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Abstract—4-Thiofuranoid glycals substituted at the 1-position with methyl (5), (z-butyldimethylsilyloxy)methyl (7), and acetoxy-
methyl (8) groups were prepared from the 3,5-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl) (TIPDS)-4-thiofuranoid glycal (3) by
way of LDA-lithiation. N-Iodosuccimide-initiated electrophilic glycosidation between silylated thymine and these 1-carbon-substi-
tuted 4-thioglycals gave the respective B-anomers (9, 10, and 13) stereoselectively. Tin radical-mediated removal of the 2'-iodine
atom from these products provided the corresponding 1’-branched 4’-thiothymidine derivatives (11, 12, and 14) in good yields.
The 1’-hydroxymethyl derivative (15) served as a precursor for the preparation of the formyl (16), cyanoethenyl (17), and cyano
(19) derivatives. Among the deprotected 1’-branched 4’-thiothymidines (20-25), the 1’-methyl analogue 20 showed the most potent
anti-HSV-1 activity, but it was much less active than the parent compound 4’'-thiothymidine.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Nucleoside analogues have been recognized as an
important class of biologically active compounds, espe-
cially, the carbon-branched sugar derivatives possess
potent antiviral activities.! In 1991, it was reported that
the simple replacement of the furanose ring-oxygen with
a sulfur atom leads to promising antiviral and antitumor
nucleosides such as 4’-thiothymidine (1) and 2’-deoxy-
4’-thiocytidine (2) (Fig. 1).%* This discovery has stimu-
lated the synthesis of 4’-thionucleosides.* The synthesis
of these nucleosides has been carried out by way of
Vorbriiggen-type or Pummerer-type glycosidation. A
major drawback of these methods is the lack of B-stere-
oselectivity that is crucial for these 4’-thionucleosides
to be active.

Recently, we reported a highly B-selective entry to 4'-
thionucleosides based on an electrophilic glycosidation
using 4-thiofuranoid glycal as a glycosyl donor.> In
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Figure 1. 4'-Thiothymidine and 2’-deoxy-4'thiocytidine.

this paper, we focus on the synthesis 1’-carbon-substi-
tuted 4'-thiothymidines and disclose their antiviral
activities.

2. Results and discussion

As reported briefly in our recent communications,”® the
1-methyl-4-thiofuranoid glycal (5) was prepared in 73%
yield by alpha-lithiation'® of 3,5-O-(tetraisopropyldisil-
oxane-1.3-diyl) (TIPDS)-4-thiofuranoid glycal (3) with
LDA followed by methylation of the 1-lithiated species
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Scheme 1. Reagents: (a) LDA; (b) Mel (for 5) or (1) DMF/NaBH,, (2) TBDMSCI (for 7) or (1) DMF/NaBHy, (2) Ac,O (for 8).

(4) with Mel (Scheme 1). Likewise, the 1-hydroxymethyl
derivative 6 was prepared by reacting 4 with DMF and
subsequent reduction with NaBH, in 72% yield. Com-
pounds 7 and 8 were obtained simply by conventional
silylation or acetylation of 6.

Electrophilic glycosidation between 5 and bis(trimethyl-
silyl)thymine was carried out by using N-iodosuccimide
(NIS) as an electrophilic reagent in CH3CN at 0°C
(Scheme 2). That the product (9, 57%) obtained from
this reaction has the desired B-configuration was con-
firmed by NOE experiments (the observed NOE correla-
tions: H-6/H-3' and H-6/H-2'). In the case of 7, the 1'-
(t-butyldimethylsilyl)oxymethyl derivative 10 was also
obtained stereoselectively in 70% yield. Removal of the
iodine atom at the 2’-position of these products was per-
formed by reacting with BusSnH in the presence of Et;B
as a radical initiator to give the 1’-carbon-substituted
4'-thiothymidines (11 and 12) in excellent yields.

We have experienced in previous studies®® that the
above electrophilic glycosidation does not work for
4-thiofuranoid glycals having an electron-withdrawing
group at the I-position.!! Therefore, as an alterna-
tive route to synthesize other 1’-carbon-substituted
4'-thiothymidines, chemical transformation of the 1'-
hydroxymethylthymidine (15) was next investigated.
Compound 15 was prepared from the 1-acetoxymethyl
glycal 8 by following the aforementioned procedures
and finally by deacetylation (8 — 13 — 14 — 15) (Fig.
2).

As shown in Scheme 3, oxidation of 15 with Dess—Mar-
tin periodinane furnished the 1’-carbaldehyde 16 in 91%

yield. The Wittig reaction of 16 with Bu;P—=CHCN gave
the 1’-cyanoethenyl nucleoside 17 in 91% yield. The 1'-
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Figure 2. Synthesis of 1’-hydroxymethyl-4’-thiothymidine derivative.

cyano derivative 19 was prepared by dehydration of
the oxime intermediate (18) with Ac,O at 100°C.

Compounds (11, 12, 16, 17, and 19) synthesized in this
study were desilylated by reacting with BuyNF to give
the corresponding free nucleosides (20-23). The isola-
tion procedure for 1’-cyano-4'-thiothymidine (25)
deserves a comment. When the desilylated mixture con-
taining 25 was subjected to silica gel column chromato-
graphy (8% CH3;OH in CH,Cl,), the iminoether 24 was
isolated. This problem could be overcome by chromato-
graphic purification using neutral silica gel (ICN Silica™)
to furnish the 1’-cyanonucleoside 25.

Finally, antiviral activities of 1’-carbon-substituted 4’-
thiothymidines (20-25) were evaluated against herpes
simplex virus type I (HSV-1) and human immunodefi-
ciency virus type I (HIV-1) (Fig. 3), the results of which
are summarized in Table 1. The anti-HSV-1 activity of
the parent compound 4’-thiothymidine (1) is also
included. The 1’-methyl analogue (20) showed anti-
HVS-1 activity with EDsq of 4uM, but its potency was
500 times less than that of 1. No anti-HIV activity was
observed for 21-25.
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Scheme 2. Reagents: (a) thymine, BSA, N-iodosuccimide/CH;CN; (b) BusSnH, Et;B, O,, PhMe.
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Scheme 3. Reagents: (a) Dess—Martin periodinane; (b) Bu;P—=CHCN; (c) HONH,; (d) Ac,0.
Table 1. Antiviral activities of 1’-carbon-substituted 4’-thiothymidines
Compound (R) HSV-1* HIV-1°¢
EDs (pg/mL) CCso (ug/mL) EDso (uM) CCso (LM)
20 (Me) 4 86.8 >34.1 >34.1
21 (CH,OH) >100 >100 >100 >100
22 (CHO) 20 >100 >95.1 >95.1
23 (CH=CHCN) >100 >100 >100 >100
24 (C(OMe)=NH) 100 >100 >100 >100
25 (CN) 20 >100 >100 >100
4'-Thiothymidine 0.008 8.73 — —

#ECsg value was determined by the CPE inhibition method.
® Data represent mean values for two separate experiments.

Inhibitory concentration required to achieve 50% protection of MT-4 cells against the cytopathic-effect of HIV-1.
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Figure 3. 1’-Carbon-substituted-4’-thiothymidines.

In summary, we have developed a synthetic method for
novel 1’-carbon-substituted 4’-thiothymidines. This
method consists of three step sequences; (1) preparation
of 1-carbon-substituted 4-thiofuranoid glycal, (2) stereo-
selective electrophilic glycosydation to these 1-substi-
tuted glycals, and (3) tin radical-mediated removal of
2’-iodo substituent. Among the 1’-branched 4’-thio-
thymidines (20-25), the 1’-methyl analogue 20 showed
the most potent anti-HSV-1 activity, but it was much
less active than the parent compound 4’-thiothymidine.
This data indicates that introduction of carbon-substit-
uent into the anomeric position of 4’-thiothymidine gave
detrimental effect for the antiviral activity. This would

be attributed to the unfavorable direction of torsion an-
gle around the glycosyl bond or sugar conformation for
recognition by the enzymes, which convert these nucleo-
side analogues into active intermediate triphosphates.

3. Experimental
3.1. General

Melting points are uncorrected. 'H NMR and 'C
NMR were measured on a JEOL JNM-LA 500
(500MHz). Chemical shifts are reported relative to
MeySi. Mass spectra (MS) were taken in FAB mode
with m-nitrobenzyl alcohol as a matrix on a JEOL
JMS-700. Ultraviolet spectra (UV) were recorded on a
JASCO V-530 spectrophotometer. Column chromato-
graphy was carried out on silica gel (Micro Bead Silica
Gel PSQ 100B, Fuji Silysia Chemical Ltd). Thin layer
chromatography (TLC) was performed on silica gel
(precoated silica gel plate F,s4, Merck). ICN silica gel
was purchased from MP Biomedicals., Inc. Where nec-
essary, analytical samples were purified by high-per-
formance liquid chromatography (HPLC). HPLC was
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carried out on a Shimadzu LC-6AD with a Shim-pack
PREP-SIL (H)KIT column (2 x25cm). THF was dis-
tilled from benzophenone ketyl.

3.2. Biological assay

3.2.1. Anti-HSV-1 activity.'> Antiviral activity against
HSV-1 was examined by cytopathic-effect (CPE) inhibi-
tion method. Briefly, HEL cells grown in 96 multi-wells
were infected with about 100 plaque forming units of
HSV-1. After 30min of virus adsorption, virus inoculum
was discarded, and the infected cells were incubated with
various concentrations of the test compounds at 37°C
for two to three days. The CPE in each well were deter-
mined by microscopic examination. The antiviral activ-
ity was expressed as EDsy at which HSV-induced CPE
were suppressed at least 50%.

3.2.2. Anti-HIV activity. The activity of these nucleoside
analogues against HIV-1 replication was based on the
inhibition of virus-infected cytopathogenicity in MT-4
cells, as described previously.'> Briefly, the cells
(1 x 105cells/mL) were infected with HIV-1 at a multi-
plicity of infection (MOI) of 0.02 and were cultured
in the presence of various concentrations of the test
compounds. After a four day incubation at 37°C, the
number of viable cells was monitored by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method.!* The cytotoxicity of the compounds
was evaluated in parallel with their antiviral activity,
based on the viability of mock-infected cells.

3.3. Chemical synthesis

3.3.1. 1,4-Anhydro-2-deoxy-1-methyl-3,5-0-(1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl)-4-thio-p-erythro-pento-
1-enitol (5). To a THF (3.0mL) solution of LDA
(2.05mmol) was added 3 (153mg, 0.41 mmol) in THF
(2.0mL) at —70°C under Ar atmosphere, and the mix-
ture was stirred for 30min. To this was added methyl
iodide (0.25mL, 4.09mmol) and stirring was continued
for further 30 min. The reaction mixture was partitioned
between CHCls/satd NH4Cl. Column chromatography
(hexane/AcOEt = 400/1) of the organic layer gave 5
(115mg, 73%) as a syrup: UV (MeOH) Apax 237nm (e
7000); '"H NMR (CDCls) 6 1.00-1.11 (28H, m, Si-i-
Pr), 1.95 3H, t, Jpme2 = Imes = 1.2Hz, Me), 3.82 (1H,
dd, J4‘532J53‘5b: IIOHZ, H-Sa), 3.88-3.92 (1H, m,
H-4), 4.04 (1H, dd, J4,5b =3.6Hz and JSa,Sb = IIOHZ,
H-5b), 5.25-5.26 (1H, m, H-3), 5.36-5.39 (1H, m, H-
2); FAB-MS (m/z) 427 (M* +K). Anal. Caled for
CsH360,SSi: C, 55.62; H, 9.34. Found: C, 55.78; H,
9.55.

3.3.2. 1,4-Anhydro-2-deoxy-1-hydroxymethyl-3,5-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-thio-p-erythro-
pento-1-enitol (6). This compound was prepared by the
same procedure for the synthesis of 5, using the follow-
ing substrate and reagents: LDA (1.87mmol), 3 (140 mg,
0.37mmol), DMF (0.17mL, 2.24mmol), and NaBH4
(18.4mg, 0.49mmol), which gave 6 (109mg, 72%) as a
syrup: UV (MeOH) A,.x 238nm (¢ 7100); 'H NMR
(CDCl; + D,O) 6 1.01-1.11 (28H, m, Si-i-Pr), 3.85

(IH, t, J4,5a:J5a,5b: 112HZ, H-Sa), 3.92 (IH, ddd,
J3’4 = 4.4HZ, J4,5a = 112HZ, and J4,5b = 4.0HZ, H-4),
407 (1H, dd, Jus, =4.0Hz and Js, 5, = 11.2Hz, H-
5b), 425 and 430 (2H, each as dt, Jocux =
Jycuz = 1.6Hz, and Jgem = 14.4Hz, CH,OH), 5.42
(IH, ddd,, JCHZ,B =1.6 Hz, J2’3 =2.4Hz, and
J3’4:4.4HZ H-3), 5.54 (IH, dd, JZ,CI—IZ: 1.6Hz and
Joz = 2.4Hz, H-2); FAB-MS (m/z) 443 (M* + K). Anal.
Calcd for C;gH3604SSi: C, 53.42; H, 8.97. Found: C,
53.18; H, 9.11.

3.3.3. 1,4-Anhydro-1-(z-butyldimethylsilyloxymethyl)-2-
deoxy-3,5-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-
thio-p-erythro-pento-1-enitol (7). A mixture of 6
(90.1mg, 0.22mmol), imidazole (45.5mg, 0.67mmol),
and z-butyldimethylsilyl chloride (67.2mg, 0.45mmol)
in DMF (3.0mL) was stirred for 1h. The reaction mix-
ture was partitioned between AcOEt/H,O. Column
chromatography (hexane/AcOEt = 50/1) of the organic
layer gave 7 (108mg, 93%) as a syrup: UV (MeOH)
Ashoutder 286nm (¢ 1300), Apax 244nm (¢ 6200), Anin
214nm (¢ 2400); '"H NMR (CDCl5) 6 0.08 (6H, s, Si-
Me), 0.91 (9H, s, Si-#-Bu), 1.03-1.10 (28H, m, Si-i-Pr),
3.85 (1H, t, Jssa=Jsasp=9.6Hz, H-5a), 3.88-3.92
(IH, m, H-4), 406 (1H, dd, J4s,=2.0Hz and
Jsa.50 = 9.6 Hz, H-5b), 4.27 and 4.33 (2H, each as dt,
JZ,CHZ = J3,CH2 =1.6Hz and Jgem =13.6Hz,
CH,OTBDMS), 5.38-5.41 (1H, m, H-3), 5.54 (1H, dd,
JZ,CHZ =1.6Hz and J2’3 = 2.4HZ, H-2), FAB-MS (m/Z)
557 (M* + K). Anal. Caled for C,4Hs004SSi5 1/2H,0:
C, 54.60; H, 9.74. Found: C, 54.25; H, 9.73.

3.34. 1-Acetoxymethyl-1,4-anhydro-2-deoxy-3,5-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-thio-p-erythro-
pento-1-enitol (8). This compound was prepared by the
same procedure for the synthesis of 5 using the following
substrate and reagents: LDA (5.1mmol), 3 (381.6mg,
1.02mmol), DMF (0.55mL, 7.14mmol), and NaBH,
(57.9mg, 1.53mmol), which gave 6 (333.5mg, 81%) as
a syrup. To a CH,Cl, (6 mL) solution of 6 were added
i-Pr,NEt  (0.43mL, 2.46mmol), Ac,O (0.15mL,
1.64mmol), and DMAP (50mg, 0.41 mmol) at 0°C.
The mixture was stirred at rt for 1h. The reaction mix-
ture was partitioned between CHCls/satd NaHCO;.
Column chromatography (hexane/AcOEt =40/1) of
the organic layer gave 8 (287.1mg, 78%) as a syrup:
UV (MeOH) Agnoutder 257nm (g 2200), Apax 240nm (e
4500), Amin 215nm (e 1100); '"H NMR (CDCls) 6 1.03—
1.54 (28H, m, Si-i-Pr), 2.10 (3H, s, Ac), 3.88 (1H, dd,
J45,=10.8Hz and Js, s, =11.0Hz, H-5a), 3.91-3.96
(IH, m, H-4), 4.06 (IH, dd, J4,5b = 3.2Hz and JSa,Sb =
II.OHZ, H-Sb), 4.69 (IH, dt, JZ,CH2a = J3,CH2a =1.2Hz
and Jgem = 132HZ, CHZaOAC), 4.76 (IH, dt, J2’Cl—[b =
J3,CH2b =1.2Hz and Jgem =13.2Hz CHQbOAC), 5.40
(1H, m, H-3), 5.56-5.57 (1H, m, H-2); FAB-MS (m/z)
387 (M"—0Ac). Anal. Caled for C,yH3305SSi»: C,
53.77; H, 8.57. Found: C, 53.93; H, 8.83.

3.3.5. 1-[2-Deoxy-2-iodo-1-methyl-3,5-0-(1,1,3,3-tetra-
isopropyldisiloxane-1,3-diyl)-4-thio-f-p-ribofuranosyl]-
thymine (9). To an CH3CN (1.5mL) solution of bis-O-
trimethylsilylthymine, prepared from thymine (47.9mg,
0.38mmol) and BSA (0.19mL, 0.75mmol), were added
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5 (96.6mg, 0.25mmol) in CH3;CN (2.0mL)-CH,Cl,
(1.0mL) and N-iodosuccimide (85.5mg, 0.38 mmol) at
0°C under Ar atmosphere. The reaction mixture was
stirred for 2h and then partitioned between CHCls/satd
NaHCO;. Column  chromatography (hexane/
AcOEt =10/1) of the organic layer gave 9 (92.0mg,
57%) as a foam: UV (MeOH) /Z.x 269nm (¢ 10,600),
Jemin 2370m (¢ 2700); '"H NMR (CDCls) 6 0.89-1.07
(28H, m, Si-i-Pr), 1.95 (3H, d, Jmes = 1.2Hz, Me-5),
2.19 (3H, s, Me-1’), 3.27 (1H, dd, J» 3 =4.0Hz and
Jy 4 =9.2Hz, H-3'), 3.68-3.71 (1H, m, H-4"), 3.94
(1H, dd, J4’,5’a: 1.6Hz and J5ra’5fb: 12.8 Hz, H-S’a),
4.04 (1H, dd, Jy s, =3.2Hz and Js, s = 12.8Hz, H-
5'b), 5.95 (1H, d, J» 3 =4.0Hz, H-2'), 8.06 (1H, br,
NH), 8.62 (1H, d, Jmes = 1.2Hz, H-6); NOE experi-
ment, H-6/H-2’ (1.0%), H-6/H-3’ (1.0%), H-2'/H-3’
(3.2%); FAB-MS (m/z) 641 (M* + H), 597 (M*—i-Pr)
and 515 (M*—B). Anal. Caled for C,3H4IN,O5SSis:
C, 43.11; H, 6.45; N, 4.37. Found: C, 43.14; H, 6.48;
N, 4.16.

3.3.6.  1-[1-(z-Butyldimethylsilyloxymethyl)-2-deoxy-2-
iodo-3,5-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-
thio-f-p-ribofuranosyljthymine (10). This compound was
prepared by the same procedure for the synthesis of 9,
using the following substrate and reagents: thymine
(26.5mg, 0.21mmol), BSA (0.10mL, 0.42mmol), 7
(72.1mg, 0.14mmol), N-iodosuccimide (47.2mg,
0.21 mmol), which gave 10 (75.9mg, 70%) as a syrup:
UV (MeOH) Apax 269nm (¢ 10,700), Ap, 237nm (e
3000); '"H NMR (CDCl;) 6 —0.09 and 0.09 (6H, each
as s, Si-Me), 0.78 (9H, s, Si-i-Bu), 0.91-0.98 and 1.03-
1.06 (28H, each as m, Si-i-Pr), 1.92 3H, d, Jyvee =
1.2Hz, Me-5), 3.30 (1H, dd, Jy3=4.0Hz and
Jy 4 =9.4Hz, H-3'), 3.57-3.60 (1H, m, H-4"), 3.92
(IH, d, Js,s,=12.8Hz, H-5a), 4.04 (1H, dd,
J4/,5’b =2.8Hz and JS'a,S’b = 128HZ, H-Slb), 4.26 (lH,
d, Jy7y 1 = 9.6 Hz, H-1"a), 4.65 (1H, d, Jy74.17, = 9.6 Hz,
H-1"b), 5.90 (1H, d, J» 3 = 4.0Hz, H-2’), 8.47 (1H, d,
JImes = 1.2Hz, H-6), 8.64 (1H, br, NH); NOE experi-
ment, H-6/H-2" (1.0%), H-2'/H-3' (10%); FAB-MS
(mlz) 713 (M"—¢-Bu) and 645 (M"—B). Anal. Calcd
for C,y9HssIN,O6SSiz-1/10AcOEL: C, 45.28; H, 7.21;
N, 3.59. Found: C, 45.65; H, 7.38; N, 3.51.

3.3.7. 1-|2-Deoxy-1-methyl-3,5-0-(1,1,3,3-tetraisopropyl-
disiloxane-1,3-diyl)-4-thio-B-p-ribofuranosyljthymine (11).
To a toluene (2.5mL) solution of 9 (48.2mg, 0.25mmol)
was added tributyltin hydride (30uL, 0.11 mmol) and
triethylborane (38 L, 0.038 mmol) at —40°C, and the
mixture was stirred under O, atmosphere for 2h. Col-
umn chromatography (hexane/AcOEt = 10/1) of the
reaction mixture gave 11 (36.3mg, 94%) as a syrup:
UV (MeOH) Apax 272nm (¢ 9700), Amin 238 nm (e
2200); 'H NMR (CDCl3) & 0.97-1.07 (28H, m, Si-i-
Pr), 1.93 (3H, d, Jves = 1.2Hz, Me-5), 1.98 (3H, s,
Me-1"), 231 (1H, dd, Jy»3=12.0Hz and
Joaow = 13.8Hz, H-2'a), 3.42-3.46 (1H, m, H-4"), 3.54
(IH, dd, Jy, 3 =4.8Hz and Jy,,1, = 13.8Hz, H-2'b),
3.83 (IH, dd, J4/‘5fa =3.2Hz and .]5/21‘5/]3 = 126HZ, H-
5'a), 4.04 (1H, dd, J4 s = 3.2Hz and Js5, 5 = 12.6 Hz,
H-5'b), 4.17-4.23 (1H, m, H-3'), 824 (1H, d,
JImes = 1.2Hz, H-6), 8.71 (1H, br, NH); FAB-MS

(m/z) 389 (M*—B). Anal. Calcd for C,3H4N,05SSis:
C, 53.66; H, 8.22; N, 5.44. Found: C, 53.89; H, 8.41;
N, 5.32.

3.3.8. 1-[1-(z-Butyldimethylsilyloxymethyl)-2-deoxy-3,5-
0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-thio-p-p-
ribofuranosyl|thymine (12). This compound was pre-
pared by the same procedure for the synthesis of 11,
using the following substrate and reagents: 10
(69.7mg, 0.09mmol), tributyltin hydride (38uL,
0.14mmol), triethylborane (47pL, 0.047mmol), which
gave 12 (57.1mg, 94%) as a syrup: UV (MeOH) Z.x
270nm (& 9800), /pmin 2371nm (& 2100); "H NMR (CDCl;)
0 —0.06 and —0.02 (6H, each as s, Si-Me), 0.80 (9H, s,
Si-i-Bu), 0.90-1.06 (28H, each as m, Si-i-Pr), 1.90 (3H,
d, JMe,6 = 0.8HZ, MC-S), 2.27 (lH, dd, Jz/a’g,/ =10.8Hz
and Jy, o = 13.8Hz, H-2'a), 3.27-3.31 (1H, m, H-4'),
3.34 (IH, dd, Jz/b’y =4.8Hz and J2’a,2’b =13.8Hz, H-
2'b), 3.80 (1H, d, Jy 5, =3.6Hz and Js, 5, = 12.8 Hz,
H-5'a), 3.92 (1H, d, Jy»,1% = 10.0Hz, H-1"a), 4.02
(1H, dd, Jy s =3.2Hz and Js, 5, = 12.8 Hz, H-5'b),
4.25-4.31 (1H, m, H-3"), 4.37 (1H, d, Jy74.17 = 10.0Hz,
H-1"b), 7.98 (1H, d, Jme6 = 0.8 Hz, H-6), 8.58 (1H, br,
NH); FAB-MS (m/z) 601 (M*—i-Pr) and 519 (M"—B).
Anal. Calcd for C29H56N206SSi3I C, 5399, H, 875, N,
4.34. Found: C, 54.35; H, 9.00; N, 4.27.

3.3.9. 1-[1-(Acetoxymethyl)-2-deoxy-2-iodo-3,5-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-4-thio-B-p-ribo-
furanosyl|thymine (13). This compound was prepared by
the same procedure for the synthesis of 9, using the fol-
lowing substrate and reagents: thymine (119.8mg,
0.95mmol), BSA (0.47mL, 1.89mmol), 8 (281.2mg,
0.63mmol), and N-iodosuccimide (212.6 mg,
0.95mmol), which gave 13 (370.1 mg, 84%) as a foam:
UV (MeOH) /pax 267nm (e 11,000), Ay, 236nm (e
3000); "H NMR (CDCls) 6 0.83-1.07 (28H, each as m,
Si-i-Pr), 1.95 (3H, d, Jme = 1.2Hz, Me-5), 2.03 (3H,
s, Ac), 3.29 (1H, dd, J» 3» =4.0Hz and J3 4 = 9.64 Hz,
H-3%), 3.66-3.68 (1H, m, H-4), 3.94 (1H, d,
Jsa 5 = 12.8 Hz, H-5'a), 4.05 (1H, dd, Jy s, =2.8Hz
and Js, sy =12.8Hz, H-5'b), 4.86 (1H, d, Jyra1p =
11.2Hz, H-1"a), 5.28 (1H, d, Jy7,1» = 11.2Hz, H-1"b),
5.87 (1H, d, J» 3 =4.0Hz, H-2'), 8.17 (1H, br, NH),
8.50 (1H, d, Jme6 = 1.2Hz, H-6); NOE experiment, H-
6/H-2" (3.1%), CH,OAc/H-4" (0.9%), H-2'/H-3" (10%);
FAB-MS (m/z) 699 (M"—H) and 573 (M"—B). Anal.
Calcd for C25H43IN207SSi21 C, 4297, H, 620, N,
4.01. Found: C, 43.32; H, 6.23; N, 3.90.

3.3.10. 1-[1-(Acetoxymethyl)-2-deoxy-3,5-0-(1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl)-4-thio-B-p-ribofuranos-
yllthymine (14). This compound was prepared by the
same procedure for the synthesis of 11, using the follow-
ing substrate and reagents: 13 (366.2mg, 0.52mmol),
Bus;SnH (0.21mL, 0.78mmol), Et;B (0.26mL, 0.26
mmol), which gave 14 (275mg, 92%) as a foam: UV
(MeOH) Apax 269nm (¢ 10,000), Ay, 237nm (¢ 2600);
"H NMR (CDCly) 6 0.91-1.08 (28H, each as m, Si-i-
Pr), 1.93 (3H, d, Jumes = 1.2Hz, Me-5), 2.03 (3H, s,
AC), 2.34 (1H, dd, J2’a,3’ =11.6Hz and J2’a,2'b = 140HZ,
H-2'a), 3.33-3.37 (1H, m, H-2'b and H-4'), 3.84 (1H, dd,
J4’,5’a =2.8Hz and JS’a,S’b =128 Hz, H-S/a), 4.05 (IH,
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dd, J4I‘5/b =3.2Hz and JS’a,S'b = 128HZ, H-S/b), 4.24—
430 (IH, m, H-3'), 4.57 (IH, d, Jyap = 11.2Hz, H-
1"a), 491 (1H, d, Jyr 1y = 11.2Hz, H-1"b), 8.01 (1H,
d, Jnes=1.2Hz, H-6), 8.19 (IH, br, NH); FAB-MS
(mlz) 573 (M" + H) and 447 (M*—B). Anal. Calcd for
CrsHyuN-O,SSiy: C, 52.42: H, 7.74; N, 4.89. Found:
C, 52.43; H, 7.89; N, 4.80.

3.3.11. 1-[2-Deoxy-1-hydroxymethyl-3,5-0-(1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl)-4-thio-B-p-ribofuranos-
yllthymine (15). Compound 14 (259mg, 0.45mmol) was
treated with methanolic ammonia (15mL) at rt over-
night. The reaction mixture was evaporated to dryness.
Column chromatography (1.5% MeOH in CH,Cl,) of
the residue gave 15 (226.9mg, 95%) as a foam: UV
(MeOH) Zpmax 271nm (¢ 9800), Znin 238nm (¢ 2100);
"H NMR (CDCl) § 0.93-1.07 (28 H, each as m, Si-i-
Pr), 1.89 (3H, d, Jymes = 1.2Hz, Me-5), 2.41 (1H, dd,
Jra3 = 11.6 Hz and Jy, 51, = 14.0Hz, H-2'a), 3.22 (1H,
dd, Jz/b’y = 5.2Hz and J2’a,2’b = 140HZ, H-Z,b), 3.31-
3.33 (1H, m, H-4"), 3.86 (1H, dd, J4 5, =2.4Hz and
Jsasp = 13.0Hz, H-5'a), 4.02 (1H, d, Jy741 = 11.6 Hz,
H-l”a), 4.06 (IH, dd, J4f,5/b =3.2Hz and JS’a,S’b =
13.0Hz, H-5'b), 4.25 (1H, d, Jy7,17 = 11.6 Hz, H-1"b),
4.25-4.30 (1H, m, H-3"), 8.01 (1H, d, Jymes = 1.2Hz,
H-6), 8.19 (1H, br, NH); FAB-MS (m/z) 531 (M™ + H)
and 405 (M*—B). Anal. Calcd for C,3H4N,0SSi,: C,
52.04; H, 7.98; N, 5.28. Found: C, 51.99; H, 8.19; N,
5.46.

3.3.12. 1-[2-Deoxy-1-formyl-3,5-0-(1,1,3,3-tetraisoprop-
yldisiloxane-1,3-diyl)-4-thio-p-p-ribofuranosyl|thymine
(16). To a CH,Cl, (4.0mL) solution of 15 (83.7mg,
0.16mmol) was added Dess—Martin periodinane
(101.8mg, 0.24mmol) at 0°C, and the mixture was stir-
red for 3h. The reaction mixture was partitioned be-
tween CHCls/satd NaHCO;. Column chromatography
(hexane/AcOEt = 5/1) of the organic layer gave 16
(79.0mg, 93%) as a foam: UV (MeOH) A,.x 269nm (e
9700), Zmin 2370nm (¢ 2500); '"H NMR (CDCls) 6 0.91—
1.10 (28H, each as m, Si-i-Pr), 1.95 (3H, d, Jmes =
1.2 Hz, Me-S), 2.48 (IH, dd, J2’a,3/ = 5.6Hz and J2'a,2’b =
13.8Hz, H-2'a), 2.96 (1H, dd, J»p3 =12.4Hz and
Joaow = 13.8Hz, H-2'b), 3.31-3.34 (1H, m, H-4'), 3.95
(1H, d, Js.sv=13.2Hz, H-5'a), 4.13 (1H, dd,
Jy 5o =3.2Hz and Js, 51, = 13.2Hz, H-5'b), 4.30-4.37
(1H, m, H-3'), 8.17 (1H, d, Jme = 1.2Hz, H-6), 9.17
(1H, br, NH), 9.20 (1H, s, CHO); FAB-MS (m/z)
529 (M++H) Anal. Calcd for C23H40N206SSi2: C,
52.24; H, 7.62; N, 5.30. Found: C, 52.20; H, 7.74; N,
5.22.

3.3.13.  1-[1-(E)-Cyanoethenyl-2-deoxy-3,5-0-(1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl)-4-thio-B-p-ribofuranos-
yllthymine (17). To a THF (4.0mL) solution of 16
(72.1mg, 0.14mmol) was added cyanomethylenetribut-
ylphosphorane (101.4mg, 0.42mmol) at 0°C, and the
mixture was stirred at rt overnight. The reaction mixture
was partitioned between CHCls/satd NH4Cl. Column
chromatography (hexane/AcOEt = 5/1) of the organic
layer gave 17 (73.4mg, 95%) as a foam: UV (MeOH)
Jmmax 266nm (& 11,600), Amin 240nm (¢ 6300); '"H NMR
(CDCl3) 6 0.90-1.08 (28H, each as m, Si-i-Pr), 1.95

(BH, d, Jmes=0.8Hz, Me-5), 244 (1H, dd,
Joa3 =12.0Hz and Jy, 51, = 13.6 Hz, H-2"a), 3.30 (1H,
dd, J2’b,3’ =4.8Hz and J2’a,2’b = 136HZ, H-2,b), 3.45-
3.47 (1H, m, H-4"), 3.90 (1H, dd, J4 5, =2.0Hz and
J5fa~5/b = 128HZ, H—S’a), 4.07 (1H, dd, J4/,5/b =3.2Hz
and Js, 5 = 13.2Hz, H-5'b), 4.22-4.29 (1H, m, H-3'),
524 (1H, d, Jy v =164Hz, H-1"), 6.90 (1H, d,
Jy - =16.4Hz, H-1"), 8.20 (1H, d, Jyee = 1.2Hz, H-
6), 8.89 (1H, br, NH); FAB-MS (m/z) 552 (M* + H),
508 (M™—i-Pr), 426 (M"—B). Anal. Calcd for
C25H41N305SSi2: C, 5441, H, 749, N, 7.61. Found:
C, 54.68; H, 7.64; N, 7.47.

3.3.14. 1-]2-Cyano-2-deoxy-3,5-0-(1,1,3,3-tetraisoprop-
yldisiloxane-1,3-diyl)-4-thio-p-p-ribofuranosyl]thymine
(19). To a pyridine (2.5mL) solution of 16 (95.2mg,
0.18mmol) was added hydroxylamine hydrochloride
(25mg, 0.366 mmol) at 0°C, and the mixture was stirred
for 6h. The reaction mixture was partitioned between
CHCls/satd NaHCO;. Column chromatography (hex-
ane/AcOEt = 2/1) of the organic layer gave the oxime
(94.3mg, 96%, foam). A mixture of the oxime'® and
Ac,O (3.0mL) was heated at 130°C under Ar atmos-
phere for 11h. The reaction mixture was evaporated to
dryness and partitioned between CHClz/satd NaHCOs.
The organic layer was evaporated to dryness, and the
residue was treated with methanolic ammonia at rt for
1 h. Purification of the reaction mixture by preparative
TLC (hexane/AcOEt = 2/1) gave 19 (52.4mg, 59%) as
a syrup; UV (MeOH) Aynax 265nm (¢ 9700), Amin
235nm (¢ 2900); '"H NMR (CDCls) § 0.90-1.08 (28H,
each as m, Si-i-Pr), 1.95 (3H, d, Jye = 1.2Hz, Me-5),
2.83 (1H, dd, Jy,3 = 12.4Hz and Jy, 51, = 14.0Hz, H-
2'a), 3.19 (1H, dd, Jyv 3 = 4.8Hz and Jy/, 5, = 14.0Hz,
H-2'b), 3.59-3.61 (1H, m, H-4'), 393 (1H, d,
Jsa s = 12.4Hz, H-5a), 4.10 (1H, dd, Jy s, =3.2Hz
and Js, 5 = 12.4Hz, H-5'b), 4.17-4.23 (1H, m, H-3'),
8.03 (1H, d, Jmes = 1.2Hz, H-6), 8.51 (1H, br, NH?;
FAB-MS (m/z) 525 (M" + H); IR (neat) 2240 (cm ')
(CN); Anal. Calcd for C,y3H39N305SSi,: C, 52.54; H,
7.48; N, 7.99. Found: C, 52.90; H, 7.64; N, 7.81.

3.3.15.  1-[2-Deoxy-1-methyl-4-thio-p-p-ribofuranosyl]-
thymine (20). To a THF (3.0mL) solution of 11
(46.5mg, 0.09mmol) was added BuuNF-3H,O
(60.1mg, 0.23 mmol) at 0°C, and the mixture was stirred
for 1h. Column chromatography (8% MeOH in
CH,Cl,) of the reaction mixture gave 20 (20.9mg,
85%) as a syrup, which was crystallized from EtOH:
mp 169-171°C; UV (MeOH) Apnax 271nm (¢ 12,200),
Jmin 2370m (e 2500); '"H NMR (CD;OD) ¢ 1.89 (3H,
s, Me-5), 197 (3H, s, Me-1’), 242 (1H, dd,
Joay =7.6Hz and Jy,51, = 13.6Hz, H-2'a), 3.09 (1H,
dd, Jz/b‘:;f =4.8Hz and J2’a,2’b = 136HZ, H-Z/b), 3.43-
3.83 (1H, m, H-4"), 3.57 (1H, dd, J4 5, =6.0Hz and
Jsasp = 11.6Hz, H-52), 3.65 (1H, dd, Jy s, = 5.6Hz
and Js, 5 = 11.6 Hz, H-5'b), 4.20-4.24 (1H, m, H-3),
8.21 (1H, s, H-6); FAB-MS (m/z) 273 (M" + H); Anal.
Calcd for C11HgN,O4S: C, 48.52; H, 5.92; N, 10.29.
Found: C, 48.42; H, 5.85; N, 10.16.

3.3.16. 1-[2-Deoxy-1-hydroxymethyl-4-thio-p-p-ribofu-
ranosyljthymine (21). This compound was prepared by
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the same procedure for the synthesis of 20, using 12
(63.5mg, 0.098mmol) and BuyNF-3H,O (89.7mg,
0.34mmol), which gave 21 (23.2mg, 82%) as a solid,
which was crystallized from EtOH: mp 178-181°C;
UV (MeOH) .x 271nm (¢ 10,500), Apnin 237nm (&
2300); "H NMR (CD;0D) ¢ 1.89 (3H, s, Me-5), 2.61—
2.65 (1H, m, CH,-2'), 3.54-3.55 (1H, m, H-4'), 3.54-
3.55 (1H, m, CH,-5'), 4.04 (1H, d, Jy»,1 = 11.2Hz,
H-1"a), 4.14 (1H, d, Jy»,1n = 11.2Hz, H-1"b), 4.39-
440 (1H, m, H-3'), 7.83 (1H, s, H-6); FAB-MS (m/z)
289 (M+ + H) Anal. Calcd for C11H16N205S'1/4H201
C, 45.12; H, 5.68; N, 9.57. Found: C, 45.38; H, 5.44;
N, 9.45.

3.3.17.  1-[2-Deoxy-1-formyl-4-thio-p-p-ribofuranosyl]-
thymine (22). This compound was prepared by the same
procedure for the synthesis of 20 using 16 (27.5mg,
0.052mmol) and BuyNF-3H,O (34.0mg, 0.13mmol),
which gave 22 (10.2mg, 68%) as a solid: mp 107—
109°C; UV (MeOH) Apax 269nm (¢ 10,900), Apin
236nm (¢ 2800); '"H NMR (CD;OD) ¢ 1.89 (3H, s,
Me-5), 239 (1H, dd, Jy,3=4.0Hz and
Joaow = 13.2Hz, H-2'a), 2.82 (1H, dd, Jy, 3 =7.6Hz
and Jy, o = 13.2Hz, H-2'b), 3.35-3.40 (1H, m, H-4'),
3.73 (1H, dd, Jy s = 6.0Hz and Js, 51 = 11.6Hz, H-
5'a), 3.81 (1H, dd, J4 s, = 5.6 Hz and Js, 5, = 11.6 Hz,
H-5'b), 4.31-4.32 (1H, m, H-3"), 7.97 (1H, s, H-6), 9.31
(1H, s, CHO); FAB-MS (m/z) 325 (M" + K). Anal.
Calcd for C;;H4N,05S-1.1H,0: C, 43.15; H, 4.97; N,
9.15. Found: C, 43.15; H, 5.12; N, 8.75.

3.3.18. 1-[1-(E)-Cyanoethenyl-2-deoxy-4-thio-$-p-ribofu-
ranosyljthymine (23). This compound was prepared by
the same procedure for the synthesis of 20, using 17
(23.2mg, 0.04mmol) and BuyNF-3H,O (26.1mg,
0.1 mmol), which gave 23 (10.1mg, 81%) as a solid,
which was crystallized from MeOH: mp 112-114°C;
UV (MeOH) Apax 265nm (¢ 12,000), Ani, 238nm (e
5800); '"H NMR (CD;0D) 6 1.92 (3H, s, Me-5), 2.62
(lH, dd, J2’a,3/ =7.2Hz and Jz/a,sz: 138HZ, H-Z/a),
2.94 (IH, dd, Jz/b,y =4.4Hz and J2’a,2’b = 138HZ, H-
2'b), 3.46-3.50 (1H, m, H-4'), 3.69 (1H, dd,
Jy 50 =52Hz and Js, 51 = 11.8 Hz, H-5'a), 3.65 (1H,
dd, Jy s =5.2Hz and Js, s = 11.8Hz, H-5'b), 4.28-
4.32 (1H, m, H-3"), 5.43 (1H, d, J,»;» = 16.0Hz, H-1),
7.14 (1H, d, Jy»;» = 16.0Hz, H-1"), 8.24 (1H, s, H-6);
FAB-MS (m/z) 310 (M" + H) and 185 (M"—B). Anal.
Calcd for C|3H]5N304S’1/4H20: C, 4975, H, 498, N,
13.38. Found: C, 49.86; H, 5.05; N, 13.05.

3.3.19. 1-]2-Deoxy-(1-methoxyimino)-4-thio-p-p-ribofu-
ranosyljthymine (24). To a THF (3.5mL) solution of
19 (61.3mg, 0.12mmol) was added BuyNF-3H,O
(78.4mg, 0.3mmol) at 0°C, and the mixture was stirred
for 1h. Silica gel column chromatography (8% MeOH in
CH,Cl,) of the reaction mixture gave a mixture of desil-
ylated products. A mixture of this products, i-ProNEt
(84uL, 0.48mmol), Ac,O (34pL, 0.36mmol), and
DMAP (7.3mg, 0.06 mmol) in CH,Cl, (3mL) was stir-
red at rt overnight. The reaction mixture was partitioned
between CHCls/satd NaHCOs;. Purification of the or-
ganic layer by preparative TLC (CH,Cl,/MeOH = 20/
1) gave di-O-acetate of 24 (23.2mg, 48%) as a syrup.

This acetate was treated with methanolic ammonia
(6mL) at rt for 2h. The reaction mixture was evaporated
to give crude 24 (19mg, 97%), which was crystallized
from acetone: mp 138-140°C; UV (MeOH) /ax
269nm (¢ 10,100), Amin 236nm (¢ 2400); 'H NMR
(CD50D) ¢ 1.92 (3H, d, Jme.56 = 0.8Hz, Me-5), 2.74-
2.86 (2H, m, H-2'), 3.47-3.50 (1H, m, H-4'), 3.69 (3H,
s, OMe), 3.66-3.72 (1H, m, H-5'a), 3.75 (1H,
dd, Jy s, =4.8Hz and Js, 51, = 11.6Hz, H-5'D), 4.24-
4.32 (1H, m, H-3’), 8.02 (1H, s, H-6); FAB-MS (m/z)
315 (M"+H). Anal. Caled for C;,H;7N3;0sS: C,
45.70; H, 5.43; N, 13.33. Found: C, 45.72; H, 5.38; N,
12.99.

3.3.20. 1-[Cyano-2-deoxy-4-thio-B-p-ribofuranosyl|thy-
mine (25). This compound was prepared by the same
procedure for the synthesis of 20, using, 19 (50.1mg,
0.095mmol) and BuyNF-3H,O (62.8mg, 0.24mmol).
The reaction mixture was chromatographed on a ICN
silica gel (4% MeOH in CH,Cl,) gave 25 (24.1mg,
90%) as a syrup, which was crystallized from acetone—
CH,Cl,: mp 131-133°C: UV gMeOH) Amax 264nm (e
10,400), Amin 234nm (¢ 3000); "H NMR (DMSO-dg)
1.81 (3H, d, Jmes=09Hz, Me-5), 2.84 (1H, dd,
Jra3 =49Hz and Jy,o = 13.7Hz, H-2'a), 2.89 (1H,
dd, Jy3=3.7Hz and Jy, 5 = 13.7Hz, H-2'b), 3.57-
3.41 (1H, m, H-4"), 3.43-3.51 (2H, m, CH,-5'), 4.35-
438 (1H, m, H-3"), 5.09 (1H, t, Js on =4.9Hz, OH-
5", 5.59 (1H, d, J3 0on = 3.7Hz, OH-3’), 7.82 (1H, d,
JImes = 0.9Hz, H-6), 11.71 (1H, br, NH); FAB-MS (m/
Z) 284 (M++H) Anal. Calcd for C11H13N304S'1/
2CH,Cl,: C, 45.09; H, 4.61; N, 13.71. Found: C,
44.76; H, 4.54; N, 13.31.
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