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For the NMR spectroscopic conformational analysis of a sugar moiety in a DNA complex with a
protein or a drug, (2'R)- and/or (2S)-2’-deoxy[2"-?H]ribonucleoside derivatives with high purity are
useful. To develop a highly diastereoselective and efficient method for the synthesis of (2'R)-2"-
deoxy[2'-?H]ribonucleoside derivatives, studies of leaving groups (OPTC, Br) at the 2’ position of
nucleosides, of the effects of reaction temperature on diastereoselectivity, of radical generation
(ultrasound irradiation, Et;B) at temperatures as low as —70 °C, and of protecting groups for the
3’ and 5’ hydroxyl groups (benzoate, TPDS) of nucleosides were carried out. BusSnZH-reductive
deuteration of 8’,5-di-O-benzoyl-2’-bromo-2’-deoxyuridine under high-intensity ultrasound irradia-
tion at —71 °C induced notably efficient deuterium incorporation to afford a highly diastereoselective
3’,5’-di-O-benzoyl-2’-deoxy[2’-?H]uridine [(2'R):(2'S) = 96:4]. The use of Et;B, as an alternative
radical generator, toward 2’-bromo-2’-deoxy-3’,5"-O-TPDS-ribonucleosides at <—70 °C made it
feasible to perform the reaction on a preparative scale, and provided excellent diastereoselectivity
(2’-deoxyadenosine, thymidine, and 2’-deoxyuridine derivatives >99:1 which were converted to (2'R)-

2'-deoxy[2’-?H]cytidine derivatives, guanosine derivative = 91:9).

Introduction

The conformational diversity of the sugar moieties in
DNA is considered to be important in the elucidation of
sequence-specific DNA—protein or —drug recognition
processes. Although NMR spectroscopy has proved to be
useful for the structural analysis of DNA, the extensive
signal overlap makes the spectral analysis often difficult
or erroneous. In view of the spectral complexity associ-
ated with these molecules, 2’-deoxy[2’-?H]ribonucleosides
with higher stereoselectivity would provide enormous
possibilities for enhancing the precision of NMR analyses.

Some methods to achieve the above goal have been
reported. The synthesis of (2'R)-2’-deoxy[2’-*H]cytidine
starting from (2R)-2-deoxy-D-erythro-[2-2H]pentose! was
reported first by Fraser-Reid ef al. The synthesis of (2'R)-
2’-deoxy[2’-?H]ribonucleosides was then accomplished,
but it leaves much to be desired, due to the long sequence
of reactions starting from methyl 2,3-anhydro-3-D-lyxo-
furanoside, which was converted in seven steps to (2R)-
3,5-diaroyl-2-deoxy-D-[2-2H]ribofuranosyl chloride before
the coupling reaction with a nucleotide base.?2 On the
other hand, a shorter, alternative approach to the nucleo-
sides has been reported, which involves the chemical
conversion of adenosine or uridine derivatives, function-
alized with either chloro® or O-phenoxythiocarbonyl (O-
PTC)* substituents at their 2’ position, to the correspond-
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ing deuterated compound through deuteration with
tributyltin deuteride (Bu;Sn?H)/2,2’-azobis(isobutyroni-
trile) (AIBN). The deuteration, however, gives rather
lower stereoselectivity (e.g., 2'R:2'S = 88:12)* at best. This
level of stereoselectivity is unacceptable for NMR studies
of complex sugar derivatives. Therefore, we searched for
a method to improve the stereoselectivity up to ~100%
for a (2'R)-diastereomer over the corresponding (2'S)-
diastereomer.

We now report, in full, the sonochemical and trieth-
ylborane (Et;B)-induced tin deuteride reduction of ribo-
nucleoside derivatives functionalized at their 2’-position,
at a low temperature of —60 to —70 °C, which successfully
yielded high stereoselectivity, such as 2'R:2'S > 99:1.5

Results and Discussion

Effect of Reaction Temperature on the Diaste-
reoselectivity (2'R:2'S). The preponderant formation
of (2’R)-isomers under thermal conditions®* is likely to
reflect the steric effect of the heterocyclic moiety with the
B-configuration on the BuzSn?H approaching the radical
center generated at the 2’-position. Thus, the stereose-
lectivity favoring the (2’R)-isomer over the corresponding
(2'S)-isomer could be improved further as the reaction
temperature is lowered, according to predictions of kinetic
law. On the basis of such an assumption, the effects of
the reaction temperature on the diastereoselectivity in
the deuteration reactions of 2’-functionalized ribonucleo-
side derivatives were examined through three categories
of procedures, i.e., thermal (procedure A), sonochemical
(procedure B), and Et;B-induced reactions (procedure C),
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Procedure A:  BugSn2H (2.0 equiv.) / AIBN (0.42 equiv.)/\

Procedure B:  BuSn2H (2.0 equiv.) / AIBN (0.42 equiv.), »))

Procedure C:  BugSn®H (2.0 equiv.) / Et3B (1.1 equiv.).

Table 1. Effects of Reaction Conditions on
Diastereoselectivity®

temp yield ratio
entry substrate procedure solvent (°C) (%) 2R/2'S AAG*

1 2b B diglyme 22 55 88/12
2 3b B diglyme 12 05 8713 1.077
3 3b B  THF 11 86 8713 1.073
4 3b B  THF 1 90 8812 1.085
5 3b B diglyme —-32 91 92/8 1.170
6 3b B diglyme —-50 76 94/6 1.219
7 3b B THF -71 78 96/4 1276
8 3b C THF 10 93 84/16
9 3b C THF 0 91 86/14
10 3b C THF -20 90 90/10
11 3b C THF -52 90 92/8

@ The reactions were performed in a 8.75 x 1072 M solution.
Yields were of the products isolated. The ratios of 2'R:2’S were
determined by 'H-NMR at 400 MHz. The temperature in entries
8—11 was the highest temperature observed during the dropwise
addition of Et3B.

as described below, in addition to the studies of the
leaving groups (OPTC, Br) at the 2’ position of nucleo-
sides (Scheme 1).

Procedure A: Bu;Sn?H/AIBN System. In order to
investigate the effects of the reaction temperature on the
diastereoselectivity (2'R:2’S), the conventional thermal
conditions were first examined for 3’,5’-di-O-benzoyl-2’-
O-(phenoxythiocarbonyl)adenosine (2a) with Bu;Sn?H
and AIBN at 100 °C, 80 °C, 60 °C, and 0 °C; 3’,5’-di-O-
benzoyl-2’-0-(phenoxythiocarbonyl)uridine (2b) at 100 °C,
65 °C, and 0 °C, and 3’,5’-di-O-benzoyl-2’-bromo-2’-
deoxyuridine (8b) at 100 °C and 65 °C.? The results from
these experiments suggested that the stereoselectivity is
not controlled by the properties of the group introduced
at the 2’-position, and that a lower reaction temperature
tends to improve the diastereomer ratio 2’R/2’S.

Procedure B: Sonochemical BusSn?H Reduction (en-
tries 1 and 7). Since procedure A is not feasible for the
reaction at any lower temperature, in place of the
conventional thermal conditions, the reactions at low
temperatures were next examined using sonochemical
conditions [under an argon atmosphere with 20 KHz
ultrasound (50 W) irradiation® ], which have been strik-
ingly efficient for generating the tin radical from Bujs-
Sn?H, even at around —60 °C.”

In the first place, a comparative study on the reactivi-
ties of 2b and 3b under sonochemical conditions was
undertaken (entries 1 and 2) and revealed the significant

(6) Suslick, K. S. Adv. Organomet. Chemn. 1986, 25, 713—119. Idem.
Mod. Synth. Methods 1986, 4, 1—60.

(7) (a) Nakamura, E.; Machii, D.; Inubushi, T. J. Am. Chem. Soc.
1989, 111, 6849-6850. (b) Nakamura, E.; Inubushi, T.; Aoki, S.;
Machii, D. J. Am. Chem. Soc. 1991, 113, 8980—8982.

d.e.%
100

90 A

80+

70 - — ———
-80 -60 -40 -20 0 20

] T

Figure 1. Cross-correlation of entries 2—7 in Table 1 between
de% of (2'R)- and (2'S)-2’-deoxy{2’-*H]uridine and the reaction
temperature.

superiority of 3b [yield of (2’R)- and (2'S)-3',5’-di-O-
benzoyl-2’-deoxy{2’-?Huridine (4b) at 12 °C: 95%] to 2b
(yield of 4b at 22 °C: 55%), although the diastereoselec-
tivity obtained was almost the same. Therefore, experi-
ments at a lower temperature were performed with
3b, by examining the reaction at temperatures starting
from 11 °C, 1 °C, —32 °C, =50 °C, and finally —71 °C in
the reaction system. It was of great interest to find the
significant improvement in the diastereoselectivity, given
by 2'R:2'S as 87:13, 88:12, 92:8, 94:6, and 96:4, respec-
tively. The diastereomer excess (de) amounts observed
in the temperature range of —71 °C (entry 7) to 12 °C
(entry 2) were plotted against the reaction temperature
to give the profile shown in Figure 1. With the viewpoint
from the activation energy, the isomeric ratios observed
in the temperature range of —71 to 12 °C correspond to
a 1.0—1.3 kcal/mol [AAG?] energy difference between the
a- and S-face approaches of BusSn®H to the free radical
generated at the 2’ position (entries 2—7). Thus, the
diastereoselectivity is controlled mainly by the reaction
temperature.

The present approach through ultrasound irradiation
is significant as a basic study, but is impractical for the
synthesis of (2'R)-2’-deoxy[2’-?H]ribonucleosides on a
preparative scale, due to the irradiation apparatus, and,
thus, it is inadequate to ensure a sufficient supply for
us to construct an objective oligodeoxyribonucleotide for
NMR analysis.

Procedure C: BusSn?H/Et;B System (entries 8—11).
In place of the sonochemical conditions, the BusSn?H
reductive deuteration of 8b induced by Et;B was exam-
ined based on the reduction using Et;B, which was
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Figure 2, 'H-NMR spectra (400 Mhz) of (2'R)-2'-deoxy[2’-2HInucleosides and corresponding nondeuterated 2’-deoxynucleosides.
These spectra clearly show the absence of both of the H-2'pro-R proton signal and of the J network through H-1’- and H-2'pro-R
in the ribose ring. A comparison of these spectra illustrates the diastereoselective labeling achieved in present work.

confirmed to yield an ethyl free radical in the presence
of a trace amount of oxygen at a very low temperature,
such as —70 °C.2 The present system was thus proven
to be remarkably significant as a preparative method,
giving excellent yields without regard to the reaction
temperature, and higher (2'R)-diastereoselectivity with
temperature: down to —52 °C, i.e., 84:16 at 10 °C, 86:14
at 0 °C, 90:10 at —20 °C, and finally 92:8 at —52 °C.
Effect of Protecting Groups on the Diastereose-
lectivity (2’R:2’S). Our experience in benzoyl groups
for ribonucleosides® led us to use them for the present
work. On the other hand, Robins and his co-workers used
a bidentate 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl (TPDS)
group for the protection of the hydroxyl groups at the 3’
and 5’ positions and obtained diastereoselectivity such
as ~88:12,4 which seems better than that of 74:26 for the

(8) (a) Nozaki, K.; Oshima, K.; Utimoto, K. Tetrahedron Lett. 1988,
29, 6125—6126. (b) Miura, K.; Ichinose, Y.; Nozaki K.; Fugami, K.;
Oshima, K.; Utimoto, K. Bull. Chem. Soc. Jpn. 1989, 62, 143-147. (c)
Brown, H. C.; Kabalka, G. W. J. Am. Chem. Soc. 1970, 92, 714—716.

(9) Kamaike, K.; Uemura, F.; Yamakage, S.; Nishino, S.; Ishido, Y.
Nucleosides Nucleotodes 1987, 6, 699—736.

reduction of 2a under the thermal conditions at 100 °C
we obtained herein. Therefore, a comparative study on
the diastereoselectivity in the BuzsSn?H—AIBN reduction
of 3°,5-0-TPDS-2’-0-PTC- and 3',5'-di-O-benzoyl-2'-O-
PTC-adenosine (2a) was undertaken in toluene at 100
°C in the same way, which gave 85:15 (87% yield) and
74:26 (93% yield), respectively. These results prompted
us to assume that the 3',5-O-TPDS protection for the
D-ribofuranosyl moiety of the ribonucleosides, as com-
pared to 3',5'-di-O-benzoyl protection, probably forces it
to occupy the Couo—Caenao conformation; i.e., the hetero-
cyclic moiety is forced to shift to the more rectangular
disposition, which might then exert its steric effect more
efficiently on the BusSn?H molecule to hinder its 3-face
attack on the free radical generated at the 2’ position.
Alternatively, the protection might favor the attack of
the Bu3Sn2H molecule from the a-face on the free radical.

Consequently, the 3’,5-0-TPDS protection*!® was ap-
plied to all the nucleoside substrates functionalized with
the bromo substituent at their 2’ position, and these were

(10) Markiewicw, W. T. J. Chem. Res. (S) 1979, 24—25.
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Figure 2. (continued)

subjected to the BusSn?H—Et;B reductive deuteration
(procedure C).

Highly Diastereoselective Synthesis of (2'R)-2'-
Deoxy[2-?H]ribonucleoside Derivatives. In addition
to the 3,5-0O-TPDS protection, the exocyclic amino
groups of the corresponding nucleosides were protected
by either a benzoyl or an isobutyryl group, in anticipation
of their utility in the synthesis of an oligonucleotide. N®-
benzoyl-9-(2-bromo-2-deoxy-3,5-O-TPDS-8-p-arabinofura-
nosyl)adenine (5a) was derived from N®-benzoyl-3’,5’-O-
TPDS-adenosine!! via N%-benzoyl-3’,5-O-TPDS-2’-0O-
trifluoromethanesulfonyl (Tf) adenosine by a sequence of
reactions with trifluoromethanesulfonyl chloride (TfCl)
in the presence of 4-(N,N-dimethylamino)pyridine (DMAP)
(94% yield) and with lithium bromide (LiBr) (94% yield).12

(11) Gioeli, C.; Kwiatkowski, B. O.; Chattopadhyaya, J. B. Tetra-
hedron Lett. 1981, 22, 1741—-1744.

Compound 5a was then applied to the reductive deu-
teration to give N®-benzoyl-2’-deoxy-3',5’-0-TPDS-[2'-2H]-
adenosine (6a) (94% yield), followed by the unmasking
of the TPDS group with ammonium fluoride (NH,F) in
MeOH,? to give a >99:1 mixture (85% yield) of (2'R)- and
(2’S)-Nt-benzoyl-2’-deoxy[2’-2H]adenosine (7a). 9-(2-
bromo-2-deoxy-3,5-0O-TPDS-S-D-arabinofuranosyl)-N2-
isobutyrylguanine (5¢) (91% yield) was also derived from
NZisobutyryl-8’,5-O-TPDS-guanosine!* via N2-isobutyryl-
3",5-0-TPDS-2'-0-Tf-guanosine (62% yield). Compound
5¢ was then similarly subjected to the reaction through
procedure C to give 2'-deoxy-N2-isobutyryl-3’,5’-O-TPDS-

(12) (a) Ranganathan, R. Tetrahedron Lett. 1977, 1291—-1294. (b)
Ranganathan, R.; Larwood, D. Tetrahedron Lett. 1978, 4341—4344.

(13) Zhang,W.; Robins, M., J. Tetrahedron Lett. 1992, 33, 1177~
1180.

(14) Ohtsuka, E.; Ohkubo, M.; Yamane, A.; Ikehara, M. Chem.
Pharm. Bull. 1983, 31, 1910-1916.
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1.1, 2, 4-triazole,

POC!s, EtsN
CH3CN

2. ¢.NH,OH aq
1,4-Dioxane

3. BzClI
Pyridine

6b

B B
0= 0 \ 0= 0 HO
' BuaSN?H / EtaB l 6a, 6

TPDS-O Br <8YC TPDS-0 24

6a: 94%
6b: 89%

6¢: 95%
6d: 94%

5a = AB?
Sb=U
Scm G
5d=T

6¢c
BugNF

THF
GIBU

HOT o

HO 24
7¢c: 82%

[2’-?H]guanosine (6¢) (95% yield), followed by the un-
masking of the TPDS group with tetrabutylammonium
fluoride (BusNF) in THF to give a diastereomeric mixture
of 2’-deoxy-N?-isobutyryl[2-?Hlguanosine (7c) (82% yield).
The ratio of the (2'R)- and (2’S)-diastereoisomers of 7¢
were confirmed to be 91: 9 after conversion into the
corresponding N?2,0%,0%-tribenzoyl-2'-deoxy[2’-*H]gua-
nosine (8¢) (43% overall yield in two steps) via 2’-deoxy-
[2’-?H]guanosine. (2'R)-2’-Bromo-3’,5’-0-TPDS-thymi-
dine (5d)% was similarly treated through procedure C
to give a >99:1 mixture (94% yield) of (2’'R)- and (2'S)-
3’,5’-0-TPDS-[2’-°H]thymidine (6d). The deprotection of
the 3,5"-0-TPDS group of 6d was also easily performed
by the use of NH,F in MeOH?® to give (2'R > 99%)-[2'-
ZH]thymidine (7d) (85% yield).

The synthesis of (2'R)-N*-benzoyl-2’-deoxy[2"-?H]cyti-
dine (7e) could not be performed via 2'-bromo-2’-deoxy-
3,5-0-TPDS-cytidine, because 2’-bromo-2’-deoxy-3’,5-O-
TPDS-cytidine is unstable and immediately equilibrates
with 02,2’-anhydro-(3,5-O-TPDS-f-D-arabinofuranosyl)-
cytosine hydrobromide.'® Therefore, (2'R)-2'-deoxy-3',5'-
O-TPDS-[2'-?H]cytidine was synthesized from (2'R >99%)-
2’-deoxy-3,5-O-TPDS-[2’-2H luridine in two steps (Scheme
2). 2’-Bromo-2’-deoxy-3’,5’-O-TPDS-uridine (5b)'® was
similarly treated through procedure C to give a >99:1
mixture (89% yield) of (2’R)- and (2’S)-2’-deoxy-3",5'-O-
TPDS-[2-?H]uridine (6b). The resulting 6b was ef-
ficiently converted into (2'R >99%)-2'-deoxy-3',5"-O-TPDS-
[2’-2H]cytidine via 1-{(2R >99%)-3,5-0-TPDS-2-deoxy-£-
D-[2-°H]ribofuranosyl}-4-(1,2,4~)-1H-pyrimidin-2-one by a
sequence of reagtions with 1,2,4-triazole/phosphorus oxy-
chloride/Et;N in CH3CN, with ammoniacal 1,4-dioxane.l”

(15) Aoyama, Y.; Sekine, T.; Iwamoto, Y.; Kawashima, E.; Ishido,
Y. Nucleosides Nucleotides, accepted.

(16) Marumoto, R.; Honjo, M. Chem. Pham. Bull. 1974, 22, 128—
134.
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After protection of the N*-amino group with a benzoyl
group, (2'R >99%)-N*-benzoyi-2’-deoxy-3',5"-0O-TPDS-[2"-
?Hlcytidine (6e) was also treated with NHF in dry
MeOH? to give (2'R)-N*-benzoyl-2'-deoxy[2’-?H]cytidine
(7e) (73% yield).

The sugar moiety regions of !H-NMR spectral data of
these products are shown in Figure 2, together with those
of the corresponding 2’-deoxyribonucleosides, for com-
parison. These spectra in Figure 2 clearly show the
absence of both the H-2'pro-R proton signal and the J
network through H-1’ and H-2-pro-R and H-3" and
H-2'pro-R in the ribose ring. The results described here
demonstrate the promising utility of the present ap-
proach in terms of procedure C for their preparation.

Experimental Section

General Procedures. Melting points were uncorrected.
1H- and 3C-NMR spectra were recorded at 400 and 300 MHz
and at 100 and 75 MHz, respectively. Chemical shifts were
recorded in the ¢ scale relative to an internal reference of CHs-
C1(7.26 ppm for 'H-NMR and 77.0 ppm for *C-NMR spectra),
unless otherwise noted. Dimethyl sulfoxide-d¢ (DMSO-dg)
(2.50 ppm for 'H spectra) was occasionally used as an internal
reference. The signal peaks of the 3C-NMR spectra were
assigned by the DEPT experiment. Mass spectra (MS), high
resolution mass spectra, and elemental analyses were recorded
at The Tokyo University of Pharmacy and Life Science
Chemical Instrumentation Center. Irradiation with high-
intensity ultrasound (20 KHz, 50 W) was performed under an
argon atmosphere by the use of an immersion-type titanium
horn in a glass vessel equipped with a thermocouple.®! TLC
was performed on aluminum plates precoated with Merck
silica gel 60 Fgs4, and spots were detected with a UV lamp
(253.7 nm). Column chromatography was performed using
Wakogel C-300 (Wako Pure Chemicals Co., Ltd.) and Kieselgel

(17) (a) Divakar, K. J.; Reese, C. B. J. Chem. Soc., Perkin Trans. 1
1982, 1171-1176. (b) Hodge, R. P.; Brush, C. K.; Harris, C. M.; Harris,
T. M. J. Org. Chem. 1991, 56, 1553—1564.
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60 (Merck Co., Ltd.). Solvents were reagent grade and in many
cases were dried before use.

3',5'-Di-O-benzoyl-2-deoxy[2-*H]uridine (4b). Through
Procedure A (from 3b). A solution of 3',5'-di-O-benzoyl-2’-
bromouridine (3b) (180.37 mg, 0.35 mmol) and AIBN (24.3 mg,
0.15 mmol) in diglyme (4 mL) was heated up at 100 °C under
an argon atmosphere. To the heated solution was added Bus-
Sn2H (0.19 mL, 0.7 mmol). After continuing to stir at 100 °C
for 1 h, the resulting solution was quenched with 0.1 M iodine
solution in THF, which was added until the pale color of iodine
remained, and the mixture was concentrated in vacuo to
dryness. The residue was extracted with MeCN (50 mL), and
the solution was washed with hexane (25 mL x 3). The MeCN
solution was evaporated to dryness and subjected to chroma-
tography on a column of silica gel employing CHCl;—MeOH
system to give a colorless crystals of 4b (142.81 mg, 93%
yield: mp 227-228 °C (from 3:1 EtOH—-CHCl,) (lit.? 225—
227 °C); TH-NMR (CDCl3) 6 8.27 (br s, 1H), 7.4—8.1 (m, H-6,
11H), 6.39 (d, J = 8.3 Hz, 1H), 5.6—5.66 (dd, J = 2.5, 6.7 Hz,
1H), 5.59 (dd, J= 8.2, 2.0 Hz, 1H), 4.65—4.8 (m, 2H), 4.5—-4.6
(m, 1H), 2.72—-2.79 (m, 0.04H), 2.32 (dd, J = 8.3, 6.8 Hz,
0.96H); HRMS calcd for Co3H192HNRO; (M) 437.1333, found
437.1305.

Through Procedure B (entry 7). A solution of 3b (268
mg, 0.52 mmol) and AIBN (36.4 mg, 0.22 mmol) in THF (6
mL) in a glass vessel equipped with a thermocouple was cooled
in a dry ice—acetone bath under an argon atmosphere and was
irradiated with ultrasound (20 KHz, 50 W) by the sonicator.?
When the temperature of the solution could be maintained at
—71 °C, BusSn2H (0.28 mL, 1.04 mmol) was injected into the
solution, and the irradiation was continued until no further
reaction was observed by monitoring through TLC (6 h). After
quenching the reaction by the addition of a 0.1 M iodine
solution in THF, the solvent was evaporated, and the residue
was extracted with MeCN (100 mL). The extract was washed
with hexane (50 mL x 3), and then, concentrated in vacuo.
The residue was recrystallized to give colorless crystals of 4b
(176.6 mg, 78% yield), mp 227—228 °C (from 3:1 EtOH—-CHCl;)
(lit 3 225—227 °C); tH-NMR (CDCls) 6 8.27 (br s, 1H), 7.4—8.1
(m, H-6, 11H), 6.39 (d, J = 8.3 Hz, 1H), 5.6—5.66 (dd, J = 2.5,
6.7 Hz, 1H), 5.59 (dd, J= 8.2, 2.0 Hz, 1H), 4.65—4.8 (m, 2H),
4.5—4.6 (m, 1H), 2.72—-2.79 (m, 0.04H), 2.32 (dd, J = 8.3, 6.8
HZ, 0.96H); HRMS caled for 023H192HN207 (M+) 437.1333,
found 437.1305.

Through Procedure C. To a solution of 3b (180.4 mg,
0.35 mmol) in THF (4 mL), cooled down to —60 °C under an
argon atmosphere, were successively added BusSn?H (0.19 mL,
0.7 mmol) and a 1.0 M Et3B solution in hexane (0.385 mL,
0.385 mmol, 1.1 mol equiv was necessary for inducing efficient
reaction). The reaction mixture was similarly quenched with
a 0.1 M iodine solution in THF after stirring for 1.5 h at —52
°C (which was the highest temperature observed during the
dropwise addition of EtsB). The resulting solution was con-
centrated in vacuo, and the residue was dissolved in MeCN
(100 mL). The extract was washed with hexane (50 mL x 2),
and the MeCN layer was concentrated in vacuo. The residue
was recrystallized to give colorless crystals of 4b (138.0 mg,
90% yield), mp 227—-228 °C (from 3:1 EtOH—-CHCl,) (lit.? 225—
227 °C); 'H-NMR (CDCl3) 6 8.27 (br s, 1H), 7.4—8.1 (m, H-6,
11H), 6.39 (d, J = 8.3 Hz, 1H), 5.6—5.66 (dd, J = 2.5, 6.7 Hz,
1H), 5.59 (dd, J = 8.2, 2.0 Hz, 1H), 4.65—-4.8 (m, 2H), 4.5-4.6
(m, 1H), 2.72—-2.79 (m, 0.08H), 2.32 (dd, J = 8.3, 6.8 Hz,
0.92H); HRMS caled for Co3H192HN07 (M* ) 437.1338, found
437.1316.

(2’R)-N®-Benzoyl-2’-deoxy-3',5'-0-TPDS-[2-2H]adenos-
ine (6a). To a solution of N®-benzoyl-2’-bromo-2’-deoxy-3’,5"
O-TPDS-adenosine (5a) (1.35 g, 2.0 mmol) in THF (20 mL)
under an argon atmosphere at ~70 °C were successively added
BusSn?H (1.13 mL, 4.2 mmol) and a 1.0 M solution of Et3B in
THF (2.2 mL, 2.2 mmol). After stirring the solution at —78
°C for 1 h, the resulting mixture was worked up similarly as
described above, and the residue thus obtained was chromato-
graphed on a column of silica gel, employing a toluene—EtOAc
system, to give a foam of 6a (1.13 g, 94%): 'H-NMR (CDCly)
6 9.07 (br s, 1H), 8.77 (s, 1H), 8.21 (s, 1H), 7.5—8.1 (m, 5H),
6.48 (d,J = 2.3 Hz, 1H), 4.99 (t, J = 7.4, 7.4 Hz, 1H), 4.05 (m,
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1H), 3.8—4.0 (m, 2H), 2.77 (t, J = 2.1, 7.4 Hz, 1H). 1.2-1.0
(m, 28H); 3C-NMR (CDCl;) 164.61, 152.53, 150.88, 149.53,
141.49, 133.71, 132.68, 128.79, 127.83, 85.28, 83.38, 69.89,
60.47, 61.79, , 39.64 (t, Jop = 18.7), 17.45, 17.29, 17.13, 16.99,
16.94, 16.85, 13.34, 13.08, 12.84, 12.52; HRMS caled for
C2oH4:2HN;05Si (M*) 598.2865, found 598.2872.
(2’R)-2’-Deoxy-3’,5’-0-TPDS-[2’-2H]uridine (6b). 2'-
Bromo-2’-deoxy-3’,5"-0-TPDS-uridine (§b)* (1.02 g, 1.86 mmol)
was subjected to procedure C to give a foam of 6b (0.78 g, 89%
yield): 'H-NMR (CDCl;) 4 8.08 (br s, 1H), 7.76 (d, J = 8.2 Hz,
1H), 6.48 (d, J = 1.5 Hz, 1H), 5.68 (dd, J = 2.3, 8.1 Hz, 1H),
4.44 (q,J = 7.8, 7.7 Hz, 1H), 4.13 (dd, J = 2.1, 13.2 Hz, 1H),
4,01 (dd, J = 2.9, 13.3 Hz, 1H), 3.76 (ddd, J = 8.4, 2.4, 2.5
Hz, 1H), 2.24 (d, J = 6.6 Hz, 1H), 0.90—1.2 (m, 28H); 3C NMR
(CDCls) 6 163.77, 150.18, 139.33, 128.65, 127.65, 101.51, 84.76,
84.00, 67.13, 60.01, 39.29 (t, Jop = 19.42 Hz), 17.18, 17.08,
17.01, 16.95, 16.76, 16.64, 16.53, 13.12, 12.71, 12.69, 12.56,
12.32, 12.18 (lit.!® for the protio compound); HRMS caled for
C,, H3s?HN306Siz (M* + 1) 472.24249, found 472.24329.
(2’R)-2'-Deoxy-N?-isobutyryl-3’,5’-0-TPDS-[2"-°2H]gua-
nosine (6¢). Procedure C was applied to 2’-bromo-N?-Isobu-
tyryl-2'-deoxy-3',5-O-TPDS-guanosine (5¢) (340 mg, 0.52 mmol)
to give 6¢ (287 mg, 95% yield): 'H-NMR (CDCl;) 6 11.96 (br
s, 1H), 8.23 (br s, 1H), 7.88 (s, 1H), 6.10 (d, J = 2.6 Hz, 1H),
4.71 (t, J = 7.3, 7.3 Hz, 1H), 4.04 (dd, J = 3.3, 12.6 Hz, 1H),
3.97 (dd, J = 4.7, 12.6 Hz, 1H), 3.84—-3.87 (m, 1H), 2.54—2.65
(m, 1.09H), 2.53 (dd, J = 2.6, 7.3 Hz, 0.91H), 1.28 (d, J = 6.9
Hz, 6H), 1.00—1.11 (m, 28H); *C-NMR (CDCls) 178.73, 155.61,
147.60, 147.54, 136.47, 121.50, 85.07, 82.24, 69.53, 61.55, 39.73
(br), 36.37, 18.97, 18.91, 17.43, 17.32, 17.26, 17.14, 16.99,
16.91, 16.82, 13.37, 13.04, 12.91, 12.48; HRMS calcd for
CzeH452HNsoeSiz (M+ + 1)2 581.3065, found 581.3071.
(2'R)-8',65’-0-TPDS-[2'-2H]thymidine (6d). Procedure C
was applied to (2'R)-2’-bromo-3’,5’-0-TPDS-thymidine (5d)!%
(1.13 g, 2.0 mmol) to give a foam of 6d (921 mg, 94% yield):
TH-NMR (CDCl3) 6 8.31 (br s, 1H), 7.41 (d, J = 1.2 Hz, 1H),
6.07 (d, J = 2.2 Hz, 1H), 4.49 (dd, J =7.8, 7.8 Hz, 1H), 4.11
(dd, J = 2.6, 13.1 Hz, 1H), 4.02 (dd, J = 3.0, 13.1 Hz, 1H),
3.75 (ddd, J = 8.0, 2.8, 2.8 Hz, 1H), 2.24 (dd, J = 1.9, 7.4 Hz,
1H), 1.92 (d, J = 1.1 Hz,3H), 0.58—1.3 (m, 28H); C NMR
(CDCls) 6 164.05, 1644.04, 150.29, 135.11, 10.53, 84.91, 83.72,
67.71, 60.31, 39.47 (t, Jop = 19.42 Hz), 17.40, 17.36, 17.27,
17.23, 17.06, 16.94, 16.92, 16.81, 13.44, 12.99, 12.76, 12.54,
12,47; HRMS caled for 022H402HN206812 (M+ + 1) 486.2581,
found 486.2574.
(2’R)-N%-Benzoyl-2'-deoxy[2’-?*H]ladenosine (7a). Com-
pound 6a (1.13 g, 1.89 mmol) was deprotected according to
the method of Robins'® to give a foam of 7a (570 mg, 85%
yield): 'H-NMR (DMSO-dg) 6 11.16 (br s, 1H), 8.75 (s, 1H),
8.68 (s, 1H), 7.5—8.1 (m, 5H), 6.48 (d, J = 7.3 Hz, 1H), 5.34 (d,
J = 4.2 Hz, 1H), 5.00 (t, J = 5.5 Hz, 1H), 4.4-4.5 (m, 1H),
3.8—4.0 (m, 1H), 3.5—83.7 (m, 2H), 2.78 (t, J = 6.7 Hz, 1H);
1BC-NMR (DMSO-dg) 166.61, 151.84, 151.41, 150.28, 142.98,
133.38, 132.36, 128.40, 125.82, 87.95, 83.68, 70.61, 61.57, 3.97;
HRMS calced for C;7H;62HN50, (M*) 356.1343, found 356.1342.
(2R)-2'-Deoxy-N*-isobutyryl[2’-?H]guanosine (7¢). Com-
pound 6¢ (275 mg, 0.47 mmol) in THF (4.7 mL) was treated
with 1 M BuyNF in THF (2.07 mL, 2.07 mmol) at 40 °C under
an argon atmosphere. After stirring for 40 h at 40 °C, the
solvent was evaporated and the residue was chromatographed
on a column of silica gel employing a CHCl;—MeOH (50:1-9:
1) system to give a foam of 7¢ (130 mg, 82% yield), which was
recrystalized from H»0 to give colorless crystals (94 mg, 59%).
mp > 300 °C (softens at 133 °C, does not melt below 300 °C)
(lit.1? softens at 133 °C, darkens at 235 °C, does not melt below
300 °C for the protio compound): ‘H-NMR (DMSO-ds): 6 12.06
(br s, 1H), 11.66 (br s, 1H), 8.23 (s, 1H), 6.20 (d, J = 7.4 Hz,
1H), 5.30 (d, J = 3.8 Hz, 1H), 4.95 (t, J = 5.4 Hz, 1H), 4.35~
4.38 (m, 1H), 3.82—3.85 (m, 1H), 3.48—3.60 (m, 2H), 2.73—
2.80 (m, 1H), 2.54 (dd, J = 7.4, 6.0 Hz, 0.91H), 2.24—2.29 (m,

(18) Tanaka, H.; Hayakawa, H.; lijima, S.; Haraguchi, K.; Miyasaka,
T. Tetrahedron 1985, 41, 861—866.

(19) Ti, G. S.; Gaffney, B. L.; Jones, R. A. J. Am. Chem. Soc. 1982,
104, 1316—1319.
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0.09H), 1.12 (d, J = 6.8 Hz, 6H). Anal. Caled for C,,H;s?HN;Os
: C,49.70H, 5.96 N, 20.70. Found: C, 49.68; H, 5.76; N, 20.63.

(2'R)-N?,0%,0%-Tribenzoyl-2'-deoxy[2’-°H]guanosinéBc).
Compound 7c¢ (130 mg, 0.38 mmol) in MeOH (1 mL) was
treated with a 29% aqueous NHj solution (8 mL) in a flask
equipped with a tight stopper and was stirred at 50 °C. After
stirring for 14 h at 50 °C, the solution was concentrated in
vacuo and dried in vacuo. The resulting residue was dissolved
in distilled pyridine (4.7 mL) under an argon atmosphere. After
the addition of DMAP (31 mg, 0.25 mmol) and Et3N (0.35 mL,
1.74 mmol), the solution was cooled to 0 °C and stirred for 10
min. Benzoyl chloride (0.26 mL, 1.58 mmol) was then added,
and the solution was stirred at 40 °C for 17 h. The solvent
was then evaporated to dryness, and the resulting mixture was
extracted with CHoCl; (20 mL x 3) and then washed succes-
sively with a saturated NaHCO; solution in H;O and brine.
The organic layer was dried over anhydrous MgSQO,, and
concentrated in vacuo to dryness. The residue was then
chromatographed on a column of silica gel employing a CHCl3—
MeOH (100:1) system to give a foam of 8¢ (117 mg, 43%): 'H-
NMR (CDCl3) 6 12.20 (br s, 1H), 9.51 (br s, 1H), 7.75 (s, 1H),
7.35—8.16 (m, 15H), 6.32 (d, J = 6.5 Hz, 1H), 597 (dd, J =
6.5, 2.6 Hz, 1H), 5.02—5.07 (m, 1H), 4.66—4.70 (m, 2H), 3.25
(t,J = 6.5 Hz, 0.91H), 2.54~2.65 (m, 0.09H). HRMS calcd for
C31Hs2HN;O7 (M* + 1): 581.1910, found 581.1925. (lit.2° for
the protio compound).

(2’R)-[2’-*H]thymidine (7d). Compound 6d (838 mg, 1.46
mmol) was treated similarly to 8a to give colorless crystals of
7d (331 mg, 85% yield): mp 187—189 °C (from MeOH) (lit.2!
187 °C for the protio compound), 'H-NMR (DMSO-dg) 6 11.25
(br s, 1H), 7.69 (d, J = 1.1 Hz, 1H), 6.16 (d, J = 7.8 Hz, 1H),
5.20 (d, J = 4.3 Hz, 1H), 4.99 (dd, J = 5.2 Hz, 1H), 4.2—4.25
(m, 1H), 3.76 (dd, J = 3.76, 6.89 Hz, 1H), 3.5—-3.7 (m, 2H),
2.07 (dd, J = 6.3, 7.5 Hz, 1H), 1.77 (d, J = 1.1 Hz, 3H); 3C
NMR (MeOH-d,) 6 166.37, 152.36, 138.16, 111.51, 88.81, 86.26,
72.14, 62.84, 40.85 (t, Jcp = 20.4 Hz), 12.39; HRMS calcd for
C10H15ZHN205 (M*) 243.0965, found 243.0977.

(2’R)-2'-deoxy-3,5’-0-TPDS-[2'-?H]cytidine was synthe-
sized according to the method of Reese!” from (2'R)-2-
deoxy-3',5-0-TPDS-[2-*H]uridine: 'H-NMR (DMSO-ds) 6 7.63
(d,J = 7.4 Hz, 1H), 7.18 (br d, J = 34.1 Hz, 2H), 5.96 (d, J =
3.1 Hz, 1H), 5.70 (d, J = 7.4 Hz, 1H), 4.46 (q,J = 7.5, 7.4 Hz,
1H), 4.03 (dd, J = 4.6, 12.5 Hz, 1H), 3.92 (dd, J = 2.9, 12.5
Hz, 1H), 3.72 (ddd, J = 7.3, 4.4, 3.0 Hz, 1H), 2.20 (dd, J = 3.0,
7.6 Hz, 1H), 0.98—1.1(28H, m, iPr x 4); 13C NMR (CDCly) &
166.00, 155.79, 140.61, 93.88, 84.87, 84.75, 67.17, 60.29, 39.71
(br), 17.45, 17.40, 17.29, 17.02, 16.92, 16.81, 13.38, 12.99,
12.94, 12.44; HRMS calcd for C2Hze?HN305Si, (M*) 470.2491,
found 470.2486.

(2'R)-N*-Benzoyl-2’-deoxy-3',5’-0O-TPDS-[2'-2H] cyti-
dine (6e): 'H-NMR (CDCls) 4 8.66 (br s, 1H), 8.32 (d, J =7.2

(20) Lessor, R. A.; Leonard, N. J. J. Org. Chem. 1981, 46, 4300-
4301.
(21) Schindler. Beil. 24 (3), 1297-1298.
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Hz, 1H), 7.5—7.9 (m, H-5, 6H), 6.09 (s, 1H), 4.40 (dd, J = 7.0,
8.4 Hz, 1H), 4.22 (d, J = 13.7 Hz, 1H), 4.04 (dd, J = 2.7, 13.4
Hz, 1H), 3.84 (ddd, J = 8.5, 1.6, 2.5 Hz, 1H), 2.37 (dd, J = 6.8
Hz, 1H), 0.9—-1.1(m, 28H); *C NMR (CDCl;) 4 166.67, 162.43,
154.74, 144.38, 133.00, 129.28, 128.85, 128.72, 127.78, 127.62,
96.14, 85.59, 85.52, 85.17, 66.20, 59.63, 39.34 (t, Jcp = 13.53
Hz), 17.43, 17.36, 17.23, 16.94, 16.88, 16.85, 16.75, 16.60,
13.32, 12.95, 12.87, 12.431; HRMS calced for CosH42?HN3O¢Sis
(M™*) 574.2753, found 574.2752.

(2’R)-N*-Benzoyl-2'-deoxy[2-?H]cytidine (7e). Com-
pound 6e (761 mg, 1.33 mmol) was treated similarly to 6a to
give a colorless crystals of 7e (323 mg, 73% yield): mp 207~
208 °C (from EtOH) (lit?2, 208—205 °C for the protio com-
pound); H-NMR (DMSO-dg) 6 11.21(br s, 1H), 8.40 (d, J =7.3
Hz, 1H), 7.5~8.0 (m, 5H), 7.36 (d, J = 7.4 Hz, 1H), 6.14 (d, J
= 6.5 Hz, 1H), 5.27 (d, J = 4.3 Hz, 1H), 5.06 (t, J = 5.2 Hz,
1H), 4.24 (¢, J = 5.8 Hz, J = 3.9 Hz, 1H), 3.88 (dd, J = 3.7,
7.3 Hz, 1H), 3.5~3.7 (m, 2H), 2.04 (dd, J = 6.2, 6.2 Hz,1H);
13C NMR (DMSO-dg) 6 167.27, 162.91, 154.38, 144.90, 136.89,
133.17, 132.64, 128.39, 102.17, 96.02, 87.93, 86.16, 69.86,
60.93, 40.76 (t, JC,D =134 HZ); HRMS calcd for C15H132HN305
(M™) 332.1231, found 332.1201.
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