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A number of 5’-(O-acyl) derivatives of 9-3-i)-arabinofuranosyladenine (ara-A, VIRA-A) (2a-k) were prepared by 
direct acylation of the parent nucleoside 1 i n  pyridine- N,N-dimethylformamide. These compounds, designed as 
prodrugs for 1, offer a range of soluhilities and lipophilicities indicating for several examples improved solubility 
and the potential for improved membrane transport over 1. All are resistant to deactivation by adenosine deaminase. 
Of special interest is the 5’-iO-valeryl) derivative 2d that shows a marked increase in antiviral activity over 1. 

The  potent antiviral nucleoside 9-~-D-arahinofuraio- 
syladenine (1) (am-A,  vidarabine. VIRA-A) has shown 
activity’ against certain DNA viruses such as herpes. 
varicella, and cytomegaloviruses and has demonstrated 
clinical utility as a topical agent for herpes keratitis of the 
eye.” Most dramatically, however, the drug has been 
shown useful as a highly effective. relatively nontoxic. 
systemic agent to treat the usually fatal herpes enceph- 
a l i t i ~ . ~  In an impressive, placebo-controlled study of 
biopsy-proven cases of the illness. the mortality rate was 
lowered4 from 70 to 2870. Despite its proven efficacy, 1 
does suffer from a number uf limitations: (1) a low aqueous 
solubility5 of ca. 0.4 mgjniL at  25 “ C  that poses a severe 
restraint to parenteral administration of’ the drug; ( 2 )  a 
ready deamination by adenosine deaminase to  give 9-d- 
D-arabinofuranosylhypoxanthine inrcl-Hx). the chief 
metabolite which possesses lowlevel antiviral activit 
(3) a low lipophilicity that precludes thr  use of 1 as a 
topical agent for treating genital. oral. and other cutaneous 
herpes infections. 

In an attempt to overcome these problems which 
manifest themselves as difficulties with formulation, 
delivery, and topical applicatiorl, as well as icith a lack of 
resistance t o  enzymic deactivation in  vivo, a series of 
5’-monoesters of 1 (2a-k) was synthesized. It, was an- 
ticipated that such acyl derivatives would serve t o  
counteract the various intra- and/  or intermolecular hy- 
drogen-bonding forces that are presumably responsible for 
rendering the arabino nucleoside far less soluble than 
adenosine, its ribo counterpart.’ Compounds 2a-k would 
be predicted to  have a less compact crystal structure arid 
thereby show lower melting points. The result is an in- 
crease in free energy withiti the crvstalline matrix that 
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Scheme I 

would give rise to an expected increase in solubility that 
is desired for a parenteral drug. The gains in lipophilicity 
would be of an advantage in obtaining compounds that 
would be more prone to traverse biological membranes and 
skin layers, and thereby one might possibly gain insight 
into designing drugs that would be suited for topical 
application for treatment of cutaneous herpes infections. 
Such rationale has been followed in prodrug design for a 
variety of  pharmaceutical^,^,^ and this concept has been 
applied to prodrugs for the nucleoside antileukemic 3- 
d-D-arabinofuranosylcytosine (ura -C) lo  l1 and, albeit with 
limited success, to 1, as shown in certain 5 ’ - e s t e r ~ , ’ ~ J ~  as 
well as with tri-0-acyl derivativesI4 of 1. 

Chemistry. Direct acylation of the free nucleoside 1 
a a s  effected by adding 1.1 equiv of the appropriate acyl 
chloride to a suspension of the nucleoside in 1:l pyri- 
dine-N,N-dimethylformarnide (see Scheme I). I t  is to be 
pointed out that  the solvent-base combination was found 
to greatly facilitate the selectivity of the acylation of the 
primary hydroxyl group over either of the secondary al- 
coholic groups. This result is apparently a consequence 
of having as the acylating reagent a charged species (Le., 
.V-acylpyridinium chloride) in an aprotic, nonpolar solvent 
such as N,N-dimethylformamide.15,16 By maintaining 
ice-bath temperatures, the S‘-acylated nucleosides 2a-k 
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Table I. Physical Data for 5 ' 4  0-Acyl)  Derivatives of 9-B-o- Arabinofuranosyladenine 
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[a 1 log P 
deg ( c  solubil- (1-pent- 

no. RC- % mp, " C  nm (log E )  anol) formula (anaIyses)b mg/mL water)C 
yield: AmaMeoH, 1, meth- ity, anol/ 0 

II 

~~~ 

2a CH,C(=O)- 82 197.5-198.5 258 (4.18)  +23.6 

2b 

2c 

2d 

2e 

2f 

2g 

2h 

2i 

2j 

2kd 

CH,CH,C( = 0)- 

CH,(CH,),C(= 0)- 

CH,(CH,),C(=O)- 

(CH,),CHCH,C( = 0)- 

(CH,),CC( = 0)- 

CH,(CH,),C(=O)- 

(CH,),CCH,C( = 0)- 

CH,(CH,),C(=O)- 

C6H5(CH2),C(= O)- 

C,H,C(=O)- 

6 1  

64 

47 

6 5  

30 

35 

42 

45 

39 

38 

201-203 
(dec > 1 9 0 )  

184  (sinters) 
(dec 187-189)  

glass 

glass 

glass 

glass 

glass 

glass 

glass 

222-224e 

258 (4 .17)  

259 (4.18)  

259 (4.18)  

258 (4.17)  

259 (4.17)  

259 (4 .16)  

259 (4.17)  

259 (4.16)  

259 (4 .17)  

259 (4 .20) ,  
230 (4.31)  

t 22.8 

t 23.0 

t 32.6 

t 35 

1 3 1 . 2  

t 29.4 

t 28.8 

t 42 

C,;H,, N,O;. 1. 25H,O 
(C. H, N) 

C,,H,, N,O,.O.OH,furan 

6.6 

9.2 

16.1 

8.4 

19.8 

7.0 

2.5 

7.8 

-0 .1 

1 . 5  

0.08 

0.12 

0.58 

0.90 

1.33 

1.39 

1.63 

1.78 

1.70 

2 2 . 0 0  

1.73 

1.34 

a Yields are based on  pure components isolated after chromatography and, in general, are based on  single experiments. 
All solvates were verified by NMR spectroscop , For methodology see the Experimental Section; log P (vidarabine) = 

-0.47. See ref 12.  e Lit.I2 mp 223-224 "C. pN: calcd, 17.80;  found, 17.12. 

were obtained in yields of 3040% after chromatography 
over silica gel to separate minor, peracylated contaminants 
and unreacted 1. The low-yielding reactions invariably 
contained much unreacted 1 (as revealed by TLC) that was 
not recovered and not accounted for in yield calculations; 
yields increased significantly, for example with 2a, with 
a minimum of experimental development. The structures 
of the compounds were confirmed by their NMR spectra" 
in deuterated methyl sulfoxide that typically showed an 
expected downfield shift for the 5'-methylene function that 
was consonant with 5'-O-acylation of 1. The methinyl 
protons at  C-2' and C-3' both appeared as overlapping 
complex multiplets that simplified somewhat upon ex- 
change of the hydroxyl protons with deuterium oxide. 
That  the amino group on the adenine ring remained 
unacylated was demonstrated by the UV spectra (XmaxMeoH 
258-259 nm; see Table I) that were indicative of a non- 
acylated adenine, as well as a broad singlet in the NMR 
spectrum at 6 7.26 that integrated for two protons (-NH,). 
All new structures gave correct elemental analyses for C, 
H,  and N. 

Results and Discussion 
As expected, the aqueous solubilities for the short-chain 

esters showed dramatic increases over that  of 1. Among 
the crystalline examples 2a-c, 15-, 20-, and 34-fold in- 
creases in solubility, respectively, based on hydrated 1, 
were obtained. The melting points were observed to drop 
by ca. 55-60 "C from that of 1 Imp (of 1) 257-275.5 "C].'* 
The lipophilicities measured via a pentanol-water dis- 
tribution show increases commensurate with increasing 
chain length. While no quantitative comparisons can be 
accurately made with the glassy examples 2d -j due to the 
lack of an ordered, crystalline state, it is noted that for ad-j 
the solubilities are quite high for the glassy, five-carbon 
esters 2d-f and the highly branched, tert-butylacetyl 
derivative 2h. Comparison of the 5'-(O-valeryl) compound 
2d with the isomeric, 5'-(O-isovaleryl) ester shows an 
increased solubility of the latter, with an approximately 
equivalent partition ratio. As the hydrocarbon chains were 
lengthened to  C-6 and C-8, the hydrophobic character 

imparted to the molecules, as revealed by log P values that 
approach ca. 2.0, resulted in a general decrease in aqueous 
solubility. The 5'-(O-octanoyl) derivative 2i fell below that 
of 1 in equivalent solubility. The aryl ester 2klZ and the 
aralkyl analogue 2i were both quite insoluble, with no 
apparent increase in lipophilicity over the lower alkyl 
derivatives 2d- h. 

When assayedlg against calf mucosal adenosine de- 
aminase in vitro, these esters exhibit complete resistance 
to  deamination. This finding is not surprising, as it is in 
accord with the structure-activity relationshipsz0 estab- 
lished with studies on various adenine nucleosides that  
show a profound dependence on an available 5'-hydroxyl 
group for necessary auxillary binding to  the enzyme. 
Furthermore, in studies carried out by Higuchi e t  al.,*l* 
the 5'-(O-valeryl) derivative 2d is shown in a culture of KB 
cells to give rise to unexpectedly high intracellular levels 
of the free-hydroxy parent nucloside 1 in relation to the 
metabolite, ara-Hx. Such results indicate that  some 
deaminase protection mechanism, other than a simple lack 
of substrate activity for the enzyme, is operative. In vitro 
studies with calf mucosal adenosine deaminase showed that 
the intact ester functioned as a wedk inhibitor of the 
enzyme ( K ,  = 1.1 X 10-5 M).,lb While this inhibition is in 
no way as pronounced as that realized with the potent 
inhibitors such as pentostatin ( c o ~ i d a r a b i n e ) ~ ~ - ~ ~  or co- 
f ~ r m y c i n , ~ ~  the effect is dramatic in that the process occurs 
at the cellular level with impressive results.21a The possible 
biological implications art! noteworthy as 2d is a prodrug 
of 1 that is soluble, lipophilic, and not only resistant to 
adenosine deaminase but also apparently capable af in- 
hibiting the enzyme and thus protecting 1 from enzymic 
deactivation as i t  is liberated. These interesting results 
have spawned similar studies with other ester analogues.z6 

Detailed aqueous stability studies were carried out on 
the 5'-(O-valeryl) ester 2d. Ester hydrolysis rates were 
measured for 2d a t  pH 6.56 (an arbitrary value) for 
temperatures of 60, 80, and 100 "C ,  and the pseudo- 
first-order rates were calculated. An Arrhenius plot of the 
log of these rates vs. reciprocal temperatures (K)  gave a 
straight line that, when extrapolated to 25 "C, gave a rate 
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Table 11. Antiviral Plaque-Reduction Assaysa 
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these results will translate to in vivo activities remains to 
be studied. Clearly a number of possible candidates for 
both topical and parenteral drugs are presented. Of special 
interest is the E~'-(O-valeryl) derivative 2d that is - 15 tinies 
as soluble as 1 on a mole for mole basis, with increased 
lipophilicity and far more activit,y in the plaque-reduction 
screen. indicating the potential for a good parenteral or 
topical drug. 

Experimental Section 
Vidarabine icrystalline  non no hydrate; Parke, Davis & Co.) was 

dried at 100 "C (0.10 torr) for 12 h prior to use. All reagents were 
commercial. reagent-grade materials and were used directly. 
Thin-layer chromatography was conducted using E. hlerck 
i~2~5-min silica gel GF plates; column chromatography was carried 
oiit with E. hlerck silica gel 60 (W2OO-pm particle size). hlelting 
points are ~ ~ n c o r r e ~ ~ e d  values ohtained on a Thomas-Hoover 
capillary melting point device 'I'he %Mi3 spectra were obtained 
using a Bruker WH-90 spectrometer; chemical shifts are on the 
6 scale, measured downfield in  parts per million from tetra- 
niethylsi!anr. 13' spectra were recorded on a Cur? I I anit.  

General  Procedure for  Acylation. To a stirred suspension 
of 2.67 g (10.0 niinol) of dry 9-13-D-arabinofuranosyladenine in 100 
mI. of 1:l pyridine-N,N-dimethylformamide cooled to 0 "C in 
an ice bath v;as added, dropwise, 10.1 mnivl ( i t '  the appropriate 
acyl chloride. 'The mixture became homogeneous and w 
at 0 " C  for 12 24 h a t  the end of which time - 10 mI, 
was added. and the solvents were evaporated in vacuo at 50  "('. 
The residue was dissolved in methanol and adsorbed onto - 10 
g of silica gel. and the excess solvent was evaporated off. Toluene 
was three-times evaporated from the solid mass, and the whole 
was loaded onto a 3 X 40 cm slurry-packed column of silica gel 
i n  chloroform and eluted urith a linear gradient of chloroform (500 
ml.) tu XO:dO methanol-chloroform (500 mL). The appropriate 
tractions, as deterniined by TLC, were combined. and the solvents 
were evaporated to yield the desired product that \vas either 
recrystallized (see Table 11) or dried in vacuo to a glass. The 
nrmcrystalline compounds 2d--j could be rendered free ~f con- 
taminating ash by equilibrating between ethyl acetate and water, 
separating the organic phase. drying (magnesium sulfatei, and 
evaporating to give an analytically pure glass. For yields and 
physical data see Table I. 

Determinat ion of the Aqueous S tab i l i ty  of 9-[5'-( 0- 
Valeryl)-3-1)-arabinofuranosyl]adenine (2d). A 0.1 '7~ solution 
(100 mI,) of2d  (pH 6.56) was prepared in distilled water, and, 
bvithout dela>, 2-ml,  aliquots were transferred to :is, 2-nil, 
ampules, One dozen each of'the ampules were kept at 60,80. and 
100 "C in constant temperature baths, respectively. and samples 
were periodically withdrawn and diluted with an equal volume 
ot' ilii internal standard. caffeine (0.6 mg/mL). The mixture was 
aiialgzed by high-pressure liquid chrnmatography using a re- 
iwse-phase system i5-& sample, Reeve-Ang 

25 cni. 10:60 methanol --water. 10 nil, h '. 
a n d  first-order rates xere calculated friurn a plot, of log [2d] vs. 
rime: h6,) = 1.61 x 10 h '. and k,,,,, = 3.36 
x lo-:' h- l .  

Determinat ion of Solubili ty fo r  Compounds 2a -k .  An 
excess of each compound (10 mg) was agitated for 16 h in 25-mL 
volumetric flasks with 5 mL of 0.1 M phosphate huffer. The 
scilutions were filtered from undissolved solids through 4 5.5-mesh 
(ASTM), sintered glass funnels, and concentrations of solute were 
determined from I V  ahsorhance values previously determined 
in hufftxr. 

Determination of Par t i t ion  Coefficients fo r  Compounds 
2a--k. A solution (10 mL) of the compound in 0.1 r\l phosphate 
huffer having an absorbance of '4 = 2 -2.5 at the A,,,,, was shaken 
with 10 mL of pentanol in a 125-mL separatory funnel for 1 h. 
The layers were separated: the Concentration was determined by 
L1I7, and the partition coefficients were calculated as P = 
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h I .  h,,, = 7.80 X 10 

I p e m l u l i l  [S Iw, , e r .  

control compound 
.I ~ __- ( ara-A),b 

concn, concn, % plaque % plaque 
no. M x l o T C  pg/mL redn redn 

2a 5 .50  17 86 100 
2b 1 7 8  6 83 88 
2c 1 7 8  6 67 63 
2d 1.69 6 100 53 

0.169 0.6 90 0 
2e 1.87 7 5 3  87 
2f 5.50 20 31 69 
2g 1.76 6 . 5  25 87  
2h 1 7 6  6.5 10 63 
2i 0.51 2 45 63 
21 1.73 7 29 63 
2k 1 7 5  6.5 71 8 7  

____-- I_ 

' According to the  published procedure (see ref 2 7 )  u s  
ing herpes simplex type 1 virus. The control experi- 
ment was conducted alongside the test sample, a t  the 
same molarity as t he  test drug, using an identical virus 
challenge. 
from NMR and elemental analyses da ta  to include any 
molecules of solvation. 

of 5.40 x 10 ' h I ,  corresponding t o  a t l $  ,L, = 2.25  yr (Le., 
the time required for 10% decomposition), a value con- 
sidered suitable for aqueous formulation. This contrasts 
the aqueous stability reported':' for the 3'-(O-formyl) 
analogue which showed t ,  ' 2  = 10 days in the zone of its 
maximum stability, pH 4.2--4.6. 

When assayed against herpes 
simplex type 1 virus by an in  vitro plaque-reduction 
procedure," the esters in general showed (see 'Table 11) 
40-80% reduction in plaques at a level of ca. 11.8 i 0.1 1 
x hl,  where 1 a t  a comparable level typically reduces 
plaques on an order of 60-907i. Thus,  under in vitro 
conditions, most of the esters do function as effective 
antivirals. The most highly branched chain esters. Le., the 
5'-(U-pivaloyl) and ii'-(0-tert-butylacetyl) compounds 2f 
and 2h, respectively, show very low levels of plaque re- 
duct,ion, perhaps reflecting a tendency for these hindered 
esters to  remain intact and fail to liberate 1 a t  the in- 
tracellular level. Although no proof is available, it might 
be speculated that these esters? 2a~e ,g ,  do act as true 
prodrugs arid must liberate 1 which is t,he active agent. 
Supporting evidence for t,his theory comes from the fact 
that the Y-(O-methyl ether).'8 a stable, nonf-iydrolyzable 
derivative, has been shown to be inactive toward a variety 
of DIVA viruses.29 Also, from studies at  the molecular 
biological level, 1 must be converted to the ,5'-t riphosphate. 
the presumed bioactive component ."I' 

Most noteworthy arnong these results is the activity oi' 
the 5'-( 0-valeryl) derivative 2d that has shown in duplicate 
assays (see Table 11) 100% plaque reduction a t  the 1.69 
x 10 j M level (compare 1, showing 54%) and 90% plaque 
reduction at 0.169 X 10 M, a level where 1 is inactive. 
This increased activity over 1 might be attributable to  a 
combination of increased aqueous solubility. favorable 
lipophilicity, and mild inhibitory action toward adenosine 
deaminase that has heen noted in the foregoing discussion. 

Summary 
Compounds 2a-k represent a class of derivatives of 1 

that  offer varied solubilities and lipophilicities, with re- 
sistance to enzymic deactivation by adenosine deaminase. 
In vitro activity apparently depends upon a complex set 
of factors including the rate of hydrolysis to yield 1. 
solubility, lipophilicity, and resistance to adenosine de- 
aminase. In view of the low activity for 2f. a true prodrug 
function seems indicated for the acti1.e ccbnipoiinds. How 

Formula weights used were those calculated 

Antiviral Assays. 
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