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Synthesis of 2ʹ-deoxy-5-fluoromethyluridine (dUCH2F) and 2ʹ-deoxy-5-difluoromethyluridine (dUCHF2)
phosphoramidites was achieved. The obtained phosphoramidites were efficiently incorporated into ol-
igonucleotides (ONs), and their post-synthetic modification was examined. In the case of dUCH2F-con-
taining ONs, substitution of the fluorine atom with methoxy, hydroxy and amine groups was successful.
Moreover, the difluoromethyl group of dUCHF2 in the ONs could be converted to a formyl, oxime, or
hydrazone by treatment with the corresponding nucleophile.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The C5 position of pyrimidine bases in oligonucleotides (ONs) is
an attractive site for modification because the substituent at the C5
position does not interfere with WatsoneCrick base pairing [1] and
RNase H activity [2]. Therefore, ONs containing C5-modified py-
rimidine bases have been investigated for application as DNA
probes [3] and in antisense technology [4]. In general, ONs con-
taining C5-modified pyrimidine bases have been synthesized using
the corresponding modified phosphoramidite monomers on an
automated DNA synthesizer (method A in Scheme 1) [5]. However,
to synthesize a variety of C5-modified ONs, each modified phos-
phoramidite monomer needs to be prepared over multiple steps
and then introduced onto the ONs, which is time-consuming and
inefficient.

Therefore, post-synthetic ON modification is a practical
approach for overcoming such drawbacks [6]. As this method al-
lows for the synthesis of various base-modified ONs from a single
ON containing a reactive site, it is not necessary to prepare each
modified phosphoramidite monomer (method B in Scheme 1).
Therefore, the strategy represents a powerful means for the effec-
tive exploration of functional ONs. However, the scope of
i, Y. Fuchi et al., Post-synthe
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precursors for the preparation of pyrimidine C5-derivatives is
extremely limited because such compounds must tolerate the
various conditions applied in DNA synthesis. 5-Iodouridine and 20-
deoxy-5-iodouridine have been widely studied as post-synthetic
precursors for cross coupling reactions, such as Suzuki-Miyaura
[7a,b,c], Sonogashira [8], Stille-Migita [9], and Buchwald-Hartwig
[10] reactions, allowing diverse functionalization of C5 position of
pyrimidine bases. Although pyrimidine bases with alkyne [11] and
alkene [12] derivatives at C5 position were also available, these
precursors were primarily used for the introduction of labeling or
probe reagents. Recently, Leszczynska et al. reported the post-
synthetic construction of 5-(substituted methyl)uridines from 5-
(pivaloylmethyl)uridine via nucleophilic substitution with amines
and cyanide (Scheme 2a) [13]. Very recently, our group has focused
on a unique property of the trifluoromethyl group, and developed
the post-synthetic modification of ONs containing 2ʹ-deoxy-5-
trifluoromethyluridine (dUCF3) and 2ʹ-deoxy-5-
trifluoromethylcytidine (dCCF3) using hydroxide ion and amines
as nucleophiles, producing ONs bearing carboxylic acid equivalents
at the C5 position (Scheme 2b) [14]. However, a new post-synthetic
method for modification at the C5 position of pyrimidine bases is
still in demand.

Within this context, we envisaged that 2ʹ-deoxy-5-
fluoromethyluridine (dUCH2F) and 2ʹ-deoxy-5-
difluoromethyluridine (dUCHF2) could be used as precursors for
post-synthetic modification (Scheme 2c). Several examples of base-
tic modification of oligonucleotides containing 5-mono- and 5-di-
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Scheme 1. Conventional method and post-synthetic modification for the solid-phase
oligonucleotide synthesis.

Scheme 2. Post-synthetic diverse functionalization of pyrimidine bases at the C5
position.

Scheme 3. Synthesis of controlled pore glass (CPG)-attached ONs containing dUCH2F

and dUCHF2. a Using untreated CHCl3 as eluent. b Using CHCl3 treated with molecular
sieves 4 Å as eluent.
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mediated substitution reactions of fluorine atoms in dUCH2F

monomer derivatives [15] and 5-difluoromethyluracil [16] exist;
however, the reactivity of dUCH2F and dUCHF2 introduced onto ONs
has never been investigated. Herein, we report the post-synthetic
modification of dUCH2F- and dUCHF2-modified ONs using various
nucleophiles for the preparation of ONs with a variety of 5-
substituted uracil bases. Among the C5-modified uracil bases ob-
tained in this method, 2ʹ-deoxy-5-hydroxymethyluridine
(dUCH2OH) and 2ʹ-deoxy-5-formyluridine (dUCHO) are considered
to be epigenetic bases [17]. Moreover, photocaging of dUCH2OH has
been applied for switching transcription [18]. Therefore, devel-
oping a practical and operationally simple method to supply ONs
containing dUCH2OH and dUCHO is highly desirable for elucidating
their biological functionality.
2. Results and discussion

2.1. Synthesis of dUCH2F- and dUCHF2-modified ONs

The synthesis of dUCH2F phosphoramidite commenced from the
known 3ʹ-O-,5ʹ-O-bis-TBDPS-protected dUCH2F 1 (Scheme 3) [19].
Although the deprotection of the TBDPS groups of 1 followed by
2

4,4ʹ-dimethoxytrityl (DMTr) protection of the 5ʹ-hydroxyl group
gave desired 5-fluoromethyl product 2, the yield was low (24%) and
the 5-ethoxymethyl congener 3was obtained as a byproduct. It was
considered that the unexpected formation of 3 was caused by
ethanol present as a stabilizer in CHCl3, used as an eluent in column
chromatography. Thus, when CHCl3 was treated with molecular
sieves 4 Å prior to use as an eluent for chromatographic purifica-
tion, the desired product 5 was obtained in 58% yield without the
production of ethoxy-substituted 3. The instability of the 5-
fluoromethyluracil moiety is likely to be problematic for the syn-
thesis of dUCH2F-containing ONs. However, the DMTr protection of
the 5ʹ-hydroxyl group of 5 followed by the phosphitylation of the
3ʹ-hydroxyl group successfully afforded the desired dUCH2F phos-
phoramidite 8. dUCHF2 Phosphoramidite 9 was also obtained from
known 4 [19] using the above-described procedure. Phosphor-
amidites 8 and 9 could be incorporated into oligonucleotides using
an automated DNA synthesizer, applying common phosphor-
amidite chemistry, and the coupling yields of dUCH2F and dUCHF2

were estimated to be above 95% by the trityl monitor.
2.2. Post-synthetic modification of dUCH2F-modified ON

Initially, the controlled pore glass (CPG)-attached and 5ʹ-DMTr-
protected ON1, constituted by a 5ʹ-d (TTTTTUCH2FTTTT)-3ʹ
sequence, were subjected to mild deprotection conditions
(50 mM K2CO3 in MeOH, room temperature, 4 h). The crude
product was subsequently purified using Sep-Pak®, followed by
reversed-phase HPLC (RP-HPLC) to give ON5, bearing a 5-
methoxymethyl moiety, in 33% yield, while the dUCH2F-containing
ON was not obtained (entry 1 in Table 1 and Fig. 1a). Although the
reaction time was reduced from 4 h to 1 h, the dUCH2F-containing
ON was not isolated (entry 2 in Table 1 and Fig. 1b). These results
suggested that the conversion of the fluoromethyl group was
concomitant with ON cleavage from the CPG resin and its depro-
tection. Treatment of ON1 under alternative mild deprotection
conditions (28% NH3 aq., room temperature, 2 h) afforded 5-
aminomethyl ON6 in 29% yield along with an inseparable
mixture of ONs bearing 5-hydroxymethyl (ON7) and 5-[N-(2-



Table 1
Post-synthetic modification of ON1 under basic conditions.

Entry Basic conditions Isolated yielda (%)

1 50 mM K2CO3 in MeOH, rt, 4 h 33 (ON5)
2 50 mM K2CO3 in MeOH, rt, 1 h 21 (ON5)
3 28% NH3 aq., rt, 2 h 29 (ON6) and 9 (ON7 and ON8)
4 20% Et2NH in MeCN, rt, 1 h then 28% NH3 aq., rt, 2 h 37 (ON6), 5 (ON7) and 6 (ON9)

a Calculated from the CPG resin (0.2 mmol) used for oligonucleotide synthesis.

Fig. 1. RP-HPLC chromatograms of crude mixtures of the reactions detailed in Table 1.
HPLC conditions: a linear gradient of 5e15% MeCN in 0.1 M triethylammonium acetate
(TEAA) buffer (pH 7.0) for 30 min.
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cyanoethyl)aminomethyl] groups (ON8) in 9% yield, as character-
ized by electrospray ionization time-of-flight (ESI-TOF) mass
spectrometry (entry 3 in Table 1 and Fig. 1c). Treatment with 20%
Et2NH in MeCN selectively deprotected the cyanoethyl groups on
the ON phosphate backbone and did not result in detachment from
the CPG resin [20]. Thus, to prevent the formation ofON8, occurring
via the addition of acrylonitrile to ON6, treatment of ON1with 20%
Et2NH in MeCN followed by cleavage from CPG and conversion of
Table 2
Post-synthetic modification of ON3 under basic conditions.

Entry Basic conditions

1 50 mM K2CO3 in MeOH, rt, 24 h
2 0.1 M NaOH aq., rt, 24 h
3 40% MeNH2 aq., rt, 2 h
4 20% Et2NH in MeCN, 60 �C, 2 h then 2

a Calculated from the CPG resin (0.2 mmol) used for oligonucleotide sy

3

the fluoromethyl groupwere performed, applying the conditions of
28% NH3 aq., room temperature, and a reaction time of 2 h. As a
result, ON6 was obtained in 37% yield, without production of ON8,
although small amounts of ON7 and 5-diethylaminomethyl ON9
were formed (entry 4 in Table 1 and Fig. 1d).

Next, the post-synthetic modification of dUCH2F-modified ON3,
constituted by a sequence that contains all four DNA bases, was
examined using various nucleophiles. The reaction of ON3 with
50 mM K2CO3 in MeOH and 0.1 M NaOH aqueous solution effi-
ciently proceeded to give 5-methoxymethyl-bearing ON10 (entry 1
in Table 2 and Fig. 2a) and ON11 containing dUCH2OH (entry 2 in
Table 2 and Fig. 2b), respectively. Using MeNH2 as a primary amine,
substitution of the fluorine atom to a methylamino group afforded
ON12 (entry 3 in Table 2 and Fig. 2c). Substitution with secondary
Et2NH was sluggish at room temperature, thus the reaction was
performed at 60 �C to afford 5-diethylaminomethyl-bearing ON13
in 41% yield (entry 4 in Table 2 and Fig. 2d).

2.3. Post-synthetic modification of dUCHF2-modified ON

In contrast to dUCH2F-modified ON, dUCHF2-modified ON can be
isolated. When CPG-attached ON2 was subjected to condition A,
difluoromethyl-bearing ON14was obtained in 41% yield along with
ON15 containing dUCHO in 8% yield (Scheme 4 and Fig. 3). On the
other hand, under condition B, ON15 was afforded as a major
product along with ON14 in 9% yield (Scheme 4 and Fig. 3).
Therefore, it was revealed that dUCHF2-containing ON was more
stable than its dUCH2F counterpart.

Analogous to the assembly of ON4 shown in Scheme 4, ON16,
Isolated yielda (%)

37 (ON10)
19 (ON11)
39 (ON12)

8% NH3 aq., rt, 24 h 41 (ON13)

nthesis.



Fig. 2. RP-HPLC chromatograms of crude mixtures of the reactions detailed in Table 2.
HPLC conditions: a linear gradient of 5e15% MeCN in 0.1 M TEAA buffer (pH 7.0) for
30 min.

Scheme 4. Post-synthetic modification of ON2 under basic conditions.

Fig. 3. RP-HPLC chromatograms of crude mixtures of the reactions detailed in Scheme
4. HPLC conditions: a linear gradient of 5e15% MeCN in 0.1 M TEAA buffer (pH 7.0) for
30 min.

Fig. 4. RP-HPLC chromatograms of crude mixtures of reactions detailed in Table 3.
HPLC conditions: a linear gradient of 5e15% MeCN in 0.1 M TEAA buffer (pH 7.0) for
30 min.
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synthesized via a mixed sequence, was isolated and its post-
synthetic modification was explored. Treatment with 28% NH3
aqueous solution at room temperature was relatively inefficient for
the production of ON17 containing dUCHO (data not shown), likely
Table 3
Post-synthetic modification of ON16 under basic conditions.

Entry Basic conditions

1a 50 mM K2CO3 in MeOH, rt, 24 h
2 50 mM K2CO3 in MeOH, 60 �C, 24 h
3 0.1 M NH2OH$HCl in 0.1 M phosphate b
4 0.1 M NH2NH2 aq., 60 �C, 6 h

a Starting material ON16 was recovered in 21% yield.

4

as a result of the instability of the 5-formyluracil moiety under
alkaline conditions [21,22]. Interestingly, although ON16 was not
consumed when reacted with 50 mM K2CO3 in MeOH at room
temperature for 24 h (entry 1 in Table 3, and Fig. 4a), increasing the
reaction temperature to 60 �C successfully afforded 5-formyl ON17
as the sole product with complete consumption of the substrate
ON16 (entry 2 in Table 3, and Fig. 4b). Moreover, when treated with
NH2OH and NH2NH2 as nucleophiles, the difluoromethyl groupwas
converted to an oxime (ON18) and a hydrazone (ON19), respec-
tively (entries 3 and 4 in Table 3, and Fig. 4c and 4d).
3. Conclusions

In this study, dUCH2F and dUCHF2 phosphoramidites were syn-
thesized and incorporated into ONs. The straightforward and
diverse functionalization of uracil bases at the C5 position of ONs
was achieved by post-synthetic modification of dUCH2F- and
dUCHF2-bearing ONs. In particular, as dUCHO is not only known as a
thymidine lesion in DNA [23a,b,c], but may also act as an epigenetic
base for regulating gene transcription, the synthesis of dUCHO-
bearing ONs is essential for exploration of dUCHO properties. To
date, the formyl precursors, namely aminal [22] and 1,2-
dihydroxyethyl units [24], were reported to avoid the decomposi-
tion of the 5-formyluracil moiety. The implementation of dUCHF2

derivatization developed in this study would allow for the facile
preparation of dUCHO-bearing ONs, as it was demonstrated that
dUCHF2 phosphoramidite could be used as a new precursor of dUCHO
Isolated yield (%)

37 (ON17)
70 (ON17)

uffer (pH 8.0), rt, 24 h 27 (ON18)
29 (ON19)
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in oligonucleotide synthesis.

4. Experimental

4.1. General

All moisture-sensitive reactions were conducted in well-dried
glassware under Ar atmosphere. Anhydrous CH2Cl2, pyridine and
THF were used as purchased. CHCl3 was treated with molecular
sieves 4 Å prior to use. 1H NMR, 13C{1H} NMR, 19F{1H} NMR, 31P{1H}
NMR spectra were recorded on a Bruker AVANCE III HD 500
equipped with a BBO cryoprobe or Agilent 400-MR. Chemical shift
values were reported in ppm, relative to internal tetramethylsilane
(d ¼ 0.00 ppm) or solvent residual signals (d ¼ 2.50 ppm for
DMSO‑d6) for 1H NMR, solvent residual signals (d ¼ 77.0 ppm for
CDCl3 and d ¼ 39.5 ppm for DMSO‑d6) for 13C{1H} NMR, internal
hexafluorobenzene (d ¼ 0.00 ppm) for 19F{1H} NMR, and external
5% H3PO4 (d¼ 0.00 ppm) for 31P{1H} NMR. IR spectrawere recorded
on a JASCO FT/IR-4200 spectrometer. High-resolution mass spec-
trometry was performed on a Waters SYNAPT G2-Si (Quadrupole/
TOF). For column chromatography, silica gel PSQ-60B (Fuji Silysia)
was used. Reaction progress was monitored by analytical thin-layer
chromatography (TLC) on pre-coated aluminum sheets (Silica gel
60 F254 by Merck). For HPLC, a JASCO EXTREMA (PU-4180, CO-4060
(or CO-4061), UV-4075, and AS-4050) instrument with a CHF122SC
(ADVANTEC) fraction collector was used. UV measurements were
performed using a JASCO V-730 UV/VIS spectrophotometer to
calculate ON amounts. Oligonucleotide synthesis was performed on
an automated DNA synthesizer (Gene Design nS-8II).

4.2. Synthesis of phosphoramidites 8 and 9

4.2.1. 2ʹ-Deoxy-5-fluoromethyluridine (5)
To a solution of compound 1 (750 mg, 1.02 mmol) in THF

(10 mL), TBAF (1 M in THF, 4.1 mL, 4.1 mmol) was added at room
temperature under Ar atmosphere. After being stirred for 0.5 h, the
reaction mixture was concentrated in vacuo. The crude residue was
purified by column chromatography (CHCl3:MeCN ¼ 1:2) to give
compound 5 as a white foam (154 mg, 58%). 1H NMR (400 MHz,
DMSO‑d6): d 11.55 (s, 1H), 8.19 (d, J ¼ 4.0 Hz, 1H), 6.13 (dd, J ¼ 7.0,
6.5 Hz, 1H), 5.27 (d, J ¼ 4.0 Hz, 1H), 5.08 (t, J ¼ 5.0 Hz, 1H), 5.04 (d,
J ¼ 49.0 Hz, 2H), 4.26e4.21 (m, 1H), 3.80e3.77 (m, 1H), 3.61 (ddd,
J ¼ 12.0, 5.0, 4.0 Hz, 1H), 3.55 (ddd, J ¼ 12.0, 5.0, 4.0 Hz, 1H),
2.14e2.10 (m, 2H). 13C{1H} NMR (100 MHz, DMSO‑d6): d 162.5,
150.3, 142.4 (d, J ¼ 6.0 Hz), 108.7 (d, J ¼ 18.5 Hz), 87.5, 84.4, 77.6 (d,
J ¼ 62.0 Hz), 70.1, 61.1, 39.8.19F NMR (376 MHz, DMSO‑d6): d �39.3
(td, J ¼ 49.0, 4.0 Hz). IR (ATR) cm�1: 3369, 3181, 3061, 2922, 1721,
1660, 1475, 1281. HRMS (ESI-TOF): calcd for C10H13FN2NaO5 [M þ
Na]þ 283.0706, found 283.0708.

4.2.2. 2ʹ-Deoxy-5ʹ-O-(4,4ʹ-dimethoxytrityl)-5-fluoromethyluridine
(2)

To a solution of compound 5 (142 mg, 0.55 mmol) in pyridine
(5 mL), DMTrCl (222 mg, 0.66 mmol) was added at room temper-
ature under Ar atmosphere. After being stirred for 19.5 h, the re-
action was diluted with AcOEt. The organic layer was washed with
water and brine, dried over Na2SO4, and concentrated in vacuo. The
crude residue was purified by column chromatography
(hexane:AcOEt¼ 1:3) to give compound 2 as awhite foam (217mg,
71%). 1H NMR (500 MHz, CDCl3): d 8.91 (br s, 1H), 7.96 (d, J¼ 3.5 Hz,
1H), 7.38 (d, J ¼ 7.5 Hz, 2H), 7.31e7.22 (m, 7H), 6.84 (d, J ¼ 9.0 Hz,
4H), 6.37 (dd, J ¼ 7.0, 6.0 Hz, 1H), 4.63 (dd, J ¼ 49.0, 10.5 Hz, 1H),
4.61e4.57 (m, 1H), 4.47 (dd, J ¼ 49.0, 10.5 Hz, 1H), 4.09e4.07 (m,
1H), 3.78 (s, 6H), 3.46 (dd, J ¼ 10.5, 3.0 Hz, 1H), 3.40 (dd, J ¼ 10.5,
3.0 Hz, 1H), 2.48 (ddd, J ¼ 13.5, 6.0, 3.0 Hz, 1H), 2.38e2.29 (m, 2H).
5

13C{1H} NMR (125 MHz, CDCl3): d 162.3 (d, J ¼ 5.0 Hz), 158.7 (d,
J ¼ 2.0 Hz), 150.2 (d, J ¼ 4.0 Hz), 144.2, 140.9 (d, J ¼ 7.0 Hz), 135.3,
135.2, 130.0, 130.0, 128.1, 128.0, 127.2, 113.3, 110.2 (d, J ¼ 19.0 Hz),
87.0, 86.4, 85.2, 77.2 (d, J ¼ 67.5 Hz), 72.2, 63.4, 55.2, 41.2.19F NMR
(376MHz, CDCl3): d�44.9 (td, J¼ 48.5, 3.5 Hz). IR (ATR) cm�1: 3414,
3200, 3061, 3016, 2954, 2933, 2837, 1678, 1606, 1508, 1465, 1249.
HRMS (ESI-TOF): calcd for C31H31FN2NaO7 [M þ Na]þ 585.2013,
found 585.2014.

4.2.3. 3ʹ-O-[2-Cyanoethoxy(diisopropylamino)phosphino]-2ʹ-
deoxy-5ʹ-O-(4,4ʹ-dimethoxytrityl)-5-fluoromethyluridine (8)

To a solution of compound 2 (199 mg, 0.35 mmol) and i-Pr2NEt
(0.31 mL, 1.77 mmol) in CH2Cl2 (4.0 mL), i-Pr2NP(Cl)OCH2CH2CN
(0.12 mL, 0.53 mmol) was added at 0 �C under Ar atmosphere. After
being stirred at room temperature for 3 h, the reaction was diluted
with AcOEt. The organic layer was washed with water and brine,
dried over Na2SO4, and concentrated in vacuo. The crude residue
was purified by column chromatography (hexane:AcOEt ¼ 1:1) to
give compound 8 as awhite foam (167mg, 63%). 1H NMR (500MHz,
CDCl3): d 8.70 (br s, 1H), 8.03 (d, J¼ 3.5 Hz, 0.5H), 7.99 (d, J¼ 3.5 Hz,
0.5H), 7.40 (d, J ¼ 7.5 Hz, 1H), 7.39 (d, J ¼ 7.5 Hz, 1H), 7.32e7.23 (m,
7H), 6.85 (d, J ¼ 9.0 Hz, 2H), 6.84 (d, J ¼ 9.0 Hz, 2H), 6.38e6.34 (m,
1H), 4.71e4.65 (m, 1H), 4.61 (dd, J ¼ 48.0, 11.0 Hz, 0.5H), 4.59 (dd,
J ¼ 48.0, 11.5 Hz, 0.5H), 4.40 (dd, J ¼ 48.5, 10.5 Hz, 0.5H), 4.39 (dd,
J ¼ 48.0, 10.5 Hz, 0.5H), 4.20 (d, J ¼ 3.0 Hz, 0.5H), 4.15 (d, J ¼ 3.0 Hz,
0.5H), 3.88e3.72 (m, 1H), 3.79 (s, 3H), 3.79 (s, 3H), 3.68e3.45 (m,
4H), 3.37 (t, J ¼ 10.5 Hz, 0.5H), 3.36 (t, J ¼ 10.5, 0.5H), 2.63 (t,
J ¼ 6.5 Hz, 1H), 2.61 (ddd, J ¼ 13.5, 6.0, 3.0 Hz, 0.5H), 2.54 (ddd,
J¼ 13.5, 5.5, 3.5 Hz, 0.5H), 2.44 (t, J¼ 6.5 Hz,1H), 2.37e2.32 (m,1H),
1.19e1.16 (9H, m), 1.07 (d, J ¼ 7.0 Hz, 3H). 19F NMR (376 MHz,
CDCl3): d�44.5 (td, J¼ 48.5, 3.5 Hz),�44.7 (td, J¼ 48.5, 3.5 Hz). 31P
NMR (162 MHz, CDCl3): d 148.9, 148.5. HRMS (ESI-TOF): calcd for
C40H48FN4NaO8P [M þ Na]þ 785.3091, found 785.3091.

4.2.4. 2ʹ-Deoxy-5-difluoromethyluridine (6)
To a solution of compound 4 (1.0 g, 1.32 mmol) in THF (7.5 mL),

TBAF (1 M in THF, 3.8 mL, 3.8 mmol) was added at room temper-
ature under Ar atmosphere. After being stirred for 0.5 h, the reac-
tion mixture was concentrated in vacuo. The crude residue was
purified by column chromatography (CHCl3:MeCN ¼ 1:1) to give
compound 6 as a white foam (262 mg, 71%). 1H NMR (500 MHz,
DMSO‑d6): d 11.68 (s, 1H), 8.38 (s, 1H), 6.70 (t, J ¼ 54.5 Hz, 1H), 6.12
(t, J ¼ 6.5 Hz, 1H), 5.25 (d, J ¼ 4.5 Hz, 1H), 5.10 (dd, J ¼ 5.0, 4.5 Hz,
1H), 4.26e4.22 (m, 1H), 3.83e3.81 (m, 1H), 3.62 (ddd, J ¼ 12.0, 4.5,
4.0 Hz, 1H), 3.57 (ddd, J ¼ 12.0, 4.0, 3.5 Hz, 1H), 2.20e2.10 (m, 2H).
13C{1H} NMR (125 MHz, DMSO‑d6): d 160.7 (t, J ¼ 3.5 Hz), 149.8,
140.6 (t, J¼ 8.0 Hz), 111.9 (t, J¼ 235.0 Hz), 107.0 (t, J¼ 23.0 Hz), 87.6,
84.9, 70.0, 60.8, 40.3.19F NMR (376 MHz, DMSO‑d6): d 47.1 (dd,
J ¼ 293.0, 55.0 Hz), 47.0 (dd, J ¼ 293.0, 55.0 Hz). IR (ATR) cm�1:
3354, 3062, 2924, 1726, 1670, 1483, 1417, 1404, 1299. HRMS (ESI-
TOF): calcd for C10H12F2N2NaO5 [M þ Na]þ 301.0612, found
301.0619.

4.2.5. 2ʹ-Deoxy-5ʹ-O-(4,4ʹ-dimethoxytrityl)-5-
difluoromethyluridine (7)

To a solution of compound 6 (245 mg, 0.88 mmol) in pyridine
(5 mL), DMTrCl (448 mg, 1.32 mmol) was added at room temper-
ature under Ar atmosphere. After being stirred for 13 h, the reaction
was diluted with AcOEt. The organic layer was washed with water
and brine, dried over Na2SO4, and concentrated in vacuo. The crude
residue was purified by column chromatography
(hexane:AcOEt¼ 1:3) to give compound 7 as awhite foam (354mg,
69%). 1H NMR (500 MHz, CDCl3): d 9.33 (s, 1H), 8.00 (s, 1H), 7.38 (d,
J ¼ 7.5 Hz, 2H), 7.29e7.26 (m, 7H), 7.21 (t, J ¼ 7.5 Hz, 1H), 6.83 (d,
J¼ 9.0 Hz, 4H), 6.33 (t, J¼ 54.5 Hz, 1H), 6.27 (dd, J¼ 7.0, 6.0 Hz, 1H),
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4.46e4.44 (m,1H), 4.11e4.09 (m,1H), 3.78 (s, 6H), 3.40 (dd, J¼ 10.5,
3.5 Hz, 1H), 3.37 (dd, J ¼ 10.5, 3.5 Hz, 1H), 2.51 (ddd, J ¼ 13.5, 6.0,
3.0 Hz, 1H), 2.48 (br s, 1H), 2.21 (ddd, J ¼ 13.5, 7.0, 6.5 Hz, 1H). 13C
{1H} NMR (125 MHz, CDCl3): d 160.6 (t, J ¼ 4.0 Hz), 158.6, 149.6,
144.3, 139.5 (t, J ¼ 7.0 Hz), 135.3, 130.0, 128.0, 128.0, 127.1, 113.3,
110.3 (t, J ¼ 237.5 Hz), 108.8 (t, J ¼ 24.0 Hz), 87.0, 86.4, 85.8, 72.3,
63.3, 55.2, 41.2.19F NMR (376 MHz, CDCl3): d 45.9 (dd, J ¼ 297.0,
55.0 Hz), 44.3 (dd, J ¼ 297.0, 55.0 Hz). IR (ATR) cm�1: 3454, 3056,
2931, 2836, 1685, 1607, 1508, 1468, 1248. HRMS (ESI-TOF): calcd for
C31H30F2N2NaO7 [M þ Na]þ 603.1919, found 603.1917.

4.2.6. 3ʹ-O-[2-Cyanoethoxy(diisopropylamino)phosphino]-2ʹ-
deoxy-5ʹ-O-(4,4ʹ-dimethoxytrityl)-5-difluoromethyluridine (9)

To a solution of compound 7 (100 mg, 0.17 mmol) and i-Pr2NEt
(0.15 mL, 0.85 mmol) in CH2Cl2 (2.0 mL), i-Pr2NP(Cl)OCH2CH2CN
(58.0 mL, 0.26 mmol) was added at 0 �C under Ar atmosphere. After
being stirred at room temperature for 3 h, the reaction was diluted
with AcOEt. The organic layer was washed with water and brine,
dried over Na2SO4, and concentrated in vacuo. The crude residue
was purified by column chromatography (hexane:AcOEt ¼ 3:2) to
give compound 9 as a white foam (95 mg, 72%). 1H NMR (500 MHz,
CDCl3): d 8.71 (br s, 1H), 8.07 (s, 0.4H), 8.03 (s, 0.6H), 7.40e7.38 (m,
2H), 7.31e7.20 (m, 7H), 6.85e6.82 (m, 4H), 6.29e6.25 (m, 1H), 6.28
(t, J ¼ 54.5 Hz, 0.6H), 6.28 (t, J ¼ 54.5 Hz, 0.4H), 4.58e4.53 (m, 1H),
4.23e4.18 (m, 1H), 3.87e3.29 (m, 6H), 3.79 (s, 3H), 3.79 (s, 3H),
2.67e2.54 (m, 1H), 2.62 (t, J ¼ 6.5 Hz, 1H), 2.43 (t, J ¼ 6.5, 1H),
2.27e2.19 (m, 1H), 1.18e1.15 (9H, m), 1.07 (d, J ¼ 7.0 Hz, 3H). 19F
NMR (376 MHz, CDCl3): d 46.0 (dd, J ¼ 297.0, 54.5 Hz), 45.7 (dd,
J ¼ 297.0, 54.5 Hz), 44.9 (dd, J ¼ 297.0, 54.5 Hz), 44.7 (dd, J ¼ 297.0,
54.5 Hz). 31P NMR (162 MHz, CDCl3): d 149.1, 148.6. HRMS (ESI-
TOF): calcd for C40H47F2N4NaO8P [M þ Na]þ 803.2997, found
803.2998.

4.3. Synthesis of ON1-4

dUCH2F and dUCHF2 phosphoramidites, dAPac-, dGiPr�Pac-, dCAc-,
and dT-phosphoramidites (Glen Research) were used. Syntheses of
ONs were performed on a 0.2 mmol scale according to a standard
phosphoramidite protocol (coupling reagent ¼ ETT activator,
coupling time ¼ 25 s, and phosphoramidite concentration ¼ 0.1 M
in MeCN) in DMTr-ON mode.

4.4. Post-synthetic modification of ON1 to ON5 (entry 1 in Table 1)

CPG-attached ON1 was treated with 50 mM K2CO3 in MeOH
(1 mL) at room temperature for 4 h. Subsequently, the mixture was
diluted with 0.1 M TEAA buffer (pH 7.0, 0.5 mL). After removal of
volatile components in vacuo, the crude ON was purified on a Sep-
Pak® Plus C18 cartridge (Waters) followed by RP-HPLC (Waters
XBridge™ Prep Shield RP18 5 mm, 10 � 50 mm) using a linear
gradient system [5e15% MeCN in 0.1 M TEAA buffer (pH 7.0) for
30 min; flow rate ¼ 2 mL/min] to afford ON5 in 33% yield. Decon-
voluted ESI-TOF-MS data [M] for ON5: found 3010.50 (calcd
3010.01).

4.5. Post-synthetic modification of ON1 to ON6 (entry 3 in Table 1)

CPG-attached ON1 was treated with 28% NH3 aqueous solution
(1 mL) at room temperature for 2 h. After removal of volatile
components in vacuo, the crude ON was purified on a Sep-Pak®
Plus C18 cartridge (Waters). After removal of volatile components
in vacuo, the detritylated ON was dissolved in 300 mL of ddH2O,
10 mL of which was further purified with RP-HPLC (Waters
XBridge™ Shield RP18 2.5 mm, 4.6� 50mm) using a linear gradient
system [5e15%MeCN in 0.1 M TEAA buffer (pH 7.0) for 30min; flow
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rate ¼ 1 mL/min] to afford ON6 in 29% yield along with ON7 and
ON8 in 9% yield as an inseparable mixture. Deconvoluted ESI-TOF-
MS data [M] for ON6¡8: ON6, found 2995.50 (calcd 2995.00); ON7,
found 2996.10 (calcd 2995.98); ON8, found 3048.70 (calcd
3048.06).

4.6. Post-synthetic modification of ON1 to ON6 with pre-
diethylamine treatment (entry 4 in Table 1)

CPG-attached ON1 was treated with 20% Et2NH in MeCN (1 mL)
at room temperature for 1 h. The CPG was washed with MeCN
(1 mL � 3 times), and then treated with 28% NH3 aqueous solution
(1 mL) at room temperature for 2 h. After removal of volatile
components in vacuo, the crude ON was purified on a Sep-Pak®
Plus C18 cartridge (Waters). After removal of volatile components
in vacuo, the detritylated ON was dissolved in 300 mL of ddH2O,
10 mL of which was further purified with RP-HPLC (Waters
XBridge™ Shield RP18 2.5 mm, 4.6� 50 mm) using a linear gradient
system [5e15%MeCN in 0.1 M TEAA buffer (pH 7.0) for 30min; flow
rate ¼ 1 mL/min] to afford ON6 in 37% yield along with ON7 and
ON9 in 5% and 6% yield, respectively. Deconvoluted ESI-TOF-MS
data [M] for ON9: found 3051.50 (calcd 3051.11).

4.7. Post-synthetic modification of ON3 to ON10 (entry 1 in Table 2)

CPG-attached ON3 was treated with 50 mM K2CO3 in MeOH
(1 mL) at room temperature for 24 h. Subsequently, the mixture
was diluted with 0.1 M TEAA buffer (pH 7.0, 0.5 mL). After removal
of volatile components in vacuo, the crude ON was purified on a
Sep-Pak® Plus C18 cartridge (Waters) followed by RP-HPLC (Waters
XBridge™ Prep Shield RP18 5 mm, 10 � 50 mm) using a linear
gradient system [5e15% MeCN in 0.1 M TEAA buffer (pH 7.0) for
30 min; flow rate ¼ 2 mL/min] to afford ON10 in 37% yield.
Deconvoluted ESI-TOF-MS data [M] for ON10: found 3698.10 (calcd
3697.45).

4.8. Post-synthetic modification of ON3 to ON11 (entry 2 in Table 2)

CPG-attached ON3 was treated with 100 mM NaOH aqueous
solution (1 mL) at room temperature for 24 h. Subsequently, the
mixture was diluted with 0.1 M TEAA buffer (pH 7.0, 1 mL). After
removal of volatile components in vacuo, the crude ONwas purified
on a Sep-Pak® Plus C18 cartridge (Waters) followed by RP-HPLC
(Waters XBridge™ Prep Shield RP18 5 mm, 10 � 50 mm) using a
linear gradient system [5e15% MeCN in 0.1 M TEAA buffer (pH 7.0)
for 30 min; flow rate ¼ 2 mL/min] to afford ON11 in 19% yield.
Deconvoluted ESI-TOF-MS data [M] for ON11: found 3683.90 (calcd
3683.42).

4.9. Post-synthetic modification of ON3 to ON12 (entry 3 in Table 2)

CPG-attached ON3 was treated with 40% MeNH2 aqueous so-
lution (1 mL) at room temperature for 2 h. After removal of volatile
components in vacuo, the crude ON was purified on a Sep-Pak®
Plus C18 cartridge (Waters) followed by RP-HPLC (Waters
XBridge™ Prep Shield RP18 5 mm, 10 � 50 mm) using a linear
gradient system [5e15% MeCN in 0.1 M TEAA buffer (pH 7.0) for
30 min; flow rate ¼ 2 mL/min] to afford ON12 in 39% yield.
Deconvoluted ESI-TOF-MS data [M] for ON12: found 3696.40 (calcd
3696.46).

4.10. Post-synthetic modification of ON3 to ON13 (entry 4 in
Table 2)

CPG-attached ON3 was treated with 20% Et2NH in MeCN (1 mL)
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at 60 �C for 2 h. After cooling to room temperature, the CPG was
washed with MeCN (1 mL � 3 times), and then treated with 28%
NH3 aqueous solution (1 mL) at room temperature for 24 h. After
removal of volatile components in vacuo, the crude ONwas purified
on a Sep-Pak® Plus C18 cartridge (Waters) followed by RP-HPLC
(Waters XBridge™ Prep Shield RP18 5 mm, 10 � 50 mm) using a
linear gradient system [5e15% MeCN in 0.1 M TEAA buffer (pH 7.0)
for 30 min; flow rate ¼ 2 mL/min] to afford ON13 in 41% yield.
Deconvoluted ESI-TOF-MS data [M] for ON13: found 3738.80 (calcd
3738.55).
4.11. Post-synthetic modification of ON2 to ON14 (condition A in
Scheme 4)

According to the procedure described for synthesis of ON5,
ON14 and ON15were obtained from CPG-attached ON2 in 41% and
8% yields, respectively. Deconvoluted ESI-TOF-MS data [M] for
ON14 and ON15: ON14, found 3016.40 (calcd 3015.97); ON15,
found 2994.40 (calcd 2993.97).
4.12. Post-synthetic modification of ON4 to ON16

According to the procedure described for synthesis of ON5,
ON16 was obtained from CPG-attached ON4 in 16% yield. Decon-
voluted ESI-TOF-MS data [M] for ON16: found 3703.90 (calcd
3703.40).
4.13. Post-synthetic modification of ON16 to ON17 (entry 2 in
Table 3)

ON16 (1 nmol) was treated with 50 mM K2CO3 in MeOH (50 mL)
at 60 �C for 24 h. After cooling to room temperature, the mixture
was diluted with 0.1 M TEAA buffer (pH 7.0, 50 mL). After removal of
volatile components in vacuo, the crude ON was purified by RP-
HPLC (Waters XBridge™ Shield RP18 2.5 mm, 4.6 � 50 mm) using
a linear gradient system [5e15%MeCN in 0.1M TEAA buffer (pH 7.0)
for 30 min, flow rate ¼ 1 mL/min] to afford ON17 in 70% yield.
Deconvoluted ESI-TOF-MS data [M] for ON17: found 3681.80 (calcd
3681.41).
4.14. Post-synthetic modification of ON16 to ON18 (entry 3 in
Table 3)

ON16 (1 nmol) was treated with 0.1 M NH2OH$HCl in 0.1 M
phosphate buffer (pH 8.0, 50 mL) at room temperature for 24 h. The
crude ON was diluted with 0.1 M TEAA buffer (pH 7.0, 50 mL) and
purified by RP-HPLC (Waters XBridge™ Shield RP18 2.5 mm,
4.6 � 50 mm) using a linear gradient system [5e15% MeCN in 0.1 M
TEAA buffer (pH 7.0) for 30 min, flow rate ¼ 1 mL/min] to afford
ON18 in 27% yield. Deconvoluted ESI-TOF-MS data [M] for ON18:
found 3697.10 (calcd 3696.42).
4.15. Post-synthetic modification of ON16 to ON19 (entry 4 in
Table 3)

ON16 (1 nmol) was treated with 0.1 M NH2NH2 aqueous solu-
tion (50 mL) at 60 �C for 6 h. After cooling to room temperature, the
crude ON was diluted with 0.1 M TEAA buffer (pH 7.0, 50 mL) and
purified by RP-HPLC (Waters XBridge™ Shield RP18 2.5 mm,
4.6 � 50 mm) using a linear gradient system [5e15% MeCN in 0.1 M
TEAA buffer (pH 7.0) for 30 min, flow rate ¼ 1 mL/min] to afford
ON19 in 29% yield. Deconvoluted ESI-TOF-MS data [M] for ON19:
found 3695.80 (calcd 3695.44).
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