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a well-established p r o c e d ~ r e . ~ ~ - ~  Treatment of the dose 
1 with sodium cyanide in a two-phase ethyl ether/water 
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system, in the presence of NaHC03, afforded the kineti- 
cally c o n t r ~ l l e d ~ l ? ~ ~  n’bo-cyanohydrin 2 (Scheme I). For- 
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mation of 2 is in agreement with the approach of the 
cyanide ion from the sterically less hindered @-face of the 
dose 1, oppbsite 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 
0bserved.3~*~~~*~~ Hydrolysis of the 1,2-0-isopropylidene 
group of 3, with aqueous trifluoroacetic acid, followed by 
reaction with acetic anhydride/pyridine afforded a (1.5:l) 
mixture of the two anomeric forms (a and 8) of the di- 
acetate derivative 4 in 95% yield. Condensation of 1,2- 
bis-0-acetyl cyano mesylate 4 with silylated bases using 
trimethylsilyl triflate as condensing reagent, as described 
by Vorbriiggen,@ resulted in 3’-cyano mesylate nucleosides 

(29) Although the oxathiole ring has priority over the nucleoside 
syatem, double primes have been used in the numbering of the 
oxathiole ring in order to k e e ~  the same numberinn swtem for 
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5 in good yields. Thus, the glymylation of 4 with thymine, 
uracil, and 5-ethyluracilm afforded the 3’-cyano mesylates 
of thymine 5a (77%), uracil 5b (78%) and 5-ethyluracil 
5c (93%), respectively. Due to the presence of a 2-0-acyl 
participating group, the products obtained were exclusively 
@-anomem Coupling constant values were, in the range 
of Jl#g = 6.0-7.0 Hz, which is in reasonably good agreement 
with literature data for other 8-~-ribo-3’-C-branched nu- 
c l e o s i d e ~ , ~ > ~ ~  and further corroborates the @-anomeric 
configuration of cyano mesylates 5a-c. 

Treatment of cyano mesylate Sa with CszC03 afforded 
the spiro derivative 6a in 65% yield. Deprotection of 6a 
with saturated methanolic ammonia, gave the fully de- 
protected nucleoside 7aa in 66% yield, which, by reaction 
with tert-butyldimethylsilyl chloride yielded the 2’,5’- 
bis-0-silylated nucleoside 8a.28 Selective cleavage of the 
5’-0-silyl ether of 8a (Scheme 11) followed by bemylation 
with benzoyl chloride/pyridine gave the 5’-0-benzoyl-2’- 
0-silyl spiro nucleoside 10a (80%). 

The spiro nucleosides 8b and & were prepared from the 
corresponding cyano mesylates 5b and 5c, in an overall 
yield of 24% and 32%, reapectively. 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 spedtroscopic 
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 determined* in an earlier paper of this se- 
ries. 
As described in previous reports in this ~ e r i e s , * * ~ ~ + ~ ~  the 

disappearance, in the ‘H NMR spectra, of the signal 
corresponding to the mesyl group and the presence of two 
singlets at b 6.93-7.17 assigned to NH2-4” and at 6 
5.60-5.74 assigned to H-3’’ indicate the formation of the 
spiro aminooxathiole dioxide ring. The values of J1f,2t = 
6.0-8.1 Hz indicate a &~-r ibo  coafiguration@a of the 
spironucleosides, 6, 7, and 8. 

Spiro nucleosides of thymine 8a and uracil 8b were 
transformed (Scheme III) to the corresponding derivatives 
of &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 l,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-all&tionG 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-methy1-3’-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 4  groups of thymine 
or to the NH2-4/’ or (2-3’’ of the spiro oxathiole moiety was 
established as follows: (a) the ‘H 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-N-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 I3C 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,* confirming that 
the methyl group was not attached to them. 

Similarly, reaction of 8a with ethyl iodide, d y l  bromide, 
and 4-bromo-2-methyl-2-butene and of 8b with allyl 
bromide afforded the 3-N-ethyl-, 3-N-allyl-, and 3-N-(3- 
methyl-2-butenyl) spiro nucleosides of thymine, 14,15, and 
16 in 77%, 65%, and 70% yield, respectively, and the 
3-N-allyl spiro derivative of uracil 17 in 89% yield. Their 
analytical and spectroscopic data were in agreement with 
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Table I. Inhibitory Effects of 3’-spiro Oxathiole Dioxide 
Nucleoside Analogues on HIV-1-Induced Cytopathicity in MT-4 
Cells 

compdo ECwb (pM) CCwc (pM) SId 
6a >200 >200 - 
8a 0.060 f 0.027 14 f 2.0 227 
8b 0.206 f 0.042 15 f 1.0 73 
8c 0.066 f 0.010 5.5 f 1.0 82 
9a >80 229 f 37 <2.5 
10a >15 36 f 4.2 <2.5 
11 0.127 f 0.039 31 f 1.0 246 
12 1.0 f 0.002 1360 2360 
13 0.059 f 0.010 240 f 91 4088 
14 0.123 f 0.114 123 f 7.4 lo00 
15 0.233 f 0.162 2330 21418 
16 0.377 f 0.057 69 f 1.6 183 
17 0.615 f 0.348 8.9 f 2.3 15 
TIBO (R 82150) 0.076 f 0.040 >80 >lo53 
BI-RG-587 0.128 f 0.041 >80 >625 
“Data represent the mean values of at least three to five inde- 

pendent experiments. * 50% Effective concentration or compound 
concentration required to inhibit HIV-1-induced cytopathicity in 
MT-4 cells by 50%. “0% Cytotoxic concentration or compound 
concentration required to reduce MT-4 cell viability by 50%. 
dSelectivity index or ratio of CCw to ECw. 

the proposed structures and with those reported for other 
N-3-substituted p y r i m i d i n e ~ . ~ ~ * ~ ~ l ~  
Biological Results 

A number of pyrimidine 3’-spiro-~’’-(4”-amino-~’‘,~‘’- 
oxathiole 2’’,2”-dioxide) pyrimidine nucleoside analogues 
were evaluated for their inhibitory activity against HIV-1 
(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-1 activity, irrespective of the nature of 
the pyrimidine base (i.e. thymine, uracil, or cytosine). The 
anti-HIV-1 activity ranged from 0.060 pM to 1.0 pM. The 
thymine derivative 8a (ECSO: 0.060 pM) proved superior 
to the uracil derivative 8b (ECSO: 0.206 pM) and cytosine 
derivative 12 1.0 pM). However, due to ita marked 
lower toxicity, the cytosine derivative 12 proved more se- 
lective as an anti-HIV-1 agent than the corresponding 
thymine and uracil derivatives (selectivity indexes: 1360, 
227, and 73, respectively). 

Introduction of a methyl group at C-5 of the cytosine 
ring (1 1) enhanced the antiviral activity by 6-fold but also 
markedly increased the toxicity; thus the selectivity index 
of compound 11 was 246. Also, the 5ethyluracil 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 1O00, 
respectively. Substitution of an alkenyl function at 3-N 
of the thymine ring [as in 3-N-allylthymine 15 and 3-N- 
(dimethylally1)thymine 161 decreased the toxicity of the 
parent compound but also weakened the antiviral activity 
by 4 to 7-fold. Surprieiily, the 3-N-allyluracil derivative 
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2227-2231. 
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17 was slightly less active and more cytotoxic than its 
unsubstituted counterpart 8b. 

While markedly active against HIV-1, the silylated 3'- 
spiro-5"-(4"-amino-l",2"-0xathiole 2",2"-dioxide) deriva- 
tives had no activity against HIV-2 (ROD) or HIV-2 @NO) 
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-1 and other retroviruses, In this respect, the novel 
nucleoside analogues resemble the non-nucleoside ana- 
logues HEPT,49-S* TIB0,62953 BI-RG-587 (nevirapin),"~~~ 
L-697,639,M and BHLW.~' As noted for these com- 
pounds,Sg62 our data also indicate that the 2',5'-silylated 

Pkrez-Perez et al. 

3'-spiro-5''-(~''-amino-l",~''-oxathiole 2" ,2"-dioxide) de- 
rivatives are inhibitory to HIV-1 reverse transcriptase but 
not HIV-2 reverse t r a n ~ c r i p t a s e . ~ ~ ~ ~  

In conclusion, nucleoeide analogues containing a silyl 
group at both (2-2' and C-5', and a spiro-5"-(4"-amino- 
1",2"-0xathiole 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-1 infections. 
Experimental Section 

Chemical Procedures. Melting pointa were measured with 
a Reichert-Junt Kofler micro hot stage apparatus and are un- 
corrected. Microanalyses were obtained with a Heareus CHN- 
0-RAPID instrument. *H 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 '9c NMR spedra 
with a Bruker WP-WSY, a Bruker AM-200, and a Varian XI.-300 
spectrometer operating at 20, 50, and 75 MHz, with Me,Si as 
internal standard. IR spectra were recorded with a Shimadzu 
IR-435 Spectrometer. Analytical TLC was performed on silica 
gel &I Fm (Merck). Flash column chromatcgraphy waa performed 
with silica gel 60 (230-400 mesh) (Merck). 

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

5 - 0  -Benzoyl-Q-C-cyano-1,2-O 4sopropylidene-3-0 -me- 
syl-a-Bribofuranose (3). A mixture of 5-O-benzoyl-l,2-O-iso- 
propylidene-a-~-erythro-pentofuranos-3-ul~e (1Im (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 
"01) 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 NadO,, filtered, and 
evaporated to dryness. The residue (the cyanohydrin 2), was 
dissolved in dry pyridine (10 mL). To th is  solution was added 
mesyl chloride (1.9 mL, 25.5 "01). The mixture was stirred at 
8-10 "C for 16 h, poured into ice and water, and extracted with 
chloroform (2 X 50 mL). The combined extracta were washed 
with 1 N HCl(50 mL), aqueous sodium hydrogen carbonate (50 
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(d, 1 H, H-5), 6.15 (d, 1 H, H-l’),6.45 (bs, 2 H, NHs), 7.79 (8, 1 
H, H-6). Anal. (CzsH6N308SSiz) C, H, N. 

Antiretrovirus Assays. HIV-1 was originaUy obtained from 
the culture Supernatant of the persistently HIV-infected H9 cell 
line (H9/H”LV-IIIB),s6. which waa kindly provided by R. C. Gallo 
and M. Popovic (National Institutes of Health, Bethesda, MD). 
Virus stocks were prepared from the supematanta of HIV-l-in- 
fected MT-4 cells. 

MT-4 cells are human T-lymphocyte cells transformed by 
HTLV-1 and highly susceptible to the cytopathic effect of HIV. 
The methodology of the anti-HIV assays has been described 
previously.”~ Briefly, MT-4 cells (5 X 106 cells/mL) were 
suspended in fresh culture medium and infected with HIV-1 at  
100 tima the 50% cell culture infective dose (CCIDd per “ i te r  
of cell suspension. Then 100 p L  of infected cell suspension was 
transferred to microtiter plate wells and mixed with 100 p L  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 (ECw) 

(65) Popovic, M.; Sangadharan, 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. 

and 50% cytotoxic concentration (CC,) were de f i ed  as the 
compound concentrations required to reduce by 50% the number 
of viable cells in the virus-infected and mock-infected cell culturea, 
respectively. 
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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]bendiazepinea 
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 defiied 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 ita 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-bhead configuration, there are more than 
one species of tomaymycin bound to DNA, and, as a consequence, the bis-tomaymycin 10-mer duplex adduct loses 
ita 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. 

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

best known examples of the naturally occurring pyrrolo- 
[1,4]benzodiazepines (P[1,4]B).’” These antibiotics react 
covalently with DNA to form an N2-guanine adduct that 
lies within the minor groove of DNA (Figure l).495 The 
P[1,4]Bs are not  only specific for N 2  of guanine, but are 
only reactive with guanines in certain sequences, and 
therefore show sequence selectivity.6J The most favored 
sequences for bonding are 5’PuGPu with 5’PyGPu and 
5’PuGPy of intermediate reactivity ( P u  = purine; P y  = 
pyrimidine), while 5 T y G P y  sequences show the least re- 
activity. In principle, there are four species of covalently 
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bound adducts that can occur as the two 11s enantiomers, 
in which the aromatic ring of the drug lies either to the 
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