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A series of acyclic analogues of 2'-deoxynucleosides related in structure to 9-[(l,3-dihydroxy-2-propoxy)methyl]guanine 
(DHPG, 1) have been synthesized and evaluated for antiviral activity against herpes simplex virus type 1 (F strain). 
Additionally, the ability of these analogues to function as substrates for the virus-specified thymidine kinase was 
examined. Phosphorylation by this kinase is essential for antiviral activity. Although the acyclic 4-oxopyrimidine 
nucleosides were substrates for the kinase, they were devoid of antiviral activity. In the purine series, most analogues 
similar in structure to DHPG did exhibit significantly lower antiviral activity, indicating that even small modifications 
in the purine substituents substantially reduce the antiviral potency. The most active agent, 2,6-diaminopurine 
27, was only poorly phosphorylated by the viral kinase; therefore, its activity was most likely due to a prior enzymatic 
deamination to give DHPG. Evaluation of 27 in a mouse encephalitis model has shown it to be nearly as potent 
as DHPG (1). 

The synthesis of 9-[(l,3-dihyroxy-2-propoxy)methyl]-
guanine (DHPG, l ) , 3 a potent antiherpetic agent, was re
cently reported independently by us4 and others.5 DHPG 

Scheme I 

1 O 

is a member of a class of selective antiherpetic nucleoside 
analogues6 which includes 9-[(2-hydroxy-l-ethoxy)-
methyl]guanine (acyclovir),7 (ij)-5-(2-bromovinyl)-2'-
deoxyuridine (BVDU),8 and l-(2-deoxy-2-fluoro-/?-D-
oro6mo-furanosyl)-5-iodocytosine (FIAC).9 Of this class, 
D H P G appears exceptionally promising, being found to 
be effective against not only herpes simplex virus types 
1 and 210 but also cytomegalovirus,10'118 varicella-zoster, l lb 

and Epstein-Barr virus.118 The selectivity of these antiviral 
agents is due in part to the fact that they are appreciably 
phosphorylated only in virus-infected cells, where a vi
rus-specified thymidine kinase of low substrate specificity 
converts the nucleoside analogues to 5'-monophosphates. 
The monophosphates are next converted to diphosphates 
and then to the corresponding nucleoside triphosphates 
by cellular enzymes. The tr iphosphates prevent virus 
replication by inhibition of the viral DNA polymerase. 
Additional selectivity is realized at this stage because the 
host polymerase is less sensitive than the viral polymerase 
to the nucleoside tr iphosphate analogue.6b 

The potent and broad activity of DHPG against herpes 
viruses prompted us to synthesize other members of this 
class of acyclic deoxynucleosides. In this report we describe 
the synthesis of a number of pyrimidine and purine ana
logues of DHPG, some of which were recently disclosed 
by Ogilvie and co-workers in a series of publications.12 

This paper details the synthesis of new compounds and 

f Present address: Bristol-Meyers Co., Pharmaceutical Research 
and Development Division, Syracuse, NY 13221-4755. 

BH 

2 

-OBn 

-o^,c i 
-OBn 

OBn 

^ V j 

a 1-uracilyl 

b 1-thyminyl 

c 1-(5-fluoro)uracilyl 

d 9-[6-chloro)purinyl 

e 9-adeninyl 

f 9-hypoxanthinyl 

Scheme II 

HN' 

Si AcO 

OR 

6 X = H , R : A c 

9 X = F , R=Ac 

11 X = B r , R = A c 

12 X = Br, R = H 

*vl 

8 X=H 

10 X=F 

our somewhat differing approaches to the recently reported 
analogues. Additionally, we present new in vitro and in 

(1) Contribution No. 184 from the Institute of Bio-Organic Chem
istry. 

(2) Presented in part at the 185th National Meeting of the Am
erican Chemical Society, Seattle, WA; CARB 43; March 24, 
1983. 

(3) The structural formulas of DHPG (1) and the related acyclic 
nucleoside analogues have been depicted in a "ribose-like" 
conformation only to draw attention to the similarity in 
structure between these compounds and 2'-deoxynucleosides. 
In accordance with this representation, the two terminal car
bons of the glycerol are referred to as the 3'- and 5'-positions. 
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Table I. Phosphorylation of Nucleoside Analogues by Purified 
HSV-1 (F Strain) Thymidine Kinase, Antiviral Activities against 
HSV-1 (F Strain) in Cell Culture and Physical Data 

compd 
thymidine 
DHPG (1) 
4a 
4b 

4c 

4d 

4e 

4f 
5a 

5b 

5c 

5e 

5f 

6 

7 
8 

9 
10 

11 

12 

13 
14 
18 
19 
20 
21 
22 
23 

24 
25 
26 

27 

acyclovir 

velocity 
(%) 

relative 
to 

thymi
dine 
100 
98 

14 

23 

16 

<5 

15 

<5 

<5 

42 

15 

38 
31 

11 

23 

IDJSO, MM 

0.2 

>100 

MOO 

>100 

>100 

>100 

>100 

>100 

>100 

>100 

9 
16 

3.3 

0.5 

mp (lit.), °C 

68-70 (oil)12b 

93-94 
(96.5-97.5)12b 

86-88 
(87.5-88.5)12b 

oil (oil)12" 

127-129 
(129-131)120 

129-130 
117-118 

(120-122)12b 

156-157 
(155-156)12a'b 

128-129 
(130-131)12b 

195-197 
(193-195)120 

193-195 
(193-195)120 

108-109 
(106-108)12b 

oil 
147-148 

(140-141)12d 

99-100 
165-166 

(134-135)12d 

92-94 

145-147 
(145-147)12b 

105-106 
80-81 
93-94 
oil 
134-136 
182-184 
240-242 
122-123 

235-237 
155-157 
152-154 

(156-157)12c 

176-177 
(183-185)12c 

formula 

C22H24N2O5 
C23H26N2O5 

C22H23N2O5F 

C23H23N4O3-
Cl 

C23H25N5O3 

C M H M N A 
C8H12N205 

C9H14N205 

C8H„N205F 

C9H13N603 

C9H12N404 

C12H16N2O7 

Ci2H1eN20eS 
C8H13N304-

0.5H2O 
C12H15N207F 
C8H12N304F 

C12H16N207-
Br 

C8HuN205Br 

C16H18N206 
C16H17N204I 
C22H24N204S 
C23H26N204S 
C22H25N304 
C8H13N304 
C13H17N606 
C1SH16NB06-

Cl 
C13H17N506S 
C9H]3N603S 
C9H13N603 

C9H14N603 

vivo antiherpes virus activity data on this class of acyclic 
nucleosides. Also, the ability of these analogues to function 

(4) (a) Martin, J. C; Dvorak, C. A.; Smee, D. F.; Matthews, T. R.; 
Verheyden, J. P. H. J. Med. Chem. 1983, 26, 759. (b) Ver-
heyden, J. P. H.; Martin, J. C. US Patent 4 355 032, October 
19, 1982. 

(5) (a) Ashton, W. T.; Karkas, J. D.; Field, A. K.; Tolman, R. L. 
Biochem. Biophys. Res. Commun. 1982,108,1716. (b) Ogilvie, 
K. K., Cheriyan, U. O.; Radatus, B. K., Smith, K. O.; Galloway, 
K. S.; Kennell, W. L. Can. J. Chem. 1982, 60, 3005. (c) 
Schaeffer, H. J. In "Nucleosides, Nucleotides and Their Bio
logical Applications"; Rideout, J. L.; Henry, D. W.; Beacham, 
L. M., Eds., Academic Press: New York, 1983: pp 1-17. 

(6) (a) Kelley, J. L.; Beauchamp, L. Annu. Rep. Med. Chem. 1983, 
18, 139. (b) St. Clair, M. H.; Miller, W. H.; Miller, R. L.; 
Lambe, C. U.; Furman, P. A. Antimicrob. Agents Chemother. 
1984, 25, 191. 
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as substrates for the virus-specified thymidine kinase was 
determined, since phosphorylation by this kinase is the 
essential first step for antiviral activity. 

Chemistry. The compounds synthesized are listed in 
Table I. A variety of pyrimidines (silylated) or purines, 
represented by 2 (Scheme I), were reacted with chloro-
methyl ether 3 in a mercuric cyanide catalyzed conden
sation to give intermediates 4. Catalytic hydrogenolysis 
afforded the desired analogues 5.12a_c 

Because of the susceptibility of cytidine derivatives to 
overreduction,13 acyclic analogues of cytidine were not 
prepard by the above route requiring benzyl ether hy
drogenolysis. Instead uridine analogues 5a and 5c were 

(7) Schaeffer, H. J.; Beauchamp, L.; de Miranda, P.; Elion, G. B. 
Nature (London) 1978, 272, 583. 

(8) De Clercq, E.; Deschamps, J.; De Somer, P.; Barr, P. J.; Jones, 
A. S.; Walker, R. T. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 
2947. 

(9) Watanabe, K. A.; Reichman, U.; Hirota, K.; Lopez, C; Fox, J. 
J. J. Med. Chem. 1979, 22, 21. 

(10) Smee, D. F.; Martin, J. C; Verheyden, J. P. H.; Matthews, T, 
R. Antimicrob. Agents Chemother. 1983, 23, 676. 

(11) (a) Cheng, Y-C.; Huang, E.-S.; Lin, J-C; Mar, E-C; Pagano, 
J. S.; Dutschman, G.; Grill, S. P. Proc. Natl. Acad. Sci. U.S.A. 
1983, 80, 2767. (b) Bryson, Y. J., UCLA School of Medicine, 
Los Angeles, CA, personal communication. 

(12) (a) Acyclic thymidine 5b and adenosine 5e were reported 
without complete experimental or characterization several 
years ago in a preliminary communication. Ogilvie, K. K.; 
Gillen, M. F. Tetrahedron Lett. 1980, 21, 327. (b) Very re
cently the synthesis of thymidine analogue 5b was reported 
along with preparations of other pyrimidine derivatives 5a, 5c, 
and 12. Ogilvie, K. K.; Hamilton, R. G.; Gillen, M. F.; Radatus, 
B. K.; Smith, K. O.; Galloway, K. S. Can. J. Chem. 1984, 62, 
16. (c) In a companion paper, a complete characterization of 
5e was reported along with a different synthesis of analogues 
5f, 26, and 27. Ogilvie, K. K.; Nguyen-ba, N.; Gillen, M. F.; 
Radatus, B. K; Cheriyan, U. O.; Hanna, H. R.; Smith, K. O.; 
Galloway, K. S. Can. J. Chem. 1984, 62, 241. (d) Recently a 
different synthesis of cytidine analogues 8 and 10 was reported 
which utilized transfer reduction with cyclohexene for a final 
hydrogenolysis step. Ogilvie, K. K.; Dixit, D. M.; Radatus, B. 
K.; Smith, K. O.; Galloway, K. S. Nucleosides Nucleotides 
1983, 2, 147. 

(13) Green, M.; Cohen, S. S. J. Biol. Chem. 1957, 228, 601. 
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used as a starting point (Scheme II). Acetylation of 5a 
to the diacetate 6 followed by treatment with P4S10 gave 
in 29% yield the acyclic 4-thio derivative 7. Reaction of 
7 with methanolic ammonia at 100 °C gave cytidine ana
logue 8 in 24% yield. The newer procedure of Sung [(a) 
acetic anhydride, (b) p-chlorophenyl phosphorodi-
chloridate, triazole, (c) ammonia] was used to convert 5c 
via diacetate 9 to fluorocytidine 10 in 35% overall yield.14 

This latter method was considerably more convenient for 
the preparation of cytidine derivatives. Ogilvie et al.12d 

synthesized 8 by utilizing a palladium-catalyzed transfer 
reduction with cyclohexene of a dibenzyl ether precursor 
under carefully controlled conditions. Due to overreduc
tion, this procedure failed to give 10, and consequently they 
prepared 10 by a different approach starting from 1,3-
dichloro-2-propanol. Although our melting point for 10 
is 31 °C higher than that reported,12d we have extensive 
spectroscopic data which confirm the structure. Addi
tionally, the reported combustion analysis for 10 was 
0.82% low for carbon, which could explain their lower 
melting point. Uridine analogue 5a was also brominated 
(Br2, acetic anhydride, acetic acid) to give 11 in 72% yield 
which was treated with methanolic ammonia to furnish, 
in 88% yield, the corresponding 5-bromo substituted ur
idine 12. 

The positions of the functional groups of isocytosine 
resembles that of guanine; therefore, isocytidine analogue 
21 was synthesized. Two approaches were explored 
(Scheme III). In one, the monobenzyl ether 13 (obtained 
by partial hydrogenolysis of 4a) was treated with me-
thyltriphenoxyphosphonium iodide15 to give iodide 14 in 
61% yield. Attempted intramolecular cyclization of 14 
catalyzed with silver acetate16 failed to afford cyclo-
nucleoside 15. Only a small amount of acetate 16 was 
produced. Anhydro derivative 15, if formed, could have 
been reacted with ammonia to give an isocytidine deriva
tive. The alternative approach proved successful. The 
bis(trimethylsilyl)pyrimidine derivative 17 was condensed 
with 3 with use of mercuric cyanide to give 2-thio-
pyrimidine derivative 18 in 23% yield. Methylation of 18 
(methyl iodide, NaHC03) gave a quantitative yield of 19 
which in turn was treated with methanolic ammonia to 
furnish 20 (60%). Dibenzyl ether 20 was hydrogenolyzed 
by transfer hydrogenation17 (20% Pd(OH)2/C, cyclo
hexene, ethanol) to give isocytidine analogue 21 in 66% 
yield. Standard catalytic hydrogenolysis with H2 over 
Pd/C led to overreduction of the pyrimidine. 

DHPG (1) was used as a substrate for the preparation 
of other purine derivatives (Scheme IV). Selective acy-

(14) Sung, W. L. J. Org. Chem. 1982, 47, 3623. 
(15) Verheyden, J. P. H.; Moffatt, J. G. J. Am. Chem. Soc. 1964, 

86, 2093. 
(16) Brown, D. M.; Todd, A. R; Varadarajan; S. J. Chem. Soc. 1957, 

868. 
(17) (a) Jackson, A. E.; Johnstone, R. A. W. Synthesis 1976, 685. 

(b) Anantharamaiah, G. M; Sivanandaiah, K. M. J. Chem. 
Soc, Perkin Trans. 1 1977, 490. 
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lation18 of 1 with acetic anhydride and 4-(dimethyl-
amino)pyridine gave diacetate 22 in 86% yield. The 2-
amino-6-chloro derivative 23 was obtained in 65% yield 
by chlorination of 22.19 Treatment of 23 with thiourea 
yielded 24 which was deacetylated (73%) to give, in 63% 
overall yield, the 6-thio analogue 25 of DHPG. Desul-
furization of 25 with Raney nickel afforded a 38% yield 
of the acyclic 2-aminopurine nucleoside 26. Finally, the 
2,6-diamino analogue 27 was prepared in 86% yield by the 
reaction of 23 with ammonia in methanol at 90 °C.12c 

The structures of the condensation products were sup
ported by spectroscopic comparisons (XH NMR, 13C NMR, 
UV) with the natural nucleosides. The chemical shifts of 
the heterocyclic moieties in the 13C NMR spectra are in 
very close agreement with those reported for the various 
nucleosides.20 Carbons 1' and 4' absorb at similar fre
quencies in the 13C NMR spectra but were easily assigned 
by examination of peak multiplicity. 

Biological Results and Discussion 
The antiviral effectiveness of the acyclic nucleoside 

analogues was determined in a plaque reduction assay in 
Vero cells against herpes simplex virus type 1 (F strain). 
Also, the ability for these analogues to function as sub
strates for the virus-specified thymidine kinase was mea
sured21 and compared with the antiviral effect (Table I). 

The data in the table indicate that the acyclic pyrimi
dine nucleosides exhibited negligible in vitro antiviral 
activity at 100 ^M in spite of the fact that those analogues 
with a carbonyl functionality at the 4-position are modest 
substrates for the virus-specified thymidine kinase. In
terestingly, although deoxycytidine is a good substrate for 
the kinase,218 acyclic cytidine analogues 8 and 10 are not. 
Because they lack activity, those pyrimidine analogues 
which are phosphorylated either are not converted to the 
triphosphates, or once at that level, they do not inhibit the 
viral DNA polymerase. This result is similar to that of 
Keller et al., who showed that a number of inactive acy
clovir analogues were also substrates for the virus kinase.218 

The purine series of acyclic nucleosides, which includes 
DHPG, does contain active members. Hypoxanthine de
rivative 5f, which corresponds to DHPG without the 2-
amino functionality, is inactive even though it is phos
phorylated by the thymidine kinase at 15% of the rate of 
thymidine. In contrast, the 2-aminopurine analogue 26 
does inhibit herpes virus replication as does the 6-thio 
derivative 25. Although 25 and 26 are better substrates 
than acyclovir for the thymidine kinase, they are sub
stantially less active against herpes virus. The adenosine 
analogue 5e is neither a substrate for the kinase or an 
inhibitor of herpes virus. 

Other than DHPG, the 2,6-diamino derivative 27 with 
an ID50 of 3.3 fiM is the most active member of this class 
of acyclic nucleosides. Since it is slowly phosphorylated 
by the virus thymidine kinase (at 11% of the rate of 
thymidine), 27 most likely exerts an antiviral effect by first 
being enzymatically deaminated to give DHPG. Precedent 

(18) Dimitrijevich, S. D.; Verheyden, J. P. H.; Moffatt, J. G. J. Org. 
Chem. 1979, 44, 400. 

(19) Robins, M. J.; Uznanski, B. Can. J. Chem. 1981, 59, 2601. 
(20) (a) Stothers, J. B., "Carbon-13 NMR Spectroscopy"; Academic 

Press: New York, 1972; pp 469-473. (b) Rabideau, P. W.; 
Parikh, D. K; Watson, R. R. J. Carbohydr., Nucleosides, Nu
cleotides 1978,5, 537. (c) Jones, A. J.; Grant, D. M.; Winkley, 
M. W.; Robins, R. K. J. Am. Chem. Soc. 1970, 92, 4079. 

(21) (a) Keller, P. M.; Fyfe, J. A.; Beauchamp, L.; Lubbers, C. M.; 
Furman, P. A.; Schaeffer, H. J.; Elion, G. B. Biochem. Phar
macol. 1981, 30, 3071. (b) Fyfe, J. A.; McKee, S. A.; Keller, P. 
M. Mol. Pharmacol. 1983, 24, 316. 
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placebo 
DHPG 

27 

20 
10 
5 
40 
20 
10 

0/28 (0)° 
8/20 (40)c 

5/20 (25)° 
8/20 (40)c 

7/20 (35)c 

5/20 (25)c 

4/20 (20)c 

Table II. Effects of Oral Treatment with DHPG and 27 on an 
HSV-2 Encephalitis Infection in Mice 

mean survival 
compd dose, mg/kg survivors/total time, days 

9.1 ± 1.76 

13.8 ± 2.7<* 
10.9 ± 2.6* 
9.9 ± 2.7 

11.5 ± 1.8̂  
10.9 ± 2.9d 

10.8 ± 2.4'' 

"Percent survival. bStandard deviation. ° Statistical signifi
cance of p < 0.05 by two-tailed Fisher extract test. d Statistical 
significance of p < 0.05 by two-tailed Mann-Whitney U test. 

exists for the enzymatic deamination of 2,6-diaminopurine 
nucleosides. Baer et al. first showed that 2-aminoadenosine 
was converted to guanosine by adenosine deaminase iso
lated from calf intestinal mucosa.22 More recently 2,6-
diamino-9-[(2-hydroxyethoxy)methyl]purine was shown to 
exert an ant iherpes effect by conversion to 9-[(2-
hydroxyethoxy)methyl]guanine by adenosine deaminase.23 

Support for this mechanism comes from the fact that ad
dition of 1 fiM coformycin, an adenosine deaminase in
hibitor, leads to a threefold reduction in the in vitro an
tiviral potency of 27. An additional study confirmed that 
27 is a substrate for calf intestinal mucosa adenosine de
aminase, being converted to DHPG, which was detected 
by HPLC, but at less than 1 % of the rate of the conversion 
of adenosine to inosine. 

Because of the promising in vitro activity of 27, it was 
evaluated in a mouse HSV-2 encephalitis model (Table 
II).10 The data indicate tha t oral t rea tment with the 
diamino analogue 27 is nearly as effective as with DHPG 
(1) in preventing death in mice following HSV-2 infection. 
In a related experiment in mice in which the drug was 
administered subcutaneously, 27 and 1 were equally po
tent, and a dose of 20 mg/kg per day led to 60% survival. 
These data demonstrate that, although 27 is substantially 
less potent than D H P G in vitro, both compounds exert a 
similar antiherpetic effect in vivo. 

Experimental Sect ion 
Nuclear magnetic resonance spectra were recorded on a Varian 

EM-390 (2H NMR, 90 MHz), a Variah HA-100 (*H NMR, 100 
MHz), a Bruker WH-90 (*H NMR, 90 MHz; 13C NMR, 22.62 
MHz), and a Bruker WM-300 instrument (XH NMR, 300 MHz; 
13C NMR, 75.453 MHz), and chemical shifts are reported in parts 
per million downfield from internal tetramethylsilane. Ultraviolet 
spectra were recorded on a Cary-14 or a Hewlett Packard 8450A 
spectrometer. Spectroscopic data and elemental analyses were 
obtained by Syntex Analytical Research. All chromatographic 
purifications were carried out on silica gel. Melting points were 
determined on a hot-stage microscope and are corrected. 

l-[[l-(Benzyloxy)-3-hydroxy-2-propoxy]methyl]uracil(13). 
A solution of 4a (10.8 g, 27.2 mmol) in methanol (1 L) was vig
orously stirred with 10% Pd/C (2.7 g) under 1 atm of H2 for 24 
h. The solution was then filtered, 10% Pd/C (2 g) was added 
to the filtrate, and vigorous stirring was continued under H2 for 
an additional 24 h. The suspension was filtered, the filtrate 
evaporated to dryness and the residue chromatographed to give 
in order of elution 1.67 g (15%) of 4a, 2.97 g (36%) of 13 and 1.44 
g (25%) of 5a. An analytical sample of 13 was obtained by 
recrystallization from acetone/dichloromethane: *H NMR (300 
MHz, CDC13) 5 7.30 (m, 6 H, phenyl, H-6), 5.68 (d, J = 8 Hz, 1 
H, H-5), 5.31, 5.26 (AB, J = 10 Hz, 2 H, H-l'), 4.51 (s, 2 H, 
benzylic), 3.91 (m, 1 H, H-4'), 3.50-3.74 (m, 4 H, H-3', H-5'). 

(22) Baer, H. P.; Drummond, G. I.; Gillis, J. Arch. Biochem. Bio-
phys. 1968, 123, 172. 

(23) Spector, T.; Jones, T. E.; Beacham, L. M. Biochem. Pharma
col. 1983, 32, 2505. 

l-[[l-(Benzyloxy)-3-iodo-2-propoxy]methyl]uracil (14). A 
solution of 13 (1.70 g, 5.6 mmol) and methyltriphenoxy-
phosphonium iodide (2.91 g, 6.4 mmol) in pyridine (2 mL) and 
DMF (10 mL) was stirred at room temperature for 1.5 h and then 
evaporated to dryness. The residue was chromatographed (1:20 
methanol/dichloromethane) to give 1.42 g (61%) of 14 as an oil. 
An analytical sample was crystallized from diethyl ether: XH NMR 
(300 MHz, Me2SO-d6) 5 7.71 (d, J = 8 Hz, 1 H, H-6), 7.30 (m, 5 
H, phenyl), 5.60 (d, J = 8 Hz, 1 H, H-5), 5.20 (s, 2 H, H-l'), 4.48 
(s, 2 H, benzylic), 3.81 (p, J = 5 Hz, 1 H, H-4'), 3.48 (d, J = 5 Hz, 
2 H, CH20), 3.41, 3.27 (ABX, J = 5, 11 Hz, 2 H, CH2I). 

l-[[l,3-Bis(benzyloxy)-2-propoxy]methyl]-2-thiouracil(18). 
A mixture of bis(trimethylsilyl)-2-thiouracil (17) (9.5 g, 39 mmol), 
chloromethyl ether 3 (12.5 g, 39 mmol), and Hg(CN)2 (9.9 g, 39 
mmol) in benzene (60 mL) was stirred at room temperature for 
16 h and then evaporated to dryness. The residue was dissolved 
in dichloromethane, filtered, and then washed with 30% aqueous 
KI and dilute aqueous NaHC03. The organic phase was dried 
(Na2S04) and evaporated to a crude product (16 g) which was 
chromatographed (1:20 methanol/dichloromethane) and then 
crystallized from diethyl ether to give 3.7 g (23%) of 18: *H NMR 
(300 MHz, Me2SO-d6) 8 7.83 (d, J = 8 Hz, 1 H, H-6), 7.30 (m, 10 
H, phenyl), 5.88 (d, J = 8 Hz, 1 H, H-5), 5.70 (s, 2 H, H-l'), 4.48 
(s, 4 H, benzylic), 4.14 (p, J = 5 Hz, 1 H, H-4'), 3.53, 3.49 (ABX, 
J = 5, 11 Hz, 4 H, H-3'A, 5'A; H-3'B, 5'B). 

l-[[l,3-Bis(benzyloxy)-2-propoxy]methyl]-lSf-methyl-2-
thiouracil (19). A suspension of 18 (1.8 g, 4.4 mmol), NaHC03 
(0.55 g, 6.5 mmol), and methyl iodide (0.81 mL, 13 mmol) in 
methanol (20 mL) was stirred at room temperature for 16 h and 
then evaporated. The residue was partitioned between di
chloromethane and dilute aqueous HC1. The organic phase was 
dried (Na2S04) and evaporated to an oil (1.9 g, quantitative). An 
analytical sample was purified by chromatography (3% metha
nol/dichloromethane) to give 19 as an oil: XH NMR (300 MHz, 
Me2SO-d6) S 7.80 (d, J = 8 Hz, 1 H, H-6), 7.30 (m, 10 H, phenyl), 
5.83 (d, J = 8 Hz, 1 H, H-5), 5.38 (s, 2 H, H-l'), 4.47 (s, 4 H, 
benzylic), 3.97 (p, J = 5 Hz, 1 H, H-4'), 3.53, 3.49 (ABX, J = 5, 
11 Hz, 4 H, H-3'A, 5'A, H-3'B, 5'B), 2.46 (s, 3 H, SCH3). 

l-[[l,3-Bis(benzyloxy)-2-propoxy]methyl]isocytosine (20). 
A solution of 19 (1.78 g, 4.17 mmol) in methanolic ammonia (40 
mL saturated at 0 °C) was stirred for 16 h at room temperature 
and then for 24 h at 50 °C in a stoppered flask. The solution was 
evaporated to a white solid which was crystallized from ethyl 
acetate to give 1.0 g (60%) of 20: *H NMR (300 MHz, Me2SO-d6) 
& 7.43 (d, J = 8 Hz, 1 H, H-6), 7.29 (m, 10 H, phenyl) 6.88 (br 
s, 2 H, NH2), 5.51 (d, J = 8 Hz, 1 H, H-5), 5.22 (s, 2 H, H-l'), 4.47 
(s, 4 H, benzylic), 3.93 (p, J = 5 Hz, 1 H, H-4'), 3.53, 3.49 (ABX, 
J = 5, 11 Hz, 4 H, H-3'A, 5'A, H-3'B, 5'B). 

l-[(l,3-Oihydroxy-2-propoxy)methyl]isocytosine (21). A 
suspension of 20 (500 mg, 1.26 mmol) and 20% Pd(OH)2/C (0.80 
g) in cyclohexene (10 mL) and ethanol (30 mL) was heated at 
reflux for 16 h and then filtered through Celite and the filtrate 
evaporated to dryness. The residue was crystallized from etha-
nol/ethyl acetate to give 181 mg (66%) of 21: UV Xmax (0.1 N 
HC1) 255 nm (e 6050); (0.1 N NaOH), 256 (4400), 230 (11900); 
XH NMR (300 MHz, Me2SO-d6) 8 7.42 (d, J = 8 Hz, 1 H, H-6), 
6.86 (br s, 2 H, NH2), 5.52 (d, J = 8 Hz, 1 H, H-5), 5.16 (s, 2 H, 
H-l'), 4.86 (br s, 2 H, OH), 3.45 (m, 5 H, H-3', H-4', H-5'); 13C 
NMR (22.62 MHz, Me2SO-d6) 8 170.28 (C-4), 155.49 (C-2), 142.46 
(C-6), 106.11 (C-5), 79.32 (C-l', C-4'), 60.82 (C-3', C-5'). 

9-[(l,3-Diacetoxy-2-propoxy)methyl]guanine (22). A sus
pension of DHPG (1) (5.0 g, 20 mmol) and 4-(dimethylamino)-
pyridine (0.50 g, 4 mmol) in acetic anhydride was vigorously stirred 
at room temperature for 4 days and then evaporated to dryness. 
The residue was crystallized from methanol to give 5.7 g (86%) 
of 22: : H NMR (300 MHz, Me2SO-d6) 8 10.65 (br s, 1 H, NH), 
7.82 (s, 1 H, H-8), 6.49 (br s, 2 H, NH2), 5.42 (s, 2 H, H-l'), 
4.13-3.95 (m, 5 H, H-3', H-4', H-5'), 1.91 (s, 6 H, OAc). 

2-Amino-6-chloro-9-[(l,3-diacetoxy-2-propoxy)methyl]-
purine (23). A solution of 22 (2.98 g, 8.8 mmol), tetraethyl-
ammonium chloride (2.92 g, 17.6 mmol), JV^/V-dimethylaniline (1.12 
mL, 8.8 mmol), and phosphorous oxychloride (4.79 mL, 51.4 mmol) 
in acetonitrile (25 mL) was heated at reflux for 10 min and then 
evaporated to dryness. The residue was chromatographed (1:15 
methanol/dichloromethane) to give 2.15 g (65%) of 23. Crys
tallization from ethyl acetate/hexane yielded 1.25 g (38%): 'H 
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NMR (300 MHz, Me2SO-d6) 5 8.28 (s, 1 H, H-8), 7.01 (br s, 2 H, 
NH2), 5.54 (br s, 2 H, H-l'), 4.14-3.93 (m, 5 H, H-3', H-4', H-5'), 
1.85 (s, 6 H, OAc). 

2-Amino-9-[(l,3-diacetoxy-2-propoxy)methyl]-6-thiopurine 
(24). A solution of 23 (1.25 g, 3.5 mmol) and thiourea (0.33 g, 
4.3 mmol) in 2-propanol (100 mL) was heated at reflux for 18 h 
and then evaporated to dryness. The residue was crystallized from 
ethanol to give 1.07 g (86%) of 24: XH NMR (300 MHz, Me2SO-d6) 
6 8.17 (s, 1 H, H-8), 5.46 (s, 1 H, H-l'), 4.15-3.93 (m, 5 H, H-3', 
H-4', H-5'), 1.90 (s, 6 H, OAc). 

2-Amino-9-[(l,3-dihydroxy-2-propoxy)methyl]-6-thio-
purine (25). A solution of 24 (0.72 g, 2.0 mmol) and concentrated 
NH4OH (7.5 mL) in methanol (75 mL) was kept in a stoppered 
flask at room temperature for 24 h and then evaporated to dryness. 
The residue was crystallized from water/methanol to give 0.40 
g (73%) of 25: UV X ^ (0.1 N HC1) 344 nm (e 21000), 262 (8110); 
(0.1 N NaOH) 319 (19500), 270 (6870), 250 (14100); XH NMR (300 
MHz, Me2SO-de) & 10.80 (br s, 1 H, NH), 7.99 (s, 1 H, H-8), 6.83 
(br s, 2 2 H, NH2), 5.46 (s, 2 H, H-l'), 4.62 (t, J = 5 Hz, 2 H, OH), 
3.54 (p, J = 5 Hz, 1 H, H-4'), 3.48-3.26 (m, 4 H, H-3', H-5'). 

2-Amino-9-[(l,3-dihydroxy-2-propoxy)methyl]purine(26). 
A suspension of Raney nickel (1.3 g) in a solution of 25 (254 mg, 
0.94 mmol) in water (40 mL) and ethanol (20 mL) was heated at 
reflux for 24 h and then filtered and evaporated to dryness. The 
residue was crystallized from ethanol to give 84 mg (38%) of 26: 
XH NMR (300 MHz, Me2SO-d6) S 8.59 (s, 1 H, H-6), 8.18 (s, 1 H, 
H-8), 6.58 (br s, 2 H, NH2), 5.56 (s, 2 H, H-l'), 4.70 (br m, 2 H, 
OH), 3.57 (m, 1 H, H-4'), 3.40 (m, 4 H, H-3', H-5'). 

2,6-Diamino-9-[(l,3-dihydroxy-2-propoxy)methyl]purine 
(27). A solution of 23 (200 mg, 0.63 mmol) in methanolic ammonia 
(15 mL saturated at 0 °C) was heated in a Parr bomb at 90 °C 
for 18 h. The solution was evaporated to dryness and the residue 
crystallized from methanol to give 136 mg (86%) of 27: UV Xmax 
(0.1 N HC1) 291 nm (e 9680), 251 (11100); (0.1 N NaOH) 279 
(9610), 255 (8810); XH NMR (300 MHz, Me2SO-d6) S 7.88 (s, 1 
H, H-8), 7.04 (br s, 2 H, NH2), 6.10 (br s, 2 H, NH2), 5.48 (s, 2 
H, H-l'), 3.56 (p, J = 5 Hz, 1 H, H-4'), 3.45, 3.32 (ABX, J = 5, 
11 Hz, 4 H, H-3'A, 5'A; H-3'B, 5'B); 13C NMR (75.453 MHz, 
Me2SO-d6) 6 159.35 (C-2), 155.30 (C-6), 151.65 (C-4), 138.08 (C-8), 
112.64 (C-5), 79.88 (C-4'), 71.28 (C-l'), 60.81 (C-3', C-5'). 

Plaque Assays. Experiments were conducted with Vero cells 
infected with HSV-1 (F strain) and then treated with the nu
cleoside analogue as described previously.10 Fifty percent inhi
bitory doses (IDso) are defined as doses causing a 50% reduction 
in plaque numbers compared to untreated controls. 

Thymidine Kinase Assay. The assay was performed by the 
methods of Doberson and Greer,24 using HSV-1 (strain F)-af-
finity-purified kinase.25 Reaction mixtures contained 100 mM 
Tris-Cl (pH 7.5), 50 mM KC1, 2 mM MgCl2,1 mM dithiothreitol, 
25 mM NaF, 1 mg of BSA/mL, 0.5 mM [r32P]ATP (20 ixd/nM), 

(24) Dobersen, M. J.; Greer, S. Anal. Biochem. 1975, 67, 602. 
(25) Fyfe, J. A.; Keller, P. M.; Furman, P. A.; Miller, R. L.; Elion, 

G. B. J. Biol. Chem. 1978, 253, 8721. 

0.2 mM nucleoside analogue, and enzyme in a 0.1-mL volume. 
The [Y- 3 2 P]ATP required for the assay was from ICN Chemical 
and Radioisotope Division, Irvine, CA; thymidine came from 
Sigma Chemical Co., St. Louis, MO. The thymidine kinase affinity 
gel required for enzyme purification was prepared by the Cheng 
procedure,26 and the results from the deoxynucleoside kinase 
assays were expressed as relative phosphorylation rates, a method 
that has been used by others.36,27 

Adenosine Deaminase Assay. Adenosine deaminases from 
calf intestinal mucosa and bovine spleen were purchased from 
Sigma. Adenosine or 27 at a concentration of 100 fiM was in
cubated with sufficient enzyme to convert 10-20% of substrate 
in 5 min at 37 °C. Enzyme reactions were stopped by the addition 
of 3.5% perchloric acid (final concentration), followed 10 min later 
by neutralization with 1 M KOH containing 0.2 M imidazole. 
Determination of substrate converted was done by separating 
products by high-pressure liquid chromatography (HPLC) using 
a Whatman SAX 10/25 column. To separate adenosine and 
inosine, a 0.01 M KH2P04 buffer (pH 3.5) was used. DHPG and 
27 were separated with use of deionized water at pH 7. In both 
assays 100-^L injections were made and 1 mL/min flow rates used. 
A Hewlett Packard Model 3390A integrator calculated peak areas. 
In order to determine molarity of the test sample, standard curves 
of inosine and DHPG were made by injecting 1-100 ^M samples 
into the HPLC. Relative substrate conversion rates were based 
upon the amounts of adenosine and 27 converted per milligram 
of protein. 

Animal Studies. Swiss-Webster female mice (Simonsen 
Laboratories, Gilroy, CA), weighing approximately 20 g each, were 
infected intraperitoneally with 5 X 104 PFU of HSV-2 (strain G). 
This challenge was approximately equivalent to ten 50% lethal 
doses. DHPG and 27 were administered orally or subcutaneously 
once a day for 4 days, starting 24-h postinfection. Deaths were 
recorded for 21 days after infection. 
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