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Supplementary Material Available: Tables listing the 
correlations between the parameters used in the regression 
equations, the crystal data, final atomic positional parameters, 
bond distances, and angles of compounds 4, 12,30,32, and 33 
(I8 pages). Ordering information is given on any current masthead 
page. 
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(E)-5-(2-Bromovinyl)-2’-deoxy-5’-0-(3-methyl-2-oxo-5-formyl-l,3,2-oxazaphosphacyclopentan-2-yl)uridine has been 
synthesized and, under physiological conditions and without the necessity for enzyme activity, has been shown to 
yield the 5’-nucleotide in vitro. Unfortunately this compound is not sufficiently stable in solution for it to be tested 
in vivo. The biological properties of this and some related derivatives of (E)-5-(2-bromovinyl)-2’-deoxyuridine and 
acyclovir have been evaluated in in vitro and in vivo systems designed to show the effects of any intracellular liberation 
of the nucleotide. Although some of the derivatives are probably acting as prodrugs of the active nucleosides, there 
is no evidence for the liberation of meaningful concentrations of the 5’-nucleotide by any of the compounds. 

Organic phosphomonoesters, such as nucleotides, do not 
readily enter living cells and in any case are often de- 
phosphorylated before they can penetrate the membrane. 
Many drugs, particularly nucleoside analogues, owe their 
activity to the fact that in the living cell they are metab- 
olized in the first instance to their phosphomonoesters, and 
it might be of therapeutic value if a class of neutral 
phosphomonoester prodrugs could be synthesized that may 
penetrate the cell wall and then subsequently be converted 
to a biologically active drug. 

For the past decade, we have synthesized a number of 
cyclic phosphotriester and phosphoramidate derivatives 
of 5-substituted 2’-deoxyuridine analogues (143, in order 
to see if they would have such properties.’S2 Similar 
compounds have been synthesized by other  worker^.^,^ 

2 R = H  , X =  0 
3 R = F  ; X . 0  

4 x : o  
5 X = N -  CHj 

R ’  = 2 ’ -  deoxy - 5 - f luorouridin - 5’- yI  

These compounds (1-5) were evaluated for their ability 
(a) to inhibit the growth of leukemia L1210 cells in cell 
culture and (b) to act as thymidylate synthase inhibitors 
either in cell culture or against the isolated enzyme. 
Compounds 1 and 2, which have stable ring systems, were 
essentially inactive whereas compounds 3-5, which are 
hydrolyzed under physiological conditions to acyclic 
phosphorus intermediates, showed considerable inhibitory 
- 

‘University of Birmingham. * Rega Institute for Medical Research. 

activity against L1210 cells. This activity appeared to be 
due to the inhibition of thymidylate synthase in the cells, 
although compounds lc-2a,2b themselves did not inhibit 
the isolated enzyme. However, these compounds were not 
active against a variant of L1210 cells which was resistant 
to 5-bromo-2’-deoxyuridine (presumably because of lack 
of thymidine kinase activity) and against which one might 
have expected to see some activity if indeed the 5’- 
mononucleotide was being liberated inside the cell. Thus, 
the activity seen in the normal L1210 cell line was probably 
due to the production of 5-fluoro-2’-deoxyuridine outside 
the cell which was then subsequently phosphorylated once 
inside the cell. Although compounds 3 and 4 are hydro- 
lyzed at physiological pH, the products have been shown 
to be of the type 6 and 7, respectively. 

c 

(6) 

0 
CH3-NH-CH2-CH2-X- P I1 - OR 

I 
OH 

X=O or NCH, 

( 7 )  

(1) Jones, A. S.; McGuigan, C.; Walker, R. T.; Balzarini, J.; De 
Clercq, E. J. Chem. Soc., Perkin Trans. 1 1984, 1471. 

(2) Hunston, R. N.; Jones, A. S.; McGuigan, C.; Walker, R. T.; 
Balzarini, J.; De Clercq, E. J. Med. Chem. 1984, 27, 440. 

(3) Farquhar, D.; Smith, R. J. Med. Chem. 1985,28, 1358. 
(4) Farquhar, D.; Kuttesch, N. J.; Wilkerson, M. G.; Winkler, T. 

J .  M e d .  Chem. 1983,26, 1153. 
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These derivatives then require enzymatic hydrolysis, 
where the choice is either bond a to liberate nucleotide or 
bond b to liberate nucleoside. The preferred reaction 
appears to be the latter. The work we describe here is in 
two parts: firstly the preparation of compounds analogous 
to 4 where the nucleoside is either (E)-5-(2-bromo- 
vinyl)-2’-deoxyuridine (BVDU) 8 or acyclovir 9 and sec- 
ondly attempts to synthesize corresponding compounds 
of type 10 so that, by hydrolysis under physiological con- 
ditions without the intervention of enzymes, only the 5‘- 
mononucleotide is produced. 

0 

OH 

P 

9 

As shown in Scheme I, compound 10 could undergo 
hydrolysis of the phosphoramidate bond, as previously 
described, to give the acyclic structure ( l l ) ,  which, because 
of the presence of the carbonyl containing side chain, 
would immediately cyclize to give 12, which would then 
spontaneously rearrange (13) and eliminate the 5‘-mono- 

’ @ - P =  0 
b R  

14 

13 

nucleotide (14). Alternatively the parent compound could 
undergo a direct 0-elimination, and this may form the basis 
for the instability of this compound. 
Chemistry 

A series of compounds including 8,9,  and type 10 were 
synthesized to give a range of cyclic phosphate prodrugs 
that, being uncharged, should readily penetrate the cell 
wall and then under physiological conditions liberate the 
biologically active phosphomonoester once inside the cell. 

Earlier evidence of Jones and co-workers1i2 based on 
hydrolytic studies of 5’-0-3‘‘-methyl-1’‘,3‘’,“‘-oxazaphos- 
phacyclopentan-2”-ylthymidine 2”-oxide (4, R’ = thymi- 
din-5’-yl) and other similar five-membered cyclic phos- 
photriesters showed that these compounds were hydro- 
lyzed in a few minutes a t  physiological pH. What we did 
not then appreciate, but has become clear in recent studies, 
is that their rate of hydrolysis is due to general-acid ca- 
talysis and thus was dependent upon the buffer used and 
its concentration. Thus compound 4 (R’ = thymidin-5’-yl) 
was completely hydrolyzed in 45 min in 0.5 M sodium 
acetate, pH 5.8, whereas in water a t  pH 5.8, 90% was 
unchanged after 24 h. 

Thus it was decided to synthesize (E)-5-(2-bromo- 
vinyl)~2’-deoxy-5’-0-3’’-methyl-1”,3’’,2’’-oxazaphosphacy- 
clopentan-2”-yluridine 2”-oxide (8) and 2-0-(3-methyl-2- 
oxo- 1,3,2-oxazaphosphacyclopentan-2-yl)-9- [ (2-hydroxy- 
ethoxy)methyl]guanine (9) and test them for their ability 
to affect the replication of a range of herpesviruses in cell 
culture and in an animal model. 

We realize that there is probably very little chemoth- 
erapeutic value in the synthesis of these precise analogues, 
as both acyclovir and BVDU depend for their selectivity 
and hence lack of toxicity on the fact that they are nor- 
mally only substrates for the viral thymidine kinase. The 
purpose here was solely to use these analogues to see 
whether we could devise an assay using TK- herpes strains 
that are normally resistant to acyclovir and/or BVDU. If 
their monophosphates could be liberated inside the cell, 
the viral infection either in vitro or in vivo might become 
susceptible to the drug, thus proving that this type of 
compound is indeed a phosphate prodrug. 
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The synthesis of the target acyclovir derivative appeared 
to require the protection of the guanine group and initial 
steps were taken to make the (9-fluoreny1methoxy)- 
carbonyl (FMOC)6 group. However, the final product had 
such poor solubility properties that it was decided to try 
the synthesis without amino protection which, in the event, 
was accomplished satisfactorily. 

Thus, (E)-5-(2-bromovinyl)-2’-deoxyuridine and acy- 
clovir were treated separately with phosphoryl trichloride 
and the resulting phosphorodichloridate cyclized by ad- 
dition of N-methylethanolamine. Following the usual 
workup and silica gel chromatography, the compounds 8, 
9 were isolated in 86 and 45% yields, respectively. 

Attention was then turned to the synthesis of com- 
pounds of type 10 (R = H) with the aldehyde side chain 
on the oxazaphos ring to give compounds that would hy- 
drolyze under physiological conditions to give the mono- 
nucleotide without the necessity for enzymic hydrolysis 
of a phosphodiester. We have previously described at- 
tempts to use [ (phenylthio)methyl]trimethylsilane6 as a 
formyl synthon’ but 1,441~1 group migration from carbon 
to oxygen in the preparation of a key intermediate meant 
that this method was not suitable. 

~~ ~ ~~ 

(5) Carpino, L. A.; Han, G. YYJ. Org. Chem. 1972, 37, 3404. ~ 

(6)  Coe, P. L.; Jones, A. S.; Kumar, A.; Walker, R. T. Tetrahedron 
Lett .  1988, 29, 835. 

(7) Kocienski, P. J. Tetrahedron Lett .  1980, 21, 1559. 

I 
PhSCHCCHI OH 

22 

Thus, the common formyl synthon 1,3-dithiane was 
used. Initial attempts were made to synthesize the 
phosphorylating agent 18 by reacting compound 17 
(Scheme 11) with phosphoryl trichloride. The product (18), 
however, was a very poor phosphorylating agent and only 
low yields (16%) of the derivatives of structure 19 could 
be obtained. Thus, the phosphorodichloridate of the nu- 
cleosides was made in situ and reacted with compound 17, 
as shown in Scheme 11, to give compounds 19a-c in good 
(<50% ) yield. 

All attempts to deprotect the dithianes&12 19a-c using 
a wide range of reagents suggested in the literature failed 
as the oxazaphos ring is by far the most labile part of the 
molecule. The use of other potential aldehyde synthons 
such as (methy1thio)methyl p-toluoyl sulfone and meth- 
oxymethyl phenyl sulfide13 was investigated but without 
success (Scheme 111) as it was also impossible to regenerate 
the aldehyde function without breaking the oxazaphos ring. 

Finally, some success was achieved with use of the di- 
thiazine synthon (Scheme 111, X = NCH3) to produce 

(8) Hase, T. A.; Koskimies, J. K. Aldrichimica Acta 1981, 14, 73. 
(9) Seebach, D.; Corey, E. J. J. Org. Chem. 1975, 40, 231. 

(10) Huurdeman, W. F. J.; Wynberg, H. Tetrahedron Lett .  1971, 
37, 3449. 

(11) Ho. T.: Ho. H. C.: Wone. C. M. J .  Chem. Soc., Chem. Com- . ,  . I. 

mun. 1972,’79i. 
(12) Corey, E. J.; Erickson, B. W. J .  Org. Chem. 1971, 36, 3553. 
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Table I .  Cytotoxicity and Antiviral Activity of 5’-Phosphoramidate Derivatives of (E)-5-(2-Bromovinyl)-2’-deoxyuridine, Acyclovir, and 
Thymidine in Primary Rabbit Kidney Cell Cultures 

minimum inhibitory concentratioqb gg/mL 
min herpes herpes herpes herpes herpes herpes herpes herpes 

cytotoxic simplex simplex simplex simplex simplex simplex vesicular simplex simplex 
concn,” virus-1 virus-1 virus-1 virus-:! virus-2 virus-2 vaccinia stomatitis virus-1 virus-1 

compd pg/mL (KOS) (F) (McIntyre) (G) (196) (Lyons) virus virus TK- B 2 W  TK- VMW 1837 
8 > 400 0.02 0.07 0.04 10 >400 200 20 >400 >400 >400 
22 >400 0.1 0.1 0.4 >400 >400 >400 2400 >400 >400 >400 
19a 2400 200 150 > 200 150 >200 >200 200 >zoo 150 300 
19c 2400 >400 300 - >400 >400 - - 
19b 240 >40 >40 > 40 >40 >40 >40 >40 >40 > 40 >40 
9 1400 0.2 - 0.2 400 >400 
BVDU 1400 0.02 0.01 0.01 2 100 20 7 >400 100 300 
ACV 2400 0.2 0.1 0.2 0.02 0.07 0.1 150 >400 20 10 

- - - 

- - - - - 

Required to cause a microscopically detectable alteration of normal cell morphology. Required to reduce virus-induced cytopatho- 
genicity by 50%. The data represent average values for two separate experiments. 

Table 11. Cytostatic Effects of 5’-Phosphoramidate Derivatives of (E)-5-(2-Bromovinyl)-2’-deoxyuridine, Acyclovir, and Thymidine 
against Murine and Human Tumor Cell Lines 

50% inhibitory dose; gg/mL 
Molt/4F compd L1210 FM3A/O FM3A TK- FMBA TK-/HSV-2 TK+ Raji 

8 90 48 1.3 0.0008 > 100 > 100 
22 >loo 82 12.4 0.003 >loo >lo0 
19a > 100 48 32 0.018 >loo >loo 
19c >loo > 100 >loo > 100 

>loo >loo >loo > 100 
9 > 100 > 100 > 100 > 100 
19b 

BVDU 22 9.4 0.31 0.0005 73 > 100 
BVDUMP 41 17 0.65 o.oO09 >loo >loo 

- - 
- - 
- - 

ORequired to inhibit tumor cell proliferation by 50%. 

compound 25a. This compound could be deprotected with 
mercuric chloride and mercuric oxide in aqueous aceto- 
nitrile to give the free aldehyde (26a), which could be 
completely characterized. Unfortunately, the aldehyde has 
so far proved to be too unstable to be of any use as a 
phosphate prodrug. The white solid obtained initially 
decomposes quickly to a brown gum and thus it appears 
that the only hope for a phosphate prodrug in this area 
might be compounds of the type 25a, which might in vivo 
be substrates for sulfur oxidases such that the aldehyde 
is liberated in situ. 

Using conditions (50 mM sodium acetate, pH 5.8) pre- 
viously described13 and monitoring the reaction by HPLC, 
we ascertained that, on the basis of the mobility, the only 
product formed from 25a was (E)-5-(2-bromovinyl)-2’- 
deoxyuridine 5’-phosphate; therefore, in principle, the 
decomposition of these compounds will indeed yield the 
nucleotide without the necessity for any enzymatic in- 
tervention. 
Results and Discussion 

Cytostatic and Antiviral Activity. When evaluated 
against several strains of herpes simplex virus type 1 
(HSV-l), herpes simplex virus type 2, TK- HSV-1, vaccinia 
virus (VV), and vesicular stomatitis virus (VSV), none of 
the 5’-phosphoramidate derivatives of BVDU, acyclovir, 
or thymidine, containing the cyclic dithiane side chain 
(compounds 19a, 19b, and 19c), showed an appreciable 
antiviral activity (Table I). In contrast, the unsubstituted 
5’-phosphoramidate derivatives of BVDU (8) and acyclovir 
(9) were potent inhibitors of HSV-1 and HSV-2 replication. 
In this respect, compounds 8 and 9 proved almost as potent 
as antiherpetic compounds as BVDU and acyclovir them- 
selves (Table I). Interestingly, compounds 8 and 22 were 
devoid of any activity against TK- HSV-1 replication. 

These observations point to the pivotal role of the HSV-1 
encoded TK in the antiviral action of the BVDU deriva- 
tives. The data also suggest that compounds 8 and 22 do 
not directly release the 5’-monophosphate derivative of 
BVDU. Otherwise, these prodrugs should have shown 
activity against the TK- HSV-1 variants. Compounds 19c 
and 9 were also evaluated for their inhibitory effects on 
the replication of various RNA viruses (including Cox- 
sackie virus B4, poliovirus-1, parainfluenza-3 virus, reo- 
virus-1, Sindbis virus, and Semliki forest virus). They were 
found inactive against these viruses at a concentration of 
100-200 pg/mL (data not shown). I t  is interesting that 
compounds 8 and 9 are active but 19a/b are inactive. We 
can only presume that following cyclic phosphoramidate 
hydrolysis to give the acyclic phosphodiesters, compounds 
8 and 9 are substrates for phosphodiesterases whereas 
19a/b, which still contain the dithiane ring structure, are 
not further broken down. 

The phosphoramidate derivatives of BVDU (compounds 
8, 19a, and 22), thymidine (compound 19c), and acyclovir 
(compounds 19b and 9) were also evaluated for their in- 
hibitory activity against tumor cell proliferation in vitro 
(Table 11). None of the compounds were cytostatic against 
human Raji and Molt/4F cells. The 5’-phosphoramidate 
derivatives of acyclovir and thymidine also failed to inhibit 
the proliferation of murine L1210 and FM3A/O cells [50% 
inhibitory dose (IDm): >lo0 pg/mL]. Also, the BVDU 
derivatives 8, 22, and 19a were virtually inactive against 
both murine tumor cell lines. However, TK-deficient 
FM3A cells showed a marked increase in their sensitivity 
to the cytostatic activity of compounds 8 and 22 (40- and 
7-fold, respectively). This phenomenon has also been 
observed for BVDU14 and BVDUMP (Table 11). Fur- 
thermore, FM3A TK-/HSV-2 TK+ cells that contain the 
gene of HSV-2 TK and also express HSV-2 TK activity 
proved exquisitely sensitive to the inhibitory effects of 

(13) Farrow, S. N.; Jones, A. S.; Balzarini, J.; De Clercq, E.; Walker, 
R. T. J .  M e d .  Chem. 1990, in press. (14) Nakano, N. Tohoku J .  E r p .  M e d .  1966,88,69. 
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Table 111. Intraperitoneal Treatment of Intracutaneous TK‘ 
HSV-1 (VMW 1837) Infection of Nu/Nu Mice 

mean day of 
appearance of skin 

lesions and/or 
concn, paralysis of the mean time of 

compd mg/kg per day hind legs survival,” days 
19b 100 8.4 18 

ACV 100 17.2 30.4 
(in CMC) 

(in H20) 

(in H,O) 
BVDU 100 10.2 33.8 

placebo (in CMC) 8.8 25 
placebo (in H,O) 8.6 28.2 

“Mice infected with TK- HSV-1 (VMW 1837) were followed for 
39 days. Those mice that were still’alive at  the end of the experi- 
ment were taken into account as 39-day survivors. Abbreviation: 
CMC, (carboxymethy1)cellulose. 

compounds 8,22, and 19a. In this respect, compound 8 
proved as potent an inhibitor of FM3A TK-/HSV-2 TK+ 
cell proliferation as BVDU15 and BVDUMP. Compound 
22 was only 5-fold and compound 19a 20-fold less inhi- 
bitory to FM3A TK-/HSV-2 TK+ cell growth than BVDU. 
In a previous paper, we have reported that the cytostatic 
action of BVDU against HSV-2 TK or HSV-1 TK gene- 
transformed FM3A cells is due to an inhibition of thy- 
midylate synthase by BVDUMP.15 We demonstrated that, 
unlike FM3A/O cells, HSV-2 TK gene-transformed cells 
extensively phosphorylated BVDU to its 5’-mOnO- 
phosphate, and that intracellular accumulation of 
BVDUMP is the molecular basis for the cytostatic activity 
of BVDU against FM3A TK-/HSV-2 TK+ cells. In con- 
text of these earlier observations, the fact that 8 and 22 
did not cause an appreciable inhibition of FM3A/O cell 
proliferation may be interpreted to mean that no 
BVDUMP is released intracellularly from the prodrugs 8 
and 22. 

To investigate whether 8 and 19b may affect TK- HSV-1 
infection in vivo, nu/nu mice were infected intracutane- 
ously with the TK- HSV-1 variant VMW 1837 and treated 
for 5 subsequent days with compound 8 (given topically 
as a 10% ointment), or compound 19b (given intraperi- 
toneally a t  100 mg/kg per day in (carboxymethy1)cellu- 
lose). The control compounds (i.e. BVDU, acyclovir) were 
included in this study a t  the same concentrations and 
under similar experimental conditions as the test com- 
pounds. Compound 19b did not delay the appearance of 
skin lesions or paralysis of the legs when administered 
intraperitoneally at  100 mg/kg per day (Table 111). It even 
shortened the mean day of death (as compared to the 
placebo group), which might reflect toxicity of the com- 
pound at  this concentration. When evaluated under the 
same conditions, acyclovir prolonged the mean day of 
appearance of lesions (as compared to the placebo group) 
but had no beneficial effect on survival of the mice. BVDU 
did  not markedly affect the course of the disease when 
used at a dose of 100 mg/kg per day. 

When compound 8 was evaluated in nu/nu mice infected 
with TK- HSV-1 (VMW-1837), it was found to increase 
the mean survival time when applied topically a t  10% 
(Table IV) as did BVDU and acyclovir when evaluated 
under identical conditions. Neither 19b nor 8 proved su- 
perior t o  BVDU or acyclovir in their inhibitory effect 
against TK- HSV-1 (VMW 1837) infection in vivo. These 
observations indicate that neither 19b nor 8 directly release 

(15) Balzarini, J.; De Clercq, E.; Verbruggen, A.; Crumpacker, C.; 
Ayusawa, D.; Seno, T. Anticancer Res. 1986,6, 1077. 

Table IV. Topical Treatment of Intracutaneous TK- HSV-1 
(VMW 1837) Infection of Nu/Nu Mice 

mean day of 
appearance of 
skin lesions 

concn and/or paralysis mean time of 
compd (v/v in DMSO) of the hind legs survival,” days 
8 10% 10.2 45.2 
BVDU 10% 8.2 39.6 
ACV 10% 40.8 46.2 
placebo DMSO 8.2 27.8 

“Mice infected with TK- HSV-1 (VMW 1837) were followed for 
52 days. Those mice that were taken alive at the end of the ex- 
periment were taken into account as 52-day survivors, respectively. 

the 5’-monophosphate derivatives of acyclovir and BVDU 
in vivo, a conclusion that is in agreement with our in vitro 
data. 
Experimental Section 

NMR spectra (‘H) were recorded on JEOL FX 9OQ (90 MHz) 
and JEOL GX270 (270 MHz) instruments with Me2SO-d6 as 
solvent unless otherwise stated. 31P spectra were recorded on 
either a JEOL FX 9OQ (90 MHz) or a Bruker WH400 (operating 
at  162 MHz) using 85% H3PO4 as a reference. UV spectra were 
measured on a Perkin-Elmer 552 spectrophotometer and mass 
spectra were measured on a Kratm M580 mass spectrometer using 
fast atom bombardment. Glycerol, glycerol/methanol, or 3- 
nitrobenzyl alcohol were used as matrices, sometimes with NaCl 
added. 

Column chromatography was carried out on silica gel, Kieselgel 
60 type 9385 (0.040-0.063 nm, 230-400 mesh). Short-column 
chromatography was carried out with silica gel 60 GFm type 7730. 

Some separations were achieved with a chromatotron (Harrison 
Research Ltd.) using plates prepared from silica gel 60 PFw type 
7749. 

All experiments were carried out under scrupulously dry con- 
ditions unless stated otherwise. 

( E ) - 5 4  2-Bromovinyl)-2’-deoxy-5’- 0 -3”-met hyl- 1”,3”,2”- 
oxazaphosphacyclopentan-2~‘-yluridine (8). Phosphoryl 
trichloride (0.5 mL, 5.5 mmol) was dissolved in 1,e-dimethoxy- 
ethane (10 mL) and N-methylmorpholine (0.33 g, 3.3 mmol). The 
solution was cooled to 0 “C and vigorously stirred while a solution 
of (E)-5-(2-bromovinyl)-2’-deoxyuridine (0.71 g, 2.1 mmol) and 
N-methylmorpholine (11 mg, 0.11 mmol) in 1,2-dimethoxyethane 
(10 mL) was added. The mixture was stirred at  20 OC for 4 h and 
then cooled to 0 “C and a solution of N-methylethanolamine (3.94 
g, 52.5 mmol) and N-methylmorpholine (5.3 g, 52.5 mmol) added 
dropwise to the vigorously stirred mixture. After being stirred 
for 1 h a t  20 OC, the resulting suspension was filtered and the 
precipitate washed with chloroform (2 x 50 mL). The combined 
filtrate and washings were evaporated under reduced pressure 
to give a pale orange oil. This was purified on a silica column 
which was eluted with ethanol-ethyl acetate (1:3). Pooling of the 
appropriate fractions and removal of the solvent under reduced 
pressure gave the product as a white powder (690 mg, 80%): UV 
A,, 293.0 nm (c 10300), Amin 276.0 nm (c 8300), A,, 250.0 nm 
( t  13750) (in distilled water); ‘H NMR [(CD3)2SO] 6 2.16 (2 H, 
m, H-29, 2.58 (3 H, dd, NCH3, J H - ~  10 Hz), 3.1-3.5 (2 H, m, H-4’9, 
3.9-4.4 (6 H, m, H-3’,4‘,5’ and H2-5”), 5.45 (1 H, d, OH-3’),6.21 
(1 H, t, H-l’), 6.95 (1 H, dd, vinylic, J = 14 Hz), 7.3 (1 H, dd, 
vinylic, J = 14 Hz), 7.85 (1 H, d, H-6), 11.6 (1 H, s, NH); FAB 
mass spectrum, m / z  476 (M + Na), 454 (M + H)’. Anal. 
(CI4Hl9N3O7PBr) C, H, N. 

2- [ [ (9 ’ -F luo reny lme t  hoxy)carbonyl]amino]-9-[ (2-  
hydroxyethoxy)methyl]guanine (15). 9-[(2-Hydroxyeth- 
oxy)methyl]guanine (0.5 g, 2.2 mmol) was suspended in pyridine 
(50 mL) and trimethylsilyl chloride (1.02 g, 9.4 mmol) was added. 
After the mixture was stirred for 15 min, a clear solution was 
formed and 9-fluorenylmethyl chloroformate (0.74 g, 2.8 mmol) 
was added. After stirring overnight a t  room temperature, the 
solution was cooled to -5 “C and distilled water (10 mL) was 
added. After stirring overnight, the solvent was removed by 
evaporation and the residue was suspended in distilled water (50 
mL) and extracted with ethyl acetate-ether. The organic layer 
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contained a white precipitate and the solvent was evaporated to 
give a white solid. This was applied, preabsorbed onto silica gel 
(100 g, type 7734) column. The column was eluted with chloro- 
form-methanol (9:l). Pooling of the appropriate fractions and 
evaporation of solvent gave a white solid. This was crystallized 
from methanol to give the product (440 mg, 45%): W A, 260.0 
nm ( e  31 500), Ami, 241.5 nm (c 19700) (ethanol + 0.5% DMSO); 
lH NMR (CD30D) 6 3.62 (4 H, m, OCHPCHzO), 5.55 (2 H, m, 
NCH,O), 7.36 (4 H, m, phenyl), 7.75 (4 H, m, phenyl), 7.99 (1 H, 
s, H-8); FAB mass spectrum, m/z 448 (M + H). Anal. 
(Cz3HZ1N5O5.MeOH) C, H, N. 
2-0 -(3-Methyl-1,3,2-oxazaphosphacyclopentan-2-y1)-9- 

[(2-hydroxyethoxy)methyl]guanine (9). 9-[(2-Hydroxyeth- 
oxy)methyl]guanine (1 g, 4.44 mmol) was dissolved in dry triethyl 
phosphate (5  mL) and the mixture cooled to 0 “C under dry Nz. 
To this solution was added freshly distilled phosphoryl trichloride 
(0.68 g, 8.88 mmol) and mixture allowed to warm up to room 
temperature overnight. Then the mixture was cooled to 0 “C and 
a solution of N-methylethanolamine (0.6 g, 7.98 mmol) and N- 
methylmorpholine (0.81 g, 8.0 “01) added dropwise with vigorous 
stirring. A white gum was immediately formed and was separated 
by decanting off the solution, which was stirred overnight. The 
solution yielded a white precipitate, which was recrystallized from 
methanol and dimethyl sulfoxide and was characterized as the 
required product (1.1 g, 70%): W X, 252.5 (t 14085) in ethanol + 0.5% DMS0;’H NMR [(CD,)$O] 6 3.4 (3 H, s,NCH3), 3.5-4.2 
(8 H, m, OCH2CH20, 2 CH2-3”,4”), 5.35 (2 H, s, NCH2), 6.6 (2 
H, 5 ,  NHJ, 7.9 (1 H, d, H-8), 10.8 (1 H, bs, NH); FAB mass 
spectrum, m/z 345 (M + H)+, sulfolane matrix. Anal. (Cll- 

The white gum was crystallized from methanol and was 
characterized as being 9-[ (2-chloroethoxy)methyl]guanine (0.27 
g, 23%): UV A,, 252.5 nm (c 13040) in ethanol + 0.5% DMSO; 

6.5 (2 H, s, NH2), 7.85 (1 H, s, NCH), 10.7 (1 H, s, NH); FAB mass 
spectrum, m/z 260 (M + H)+. Anal. (CBH10N503C1) C, H, N. 
2-(2’,3’-Epoxypropyl)-l,3-dithiane (16). To a rapidly stirred 

solution of dry 1,3-dithiane (6.09,50 mmol) in dry THF (100 mL) 
a t  -40 “C was added n-butyllithium in n-hexane (32.7 mL, 52 
mmol). After 1.5 h the dithiane was metalated quantitatively as 
evidenced by TLC. To this solution of the anion was added 
epibromohydrin (6 g, 45 mmol) in dry THF (4 mL) with vigorous 
stirring. After 15 min the reaction mixture was quenched by the 
addition of phosphate buffer, pH 7.0, and the mixture extracted 
with dichloromethane (3 X 100 mL). The organic layer was dried 
(Na2S0,) and the solvent removed under reduced pressure to give 
a yellow oil. Final purification was achieved on a silica gel column 
eluting with hexane-ethyl acetate (8:2) to give 4.8 g (78%) of a 
colorless oil: ‘H NMR (CDCl,) 6 2.5-1.8 (4 H, m, 2 CH,S), 3.2-2.5 
(7 H, m, CH2-4,6, CH2-3’, CH-2’),4.3 (1 H, t ,  CH2-2); bp 189-190 
“C (0.2 mm of Hg); mass spectrum, m/e 176 (M’), 145,133,119. 
Anal. (C7H120S2) C, H. 

1- (N-Met hylamino) -3-dit hian-2-ylpropan-2-01 ( 17). Me- 
thylamine gas was bubbled through a methanolic solution of 
2-(2’,3’-epoxypropyl)-l,&dithiane (4 g, 23 mmol) in a thick-walled 
glass tube at -20 “C. The glass tube was sealed and left in a steel 
container a t  room temperature overnight. A crystalline solid is 
formed, which is washed with hexane and dry acetone to give the 
product, 3.9 g (82%): ‘H NMR (CDCl,) 6 2.2-1.7 (4 H, m, 2 CH$), 
2.5 (3 H, s, NCH,), 2.6 (2 H, m, CH2-4), 2.8 (4 H ,m,  CH2-6,3’), 
2.9 (2 H, s, NH, OH), 4.1-3.8 (1 H, m, CHOH), 4.4-4.2 (1 H, m, 
SCHS); mass spectrum, m/e 207 (M’), 162, 132. Anal. (C8- 

24 (2-Chloro-2-oxo-3-methyl-1,3,2-oxazaphosphacyclopen- 
tan-5-yl)methyl]-1,3-dithiane (18). Phosphoryl trichloride (1.37 
g, 8.92 mmol) was dissolved in dry chloroform (6 mL) and the 
mixture cooled to -15 “C, while a solution of 1-(N-methyl- 
amin0)-3-dithian-2-ylpropan-2-01 (1.85 g, 8.92 mmol) in dry 
chloroform (10 mL) and dry triethylamine (1.25 mL) was added 
dropwise with vigorous stirring. The mixture was left a t  0 “C 
overnight. The solvent was then removed under reduced pressure 
at 35 “C and the residue extracted with dry acetone (4 X 50 mL). 
The acetone extracts were evaporated, and the residue was treated 
with dry chloroform (20 mL) and dry carbon tetrachloride (60 
mL). After trituration of the solid that initially formed, crystals 
appeared, which were collected and dried to give 1.85 g (72%): 

H17N&P) C, H, N. 

‘H NMR [(CD,)$O] 6 3.7 (4 H, S, CHZCH20), 5.4 (2 H, S, NCH,O), 

H17NOS2) C, H, N. 
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lH NMR (CDCla 6 2.4-1.8 (4 H, m, 2 CH2, 1.2), 2.7 (3 H, d, NCHd, 
3.8-3.1 (6 H, m, 3 CH2, 4’,5’,6’), 4.3-4.1 (1 H, m, SCHS), 5.1-4.8 
(1 H, m, CHO); 31P NMR 6 +21.0; FAB mass spectrum, m/z 289 
(M + H)’. Anal. (CBH1502NPS2C1-(C2H5)3NHCl) C, H, N. 
5’- 0 -[ 3-Met hyl-2-oxo-5-[ (1,3-dithian-2-yl)methyl]- 1,3,2- 

oxazaphosphacyclopentan-2-yl]thymidine (194. Dry pyridine 
(20 mL) was added to a mixture of thymidine (1.05 g, 4.3 mmol) 
and the cyclic phosphorochloridate (1.3 g, 4.3 “01). The mixture 
was allowed to stir for 3 days a t  room temperature under dry NP 
The solvent was then removed under reduced pressure, the last 
traces being removed by coevaporation with methanol to give an 
orange oil which was separated on a silica gel column using ethyl 
acetate-ethanol(3:l) as eluant. Pooling of appropriate fractions 
gave a white solid (0.35 g, 16%): UV A, 267 nm (e 11055), A- 
240 nm (c 2350); ‘H NMR [(CD3)2SO] 6 1.7 (2 H, m, CH2-5”), 1.8 
(3 H, s, CH,), 1.95-2.2 (5  H, m, CH-2’, CH-2”, CH-4’9, 2.55 (3 
H, d, NCH,, J = 14 Hz), 2.8 (6 H, m, CH2-5’, CH2CH2S), 3.4 (2 
H, m, CH2S), 3.9 (1 H, m, H-4’),4.25 (1 H, m, SCHS), 4.65 (1 H, 
m, H-3’), 5.4 (1 H, D, OH-3‘), 6.2 (1 H, t, H-l’), 7.5 (1 H, m, H-6), 
11.3 (1 H, bs, NH); 31P NMR 6 +26.0; FAB mass spectrum, m/z 
494 (M + H)+, 516 (M + Na)+. Anal. (C16H28N305PS2) C, H, N. 
(E)-5- (2-Bromovinyl)-2’-deoxy-5’- 0 -[ 3-met hyl-2-oxo-5- 

[ (1,3-dithian-2-yl)methyl]- 1,3,2-0xazaphosphacyclopentan- 
2-ylluridine (19a). To a suspension of triethyl phosphate (5 mL) 
and (E)-5-(2-bromovinyl)-2’-deoxyuridine (0.7 g, 2.1 mmol) a t  0 
“C was added freshly distilled phosphoryl trichloride (0.5 mL, 
5.5 mmol) with vigorous stirring. After the mixture was allowed 
to warm up to room temperature over 4 h, it was cooled to 0 “C, 
and N-methylmorpholine (0.38 g, 4 mmol) and 1-(N-methyl- 
amino)-3-dithian-2-ylpropan-2-01 (0.4 g, 3.8 mmol) in 1,2-di- 
methoxyethane (3 mL) were added dropwise with vigorous stirring 
under a dry stream of N2 The mixture was allowed to warm up 
to room temperature and left overnight. Then the solvent was 
removed under reduced pressure to give a pale yellow oil which 
was purified on a silica gel column using ethyl acetate-ethanol 
(91) as eluant. Pooling of appropriate fractions gave a white solid 
(0.58 g, 47%): UV A,, 295 nm (c  12250), Ami, 270 nm ( t  8750), 
A, 250 nm (t 14000) (in distilled water); ‘H NMR [(CD3)2SO] 
6 1.8 (2 H, m, CH-5”), 2.0-2.2 (5  H, m, H-2’, CH2-2”, CH-4’9, 2.6 
(3 H, dd, NCH,), 3.4-3.9 (6 H, m, CH2-5’, CHzCH2S), 3.95-4.4 
(5  H, m, H-4’, H-3’, CH2-5, SCHS), 5.5 (1 H, d, OH-3’), 6.25 (1 
H, t, H-l’), 6.9 (1 H, d, vinylic, J = 15 Hz), 7.3 (1 H, d, vinylic, 
J = 15 Hz), 7.8 (1 H, s, H-6), 11.6 (1 H, s, NH); 31P NMR 6 +20; 
FAB mass spectrum, m/z 585 (M + H)+. Anal. (Cl9HP7N3O7- 
S2PBr) C, H, N. 
2- 0 -[ [ 3-Met hyl-2-oxo-5-[ (1,3-dithian-2-yl)met hyll- 1,3,5- 

oxazaphosphacyclopentan-2-yl]oxy]acyclovir (19b). To a 
suspension of 9- [ (2-hydroxyethoxy)methyl] guanine (acyclovir) (1 
g, 4.44 mmol) in triethyl phosphate (5  mL) a t  0 “C was added 
freshly distilled phosphoryl trichloride (1.0 mL, 11 mmol) with 
vigorous stirring. After 4 h a t  room temperature the mixture was 
cooled to 0 “C and N-methylmorpholine (0.76 g, 8 mmol) and 
l-(N-methylamin0)-3-dithian-2-ylpropan-2-01 (0.8 g, 7.6 mmol) 
in 1,Zdimethoxyethane (6 mL) was added dropwise with vigorous 
stirring under dry NP. The resulting suspension was subjected 
to sonication in an ultrasound bath for 2 h and then stirred 
overnight a t  room temperature. The resulting gum and solution 
was added to ice-water (100 mL), and after trituration, the solid 
material was filtered and washed with cold methanol, and the 
product obtained was a yellow solid (1.3 g, 62%): ‘H NMR 
[(CD,),SO] 6 1.5 (2 H, m, CH2-5”), 1.9-2.1 (3 H, m, CHz-2”, 
CH-4’9, 3.5 (3 H, d, NCH,), 3.6-4.1 (9 H, m, OCH2CHP0, 
CHZCHCH2), 5.35 (2 H, s,NCHZ), 6.7 (2 H, bs, NHZ), 7.9 (1 H, 
d, H-8), 10.8 (1 H, bs, NH); FAB mass spectrum, m/z 477 (M + 
H)+. 

1-Met hoxy- 1-( phenylthio)-3,4-epoxybutane (20). This 
compound was prepared as described for 16. The product was 
isolated in 87% yield by flash chromatography using ethyl ace- 
tate-hexane (2:8): lH NMR (CDC1,) 6 1.75-2.1 (2 H, m, CH3-3), 
2.5 (1 H, m, CH-l), 2.75 (1 H, m, CH-l), 3.1 (1 H, m, CH-2), 
3.55-3.48 (3 H ,d ,  OCH3),4.8 (1 H,m,  SCHO), 7.2-7.5 (5  H,m,  
Ph); mass spectrum, m/e 210, 166. Anal. (Cl1HI4OPS) C, H. 
3-Hydroxy-4-(methylamino)- 1-methoxy- 1-( p henylt hio)- 

butane (21). This compound was prepared as described for 17. 
The product was crystallized from methanol in 82% yield: ‘H 
NMR (CDCl,) 6 1.75-1.9 (3 H, m, CH2-3 and CH-l), 2.2-2.8 (6 



2374 Journal of Medicinal Chemistry, 1990, Vol. 33, No. 9 

H, m, CH3, NH, OH, and CH-I), 3.55 (3 H, s, OCH,), 3.8-4.0 (1 
H, m, CH-2), 4.9 (1 H, m, SCHO), 7.2-7.5 (5 H, m, Ph); FAB mass 
spectrum, m / z  242 (M + H)+. Anal. (C12H19NOsS) C, H, N. 
(E)-5-(2-Bromovinyl)-2’-deoxy-5’- 0 -[5-[2-methoxy-2- 

(phenylthio)eth-l-yl]-3-methyl-2-oxo-1,3,2-oxazaphospha- 
cyclopentan-2-yl]uridine (22). To a suspension of triethyl 
phosphate (5 mL) and (E)-5-(2-bromovinyl)-2’-deoxyuridine (0.7 
g, 2.1 mmol) a t  0 “C was added freshly distilled phosphoryl 
trichloride (0.5 mL, 5.5 mmol) with vigorous stirring. The mixture 
was stirred overnight a t  room temperature and then cooled to 
0 “C again, and N-methylimidazole (0.33 g, 4 mmol) and 3- 
hydroxy-4-(methylamino)-l-methoxy-l-(phenylthio)butane (0.92 
g, 3.8 mmol) in 1,2-dimethoxyethane (3 mL) were added dropwise 
with vigorous stirring. The mixture was allowed to warm up to 
room temperature and left overnight. Then the solvent was 
removed under reduced pressure to give a pale yellow oil. Pu- 
rification was achieved on a silica gel column using chloroform- 
ethanol (955) as eluant. Pooling of appropriate fractions gave 
a white solid (0.7 g, 54%): UV A,, 293 nm (c  12985), A,,, 268 
nm (c  9478), A,, 248 nm (e 18832); ‘H NMR [(CD3),SO] 6 1.9 
(2 H,m,CH,-5”),2.2 (2 H,m,CHz-2’),3.0 (3 H,m,CH-4”,CHz-5’), 
3.2 (3 H, d, OCH,), 3.5 (3 H, s, NCH3), 3.8-4.2 (4 H, m, H-3’,4’, 
CHz-3”), 4.8 (1 H, m, 5CHO), 5.5 (1 H, d, OH-3’), 6.2 (1 H, t, H-l’), 
6.9 (1 H, d, vinylic), 7.2-7.5 (6 H, m, PhS, vinylic), 7.8 (1 H, s, 
H-6), 11.6 (1 H, s, NH); FAB mass spectrum, m/z 619 (M + H)+, 
642 (M + Na). Anal. (C23H29N308PSBr) C, H, N. 

1,2-Epoxy-3-(5,6-dihydro-5-methyl-4H-1,3,5-dithiazin-2- 
y1)propane (23). To a rapidly stirred solution of 5,6-dihydro- 
5-methyldithiazine (1.8 g, 13 mmol) in dry THF (26 mL) a t  -30 
“C was added n-butyllithium in n-hexane (0.85 g, 14 “01). After 
10 min a thick white precipitate dissolved. After 15 min the 
reaction mixture was quenched by the addition of phosphate 
buffer, pH 7.0, and mixture extracted with dichloromethane (3 
x 100 mL); the organic layer was dried (K2C03) and solvent 
removed under reduced pressure to give a yellow oil. Final pu- 
rification was achieved on a silica gel column eluting with hex- 
ane-ethyl acetate (7.52.5) to give (89%) of a colorless oil: ‘H NMR 

m, CH2-1), 3.0-3.4 (1 H, m, CH-17, 4.0-4.8 (5 H, m, 2 CH2-3’,5’, 
CH-2); mass spectrum, m/e 191. Anal. (C7H13NOSz) C, H, N. 

l-(N-Methylamino)-2-hydroxy-3-( 5,6-dihydro-5-methyl- 
4H-1,3,5-dithiazin-2-yl)propane (24). This compound was 
prepared by using the same procedure as for compound 17: ‘H 
NMR (CDC13) 6 1.7-1.9 (2  H, t, CH2-3), 2.3-2.7 (8 H. m, 2 CH,, 
OH, NH), 2.8 (2 H, m, CH,-l), 4.05 (1 H, m, CH-2), 4.25 (1 H, 
m, 5-CH-5), 4.5-4.9 (4 H, m, 2 CH2-5); FAB mass spectrum. m / z  
223 (M + H+). Anal. (C8HI8NOS2) C, H, N. 
(E)-5-(2-Bromovinyl)-Z’-deoxy-5’- 0 -[3-methyl-Z-oxo-5- 

(5,6-dihydro-5-methy1-4H- 1,3,5-dithiazin-2-yl)-1,3,2-oxaza- 
phosphacyclopentan-2-yl]uridine (25a). To a suspension of 
triethyl phosphate (10 mL) and (E)-5-(2-bromovinyl)-2’-deoxy- 
uridine (1.4 g, 4.2 mmol) a t  0 “C was added freshly distilled 
phosphoryl trichloride (1.0 mL, 11.0 mmol) with vigorous stirring. 
After the mixture was allowed to warm up to room temperature 
over 3 h, it was cooled to 0 “C, and N-methylimidazole (0.66 g, 
8 mmol) and l-(N-methylamino)-2-hydroxy-3-(5,6-dihydro-5- 
methyl-4H-1,3,5-dithiazin-2-yl)propane (1.69 g, 7.6 mmol) in 
1,2-dimethoxyethane (6 mL) were added dropwise with vigorous 
stirring under dry N,. The mixture was stirred overnight at  room 
temperature. The solvent was then removed under reduced 
pressure to give a yellow oil, which was purified on a silica gel 
(7734) column using ethyl acetateethanol (9:l) as eluant. Pooling 
of appropriate fractions gave a white solid (1.5 g, 59%): UV A, 
293 nm ( I  10 500), A,,, 273 nm ( 6  8490), A,, 250 nm ( t  13 560) 
(in distilled water); ‘H NMR [(CD,),SO] 6 2.0-2.3 (4 H, m, CHz-2 
and CH,-.C”), 2.6 (6 H, m, 2 CH,), 3.2 (2 H, m, CH2-5’), 3.4 (1 H, 
m, CH-3’), 3.9-4.5 (2  H, m. CHO, SCHS), 4.5 (1 H, m, CH-4’), 
4.5-4.9 (4 H, m, SCHzN), 5.5 (1 H, s, OH), 6.3 (1 H, t, H-l’), 7.3 
(1 H, m, vinylic), 7.7 (1 H, m, vinylic), 8.7 (1 H, s, H-6), 11.7 (1 
H, s, H); FAB mass spectrum, pm 599 (M + H)+, 621 (M + Na)+. 
Anal. (C,9H28N,07PS2Br) C, H, N. 

Deprotection of (E)-5-(2-Bromoviny1)-2’-deoxy-5’-0-[3- 
methyl-2-oxo-5-( 5,6-dihydro-li-methy1-4H-1,3,5-dithiazin-2- 
yl)-1,3,2-oxazaphosphacyclopentan-2-yl]uridine (26a). 
Compound 25a (200 mg, 0.33 mmol) was dissolved in 85% aqueous 
acetonitrile (3 mLi and stirred at room temperature. Then 2.2 

(CDC13) 6 1.4-2.1 (2 H, t, CH2-3), 2.6 (3 H, S, CHB), 2.7-2.9 (2 H, 
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equiv of mercuric oxide (156 mg, 0.74 “01) and mercuric chloride 
(200 mg, 0.72 mmol) was added. Reaction was monitored by TLC 
(in ethyl acetate-ethanol, 6:2); after 25 min, no starting material 
remained. The mixture was then quenched by adding acetonitrile 
(10 mL) and then 1 equiv of 0.1 M sodium sulfide (13 mL) was 
added. The black precipitate was filtered off and the clear su- 
pernatant was concentrated to a colorless oil under reduced 
pressure. Further purification was achieved on a silica gel column 
using ethyl acetate-ethanol (6:2) as eluant to give a white solid 
(41 mg, 25%): UV A,, 293 nm (c  llOOO), Amin 270 nm (t 7950), 
A, 250 nm ( e  13000); ‘H NMR [(CD3)2SO] 6 2.2 (2 H, m, H-2’), 
3.3 (3 H, d, NCH,), 3.8-4.4 (6 H, m, H-4’, CH2CHCH2), 5.5 (1 H, 
d, OH-3’), 6.25 (1 H, t, H-l’),6.9 (1 H, d, vinylic, J = 15 Hz), 7.3 
(1 H, d, vinylic, J = 15 Hz), 7.8 (1 H, s, H-6), 11.6 (1 H, s, NH). 
Anal. (CleHzlN308PBr(CzH50)3PCO)) C, H, N. 

Biological Section. Materials and  Methods. Cells. FM3A 
cells (subclone F28-7), originally established from a spontaneous 
mammary carcinoma in a C3H/He mouse14 and designated 
FM3A/O, were cultured as published earlier.15 FM3A/TK- cells, 
which lack host cell thymidine kinase (TK) activity, and FM3A 
TK-/HSV-2 TK+ cells, which lack host cell TK activity but 
express HSV-2 TK activity, were derived from the FM3A/O cell 
line as previously described.’&18 The cells transformed by the 
HSV-2 TK gene were cultured in the same culture medium as 
the FM3A/O and FM3A/TK- cells. 

Murine leukemia L1210, human B-lymphoblast Raji, and 
T-lymphoblast Molt/4F cells were cultured as described previ- 

Inhibition of Cell Proliferation. The methods for evaluating 
the cytostatic effects of the compounds on the tumor cells have 
been described previou~ly.’~ Briefly, (5-7.5) X lo4 cells were 
suspended in growth medium and added to microplate wells in 
the presence of varying concentrations of the test compounds. 
The cells were then allowed to proliferate for 48 or 72 h at  37 “C 
in a humidified C02-controlled atmosphere. At the end of the 
incubation period, the cells were counted with a Coulter counter. 

Antiviral Test Procedures. The antiviral test procedures 
were based on an inhibition of virus-induced cytopathogenicity 
in primary rabbit kidney cell cultures following previously es- 
tablished procedures.20 Briefly, confluent cell cultures in mi- 
crotiter trays were inoculated with 100 CCIDm of virus [herpes 
simplex virus type 1 (HSV-1) (strain KOS, F or McIntyre), HSV-2 
(strain G, 196 or Lyons, TK- HSV-1 (strain B2006 or VMW 1837), 
vaccinia virus, or vesicular stomatitis virus], 1 CCID, being the 
virus dose required to infect 50% of the cell cultures. After 1 
h of virus adsorption, residual virus was removed and the cell 
cultures were incubated in the presence of varying concentrations 
of the test compounds. Viral cytopathogenicity was recorded as 
soon as it reached completion in the control virus-infected cell 
cultures. 

In Vivo Antiviral Assays. Twenty-five- to 30-day-old athymic 
nude (nu/nu) mice, weighing 15-20 g, were inoculated intracu- 
taneously in the lumbosacral area with TK- HSV-1 (VMW 1837) 
at  lo5 CCID, 50 pL per mouse and treated topically or intra- 
peritoneally at the indicated doses four times or two times a day, 
respectively, for 5 days, starting immediately after virus infection. 
The appearance of skin lesions, paralysis of the hind legs, and 
death of the mice were recorded daily. 
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Synthesis and Antitumor Activity of Novel 4-Demethoxyanthracyclines 
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A versatile and efficient synthetic route to 4-demethoxyanthracyclinones has been utilized in the preparation of 
a number of aglycons having 9-alkyl, g-(hydroxylalkyl), or 9-carbamoyl substituents. Silver trifluoromethanesulfonate 
catalyzed coupling of these aglycons with various daunosamine derivatives has yielded a series of novel anthracyclines 
which have been evaluated as antitumor agents. 9-Alkylanthracyclines 22, 23, 33, and 34 have higher efficacy vs 
L-1210 leukemia than the parent 4-demethoxydaunorubicin (21), or the natural anthracyclines daunorubicin (1) 
and doxorubicin (2). 9-(Hydroxyalkyl) derivatives have in most cases high efficacy but are slightly less potent than 
21. 9-Methyl analogue 22 has higher efficacy vs P388 leukemia than other anthracyclines tested, while 9-(hy- 
droxymethyl) derivative 37 retains similar efficacy to anthracyclines 1 ,2 ,  and 21 but is considerably more potent. 
The N-substituted 9-carbamoylanthracyclines are devoid of antitumor activity. 

The anthracyclines daunorubicin (daunomycin, 1; Chart 
I) and, particularly, doxorubicin (adriamycin, 2) are widely 
used for the treatment of human However, the 
clinical use of these agents is hampered by a number of 
undesirable side effects, particularly a dose-related and 
irreversible cardiotoxicity. Consequently a major goal for 
anthracycline research is the identification of new ana- 
logues with reduced toxicity, as well as a broader spectrum 
of antitumor activity, and this objective has stimulated 
considerable research activity in various industrial and 
academic lab~rator ies .~ Some structure-activity rela- 
tionships have been established for the anthracyclines, but 
these are largely derived from the investigation of ana- 
logues obtained through chemical modification of fer- 
mentation-derived  product^.^ This has limited the range 
of new structures since the natural products have labile 
functions at  positions 7 and 9 which are essential for good 
biological activity. We have therefore undertaken to ex- 
tend the understanding of structure-activity relationships 
by utilizing a new method of total synthesis which facili- 
tates the preparation of the substantial quantities of novel 
anthracylinones necessary for subsequent glycosidation 
and biological e~aluat ion.~J We have selected as targets 
for synthesis a number of novel 4-demethoxyanthracyclines 
because 4-demethoxydaunorubicin (21) and 4-demeth- 
oxydoxorubicin are claimed to be more potent and less 
toxic than the parent compounds8 and are effective in 
human therapy.sv10 The choice of position 9 substituents 
is supported by various observations. Some natural 
products such as aclacinomycin A,Bll and cinerubin A12 
which lack a C-13 oxo function show interesting antitumor 
activities. Besides being a potent antitumor agent, acla- 
cinomycin A is claimed to be considerably less cardiotoxic 
than doxorubicin, while cinerubin A shows low but re- 
producible activity against a doxorubicin-resistant strain 
of P-388 1e~kemia. l~ In addition, both daunorubicin (1) 
and doxorubicin (2) have been converted to 13-deoxy de- 
rivatives with retention of considerable antitumor activi- 
ty.I4 As one of the principal metabolic reactions of the 
anthracyclines 1 and 2 in mad5  and in animal tissues161g 
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Chart I 

CI 
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R' 

HO 

1 R = H  

2 R = O H  

7.R.Ac 

8.R.Me 

9 R = E t  

10. R = (R] . CH(0AC)CHI 

11. R=(S).CH(OAc)CH, 

12 R=CH20Ac 

13. R = CH2CH20Ac 

14.  R = CONHC6H5 

15. R = CON(CH3)C6H5 

16. R = CONHCH2C6H, 

17. R I CONHCH,CHzCH3 

18. R = CONHOCH~C~HS 

3. R '  = H, R Z =  p -  02N C6H,.C0 

4 R' = p - 02N.C,H,.CO: R' = H 

5 R' = H: R2 = OMe 

6. R' = R2 = H 

WR / 

0 OH 0-6 

19 13 = OMe 

20 R = C I  

0 OH 

0 OH 8 
I 

RO 

42 R = p  O,NCsH,CO 

43 R = H  

involves reduction of the C-13 oxo function to give 13- 
dihydroanthracyclines, analogues which lack this function 
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