148 mmol), DMAP (1.8 mg, 0.02 mmol),
and Et;N (103 pL, 0.740 mmol) in dry MeCN (2 mL) was
slowly added (R)-(-)-MTPACI (33.2 uL, 0.178 mmol). The
reaction mixture was stirred for 5 h at room temperature, and
then the resulting mixture was diluted with EtOAc. The re-
action was quenched with saturated aq. NaHCOj;. The or-
ganic layer was washed with brine and concentrated under
vacuum. The crude residue was purified by flash column chro-
matography on silica gel (50% EtOAc in hexanes) to afford
compound 31R as a colorless foam (102 mg, 78%). 'H NMR
(400 MHz, DMSO-ds) 8 11.28 (d, ] = 2.0 Hz, 1H), 7.56-7.02
(m, 15H), 6.98-6.71 (m, 4H), 5.89 (d, ] = 7.3 Hz, 1H), 5.54—
5.29 (m, 2H), 3.72 (d, ] = 1.3 Hz, 6H), 3.67-3.44 (m, 3H),
3.40 (s, 3H); 3.11-2.85 (m, 2H), 1.39 (d, ] = 6.2 Hz, 3H),
0.75 (s, 9H), and —0.06 (d, ] = 1.9 Hz, 6H) ppm. 3C NMR
(126 MHz, DMSO-d¢) & 164.54, 162.83, 158.02, 158.00,
151.10, 144.68, 135.50, 135.31, 131.00, 129.90, 129.49,
129.43, 128.57, 127.71, 127.49, 126.71, 126.58, 113.12,
113.07, 102.39, 85.54, 78.70, 71.71, 62.82, 61.77, 55.17,
54.97, 39.25, 25.57, 17.70, 16.08, —5.70, and —5.72 ppm.
HRMS: [M + Na]* calc. for C47H;55F3N>0¢(SiNa, 915.3476;
found: 915.3466.

Synthesis of compound 32R: To a solution of compound
17R (100 mg, 0.148 mmol), DMAP (1.8 mg, 0.02 mmol), and
Et3N (103 uL, 0.740 mmol) in dry MeCN (2 mL) was added
(8)-(+)-MTPACI (33.2 uL, 0.178 mmol) dropwise. The reac-
tion mixture was stirred for 5 h at room temperature, and
then the resulting mixture was diluted with EtOAc. The re-
action was quenched with saturated aq. NaHCO3. The or-
ganic layer was washed with brine and concentrated under
vacuum. The crude residue was purified by flash column chro-
matography on silica gel (50% EtOAc in hexanes) to afford
compound 32R as a colorless foam (101 mg, 77%). 'H NMR
(400 MHz, DMSO-dg) § 11.47 (d, ] = 2.0 Hz, 1H), 7.67 (d,
] = 8.1 Hz, 1H), 7.56-7.04 (m, 14H), 6.94-6.71 (m, 4H),
5.98 (d, ] = 7.1 Hz, 1H), 5.62-5.23 (m, 2H), 3.71 (s, 6H);
3.68-3.44 (m, 2H), 3.36 (s, 3H), 3.01 (t, ] = 5.4 Hz, 2H),
1.30 (d, ] = 6.2 Hz, 3H), 0.74 (s, 9H), —0.06 (d, ] = 2.7 Hz,
6H) ppm. 3C NMR (126 MHz, DMSO-dy)  164.68, 162.88,
158.01, 151.25, 144.68, 140.54, 135.48, 135.29, 131.12,
129.96, 129.51, 129.45, 128.61, 127.72, 127.49, 126.86,
126.60,113.11, 113.07, 102.47, 78.80, 72.30, 62.90, 61.80,
55.01, 54.96, 25.56, 17.68, 15.69, and —5.71 ppm. HRMS:
[M + Na]* calc. for C47Hs5F3N>O1(SiNa, 915.3476; found:
915.3460.

Oligonucleotide synthesis

Oligonucleotides used for the exonuclease assay were synthe-
sized on an ABI-394 synthesizer and those used for in vitro
efficacy assays were synthesized on a MerMade 192 synthe-
sizer on 1-umol scale using universal or custom supports. A
solution of 0.25 M 5-(S-ethylthio)-1H-tetrazole in MeCN was
used as the activator. The solutions of commercially available
phosphoramidites and synthesized modified UNA phospho-
ramidites were used at 0.15 M in anhydrous MeCN. The oxi-
dizing reagent was 0.02 M I, in THEF/pyridine/H,O. The de-

Modified unlocked nucleic acid 1"

tritylation reagent was 3% dichloroacetic acid in DCM. Af-
ter completion of the automated synthesis on the ABI-394,
the oligonucleotide was cleaved from support and deprotected
using aq. MeNH, (40 wt.%) at room temperature for 90
min. After filtration through a 0.45-pum nylon filter, oligonu-
cleotides were either purified or, for oligonucleotides contain-
ing ribose sugars, the 2’ hydroxyl was deprotected by treat-
ment with Et3N-3HF at 60°C for 30 min. Oligonucleotides
were purified using ion exchange HPLC (IEX-HPLC) using
an appropriate gradient of mobile phase (buffer A: 0.15 M
NaCl, 10% MeCN; buffer B 1.0 M NaBr, 10% MeCN) and
desalted using size-exclusion chromatography with water as
an eluent. Oligonucleotides were then quantified by measur-
ing the absorbance at 260 nm. Oligonucleotide extinction co-
efficients were calculated using the following extinction coef-
ficients for each residue: A, 13.86; T/U, 7.92; C, 6.57; and G,
10.53 M~'cm~!. The purity and identity of modified oligonu-
cleotides were verified by analytical anion exchange chro-
matography and electrospray ionization mass spectroscopy
(ESI-MS), respectively.

After the trityl-off synthesis using the MerMade 192,
columns were incubated with 150 mL of 40 wt.% aq. methy-
lamine for 30 min at room temperature, and solutions were
drained via vacuum into a 96-well plate. After repeating the
incubation and draining with a fresh portion of aq. methy-
lamine, the plate containing the crude oligonucleotides was
sealed and shaken at room temperature for 60 min to com-
pletely remove all protecting groups. In the case of RNA, the 2’
hydroxyl was deprotected by treating with Et3N-3HF at 60°C
for 60 min. Precipitation of the crude oligonucleotides was ac-
complished via the addition of 1.2 mL of MeCN/ethanol (9:1,
v/v) to each well, followed by centrifugation at 3000 rpm for
45 min at 4°C. The supernatant was removed from each well,
and the pellets were resuspended in 950 mL of 20 mM agq.
NaOAc. Oligonucleotides were desalted over a GE Hi-Trap
desalting column (Sephadex G235 Superfine) using water as an
eluant. The identities and purities of all oligonucleotides were
confirmed using ESI-MS and IEX-HPLC, respectively.

Determination of thermal denaturation
temperatures

Thermal denaturation temperatures were measured with
equimolar concentrations of both strands (2.5 uM) in
phosphate-buffered saline (PBS) by monitoring absorbance at
260 nm with increasing temperature (1°C/min). Values were
reported as the maximum of the first derivative and are the
average of at least two experiments.

Nuclease resistance assays

Oligonucleotides were prepared at final concentrations of 0.1
mg/ml in 50 mM Tris (pH 7.2), 10 mM MgCl, for assays
in the presence of 3'-specific snake venom phosphodiesterase
(SVPD) or in 50 mM sodium acetate (pH 6.5), 10 mM MgCl,
for assays in the presence of 5'-specific exonuclease phospho-
diesterase II (PDE-II). The exonuclease (150 mU/mL SVPD or
500 mU/mL PDE-II) was added to oligonucleotide solution
immediately prior to the first injection onto the HPLC column,
and enzymatic degradation kinetics were monitored for 24 h
at 25°C. Samples were analyzed on a Dionex DNAPac PA200
analytical column at 30°C. The gradient was from 37% to
52% 1 M NaBr, 10% MeCN, 20 mM sodium phosphate
buffer at pH 11 over 10 min with a flow rate of 1 mL/min.
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Scheme 1. Synthesis of 5-methyl-UNA uridine building blocks. Reagents and conditions: (i) DMP/DCM, 0°C to room temperature, 2.5 h; (i)
AlMejz/toluene/THF, room temperature, overnight, 25% over two steps; (iii) (a) p-NO,BzOH/PPhz/DIAD/THF, room temperature, overnight; (b) 7 M
NH3/MeOH, overnight, 62% over two steps; (iv) (a) DMTrCl/Ag,O/pyridine/THF, room temperature, 24 h; (b) TBAF/THF, room temperature, overnight,
85% (4S), 61% (4R), over 2 steps (v) (a) NalO4/1,4-dioxane/H, 0O, room temperature, 4 h; (b) NaBH,4, room temperature, 2 h, 85% (5S), 25% (5R) over
two steps; (vi) BzCl/pyridine/DCM, —78°C, 1 h, 22% (6S), 25% (6R); (vii) 2-cyanoethyl-N, N-diisopropylchlorophosphoramidite /DIPEA/DCM, room
temperature, 2 h, 85% (7S), 73% (7R).
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Scheme 2. Synthesis of 4-C-([3)-methoxy-UNA uridine building block 14. Reagents and conditions: (i) mCPBA/MeOH, room temperature, overnight, 4%
(9), 31% (10); (ii) (@) DMTrCl/pyridine, room temperature, overnight, quant.; (b) TBAF/THF, room temperature, overnight, 96%; {iii) (a)
NalO4/1,4-dioxne/H, O, room temperature, 14 h; (b) NaBH,4, room temperature, 3 h, 74% over two steps; (iv) BzCl/pyridine/DCM, —78°C, 1 h, 49%; (v)
2-cyanoethyl-N, N-diisopropy! chlorophosphoramidite/DIPEA/DCM, room temperature, 3 h, 93%.
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Scheme 3. Synthesis of 2’-methyl-UNA uridine building blocks. Reagents and conditions: (i) NalO4/H,0O/DCM, room temperature, 4 h; (ii)
RuCl(p-cymene)[(S, S)-Ts-DPEN]/HCOONa/H, O/EtOAc, room temperature, 12 h, 80% over two steps; (i) TBSCI/pyridine, room temperature, 3 h, 64%;
(iv) BzZOH/DIAD/PPh3/THF, room temperature, 3 h; NaOH aq., room temperature, 3 h, 80%; (v) BzCI/EtzN/DCM, room temperature, 4 h, 90% (18S),
92% (18R); (vi) NEtz-HF/THF, room temperature, 8 h, 96% (19S), 97 % (19R); (vii) 2-cyanoethyl-N, N-diisopropylchlorophosphoramidite/DIPEA/DCM, 1 h,

87% (208), 80% (20R).

The full-length oligonucleotide amount was determined as the
area under the curve of the peak detected at 260 nm. Percent
full-length oligonucleotide was calculated by dividing the area
under the curve at a given time point by that at the first time
point and multiplying by 100. Activity of enzyme was verified
by including a 20-mer oligodeoxythymidylate with a termi-
nal PS linkage in each experiment. An aliquot of enzyme was
thawed just prior to the experiment. The half-life was deter-
mined by fitting to first-order kinetics. Each degradation ex-
periment was performed in duplicate.

RT-gPCR quantification of mRNA

Primary mouse hepatocytes were transfected with siRNAs
using the RNAIMAX reagent (Thermo Fisher) according
to the manufacturer’s recommendations. Briefly, cells were
thawed just prior to transfection and plated onto a 384-well
plate with a seeding density of approximately 5000 cells per
well in Williams Medium E supplemented with 10% fetal
bovine serum. A pre-incubated lipid/siRNA complex (0.1 puL
RNAIMAX and siRNA in 5 uL Opti-MEM (Thermo Fisher),
incubated for 15 min) was added to each well of a 384-well
collagen-coated plate (BioCoat; Corning). Cells were incu-
bated for 20 h at 37°C in an atmosphere of 5% CO,. After in-
cubation, the media was removed, and the cells were washed
and lysed. RNA was extracted using the Dynabeads mRNA
isolation kit (Invitrogen) according to the manufacturer’s
protocol, and then reverse-transcribed using the ABI High-
Capacity ¢cDNA Reverse Transcription Kit. Quantification
was performed by real-time quantitative PCR (qPCR), where
the cDNA (2 uL) was added to a master mix containing 0.5
uL mouse GAPDH TagMan Probe, 5 pL of the target Taqg-
Man probe, and 0.5 pL LightCycler 480 Probe Master Mix.
RT-qPCR was performed on an ABI 7900HT Real-Time PCR
System using the A ACt method for quantification. Results are

reported from at least four biological replicates. Each well was
normalized to the GAPDH control, and the remaining mRNA
levels were calculated relative to a non-targeting siRNA that
targets Luciferase. ICsy values were calculated from fitted
curves using GraphPad Prism.

Analysis of off-target effects

The on-target and off-target reporters were previously de-
scribed [24]. The reporter plasmids were generated by Blue
Heron Biotech by cloning into the psiCHECK2 vector be-
tween Xhol and Notl restriction sites in the 3’ untranslated
region (3'-UTR) of Renilla luciferase. The on-target reporter
plasmid contained a single site perfectly complementary
to the antisense strand in the 3'-UTR of Renilla luciferase
(S"-TGTTCTTGCTCTATAAACCGTGT-3'). The off-target
reporter plasmid contained four tandem seed-complementary
sites (5’-AAACCGTGA-3") separated by a 19-nucleotide
spacer (5'-TAATATTACATAAATAAAA-3') in the 3’-UTR of
Renilla luciferase. Both the on-target and off-target regions
were flanked at the 5’ ends by 5'- ATAAACAAGGTTTG
ACATCAATCTAGCTATATCTTTAAGAATGATAAACT-3
and at the 3’ ends by 5-GACATTGGTGAGGAAAAATC
CTTTGGCCGTTTCCAAGATCTGACAGTGCA-3'.  Both
plasmids co-expressed firefly luciferase as a transfection
control.

Cos7 cells (ATCC) were grown to near confluence at 37°C
in an atmosphere of 5% CO; in DMEM (ATCC) supple-
mented with 10% fetal bovine serum. Cells were released
from the plate by trypsinization before transfection and re-
suspended in 35 uL of fresh complete media. A solution of
5 uL of siRNA (or PBS as a control), 5 uL of 1 mg/mL ap-
propriate psiCHECK2 plasmid, 5 pL of Opti-MEM (Thermo
Fisher), and 0.1 pL of Lipofectamine RNAIMAX (Thermo
Fisher) was incubated at room temperature for 15 min and
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Scheme 4. Synthesis of 3'-methyl-UNA uridine phosphoramidites. Reagents and conditions: (i) BSA/TMSOTf/uracil/MeCN, reflux, 1 h, 79%; (ii)
NHz/MeOH, room temperature, 3 days, 80%; (iii) NalO4/1,4-dioxane/H, O, room temperature, 1.5 h; (iv) NaBH4, 85% over two steps; (v)
DMTrClI/DMAP/pyridine, room temperature, 12 h, 30%; (vi) BzZOH/DIAD/PPh3/THF, room temperature, 5 h; (vi) NaOH ag., room temperature, 12 h,
77% over two steps (viii) Bz;O/DMAP/pyridine, room temperature, 5 h, 80% (27S), 84% (27R); (ix)

2-cyanoethyl-N, N-diisopropylchlorophosphoramidite/DIPEA/DCM, room temperature, 1-2 h, 86% (28S), 81% (28R).

Table 1. A&7 data for the (S)- and (R)-MTPA esters of 2-methyl-UNA
A8R= (85— &g)
d (S)- d (R)-

Mosher Mosher Hz
Proton ester ester ppm (400 MHz)
compound 178
3NH 11.48 11.44 0.04 16
1'H 5.88 5.82 0.02 8
2'Me 1.20 1.31 —0.11 —44
compound 17R
3NH 11.28 11.47 —-0.19 —-76
1T'H 5.89 5.98 —0.09 —-36
2'Me 1.39 1.30 0.09 36

was then added to the cells. The transfected cells were then
incubated at 37°C in an atmosphere of 5% CO;. At 48 h post-
transfection, firefly (transfection control) and Renilla (fused to
target sequence) luciferase activities were measured. First, the
media was removed from the cells, and firefly luciferase ac-
tivity was measured by adding 20 pL of Dual-Glo Luciferase
Reagent (Promega) to each well. The mixture was incubated
at room temperature for 30 min, and luminescence at 500
nm was measured using a Spectramax plate reader (Molec-
ular Devices) to detect the firefly luciferase signal. Renilla lu-
ciferase activity was measured by adding 20 uL of Dual-Glo
Stop & Glo Reagent (Promega) to each well. The plates were
incubated for 10-15 min before luminescence was measured
again to determine the Renilla luciferase signal. siRNA ac-
tivity was determined by normalizing the Renilla signal to
the firefly (control) signal within each well. The magnitude of
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Scheme 5. Synthesis of 2’-methyl-UNA uridine Mosher esters. Reagents and conditions: (i) (S-MTPACI/DMAP/Et3N/MeCN, room temperature, 5 h,
52-77%; (ii) (R-MTPACI/DMAP/EtzN/MeCN, room temperature, 5 h, 54-78%.
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Table 2. Melting temperatures and extent of RNA:RNA duplex destabi-
lization by modified UNA?

Sequence (ATy)
ID 5’-UACAGXCUAUGU-3' T [°C] [°C]
ON 1 X=U 61.1
ON 4 X =UNA 43.6 —-17.5
ON 5 X = §5'-(5)-Me-UNA 43.3 —-17.8
ON 6 X = 5-(R)-Me-UNA 42.5 —18.6
ON 7 X = 2'-(S)-Me-UNA 42.4 —-18.7
ON 8 X 2'-(R)-Me-UNA 42.6 —18.5
ON 9 = 3’-(S)-Me-UNA 42.1 —-19.0
ON 10 = 3’-(R)-Me-UNA 43.3 —-17.8
ON 11 X 4'-(B)-methoxy-UNA 45.4 —-15.7

2The absorbances of hybridized duplexes formed by indicated sequence with
3’-AUGUCAGAUACA)-5" (2.5 uM each strand) at 260 nm were determined
as a function of temperature in PBS. The T,, was determined as the maxi-
mum of the first derivative of the melting curve. Values are reported as the
average of two independent experiments. AT, was calculated with respect
to the unmodified RNA duplex. Reported values are an average of six de-
terminations using the Varian Cary Bio-300 built-in software, with standard
deviation reported.

siRNA activity was then assessed relative to cells transfected
with the same vector but not treated with siRNA or treated
with a non-targeting siRNA (antisense strand sequence:
(5’-AAACCGTGA-3)). All transfections were performed in
triplicate.

Treatment of mice with siRNA and quantification of
TTR in serum

All studies were conducted by certified laboratory personnel
using protocols consistent with local, state, and federal reg-
ulations, as applicable, and experimental protocols were ap-
proved by the Institutional Animal Care and Use Committee
at Alnylam Pharmaceuticals. All animals were acclimated in-
house for 48 h prior to study start. Female C57BL/6 mice,
approximately 6-8 weeks of age, were obtained from Charles
River Laboratories and randomly assigned to each group. All
dosing solutions were stored at 4°C until 1 h before the time
of injection, when they were removed from storage and al-
lowed to reach room temperature. Animals received a sin-
gle subscapular subcutaneous injection of siRNA, prepared
as an injection volume of 10 uL/g in PBS, or PBS as a con-
trol. At the indicated time pre- or post-dosing, blood was
collected via retro-orbital bleed. Serum samples were kept at
room temperature for 1 h, then spun in a microcentrifuge at
21000 x g at room temperature for 10 min, and subsequently
stored at —80°C until analysis. Serum was diluted 1:4000, and
TTR was quantified by ELISA using a mouse prealbumin kit
(ALPCO, 41-PALMS-EO1).

Results

Synthesis of RNA oligonucleotides containing
modified UNAs

The 5'-methyl-UNA uridine (5'-Me-UNA) phosphoramidites
(7S and 7R) were synthesized from commercially available
2',3'-bis protected nucleosides [1] using Dess-Martin oxida-
tion followed by reductive methylation. The resulting S isomer
3S was inverted to the R isomer 3R via a Mitsunobu reaction.
3S and 3R were converted to the UNA structure by an oxida-
tive cleavage reaction, and the phosphoramidites 7S and 7R
were obtained with a benzoyl group at the 2’ position (Scheme
1). The 4'-C-(B)-methoxy-UNA uridine phosphoramidite was
synthesized via Prilezhaev epoxidation followed by ring open-

ing. The resulting two isomers were separated and the f iso-
mer 10 was converted to the 2'-Bz-protected UNA phospho-
ramidite 14 (Scheme 2). The 2'-methyl-UNA uridine (2'-Me-
UNA) phosphoramidites (20S and 20R) were obtained from
the structurally defined 2’-methyl uridine analogue 15. NalOy4-
mediated oxidative cleavage of the diol and Noyori asym-
metric hydrogenation provided the stereo-pure S isomer 17S.
The remaining secondary alcohol was inverted to the R iso-
mer by a Mitsunobu reaction to yield 17R. 17R and 17§
were converted to the phosphoramidites (Scheme 3). The con-
figurations of 2’-Me-UNA enantiomers were determined by
Mosher ester analysis (see below). The 3’-methyl-UNA uri-
dine (3'-Me-UNA) phosphoramidites (28S and 28R) were ob-
tained from stereo-defined functionalized L-rhamnofuranose
(compound 21). The S isomer of 3’-Me-UNA (compound 24)
was obtained via glycosidation and diol oxidative cleavage.
The R isomer was obtained via secondary hydroxyl inver-
sion, and both isomers were converted to phosphoramidites
(Scheme 4). All the phosphoramidite building blocks were site-
specifically incorporated into oligonucleotides using an auto-
mated synthesizer. Cleavage from the solid support and sub-
sequent deprotection of the synthesized oligonucleotides were
performed under standard conditions using aqueous methy-
lamine. The crude oligonucleotides were purified by analytical
anion exchange chromatography and characterized by mass
spectroscopy (see Supporting Information for details).

Mosher ester analysis assignment of Rand S
configurations of 2’-methyl-UNAs

To determine the absolute configurations of the 2’ positions
of the modified UNAs, we used an NMR-based Mosher ester
analysis similar to that described previously [41]. We coupled
the 2'-hydroxyl groups of 17S and of 17R separately with (R)-
(—)-MTPACI and (S)-(+)-MTPACI. This resulted in the forma-
tion of Mosher esters 29S and 30S for compound 17S and
Mosher esters 31R and 32R for compound 17R. The phenyl
substituent of the MTPA ester imposes an anisotropic, mag-
netic shielding effect on protons residing above and below the
plane of the phenyl ring. This shielding results in an upfield
chemical shift for the affected protons in the NMR spectrum.
The "H NMR chemical shift differences (5°}) for the 1’ proton
and the 2'-methyl protons in the Mosher ester pairs were ob-
tained (Table 1). For the Mosher ester pair derived from com-
pound 17S (compounds 29S and 30S), the 55% values for nu-
cleobase proton and 1’ proton were positive, and the 5’ value
for the 2'-methyl protons was negative. This result indicates
that in compound 29S, the 2'-methyl group is on the same
side as the phenyl group, whereas the nucleobase proton and
the 1’ proton are on the opposite side. In compound 308, the
converse was observed: Results indicated that the nucleobase
proton and 1’ proton were on the same side as the phenyl
group, whereas the 2’-methyl group was on the opposite side.
For the Mosher ester pair derived from compound 17R (com-
pounds 31R and 32R), the 55} value for the 2’-methyl proton
was positive, and the 55F value for the nucleobase proton and
1" proton were negative. Thus, 17S has the 2’-(S)-methyl con-
figuration and 17R has the 2/-(R)-methyl configuration (Fig.
2 and Scheme 5).

Modified UNA destabilizes an RNA:RNA duplex

Melting temperatures (Ty,) of hybridization of 12-mer RNA
duplexes containing a single, centrally located modification
were evaluated. Duplexes containing modified UNAs had sim-
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A dT gX-3' dTgXdT-3' dT gX5-3'
UNA UNA4 <1 h UNA
2'-(S)-Me-UNA 2'(S)-Me-UNAH <1 h 2'-(S)-Me-UNA
2'-(R)-Me-UNA 2'-(R)-Me-UNAH4 <1 h 2'«(R)-Me-UNA
3'(S)-Me-UNA 3'(S)-Me-UNAH <1 h 3'(S)-Me-UNA
3'-(R)-Me-UNA 3'-(R)-Me-UNA4 <1 h 3'+(R)-Me-UNA
5'-(S)-Me-UNA 5'«(S)-Me-UNA4 <1 h 5'-(S)-Me-UNA
5'-(R)-Me-UNA 5'-(R)-Me-UNA- <1 h 5'-(R)-Me-UNA
4'-3-OMe-UNA 4'-R-OMe-UNA4 <1 h 4'-3-OMe-UNA
N N S S a—
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
tin (h) ti (h) ty (h)
dT,gSX-3' dTgXsdT-3' dT,gXsX-3'
UNA UNA UNA
2'-(S)-Me-UNA 2'(S)-Me-UNA 2'(S)-Me-UNA
2'-(R)-Me-UNA 2'-(R)-Me-UNA 2'-(R)-Me-UNA
3'-(S)-Me-UNA 3'-(S)-Me-UNA 3'-(S)-Me-UNA
3-(R)-Me-UNA 3'-(R)-Me-UNA 3'-(R)-Me-UNA
5'-(S)-Me-UNA 5'-(S)-Me-UNA 5'(S)-Me-UNA
5'-(R)-Me-UNA 5'-(R)-Me-UNA 5'-(R)-Me-UNA
4'-3-OMe-UNA 4'-3-OMe-UNA 4'--OMe-UNA
0 5 10 15 20 25 0 S5 10 15 20 25 0 S5 10 15 20 25
tiz (h) ty (h) tip ()
B 5-XdTg 5'-XsdTyg
UNA UNA >25h
2'-(S)-Me-UNA >25 h 2'-(S)-Me-UNA >25h
2'-(R)-Me-UNA 2'-(R)-Me-UNA >25 h
3'-(S)-Me-UNA >25h 3'-(S)-Me-UNA >25 h
3'-(R)-Me-UNA 3'-(R)-Me-UNA >25 h
5'-(S)-Me-UNA 5'-(S)-Me-UNA >25 h
5'-(R)-Me-UNA 5-(R)-Me-UNA 525 h
4'-3-OMe-UNA 4-8-OMe-UNA >25 h
(') ‘.'5 1l0 1'5 2'0 2l5 (I) é 1I0 1'5 2'0 2l5
tiz (h) ty (M)

Figure 3. Half-lives of modified oligonucleotides in the presence of either 5'- or 3'-exonuclease. Oligonucleotides (0.1 mg/mL) were incubated with (A)
150 mU/mL SVPD in 50 mM Tris, pH 72, 10 mM MgCl; or (B) 500 mU/mL PDE Il in 50 mM sodium acetate buffer (pH 6.5) with 10 mM MgCls.
Full-length product was quantified IEX-HPLC. ON12, 5'-dT19X-3’; ON13, 5'-dT1gXdT-3’; ON14, 5'-dT15X,-3'; ON15, 5'-dT19sX-3’; ON16, 5'-dT15XsdT-3;
ON17 5'-dT1gXsX-3’; ON18, 5’-XdT19-3"; and ON19, 5'-XsdT9-3'. The “s" indicates a PS linkage. All other linkages were phosphodiester.

ilar or slightly decreased T, values compared to the RNA du-

plex containing a single UNA (Table 2).

Modified UNAs impart stability against

exonuclease degradation

containing modified UNAs were comparable to those contain-
ing unmodified UNA regardless of stereochemistry or position
for a single or double terminal incorporation in a phospho-
diester backbone (Fig. 3A). Introduction of a PS linkage at
the 3’ end of the modified oligonucleotides (dT1g XsdT) led
to improved stability compared to phosphodiester counter-

To assess the impact of modified UNA on metabolic stability,
terminally modified poly-dT oligonucleotides were incubated
in the presence of either a 3'- or §’-exonuclease. In the presence
of 3’-exonuclease SVPD, the stabilities of the oligonucleotides

parts (Fig. 3A). The stability of 5’-modified oligonucleotides
against degradation mediated by the 5" PDE-II was also eval-
uated. Oligonucleotides with phosphodiester backbones con-
taining single UNA residue at the terminus were quite stable
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Figure 4. Seed-mediated off-target activity is mitigated by incorporation
of UNA or modified UNA at position 7 of the antisense strand. (A) Bead
diagram of the siRNA used in the experiment. 2’-F and 2’-OMe
nucleotides are indicated in green and black, respectively. PS linkages are
indicated by orange lines. (B) Schematic of reporters used to evaluate on-
and off-target effects. Reporters were expressed in Cos7 cells, and
Renilla luciferase signal was measured at 48 h after transfection with
siRNA (50 nM - 0.64 pM). Renilla luciferase signal was normalized to
signal from cells treated with non-targeting siRNA. (C) On-target ICsq
values (n = 3). (D) Off-target ICsg values (n = 3).

in the presence of PDE-II (Fig. 3B). Compared to standard as-
say conditions, which result in considerable degradation of an
oligonucleotide with a 5 terminal DNA phosphorothioate, as
the acyclic UNA backbone is quite stable toward PDE-II, a
10-fold increase in the concentration of PDE-II was required
to evaluate the stabilities. The oligonucleotides containing
2'-(§)-Me-UNA and 3'-(S)-Me-UNA were considerably more
resistant than the other oligonucleotides tested to PDE-II-
catalyzed degradation than the oligonucleotide with a UNA,
possibly due to the steric hinderance. The PS backbone mod-
ification provided an additional stabilizing effect.

Modified UNAs mitigate off-target activity without
reducing on-target activity in cell culture

Placement of a single UNA residue in the seed region of the
antisense strand inhibits miRNA-like, off-target activity with-
out loss of on-target activity [25]. The efficiency of UNA-

mediated inhibition of off-target activity was greater when
the UNA was located in positions 5, 6, or 7 than in posi-
tions 1, 2, or 3 [42]. We incorporated modified UNAs at posi-
tion 7 of the antisense strand of an siRNA targeting Ttr (Fig.
4A) and measured the ICsy values for on- and off-target ac-
tivities using a luciferase reporter assay that has been pre-
viously described [18, 19, 28] (Fig. 4B). For evaluation of
on-target silencing, the 23-mer siRNA target site was cloned
into the 3’-UTR of Renilla luciferase. For measurement of off-
target gene silencing, four tandem repeats of a sequence com-
plementary to antisense positions 2-9 were cloned into the
3’-UTR of Renilla luciferase. The siRNAs containing UNA
or modified UNAs reduced on-target potencies slightly com-
pared to that of the parent siRNA (Fig. 4C, Table 3). The
off-target activity was considerably mitigated by incorporat-
ing a single R or S isomer of 5-Me-UNA at position 7 (Fig.
4D, Table 3). The off-target to on-target ratios were calcu-
lated by dividing the off-target ICsy values by the on-target
ICso values (Table 3); the larger this ratio, the better the off-
target mitigation. The 5’-(S)-Me-UNA had a very high off-
target to on-target ratio and reduced potency relative to the
parent only slightly. This modification may conformation-
ally pre-organize the siRNA antisense strand and facilitate
the local kink in the seed region when the RNA is bound
by AGO?2.

siRNAs containing modified UNA induce silencing
in mice

Next, the activities of siRNAs containing with UNA or mod-
ified UNA at position 7 of the antisense strand were evalu-
ated in mice. These siRNAs are 21:23-mer asymmetric du-
plexes modified with 2’-OMe and 2'-F nucleotides, terminal
phosphorothioates, and, for delivery via subcutaneous admin-
istration, the sense strands of the siRNAs were conjugated
to GalNAc-conjugated siRNA. The siRNAs target Ttr. Melt-
ing temperatures were evaluated. Incorporation of modified
UNAs were destabilizing (Table 4); extents of destabilization
due to different UNA modifications for these 21/23mer du-
plexes were smaller to those observed in the context of 12-mer
duplexes as expected (Table 2).

In mice, at a dose of 1.0 mg/kg, the parent siRNA with a
2’-OMe at antisense strand position 7 (si9) decreased levels
of circulating TTR protein by about 80% compared to pre-
dose levels at 7 days post-administration. Incorporation of a
UNA at position 7 of the antisense strand (si10) resulted in
activity similar to the parent at day 7 post treatment; how-
ever, the duration of action was slightly reduced (Fig. SA).
The siRNA modified with the 5'-(S)-Me-UNA (sil11) was more
potent than the parent si9 on day 7 and had comparable du-
ration to the parental siRNA (Fig. SA). The 5'-(R)-Me-UNA
isomer-modified siRNA sil12 had similar potency on day 7
but shorter duration of action. The S isomer of the 3'-Me-
UNA imparted higher potency than the R isomer (Fig. 5B).
Interestingly, examination of the relative TTR levels on day
7, the nadir for the control duplex si9, revealed that 2'-(R)-
Me-UNA-containing sil4 appeared to have higher potency
than the other siRNAs tested, including the 2'-(S)-Me-UNA-
modified siRNA si13 (Fig. 5C). It is possible that si9 may be
less metabolically stable than the UNA-containing siRNAs,
although we do not have data to confirm this speculation.
It should be noted that we did not perform sufficient repli-
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Table 3. On- and off-target effects of siRNAs containing UNA or modified UNA?

siRNA Sequence (5'—3’)

on-target ICso (pM)

off-target ICso (nM) off-target/ on-target ratio

sil ueuecuugCuCUAuaaaccgugu®
aeCeacgguuuauagAgCaagaaecea
si2 ueuecuugCuCUAuaaaccgugu®
aeCeacgglUuuauagAgCaagaaecea
si3 ueuecuugCuCUAuaaaccgugu®
aeCeacggUs suuauagAgCaagaaecea
si4 ueuecuugCuCUAuaaaccgugu®
aeCeacggUs guuauagAgCaagaaecea
si5 ueuecuugCuCUAuaaaccgugu®
aeCeacggl, sunauagAgCaagaaecea
si6 ueuecuugCuCUAuaaaccgugu®
aeCeacgglU, ruuauagAgCaagaaecea
si7 ueuecuugCuCUAuaaaccgugu®
aeCeacgglUs guuauagAgCaagaaecea
si8 ueuecuugCuCUAuaaaccgugu®

aeCeacgglUs gruuauagAgCaagaaecea

136 1.21 9

46.3 1.80 39
42.1 8.73 207
89.8 8.13 90
48.6 1.35 28
27.7 1.61 58
23.9 3.65 152
35.8 2.86 80

2On- and off-target ICs( values were measured using luciferase reporter assays in COS-7 cells. For experimental conditions, see Fig. 4. Here, uppercase letters,
2'-F nucleotides; lowercase letters, 2’-OMe nucleotides; U, UNA; Us'g, 5'-(S)-Me-UNA; Us'g, 5'-(R)-Me-UNA; Uy, 2'-(S)-Me-UNA; Uzg, 2'-(R)-Me-UNA;
Us's, 3'-(S)-Me-UNA; Us g, 3'-(R)-Me-UNA; Uy g, 4'-(3)-methoxy-UNAje phosphorothioate linkages and *, trivalent GalNAc ligand

Table 4. Sequences of siRNAs used for in vivo study and Ty, values

Modification at position 7 of

siRNA antisense strand Sequences (5" -3')? T [°CIP AT, [°C]¢

si9 - aegeuguuCuUGCucuauaaaca*® 87.27 -
ueGeuuuauagagcaAgAacacuegeu

si10 UNA aegeuguuCuUGCucuauaaaca*® 81.97 -5.30
ueGeuuualUagagcaAgAacacuegeu

sill §’-(S)-Me-UNA aegeuguuCuUGCucuauaaaca*® 81.97 -5.30
ueGeuuuaUs gagagcaAgAacacuegeu

si12 §'-(R)-Me-UNA aegeuguuCuUGCucuauaaaca*® 82.02 -5.25
ueGeuuuals gagagcaAgAacacuegeu

sil3 2'-(S)-Me-UNA aegeuguuCulUGCucuauaaaca® 83.02 -4.25
ueGeuuual, sagagcaAgAacacuegeu

sil4 2'-(R)-Me-UNA aegeuguuCuUGCucuauaaaca*® 82.12 -5.15
ueGeuuual, g agagcaAgAacacuegeu

sils 3'-(S)-Me-UNA aegeuguuCuUGCucuauaaaca*® 81.97 -5.30
ueGeuuuaUs g agagcaAgAacacuegeu

sil6 3'-(R)-Me-UNA aegeuguuCuUGCucuauaaaca*® 81.97 -5.30
ueGeuuuaUsz g agagcaAgAacacuegeu

sil7 4'-(3)-OMe-UNA aegeuguuCuUGCucuauaaaca*® 82.97 -4.30

ueGeuuualUy pagagcaAgAacacuegeu

2Uppercase letters, 2'-F nucleotides; lowercase letters, 2’-OMe nucleotides; U, UNA; Usrg, 5'-(S)-Me-UNA; Us g, 5'-(R)-Me-UNA; Usrg, 2'-(S)-Me-UNA; U, g,
2'-(R)-Me-UNA; U, 3'-(S)-Me-UNA; Us g, 3'-(R)-Me-UNA; Uy g, 4'-(3)-methoxy-UNA;e phosphorothioate linkages; *, trivalent GaINAc ligand.

bThe absorbances of hybridized duplexes (2.5 uM) at 260 nm were determined as a function of temperature in PBS. The T}, was determined as the maximum
of the first derivative of the melting curve. Values are reported as the average of two independent experiments.

¢ATy, was calculated with respect to si9.

cates to evaluate statistical significance. These siRNAs will
need to be evaluated at lower doses to confirm these trends.
The in vitro and in vivo results were in agreement as observed
previously [25].

Using sil17, we have evaluated the (S)-4’-OMe isomer of
UNA. In the past, we have evaluated both 4’-Cax-OMe, (the
R isomer) and 4’-CB-OMe (the S isomer) epimers (with 2/-F
RNA) for RNAi mediated silencing activities and found them
to be different: The 4’-C-OMe epimer reduced the potency
of the siRNA when incorporated into the siRNAs significantly
more compared to 4’-Ca-OMe epimer [43]. In the present syn-
thesis (Scheme 2, with 2’-OH) the 4’-C-OMe, the (S) isomer
is the major product and the other one was minor and difficult
to purify. Based on these observations, in the present work, we
have evaluated the off-target mitigation potential and iz vivo
silencing of (S)-4’-OMe UNA isomer only.

Structural and functional consequences of Sand R

isomers of methylated UNAs

To gain insights into the origins of differences in potencies
and durations of action of siRNAs containing modified UNA,
we used computational modeling to visualize the interactions
between UNA and modified UNA and AGO2 residues. We
used coordinates of the complex between AGO2 and miR-20a
(PDB ID 4f3t) [44] and replaced the residue at position 7 of
the antisense strand with UNA using the UCSF Chimera suite
[45]. Subsequently, the model was energy-minimized with Am-
ber [46] as implemented in UCSF Chimera using steepest de-
scent and conjugate gradient algorithms until convergence.
The destabilization caused by UNA in the context of an iso-
lated duplex suggested that there might be a drastic change in
conformation relative to RNA. However, the UNA in the grip
of AGO2 residues had only minor changes in conformation
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Figure 5. The siRNA modified with 5'-(S)-Me-UNA has higher potency than other siRNAs tested. (A-D) TTR protein levels relative to pre-dose levels in
mice treated with a single dose of 1.0 mg/kg siRNA modified with A) 5'-Me-UNA, B) 3'-Me-UNA, C) 2’-Me-UNA, and D) 4’-3-methoxy-UNA. TTR was
quantified in serum samples using a sandwich ELISA assay. All samples were tested in duplicate in the same experiment. In these plots, samples are
grouped to facilitate comparison of isomers; data for controls PBS, si9 (parent), and si10 (UNA modified) are shown in each panel. Each data point is the
average of the mice in each cohort (n = 3). (E) The relative protein TTR protein level on day 7 indicates the nadir for all the modified siRNA including the
control duplex si9. Interestingly, here 2’-(R)-Me-UNA containing si14 showed slightly better potency than 5'-(S) and (R)- Me-UNA modified duplexes si11
and si12, respectively. However, the difference becomes clear on days 14 and 21, respectively, where 5'-(S)-Me-UNA showed better efficacy over the 2

analogue.

relative to this position in miR-20a (Supplementary Fig. S1).
The inter-phosphate distance is 5.7 A for the UNA compared
to 5.5 A in the parent miR-20a strand. The kink in the anti-
sense strand at that site is stabilized by three arginines, Arg-
375, Arg-714, and Arg-761. It is likely that the more flexi-
ble UNA backbone facilitates formation of the kink. The 2’
hydroxyl groups of both UNA and RNA engage in hydrogen
bonds to the main chain oxygen of Ala-221 and the side chain
Oy of Thr-368 (Supplementary Fig. S1).

Next, we modeled interaction of AGO2 with siRNAs con-
taining 5’-(R)-Me-UNA and 5'-(S)-Me-UNA at position 7 of

the antisense strand. For the S isomer, the methyl group points
toward the Ca carbon of Thr-368 (C-C distance of 3.7 A)
(Fig. 6A). For the R isomer, the methyl group points toward
the guanidino moiety of Arg-375 (C-N distance of 3.1 A)
such that it is partly wedged between phosphates that are
tightly spaced due to the kink (Fig. 6B). The 5'-(S)-methyl
group points away from the hinge and thus does not inter-
fere with formation of the kink in the antisense strand be-
tween positions 6 and 7. The starkly different environments
of the §’-(S)- and 5'-(R)-methyl groups in the AGO2 bind-
ing site can be illustrated by coloring the protein surface ac-
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Figure 6. Computationally modeled structures of siRNAs modified with 5’-(S)-Me-UNA and 5’-(R)-Me-UNA in the AGO2 binding site. (A and B)
Conformation and Ago?2 interactions of A) 5'-(S)-Me-UNA-U and B) 5'-(R)-Me-UNA-U. Carbon atoms of modified UNA residues are colored in cyan,
methyl groups are highlighted in ball-and-stick mode, and selected distances are indicated by thin solid lines. (C) AGO2 surface around 5'-(S)-Me-UNA
colored according to Coulombic potential: blue positive and white neutral. (D) AGO2 surface around 5'-(S)-Me-UNA-U colored according to hydrophobic

potential: purple low, white neutral, and orange high.

cording to Coulombic potential (Fig. 6C) and hydrophobic
potential (Fig. 6D). Consistent with the higher potency of
the siRNA modified with the 5'-(S)-Me-UNA isomer (sill)
compared to that of the siRNA modified with the 5’-(R)-
Me-UNA (si12) in mice (Fig. 5A), the fit for methyl moi-
ety of the R isomer is clearly worse than that of the S

isomer.

The 3’-(R)-methyl group is wedged between the phosphate
groups at positions 7 and 8 (P...P distance 5.7 A, Fig. 6A),
resulting in short contacts and the intrusion of a hydrophobic
moiety into an environment dominated by electrostatics with
phosphate groups surrounded by three arginine side chains
(Fig. 7A). By comparison, the 3’-(S)-methyl group has fewer
steric and electrostatic problems consistent with its higher po-
tency (Fig. SB).

The 2'-(R)-Me-UNA-modified sil4 was more potent than
the 2'-(S)-Me-UNA-modified si13 (Fig. 5C). Modeling indi-
cated no steric issues between the 2'-(R)-methyl group and
atoms of the backbone and the protein (Fig. 7C), whereas the
2’-(S)-methyl group is trapped between the nucleobase of the
residue at position 7 and the ribose of position 8 (Fig. 7D). Ro-
tation around the C1’-C2’ bond might relieve the steric con-
flict with the sugar but will also sacrifice the hydrogen bond
between the 2'-hydroxyl group and the keto group of Ala-
221. Thus, the models provide insights into the differences in
potencies of siRNAs containing R and S isomers of modified
UNAs observed in mice.

There were striking differences in the half-lives of strands
carrying at their 5’ ends either R or S isomers of 2'-Me-
UNA and 3’-Me-UNA (Fig. 2B). The t;, values of S iso-
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Me-UNA

R761

Figure 7. Conformations and AGO2 interactions of (A) 3'-(R)-Me-UNA-U, (B) 3'-(S)-Me-UNA-U, (C) 2’-(R)-Me-UNA-U, and (D) 2’-(S)-Me-UNA-U. Carbon
atoms of modified UNA residues are colored in cyan, methyl groups are highlighted in ball-and-stick mode, contacts < 3.5 A for methyl groups along
with the 2’-OH...O (Ala-221) hydrogen bonds are indicated by thin solid lines, and selected residues are labeled.

mers for both 2’- and 3'-mUNA-protected 20-mers were
greater than 25 h, whereas the corresponding oligonucleotides
with the R isomers have #;,, values of less than 5 h. To
gain a better understanding of the origins of these dif-
ferences, we built models of complexes of UNA-modified
trimers with Drosophila melanogaster 5'-3’ exoribonucle-
ase Xrnl based on the crystal structure of Xrnl bound to
a 5’-phosphorylated trinucleotide P-d(TTT) (PDB ID 2y35)
[47).

The energy minimized models of Xrnl complexes with
these trimers show distinct orientations of the S- and R-methyl
groups (Fig. 8). In all cases, methyl groups are distal to Mg?*
ions; metal ions in the Xrnl active site do not form inner

sphere contacts with phosphate groups of the terminal nu-
cleotide. Therefore, the observed differences in resistance be-
tween isomers are unlikely to be the result of a steric inter-
ference between methyl and metal ion. However, it appears
that S-methyl groups cause more steric strain than R-methyl
groups. In the case of 2’-Me-UNA, the S-methyl group is partly
wedged between the nucleobases of the terminal and penulti-
mate residues. Thus, it appears to push apart the base moieties
and the shortest distances between methyl carbon and base
atoms are around 3 A (Fig. 8A). Additional close contracts
exist to OS5 and a key residue at the active site, Arg-100; by
comparison, the R-methyl group shows none of these close
interactions (Fig. 8A).
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Figure 8. Computational models of the Xrn1 active site bound to
mMUNA-dTdT trimers reveal differences between R and Sisomers of (A)
2'-(S)- and 2'-(R)-Me-UNA-U and (B) 3'-(S)- and 3’-(R)-Me-UNA-U. Methyl
groups are highlighted in ball-and-stick mode, with the carbon of the (S)
and (R) isomers colored in golden and yellow, respectively. Selected
residues are labeled, close contacts are shown with thin solid lines and
distances in A, and a Mg?* is visible as a green sphere behind the
5’-phosphate in panel B.

The distinct steric consequences of different orientations of
S- and R-methyl groups are also obvious in the case of the
3’-Me-UNA. The S-methyl adopts an axial orientation that
results in two tight 1,3-diaxial contacts, one to the OP2 non-
bridging oxygen of the 3’-phosphate and one to OS5’ of the
5" phosphate (Fig. 8B). Both may affect the orientations of
phosphates, which could influence binding and cleavage by
the exonuclease. Additional tight contacts exist between S-
methyl and C2’ as well as Arg-100. The R-methyl group does
not exhibit close 1,3-diaxial contacts and is farther removed
from both Arg-100 and Lys-93 than the S-methyl group
(Fig. 8B).

Conclusions

We explored the effects of flexible modified UNAs, modifica-
tions not previously investigated, on the thermal stability, nu-
clease resistance, and in vitro and in vivo activities of siRNAs.
Modified UNA uridine phosphoramidites were synthesized
and incorporated into oligonucleotides. Our studies showed
that one or two terminal modified UNAs, regardless of stere-
ochemistry or position, imparted similar stabilities in the pres-
ence of 3’-exonuclease as unmodified UNA. Thus, despite the
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presence of the free hydroxyl group, these thermally destabi-
lizing modifications do not decrease stability in the presence of
the 3’-exonuclease. In contrast, there were striking differences
in the half-lives of strands with R or S isomers of 2’-Me-UNA
and 3/-Me-UNA in the presence of a 5'-exonuclease. Energy
minimized models of Xrn1 complexes with trimers contain-
ing modified UNAs revealed distinct orientations of the S-
and R-methyl groups. The S-methyl groups appear to cause
more steric strain than R-methyl groups resulting in longer
half-lives for oligonucleotides that terminate in S isomers
of 2’-Me-UNA and 3’-Me-UNA compared to those with R

isomers.

Incorporating a single modified UNA into the seed re-
gion of siRNA duplexes resulted in similar reductions in lev-
els of Ttr mRNA in vitro as incorporating a single UNA;
however, siRNAs with modified UNA, especially 5'-(S)-Me-
UNA, in the seed region reduced off-target effects more than
incorporation of UNA. The siRNAs with 5’-(R)-Me-UNA
and with 5-(S)-Me-UNA in the seed region of the anti-
sense strand performed better than siRNA containing UNA
or other modified UNA analogs in gene silencing assays in
mice. Modeling studies indicated that the flexibility of the
UNA and modified UNA facilitate kinking of the antisense
strand when incorporated at position 7. That the siRNAs
with modified UNA have silencing activities on par with
an siRNA with a 2’-OMe analogs at position 7 in mice
but have the ability to mitigate off-target activity warrants
their further investigation. We plan to synthesize all nucle-
obase analogs of select modified UNA building blocks to en-
able further evaluation of their utility in nucleic acid-based
therapeutics.
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