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count was adjusted to (3-4) X lo6 platelets/pL. related to calcium flux, were obtained in parallel from the above 
experiment and will be reported elsewhere. The PICA was used to obtain aggregation data as follows. - _  - 
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Fibrinogen (1.2 pg) in 100 pL of buffer was added to 0.9 mL of 
platelet suspension. The cuvette was placed in the PICA, 37 “C, 
with stirring at 1100 rpm. After 15 s, the vehicle (95% ethanol) 
or test compound in vehicle was added, and 1 & later the agonist 
(collagen, 5 pg in 5 pL of buffer) was added. Aggregation was 
recorded for 5 min. the IC% and IC, being determined as de- 

assistance. 

scribed for ADP-stimulated aggregazon. Luminescence data, Memphis. 
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A number of methyl derivatives of 9- [ 2-(phosphonomethoxy)ethyl]guanine (PMEG, 1) have been synthesized and 
tested in vitro for anti-herpes and anti-human immunodeficiency virus (HIV) activity. Among these analogues, 
(R)-a’-methyl-PMEG [(R)-31 and Z’,B’-dimethyl-PMEG (7) demonstrated potent anti-HIV activity in the XTT assay 
with ECW values of 1.0 and 2.6 pM, respectively. The corresponding (S)-2’-methyl-PMEG [(S)-31 was found to be 
leas potent against HIV. In addition, the (R) and (S) enantiomers of ~[3-hydroxy-2-(phosphonomethoxy)propyl]guanine 
(HPMPG, 8) were prepared for comparison of biological activity, and shown to be active and equipotent against 
herpesviruses, but inactive against HIV. 

Introduction 
With the increasing worldwide problems of viral dis- 

eases, particularly acquired immunodeficiency syndrome 
(AIDS): there continues to be a significant need for safe 
and effective antiviral agents. Several approaches in- 
cluding chemical synthesis, natural products screening, and 
biotechnology have been utilized to identify compounds 
having antiviral a~t ivi ty .~ Since the discovery of selective 
antiviral agents such as acyclovir (ACV)4 and zidovudine 
(AZT),S nucleoside analogues have become one of the major 
classes of compounds that might meet the need. Many of 
these analogues are converted to their corresponding tri- 
phosphates in vitro and in vivo, and terminate elongation 
of polynucleotide synthesis or destabilize the structure of 
DNA or RNA when incorporated into the viral genome. 
Alternatively, the triphosphates may act as inhibitors of 
viral polymerase and inhibit viral replication. Preferential 
interaction of the nucleoside triphosphate analogue with 
viral enzymes instead of host enzymes is an important 
factor in determining the ultimate selectivity of these 
nucleoside derivatives. 

Recently, analogues of phosphorylated nucleosides have 
been investigated for their potential as antiviral agentsS6 
(S)-9- [3-Hydroxy-2-(phosphonomethoxy)propyl]adenine, 
((S)-HPMPA), an acyclic nucleotide analogue reported by 
Holy and De Clercq,’ is a representative of a new structural 
type of antiviral agent which possesses broad spectrum 
antiviral activity. Acyclic phosphonate nucleotidess are 
analogues of monophosphorylated nucleosides in which the 
furanose ring is replaced with an acyclic side chain and the 
POCHz unit of the monophosphate is replaced with a 
bioisostere, PCH20. These modifications lead to molecules 
which are chemically more stable than nucleoside mono- 
phosphate derivatives: nucleotide analogues such as 
HPMF’A are not prone to enzymatic or chemical hydrolysis 
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of the phosphonate group or to cleavage of the purine or 
pyrimidine base from the side chain. In cells, mono- 
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37-42. (b) Brain, M. M.; Heyward, W. L.; Curran, J. W. The 
Global Epidemiology of HIV Infection and AIDS. Annu. Rev. 
Microbiol. 1990,44, 555-577. 
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Chart I Scheme I 
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1 PMEO R1-R4 - H 6 4'A'-Dimnhyl PMEG: R' = K R' = MC 
2 l'-M~thyl PMEO: R'- Me: R'-R' H 7 ~ ' ~ ' - ~ i m e t h y ~  PMEG R' = MC. R' - H 
3 2'-Mcthyl PMEO: R' - Me; R', R'. R' = H 

4 C-MCthyl PMEO: R3 -Me; R', R'. R' - H 
S &Methyl P W  R' -Me; R'-R3 = H 

8 HPm R' - CHflH R'. R', R' - H 

phosphate analogues bypass the fiist step of phosphory- 
lation and are converted sequentially to the corresponding 
di- and triphosphate analogues by cellular kinases. This 
distinct property gives the phosphonate derivatives a po- 
tential advantage over conventional nucleoside analogues, 
such as ACV and (E)-5-(2-bromovinyl)-2'-deoxyuridine 
(BVDU), which require initial activation by viral kinases? 
Among the phosphonate nucleotides, 9- [ 2-(phosphono- 
methoxy)ethyl]guanine (PMEG)1° (1) is the most potent, 
broad spectrum antiviral agent reported to date. In vitro, 
PMEG has demonstrated more potent activity than gan- 
ciclovir (DHPG) l1 against human cytomegalovirus 
(HCMV) (ECW values are 0.3 and 7.4 pM, respectively). 
In vivo, PMEG exerted antiviral efficacy at doses 1U-50- 
fold lower than ACV in herpes simplex virus type 2 
(HSV-2) infected mice. PMEG is active in vitro against 
a thymidine kinase (TK) deficient mutant of herpes sim- 
plex type 1 virus (HSV 1) (ECW 0.13 pMY0 indicating that, 
a~ expected, the antiviral activity of this phosphonate 
derivative is viral thymidine kinase independent. However, 
the cytotoxicity of PMEG precludes it from being used as 
a selective agent (CCW 0.2 pM m CEM cells). In order to 
improve the therapeutic window of PMEG, several 
structure-activity relationship (SAR) studies have been 
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J.; Sediva, K.; Rosenberg, 1.; Otmar, M.; Hrebabecky, H.; 
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in Vitro. Antiviral Res. 1990,13, 295-312. (b) Holy, A,; Ro- 
senberg, I.; Dvorakova, H. Synthesis of N-(2-Phosphonyl- 
methoxyethyl) Derivatives of Heterocyclic Bases. Collect. 
Czech. Chem. Commun. 1989,54,219&2210. 
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Activity of Nucleoside Analogues. Biochem. Phormacol. 1984, 
33,2154.2169. 

(10) Bronson, J. J.; Kim, C. U.; Ghazzouli, I.; Hitchcock, M. J. M.; 
Kern, E. R.; Martin, J. C. Synthesis and Antiviral Activity of 
Phosphonylmethoxyethyl Derivatives of Purine and Pyrimi- 
dine Bases. In Nucleotide Analogues as Antiviral Agents; 
Martin. J. C., Ed.: American Chemical Societv: Washington. 

I .  

DC, 1989; pp 72-87. 
(11) Field, A. K.; Davies, M. E.; DeWitt, C.; Perry, H. C.; Liou, R.; 

Germerehausen, J.; Karkas, J. D.; Ashton, W. T.; Johnston, D. 
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reported.12 In our continued efforts to study the SAR of 
PMEG, we have introduced methyl groups at various 
positions of the molecule to probe the steric requirements 
of its biological activity. This report presents the syntheses 
of the parent compound, PMEG, and the methyl PMEG 
analogues, and the in vitro biological activities of these 
nucleotide analogues. 
Chemistry 

PMEG (1) and the proposed methyl-PMEG analogues 
2-7 are illustrated in Chart I. The synthesis and biological 
activity of racemic 1'-methyl-PMEG (2) have been pre- 
viously reported.12b For the synthesis of PMEG (1) and 
the side-chain methyl PMEG analogues, a general ap- 
proach was employed which involves coupling of the ap- 
propriate heterocyclic base with a sidedchain fragment 
bearing the phosphonomethyl ether group. The syntheses 
of the side-chain fragmenta 9a-d are depicted in Scheme 
I. The side chain 9a, required for the synthesis of PMEG, 
was prepared from commercially available 1,3-dioxolane 
as previously reported (Scheme IA).loJ3 For the synthesis 

~ ~ ~~~~ 

(12) (a) Kim, C. U.; Luh, B. Y.; Martin, J. C. Synthesis and Anti- 
viral Activity of (S)-9-[4-Hydroxy-3-phosphonomethoxy)bu- 
tyllguanine. J. Med. Chem. 1990,33,1797-1800. (b) Kim, C. 
U.; Luh, B. Y.; Bronson, J. J.; Hitchcock, M. J. M.; Ghazzouli, 
I.; Martin, J. C. Acyclic Purine Phosphonate Analogues as 
Antiviral Agente. Syntheais and Structure-Activity Relation- 
ships. J. Med. Chem. 1990,33,1207-1213. (c) Holy, A.; Ro- 
senberg, I.; Dvorakova, H.; De Clercq, E. Synthesis and Eval- 
uation of Acyclic Nucleotide Analogues. Nucleosides Nucleo- 
tides 1988, 7,667-670. (d) De Clercq, E.; Sakuma, T.; Baba, 
M.; Pauwels, R.; Balzarini, J.; Rosenberg, I.; Holy, A. Antiviral 
Activity of Phosphonylmethoxyalkyl Derivatives of Purine and 
Pyrimidines. Antiviral Res. 1987,8, 261-272. 
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of the acyclic chain of a’-methyl-PMEG (3), mesylate 1014 
was treated with sodium iodide in refluxing acetone to 
provide 11 in 89% yield; catalytic hydrogenation of iodide 
11 followed by removal of the benzyl group using Pd(OHI2 
and cyclohexenels gave alcohol 9b in 87% yield. Subse- 
quently, we found that alcohol 9b was more efficiently 
prepared on a large scale from (R)-1,2-propanediol16 
(Scheme IC). The primary hydroxyl group of (R)-1,2- 
propanediol was selectively protected as a monometh- 
oxytrityl (MMTr) ether. Alkylation of the secondary hy- 
droxyl group of 12 with diisopropyl [(p-tosy1oxy)- 
methyl]phoephonate,” followed by removal of the MMTr 
protecting group with camphoreulfonic acid in methanol 
gave 9b. For construction of the side chain of racemic 
4’-methyl-PMEG (4), alcohol 9a waa first protected as ita 
tert-butyldimethylsilyl (TBDMS) ethert8 and the reaulting 
phosphonate 13 was treated with 1.2 equiv of sec-butyl- 
lithium” and methyl iodide at -78 OC to afford the a- 
methylphosphonate 14 in 90% yield (Scheme ID). Hy- 

(13) Holy, A.; Rosenberg, I. Synthesis of g-(P-Phosphonylmeth- 
oxyethy1)adenine and Related Compounds. Collect. Czech. 
Chem. Commun. 1987,52,2801-2809. 

(14) Broneon, J. J.; G h u l i ,  I.; Hitchcock, M. J. M.; Webb, R. R. 
11.; Martin, J. C. Synthesis and Antiviral Activity of the Nu- 
cleotide Analogue (S)-l-[&Hydroxy-2-(phosphonylmethoxy)- 
propyllcytoeine. J.  Med. Chem. 1989,32, 1457-1463. 

(15) Haneseian, S.; Liak, T. J.; Vanaase, B. Facile Cleavage of 
Benzyl Ethers By Catalytic Hydrogenation. Synthesis 1981, 
396-397. 

(16) (R)-Propanediol was prepared from (R)-lactic acid wing the 
procedure described by C. Melchiorre (Melchiorre, C. A Con- 
venient Synthesis of S(+)-Propane-1,2-diol. Chem. Znd. 1976, 
218). 

(17) The phosphonate ester was prepared from triisopropyl phos- 
phite using the procedures desaibed in (a) Kluge, A F. Diethyl 
[(2-tetrahydropyranyloxy)methyl]phosphonate. Organic 
Syntheses 1986,64,80-83. (b) Holy, A.; Roaenberg, I. Prepa- 
ration Of 5’-0-Phoephonylmethyl Analogues of Nucleoside- 
5’-phosphonates, 5’-Diphosphates And 5’-Tiiphosphates. 
Collect. Czech. Chem. Commun. 1982,47, 3447. 

(18) Corey, E. J.; Venkateawarlu, A. Protection of Hydroxyl Group 
As Tert-Butyldimethyleilyl Derivatives. J. Am. Chem. SOC. 
1972,94,619+6192. 

(19) Binder, J.; Zbiral, E. A New Procedure for Homologation of 
Carbonyl Compounds to a-Hydroxy-carboxylic Esters by 
Means of Diethyl[trimethylsilylethoxyethyl]phosphonate. 
Tetrahedron Lett. 1986,27,582%-5832. 

18 
R’ 

3 . 1 ” a O H  

19 R = i - R , R = C l  
7 R = H , R = O H  

drolysis of the TBDMS moiety of 14 with acetic acid in 
aqueous tetrahydrofuran proceeded smoothly to provide 
9c. Repeating the metalation-alkylation process with 14 
(Scheme IE) gave a,a-dimethylphosphonate 16, which was 
hydrolyzed to provide the acyclic fragment required for 
4‘,4’-dimethyl-PMEG, 9d, in excellent yields. 

Alcohols 9a-d were treated with mesyl chloride and 
triethylamine to provide the corresponding mesylates 
16a-d (Scheme 11) in good to excellent yields. Couplings 
of the meeylates with 2-amino-6-chloropurine or 6-0- 
benzylguanine in the presence of cesium carbonate or so- 
dium hydride“ provided the phosphonate esters 17a-d. 
Ester cleavage of 17a and 17b with excess bromotri- 
methylsilane (TMSBrP followed by hydrolysis of the 
halopurine to a guanine in aqueous HC1 gave PMEG (1) 
and (R)-a’-methyl-PMEG, (R)-3, in good yields. The 
procedure used for the preparation of (R)-2’-methyl-PMEG 
was also utilized to prepare its enantiomer, (S)-2’- 
methyl-PMEG, (8-3. The enantiomeric purity of (R)- and 
(@-2‘-methyl-PMEG was determined by HPLC using cu- 
pric sulfate and L-phenylalanine in 4% aqueous acetonitrile 
as eluent?’ Each compound was found to contain less 
than 1% of the other antipode. To prepare racemic 4’- 
methyl-PMEG (4), 17c was treated with sodium hydroxide 
followed by reaction of the phosphonate monoester with 
TMSBr. The desired final product 4 was obtained in 64% 
overall yield for the two steps. Cleavage of the 0-benzyl 
group of 17d by catalytic hydrogenation and hydrolysis of 
the resulting phoephonate ester with TMSBr yielded 
4’,4’-dimethyLPMEG (6). 

Our approach to the synthesis of the side-chain for 
2’,2’-dimethyl-PMEG 18 (Scheme 111) involved reaction 
of isobutene and diisopropyl phoephonylmethanol in the 
presence of an electrophile. Use of iodine and cupric 
acetate22 in this reaction proved unsuccessful, however, 
when the same reaction was performed using IBrD as the 

(20) McKenna, C. E.: Schmidhaueer, J. Functional Selectivity in 
Phosphonate Ester Dealkylation with Bromotrimethyleilane. 
J. Chem. SOC. Chem. Commun. 1979, 739. 

(21) Pack, E. J., Jr.; Bleiberg, B.; Roaenberg, I. E. An HPLC Pro- 
cedure For The Enantiomeric Purity Of An Optically Active 
Cytosine Analogue Ueing Ligand Exchange. Chirality 1990, 
2, 275-279. 

(22) Georgoulis, C.; Valery, J. M. A Convenient Procedure for the 
Preparation of Vicinal Alkoxyiodoalkanes From Alkenes by 
Means of Copper (11) Acetate and Iodine. Synthesis 1978, 
402-403. 

(23) Kim, C. U.; Luh, B. Y.; Martin, J. C. Rsgioepecific and Highly 
Stereoselective Electrophilic Addition to Furanoid Clycala: 
Synthesis of Phoephonate Nucleotide Analogues With Potent 
Activity Against HIV. J. Org. Chem. 1991, 66, 2642-2647. 
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iodonium source, 18 was produced exclusively in 49% yield. 
Condensation of 18 with 2-amino-6-chloropurine afforded 
nucleotide 19. Unexpectedly, 19 underwent extensive 
decomposition upon treatment with TMSBr, possibly 
because of the hydrogen bromide released in the reaction 
and the sensitivity of the tertiary ether moiety of 19. This 
decomposition was prevented by deprotection of the 
phosphonate ester with TMSBr in the presence of excess 
2,4,6-collidine. Hydrolysis of the halopurine moiety of 19 
with 1 N NaOH produced target compound 7, which was 
purified by ion-exchange chromatography and isolated as 
an ammonium salt. 

8-Methyl-PMEG (5) was prepared using the approach 
illustrated in Scheme IV. Reaction of 6-0-benzylguanine 
and bromoethyl acetate in the presence of cesium carbo- 
nate in DMF, followed by protection of the guanine base 
with monomethoxytrityl chloride provided compound 21. 
The acetate protecting group of 21 was replaced with a 
tert-butyldimethylsilyl group, and then methylation at the 
Sposition of 22 was effectad with lithium diisopropylamide 
(LDA) and iodomethane at -78 "C to give 23 in 54% yield. 
The silylether 23 was cleaved using tetrabutylammonium 
fluoride,I8 and the resulting alcohol was alkylated with 
diethyl [ @-tosylo~y)methyl]phosphonate~~ to afford 24. 
Sequential removal of all the protecting groups of 24 
provided &methyl-PMEG (5). 

It is worth noting that both N-9 and N-7 alkylated pu- 
rine products were obtained in the coupling reaction be- 
tween the phosphonate mesylates and the heterocyclic 
base. We have found that the ratio of the N-9 versus N-7 
regioisomers is dependent on the nature of purine base 
used in the coupling reacti~n,'O*~~ varying from 1:2 for 
W-acetylguanine to 2 1  for 6-0-benzylguanine to >6:1 for 
2-amino-6-chloropurine. The use of either the preformed 
sodium salt of the heterocycle for the coupling or cesium 
carbonate as a base in the reaction does not significantly 
change the ratio of the isomers. The N-9 and N-7 isomers 
of the guanine derivatives were easily separated by chro- 
matography and characterized by using 2-dimensional long 

(24) Kjellberg, J.; Liljenberg, M.; Johaneeon, N. G. Regioeelective 
Alkylation of 6-(8-Methoxyethoxy)guanine to Give the 9-Al- 
kylguanine Derivative. Tetrahedron Lett. 1986,27,877-880. 
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23 R = TBDMS, R'= CH3 

25 R = Et, R' = MMTr 
26 R=Et,R'=H 

5 R = H , R ' = H  

range coupling nuclear magnetic resonance techniques. 
Furthermore, a side product (5-10% 1, Ng-ethylguanine, 
was isolated from the coupling reaction when ethyl 
phosphonate esters were used. This side reaction could 
be prevented by use of isopropyl phosphonate esters. 

During the course of our studies, we also prepared both 
(R)- and (8-HPMPG (8Iz6 for comparison of biological 
activity. Thus, reaction of mesylate 10 with 6-0-benzyl- 
guanine in the presence of cesium carbonate gave phos- 
phonate derivative 27. Catalytic transfer hydrogenation 
followed by hydrolysis of the phosphonate ester with 
TMSBr provided (R)-HPMPG, (R)-8. (8)-HPMPG was 
prepared in the same manner using the enantiomer of 10 
as starting material. By HPLC analysis, each enantiomer 
prepared through this route contained approximately 5% 
of the other enantiomer. 

OBn 
I 

OBn 

27 

1. Pd(OH)2, 0 
2. TMSBr; H2O 

- ( 0 8  
Results and Discussion 

The methyl derivatives of PMEG were evaluated for 
their activity againat human immunodeficiency virus (HIV) 
and two members of the herpesvirus family, HSV-2 and 
HCMV. The antiviral effect of these compounds was 
compared with that of the parent compound PMEG and 
enantiomers of the related guanine derivative HPMPG, 

(25) Terry, B. J.; Mazina, K. E.; Tuomari, A. V.; Haffey, M. L.; 
Hagen, M.; Feldman, A.; Sluearchyk, W. A.; Young, M. G.; 
Zahler, R.; Field, A. K. Broad-spectrum Antiviral Activity of 
the Acyclic Guanosine Phosphonate (R,S)-HPMPG. Antiviral 
Res. 1988, 10, 235-252. 
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21 I Table I. In Vitro Anti-HIV Activity of Methyl-PMEG 

Derivatives 

1 PMEG (1) 0.2 15 75 0.2 
2 k)-l’-Me-PMEG (2Pb 5 250 25 - 
3 (R)-2’-MePMEG [(R)-3] 1 >500 >500 180 
4 (S)-2‘-Me-PMEG [(S)-3] 12 300 25 12 
5 4’-Me-PMEG (4). >loo >loo >1 - 
6 8-Me-PMEG >loo >loo >1 - 
7 2‘,2’-Me2-PMEG (7) 2.6 >lo0 >38 - 
8 (S)-HPMPG [(@-a] >500 350 <1 - 
9 (R)-HPMPG [(R)-8] 500 >500 >I - 

10 PMEA 18 >500 >27 - 
“The 60% effective concentration, determined by the Xl” as- 

say using CEM cella infected with HIV (entries 1-4, 7-10. LAV- 
BRU strain; entries 5 , 6  HIV-HRF strain). *The 60% toxic con- 
centration, determined by the XTT assay in CEM cells. 
‘Selectivity index, or the ratio of the TCW to ECW dThe 50% cell 
growth toxicity concentration, determined by measuring the num- 
ber of cella after treatment with drug for 72 h. eThe compounds 
were tested by Southern Research Institute. 

8.2s Measurement of cellular toxicity in a variety of cell 
lines was also important, since the aim of this study was 
to determine whether activity and toxicity could be varied 
independently to give a more selective compound than 
PMEG. The selectivity index (SI) is calculated as the ratio 
of the toxic concentration to the effective concentration 
(TCw/ECw). 

The results for evaluation of compounds 1-8 against 
HIV using the XTT& assay are shown in Table I. The 
antiviral activity is determined as the concentration of 
compound required to increase the number of viable cells 
to 50% that of uninfected controls (ECw). The toxicity 
(TC,) of each compound is measured under the same 
assay conditions but in the absence of virus. Selected 
compounds were also evaluated for cell growth inhibition 
by measuring the concentration of compound that causes 
a 50% decreaae in cell number compared to untreated cells 
after 72 h (CC,). The CCw assay is a more sensitive test 
for toxicity since it is measured in growing rather than 
stationary cella. The data show that all  of the methyl- 
substituted PMEG derivatives prepared are less potent 
than PMEG against HIV. However, for the (R)-2’-methyl 
derivative 3, the antiviral potency was decreased only 
5-fold relative to PMEG, while the toxicity was lessened 
more than 30-fold, resulting in a substantial increase in 
the selectivity index for (R)-3. The (5’)-enantiomer of 
a’-methyl-PMEG is also active against HIV, but it is 
somewhat less potent and more toxic than the (R)-isomer, 
and thus, has lower selectivity. (R)-a’-methyl-PMEG was 
also substantially less toxic than PMEG or (29-2’- 
methyl-PMEG when evaluated for ita effecta on cell 
growth. Interestingly, 2’,2’-dimethyl-PMEG (7) was also 
active against HIV, having an EC, between that for (R)- 
and (S)-a’-methyl-PMEG. This indicates that the acyclic 
side chain can adopt a conformation such that two groups 
at the 2’-position can be accommodated. The data for 
1’-methyl-PMEG (2) shows that this compound has de- 
creased selectivity relative to PMEG, although it should 
be noted that since the compound is in racemic form, the 
effect of the individual isomers was not defied. Deriva- 
tives of PMEG with the methyl group substituted at the 
4’- and &positions were found to be inactive against HIV, 
as were the enantiomers of HPMPG. Note that the 2/- 
methyl-PMEG derivatives can be viewed as 3’-deoxy- 
HPMPG analogues, indicating that the lack of the 3/- 
hydroxyl substituent is important for the anti-HIV activity. 

The dramatic improvement in selectivity for (R)-2’- 
methyl-PMEG over PMEG is illustrated more clearly in 
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Figure 1. (a, top) Anti-HIV activity of PMEG. (b, middle) 
Anti-HIV activity of (R)-Y-methyl-PMEG. (c, bottom) Anti-HIV 
activity of (S)-a’-methyl-PMEG. HIV-infected cella (-); unin- 
fected cells (- - -). 
the dose-response curves shown in Figure la-c, in which 
the toxicity and anti-HIV activity are plotted over a range 
of concentrations. The optical density values plotted on 
the y-axis are directly proportional to the number of viable 
cells, as determined by the colorimetric XTT-assay in 
infected and uninfected cells. For PMEG (Figure la), a 
50% protective dose can be deter”$ however, the toxic 
effecta of the compound are seen before full protection is 
achieved. By comparison, (R)-a’-methyl-PMEG provides 
complete protection from the virus over a wide range of 
concentrations, with slight cytotoxicity seen only at the 
highest dose tested (Figure lb). The (5’)-isomer of 2’- 
methyl-PMEG also affords complete protection from the 
virus, but over a much narrower concentration range 
(Figure IC). Thus, the data show that (R)-2’-methyl- 
PMEG is significantly more selective as an anti-HIV agent 
than either ita enantiomer or the parent compound PMEG. 

The anti-herpesvirus activity of methyl-PMEG deriva- 
tives was evaluated using the plaque reduction assay for 
cells infected with HSV-2 (G strain) or HCMV (AD-169 
strain) (Table 11). The antiviral activity is given as the 
concentration of compound required to decrease the 
number of virus plaques by 50% (EC,), while the TCm 
is the concentration of compound which reduces the 
number of viable uninfected cells by 50%. Again, the 
effect of placing a methyl substituent at the 1‘-, 2‘-, 4‘-, or 
&positions of the PMEG skeleton was to decrease potency 
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toxicity could be reduced relative to PMEG, the concom- 
itant loss in potency against herpesviruses means that no 
improvement in selectivity was realized. 

Our studies have shown that simple modification of the 
PMEG skeleton can have a profound effect on antiviral 
activity and cellular toxicity, and that these properties can 
be varied in an independent fashion. Of particular interest 
is the finding that both enantiomers of a’-methyl-PMEG 
and HPMPG are active as antiviral agents, since in the 
case of the related adenine and cytosine derivatives 
HPMPA’ and HPMPC,lJ‘ only the (&‘)-isomers have an- 
tiviral activity. The implication of our findings for SAR 
studies in the area of nucleotide analogues is that seem- 
ingly small changes can have a large effect on antiviral 
activity. This phenomenon is illustrated clearly in the 
preaent study, which explores the effect of substitution and 
provides additional examples of the different antiviral 
properties of enantiomers. 

Of the derivatives prepared, a’-(R)-methyl-PMEG was 
identified as a potent and highly selective anti-HIV agent. 
The anti-HCMV activity of this compound gives it addi- 
tional potential as a therapy for the treatment of AIDS. 
It should be noted that the in vitro antiviral activity of each 
of the phosphonatea tested is a reflection of several factors, 
the most important of which are the efficiency of phos- 
phorylation by cellular kinases to give the corresponding 
triphosphate analogue28 and the effectiveness of the tri- 
phosphate analogue as an inhibitor of the viral polymerase. 
Biochemical studies have been initiated to elucidate the 
origin of the selectivity of (R)-2’-meth~l-PMEG.~ The 
resulta show that the diphosphate of (R)-2’-methyl-PMEG, 
a triphosphate analogue, has a higher affiiity for HIV 
reverse transcriptase than either PMEG diphosphate or 
(@-2’-methyl-PMEG diphosphate, but a lower affinity for 
cellular DNA polymerase a. Thus, the selectivity of 
(R)-a’-methyl-PMEG may be attributed to its selective 
inhibition of viral DNA synthesis. Details of the bio- 
chemical evaluation as well as results from in vivo evalu- 
ation will be presented shortly. 
Experimental Section 

Melting points were determined on an electrothermal apparatus 
and are not corrected. Proton and carbon-13 magnetic resonance 
(‘H and 13C NMR) spectra were recorded on a Bruker AM 300, 
Varian Gemini 300, or Varian VXR 200 spectrometer. All spectra 
were determined in CDC13, DMSO-$, CD,OD, or DzO, and 
chemical shifta are reported in 6 unita relative to tetramethylsilane 
(TMS) for CDC13, DMSO-d6, and CD,OD, and relative to sodium 
3-(trimethylsily1)tetradeuteriopropionate for DzO. Splitting 
patterns are designated as follows: 8, singlet; d, doublet; t, triplet; 
q, quartet; m, multiplet; br, broad peak; and dd, doublet of 
doublet. Optical rotations [ a I m D  were determined on a Perkin- 
Elmer 41 polarimeter. Mass spectra were recorded on a Kratos 
MS-50 or a Finnegan 4500 instrument utilizing the electron 
ionization (EI), fast atom bombardment (FAB), or direct chemical 
ionization (DCI) technique. Preparative chromatography was 
performed with flash chromatography on silica gel from Universal 
Scientific Inc. or octadecyl ((218) from J.T. Baker Inc. 
(R )-3- 0 -Benzyl-2- 0 -[ (diisopropy1phosphono)met hy 11- 1 - 

O-(methylsulfonyl)glycerol(10). Compound 10 was prepared 

Table 11. In Vitro Antiherpesvirus Activity of Methyl-PMEG 
Derivatives 

G o  ( c W  _ _  
compound HCMV HSV-2 TCw (cM)~ 

PMEG (1) 0.09 1.1 30.’ 17d 
(&)-l’-Me-PMEG (2) 1.3 11 
(R)-2’-Me-PMEG [(22)-3] 16 82 
(S)-2’-Me-PMEG [(SI41 16 43 

4’,4’-Me2-PMEG (6) - >300 
2’,2’-Me2-PMEG (7) >300 >300 
(S)-HPMPG [(SI41 0.8 97 
(22)-HPMPG [(22)-8] 1.6 99 
acyclovir - 1.2-5.3 
nanciclovir 4 

4’-Me-PMEG (4) - 158 
S’-Me-PMEG (5) - 172 

- 

>330;’ 200“ 
>330,’ >33@ 
>330,’ >33@ 
>33@ 
>33@ 
>33@ 
>33w 
>310,C >31@ 
>310,’ >31@ - 

- 
a Inhibitory concentration, as determined in MRC-5 cells 

(HCMV, AD-169 strain) and vero cells (HSV-2, G strain) for com- 
pounds 1-6 and 8, and in WI-38 cells (HCMV, HSV-2) for com- 
pound 7. *50% cellular toxicity in stationary cells. ‘Determined 
in MRC-5 cells. dDetermined in vero cells. e Determined in WI-38 
cells. 

relative to PMEG, although each compound tested showed 
some anti-herpesvirus activity. Substitution at the 1’- 
position resulted in the smallest decrease in antiviral po- 
tency against HCMV and HSV-2; however the cellular 
toxicity was lessened to a similar degree, and therefore no 
increase in selectivity was obtained. The (R)- and (8)- 
isomers of 2’-methyl-PMEG are equipotent against 
HCMV, with both compounds showing a >175-fold de- 
crease in potency relative to PMEG. However, it is in- 
teresting to note that the ECM values for both isomers of 
3 are comparable to that for ganciclovir, a compound 
currently being evaluated in the clinic for treatment of 
CMV infections in AIDS patients.” In the HSV-2 assay, 
both compounds were found to have only moderate ac- 
tivity, with the (&‘)-2’-methyl isomer having somewhat 
greater potency than the (R)-enantiomer. The 2’,2’-di- 
methyl derivative of PMEG was also evaluated for its 
anti-herpesvirus effect. Surprisingly, this disubstituted 
compound was found to be completely inactive. The re- 
lated hydroxyl derivatives of (R)- and (&‘)-2’-methyl- 
PMEG, (8)- and (R)-HPMPG, were found to have good 
anti-HCMV activity, although both showed only weak 
potency against HSV-2. These results indicate that 
anti-herpesvirus activity is not dependent on the presence 
or absence of the hydroxyl group, although the potency 
may be affected. Substitution at the 4‘- and &positions 
also resulted in a substantial loss of potency against HSV-2. 
The resulta obtained for &methyl-PMEG are particularly 
interesting in comparison with those reported for acyclovir 
(ACV) and &methyl-ACV.n In the caee of &methyl-ACV, 
the antiviral potency decreased only 10-fold relative to 
ACV but the cellular toxicity decreased more than 30-fold, 
for a net increase in the selectivity index. Substitution 
with the 8-methyl group in PMEG, however, resulted in 
a much greater loss in potency, so that the same im- 
provement in selectivity was not realized. The results 
described in Table 11 therefore indicate that while cellular 

(26) Meyers, J. D. Management of Cytomegalovirus Infection. Am. 
J. Med. 1988,s  (2A), 102-106; Collaborative DHPG Treat- 
ment Study Group Treatment of Serious Cytomegalovirus In- 
fections with 9-(1,3-Dihydroxy-2-propoxymethyl)guanine in 
Patients with AIDS and Other Immunodeficiencies. N. Engl. 
J. Med. 1986,314,801-805. 

(27) Robins, M. J.; Hatfield, P. W.; Balzarini, J.; De Clercq, E. 
Nucleic Acid Related Compounds. 47. Synthesis and Biolog- 
ical Activities of Pyrimidine and Purine ‘Acyclic” Nucleoside 
Analogues. J. Med. Chem. 1984,27, 1486-1492. 

(28) For recent studies on the enzymes responsible for phosphory- 
lation of 9- [3-hydroxy-2-(phosphonomethoxy)propyl]adenine 
(HPMPA), see: (a) Balzarini, J.; Hao, Z.; Herdewijn, P.; Johns, 
D. G.; De Clercq, E. Roc. Natl. Acad. Sci. U.S.A. 1991,88, 
1494-1503. (b) Balzarini. J.: De Clerca. E. J. Biol. Chem. 1991. . ,  
266,8686-8689. 
Ho, H.-T.; De Boeck, H.; Woods, K. L.; Konrad, S. A.; Hitch- 
cock, M. J. M.; Datema, R. Structure and Activity Correla- 
tion-Studies of Anti-HIV Acyclic Guanine Nucleotide Ana- 
logues at Enzyme Level. J. Acquired Immune Defic. Syndr. 
1991, 4, 353. 
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from (S)-2,3-O-ieopropylideneglycerol following the procedure 
described by J. J. Bronson et al.:14 'H NMR (CDCl,,300 MHz) 
6 7.25-7.38 (m, 5 H, PhH), 4.63-4.77 (m, 2 H, 2 X POCH), 4.51 

1 H, OCHP), 3.84-3.91 (m, 1 H, H-2), 3.83 (dd, J = 8.7,13.7 Hz, 
1 H, OCHp), 3.61 (dd, J = 5.0,lO.l Hz, 1 H, CHzOBn), 3.56 (dd, 
J = 5.5, 10.1 Hz, 1 H, CHzOBn), 3.03 Is, 3 H, CH3SOz), and 
1.27-1.32 (m, 12 H, 4 X POCHCH,); '9c NMR (CDCl,, 75 MHz) 

(CHzPh), 71.2 (t, zJc = 5 Hz, POCH), 66.2 and 68.2 (CHzOBn 
and CHzOMs), 65.1 gd, 'J,, = 169 Hz, OCHZP), 37.3 (CH,SOz), 
23.9 (d, = 5 Hz, POhHCH,), and 23.8 (d, 3Jc,p = 4 Hz, 
POCHCHS); MS (methane, DCI) m/e 439 (MH'). Anal. (Cis- 
H,iOPS) C, H, N. 

(S)-l-(Benzyloxy)-2-[ (dii~opropylphosphono)methoxy]- 
3-iodopropane (11). A mixture of 10 (10.0 g, 22.8 "01) and 
sodium iodide (5.15 g, 34.4 "01) in 70 mL of acetone was heated 
at reflux for 14 h. The mixture was concentrated to about 30-mL 
volume, and insoluble material was removed by filtration. The 
filtrate waa concentrated in vacuo, and the residue was purified 
by flash chromatography on silica gel (CHzClz-acetone = 1:0 to 
51) to give 9.51 g (89%) of the title compound as an oil: [aImD 
482O (c 2.30, CH,OH); 'H NMR (CDCl,, 300 MHz) 6 7.24-7.35 
(m, 5 H, PhH), 4.66-4.80 (m, 2 H, 2 X POCH), 4.52 (8,  2 H, 

= 8.7,13.6 Hz, 1 H, OCHP), 3.52-3.68 (m, 3 H, CHzOBn and H-21, 

1 H, CHzI), and 1.23-1.34 (m, 12 H, 4 X POCHCH,); 13C NMR 

Hz, C-2),73.3 (OCH,Ph), 71.1 (CHzOBn), 71.0 (d, zJc,p = 3 Hz, 

POCHCHS), and 4.9 (ha; MS (isobutane, DCD m/e 471 (MH+). 
(R)-2-0-[ (~propylphoaphono)methyl]-l,2-propanediol 

(9b). Compound 11 (11.1 g, 23.5 mmol) was mixed with tri- 
ethylamine (2.85 g, 28.2 "01) in 15 mL of CH30H. To this 
solution, 10% palladium on carbon (2.0 g) was added under 
nitrogen atmosphere. The reaction was performed in a Parr 
apparatua at a hydrogen pressure of 40 psi. After 3 h, the catalyst 
was removed by filtration, the filtrate was concentrated, and the 
residue was purified by flash chromatography on silica gel 
(CHzClz-acetone = 1:0 to 5:l) to give 7.91 g (98%) of (R)-l-O- 
benzyl-2-0-[ (diisopropylphosphono)methyl]-l,2-propanediol as 

6 7.20-7.35 (m, 5 H, PhH), 4.66-4.80 (m, 2 H, 2 X POCH), 4.52 

3.70-3.84 (m, 2 H, H-2 and OCHzP), 3.50 (dd, J = 6.0, 10.2 Hz, 
1 H, CHzOBn), 3.41 (dd, J = 4.4,10.2 Hz, 1 H, CHzOBn), 1.26-1.35 
(m, 12 H, 4 X POCHCH,), and 1.16 (d, J = 6.4 Hz, 3 H, H-3); 

12 Hz, C-2),74.0 and 73.2 (CHzOBn and OCHzPh), 70.8 (d, iJc,p 

= 4 Hz, POCHCH,), and 16.8 (C-3); MS (isobutane, DCI) m/e 
345 (MH+). Anal. (Cl7HmO6P) C, H. 
(R)-l-O-Benzyl-2-O-[(diisopropylphosphono)methyl]-1,2- 

propanediol (7.75 g, 22.5 mmol) was dissolved in a mixture of 
cyclohexene (30 mL) and CH30H (30 mL). To the solution, 20% 
palladium hydroxide on carbon (1.5 g) was added. The resulting 
mixture was heated at reflux for 16 h, and the catalyst was re- 
moved by filtration. The fitrate was concentrated in vacuo, and 
the residue containing 9b was used in the next reaction without 
further purification: 'H NMR (CDCl,, 300 MHz) 6 4.624.80 (m, 

(dd, J = 9.0,13.9 Hz, 1 H, OCHzP), 3.52-3.68 (m, 2 H, H-2 and 

6.0 Hz, 3 H, H-3), and 1.28-1.32 (m, 12 H, 4 X POCHCH,); 13C 

= 7 Hz, POCH), 70.6 (d, zJc,p = 7 I fz,  POCH), 65.3 ((2-11, 63.3 
(d, 'JqP = 170 Hz, OCHP), 23.4 (d, ,JGP = 4 Hz, POCHCHd, 23.2 

(R )-1- 0 -[ (p -Methoxyphenyl)diphenylmet hyll -  1,2- 
propanediol (12). Triethylamine (234 g, 2.31 mol) and 4-(di- 
methylamin0)pyridine (1 g, 8 mmol) were added to (R)-1,2- 
propanediol'e ([almD -17.3' (neat)) (80 g, 1.05 mol) in a mixture 
of EtOAc and CHzClz (21,0.8 L) under a nitrogen atmosphere. 
To this mixture, p-anisylchlorodiphenylmethane (356.5 g, 1.16 

(8, 2 H, OCHPh), 4.39 (dd, J 3.6,11.2 Hz, 1 H, CHZOMS), 4.29 
(dd, J = 5.7,11.2 Hz, 1 H, CHZOMs), 3.90 (dd, J = 8.8,13.7 Hz, 

6 137.7, 128.7, 128.1, 127.9, 78.4 (d, ,JC, = 11 Hz, C-2), 73.5 

OCHZPh), 3.88 (dd, J 8.7, 13.6 Hz, 1 H, OCHZP), 3.82 (dd, J 

3.37 (dd, J = 3.6,10.5 Hz, 1 H, CHZI), 3.31 (dd, J = 6.0,10.5 Hz, 

(CDClS, 75 MHz) 6 137.9, 128.4, 127.8, 127.7, 79.4 (d, 3Jc,p = 11 

POCH), 64.6 (d, 'J, = 168 Hz, C-P), 23.7 (t, 3Jc,p = 4 Hz, 

811 [c~]~~-7.28O (c 0.29, CHSOH); 'H NMR (CXl,, 300 

(8, 2 H, OCHzPh), 3.84 (dd, J = 8.8, 13.6 Hz, 1 H, OCHZP), 

13C NMR (CDCls, 75 MHz) 6 138.3,128.4,127.7,76.9 (d, 'JCp = 

= 7 Hz, POCH), 63.9 (d, 'Jc, 169 Hz, OCHzP), 23.7 (9, 3Jc,p 

2 H, 2 X POCH), 3.88 (dd, J = 8.0, 13.9 Hz, 1 H, OCHZP), 3.67 

CHZOH), 3.46 (dd, J = 7.2, 12.0 Hz, 1 H, CHZOH), 2.19 (d, J = 

NMR (CDCla, 75 MHz) 6 79.0 (d, ,JC = 10 Hz, C-2),70.8 (d, 2Jc,p 

(d, 3Jc,p = 5 Hz, POCHCH,), and 15.4 (C-3). 

Yu et al. 

mol) was added at 0 OC. The reaction mixture was stirred at 0 
OC for 30 min and then at room temperature for 15 h. The solid 
was removed by filtration. The filtrate was concentrated, and 
the residue was put on a silica gel column and eluted with a 
mixture of Et0Ac:hexane (1:5 to 1:2). The product 12 (367 g) 
was dried under vacuum and used without further purification: 
'H NMR (CDCl,, 300 MHz) 6 7.15-7.45 (m, 12 H, Arm, 6.83-6.83 
(m, 2 H, Arm, 3.90-4.00 (m, 1 H, H-2), 3.77 (a, 3 H, OCHS), 3.10 

2.35 (br d, 1 H, OH), and 1.07 (d, J = 6.4 Hz, 3 H, H-3); '9c NMR 

113.2, 86.3, 68.8 (C-11, 67.0 (C-2), 55.1 (OCH,), and 18.7 ((2-3). 
(R ) - 2 - 0  -[ (Diisopropylphosphono)methyl)]-l,2- 

propanediol (9b). Sodium hydride (80% in mineral oil, 24 g, 
0.80 mol) was added in five portions to a solution of crude 12 
obtained previously (232 g, 0.66 mol) in 1 L of anhydrous tetra- 
hydrofuran at 0 OC under a nitrogen atmosphere. The mixture 
was stirred at 0 "C for 30 min and then heated at reflux for 5 h. 
The resulting reaction mixture was cooled to 0 OC, and a solution 
of diisopropyl (ptosy1oxy)methanephosphonate (280 g, 0.80 mol) 
in 300 mL of anhydrous tetrahydrofuran was added via a cannula. 
The mixture was stirred in ice-bath and slowly warmed to room 
temperature overnight (18 h). The resulting brown slurry kas 
filtered through a pad of Celite and washed with CH2C12. After 
the solvent was removed, the residue was fitered through a silica 
gel column and eluted with mixtures of EtOAc and hexane (1:5 
to 1:O) to give a partially-purified product of (R)-2-O-[(diiso- 
propylphosphono)methyl)]-1-0- [ (p-methoxypheny1)diphenyl- 
methyl]-1,2-propanediol as an oil: 'H NMR (CDC13, 300 MHz) 
6 7.44 (d, J = 7.0 Hz, 3 H, Arm, 7.16-7.33 (m, 9 H, ArH), 6.81 
(d, J = 8.1 Hz, 2 H, ArH), 4.56-4.80 (m, 2 H, 2 X POCH), 3.86 
(dd, J = 9.1, 13.6 Hz, 1 H, OCHzP), 3.76 and 3.76-3.88 (8 over 
m, 4 H, OCH, and OCHzP), 3.77-3.68 (m, 1 H, H-21, 3.16 (dd, 

1.27-1.32 (m, 12 H, 4 X POCHCH,), and 1.14 (d, J = 6.1 Hz, 3 

(t, zJ = 6 Hz, POCH), 67.0 ((2-l), 64.1 (d, lJ' = 169 Hz, OCHp), 
54.9 %CH3), 23.8 (d, 3Jc,p = 3 Hz, POCH&,), 23.7 (d, 3Jc,p = 

10-Camphorsulphonic acid (21 g) was added to a solution of 
the crude (R)-2-0- [ (diisopropylphosphono)methyl]-1-0- [ (p- 
methoxyphenyl)diphenylmethyl]-l,2-propanediol in 1.8 L of 
CH30H. The solution was heated at reflux for 7 h. After the 
solvent was evaporated, the residue was purified by column 
chromatography on silica gel (fist time, Et0Ac:hexane = 1:2 to 
1:0 and then Et0Ac:EtOH = 101; second time, CHZClz:acetone 
= 5 1  to 01)  to give 40.8 g (24% yield from 12) of the product. 

1-( tert-Butyldimethylsiloxy)-2-[(diethylphosphono)- 
methoxylethane (13). A mixture of 2-[(diethylphosphono)- 
methoxy]ethanol(Zl.3 g, 100 mm~l ) , ' ~ J~  tert-butyldimethylsilyl 
chloride (16.6 g, 110 mmol), hiethylamine (15.2 g, 151 mmol), and 
4-(dimethylamino)pyridine (0.5 g) in anhydrous CHzClz (200 mL) 
was stirred at room temperature for 14 h under argon. The 
reaction mixture was then diluted with EtOAc (500 mL), washed 
with 10% aqueous KzC03 (250 mL) and saturated NaCl solution 
(250 mL), dried over anhydrous MgSO,, filtered, and concentrated 
to give 32 g of a yellow oil. Purification by column chromatog- 
raphy on silica gel (EtOAc) provided 27.4 g (84%) of the product 
as a clear, colorless oil: 'H NMR (CDC13, 200 MHz) 6 4.18 (ap- 
parent quintet, J = 7 Hz, 4 H, 2 X POCHJ, 3.88 (d, J = 8.2 Hz, 

H, SiC(CH,)d, and 0.07 (s,6 H, Si(CHJJ; 13C NMR (CDCl,, 50 

Hz, OCHzP), 62.6 (6HzOSi), 62.3 (d, 'JC = 6 Hz, P O d J ,  25.9 
((CHdsCSi), 18.4 ((CHS),CSU, 16.5 (d, 3f = 6 Hz, POCHZCH&, 
and -5.3 ((CH,),Si); MS (EI) m/e 311 &+ - CHJ, 269 (M+ - 

1-( tert-Butyldimethylsiloxy)-2-[ 1-(diethy1phosphono)- 
ethoxylethane (14). To a solution of sec-BuLi (47.5 mL, 1.3 M 
in hexanes, 61.7 mmol) in anhydrous THF (150 mL) cooled to 
-78 OC under argon was added a solution of compound 13 (16.8 
g, 51.5 "01) in THF (20 mL). The reaction mixture was stirred 
at -78 OC for 0.5 h, and then methyl iodide (14.6 g, 103 mmol) 
was added rapidly via syringe. The mixture was allowed to warm 

(dd, J = 3.4,9.2 Hz, 1 H, H-l), 2.95 (dd, J 7.9,9.2 Hz, 1 H, H-1), 

(CDClo75 MHz) 6 158.8, 144.6, 135.7, 130.5, 128.0, 127.7,127.1, 

J = 5.9,9.6 Hz, 1 H, H-l), 3.01 (dd, J = 4.1,9.6 Hz, 1 H, H-l), 

H, H-3); "C NMR (CDCl,q,75 MHz) 6 158.6, 144.6,135.7, 130.4, 
128.5,127.8, 126.8, 113.0,86.2,77.4 (d, 3J, = 12 Hz, C-2), 70.7 

3 Hz, POCHCHS), and 16.8 ((2-3). 

2 H, OCH2P), 3.78 (t, J = 6 Hz, 2 H, CHZO), 3.66 (t, J = 5 Hz, 
2 H, CHsO), 1.35 (t, J = 8 Hz, 6 H, 2 X POCHZCH,), 0.89 (8, 9 

MHz) 6 74.7 (d, '5, = 165 = 10 Hz, CH20CHzP), 65.6 (d, 'J, 

C4Hd 
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to room temperature, then was diluted with diethyl ether (300 
mL), and washed with H20 (150 mL) and saturated NaCl solution 
(150 mL). The organic solution was dried over anhydrous MgSO,, 
fiitered, and concentrated to afford 19 g of a yellow oil. Column 
chromatography on silica gel (EtOAc) gave 15.7 g (90%) of 14 
as a clear, colorless oil: 'H NMR (CDCl,, 200 MHz) 6 4.25 (ap- 
parent quintet, J = 7 Hz, 4 H, 2 X POCH,), 3.67-3.95 (m, 5 H, 

(t, J = 7 Hz, 3 H, POCHgHJ, 1.41 (t, J = 7 Hz, 3 H, POCH&HJ, 
0.97 (e, 9 H, SiC(CH3),), and 0.14 (8, 6 H, Si(CH,),); 'W NMR 
(CDCl,, 50 M H Z )  6 72.5 (d, ,J = 5 Hz, CH20CH3), 72.2 (d, 'Jw 
= 165 Hz, OCHP), 62.8 (CH28Si), 62.3 (d, 'Jc, = 6 Hz, POCH,), 
62.2 (d, ' J ,  = 6 Hz, POCH,), 25.9 ((CH,)&&i), 16.6 (d, ,J, = 
6 Hz, POCfi2CH3), 15.6 (OCH(CHJP), and -5.3 ((CH,),Si); %IS 
(EI) m/e 325 (M+ - CH3), 283 (M+ - C4H& 

24 1- (Diet hy1phosphono)et hoxy ]ethanol (9c). Compound 
14 (15.6 g, 45.9 mmol) was treated with THF (45 mL), HzO (45 
mL), and glacial acetic acid (135 mL). The mixture was stirred 
at room temperature for 12 h and then concentrated in vacuo. 
The residue was coevaporated from toluene (2 X 100 mL), and 
crude alcohol 9c was used without pdication: 'H NMR (CDCl,, 
200 MHz) 6 4.22 (apparent quintet, J = 8 Hz, 2 H, POCH,), 4.18 
(apparent quintet, J = 8 Hz, 2 H, POCH,), 3.59-3.95 (m, 5 H, 
CH2CH20CH), 3.29 (br s, 1 H, OH), 1.42 (dd, J = 8,17 Hz, 3 H, 

OCH2CH2OCHP), 1.49 (dd, J = 7,17 Hz, 3 H, OCH(CHJP), 1.42 

OCH(CHJP), 1.36 (t, J = 7 Hz, 3 H, POCH&HS), and 1.35 (t, 
J = 7 Hz, 3 H, POCH2CH3); 13C NMR (CDC18, 50 MHz) 6 73.4 
(d, 3Jc,p = 7 Hz, CHzOCHP), 72.3 (d, 'JGp 165 Hz, O W ) ,  62.9 
(d, ' J ,  = 7 Hz, POCHZ), 62.3 (d, 2Jc,p = 7 Hz, POCH2), 61.8 
(CH26h), 16.5 (d, 3Jc,p = 6 Hz, POCH2CH3), and 15.8 (OCH(C- 
H3)P). 
24 1-(Diethy1phosphono)-1-methylethoxylethanol (Sa). A 

solution of aec-BuLi (15.2 mL, 1.3 M in hexanes, 19.8 "01) was 
added dropwise over 10 min to a -78 OC solution of compound 
14 (6.13 g, 18.0 mmol) in anhydrous THF (90 mL) under argon. 
The resulting clear, yellow solution was stirred at -78 'C for 1 
h, and then methyl iodide (5.11 g, 36.0 "01) was added rapidly 
via syringe. The reaction mixture was stirred at -78 "C for 1 h 
further, allowed to warm to room temperature, and then poured 
into a separatmy funnel containing saturated NH&l solution (150 
mL) and EtOAc (200 mL). The organic layer was separated and 
washed with saturated NaCl solution (100 mL), dried over an- 
hydrous MgSO,, filtered, and concentrated to afford 6.5 g of 
(tert-butyldimethylsiloxy)-2- [ 1- (diethy1phosphono)-1-methyl- 
ethoxylethane (15) as a yellow oil which was used without pu- 
rification. On a separate run, the product was purified by column 
chromatography on silica gel (50% to 75% EtOAc/hexanes) to 
give a pure sample of 15: 'H NMR (CDCl,, 200 MHz) 6 4.16 
(apparent quintet, J = 7 Hz, 4 H, 2 X POCH,), 3.64-3.74 (m, 4 

(t, J = 7 Hz, 6 H, 2 X POCH2CHJ, 0.88 (8, 9 H, SiC(CH,),), and 
0.05 (8,  6 H, Si(CH,),); MS (FAB) m/e 355 (MH+). 

The unpurified silyl ether 15 was dissolved in 3:l:l AcOH/ 
THF/HzO (90 mL) and the mixture was stirred at room tem- 
perature for 12 h. The resulting clear solution was concentrated 
in vacuo, and the residue (4.7 g) was purified by column chro- 
matography on silica gel (2% MeOH/CH2C12). Fractions con- 
taining the desired product were pooled and concentrated to give 
3.83 g (89% overall) of 9d as a clear, colorless oil: 'H NMR (CDC13, 
200 MHz) 6 4.20 (apparent quintet, J = 7 Hz, 4 H, 2 X POCH,), 
3.73 (br s ,4  H, CH2CH20), 3.05 (br 8, 1 H, OH), 1.46 (d, J = 15 

13C NMR (CDCl,, 50 MHz) 6 74.4 (d, lJc,p = 165 Hz, OCP), 65.0 

(CH,dh), 22.2 (OC(CH,),P), and 16.4 (d, 3Jc,p = 6 Hz, 
POCH2CH3); MS (FAB) m/e 241 (MH+). 

(R)-2- 0 -[ (Diieopropylphosphono)methyl]- 1- 0 -(methyl- 
sulfonyl)-l&propanediol(16b). Crude 9b obtained previously 
(39.8 g, 157 "01) was dissolved in 400 mL of CHzClz and cooled 
to 0 OC. Methanesulfonyl chloride (21.5 g, 188 mmol) was added 
slowly to the solution, and then triethylamine (31.7 g, 313 "01) 
was added dropwise. After the addition was complete, the mixture 
was stirred at 0 OC for 30 min and then allowed to warm slowly 
to room temperature. Water (150 mL) and CHzClz (150 mL) were 
added to the solution. The aqueous layer was extracted with 
CH&lz (2 X 150 mL). The combined CH2C1, extracts were washed 
with brine and dried over magnesium sulfate. Filtration and 

H, OCH2CH2OCP), 1.42 (d, J = 15 Hz, 6 H, OC(CH3)2P), 1.33 

Hz, 6 H, OC(CH&P), and 1.36 (t, J = 7 Hz, 6 H, 2 X POCH2CHJ; 

(d, ,J, = 5 Hz, CHZOCP), 62.5 (d, 2Jc,p = 7 Hz, POCHJ, 62.0 
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concentration under reduced pressure gave a residue which was 
purified by flash chromatography on silica gel (CH,C12-acetone 
= 101 to 5:l) to provide 42.0 g of 16b as an oil (81% yield for 
2 steps): [aImD -7.45' (c 1.45, CH,OH); 'H NMR (CDCl,, 300 
MHz) 6 4.52-4.69 (m, 2 H, 2 X POCH), 4.10 (dd, J = 3.6, 11.1 

3.65-3.78 (m, 2 H, 0CH2P and H-2), 3.61 (dd, J = 9.3, 13.4 Hz, 
1 H, 0CH2P), 2.95 (s,3 H, CH3S02), 1.20 (d, J = 6.4 Hz, 12 H, 

Hz, 1 H, CH~OMS), 4.03 (dd, J = 6.1, 11.1 Hz, 1 H, CH20MS), 

4 X POCHCH,), and 1-10 (d, J 6.5 Hz, 3 H, H-3); '3C NMR 
(CDC13,75 MHz) 6 75.3 (d, 3Jc,p = 12 Hz, C-2), 72.0 (CHZOMS), 
71.1 (d, 2Jc,p = 4 Hz, POCH), 71.0 (d, ,J = 4 Hz, POCH), 63.72 
(d, ' J ,  = 171 Hz, OCH,P), 37.4 (CH,S$,), 23.4 (d, ,JGP = 4 Hz, 
POCffCH,), 23.2 (d, 3Jc,p = 4 Hz, POCHCH,), and 15.3 ((2-3). 

24  1 -(Diet hy1phosphono)et hoxy ]et hyl Methanesulfonate 
(16c). Sulfonate 16c was prepared in 97% yield from u n p d i e d  
alcohol 9c (obtained as described previously from 45.9 mmol of 
14) by the same procedure used for the preparation of 16b 'H 

4.20 (apparent quintet, J = 8 Hz, 2 H, POCH,), 4.19 (apparent 
quintet, J = 8 Hz, 2 H, POCH,), 3.97 (dt, J = 4.5,12 Hz, 1 H, 

(apparent quintet, J = 7 Hz, 1 H, OCH(CH3)P), 3.04 (8, 3 H, 

NMR (CDClS, 200 MHz) 6 4.34 (t, J = 4.5 Hz, 2 H, CH20MS), 

CHzCH2OCH), 3.83 (dt, J = 4.5,12 Hz, 1 H, CH2CH20CH), 3.73 

cH3So,), 1.40 (dd, J = 7, 17 Hz, 3 H, OCH(CH,)P), 1.32 (t, J 
= 7 Hz, 3 H, POCH&HJ, and 1.31 (t, J = 7 Hz, 3 H, POCH2CHJ; 
13C NMR (CDCl3,50 M H Z )  6 72.3 (d, 'JGP = 165 Hz, OCHP), 69.1 
(CHZOMs), 68.7 (d, ,J, = 6 Hz, CHZOCHP), 62.5 (d, 2Jc,p = 7 
Hz,POCHz),62.4 (d,,tf = 7 Hz,POCH,), 37.7 (CH,so3),16.5 
(d, 3Jc = 6 Hz, POCH2&J, and 15.5 (OCH(CH,)P); MS (DCI) 
m/e 365 (MH+). 

24  1- (Diet hy1phosphono)- 1-met hylet hoxy ]et hyl Met h- 
anesulfonate (16d). Sulfonate 16d was prepared from 9d (3.80 
g, 15.8 "01) in 85% yield by the same procedure used to convert 
9b to 16b: 'H NMR (DMSO-& 200 MHz) 6 4.26-4.30 (m, 2 H, 
CH,OMs), 4.07 (apparent quintet, J = 7 Hz, 4 H, 2 X POCH,), 
3.79-3.83 (m, 2 H, CH20CP), 3.17 (8, 3 H, CH3S03), 1.33 (d, J 
= 15 Hz, 6 H, 2 X OC(CH&P), and 1.24 (t, J = 7 Hz, 6 H, 2 X 
POCH2CHJ; '3C NMR (DMSO-$, 50 M H Z )  6 74.0 (d, 'Jw = 165 
Hz, OCP), 70.0 (CHzOMs), 61.9 (d, '5,. = 7 Hz, POCHZ), 61.5 
(d, ,JG = 5 Hz, CHzOCP), 36.8 (CH,SO$, 21.8 (OC(CH3)zP), and 
16.3 (s, 3Jc,p = 5 Hz, POCH2CH,); MS (FAB) m/e 319 (MH+). 

2-Amino-6-chloro-9-[2-[ (diethylphosphono)methoxy]- 
ethyllpurine (17a). 2-Amino-6-chloropurine (17.1 g, 101 mmol) 
was added portionwise to a slurry of NaH (3.02 g, 80% diepersion 
in oil, 101 "01) in anhydrous DMF (500 mL) at room tem- 
perature under argon. The mixture was stirred for 1 h, and then 
the resulting clear, pale yellow solution was treated with a solution 
of 9a10,13 (26.6 g, 91.6 "01) in DMF (50 mL). The mixture was 
heated at 80 'C for 5 h, allowed to cool to room temperature, and 
then concentrated in vacuo. The residue was partitioned between 
CHzClz (300 mL) and H20 (300 mL), and the aqueous layer was 
extraded further with CHzClz (300 mL). The combined organic 
layers were washed with saturated NaCl solution (300 mL), dried 
over anhydrous MgSO,, fiitered, and concentrated to afford 32.5 
g of a yellow, viscous residue. Purification by column chroma- 
tography on silica gel (MeOH/CH2Cl2 2% to 6%) gave 17.5 g 
(53%) of the product as an off-white solid: mp 119-121 "C; 'H 
NMR (CDCl,, 200 MHz)  6 7.92 (8, 1 H, H-8h5.34 (br s,2 H, NHb, 
4.31 (t, J = 5 Hz, 2 H, 2 X H-1'), 4.12 (apparent quintet, J = 7 
Hz, 4 H, 2 X POCHJ, 3.93 (t, J = 5 Hz, 2 H, 2 X H-2'), 3.81 (d, 
J = 8 Hz, 2 H, OCHZP), and 1.31 (t, J = 7 Hz, 6 H, 2 X 
POCHZCH,); 13C NMR (CDCl3, 50 MHz) 6 159.0, 153.6, 151.0, 
143.1 (C-8), 124.9 (C-5), 70.9 (d, ,J, = 9 Hz, C-U), 65.3 (d, ' J ,  
= 165 Hz, OCH,P), 62.5 (d, ,J = 7'fIz, POCHJ, 43.4 (C-l'), ani 
15.5 (d, 3Jc,p = 6 Hz, POCH,??H,); MS (FAB) m/e 364 (MH+). 
(R )-2-Amino-6-chloro-9-[2-[ (diisopropy1phosphono)- 

methoxy]propyl]purine (17b). Compound 16b (42.0 g, 127 
"01) was mixed with 2-amino-6-chloropurine (25.7 g, 152 "01) 
and cesium carbonate (61.8 g, 190 "01) in 180 mL of anhydrous 
DMF. The mixture was gently heated at 95 'C under nitrogen 
atmosphere for 4 h, then allowed to cool to room temperature, 
and fiitered. The solvent was removed under reduced pressure. 
The residue was purified by flash chromatography on silica gel 
twice (first time, CH2C12-acetone = 3:l to 01; second time, 
CH,Cl,-CH,OH = 15:l to 101). The product was isolated as a 
glassy material which was crystallized from EtOAc-EhO to give 
31.0 g of white crystah (60% yield): mp 133-135 'C; [alaO~ -41.56' 
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5.06 (bra, 2 H, NH,), 4.58-4.72 (m, 2 H, 2 x POCH), 4.20 (dd, 

3.82-3.95 (m, 1 H, H-2'),3.76 (dd, J = 9.2,13.4 Hz, 1 H, OCHzP), 
3.57 (dd, J = 9.8, 13.7 Hz, 1 H, OCHzP), 1.18-1.31 (m, 15 H, 4 

(C 0.99, CHZClJ; 'H NMR (CDCl3,300 MHz) 6 7.92 (8 , l  H, H-8), 

J 7.2,14.3 Hz, 1 H, H-l'), 2.6,14.3 Hz, 1 H, H-l'), 4.03 (dd, J 

X POCHCH3 and H-3'); '3C NMR (CDCl3,75 MHz) 6 159.2,154.2, 
151.4, 144.0, 125.1, 75.9 (d, 3Jc,p = 12 Hz, C-29, 71.2 (d, 2Jc,p = 
7 Hz, POCH), 63.5 (d, 'Jc, = 170 Hz, OCHZP), 47.9 (C-l'), 23.8 

(C~SH~~NSOJ'C~) C, H, N. 
(POCHCH3), and 16.3 (C-5'); MS (FAB) m / e  406 (MH+). Anal. 

2-Amino-6-chloro-9-[2-[ 1-(diethylphosphono)ethoxy]- 
ethyllpurine (17c). Reaction of 16c (7.60 g, 25.0 mmol) with 
the sodium salt of 2-amino-6-chloropurine (4.66 g, 27.5 "01) in 
DMF (125 mL) and purification as in the procedure used for the 
synthesis of 17a gave 5.80 g (61%) of 17c as a white powder: mp 

(br a, 2 H, NHz), 4.29 (t, J = 4.5 Hz, 2 H, 2 X H-l'), 4.02-4.18 
(m, 5 H, 2 X POCH, and OCH(CH3)P), 3.87 (dt, J = 4.5,13 Hz, 

and 1.29 (t, J = 7 Hz, 3 H, POCH2CH3); 13C NMR (CDC13, 50 

Hz, POCHz), 62.3 (d, zJc,p = 7 hz, POCHz), 43.7 (C-l'), 16.5 (d, 
3JGp = 6 Hz, POCHzCHJ, and 15.5 (OCH(CH,)P); MS (FAB) m/e  
378 (MH'). 

6- 0 -Benzyl-9-[ 2 4  1-( diethylphosp hono)- 1-methy let h- 
oxy]ethyl]guanine (17d). Sodium hydride (0.44 g, 80% dis- 
persion in oil, 14.7 mmol) was added portionwise to a solution 
of 6-0-benzylguanine (3.22 g, 13.3 mmol) in anhydrous DMF (75 
mL) at room temperature under argon. The resulting clear, yellow 
solution was stirred for 45 min, and then a solution of 16d (4.25 
g, 13.4 mmol) in DMF (10 mL) was added via cannula. The 
solution was heated at 80 OC for 14 h, then allowed to cool to room 
temperature, and concentrated in vacuo. The residue was par- 
titioned between CH&lz (200 mL) and HzO (200 d). The layers 
were agitated and separated, and the aqueous layer was extracted 
with CHzClz (200 mL). The combined organic layers were washed 
with saturated NaCl solution (200 mL), dried over anhydrous 
MgS04, filtered, and concentrated to give 7.5 g of a viscous 
yellow-brown oil. purification by column chromatography on silica 
gel (2% to 5% MeOH/CHzClz) afforded 2.95 g (48%) of the 
product as a pale yellow solid 'H NMR (CDC13, 200 MHz)  6 7.74 
(a, 1 H, H-8),7.26-7.53 (m, 5 H, P W ,  5.57 (bra, 2 H, NH,), 4.81 
(br a, 2 H, OCHzPh), 4.21 (t, J = 5 Hz, 2 H, 2 X H-1'), 4.07 
(apparent quintet, J = 7 Hz, 4 H, 2 X POCHJ, 3.92 (t, J = 5 Hz, 

101-103 OC; 'H NMR (CDC13,200 MHZ) 6 7.95 ( ~ , l  H, H-8), 5.24 

1 Hz, H-2'), 3.68 (dt, J = 4.5, 13 Hz, 1 H, H-29, 1.36 (dd, J = 7, 
14 Hz, 3 H, OCH(CH&P), 1.30 (t, J = 7 Hz, 3 H, POCHzCH3), 

MHz) 6 159;0,153.7,151.1,143.4 (C-8),125.1 (C-5),72.4 (d, lJc,p 
= 165 Hz, OCHP), 68.8 (d, 3Jc = 6 Hz, (2-2'1, 62.5 (d, 2Jc,p = 7 

2 H, 2 X H-2'), 1.32 (d, J = 16 Hz, 6 H, OC(CH3)zP), and 1.28 
(t, J = 7 Hz, 6 H, 2 X POCHZCH3); 13C NMR (CDC13,50 MHz) 
6 161.2,159.1, 140.6 (C-8), 136.5,128.3, 128.2, 127.9, 115.5 (C-5), 
74.5 (d, lJc,p = 165 Hz, OCP), 68.0 (OCHzPh), 62.3 (d, 3Jc,p = 6 
Hz, C-2'), 62.1 (d, ' J C p  7 Hz, POCHZ), 43.8 (C-1'), 22.2 (OC- 
(CH3),P), and 16.5 (d, 3Jc, = 6 Hz, POCHzCH3); MS (iso- 
butane-DCI) m / e  464 (MH!). 
9-[2-(Phosphonomethoxy)ethyl]guanine (1). A solution of 

17a (17.5 g, 48.1 mmol) in anhydrous DMF (250 mL) at room 
temperature under argon was treated dropwise via addition funnel 
with bromotrimethylsilane (73.7 g, 480 mmol). The reaction 
mixture was stirred for 14 h and then concentrated in vacuo. The 
residue was treated with HzO (100 mL) and acetone (250 mL), 
and the resulting precipitate was collected by filtration and dried 
in vacuo to provide 14.8 g (100%) of 2-amino-6-chloro-9-[2- 
(phoaphonomethoxy)ethyl]purine as an off-white solid, which was 
used without further purification: 'H NMR (DMSO-$, 200 MHz) 
6 8.10 (a, 1 H, H-8), 7.00 (bra, 2 H, NHz), 4.24 (t, J = 5 Hz, 2 H, 
2 X H-1'1, 3.86 (t, J = 5 Hz, 2 H, 2 X H-29, and 3.62 (d, J = 8.8 
Hz, 2 H, OCHzP); 13C NMR (DMSO-& 50 MHz) d 159.6,153.9, 
149.2, 143.3 (C-8), 123.1 (C-5), 69.8 (d, 3Jc,p 11 Hz, C-2'),66.2 
(d, ' Jcp  = 160 Hz, OCHzP), and 42.4 (C-1'); MS (FAB) m / e  308 

The crude product was suspended in 10% aqueous HCl solution 
(v/v, 200 mL), and the mixture was heated at reflux for 6 h. The 
resulting yellow solution was concentrated in vacuo. The residue 
was placed under high vacuum for 4 h, then diasolved in hot HzO, 
and treated with activated charcoal. Filtration of the slurry 
through Celite gave a pale yellow solution. The decolorizing 
process was repeated twice, and the final filtrate was concentrated 

(MH+). 

Yu et al. 

to a volume of 400 mL, treated with EtOH (200 mL), and allowed 
to cool slowly to room temperature. The white solid that formed 
was collected by filtration to give 9.5 g (70%) of 1 as a white solid: 
mp 292-295 "C; 'H NMR (DMSO-d,, 200 MHz) 6 10.60 (br a, 1 
H, NH), 7.71 (a, 1 H, H-81, 6.46 (bra, 2 H, NH,), 4.11 (t, J = 5 
Hz, 2 H, 2 X H-l'), 3.79 (t, J = 5 Hz, 2 H, 2 X H-2'), and 3.58 
(d, J = 9 Hz, 2 H, OW$); '3C NMR (DMSO-d,, 50 MHz)  6 157.0 
(C-6), 153.6 (C-2), 151.3 (C-4), 139.0 (C-8), 116.1 (C-5), 70.5 (d, 
3Jc,p = 10 Hz, C-29, 66.4 (d, 'Jc, = 160 Hz, OCHZP), and 42.6 
(C-1'); MS (FAB) m / e  290 (MH'). Anal. (C~HlzN5O5P.2Hz0) 
C, H, N. 
(R)-9-[2-(Phoephonomethoxy)propyl]guanine [ (R)-3]. To 

a solution of 17b (31.0 g, 76 mmol) in 150 mL of anhydrous 
acetonitrile was slowly added bromotrimethylailane (117 g, 760 
mmol) under nitrogen atmosphere. The reaction mixture was 
allowed to stir at room temperature for 16 h, and the solvent was 
removed under reduced pressure. The residue was dried in vacuo 
and then treated with acetone (170 mL) and water (30 mL). The 
resulting mixture was stirred at room temperature for 16 h. The 
mixture was evaporated, and the residue was washed with acetone 
and water. The resulting solid was heated gently at reflux in 250 
mL of 10% HCl for 4 h. The solution was evaporated under 
reduced pressure, and the residue was crystallized from water- 
CH30H to give 12.95 g of (R)-3 as pale yellow crystals. The mother 
liquor was concentrated to provide an additional 1.3 g of the 
product (total 62% yield): mp 282-285 OC; [a]"OD -26.74' (c 0.43, 
HzO); 'H NMR (DMSO-d,, 300 MHz) 6 10.58 (br a, 1 H, NH), 
7.74 (a, 1 H, H-8), 6.46 (br a, 2 H, NH,), 4.04 (dd, J = 4.4, 14.3 

(m, 1 H, H-2'),3.58 (dd, J = 9.3,13.0 Hz, 1 H, OCHzP), 3.51 (dd, 
Hz, 1 H, H-l'), 3.95 (dd, J = 5.8, 14.3 Hz, 1 H, H-l'), 3.78-3.88 

J = 9.9,13.0 Hz, 1 H, OCH$), and 1.02 (d, J = 6.3 HZ, 3 H, H-3'); 
'3C NMR (DMSO-de, 75 MHz) 6 157.2,154.0,151.8,138.6,116.1, 
75.4 (d, 3Jc,p = 12 Hz, C-2'),64.4 (d, lJc,p = 152 Hz, OCHZP), 46.5 

H14NSOSP.1.25HzO) C, H, N. 
(C-l'), and 16.8 (C-3'); MS (FAB) m / e  304 (MH+). Anal. (CQ- 

(S)-9-[2-(Phosphonomethoxy~~ro~~llguanine [ (51-31: mp 
270-272 "C; [a]"OD +34.66O (c 0.68, HzO); MS (methane, DCI) m / e  
304 (MH+). Anal. (CQH14NSOSP~1.66H20) C, H, N. 

9424 1-Phosphonoethoxy)ethyl]guanine (4). Compound 
17c (4.7 g, 12.4 mmol) was treated with 1 N NaOH solution (125 
mL), and the mixture was heated at reflux for 2 h and then allowed 
to cool to room temperature and treated with 10% HCl solution 
(125 mL). Concentration in vacuo gave 12 g of a pale yellow solid. 
The solid was dissolved in HzO (30 mL), and EtOH (150 mL) was 
added. The precipitate (NaC1) was removed by filtration, and 
the filtrate was concentrated in vacuo to give 7.5 g of a yellow 
solid. Purification by column chromatography on C18 adsorbent 
(HzO to 10% MeOH/HzO) gave 3.92 g of a white solid. The solid 
was further purified by recryataJlization from M H / H Z 0  to afford 
3.07 g (75%) of 9-[2-[l-(monoethylphosphono)ethoxy]ethyl]- 
guanine as a white powder: 'H NMR (DzO, 200 MHz) 6 8.89 (a, 
1 H, H-8), 4.43 (t, J = 5 Hz, 2 H, 2 X H-l'), 3.95-4.11 (m, 2 H, 
2 X H-2'),3.85 (apparent quintet, J = 7 Hz, 2 H, POCHJ, 3.69 
(dq, J = 7.5,8 Hz, 1 H, OCH(CH,)P), 1.29 (dd, J = 7.5, 15 Hz, 
3 H, OCH(CH,)P), and 1.17 (t, J = 7 Hz, 3 H, POCHZCHJ; "C 
NMR (DzO, 50 MHz)  6 158.6,158.2,153.3,141.6 (C-8),111.7 (C-5), 
75.6 (d, lJc,p = 160 Hz, OCHP), 70.0 (d, 3Jc,p 9 Hz, (2-23, 64.3 
(d, zJc,p = 6 Hz, POCHZ), 48.2 (C-l'), 19.12 (d, 3Jc,p = 6 Hz, 
POCH2CH3), and 17.5 (OCH(CHJP); MS (FAB) m/e  332 (MH+). 
Anal. (C1lH!BNsOSP) C, H, N. 

A suspension of the monoethyl ester (2.60 g, 7.85 mmol) in 
anhydrous DMF (80 mL) was treated with bromotrimethylsilane 
(12.0 g, 78.5 mmol) under argon. The resulting clear, yellow 
solution was stirred at room temperature for 4.5 h, and then 
concentrated in vacuo. The residue was placed under high vacuum 
for 12 h, and then purified by reverse-phase column chroma- 
tography on C18 adsorbent (HzO to 10% MeOH/HzO). Fractions 
containing the desired product were pooled and concentrated in 
vacuo to give 2.28 g of a white solid. The solid was further purified 
by recrystallization from HzO/EtOH to provide 2.15 g (85%) of 
the title compound as a fluffy white solid mp 290-292 OC; 'H 

H-8), 4.06 (br t, J = 5 Hz, 2 H, 2 X H-l'), 3.77-3.95 (m, 2 H, 2 
X H-2'),3.53 (apparent quintet, J = 7 Hz, 1 H, OCH(CH,)P), and 

NMR (DMSO-& 200 MHz) 6 10.59 (a, 1 H, NH), 7.75 (8, 1 H, 

1.19 (dd, J = 7,16 Hz, 3 H, OCH(CH3)P); '3C NMR (DMSO-d,, 
50 MHz) 6 156.6 (C-6), 153.6 (C-2),151.0 (C-4), 137.8 (C-8), 115.6 
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was stirred at 0 "C for 1 h and at room temperature for 16 h. The 
solvent was evaporated, and the residue was dried in vacuo. 
Acetone (10 mL) and water (1 mL) were added to the residue, 
and the mixture was stirred at room temperature for 14 h. The 
solvent was evaporated, and the residue was dissolved in 10 mL 
of 1 N NaOH. After washing with CHzClz (10 mL X 5), the 
aqueous solution was stirred at 100 OC for 2 h. The solvent was 
evaporated, and the residue was purified by reverse-phase 
chromatography (C18, HzO). The crude product collected was 
further purified by anion-exchange chromatography (Pharmacia, 
Trisacryl M DEAE, ammonium carbonate buffer pH 8,O.Ol  to 
0.25 M gradient) to give 96 mg (55%) of the product as white 
powder: 'H NMR (DzO, 300 MHz) 6 8.0 (8, 1 H, H-81, 4.12 (8,  
2 H, H-l'), 3.58 (d, J 11.3 Hz, 2 H, CHZP), and 1.18 (8,  6 H, 
H-3'); '% NMR (DzO, 75 MHZ) 6 162.5,157.1,155.6,145.0,118.6, 
79.4 (d, 3Jc,p = 13 Hz, C-29, 61.0 (d, lJc,p = 161 Hz, CHZP), 53.8 
(C-l'), and 24.6 (C-3'); MS (FAB) m/e 318 (MH+). 
9-(2-Acetoxyethyl)-6-O-benzylguanine (20). A solution of 

2-bromoethyl acetate (8.35 g, 50.0 mmol) in anhydrous DMF (50 
mL) was heated to 75 "C under argon, and cesium carbonate (16.3 
g, 50.0 mmol) and 6-0-benzylguanine (6.03 g, 25.0 mmol) were 
added in single portions. The mixture was stirred for 1 h at 75 
"C and then allowed to cool to room temperature. Insoluble 
material was removed by filtration, and the filtrate was concen- 
trated in vacuo. The residue was dissolved in hot EtOAc, and 
additional insoluble material was removed by filtration. The 
filtrate was concentrated, and the residue (9.5 g) was purified by 
column chromatography on silica gel (EtOAc to 4% EtOH/Et- 
OAc). Fractions containing the desired product were pooled and 
concentrated to give 4.37 g (54%) of 20 as an off-white solid: 'H 
NMR (DMSO-de, 200 MHz) 6 7.88 (8 ,  1 H,H-8),7.37-7.54 (m, 
5 H, PhH), 6.49 (br s, 2 H, NHJ, 5.51 (s,2 H, OCHzPh), 4.28-4.36 
(m, 4 H, 2 X H-1' and 2 X H-29, and 1.98 (s,3 H, CH3c=O); 13C 
NMR (DMSO-de, 50 MHz) 6 170.0 (CEO), 162.2, 159.6, 154.5, 
140.0 (C-8), 136.6,128.4,128.3, 127.9,113.5 (C-5), 66.8 (OCHzPh), 
61.8 ((2-29, 41.8 (C-l'), and 20.5 (CH,C=O). 

9-(2-Acetoxyethyl)-6-O-benzyl-N2-(monometho~rityl)- 
guanine (21). Compound 20 (4.60 g, 14.1 mmol) was dissolved 
in anhydrous DMF (140 mL) and treated with monomethoxytrityl 
chloride (6.5 g, 21.1 mmol), triethylamine (4.3 g, 42.2 mmol), and 
4-(dimethy1amino)pyridine (0.03 g) under argon. The reaction 
mixture was stirred at 45 "C for 16 h, allowed to cool to room 
temperature, and then concentrated in vacuo. The residue (15.3 
g) was purified by column chromatography on silica gel (75% 
EtOAc/hexane to EtOAc) to provide 8.2 g (98%) of 21 as a crisp 

(m, 17 H, Arm, 6.76 (d, J = 7 Hz, 2 H, Arm, 6.27 (br s, 1 H, NH), 
5.00 (s,2 H, OCH,Ph), 4.07-4.18 (m, 4 H, 2 X H-1' and 2 X H-2'1, 
3.77 (8,3 H, OCHd, and 2.01 (s,3 H, CH3C=O); '3c NMFt (CDCl,, 
50 MHz) 6 170.4 (C=O), 162.4, 158.1, 157.8, 145.9, 139.3, 138.0, 

112.9,70.6 (CAr,), 67.9 (OCHzPh), 62.1 (C-2'),55.2 (CH30), 42.2 
(C-l'), and 20.7 (CH,C==O); MS (FAB) m/e 600 (MH+). 

6- 0 -Benzyl-9-[2-( tert -butyldimethylsiloxy)ethyl]-NZ- 
(monomethoxytrity1)ganine (22). Potassium carbonate (3.99 
g, 28.9 "01) was added in one portion to a solution of compound 
21 (14.4 g, 24.1 mmol) in CH,OH (75 mL) at room temperature. 
After 1 h, the solvent was removed in vacuo, and the residue was 
partitioned between CHzCl, (200 mL) and water (200 mL). The 
layers were separated, and the aqueous layer was extracted with 
CHzCl2 (150 mL). The combined organic layers were washed with 
saturated NaCl solution (150 mL), dried over anhydrous MgSO,, 
filtered, and concentrated to give 13.9 g of 6-0-benzyl-9-(2- 
hydroxyethy1)-iWmonomethoxytrity1)ganine as a pale yellow 
glass. The alcohol was used without purification: 'H NMR 
(CDC13, 200 MHz) 6 7.47 (s, 1 H, H-81, 7.18-7.40 (m, 17 H, Arm, 
6.75 (d, J = 7 Hz, 2 H, Arm, 6.25 (br s, 1 H, NH), 5.00 (s,2 H, 
OCH,Ph), 3.90-4.08 (m, 4 H, 2 X H-1' and 2 X H-29, and 3.75 
(s, 3 H, OCH,). 

A solution of the alcohol in anhydrous CHzClz (120 mL) was 
treated with tert-butyldimethylsilyl chloride (5.45 g, 36.2 mmol), 
triethylamine (4.88 g, 48.2 mmol), and 4(dimethylamino)pyridine 
(0.05 g) under argon. After 16 h at room temperature, the reaction 
mixture was poured into a separatory funnel containing CHzClz 
(200 mL) and water (150 mL). The layers were agitated and 
separated, and the aqueous layer was extracted with CHzClz (100 

foam: 'H NMR (CDC13,200 MHz) 6 7.51 ( ~ , l  H, H-8), 7.16-7.36 

136.5, 130.2, 129.0, 128.3,128.1, 127.8, 127.0,126.6, 115.0 (C-5), 

(C-5), 72.1 (d, lJc,p = 165 Hz, OCHP), 68.1 (d, ,JC, = 6 Hz, (2-2'1, 
42.8 (C-1'1, and 15.5 (OCH(CHdP). Anal. (c&14fb50~~0.5Hz0) 
C, H, N. 

9-[ 2- (1-Met hyl- 1-phosphonoet hoxy )et hyllguanine (6). 
Compound 17d (2.90 g, 6.26 "01) was dissolved in 1:l EtOH- 
cyclohexene (100 mL) and treated in one portion with Pd(OH)2 
(1.5 g, 10% on carbon). The mixture was heated at reflux for 14 
h and then filtered through a 1-in. pad of Celite. The collected 
solid was washed with hot EtOH (3 X 50 mL), and the filtrate 
was concentrated to give 2.25 g (95%) of 9-[2-[l-(diethyl- 
phosphono)-1-methylethoxy]ethyl]guanine. The white solid was 
used without further purification: 'H NMR (DMSO-de, 200 MHz) 
6 10.57 (8, 1 H, NH), 7.62 (8, 1 H, H-8),6.45 (br s,2 H, NH,), 4.06 
(t, J = 5 Hz, 2 H, 2 X H-l'L3.95 (apparent quintet, J = 7 Hz, 
4 H, 2 X POCHZ), 3.82 (t, J = 5 Hz, 2 H, 2 X H-2'), 1.23 (d, J = 
16 Hz, 6 H, OC(CH&P), and 1.19 (t, J = 7 Hz, 6 H, 2 X 
POCH,CH& '3C NMR (DMSO-de, 50 M H Z )  6 156.7,153.4,151.0, 
137.7 ( C 4 ,  116.2 (C-5), 73.9 (d, lJc,p = 165 Hz, OCP), 61.7 (d, 
'JC = 7 Hz, POCHZ), 61.3 (d, 3Jc,p = 5 Hz, C-2'),43.2 (C-l'), 21.6 
(06(CH3)zP), and 16.2 (d, 3Jc,p = 5 Hz, POCH,CH,); MS (FAB) 
mle 374 (MH+). 

Bromotrimethylsilane (5.33 g, 34.8 "01) was added dropwise 
via syringe to a solution of the diethyl ester (1.30 g, 3.48 mmol) 
in anhydrous DMF (30 mL) at room temperature under argon. 
After 4 h, the solution was concentrated in vacuo, and the residue 
was treated with HzO (10 mL) and acetone (15 mL). The slurry 
was kept at -20 "C for 14 h, and then the desired product (0.95 
g, 86%) was isolated by filtration: mp 263-266 "C; 'H NMR 

(br s, 2 H, NH,), 4.00 (t, J = 5 Hz, 2 H, 2 X H-1'), 3.77 (t, J = 
(DMSO-de, 300 M H Z )  6 10.52 (a, 1 H, NH), 7.65 (8,l H, H-8), 6.43 

5 Hz, 2 H, 2 X H-2'), and 1.15 (d, J = 14 Hz, 6 H, OC(CH3)zP); 
13C NMR (DMSO-$, 50 MHz) 6 156.8,153.6, 151.1,138.1 (C-8), 
116.2 (C-5), 73.4 (d, lJc,p = 160 Hz, OCP), 61.5 (d, 3Jc,p = 4 Hz, 

(MH'). Anal. 
C-2'), 43.5 (C-1'), and 22.2 (OC(CH,),P); MS (FAB) m/e 318 

Diisopropyl [ [ 1- (Iodomet hy1)- 1-methylet hoxylmet hyll- 
phosphonate (18). Isobutene was passed into a solution of 
diisopropyl (hydroxymethy1)phosphonate (20.0 g, 121 "01) in 
50 mL of anhydrous CHzClz at -78 "C under nitrogen atmosphere. 
After 30 min, iodine bromide (4.0 g, 19.34 mmol) was added in 
one portion. The mixture was stirred at -78 "C for 30 min, then 
slowly warmed to 0 "C, and stirred at 0 OC for 4 h. The mixture 
was stirred at room temperature overnight. The solvent was 
evaporated, and the residue was purified by flash chromatography 
(CH2ClZ-acetone = 100 to 101) to give 3.61 g (49% yield) of the 
product as a light yellow oil: 'H NMR (CDCl,, 300 MHz) 6 
4.68-4.80 (m, 2 H, POCH), 3.60 (d, J = 11.7 Hz, 2 H, CHzP), 3.24 

(Cl,@16N@6P*Hzo) C, H, N. 

( ~ , 2  H, CHJ), 1.33 ( ~ , 6  H, H-39, and 1.31 (d, J 6.2 Hz, 12 H, 
4 X POCHCH,); 13C NMR (CDC13,75 MHz) 6 74.6 (d, 3Jc,p = 15 
Hz, C-29, 71.0 (d, 2Jc,p = 7 Hz, POCH), 57.3 (d, lJc,p = 173 Hz, 
CHZP), 24.0 (t, 3Jc = 4 Hz, POCHCHB), and 16.0 (CHZI); MS 
(FAB) m/e 379 (h;pH+). Anal. (C&lHz410$) C, H. 

Z-Amin0-6-chloro-9-[2-[ (diisopropy1phosphono)meth- 
oxy]-2-methylpropyl]purine (19). Compound 18 (3.55 g, 9.39 
mmol) was mixed with 2-amino-6-chloropurine (2.39 g, 14.09 
mmol) and cesium carbonate (6.12 g, 18.78 mmol) in 10 mL of 
anhydrous DMF. The mixture was stirred at 100 "C under ni- 
trogen atmosphere for 16 h. The mixture was allowed to cool to 
room temperature and filtered. The solid was washed with 
CH2Cl2, and the filtrate was evaporated under reduced pressure. 
The residue was purified by flash chromatography on silica gel 
(CHzClz-CH,OH = 205 to 101) to give 0.78 g (22%) of the starting 
material and 0.54 g (18% yield) of the product as an oil: 'H NMR 
(CDCl,, 300 MHz) 6 8.03 (8 ,  1 H, H-8), 5.27 (br s, 2 H, NHz), 
4.63-4.76 (m, 2 H, POCH), 4.06 (8, 2 H, H-l'),3.60 (d, J = 11.6 
Hz, 2 H, OCHZP), 1.30 (d, J = 6.2 Hz, 6 H, 2 X POCHCHJ, 1.26 
(d, J 6.2 Hz, 6 H, 2 X POCHCHJ, and 1.13 ( ~ , 6  H, H-3'); "C 
NMR (CDC13, 75 MHz) 6 159.3, 154.3, 150.4, 144.0, 123.8, 76.0 
(d, 3Jc = 14 Hz, C-2'),70.7 (d, zJc,p = 7 HZ, POCH), 57.5 (d, lJc,p 
= 174'hz, CH,P), 51.1 (C-1'1, 23.3 (t, 3Jc = 4 Hz, POCHCHJ, 
and 21.2 (C-3'); MS (FAB) m/e 420 (Mfi+). 

9-[2-Methyl-2-( phosphonomethory)propyl]guanine Mo- 
noammonium Salt (7). To a solution of compound 19 (0.22 g, 
0.52 mmol) and 2,4,6-collidine (0.95 g, 7.8 mmol) in 5 mL of 
anhydrous CHZC12 was slowly added bromotrimethylsilane (0.68 
g, 5.24 "01) at 0 "C under nitrogen atmosphere. The mixture 
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mL). The combined organic layers were washed with saturated 
NaCl solution (200 mL), dried over anhydrous MgSO,, filtered, 
and concentrated to give 18 g of a yellow residue. Column 
chromatography on silica gel (25% to 75% EtOAc/hexanes) gave 
15.8 g (98%) of the product as a white foam: 'H NMR (CDCl,, 
200 MHz) 6 7.72 (8, 1 H, H-8),7.30-7.46 (m, 17 H, ArH), 6.90 (d, 
J = 7 Hz, 2 H, Arm, 6.38 (br 8, 1 H, NH), 5.15 (s,2 H, OCHPh), 
4.00-4.18 (m, 2 H, 2 X H-l'), 3.91 (s,3 H, OCH,), 3.72-3.90 (m, 
2 H, 2 X H-29, 0.97 (8, 9 H, SiC(CH3),), and -0.01 (8,  6 H, Si- 

146.0, 140.4, 138.2, 136.6, 130.3, 129.1, 128.2, 128.0, 127.9, 127.7, 

(C-2'),55.2 (CH30), 45.8 (Gl'), 25.8 (SiC(CHJJ, 18.1 (SiC(CHJJ, 
and -5.7 (SiCH,),); MS (methane-DCI) m/e 672 (MH+). 

6-0-Benzyl-9-[2-( tert-butyldimethylsiloxy)ethyl]-N2- 
(monomethoxytrityl)-8-methylguanine (23). A solution of 
diisopropylamine (5.78 g, 57.1 mmol) in anhydrous THF (40 mL) 
was cooled to -40 "C and treated with n-BuLi solution (18.0 mL, 
2.5 M in hexanes, 45.2 mmol) under argon. The resulting pale 
yellow solution was allowed to warm to 0 "C over 0.5 h, stirred 
at 0 OC for 0.5 h, and then cooled to -78 "C. A solution of 
compound 22 (7.60 g, 11.3 mmol) in THF (40 mL) was added 
dropwise via addition funnel, and the mixture was stirred at -78 
O C  for 4 h. Meanwhile; a solution of methyl iodide (25.1 g, 176 
mmol) in THF (20 mL) was cooled to -78 "C. The above anionic 
solution was added dropwise via cannula over 0.5 h to the Me1 
solution, and the resulting bright yellow mixture was allowed to 
warm to room temperature. After 14 h, the reaction was quenched 
by slow addition of EtOH (15 mL). The mixture was then par- 
titioned between EtOAc (300 mL) and water (200 mL), and the 
organic layer was washed with saturated NaCl solution (200 mL), 
dried over anhydrous MgSO,, filtered, and concentrated. The 
residue (8.1 g) was purified by column chromatography on silica 
gel (25% to 50% EtOAc/hexanes) to afford 4.21 g (54%) of the 
desired product as a white foam: 'H NMR (CDCl,, 200 MHz) 
6 7.35-7.53 (m, 17 H, ArH), 6.92 (d, J = 7 Hz, 2 H, ArH), 6.33 
(br s, 1 H, NH), 5.18 (s,2 H, OCH,Ph), 3.95-4.12 (m, 2 H, 2 X 
H-l'), 3.93 (e, 3 H, OCH,), 3.74-3.95 (m, 2 H, 2 X H-23, 2.63 (8, 
3 H, C8-CHJ, 0.96 (s,9 H, SiCCCHJJ, and 0.00 (a, 6 H, Si(CHJ3; 
'W NMR (CDCl,, 50 MHz) 6 158.8,158.0,157.0,154.6,148.9 (GB), 
146.1,138.3,136.7,130.3,129.1,128.2,127.6, 127.5,126.4,113.8 
(C-5), 112.8,70.5 (ChJ,  67.7 (OCH,Ph), 61.4 (G21,55.1 (CH,O), 
45.0 (C-l'), 25.8 (SiC(CHJJ, 18.2 (SiC(CHJ3), 14.1 (C8-CHJ, and 
-5.7 (Si(CH3)2); MS (methane-DCI) m/e 686 (MH+). 

6- 0 -Benzyl-S-[ 2 4  (diet hylphosphono)methoxy]ethyl]- 
W-(monomethoxytrityl)-8-methylguanine (24). Compound 
23 (5.47 g, 7.99 "01) was dissolved in THF (65 mL) and treated 
dropwise with a solution of tetrabutylammonium fluoride in THF 
(12 mL, 1 M in THF, 12.0 mmol). The reaction mixture was 
stirred at room temperature for 1 h and concentrated in vacuo 
to give 6 g of a yellow residue. Purification by column chroma- 
tography on silica gel (2% to 5% MeOH/CH2C12) afforded 4.26 
g (93%) of 6-0-benzyl-9-(2-hydroxyethyl)-h"-(monometh- 
oxytrity1)-%methylguanine as a white crisp foam: 'H NMR 
(CDCl,, 200 MHz) 6 7.22-7.36 (m, 17 H, Arm, 6.77 (d, J = 7 Hz, 
2 H, Arm, 6.25 (br 8, 1 H, NH), 5.31 (8, 1 H, OH), 5.03 (s,2 H, 
OCH2Ph), 3.83-3.97 (m, 2 H, 2 X H-l'), 3.78 (s, 3 H, OCH,), 
3.65-3.80 (m, 2 H, 2 X H-23, and 2.41 (s,3 H, C8-CHJ; 'W NMR 

(CH3)Z); "C NMR (CDC13,50 MHz) 6 159.9, 158.1, 157.7, 153.5, 

127.6,126.5, 115.0 (C-5), 112.8,70.6 (CArJ, 67.8 (OCHPh), 61.2 

(CDC13,50 MHz) 6 159.1, 158.1,156.9, 154.6,148.2 (C-8), 145.8, 
138.0,136.5,130.2, 129.0, 128.2, 127.8, 127.7,126.6, 113.9 (C-5), 
112.9,70.6 (CAr,), 67.8 (OCHzPh), 61.0 (C-2'),55.2 (CHSO), 46.5 
(C-10, and 14.1 (CWH,); MS (FAB) m/e 572 (MH+). 

A solution of the alcohol (4.20 g, 7.36 "01) in anhydrous DMF 
(50 mL) was cooled to 0 OC under argon and treated with NaH 
(0.45 g, 80% dispersion in oil, 14.7 "01). After 1 h, the ice bath 
was removed and the reaction mixture was allowed to stir at room 
temperature for 4 h. The solution was then transferred via cannula 
to a solution of diethyl (p-tosy1oxy)methanephosphonate (3.56 
g, 11.0 mmol) in DMF (25 mL) that had been precooled to 0 OC. 
The mixture was allowed to warm to room temperature and was 
stirred for 14 h. Following treatment with EtOH (10 mL), the 
reaction mixture was concentrated in vacuo. The orange residue 
was slurried in hot 5% EtOH/EtOAc, and the mixture waa filtered 
to remove insoluble material. Concentration of the filtrate gave 
6.5 g of an orange, viscous oil which was purified by column 
chromatography on silica gel (3% to 7% EtOH/EtOAc) to provide 

Yu et al. 

2.42 g (46%) of the desired product as a white foam: 'H NMR 
(CDCl,, 200 MHz) 6 7.19-7.36 (m, 17 H, ArH), 6.76 (d, J = 7 Hz, 
2 H, Arm, 6.20 (br 8, 1 H, NH), 5.06 (8,  2 H, OCH,Ph), 4.04 
(apparent quintet, J = 7 Hz, 4 H, 2 X POCH,), 3.85-3.97 (m, 2 

3.45-3.60 (m, 2 H, 2 X H-2'1, 2.45 (8, 3 H, C8-CH3), and 1.23 (t, 
H, 2 X H-l'), 3.77 ( ~ , 3  H, OCHJ, 3.59 (d, J 8 Hz, 2 H, OCHZP), 

J = 7 Hz, 6 H, 2 X POCHZCHJ; "C NMR (CDC13,50 MHz) 6 
158.5,157.7,156.6, 148.3 (C-8), 145.7,137.8,136.3,129.9,128.7, 
127.8,127.3,127.2, 126.1,113.4 (C-5), 112.5,70.9 (d, 'JGP 12 Hz, 
G2'),70.1 (CArJ, 67.3 (OCH&'h), 64.9 (d, 'JGP = 165 Hz, OCHP), 
61.9 (d, zJc,p = 6 Hz, POCH,), 54.8 (CH30), 42.1 (C-l'), 16.0 (d, 
,J = 6 Hz, POCH2CHJ, and 13.5 (CB-CHJ; MS (methane-DCI) 
m p  722 (MH+). 

9424 (Diethy1phoaphono)met hoxy ]et hyll-W- (monomet h- 
oxytrityl)-8-methylguanine (25). Palladium hydroxide (1.2 g, 
10% on carbon) was added in one portion to a solution of com- 
pound 24 (2.40 g, 3.32 mmol) in 1:l EtOH/cyclohexene (30 mL). 
The mixture was heated at reflux for 45 min and then was fdtered 
while hot through a 1-in. pad of Celite. The collected solid was 
washed with hot EtOH (3 X 50 mL), and the combined filtrates 
were concentrated in vacuo. The residue (2.2 g) was purified by 
column chromatography on silica gel (2% to 7% MeOH/CH2C1J 
to provide 2.00 g (95%) of 25 as a white foam: 'H NMR 

7.15-7.35 (m, 17 H, Arm, 6.87 (d, J = 7 Hz, 2 H, Arm, 3.93 
(apparent quintet, J = 7 Hz, 4 H, 2 X POCHJ, 3.73 (s,3 H, OCHJ, 
3.50-3.65 (m, 4 H, 2 X H-1' and 0CH2P), 3.10-3.22 (m, 2 H, 2 

(DMSO-d~,200 MHz)  6 10.48 ( ~ , l  H, NH), 7.59 (8,l H, NHCArJ, 

X H-2'), 2.24 (8,  3 H, C8-CH3), and 1.17 (t, J = 7 Hz, 6 H, 2 X 
POCH&HJ; 'W NMR (DMSO-&, 50 MHz)  6 157.6,156.0,150.2, 
150.1,145.3 (C-8), 145.0,136.8, 129.8,128.41, 127.5,126.4,115.2 
(C-5), 112.8,70.4 (d, 'JGP = 13 Hz, C-2'),69.6 (CArJ, 64.1 (d, 'J 
= 165 Hz, OCH,P), 61.6 (d, ,JC = 6 Hz, POCH2), 54.9 (CH30J, 
41.7 (C-1'), 16.1 (d, ,JGP = 6 Hz,%OCH2CH3), and 13.2 (C8-CH,); 
MS (methane-DCI) m/e 632 (MH+). 

9424 (Diethylphosphono)~horylethyl]-8methyle 
(26). A solution of compound 28 (2.02 g, 3.20 mmol) in 80% 
aqueous acetic acid (30 mL) was heated at 70 OC for 1.5 h, allowed 
to cool to room temperature, and concentrated in vacuo. The 
residue was suspended in hot EtOAc, and EtOH was added 
dropwise until a clear solution was obtained. The solution was 
allowed to cool slowly to room temperature, and the resulting solid 
was collected by filtration to give 0.84 g (74%) of 26 as a white 
solid. HPLC analysis on a Waters Bondapak C18 column (4.6 
X 300 mm), eluting with 20% MeOH/7.5 mM phwphate buffer 
at pH 3.4, showed <1% of 9-[2-[(diethylphosphono)methoxy]- 
ethyllguanine: mp 225-228 OC dec; 'H NMR (DMSO-d, 200 
MHz) 6 10.48 (8,  1 H, NH), 6.30 (br 8, 2 H, NH,), 4.09 (t, J = 5 
Hz, 2 H, 2 X H-l'), 3.96 (apparent quintet, J = 7 Hz, 4 H, 2 X 
POCHJ, 3.81 (d, J = 8 Hz, 2 H, OCH,P), 3.77 (t, J = 5 Hz, 2 H, 
2 X H-2'), 2.37 ( ~ , 3  H, C8-CH3), and 1.19 (t, J = 7 Hz, 6 H, 2 X 
POCH&H,); 13C NMR (DMSO-de, 50 MHz) 6 156.3 (C-6), 153.1 
(C-2), 151.9 (C-4), 145.0 (C-8),,114.9 (C-5), 70.7 (d, 3Jc,p = 13 Hz, 
C-Z'), 64.1 (d, lJc,p = 165 Hz, OCHZP), 61.6 (d, ' J C p  = 6 Hz, 
POCH,), 41.6 (C-l'), 16.1 (d, ,JGP = 6 Hz, POCH2CH8), and 13.4 
(C8-CH3); MS (methane-DCI) m/e 360 (MH+). 
8-Methyl-9-[2-(phosphonomethoxy)ethyl]guanine (5). 

Bromotrimethylsilane (3.5 g, 23 mmol) was added dropwise to 
a solution of compound 26 (0.82 g, 2.3 mmol) in anhydrous DMF 
(20 mL) at room temperature under argon. The mixture was 
stirred at room temperature for 16 h and concentrated in vacuo. 
The yellow residue was treated with HzO (10 mL) and acetone 
(20 mL) to give a white slurry. The mixture was kept at 0 "C 
for 14 h, and the solid was collected by filtration to afford 0.60 
g (87%) of the product as a white solid mp 220-225 OC dec; 'H 
NMR (DMSO-d6, 200 MHz) 6 10.59 (8,  1 H, NH), 6.48 (br 8, 2 
H, NH,), 4.11 (t, J = 5 Hz, 2 H, 2 X H-19, 3.76 (t, J 5 Hz, 2 
H, 2 X H-2'), 3.48 (d, J 8 Hz, 2 H, OCH2P), and 2.43 (8, 3 H, 
CWHJ; 'W NMEt (DMSO-&, 50 MHz) 6 155.9 (C-6), 153.3 (C-21, 
151.6 (C-4), 145.4 (C-8), 113.9 (C-5), 70.3 (d, 'JGP = 13 Hz, (2-29, 
66.8 (d, lJc,p = 165 Hz, OCHZP), 41.8 (C-l'), and 13.3 (C8-CH3); 
MS (methane-DCI) m/e 304 (MH+). Anal. (C$Il,N~O&H20) 
C, H, N. 
(R ) - 6 - 0  -Benzyl-9-[3-(benzyloxy)-2-[(diieopropyl- 

phosphono)methoxy]prpyllguanine (27). Compound 10 (13.8 
g, 31.5 mmol), 6-0-benzylguanine (9.07 g, 37.8 mmol), and cesium 
carbonate (12.3 g, 37.76 mmol) were mixed in 150 mL of dry 
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(C-3'), 44.6 (C-1'), and 24.1 (d, 3Jc,p 
( C ~ ~ H ~ N ~ O ~ P * O . ~ ~ H Z O )  C, H, N. 

4 Hz, POCHCHS). Anal. 

A solution of (R)-9-[2-[(diisopropylphosphon)methoxy]-3- 
hydroxypropyl]guanine (0.20 g, 0.50 "01) in 5 mL of anhydrous 
acetonitrile was treated with bromotrimethylsilane (0.99 g, 6.45 
mmol) under nitrogen atmosphere. The resulting solution was 
protected from light and stirred at room temperature for 14 h. 
The solvent was removed under reduced pressure, and the residue 
was dried under vacuum. To the residue were added water (1 
mL) and acetone (4 mL). The mixture was stirred at room 
temperature overnight and then the solvent removed. The residue 
was triturated with CH2Clz and fiitered. The collected solid was 
recrystallized from water-CH,OH to give 127 mg (80% yield) of 

'H NMR (DMSO-d6, 300 MHz) 6 7.73 (8, 1 H, H-8), 6.49 (br 8, 

6.6, 14.3 Hz, 1 H, H-l'), 3.61-3.73 (m, 1 H, H-23, 3.64 (dd, J = 
8.9,13.3 Hz, 1 H, OCHP), 3.58 (dd, J = 9.3,13.3 Hz, 1 H, OCHP), 
and 3.32-3.45 (m, 2 H, H-3'); 13C NMR (DMSO-& 75 MHz) 6 

(R)-8 88 White 

2 H, NHZ), 4.17 (dd, J = 4.1, 14.3 Hz, 1 H, H-l'), 3.98 (ad, J 

mp 249 'c dw; [ a l P ~  +323" (C 1.11, H2O); 

157.1, 154.1, 151.6, 138.6, 115.9,80.5 (d, 3Jc,p = 10 Hz, C-2'), 65.6 
(d, 'J, = 161 Hz, OCHZP), 60.2 ((2-39, a d  43.2 ((2.1'). Anal. 
(Cd1&506p) C, H, N. 

(S)-9-[ 3-Hydroxy-2-(phosphonomethoxy)propyl]guanine 
[(S)-8]: mp 180-182 "C; [ a I m ~  -35.83' (c 0.49, H20). Anal. 
(CBH~INSO~P) C, H, N. 

Evaluation of Compounds against Herpesviruses. Plaque 
reduction assays for compounds 1-6 and 8 were conducted with 
vero cells infected with HSV-2 (G strain) or MRC-5 cells infecbd 
with HCMV (AD-169 strain) and then treated with the phos- 
phonate analogues as previously described.lZb Analogue 7 was 
tested in WI-38 cell monolayers infected with HSV-2 and HCMV 
as previously described.% The antiviral effectiveness of each 
compound was determined as the EC,, the concentration of 
compound necessary to reduce the number of plaques to 50% 
those in the virus control cultures. The cellular toxicity of each 
compound (TC,) in stationary cells was determined as the drug 
concentration required to disrupt 50% of the cell monolayer in 
uninfected cell cultures. 

Evaluation of Compounds against Human Immunodefi- 
ciency Virus. Compounds were evaluated for activity against 
HIV (LAV-BRU strain) in CEM cells using the XTT assay de- 
scribed by Weislow et al.% The antiviral effect is expressed as 
the concentration of compound which increases the number of 
viable cells in infected cultures to 50% that of untreated controls 
(TC,). The inhibitory effect on growing cells (CC,) was de- 
termined in CEM cells as the concentration of compound which 
caused 50% inhibition in cell growth after at least three rounds 
of replication when compared with untreated control cell cultures. 

acetonitrile under nitrogen atmosphere. The mixture was heated 
gently at reflux for 16 h. The solvent was removed under reduced 
pressure, and then CH2C12 (150 mL) was added to the residue. 
Insoluble material was removed by filtration, and the fitrate was 
concentrated under reduced pressure to give a residue which was 
purified by flash chromatography on silica gel (first time, CHz- 
Clz-CHSOH = 301 to 101; second time, CH2C12-acetone = 2:l 
to 01) to provide 10.9 g (59% yield) of 27 as a thick mass. The 
product crystallied upon standing at room temperature. The 
solid was triturated with EhO to give 27 as white crystals: mp 

MHz) 6 7.67 (s, 1 H, H-8), 7.45-7.52 and 7.20-7.35 (2 m, 10 H, 
Arm, 5.54 (8, 2 H, 6-OCH2Ph), 4.84 (br 8, 2 H, NH,), 4.59-4.71 
(m, 2 H, 2 X POCH), 4.50 (8, 2 H, 3'-OCHzPh), 4.30 (dd, J = 4.1, 

(m, 1 H, H-2'),3.83 (dd, J = 8.7,13.6 Hz, 1 H, OCHzP), 3.75 (dd, 
J = 8.0,13.6 Hz, 1 H, OCH2P), 3.50 (d, J = 5.0 Hz, 2 H, CHzOBn), 
and 1.16-1.32 (m, 12 H, 4 X POCHCH3); 13C NMR (CDC13, 75 
MHz)  6 161.2, 159.5,154.5, 140.7,137.7, 136.7,128.6,128.4,128.3, 

71.1 (d, zJc,p = 5 Hz, POCH), 71.0 (d, zJ = 7 Hz, POCH), 68.8 
and 67.8 (C-3' and 6-0-CH2Ph), 64.9 (d, *jG = 168 Hz, OCHzP), 
43.9 (C-1'1, 23.8 (d, 3Jc = 4 Hz, P O C H d J ,  and 23.7 (d, 3Jc,p 
= 4 Hz, POCHCH3); I f S  (FAB) m/e 584 (MH+). Anal. ((2%- 

(R)-9-[ 3-Hydroxy-2- (p hosphonomet hoxy ) propyl]guanine 
[(R)-8]. A solution of compound 27 (4.00 g, 5.85 "01) in EtOH 
and cyclohexene (30 mL of each) was treated with 20% palladium 
hydroxide on carbon (1.0 9). The mixture was heated gently at 
reflux for 3 days. The catalyst was collected by filtration and 
boiled in CHsOH (100 mL) for 2 min, and the resulting slurry 
was filtered. The proms was repeated three times. The combined 
filtrates were concentrated under reduced pressure, and the 
residue was purified by flash chromatography on silica gel 
(CH2C12-CH30H = 101 to 51). The crude product was recrys- 
tallized from CHSOH-EtOAc to give 2.16 g (92% yield) of 
(R)-9- [ 2- [ (diisopropylphosphono)methoxy] -3-hydroxypropyl] - 
guanine as a crystalline solid. A sample of the solid product was 
recrystallized from water to give crystah of the alcohol: [aImD 

1 H, H-8), 4.65 (s,2 H, NH,), 4.34-4.46 (m, 2 H, 2 X POCH), 4.05 

13.8 Hz, 1 H, OCHzP), 3.58-3.66 (m, 1 H, H-2'),3.39 (dd, J = 5.0, 

1.W1.10 (m, 12 H, 4 X POCHCHd; '3c NMFt (CD,OD, 75 MHz) 

75-79 "C; [.]%D +16.7" (C 1.02, CHzClZ); 'H NMR (CDC13,300 

14.4 Hz, 1 H, H-1'), 4.17 (dd, J 6.5,14.4 Hz, 1 H, H-l'), 3.90-3.98 

128.0,127.9,115.1,78.8 (d, 'JGp = 11 Hz, C-2'),73.5 (3'-Om,Ph), 

HmNb06P) C, H, N. 

+23.7' (C 1.95, CHSOH); 'H NMR (300 MHZ, CD3OD) 6 7.49 (9, 

(dd, J = 4.0,14.5 Hz, 1 H, H-l'), 3.95 (dd, J = 6.6,14.5 Hz, 1 H, 
H-l'), 3.71 (dd, J = 8.9, 13.8 Hz, 1 H, OCHZP), 3.63 (dd, J = 9.5, 

12.2 Hz, 1 H, H-3'), 3.33 (dd, J = 5.0, 12.2 Hz, 1 H, H-3'), and 

6 159.8, 155.7,153.7,140.9, 117.4,81.9 (d, 3Jcp = 12 HZ, C-2'),73.3 
(d, 2Jc,p = 6 Hz, POCH), 65.0 (d, lJc,p = 169 Hz, OCHZP), 61.5 


