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Several analogues of a new lead for anti-HIV-1 agents [l-[2',5'-bis-0-(ter^butyldimethykilyl)-j8-D-ribofuranosyl]-
thymine]-3'-8piro-5"-(4"-amino-l",2"-oxathiole 2",2"-dioxide) (TSAO) modified at positions N-3, 0-4 and C-5 of 
the thymine moiety, have been prepared and evaluated as inhibitors of HIV-I replication. A new stereoselective 
synthetic procedure is described. Reaction of l,2-di-0-acetyl-5-0-benzoyl-3-C-cyano-3-0-mesyl-D-ribofurano8e with 
pyrimidine bases, followed by treatment with Cs2CO3 afforded stereoselectively, 0-D-ribofuranosyl-3'-spiro nucleosides. 
2',5'-0-Deacylation and subsequent treatment with tert-butyldimethylsilyl chloride gave the TSAO derivatives. Only 
those analogues having a tBDMSi group at both the C-5' and C-2' positions of the ribose moiety showed potent 
anti-HIV-1 activity. The activity ranged from 0.060 /iM to 1.0 pM. Introduction of an alkyl or alkenyl function 
at N-3 of the thymine ring markedly decreased cytotoxicity without affecting the antiviral activity. While markedly 
active against HIV-I, the TSAO derivatives had no activity against HIV-2 or SIV. They represent the first example 
of nucleoside analogues with an intact ribose moiety that discriminate between HIV-I and other retroviruses. 

Introduction 
Several different kinds of nucleoside analogues have 

proved to be effective anti-HIV agents. Work in this field 
has mainly focused, on the one hand, on 2',3'-dideoxy-
nucleoside derivatives, in which the 3'-OH group is re
placed by a 3'-substituent, a 2',3'-double bond or a hy
drogen1-15 and, on the other hand, acyclic nucleoside 
phosphonates.16-22 The mechanism of action of these 
types of compounds is similar to that of AZT:1,19,23"26 they 
inhibit the HIV reverse transcriptase by acting as alter
native substrates and thus terminate the growing DNA 
chain. 

In search of new nucleoside derivatives as inhibitors of 
HIV replication, and as a part of our program on the 
stereospecific synthesis of branched-chain sugars and nu
cleosides, we synthesized27,28 xylo- and rioo-3'-spiro nu
cleoside derivatives. Among these derivatives, [l-[2',5'-
bis-0-(tert-butyldimethylsilyl)-/3-D-ribofuranosyl]thy-
mme]-3'-spir(>5''-(4''-amino-l'',2''-oxathiole2'',2''-dioxide)29 

(TSAO), obtained as a minor product by the reported 
pathway, exhibited a potent and selective inhibition of 
HIV-I replication in vitro.28,30 This new lead compound 
appears to interact with the HIV-I reverse transcriptase 
(RT), but not the HIV-2 RT, at a nonsubstrate binding 
site. The kinetics of HIV-I RT inhibition by these com
pounds is now under investigation. 

To direct the synthesis of these 3'-spiro nucleosides to 
the preparation of the active ribo derivatives, we have 
designed a new route which exclusively provides the de
sired ribo-spiro nucleosides. With the aim of establishing 
a detailed structure-activity relationship, this new syn
thetic route has been extended to base-modified analogues 
of the lead compound TSAO. 

Chemistry 
The spiro nucleosides were obtained stereoselectively 

by glycosylation of a tertiary cyano mesylate of ribose with 
heterocyclic bases followed by basic treatment of the cyano 
mesyl nucleosides to give exclusively the 0-D-ribo-spiro 
nucleosides. The ribo configuration of the nucleosides was 
determined by the configuration of the starting cyano-
hydrin used in the preparation of the cyano mesylate of 
ribose, as clearly demonstrated in previous papers of this 
series.31,32 
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5-0-Benzoyl-1,2- 0-isopropylidene-j8-D-ery thro-pento-
furanos-3-ulose (I)33 was prepared from D-xylose following 
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system, in the presence of NaHCO3, afforded the kineti-
cally controlled31,32 n'&o-cyanohydrin 2 (Scheme I). For-
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Scheme III 
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mation of 2 is in agreement with the approach of the 
cyanide ion from the sterically less hindered /S-face of the 
ulose 1, opposite to the 1,2-O-isopropylidene group. The 
cyanohydrin 2 was not isolated. It was transformed 
without further purification to the cyano mesylate 3. The 
absolute configuration of 3 was assumed to be identical 
to that of the corresponding cyanohydrin 2 since, in pre
vious mesylations of cyanohydrins, no epimerization was 
observed.31,32,35"37 Hydrolysis of the 1,2-O-isopropylidene 
group of 3, with aqueous trifluoroacetic acid, followed by 
reaction with acetic anhydride/pyridine afforded a (1.5:1) 
mixture of the two anomeric forms (a and /3) of the di-
acetate derivative 4 in 95% yield. Condensation of 1,2-
bis-O-acetyl cyano mesylate 4 with silylated bases using 
trimethylsilyl triflate as condensing reagent, as described 
by Vorbruggen,38 resulted in 3'-cyano mesylate nucleosides 

(29) Although the oxathiole ring has priority over the nucleoside 
system, double primes have been used in the numbering of the 
oxathiole ring in order to keep the same numbering system for 
all the nucleosides described in this paper. 

(30) Balzarini, J.; Perez-Perez, M. J.; San-Felix, A.; Schols, D.; 
Perno, C. F.; Vandamme, A. M.; Camarasa, M. J.; De Clercq, 
E. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 4392-4396. 

(31) Calvo-Mateo, A.; Camarasa, M. J.; Diaz-Ortiz, A.; De las Heras, 
F. G. Novel aldol-type cyclocondensation of O-mesyl (me-
thylsulphonyl)cyanohydrins. Application to the stereospecific 
syntheses of branched-chain sugars. J. Chem. Soc, Chem. 
Commun. 1988, 1114-1115. 

(32) Perez-Perez, M. J.; Camarasa, M. J.; Diaz-Ortiz, A.; San Felix, 
A.; De las Heras, F. G. Stereospecific synthesis of branched-
chain sugars by a novel aldol-type cyclocondensation. Carbo-
hydr. Res. 1991, 216, 399-411. 

(33) Hollemberg, D. H.; Klein, R. S.; Fox, J. J. Pyridinium chlorc-
chromate for the oxidation of carbohydrates. Carbohydr. Res. 
1978, 67, 491-494. 

(34) Levene, P. A.; Raymond, A. L. Derivatives of monoacetone 
xylose. J. Biol. Chem. 1933,102, 317-330. 

(35) Bourgeois, J. M.; Synthese de sucres amines ramifies II. 
Synthase et reactions de spiro-aziridines. HeIv. Chim. Acta 
1974, 57, 2553-2557. 

(36) Thang, T. T.; Winternitz, F.; Lagrange, A.; Oleste, A.; Lukas, 
G. Stereospecific access to branched-chain carbohydrate syn-
thons. Tetrahedron Lett. 1980, 21, 4495-4498. 

(37) Yoshimura, J.; Aqeel, A.; Hong, N.; Sato, K.; Hashimoto, H. 
Syntheses of D-rubranitrose and methyl a-D-tetrorithose by 
cyanomesylation of hexopyranosid-3-uloses. Carbohydr. Res. 
1986, 155, 236-246. 

5 in good yields. Thus, the glycosylation of 4 with thymine, 
uracil, and 5-ethyluracil39 afforded the 3'-cyano mesylates 
of thymine 5a (77%), uracil 5b (78%) and 5-ethyluracil 
5c (93%), respectively. Due to the presence of a 2-O-acyl 
participating group, the products obtained were exclusively 
(3-anomers. Coupling constant values were, in the range 
of JVjg - 6.0-7.0 Hz, which is in reasonably good agreement 
with literature data for other /3-D-n6o-3'-C-branched nu
cleosides,40,41 and further corroborates the /3-anomeric 
configuration of cyano mesylates 5a-c. 

Treatment of cyano mesylate 5a with Cs2CO3 afforded 
the spiro derivative 6a in 65% yield. Deprotection of 6a 
with saturated methanolic ammonia, gave the fully de-
protected nucleoside 7a28 in 66% yield, which, by reaction 
with tert-butyldimethylsilyl chloride yielded the 2',5'-
bis-O-silylated nucleoside 8a.28 Selective cleavage of the 
5'-0-silyl ether of 8a (Scheme H) followed by benzoylation 
with benzoyl chloride/pyridine gave the 5'-0-benzoyl-2'-
O-silyl spiro nucleoside 10a (80%). 

The spiro nucleosides 8b and 8c were prepared from the 
corresponding cyano mesylates 5b and 5c, in an overall 
yield of 24% and 32%, respectively. The reaction sequence 
was similar to that described for the synthesis of 8a, and 
no attempts were made at isolating the spiro nucleoside 
intermediates 6b, 6c, 7b, and 7c. 

Structures of the new compounds were assigned on the 
basis of the corresponding analytical and spectroscopic 
data, and by comparison of such data with those of the 
previously reported 8a and 8b whose structure had been 
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unequivocally determined28 in an earlier paper of this se
ries. 

As described in previous reports in this series,28,31'32 the 
disappearance, in the 1H NMR spectra, of the signal 
corresponding to the mesyl group and the presence of two 
singlets at 6 6.93-7.17 assigned to NH2-4" and at S 
5.60-5.74 assigned to H-3" indicate the formation of the 
spiro aminooxathiole dioxide ring. The values of Jy? -
6.0-8.1 Hz indicate a ff-D-ribo configuration40"43 of the 
spironucleosides, 6, 7, and 8. 

Spiro nucleosides of thymine 8a and uracil 8b were 
transformed (Scheme III) to the corresponding derivatives 
of 5-methylcytosine 11 and cytosine 12, respectively, fol
lowing a known method.44 Thus, treatment of derivatives 
8a and 8b with 2 equiv of phosphorous oxychloride and 
4 equiv of 1,2,4-triazole for 4 h at room temperature, 
followed by treatment with an excess of concentrated am
monia afforded the cytidine analogues 11 and 12 in 67% 
and 84% yield, respectively. 

Finally, selective N-3-alkylation45 of the spiro nucleosides 
8a and 8b afforded the N-3-substituted derivatives 13-17. 
Reaction of 8a with methyl iodide in the presence of po
tassium carbonate gave 3-methyl-3'-spiro derivative 13 in 
55% yield. 

Attachment of the methyl group to the N-3 and not to 
either the oxygen atoms of the C=O groups of thymine 
or to the NH2-4" or C-3" of the spiro oxathiole moiety was 
established as follows: (a) the 1H NMR spectrum showed 
the disappearance of the signal at 10.32 ppm assigned to 
the NH-3 and the presence of a new singlet at 3.26 ppm 
corresponding to the 3-Af-CH3. (b) No modification was 
observed at the signals of the protons of the spiro oxathiole 
moiety, thus indicating that no methylation had occurred 
at this moiety, (c) The 13C NMR showed no changes in 
the chemical shifts of C-2 and C-4 with respect to those 
observed for 8a, used as starting material. 

These carbons appear in derivative 13 at 152 ppm (C-2) 
and at 163 ppm (C-4) and are in agreement with the values 
observed for C-2 and C-4 in thymidine,46 confirming that 
the methyl group was not attached to them. 

Similarly, reaction of 8a with ethyl iodide, allyl bromide, 
and 4-bromo-2-methyl-2-butene and of 8b with allyl 
bromide afforded the 3-Af-ethyl-, 3-JV-allyl-, and 3-iV-(3-
methyl-2-butenyl) spiro nucleosides of thymine, 14,15, and 
16 in 77%, 65%, and 70% yield, respectively, and the 
3-Af-allyl spiro derivative of uracil 17 in 89% yield. Their 
analytical and spectroscopic data were in agreement with 

(42) Rosenthal, A.; Cliff, B. L. Synthesis of an Analog of the Nu-
cleoside Moiety of Polyoxins. Carbohydr. Res. 1980, 79,63-77. 
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Table I. Inhibitory Effects of 3'-Spiro Oxathiole Dioxide 
Nucleoside Analogues on HIV-1-Induced Cytopathicity in MT-4 
Cells 

6a 
8a 
8b 
8c 
9a 
10a 
U 
12 
13 
14 
15 
16 
17 

compd" 

TIBO (R 82150) 
BI-RG-587 

EC 6 0 ' OtM) 
>200 

0.060 ± 0.027 
0.206 ± 0.042 
0.066 ± 0.010 

>80 
>15 

0.127 ± 0.039 
1.0 ± 0.002 
0.059 ± 0.010 
0.123 ± 0.114 
0.233 ± 0.162 
0.377 ± 0.057 
0.615 ± 0.348 
0.076 ± 0.040 
0.128 ± 0.041 

CC60" GiM) 
>200 

14 ± 2.0 
15 ± 1.0 
5.5 ± 1.0 

229 ± 37 
36 ± 4.2 
31 ± 1.0 

>360 
240 ± 91 
123 ± 7.4 

>330 
69 ± 1.6 
8.9 ± 2.3 

>80 
>80 

SI" 
-

227 
73 
82 
<2.5 
<2.5 

246 
>360 
4088 
1000 

>1418 
183 
15 

>1053 
>625 

"Data represent the mean values of at least three to five inde
pendent experiments. 650% Effective concentration or compound 
concentration required to inhibit HIV-1-induced cytopathicity in 
MT-4 cells by 50%. "50% Cytotoxic concentration or compound 
concentration required to reduce MT-4 cell viability by 50%. 
"Selectivity index or ratio of CC50 to EC50. 

the proposed structures and with those reported for other 
N-3-substitutedpyrimidines.45,47'48 

Biological Results 
A number of pyrimidine 3'-spiro-5"-(4"-amino-l",2"-

oxathiole 2",2"-dioxide) pyrimidine nucleoside analogues 
were evaluated for their inhibitory activity against HIV-I 
(IIIB)-induced cytopathicity in human MT-4 lymphocyte 
cells (Table I). Only those nucleoside analogues that 
contain a tert-butyldimethylsilyl (tBDMS) group at both 
the C-5' and C-2' position of the ribose moiety showed 
potent anti-HIV-l activity, irrespective of the nature of 
the pyrimidine base (i.e. thymine, uracil, or cytosine). The 
anti-HIV-l activity ranged from 0.060 /*M to 1.0 uM. The 
thymine derivative 8a (EC50: 0.060 uM) proved superior 
to the uracil derivative 8b (EC60: 0.206 MM) and cytosine 
derivative 12 (EC50: 1.0 jtM). However, due to its marked 
lower toxicity, the cytosine derivative 12 proved more se
lective as an anti-HIV-l agent than the corresponding 
thymine and uracil derivatives (selectivity indexes: >360, 
227, and 73, respectively). 

Introduction of a methyl group at C-5 of the cytosine 
ring (11) enhanced the antiviral activity by 6-fold but also 
markedly increased the toxicity, thus the selectivity index 
of compound 11 was 246. Also, the 5-ethyluracil derivative 
8c showed an antiviral activity comparable to that of the 
parent thymine derivative 8a, but was slightly more cy
totoxic than 8a. Interestingly, introduction of an alkyl 
moiety at 3-N of the thymine ring (as in compounds 13 and 
14) did not alter the antiviral potency of the parent com
pound, but markedly decreased the cytotoxicity. Conse
quently, the selectivity index went up to 4088 and 1000, 
respectively. Substitution of an alkenyl function at 3-N 
of the thymine ring [as in 3-iV-allylthymine 15 and 3-Af-
(dimethylallyl)thymine 16] decreased the toxicity of the 
parent compound but also weakened the antiviral activity 
by 4- to 7-fold. Surprisingly, the 3-2V-allyluracil derivative 

(47) Yamamoto, L; Kimura, T.; Tateoka, Y.; Watanabe, K.; Ho, I. 
K. N-Substituted oxopyrimidines and Nucleosides: Struc
ture-Activity Relationship for Hypnotic Activity as Central 
Nervous System Depresant. J. Med. Chem. 1987, 30, 
2227-2231. 

(48) Cook, A. F.; Moffat, J. G. Carbodiimide-Sulfoxide Reactions. 
VI. Syntheses of 2'- and 3'-Ketouridines. J. Am. Chem. Soc. 
1967, 89, 2697-2705. 
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17 was slightly less active and more cytotoxic than its 
unsubstituted counterpart 8b. 

While markedly active against HIV-I, the silylated 3'-
spiro-5"-(4"-amino-l",2"-oxathiole 2",2"-dioxide) deriva
tives had no activity against HIV-2 (ROD) or HIV-2 (EHO) 
or simian immunodeficiency virus (SIV) (data not shown). 
They represent the first example of nucleoside analogues 
with an intact ribose moiety that discriminate between 
HIV-I and other retroviruses. In this respect, the novel 
nucleoside analogues resemble the non-nucleoside ana
logues HEPT,49"51 TIBO,62-63 BI-RG-587 (nevirapin),54'55 

L-697,639,66 and BHAP.57 As noted for these com
pounds,58"62 our data also indicate that the 2',5'-silylated 

(49) Baba, M.; Tanaka, H.; De Clercq, E.; Pauwels, R.; Balzarini, 
J.; Schols, D.; Nakashima, H.; Pemo, C. F.; Walker, R. T.; 
Miyasaka, T. Highly Specific Inhibition of Human Immuno
deficiency Virus Type 1 by a Novel 6-Substituted Acyclc-
uridine Derivative. Biochem. Biophys. Res. Commun. 1989, 
165,1375-1381. 

(50) Baba, M.; De Clercq, E.; Iida, S.; Tanaka, H.; Nitta, I.; Uba-
sawa, M.; Takashima, H.; Sekiya, K.; Umezu, K.; Nakashima, 
H.; Shigeta, S.; Walker, R. T.; Miyasaka, T. Anti-human Im
munodeficiency Virus Type 1 Activities and Pharmacokinetics 
of Novel 6-Substituted Acyclouridine Derivatives. Antimicrob. 
Agents Chemother. 1990, 34, 2358-2363. 

(51) Tanaka, H.; Baba, M.; Hayakawa, H.; Sakamaki, T; Miyasaka, 
T.; Ubasawa, M.; Takashima, H.; Sekiya, K.; Nitta, I.; Shigeta, 
S.; Walker, R. T.; Balzarini, J.; De Clercq, E. A New Class of 
HIV-1-Specific 6-Substituted Acyclouridine Derivatives: Syn
thesis and Anti-HIV-1 Activity of 5- or 6-Substituted Ana
logues of l-[(2-Hydroxyethoxy)methyl]-6-(phenylthio)thymine 
(HEPT). J. Med. Chem. 1991,34, 349-357. 

(52) Pauwels, R.; Andries, K.; Desmyter, J.; Schols, D.; Kukla, M. 
J.; Breslin, H. J.; Raeymaeckers, A.; Van Gelder, J.; Woesten-
borghs, R.; Heykants, J.; Schellekens, K.; Janssen, M. A. C; De 
Clercq, E.; Janssen, P. A. J. Potent and Selective Inhibition of 
HIV-I Replication in Vitro by a Novel Series of TIBO Deriv
atives. Nature 1990, 343, 470-474. 

(53) Kukla, M. J.; Breslin, H. J.; Pauwels, R; Fedde, C. L.; Miran
da, M.; Scott, M. K.; Sherrill, R. G.; Raeymaekers, A.; Van 
Gelder, J.; Andries, K.; Janssen, M. A. C; De Clercq, E.; 
Janssen, P. A. J. Synthesis and Anti-HIV-1 Activity of 
4,5,6,7-Tetrahydro-5-methylimidazo[4,5,l-;'fe][l,4]benzo-
diazepin-2(lff)-one (TIBO) Derivatives. J. Med. Chem. 1991, 
34, 746-751. 

(54) Merluzzi, V. J.; Hargrave, K. D.; Labadia, M.; Grozinger, K.; 
Skoog, M.; Wu, J. C; Shih, C. K.; Eckner, K.; Hattox, S.; 
Adams, J.; Rosenthal, A. S.; Faanes, R.; Eckner, R. J.; Koup, 
R. A.; Sullivan, J. L. Inhibition of HIV-I Replication by a 
Nonnucleoside Reverse Transcriptase Inhibitor. Science 1990, 
250,1411-1413. 

(55) Koup, R. A.; Merluzzi, V. J.; Hargrave, K. D.; Adams, J.; 
Grozinger, K.; Eckner, R. J.; Sullivan, J. L. Inhibition of Hu
man Immunodeficiency Virus Type 1 (HIV-I) Replication by 
the Dipyridodiazepinone BI-RG-587. J. Infect. Dis 1991,163, 
966-970. 

(56) Goldman, M. E.; Nunberg, J. H.; O'Brien, J. A.; Quintero, J. 
C; Schleif, W. A.; Freund, K. F.; Gaul, S. L.; Saari, W. S.; Wai, 
J. S.; Hoffman, J. M.; Anderson, P. S.; Hupe, D. J.; Emini, E. 
A.; Stern, A. M. Pyridinone Derivatives: Specific Human Im
munodeficiency Virus Type 1 Reverse Transcriptase Inhibitors 
with Antiviral Activity. Proc. Natl. Acad. Sci. U.SA. 1991,88, 
6863-6867. 

(57) Romero, D. L.; Busso, M.; Tan, C. K.; Reusser, F.; Palmer, J. 
R.; Poppe, S. M.; Aristoff, P. A.; Downey, K. M.; So, A. G.; 
Resnick, L.; Tarpley, W. G. Nonnucleoside Reverse Tran
scriptase Inhibitors that Potently and Specifically Block Hu
man Immunodeficiency Virus Type-1 Replication. Proc. Natl. 
Acad. Sci. U.S.A. 1991, 88, 8806-8810. 

(58) Baba, M.; De Clercq, E.; Tanaka, H.; Ubasawa, M.; Takashima, 
H.; Sekiya, K.; Nitta, I.; Umezu, K.; Nakashima, H.; Mori, S.; 
Shigeta, S.; Walker, R. T.; Miyasaka, T. Potent and Selective 
Inhibition of Human Immunodeficiency Virus Type 1 (HIV-I) 
by 5-Ethyl-6-phenylthiouracil Derivatives through Their In
action with the HIV-I Reverse Transcriptase. Proc. Natl 
Acad. Sci. U.S.A. 1991, 88, 2356-2360. 

3'-spirc~5"-(4"-amino-l",2"-oxathiole 2",2"-dioxide) de
rivatives are inhibitory to HIV-I reverse transcriptase but 
not HIV-2 reverse transcriptase.63,64 

In conclusion, nucleoside analogues containing a silyl 
group at both C-2' and C-5', and a spiro-5"-(4"-amino-
l",2"-oxathiole 2",2"-dioxide) group at C-3', proved to be 
potent and selective anti-HIV-1 agents that should be 
further pursued for their therapeutic potential in the 
treatment of HIV-I infections. 

Experimental Sect ion 
Chemical Procedures. Melting points were measured with 

a Reichert-Junt Kofler micro hot stage apparatus and are un
corrected. Microanalyses were obtained with a Heareus CHN-
O-RAPED instrument. 1H NMR spectra were recorded with a 
Varian EM-390, a Varian XL-300, and a Bruker AM-200 spec
trometer operating at 90,300, and 200 MHz, and 13C NMR spectra 
with a Bruker WP-80-SY, a Bruker AM-200, and a Varian XL-300 
spectrometer operating at 20, 50, and 75 MHz, with Me4Si as 
internal standard. IR spectra were recorded with a Shimadzu 
IR-435 spectrometer. Analytical TLC was performed on silica 
gel 60 F2M (Merck). Flash column chromatography was performed 
with silica gel 60 (230-400 mesh) (Merck). 

Proximities were established conventionally on the basis of 
using NOE effects. 

5-0-Benzoyl-3-C-cyano-l,2-0-isopropylidene-3-0-me-
syl-a-D-ribofuranose (3). A mixture of 5-0-benzoyl-l,2-0-iso-
propyhdene-a-D-erythro-pentofuranos-3-ulose (I)33 (1.3 g, 4.5 
mmol), water (13 mL), ethyl ether (26 mL), sodium hydrogen 
carbonate (0.85 g, 10.2 mmol), and sodium cyanide (0.85 g, 10.2 
mmol) was stirred vigorously at room temperature for 4 h. Ethyl 
ether (50 mL) was added, the organic phase was separated, and 
the aqueous phase was washed with ethyl ether (2 X 30 mL). The 
combined ethereal phases were dried over Na2SO4, filtered, and 
evaporated to dryness. The residue (the cyanohydrin 2), was 
dissolved in dry pyridine (10 mL). To this solution was added 
mesyl chloride (1.9 mL, 25.5 mmol). The mixture was stirred at 
8-10 0C for 16 h, poured into ice and water, and extracted with 
chloroform (2 X 50 mL). The combined extracts were washed 
with 1 N HCl (50 mL), aqueous sodium hydrogen carbonate (50 

(59) Cohen, K. A.; Hopkins, J.; Ingraham, R. H.; Pargellis, C; Wu, 
J. C; Palladino, D. E. H.; Kinkade, P.; Warren, T. C; Rogers, 
S.; Adams, J.; Farina, P. R.; Grob, P. M. Characterization of 
the Binding Site for Nevirapine (BI-RG-587), a Nonnucleoside 
Inhibitor of Human Immunodeficiency Virus Type-1 Reverse 
Transcriptase. J. Biol. Chem. 1991, 266,14670-14674. 

(60) Frank, K. B.; Noll, G. J.; Connell, E. V.; Sim, I. S. Kinetic 
Interaction of Human Immunodeficiency Virus Type 1 Re
verse Transcriptase with the Antiviral Tetrahydroimidazo-
[4,5,l-;°fe][l,4]-benzodiazepine-2(lH)-thione Compound, R. 
82150. J. Biol. Chem. 1991, 266, 14232-14236. 

(61) Debyser, Z.; Pauwels, R.; Andries, K.; Desmyter, J.; Kukla, M.; 
Janssen, P. A. J.; De Clercq, E. An Antiviral Target on Reverse 
Transcriptase of Human Immunodeficiency Virus Type 1 Re
vealed by Tetrahydroimidazo-[4,5,l-;'A][l,4]-benzodiazepin-2-
(l.H)-one and -thione Derivatives. Proc. Natl. Acad. Sci. U. 
S.A. 1991, 88, 1451-1455. 

(62) White, E. L.; Burkheit, R. W., Jr.; Ross, L. J.; Germany, J. M.; 
Andries, K.; Pauwels, R.; Janssen, P. A. J.; Shannon, W. M.; 
Chirigos, M. A. A TIBO derivtive, R 82913, is a Potent Inhib
itor for HIV-I Reverse Transcriptase with Heteropolymer 
Templates. Antiviral Res. 1991,16, 257-266. 

(63) Balzarini, J.; P§rez-P§rez, M. J.; San-Felix, A.; Camarasa, M. 
J.; Bathurst, I. C; Barr, P. J.; De Clercq, E. Kinetics of In
hibition of Human Immunodeficiency Virus Type 1 (HIV-I) 
Reverse Transcriptase by the Novel HIV-I Specific Nucleoside 
Analogue 2',5'-Bis-0-(tcrt-Butyldimethylsilyl)-3'-spiro-5"-(4"-
amino-l",2"-oxathiole-2".2"-dioxide) thymine (TSAO-T). J. 
Biol. Chem., in press. 

(64) Balzarini, J.; Perez-Perez, M. J.; San-Felix, A.; Velazquez, S.; 
Camarasa, M. J.; De Clercq, E. 2',5'-bis-0-(tert-Butyldi-
methyUilyl)-3'-spiro-5"-(4"-amino-l",2"-oxathiole-2".2"-di-
oxide) (TSAO) Derivatives of Purine and Pyrimidine Nucleo
sides as Potent and Selective Inhibitors of Human Immuno
deficiency Virus Type. Antimicrob. Agents Chemother. 1992, 
36, 1073-1080. 
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mL), and brine (50 mL), dried over Na2SO4, filtered, and evap
orated to dryness. The residue was purified by column chro
matography with hexane/ethyl acetate (3:1) as the eluent, to give 
1.4 g (78%) of S as a white solid: mp 102-103 0C (ethanol); [a]D 
39° (c 1, chloroform); IR (KBr) 1725 cm"1 (C=O), 1370, 1185 
(SO2);

 1H NMR (CDCl3,90 MHz) 8 1.40,1.60 (2 s, 6 H, MeSO2), 
4.44-4.83 (m, 3 H, H-4,2H-5), 5.18 (d, 1H, H-2, «/lj2 = 4 Hz), 6.05 
(d, 1H, H-I), 7.35-8.21 (m, 5 H, Ph); 18C NMR (CDCl3,20 MHz) 
26.22,26.79 (Me2C), 40.36 (MeSO2), 61.52 (C-5), 76.96,81.74 (C-2, 
C-4), 79.60 (C-3), 104.20 (C-I), 113.73,114.84 (CN, Me20,128.43, 
129.16,129.85,133.40 (Ph), 165.74 (C=O). Anal. (C17H19NO8S) 
C, H, N, S. 

l,2-Di-0-acetyl-5-0-benzoyl-3-C-cyano-3-0-mesyl-D-
ribofuranose (4). A solution of cyano mesylate 3 (4 g, 10 mmol) 
in 20 mL of a (9:1) mixture of trifluoroacetic acid/water was stirred 
at room temperature for 4 h. The solvent was evaporated to 
dryness, and the residue was acetylated with acetic anhydride 
(15 mL) and pyridine (35 mL) at room temperature overnight. 
The solvents were evaporated under reduced pressure, and the 
residue was purified by column chromatography with hexane/ 
ethyl acetate (2:1) to afford 4 (4.2 g, 95%) as a syrup. The NMR 
spectrum showed that it was a mixture (1.5:1) of the a and 0 
anomers: IR (film) 1755,1720 cm"1 (C=O), 1370,1180 (SO2);

 1H 
NMR (CDCl3, 90 MHz) 8 2.10, 2.19 (2 s, 6 H, 2 OAc), 3.23 (s, 3 
H, MeSO2), 5.71 (d, 1 H, H-2a), 5.77 (d, 1 H, H-2/3), 6.22 (d, 1 
H, H-l/9, «71>2 - 1 Hz), 6.56 (d, 1 H, H-Ia, J1 2 = 5 Hz). Anal. 
(C18H19NO10S) C, H, N. 

General Procedure for the Synthesis of 2'-0-Acetyl-5'-
0-benzoyl-3'-C-cyano-3'-0-mesyl-/8-D-ribofuranosyl Nu
cleosides 5. The heterocyclic base (1.2 mmol) was silylated with 
hexamethyldisilazane (6 mL) under reflux in the presence of 
ammonium sulfate (10 mg), and the reaction was refluxed until 
the solution became clear. The excess of HMDS was removed 
by distillation under reduced pressure. A solution of compound 
4 (1 mmol) in dry acetonitrile (8 mL) was added to the syrupy 
silylated base, followed by the addition of trimethylsilyl triflate 
(1.1 mmol). The resulting mixture was heated to reflux. After 
2 h, an additional portion of trimethylsilyl triflate (1.1 mmol) was 
added and the refluxing continued for 3 h. The reaction was 
allowed to cool to room temperature, dichloromethane (50 mL) 
was added, and poured into cold, saturated, aqueous NaHCO3. 
The organic phase was separated, the aqueous phase was washed 
with dichloromethane (2 X 20 mL) and dried (Na2SO4), and the 
solvent was removed. The residue was purified by column 
chromatography. 

l-(2'- O - Acetyl-5'- O -benzoyl-3'-C-cyano-3'- O -mesyl-0-D-
ribofuranosyl)thymine (Sa). Thymine (0.52 g, 4.08 mmol), the 
sugar derivative 4 (1.52 g, 3.4 mmol), and trimethylsilyl triflate 
(1.46 mL, 7.4 mmol) yielded after chromatography (hexane/ethyl 
acetate, 1:2) 1.34 g (77%) of 5a as a white foam: IR (KBr) 1760 
cm'1 (C=O), 1375,1180 (SO2);

 1H NMR (CDCl3,90 MHz) 81.74 
(s, 3 H, CH3-S), 2.21 (s, 3 H, OAc), 3.26 (s, 3 H, MeSO2), 5.13-5.43 
(m, 3 H, H-4', H-5'), 5.85, 6.30 (2 d, 2 H, H-I', H-2', Jv# = 7.0 
Hz), 7.10 (a, 1H, H-6), 7.40-8.25 (m, 5 H, Ph), 9.44 (bs, 1H, NH-3); 
13C NMR [(CD3J2SO, 50 MHz] 811.65 (CH3-S), 19.95 (OAc), 40.34 
(MeSO2), 62.31 (C-5'), 73.44,80.82,84.64 (C-2', C-4', C-I'), 76.32 
(C-3'), 110.71 (C-5), 113.02 (CN), 128.72,129.20,133.65,135.52 
(C-6, Ph), 150.24 (C-2), 163.18,164.95,168.87 (C-4, O=O). Anal. 
(C21H21N3O10S) C, H, N, S. 

l-(2'-O-Acetyl-5'-O-benzoyl-3'-C-cvano-3'-O-mesyl-0-D-
ribofuranosyl)uracil (Sb). Uracil (0.43 g, 3.6 mmol) and the 
sugar derivative 4 (1.32 g, 3 mmol) afforded, after chromatography 
(hexane/ethyl acetate, 2:3), the product 5b (1.15 g, 78%) as a white 
foam: IR (KBr) 1760 cm"1 (C=O), 1375,1180 (SO2);

 1H NMR 
(CDCl3, 200 MHz) 8 2.20 (s, 3 H, OAc), 3.23 (s, 3 H, MeSO2), 
4.70-4.92 (m, 3 H, H-4', H-5Q, 5.6 (d, 1 H, H-5), 5.74 (d, 1 H, H-I', 
Jy2, = 5.6 Hz), 6.13 (d, 1 H, H-2'), 7.27 (d, 1 H, H-6), 7.43-8.07 
(m, 5 H, Ph), 8.80 (bs, 1 H, NH-3); 13C NMR [(CDs)2CO, 20 MHz] 
8 20.27 (OAc), 40.95 (MeSO2), 63.34 (C-5'), 75.63 (C-2'), 78.19 
(C-3')( 82.43,87.65 (C-I', C-4'), 104.19 (C-5), 114.07 (CN), 129.57, 
130.45,134.43, (Ph), 140.63 (C-6), 151.11 (C-2), 163.04 (CM), 166.24, 
169.67(C=O). Anal. (C20H19N3O10S) C, H, N, S. 

1-(2'-O -Acetyl-5'- O -benzoyl-3'-C-cyano-3'- O -mesyl-0-D-
ribofuranosyl)-5-ethyluracil (Sc). 5-Ethyluracil39 (0.5 g, 3.6 
mmol) and the sugar derivative 4 (1.32 g, 3 mmol) afforded, after 
chromatography (hexane/ethyl acetate, 1:1), compound 5c (1.45 
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g, 93%) as a white foam: IR (KBr) 1750 cm"1 (C=O), 1375,1185 
(SO2);

 1H NMR (CDCl3,90 MHz) 8 1.88 (t, 3 H, CH3CH2), 2.12 
(q, 2 H, CH3CH2), 2.18 (s, 3 H, OAc), 3.25 (s, 3 H, MeSO2), 
4.40-5.10 (m, 3 H, H-4', H-5'), 5.83 (d, 1 H, H-I', Jvx = 6.0 Hz), 
6.18 (d, 1H, H-2'), 7.08 (s, 1H, H-6), 7.40-8.22 (m, 5 H, Ph), 9.14 
(bs, 1 H, NH-3); 13C NMR (CDCl3, 50 MHz) 8 12.34 (CH3CH2), 
20.03 (CH3CH2), 20.20 (OAc), 40.50 (MeSO2), 61.86 (C-5'), 75.88 
(C-20,77.47 (C-3'), 80.88,86.03 (C-I', C-4'), 113.23 (CN), 118.86 
(C-5), 128.69,128.84,129.74,132.84,133.93 (C-6, Ph), 150.03 (C-2), 
162.65 (C-4), 165.57,168.72 (C=O). Anal. (C22H28N3O10S) C, H, 
N1S. 

[l-(2'-0-Acetyl-5'-0-benzoyl-/?-D-ribofuranosyl)thy-
mine]-3'-spiro-5''-(4''-amino-l''^''-oxathiole 2",2"-dioxide) (6a). 
To a solution of the cyano mesylate 5a (1.2 g, 2.4 mmol) in dry 
acetonitrile (12 mL) was added Cs2CO3 (0.78 g, 2.4 mmol). The 
mixture was stirred at room temperature for 3 h and then filtered. 
The filtrate was neutralized with acetic acid and then evaporated 
to dryness. The residue was purified by column chromatography 
with chloroform/acetone (3:1) as the eluent to give 0.78 g (65%) 
of 6a as a white solid: mp 156-159 0C (chloroform); IR (KBr) 
3400,3330 cm"1 (NH2), 1650 (C=CN); 1H NMR [(CDg)2SO, 300 
MHz] 8 1.82 (s, 3 H, CH3-5), 2.02 (s, 3 H, OAc), 4.59-4.70 (m, 3 
H, H-4', H-5'), 5.74 (s, 1 H, H-3"), 5.77 (d, 1 H, H-I', J1, v = 8.4 
Hz), 6.11 (d, 1 H, H-2'), 7.17 (bs, 2 H, NH2), 7.49-7.99 (in, 6 H, 
H-6, Ph), 11.57 (bs, 1H, NH-3); 13C NMR [(CD3J2CO, 50 MHz] 
8 12.22 (CH3-5), 20.22 (OAc), 62.89 (C-50,72.03,81.95 (C-2, C-4'), 
87.46 (C-3'), 89.31,91.19 (C-I', C-3"), 112.18 (C-5), 139.52 (C-6), 
151.74,153.93 (C-2, C-4"), 163.90 (C-4). Anal. (C21H21N3O10S) 
C, H, N. 

[l-(/S-D-Ribofuranosyl)thymine]-3'-spiro-5"-(4"-amino-
l",2"-oxathiole 2",2"-dioxide) (7a).28 The protected nucleoside 
6a (0.70 g, 1.23 mmol) was treated with saturated methanolic 
ammonia (15 mL). After standing at room temperature overnight, 
the solvent was evaporated to dryness. The residue was chro-
matographed with chloroform/methanol (10:1) as the eluent, to 
yield compound 7a28 (0.29 g, 66%) as a white solid, mp 168-170 
0C dec (lit. mp 170 0C dec). 

[1-[2',5'-BIs-O -(tert -butyldimethylsilyl)-/3-D-ribo-
furanosyl)thymine]-3'-spiro-5"-(4"-amino-l",2"-oxathiole 
2",2"-dioxide) (8a).28 To a suspension of 7a (0.20 g, 0.55 mmol) 
in dry acetonitrile (15 mL), 4-(dimethylamino)pyridine (0.34 g, 
2.76 mmol) and tert-butyldimethylsilyl chloride (0.41 g, 2.76 mmol) 
was stirred at room temperature for 24 h. The solvent was 
evaporated to dryness and the residue, dissolved in ethyl acetate 
(50 mL), was washed with cold (4 0C) 1 N HCl (25 mL) water 
(50 mL), and brine (50 mL). The organic phase was dried over 
anhydrous Na2SO4, filtered, and evaporated to dryness. The 
residue was chromatographed with chloroform/acetone (8:1) as 
the eluent to give 8a28 (0.24 g, 74%) as an amorphous solid. 

[1-[2',5'-BiS-O -(tert -butyldimethylsilyl)-|8-D-ribo-
furanosyl]uracil]-3'-spiro-5"-(4"-amino-l",2"-oxathiole 
2",2"-dioxide) (8b).28 To a solution of the cyano mesylate 5b 
(0.98 g, 2.0 mmol) in dry acetonitrile (16 mL) was added Cs2CO3 
(0.65 g, 2.0 mmol). The mixture was stirred at room temperature 
for 6 h and filtered. The filtrate was neutralized with acetic acid, 
and finally, evaporated to dryness. The residue (spiro derivative 
6b) was deprotected with saturated methanolic ammonia (20 mL). 
After standing at room temperature overnight, the solvent was 
evaporated to dryness. The residue was dissolved in methanol 
(2 mL) and then treated with chloroform. The solid (deprotected 
nucleoside 7b) was filtered and suspended in dry acetonitrile (15 
mL) and then 4-(dimethylamino)pyridine (0.53 g, 4.4 mmol) and 
tert-butyldimethylsilyl chloride (0.66 g, 4.4 mmol) were added. 
The mixture was stirred at room temperature for 48 h, and 
evaporated to dryness. The residue was treated with ethyl acetate 
(100 mL) and water (50 mL). The organic phase was separated, 
and the aqueous phase was extracted with ethyl acetate (2 X 50 
mL). The combined organics were successively washed with cold 
(4 0C) 1 N HCl (25 mL), water (50 mL), and brine (50 mL), and, 
finally, dried over anhydrous Na2SO4, filtered, and evaporated 
to dryness. The residue was chromatographed with chloro
form/acetone (8:1) as the eluent to give 8b28 (0.28 g, 24%) as an 
amorphous solid. 

[1-[2',5'-BiS-O -(tert-butyldimethylsilyl)-0-D-ribo-
furanogyl]-5-ethyluracil]-3'-spiro-5"-(4"-amino-l",2"-oxa-
tbiole 2",2"-dioxide) (8c). A solution of cyano mesylate 5c (1.0 
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g, 1.91 mmol) in dry acetonitrile (16 mL) was treated with Cs2CO3 
(0.62 g, 1.91 mmol) for 4 h at room temperature. A similar 
treatment to that described for the synthesis of 8a afforded a 
residue that was chromatographed with chloroform/acetone (10:1) 
to give 0.37 g (32%) of 8c as an amorphous solid: IR (KBr) 3500, 
3420 cm"1 (NH2), 1650 (C=CN); 1H NMR [(CDa)2SO, 200 MHz] 
& 1.05 (t, 3 H, CH3CH2-5), 2.26 (m, 2 H, CH3CH2), 3.87 (m, 2 H, 
H-5', . V M , = 11.4, Jw = 4.8, Jm = 7.5 Hz), 4.19 (dd, 1H, H-40, 
4.52 (d, 1 H, H-2', Jyx = 8.4 Hz), 5.73 (s, 1 H, H-3"), 5.89 (d, 1 
H, H-I'), 6.93 (bs, 2 H, NH2), 7.56 (s, 1 H, H-6), 11.55 (bs, 1 H, 
NH-3); 13C NMR [(CD3)2CO, 50 MHz] « 14.17 (CH3CH2), 21.20 
(CH3CH2), 62.99 (C-50,74.99 (C-20,85.07,88.66 (C-4', C-3"), 91.85 
(C-3'), 91.98 (C-IO, 118.20 (C-5), 136.56 (C-6), 151.55,152.28 (C-2, 
C-4"), 163.23 (C-4). Anal. (C26H48N3O8SSi2) C, H, N. 

[l-[5'-0-Benzoyl-2'-0-(tert-butyldimethylsilyl)-/8-D-
ribofuKmcwyl]thymine]-3/-spiro-5''-(4/'-amino-l''^''-03tathiole 
2",2"-dioxide) (10a). To a solution of the 5'-deprotected nu
cleoside 9a28 (0.085 g, 0.18 mmol) in dry pyridine (3 mL) was added 
benzoyl chloride (0.023 mL, 0.26 mmol). The resulting mixture 
was stirred at room temperature overnight, poured into ice and 
water, and extracted with ethyl acetate (2 X 50 mL). The com
bined extracts were washed with 1N HCl (50 mL), water (50 mL), 
and brine (50 mL), dried over anhydrous Na2SO4, filtered, and 
evaporated to dryness. The residue was purified by column 
chromatography with chloroform/acetone (7:1) to give 10a (0.083, 
80%) as an amorphous solid: IR (KBr) 3420, 3340 cm'1 (NH2), 
1650 (C=CN); 1H NMR [(CDa)2CO, 200 MHz] 6 1.82 (s, 3 H, 
CHa-5), 4.68 (m, 3 H, H-4', H-5'), 5.08 (d, 1 H, H-2', Jvx = 7.6 
Hz), 5.77 (s, 1 H, H-3"), 5.91 (d, 1 H, H-I'), 6.57 (bs, 2 H, NH2), 
7.46-8.07 (m, 6 H, H-6, Ph), 10.40 (bs, 1 H, NH-3). Anal. 
(C26H33N3O9SSi) C, H, N. 

[l-[2',5'-Bis-0-(tert-butyldimethylsilyl)-/8-D-ribo-
furanosyl]-5-methylcvtosine]-3'-spiro-5"-(4"-amino-l",2"-
oxathiole 2^2 "-dioxide) (11). To a solution of 8a (0.15 g, 0.25 
mmol) in dry pyridine (2 mL) was added a solution of 1,2,4-triazole 
(0.069 g, 1.01 mmol) and POCl3 (0.05 mL, 0.5 mmol) in dry 
pyridine (5 mL). The resulting solution was stirred at room 
temperature for 4 h and then chilled on ice, and aqueous ammonia 
(2 mL) was added. After stirring at room temperature for 30 min, 
the solvent was evaporated to dryness. The residue was treated 
with 20 mL of a (1:1) mixture of chloroform/methanol. The solid 
was filtered, and the filtrate, after evaporating to dryness, was 
purified by column chromatography with chloroform/acetone (1:1) 
as the eluent to give 11 (0.10 g, 67%) as an amorphous solid: IR 
(KBr) 3350,3190 cm"1 (NH2), 1650 (O=CN); 1H NMR [(CD3J2CO, 
300 MHz] 8 2.05 (s, 3 H, CH3-5), 4.02 (dd, 1 H, H-5'a, J6-^i. = 
11-7. J*'#t = 6.8 Hz), 4.09 (dd, 1 H, H-5% Jvjn = 2.5 Hz), 4.14 
(dd, 1 H, H-4'), 5.09 (d, 1 H, H-2', Jy# = 6.6 Hz), 5.51 (d, 1 H, 
H-IO, 5.60 (s, 1H, H-3'0,6.92 (bs, 2 H, NH2-*'), 7.64 (s, 1H, H-6), 
8.22 (bs, 2 H, NH2-4); 13C NMR [(CD3J2CO, 50 MHz] S 13.19 
(CH3-5), 74.38 (C-2'), 84.57,88.98,95.19 (C-4', C-3", C-I'), 89.58 
(C-30,104.06 (C-5), 138.42 (C-6), 154.63,156.63 (C-2, C-4'0,167.10 
(C-4). Anal. (C24H44N4O7SSi2)CH1N. 

[1-[2',5'-BiS-O -(tert-butyldimethylsilyl)-0-D-ribo-
furanosyl]cyto8ine]-3'-spiro-5"-(4"-amino-l",2"-oxathiole 
2"^"dioxide) (12). Compound 8b (0.18 g, 0.031 mmol) was 
reacted with 1,2,4-triazole (0.085 g, 1.24 mmol) and POCl3 (0.06 
mL, 0.62 mmol) for 4 h and then treated with aqueous ammonia, 
following a similar procedure to that described for the synthesis 
of compound 11. The residue was chromatographed with chlo
roform/ethyl acetate (1:2) to yield 0.15 g (84%) of 12 as an 
amorphous solid: IR (KBr) 3410, 3350, 3200 cm"1 (NH2), 1650 
(C=CN); 1H NMR [(CDa)2SO, 300 MHz] 3.87 (m, 2 H, H-5', J^ 
= 5.3 Hz), 4.15 (t, 1 H, H-4'), 4.60 (d, 1 H, H-2', J1- v = 7.8 Hz), 
5.73 (s, 1 H, H-3"), 5.87 (d, 1 H, H-5), 5.90 (d, 1 rf, H-I'), 6.96 
(bs, 2 H, NHH"), 7-42 (bs, 2 H, NTCM), 7-74 (d, 1H, H-6). Anal. 
(C23H42N4O7SSi2) C, H, N. 

General Procedure for the Synthesis of (3-JV-Alkyl-
nucleo8ide8)-3-spiro-5"-(4"-amino-l"^"-oxathiole2"^"-di-
oxide) 13-17. To a solution of the spiro nucleoside 8 (1 mmol) 
in acetone (12 mL) were added K2CO3 (0.5 mmol) and the cor
responding alkyl halide (1.1-2.0 mmol). The reaction mixture 
was refluxed for 3-8 h. After removal of the solvent, the residue 
was purified by column chromatography. 

[1-[2',5'-BiS-O (tert-butyldimethylsilyl)-£-D-ribo-
furanosyl]-3-JV-methylthymine]-3'-spiro-5"-(4"-amino-

1',2'oxathiole 2',2'-dioxide) (13). Compound 8a (0.15 g, 0.25 
mmol) and methyl iodide (0.07 mL, 0.5 mmol) reacted according 
to the general procedure for 4 h. The residue was chromato
graphed with hexane/ethyl acetate (3:1) to give 13 (0.083 g, 55%) 
as a white foam: IR (KBr) 3390 cm"1 (NH2), 1715,1675 (O=O), 
1645 (C=CN); 1H NMR [(CD3)2CO, 200 MHz] S 1.95 (s, 3 H, 
CH3-5), 3.26 (s, 3 H, AT-CH3), 4.09 (m, 2 H, H-5', J^n, = 12.2, J4,* 
= 3.5 Hz), 4.34 (t, 1 H, H-4'), 4.66 (d, 1 H, H-2', Jy2. = 8.1 Hz), 
5.76 (s, 1 H, H-3"), 6.08 (d, 1 H, H-I'), 6.45 (bs, 2 H, NH2), 7.50 
(s, 1 H, H-6); 13C NMR [(CD3)2CO, 50 MHz] b 13.10 (CH3-5, 
CH3N), 63.14 (C-50,75.43 (C-2'), 85.18,88.27 (C-4', C-3"), 92.47 
(C-I', C-30,111.33 (C-5), 134.47 (C-6), 152.17,152.24 (C-2, C-4"), 
163.37 (C-4). Anal. (C26H46N3O8SSi2)C1^N. 

[ 1-[2',5'-BiS-O (tert-butyldimethylsilyl)-j8-D-ribo-
furanosyl]-3-iV-ethylthymine]-3'-8piro-5"-(4"-amino-l"^"-
oxathiole 2"^ "-dioxide) (14). Compound 8a (0.15 g, 0.25 mmol) 
and ethyl iodide (0.077 mL, 0.5 mmol) reacted according to the 
general procedure for 8 L The residue was chromatographed with 
hexane/ethyl acetate (3:1) to yield 0.12 g (77%) of 14 as an 
amorphous solid: IR (KBr) 3400, 3320 cm"1 (NH2), 1715,1670 
(O=O), 1645 (C=CN); 1H NMR [(CD3)2CO, 300 MHz] b 1.15 (t, 
3 H, JV-CH2CH3, J = 7.05 Hz), 1.94 (s, 3 H, CH3-5), 3.95 (q, 2 H, 
N-CH2CH8), 4.11 (m, 2 H, H-5', J , m = 12.2, J4 , , , = 3.6, Jvsn> = 
3.5 Hz), 4.34 (dd, 1 H, H-4'), 4.66 (d, 1 H, H-2', Jy2, = 8.15 Hz), 
5.77 (s, 1 H, H-3"), 6.10 (d, 1 H, H-I'), 6.48 (bs, 2 H, NH2), 7.49 
(s, 1 H, H-6); 13C NMR [(CD3)2CO, 50 MHz] 5 13.00 (CH3-5, 
CH3CH2N), 36.98 (CH3CH2N), 63.14 (C-50, 75.32 (C-2'), 85.14 
(C-4'), 88.00 (C-3"), 92.52 (C-I', C-3'), 111.56 (C-5), 134.56 (C-6), 
151.89,152.20 (C-2, C-4"), 162.98 (C-4). Anal. (C26H47N3O8SSi2) 
C, H, N. 

[ l-[2',5'-Bis- O-(tert -butyldimethylsilyl)-/J-D-ribo-
furanosyI]-3-Ar-allylthymine]-3'-spiro-5"-(4"-amino 1"^"-
oxathiole 2",2"-dioxide) (15). 8a (0.15 g, 0.25 mmol) was reacted 
with allyl bromide (0.023 mL, 0.27 mmol) according to the general 
procedure for 3 h. The residue was chromatographed with 
chloroform/acetone (10:1) to afford 15 (0.10 g, 65%) as an 
amorphous solid: IR (KBr) 3400, 3320 cm"1 (NH2), 1710,1670 
(C=O), 1645 (O=CN); 1H NMR [(CD3)2CO, 300 MHz] 51.96 (s, 
3 H, CH3-S), 4.10 (m, 2 H, H-5', Jttm = 12.2, J4.^ = 3.7, J4,,^ = 
3.5 Hz), 4.35 (dd, 1 H, H-4'), 4.52 (d, 2 H, NCH2), 4.70 (d, 1 H, 
H-2', J1, v = 8.1 Hz), 5.12-5.25 (m, 2 H, CH2=CH), 5.78 (s, 1 H, 
H-3"), 5.86 (m, 1 H, CH2=CH), 6.10 (d, 1 H, H-I'), 6.49 (bs, 2 
H, NH2), 7.54 (s, 1H, H-6); 13C NMR [(CDa)2CO, 50 MHz] S 13.07 
(CH3-S), 43.88 (NCH2), 63.14 (C-50,75.25 (C-20,85.17,88.21 (C-4', 
C-3"), 92.50 (C-I', C-3'), 111.52 (C-5), 118.04 (CH2=CH), 132.98 
(CH2=CH), 134.83 (C-6), 151.78,152.22 (C-2, C-4"), 162.87 (C-4). 
Anal. (C27H47N3O8SSi2) C, H, N. 

[1-[2',5'-BiS-O-(tert-butyldimethylsilyl)-/S-D-ribo-
furanosyl]-3-iV-(3-methyl-2-butenyl)thymine]-3'-spiro-5"-
(4 "-amino-1"^ "-oxathiole 2 "^"-dioxide) (16). According to 
the general procedure, 8a (0.15 g, 0.25 mmol) and 4-bromo-2-
methyl-2-butene (0.046 mL, 0.5 mmol) reacted for 2.5 h. The 
residue was chromatographed with chloroform/acetone (15:1) to 
give 16 (0.115 g, 70%) as a white solid: mp 194-195 0C (chlo-
roform/hexane); IR (KBr) 3400, 3320 cm"1 (NH2), 1710, 1675 
(C=O), 1645 (C=CN); 1H NMR [(CD3)2CO, 300 MHz] 6 1.67, 
1.79 [2 s, 6 H, (CHa)2C=C], 1.94 (s, 3 H, CH3-5), 4.08 (m, 2 H, 
H-5', J^ - 12.2, J4^11 = 3.5, Jvfn> = 3.5 Hz), 4.34 (dd, 1 H, H-4'), 
4.50 (d, 2 H, AT-CH2), 4.66 (d, 1 H, H-2', Jy2, = 8.1 Hz), 5.20 (m, 
1 H, C=CHCH2), 5.77 (s, 1H, H-3"), 6.10 (d, 1H, H-I'), 6.48 (bs, 
2 H, NH2), 7.49 (s, 1 H, H-6); 13C NMR [(CD3)2CO, 50 MHz] « 
39.90 (N-CH2), 63.14 (C-5'), 75.34 (C-2'), 85.14,88.07 (C-4', C-3"), 
92.54 (C-I', C-3'), 111.55 (C-5), 119.06 (C=CH), 134.60 (C-6), 
137.16 [(CHa)2C=CH], 151.84,152.21 (C-2, C-4"), 162.98 (C-4). 
Anal. (C29H51N3O8SSi2) C, H, N. 

[1-[2',5'-BiS-O (tert-butyldimethyl8ilyl)-0-D-ribo-
furano8yl]-3-AT-allyluracil]-3'-8piro-5"-(4"-amino-l"^"-ox-
atbiole 2",2"-dioxide) (17). According to the general procedure, 
8b (0.15 g, 0.26 mmol) reacted with allyl bromide (0.045 mL, 0.5 
mmol), for 6 h. The residue was chromatographed with chloro
form/acetone (15:1) to give 17 (0.143 g, 89%) as an amorphous 
solid: IR (KBr) 3400,3330 cm"1 (NH2), 1720,1675 (C=O), 1645 
(C=CN); 1H NMR [(CD3)2CO, 300 MHz] S 4.07 (m, 2 H, H-5', 
Jgem = 12.4 Hz), 4.37 (dd, 1 H, H-4', J4,,6.a = 2.7, J4,,^ = 3.2 Hz), 
4.48 (m, 2 H, N-CH2), 4.59 (d, 1 H, H-2', Jy2, = 8.1 Hz), 5.16 (m, 
2 H, CH2=CH), 5.80 (s, 1 H, H-3"), 5.83 (m,'l H, CH2=CH), 5.94 
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(d, 1 H, H-5), 6.15 (d, 1 H, H-I'), 6.45 (bs, 2 H, NH2), 7.79 (s, 1 
H, H-6). Anal. (C28H46N3O8SSi2) C, H, N. 

Antiretrovirus Assays. HIV-I was originally obtained from 
the culture supernatant of the persistently HIV-infected H9 cell 
line (H9/HTLV-IHB),66 which was kindly provided by R. C. Gallo 
and M. Popovic (National Institutes of Health, Bethesda, MD). 
Virus stocks were prepared from the supernatants of HIV-1-in-
fected MT-4 cells. 

MT-4 cells are human T-lymphocyte cells transformed by 
HTLV-I and highly susceptible to the cytopathic effect of HIV. 
The methodology of the anti-HIV assays has been described 
previously.17-22 Briefly, MT-4 cells (5 X 10s cells/mL) were 
suspended in fresh culture medium and infected with HIV-I at 
100 times the 50% cell culture infective dose (CCID60) per milliliter 
of cell suspension. Then 100 /xL of infected cell suspension was 
transferred to microtiter plate wells and mixed with 100 nL of 
the appropriate dilutions of test compounds. After 5 days, the 
number of viable cells for both virus-infected and mock-infected 
cell cultures was determined in a blood-cell-counting chamber 
by trypan blue staining. The 50% effective concentration (EC60) 

(65) Popovic, M.; Sarngadharan, M. G.; Read, E.; Gallo, R. G. De
tection, Isolation, and Continuous Production of Cytopatic 
Retroviruses (HTLV-III) from Patients with AIDS and Pre-
AIDS. Science 1984, 224, 497-500. 

Jeh-Jeng Wang, G. Craig Hill, and Laurence H. Hurley* 

Introduction 
Anthramycin, tomaymycin (I), and sibiromycin are the 

best known examples of the naturally occurring pyrrolo-
[l,4]benzodiazepines (P[1,4]B).1-3 These antibiotics react 
covalently with DNA to form an N2-guanine adduct that 
lies within the minor groove of DNA (Figure I).4,5 The 
P[l,4]Bs are not only specific for N2 of guanine, but are 
only reactive with guanines in certain sequences, and 
therefore show sequence selectivity.6'7 The most favored 
sequences for bonding are 5'PuGPu with 5'PyGPu and 
5'PuGPy of intermediate reactivity (Pu = purine; Py = 
pyrimidine), while 5TyGPy sequences show the least re
activity. In principle, there are four species of covalently 

* Address correspondence to this author or call (512)471-4841. 

and 50% cytotoxic concentration (CC60) were defined as the 
compound concentrations required to reduce by 50% the number 
of viable cells in the virus-infected and mock-infected cell cultures, 
respectively. 
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bound adducts that can occur as the two 115 enantiomers, 
in which the aromatic ring of the drug lies either to the 
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Bis-Tomaymycin-Duplex Adduct 
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A template-directed approach to the design of a DNA-DNA interstrand cross-linker based upon the structure of 
a bis-tomaymycin-duplex adduct has been carried out. Tomaymycin is a member of the pyrrolo[l,4]benzodiazepines 
antitumor antibiotics. In a previous study (F. L. Boyd et al., Biochemistry 1990,29, 2387-2403), we have shown 
that two tomaymycin molecules can be covalently bound to a 12-mer duplex molecule, where the drug molecules 
are on opposite strands six base-pairs apart, and the stereochemistry at the drug bonding site, and orientation in 
the minor groove, was defined by high-field NMR. This bis-tomaymycin 12-mer duplex adduct maintains the 
self-complementarity of the duplex and a B-type structure. In the present study we have shown using high-field 
NMR that this same 12-mer sequence can be truncated by two base pairs so that the two tomaymycin-modified 
guanines are now only four base-pairs apart, the two species of tomaymycin molecules are still bound with the same 
stereochemistry and orientation, and the 10-mer duplex adduct maintains its self-complementarity. In a second 
10-mer duplex we have shown that changing the bonding sequence from 5'CGA to 5'AGC does not significantly 
affect the structure of the bis-tomaymycin-duplex adduct. However, when the sequence is rearranged so that the 
drugs point in a tail-to-tail orientation rather than in the previous head-to-head configuration, there are more than 
one species of tomaymycin bound to DNA, and, as a consequence, the bis-tomaymycin 10-mer duplex adduct loses 
its self-complementarity. Last, we have used the 10-mer duplex containing the 5'CGA sequence, in which the 
tomaymycin molecules are oriented head to head, to design an interstrand cross-linking species in which the two 
drug molecules are linked together with a flexible linker molecule. 
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