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5~-HYDROGENPH0SPHONATE8AND5~-METHYLPH0SPHONATESOF GUGAR 
MODIFIED PYRIMIDINE NUCLEOSIDES AS POTENTIAL 

ANTI-HIV-1 AGENT8.l 

Alexander A. Krayevsky,t Natalie B. Tarussova,t Qing-Yu Zhu,S 
Pedro Vida1,S Ting-Chao Chou,S Penny Baron,* 

Bruce Polsky,* Xiang-Jun Jiang,* Jasenka MatuliE-AdamiE,* 
Ivan Rosenberg,* and Kyoichi A. Watanabe** 

+Institute of Molecular Biology, Academy of Sciences of the 
USSR, MOSCOW, USSR, *Memorial Sloan-Kettering 

Cancer Center, New York, NY 10021  

Abstract. A number of nuclecside 51-hyd.mg~c6ph0mtes and nuclecside 
51-mthylphcsphonates were prepared, to study their ability to inhibit 
replication of HIV-1. "0 CCanpOUndS, the 51-hydmg~osphonate of 3'- 
a~ido-3~-deoxythymidh (AZT-HP, NC) ard of 31-deoxy-3'-fluomthymid~e 
(m-w, ma) , exhibit potent anti-HIV-1 activity with selectivity indices 
similar to or better than those of their parent nucleosides. 

In- on. 
m e  only clinical agent appruved in the United states for the treat- 

ment of AID3 is 31-azid0-3'-deoxy-thymidine (AZT) . * p 3  Several 21,3'-di- 

d e o ~ y - ~ ~ ~  and 2 1 , 3 ' - d i d e h y d r o - 2 1 , 3 1 - d i d 4 7  as well as same other types 
of nucleosides*-" are also reportd to be active agahst humn inununo- 
deficiency virus (HIV) , the pthogen responsible for causing AIB. The 
molecular mechanism(s) of action of these nucleosides includes conversion 
into their corresponding 51-monophasFhates by the action of cellular 
nucleoside kinase(s), followed by stepwise phcqhorylation catalyzed by 
cellular nucleotide kinases to the correspording 51-tri~c5phates. mese 

inhibit p m v i a  CEEA syr~thesis,~~'~~'~ catalyzeit by HIV reverse transcriptase 
(FU') , by hzpration to the 3'  end of the growing chair1.~3~ 

T h i s  paper is dedicated to the memory of Professor Tohru Ueda. 

1 7 7  

Copyright 0 1992 by Marcel Dekker, Inc. 
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178 KRAYEVSKY ET AL 

Many nucleosides are poor substxates for deoxynucleaside kiMse(s), 
due to rather restricted structural rquimwnts of the enzyme(s). 
Nucleosides that are very poor substrates for cellular kinases exhibit 
little or no activity against HIV infected However, nucleoside 
5'-triphos@ntes in general, which are usually formed reaaily f m  their 
c o - w  51-rmnophcqhates in the cell, inhibit purified rn in cell 
free systen~.'~~'~ For vie, 21,31-dideoxycyt~dine (ddc) is phosphoryl- 

ated by deoxycytidine kirraselgl'7 to its 51-m-ete ( ~ ~ c M P )  which is 
further comerted into the trim** (ddcrp) ard inhibits RT.~J" 
thiscasetheratedeterminirrg step is apparently the ddc~p f0rmati0n.l~ 
on the other hand, AZT? and & are convexted by cytosolic thymidine 
kinase to their 5 ' - r m ~ o s p h a t e  (AzFMP and Fzr-MP) which are further 
convert& stepJise into the di- and t r i m t e  (AzT-Dp, +P, and FTX-DP, 

+P, respectively) presumably by the host cell thymidylate kinase. AZT-TP 
Ccrmpetes about 100-fold better for the IiIV Kl' than for the cellular mil 
polymerase a.3  he intracell~lar levels of AZT-MP ard are him 
CcBnpared with the levels of their corresponding nucleoside-DP and 4?P1s.3220 

A Z W  inhibits thymidylate kinase reducing the intxacellular level of 
CWIP needed for DNA synthesis.3 mre recently, AZT w a s  rep- to be 
redu~ed to 3'-amino-3'+20xythymi~i.i1&' which is himy toxic to bone 
marrcxJ cells.= 

The catabolic pattern of nucleoside phcsphonates m y  be different 
frcan that of the parent rmcleusides. Also, rmcleo~ide-5~+-hydroqen- 
p h ~ ~ p h o ~ t e s  ( H - ~ h s p h o m t e s ) ,  unlike strongly acidic nucleuside 5 ' -  

due to their weakly acidic nature, ard may be converted into the triphcs- 
@rite analogues, ~csphoxylhydrogenphoqhonates, which then inhibit 
viral IBA synthesis catalyzed by the Kl', or oxidized to their 
corresponding phosphates and then further convert& into the corresponding 

triphcsphates in the cell. H a e v e r ,  unlike AZ'IWP, these phcsphonates may 
not inhibit the dlTp formation until they are oxidized. Therefore, the 
toxicity of the anti-HIv nucleosides may be rectuced by formation of their 
corresponding 51-phosphoMtes. 

Recently, Holy et al. repor&d4 that (S) -9- ( [ 3-hydroxy-2-phosphonyl- 
rnethoxy]pmpyl)adenine [ (S)-=A, Figure 13 was active against several 
DNA and RNA viruses, including HIV, in cell systems. The H-phosphoMte  of 
9- (/3-D-arabhofurancql) adenine, ara-A-5 -0- [ H - F h o s p h o M t e ~  , was also 

In 

phoqhates (which cannot enter the CelP), may penetrate the cell membrane 
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ANTI-HIV POTENTIAL OF A Z T - H P ,  IVc AND FLT-HP,  IVa 1 7 9  

(S)-HPWA 
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
3
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



180 KRAYEVSKY ET AL. 

reported to be active against s e v d  INA viruses in  cells.25 me 
H - p h c ~ ~ h ~ t e ,  methyl phcqhonate, and mthylendiphcqhomte of AZT w e r e  
synthesized  am^ fd to  inhibit replication of HIV in 

W e  synthesized H-phoqhonates ard methylmosphomtes of a number of 
carbohydrate-rodified pyrimidine nucleosides, to test their ab i l i t y  to 
inhibit replication of HIV. These nuclemide #ms@onates can be divided 
into five categories (Figure 1) : 2 , 3  I-dideoxyrrucleosides I, 2 I , 3 I - d i -  

dehydm-2 , 3 -di-lleosidesII , 2 I , 3 -anhy&olyxofecsides 
111, 2 1 , 3 t - d i d e o x y - 3 8 ~ i ~ - n u c l e i d e s  IV, and 21-p-fluorinated 
nucleosides V. 

meSe nucleoside 5'-phosphoMtes w e r e  prepared by using a h f i e d  

method of  hen -icla isolated as their ammnium ~ d l t s ,  and u~ed 
directly in the anti-HIV-1 assay in the H9 cell system. In this way, we 
w e r e  able to prepare a l q e  rnrmber of derivatives in a relatively short 
period of t ime for in i t ia l  screening. All the ccgnpounds that showed 
activity were  prepred in  larger m t s  by the modified method of Takaku 
et d.,= a d  were isolated as their sodium dts. The purity of the 
sodium salts w a s  fm 99.6 to 99.9% by HPLC: analyses. These ccBnpounds 
w e r e  sesrreened i n  the H9 and MT4 cell system. values (the 
concentrations required to inhibit cell grnwth by 50% and to inhibit HIV 

replication by 50%, mqectively) t~err? determined on ccqnuds tbat were 
reprified by HPK,  ard shawed that they contain less than 0.01% of the 
parent nucleosides. 

These nuclecrsides w i t h  10-fold serial dilution w e r e  srreersed pre- 

liminally by indirect immnofluorescem=e assay (IFA) against the KIZV-III, 

s train of HIV-I, using ~9 cells as the taryet and 103 tissue culture 
h f s t i a u s  doses, (TCIb) of virus. HIV antigens were d e e .  The 1% 

values (for cytotoxicity) of ccBnpOundS that exhibited activity in  the 
screening w e r e  determined . The detailed dose-effect relationships and Ec, 
values (for efficacy) of those ccrmpounds w e r e  then measured i n  m4 cells, 
using the antigen EI;TSA k i t I4  and inhibition of the 

1% and 

r e l e a ~ e . ~ ~ ~  

E x p r i m m a  Section 
'H NMR spectra w e r e  recorded on a JWL PFT-100 or  JWL FX90 Spectro- 

meter w i t h  Me4si as the internal standard. TL13 was  perform33 on Uniplates 
(Analtech Co., Newark, DE) and preparative LL3 on Uniplates 20 x 20 a, 
using isoprcpnol : 25% armnonium hydroxide : water (7:1:2 v/v) . Mass 
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ANTI-HIV POTENTIAL OF AZT-LIP, I V c  AND FLT-HP, I V a  18 1 

Spectral data W e r e  recorrled by Dr. B. T. Chait of the Mass SpeCtroanetriC 
Biotechnology Resaurce, Rockefeller University. 

1- (3-ui&-3deoxy-5+ [hydmge~@m~pb~q'l] -/3--pnt0-~1) - 
thymilm Amnonilrm salt (Ivc). TO a solution of 31-azido-31-deoxy- 
thymidine (53 ny, 0.2 m l )  in pyridine (2 mL) were  added 0.6 M solution 
of phosphorous acid mm-n-butyldm salt h pyridine (0.5 fi) and 

stirred for 4 h at rocpn teqerature and was then centrifuged for 10 min. 

The supernatant was ram& by decantation, and the solid twice w a s h d  by 
dispersion in %O (1 each) follmed by centrifugation. The ccaobined 
supernatants were concentxakd to dryness in vacuo. The residue was 
dissolved in a minimal anvxlnt of pyridine and applied to a silica gel 
plate (20 x 20 x 0.15 cm) , and the plate was developed in solvent 1 (see 
Table 1). The W absorbing bard corresponlirq to the nucleoside-5'- 
phcqhonate was scraped and then extracted with solvent 1 (30 mL). The 
solvent was remnred by evaporation in vacuo. The residue was reeMporated 

with w a t e r  (2 mL) , and then dried azeotrapicdlly by evaporation with EtOH 
(2 mL x 2) in vacuo to give IVc (58 ny, 84% yield) as a colorless foam. 

By following the same procecture but us- the comeqmdmg ' nucleosides 
instead of 3 azid-3 I -deoxythymiidine, the fo1lawh-q nucleoside-5 ' - 
hydmgenphcqhonate ammnium salts were prepared: 

1- (2,3-Dideoxy-5-0- [ hydrcqerghoqhonyl] -~-D-cflvcero-pento~l) - 
cytcsine (Ia) , -thymine (Ic) , -uracil (Ie) : 1- (2,3-dideoxy-2,3-didehw 
5-0- [hydrogenphosphonyl] -p-D-glvcem-~tofummsyl) Cytosine (IIa) , 
-thymine ( IIC) , -uracil (IIe) , 1- (2,3-dideoxy-2,3-didehyd~~2-f luoro-5-0. 
[ hy~k~~~enphOS@I~nyl] -P-LFgl~mpent~f) thymine (11s) ; 1- (2,3- 

anhy&o-5+[hydmgenphosphonyl]-~-D-lyxofuran~l)cytosine (IIIa), 
-5-fluorouracil (IIIc) , -uracil (IIIe) , 1- (2,3-didq-3-f luoro-5+ 
[hydmgenphoqhonyl] -p-Eemthm-pentofwamsyl) thymine (Iva) ,1- (3-azido- 
2,3-dideoxy-5-0- [ hyd.mgeqAos@nyl] -p-D-enrUlro-pentof) thymhe 
( IVc) , -uracil (me) : 1- (2,3-dideoxy-2-f luoro-5-0- [ hydrqerqhcqhonyl J - 
p-D-threo-pentofwamsyl) thymine (Va) , 1- (3-azido-2,3-dideoxy-2-fluoro- 
5-0- [ hydmgmphOS@Ionyl] -P-D-arabinofwamsyl) thymine (Vc) . 

Table 1 lists the reaction conditions, yields, and chrmatographic and 
W characteristics of sc~ne of these n ~ c l e o d d e - 5 ~ - h ~ ~ n a t e s .  

N,N1 -dicyclohexyl~ ' h i d e  (125 mg, 0.6 ml). The mixture was 
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182 KRAYEVSKY ET AL. 

Table1 Experinmtal am3itiox-s for the s y n t b s i s  of 5*-H-phosFhoMtes 

solvent time yield chramtagra@~y W absorption 
(b) (%) solvent 1 solvent 2 i n q o  (nm) 

Rf Rf m a x m i n p H  
CQnW-md (mu 

pyridine 12) 12 47 0.76 0.74 261 230 7.0 
(2). 38 61 0.70 0.66 268 234 7.0 

(MeO),pD (2) 4*, 36 

(MeO),pD (2) 8*3 40 
MeCN/(W),Kl  4 52 
(1)/(0.5) 

(MeO),rn (1) 14 46 

(MeO),PD (0.5) 12 58 
(MeO),pD (0.5) 12 52 

pyridine (2) 6 78 
pyridine (2) 12 84 

pyridine (2) 4 84 
pyridine (2) 8 76 

0.54 

0.73 

0.63 
0.54 

0.37 

0.45 
0.43 

0.62 
0.68 

0.88 
0.80 

0.48 

0.73 

0.60 
0.53 

0.34 

0.45 
0.54 

0.56 
0.55 

0.80 
0.80 

270 
277 

270 
277 
266 
261 

270 
277 
268 
261 

266 
266 

266 
266 

247 7.0 
237 1.0 

247 7.0 
238 1.0 
234 7.0 
230 7.0 

247 7.0 
238 1.0 
234 7.0 
230 7.0 

234 7.0 
234 7.0 

234 7.0 
234 7.0 

Solvent 1: 
Solvent 2: 

" w i t h  0.4 mL of N-memylimidazole 
** w i t h  0.5 m~ of (m),m 
*3 beyorxi this time, side reactions take place 

iproH : 25% NH,,OH : 50 (7:1:2 v/v) 
dioxane : iprcH : 25% NHJ!€I : 50 (6:5:1:4 v/v) 

Table 3 lists the 'H NMR parameters for scpne of these nucleoside-5'- 

Table 5 lists the ,'P NMR data for sane represerrtative nucleoside-5'- 

Table 6 lists mass spe@trdl data of mcleoside 5 t - h y d n x 3 ~ ~ o n a t e s .  

hYdrw--. 

*C6@lOIFleS. 

1- (2,3-Dideoxy-5-0- [mthy-l] -pD-aWem-pen - fur rmolsy l )cytos~ 
anmrmiran salt (Ib) . TO a solution of 1- (2,3-diaeoxy-~-~-~i~~e.1-0-pt?.nto- 
furannsy1)cytosine (43 q, 0.2 ml) in (W),pO (2.0 rnL) were added at 0 
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Table 2. Experimental canditians for the synthesis of 5 t ~ p h c q h o n a t e 5  

Ib 

Id 
If 
Im 

IId 
IIf 
IIIb 

IIId 
Ivb 
Ivd 
vb 
Vd 

1.5 

2 

0.5 

2 

1.5 

0.5 

1.5 

0.5 

0.2 

0.3 

0.3 

0.3 

0 18 

0 1 

2 14 

0 1 

0 1 

0 14 

0 6 

0 21 

2 14 

1 6 

1 6 

2 14 

0 47 

4 86 

4 54 

4 42 

4 85 

0 67 

12 52 

18 46 

6 64 

2 78 

8 57 

0 58 

0.56 

0.53 

0.73 

0.71 

0.70 

0.50 

0.42 

0.87 

0.73 

0.85 

0.65 

0.87 

0.52 

0.50 

0.70 

0.68 

0.68 

0.46 

0.40 

0.80 

0.70 

0.75 

0.54 

0.75 

270 247 7.0 

277 238 1.0 

266 234 7.0 

261 232 7.0 

270 247 7.0 

277 238 1.0 

266 234 7.0 

261 232 7.0 

270 247 7.0 

277 238 1.0 

269 234 7.0 

261 232 7.0 

266 234 7.0 

265 234 7.0 

265 235 7.0 

Solvent 1: 
Solvent 2: dioxane : 

iproH : 25% NH,,OH : 30 (7:1:2 v/v) 
: 25% N H p i  : $0 (6:5:1:4 v/v) 

OC, sua=essively, dichlorrrnethylphosphoryl Oxide (80 mg, 0.6 ml) and 
1,2,4-tetrazole (20 q) . The mixture w a s  stirred a t  0 O C  for 1 h and then 
a t  rocan tenperature for 4 h. The mixture w a s  cooled to 0 O C ,  and the 
reaction quenched by addition of E&N (0.2 m ~ )  and $0 (0.2 m ~ )  . me 
mixture w a s  stirred for 2 h a t  4 OC and then concentrated in vacuo. 
cclmpound Ib (29 mg, 42% yield, as a colorless foam) w a s  isolated by 

preparative "LC on a silica gel plate (solvent 1). 

By follawirrg the same procedure but using the corresponding 
nucleosides insteadof 1- (2,3-dideoxy-p-Dcrlvcero-pentofuranosyl) cytosine, 
the following n ~ c l ~ ~ d e - 5 ~ - m t h y l ~ o n a t e  ammoniUm salts were 

prepared: 
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184 KRAYEVSKY ET A L .  

Table 3. 'H NMR for 5'-hyd~~~-W in 90.'' 

ccanpaurvl H 2 I  H3' H4' H5',5" H-5 H-6 5 M e  H-P 

va 

vc 

m a  

N C  

Ia 

IC 

Ie 

IIa 

IIC 

IIIa 

IIIC 

IIIe 

6. lldt 5.6-5.m 4.5m 4.05m 7.68s 1.89d 6.7W 
(6.1, 0.4) (0.4) (637.7) 
6.18t 5.34dt 4.58m 4.14m 7.62s 1.87d 6.2W 
(6.2) (5.6, 5.1) (0.7) (639.4) 

6.21t 4.56m 5.63t 5.06t 4.15t 7.62d 1.88d 6.8Od 
(4.7) (8.2) (8.2) (4.9) (1.1) (0.8) (639.7) 

6.21t 2.46t 4.63t 3.88s 4.2Om 7.6% 1.87d 7.11d 
(6.6) (6.2) (5.45) (0.5) (0.8) (637.5) 

6.4m 2.15m 3.52dd 4.2Om 3.9m 8.04d 6.71d 
(10.7,lO. 7) (7.7) (629.8) 

6.4% 2.3-2. Im 4.42111 4.06m 7.78d 1.74d 6.8Od 
(6.6) (1.1) (1.1) (636.3) 
6.0- 2.17m 3.36m 4.6Om 4.02m 5.86d 7.91d 6.73d 
(6.8,6.0) (6.6) (6.6) (637.5) 

6.95t 4.98m 6-4.5m 4.1-4m 3.7-3.6m 6.45d 7.72d 6.48d 
(5.0) (7.3) (7.3) (638.3) 
6.1-6.Om 4.5-4.3m 5.03t 4.4-4.0111 3.62q 7.98s 6.74d 

(10.7) (6.55) (637.7) 

6.20s 4 2------ 2.9m 6.08d 7.8% 7.14d 
(7.7) (7.7) (641.1) 

6.20s 5. g----- 4.om 4.3-4.2m 7.86d 6.7% 
(8.2) (645.3) 

6.25m 4.5 -- -4.8m 8.03d 6.78d 
(6-6) (641.1) 

'1 Chemical shifts in p~mn (a). Signal description by apparent shap 
(e.g. ,  t or 9). capling constants in Hz in parentheses right belcw 
chemical shifts f h t  O r d e r .  For W(0) (CW),, 6 6.88d (672.0 Hz). 

1- (2 3-Dideoxy-54- [n~thyl@xsphonyl] -p-D-4lvcero-ptofuramsyl) - 
thymine (Id) , -uracil (If) ; 1- (2 I 3-dide~1xy-2,3-didehydm-5-0- [methylphos- 

-uracil (IIf) : 1-(2,3-dideoxy-2,3-didehydm-3-fluom-5+[methyl~c6phc- 

[methyl~osphonyl] -p-D-lyxofuranosyl) cytosine (11%) , -5-fluorouracil 

(IIId) ; 1-(2,3-did~-3-fluoro-5-O-[methylphosphonyl]-~-~ 

phonlyl]-/3-Dcrlvcero-pentof))cytosh (IIb) , -thymine (IId) , 

nyl] -p-D-alvcem-pmto~l) thymine (In)  : 1-(2,3-anhydr0-5+ 
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Table 4. 'H NMR ~arame ters for 51-mthvl~csrh onate!3 in &O" 

colmomd H1' H2' H3' H4' H5',5'' €5 H-6 5ME! Me-P 

Ib 

Id 

If 

Ivb 

Ivd 

vb 

Vd 

IIb 

IId 

IIf 

IIIb 

IIId 

6.05m 

6.25m 

6. llt 
(11.2) 

(8-8) 

(6.6) 

(6.1) 

(4.6) 

6.4Ot 

6.53t 

6.12t 

6.52t 

6.93m 

6.94m 

6.81m 

6.19s 

6.25t 

1.78111 3.58d 4.12111 4.0- 8.58d 1.31d 
(10.7) (7-7) (16.5) 

2.03m 3.1h 5.02m 4.0-3.8m 8.13s 1.41d 1.29d 
(1.1) (16.5) 

2.13m 3.12m 5.02111 4.1-3.5m 5.86d 7.91d 1.27d 
(8.2) (8.2) (14.5) 

4.53m 5.72d 5.16m 3.7-2.6m 7.75s 1.93s 1.33d 
(4.1) (16.2) 

2.8Ot 4.48m 3.88d 4.4-4.3m 7.99d 2.21d 1.22d 
(6.3) (5-4) (1.1) (0.5) (16.1) 

7.68d 1.8% 1.36d 
(1.2) (1.2) (13.2) 

5.72t 4.78m 3.54t 4.5-4.4m 7.97d 2.23d 1.69d 
(8.4) (7.4) (1.2) (1.2) (16.4) 

5.05d 5.98m 3.96m 3.88 6.43d 7.79d 1.16d 
(5.0) (10.4) (8.5) (8.5) (16.5) 
4.53m 4.94t 3.98m 3.6Un 6.59d 1.87d 1.16d 

(10.4) (1.0) (1.0) (16.4) 
5.83m 6.5Om 4.78m 4.01t 6.53d 7.3od 1.22d 

(5.5) (8.0) (8.0) (16.5) 

4 6---- -- 3.5m 6.15d 8.75d 1.29d 
(8.5) (8.5) (16.5) 

3.h 8.09d 1.36d 4.3 ----- --- 

" chemicdl shifts in ppn (6). Signal description by apparent shape 
(e-g., t or 4). 
chelnical shifts first order. 

Coupling constants in Hz in parentheses right below 

pentofuranosyl) thymine (Ivb) , 1- ( 3-azido-2,3-dideoxy-5+ [mthyl- 

phosphonyl]-P-Dcrvthro-pentof)thymine (md) : -uracil (Ivf) ; 
1-(2,3-d~-deoxy-2-fluoro-5-O-[methylphosphonyl]-~-D-threo-pento- 
furanosyl) thymine (Vb) : 1- (3-azido-2,3-dideoxy-2-fluoro-5-0- 
[methyl@~sphonyl] -~-D-ambinofwancql) thymine (Vd) . 

Table 2 lists the reaction oonditions, yields, and chramatographic and 
W charaderistics of sorne of these nucleoside-5 ' -mthylphosphoMtes that 
are synthesized by the above prccedwe. 

~ o s @ - I O ~ t € s .  

W1e 3 lists the 'H NMR parameters of these nucleoside-5t-hydrogen- 
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186 KRAYEVSKY ET AL. 

Ia 5.65m 929.9 
m 19.18m 541.4, 
IC 6.16d 637.0 
If 24.46m 551.7 
IIIa 6.16m 634.3 
Ivb 26.72m 636.6 
IVd 6.29d 637.2 

Table 4 lists the 'H NMR parameters for these nucleoside-5*-mthyl- 

Table 5 lists the 31P NMR data for saw representative nucleoside-5'- 

Table 6 lists mass spectrdl data of mleoside 5'-hydrugeqhc6phonates. 

phasphonates. 

*=@=at=. 

(122 q, 0.50 nrmol) in pyridim (5 mL) w a s  added E t p  (7 f i ) ,  and the 
mixturewas cooled in an icebath. "ris-(1,1,1,3,3,3-hexafluom2-p~upyl)- 
phosphite (0.40 g, 0.75 ml) was added, and the mixture w a s  stirred a t  
r w m  temperature overnight under &. Ime reaction was by addition 

concentrated in vacuo (bath taperatun2 40 "C) . T h e  residue, after several 
coaraporations with MeoH, w a s  dissolved in Hp (10 mL), and the solution 
w a s  placed on tap of a column of m-Sephadex A25 ( H W  form) (16 x 250 
nun). ?he column w a s  washed with Hp, and then the product w a s  eluted using 
a linear gradiat formed f m  1.0 L each of %O and 0.30 M -03,. The 

W aborbing fractions w e r e  aunbined, concentrated in vacuo, and the 
excess buffer was remved by codistillation with MeoH. The residual syrup 

was dissolved in %O, and the solution passed through a column of AG 50W 
x 8 (Na+) to yield, after evaporation, the Na salt of IVa (148 q, 90%). 

By follawing the same procedure but using the co- ' nucleosides 

of 2 M E t # H p &  (pH 7.5, 2 a). After s tk ing  for 30 min, the mixture was 

instead of 3'-de0~~-3'-flu0~thy~t1.idine, the follming nucleoside-5'- 
hydmgenphcsphonate sodium salts w e r e  prepared: 
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Table 6. Mass SpeCtrdL data of 5'-hydrcq-tes and 
5~-methyl@msphomtes of pyrimidine nucleosides. 

Fonmlab m / Z C  
(ml. w t . )  (+)FAB (-)FAB 

- 
ddC-HP Ia 276 274 
dr3r-m I0 
MU-HP Ie 
d4C-HP IIa 
d4T-HP IIc 
F44T-HP IIg 
lac-HP IIIa 
laFu-HP IIIC 
laU-HP IIIe 
AZT-HP Ivc 
FIPHP m a  
AZU-HP Ive 

ddc-MeP Ib 
ddT-MeP Id 
ddu- If 
d4C-MeP IIb 
F44T-MeP IIh 
laFu-MeP IIId 
lac- IIIb 
F!rx+ePIvb 
AZT-MeP Ivd 
AZU-MeP Ivf 
F-AZT-MeP Vd 

291 
277 
274 
289 
307 
290 
309 
291 
332 
3 09 
318 

290 
305 
291 
288 
321 
323 
304 
323 
346 
332 
364 

289 
275 
272 
287 
305 
288 
307 
289 
330 
307 
3 16 

288 
3 03 
289 
286 
3 19 
321 
302 
321 
344 
330 
362 

Fhosphonates that showed activity in preliminary screening. 
AS free acids. 

Xe(-)FAB (M - N€& - H'). salts. Major peak: Xe(+)FAB (M - % + €f), 

1-(2,3-Dideoxy-5-O-hydmgenphosphonyl-p-~lvcero-pentofuranosyl)- 
cytcsine (Ia) , -thymine (Ic) , -uracil (Ie) ; 1-(2,3-dideoxy-2,3-didehydm- 

-thymine (I-) , -uracil (IIe) , 1- ( 2 , 3 - a r h y d ? m - 5 r r 3 l o s n h o n y l - P - I T  

lyxofuranosyl)-cytosine (IIIa) , -5-fluonxlracil (IIIc) , -uracil (IIIe) , 
1- (3-azido-2,3-dideoxy-5+ [hydrq-l] -p-Devthm-pmto- 

5 - 0 - h ~ ~ l - p - D - ~ 1 -  F-furanosylf cvtosine (114 t 

SYlIthymine (Ivc). 
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methyl&4mqhnyl didiloride (359 ny, 2.7 rmnol) in anhydrous pyridine (2.7 

mL) was added drupwise a 1 M solution of $0 in  pyridine (2.7 mL). The 
suspension was stirred a t  roan temperature for 15 m i n  and then 
centrifuged. 'Ihe clear supexnatant (2.7 mL, 3 equiv) was add& to 
predried 2'4eo~y-2~,3~-didehydro-2'-fluorothymidinene (108 rrg, 0.45 

ml) , and the hcpnogeneaus solution was kept a t  roan temperature for 20 h. 

?he reaction was quenched by addition of 2M wq (4 a), and the 

mixture was concentrated to dryness in vacuo. After several 
mevaporations w i t h  m, the residue w a s  dissolved i n  $0 (10 a) and 
ChmpMtOgraphed on a DFAE-Sephadex A-25 column (16 x 250 m) using, a t  

first, $0 as the eluent and then a linear gradient frcw $0 and 0.3M 
(1 L each). Fractions containing the desired product w e r e  

cmbined, and concentrated in vaam. The residue was dissolved in  $0, and 
the solution passed through a column of J!G 50W x 8 (Na+ form). The W 

absorbing fractions were collected, concentrated, and the residue 
triturated with EtoH to & b i n  crystalline 119. An additional amount of 
119 was obtained from the mother liquor by concentration, reprecipitation 
w i t h  MeOH-q0, and centrifugation. The ccmhined solid prcduct w a s  dried 

in vacuo over P2% to afford IIg (104 mg, 73 %) . 

Purification of meoside 5~-phosp~nates  by HpIIc. Analytical and 
semipreparative m were  performd on an HpLL: system (Rainin) in a 
gradient s y s h  on DyMmax-300A 5 pn reverse phase column (10 x 250 nun) or 
DyMmax Macro HFTC C18 column (16 x 300 m) (both frcpn Rainin), using the 

0.N "EM+$- system as the mobile phase ( f law rate 2 mymin). 

Retention time for a phosqhnab is always shorter than for the parent 
nucleoside (e.q., F l P H P  5.8 min, FET 7.9 min)  . Fractions containing the 

desired product were collected, concentrated in vacuo, and the residue, 
after several -rations with MeOH, was dried in  vacuo over p2%. The 

solid residue was dissolved in $0, the solution was filtered through a 
Millipom f i l t e r  (0.2 p) , and the concentration of the CcBnpOund w a s  
determind -idly. ' lhis solution was directly used for 
anti-HIV-1 assay. Ihe nucleoside @msphonates w e r e  stable in solution a t  
roan temperature for a t  least 3 weeks as measured by Hrm3. 

Anti-HIV-I Assay. preliminary &reenuq * using H9 cells. Experimenb w e r e  
performed i n  2 4 4 1  tissue culture plates, using 5 x lo5 cells in a total 
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volume of 1 m ~ .  W oells were pre-incubated with 10 serial dilutions of 
mcleoside for 60 min before incubation with IC? T C I ~  of virus.  he 

cultures w e r e  refed every 3 to 4 days with fresh medium containing the 
appropriate concentrations of each drug. On day 8 ,  cells were hanrested 

and HIV antigens were. detected by inununofluorescem=e assay (IFA) ,30 us- 
humn serum containing high titers of anti-HIV antibodies. Cells were 
assessed for drug toxicity by trypan blue dye exclusion. Results are 
expnssed as percent inhibition of infection in cultures containing 
e x p r h n t a l  drugs, CCBllpared with control (untreated) cultures. 
Zidovudhe was ruuthly used as a positive control for inhibition. 

mti-m-1 msay us- MPI calls. m4 cells were infeAed with HIV-1 at 
200 "IS, viruses per lo6 cells. After an adsorption period of 1 h at 37 
OC, 5% c q ,  u n a k o m  virus was removed by washing once with fresh medium. 

The cells w e r e  then suspended in fresh medium to make a cell suspension of 
lo6 cells/3ml. The cell suspension was distrilxtd into 12-well plates (3  

m~,/well), and variaus concentrations of the test ccBnpOundS were added 
innnediately. After 5 days of incubation at 37 OC, 5% a&, HIV-1 €24 core 
antigens in the supernatants of the cell cul.tures w e r e  determind. 
untreated and uninfected cell control, and untreatd but infected cell 
control were include3 in each experbent. Cell-free supernatant fluids of 
the cell cultures were assayed by HIV-I ~ 2 4  core antigen ELISA~ (~xl 

m t - m  R e s e a n 3  Prxduch, Boston, MA), directly employing the prooedure 
described in the ESISA kit. AZT was rcrutinely used as a pitive mntrol 
for inhibition. 

Reverse - 'ptase (m) Assay. The presence of HIV-1 FiT in the 
supernatants of infected, drug-treated and infected, and non drug-treated 
KC4 cell cultures was assayed by a modification of the method of Spira & 
_. as described by  arts shorn et a1.30 cell culture fluids w e r e  clarified 
at 1000 r ~ p n  for 10 m i n  to renave cellular debris. m e  supernatant samples 
(20 pL) were transferred in duplicate to 12 x 75 mm plastic Falcon tubes 
(Becton Dickinson & Co., M). Ten pL of virus solubilization buffer 
[ (0.5% Triton x-100 in 0.8M NaCl, 0.5 mM @xmylmethylsulfonylfluoride, 20% 
(v/v) glycerol, and 50 mL Tris-HC1, p~ 7 . 8 ) ]  was then added to each tube, 

to solubilize the viral particles in the supernatant samples ami to 
release HIV-1 HT located in the viral core. These sample tubes were kept 
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(170 PL, in an ice bath for 15 m h .  
COcMail I) [52 nM Tris (pH 7.8), 10 mi HgCl,, 2 nN dithiothreitol, 5 WmT, 
poly(rA)-oligo(dT) , 83 pg/* ~ATP, and 3 pci/mL [%larr~], and the mixture 
was incubated a t  37 OC for 2 h. Ten pL of yeast tRNA (2.5 q / m L  in 10 m 
Tris - 0.1 M NaCl -1 nN EDIR) was added to each tube to cause the strands 
of INA to c l q  together. Three mL of cold 10% T A  was added to the 
mixture to precipitate ENA, w h i c h  w a s  then collected by f i l t ra t ion (27 mm 
glass fiber f i l t e r  in a Millipore sampling manifold). The f i l t e r  w a s  
washed (5% TCA followed by 70% EYMI) . Radioactivity of the DML on the 
filter w a s  determined by a scintillation counter (Tri-Carb 1900 CA liquid 

scinti l lat ion analyzer, paclcard Instrument). 

To these tubes was added a mixture 

cytotoxicity Assay. The cy tubdc i ty  in terms of cell Qrawth inhibition 
of the agents was determined in duplicate in 9 6 4 1  microplates, by 
XTFmicmculture tetrazolim assay.= 2 I ,  3 1-Bis(2-methoxy-4-nitrO-5- 
sulfcphenyl) -5- [ (phenylamin0) carbonyl] -2H-tetrazolim hydroxide (Xl") w a s  
prepared a t  1 WmL in  prewamed (37 "C) medium without serum. PheMzine 
methcmlfate (FMS) w a s  prepared a t  5 mM (1.53 ny/mL) in PBS. Fresh XTT 

and FIG were mixed wether to form an 0.075 nM FKS-)(TT solution (25 pL of 
the stcck R4S was added per 5 mL of 1 WmL XTT). Fifty pL of this 
mixture was added t o  eachwdl of the cell culture after 4-day exposwe to  
the agents. After incubation a t  37 OC for 6 h, the 96-well plates were  
mixed, and absorbance a t  450 nm and 630 nm was measured w i t h  a microplate 

reader (EL340, Bio-TFX Instruments, W i n o o s l u  ' I  W). 

Rperinmtal Data Analysis. The dose-effect relationship of a t  least 
five different concentrations of each canpmxi (plus drugless control) 
were analyzed by the d a n - e f f e c t  using capter  software35 for 
autmated analysis. 'Ihe analysis pmided anti-HIV-1 E&s (median-ffect 
concentrations), cytutoxicity 1% (median-inhibitory corrcentrations), and 
ather dose-effect relate3 parameters. 

Rssults and Discussian 
All the pbs@omtes ini t ia l ly  activity are derivatives of 

active nucleosides. to their nature as the salts of weak acids and 
w a k  base, they did not give consistent elemntal analytical results. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
3
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



ANTI-HIV POTENTIAL OF AZT-HP, I V c  AND FLT-HP, IVa 1 9 1  

Table 7. Anti-HIV-1 effect and cytotoxicity of 5'-H- and 
51-Me-~hos~honates of Dvrimidine nucleosides in MT4 cells. 

Anti-HIV6 Anti-cell growth' Selectivity index 

EC, ( B  M) IC,, (DM) IC,,/EC-_ 
Compound' activity activity SI 

ddC-HP Ia 3.91 2 I 320 590 
ddT-HP Ic >loo >5 , 000 
ddU-HP Ie 5.34 >5 I 000 >920 

d4T-HP IIC 11.98 >5,000 >4 10 

---- 
d4C-HP IIa 24.2 >5,000 >210 

F-d4T-HP IIg >50 >5,000 ---- 
lac-HP IIIa 38.1 1,280 34 

laU-HP IIIe >lo0 >5,000 ---- ---- laFU-HP 1110 >loo >5 , 000 
AZT-HP IVC 0.072 2,500 34 , 700 
AZU-HP Ive 10.65 >5.000 >470 

ddT-MeP Id >lo0 >5 , 000 
ddU-MeP If 2.7 3 , 580 1,326 
d4C-MeP IIb 16.1 >5 I 000 >310 

laFU-MeP IIId >lo0 >5 , 000 
2.62 4,600 1,756 FLT-MeP IVb 

AZU-MeP IVf 35 >5 I 000 >143 
F-AZT-MeP Vd 2.67 >5,000 >1.873 
AZT 0.005 154 30,800 
FLT 0.069 190 27 I 530 
ddC 0.29 2 I 280 7 I 860 
ddT 1.88 >5,000 >2,660 
ddA 5.04 1,493 3 00 

a Phosphonates that showed activity in preliminary screening. 

FLT-HP IVa 0.088 .I, 170 >56,810 

ddC-MeP Ib 10.03 >5,000 >499 ---- 

F-d4T-MeP IIh >50 >5,000 ---- 
lac-MeP IIIb >lo0 3,250 <33 

AZT-MeP IVd 133 >5 , 000 >37 

---- 

HP = 5'-(H-phosphonate), MeP = 5'-(Methylphosphonate) 
ddC = 21,3g-dideoxycytidine; 
ddT = 3I-deoxythymidine; 
ddU = 2',3'-dideoxyuridine; 
d4C = 2',3'-dihehydro-2',3'- dideoxycytidine (cytidinene); 
d4T = 2',3g-dideoxy-2',3'-didehydrothymidine; 
F-d4T = 2'-fluoro-d4T; 
lac = l-(2,3-anhydro-R-D-lyxofuranosyl)cytosine; 
laFU = l-(2,3-anhydro-D-D-lyxofuranosyl)-5-fluorourac~l; 
laU = l-(2,3-anhydro-l3-D-lyxofuranosyl)uracil; 
AZT = 3'-azido-3'-deoxythyidine; F-AZT = 2g-p-fluoro-AZT; 
FLT = 3'-fluorothymidine; AZU = 31-azido-dideoxyuridine; 

50% effective concentration of inhibiting HIV-1 replication, 
based on P24-ELISA.4i30 ' 50% inhibitory concentration of MT4 
cell growth, based on XTT-microculture tetrazolium assay.32 
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192 KRAYEVSKY ET A L .  

Table 8 .  Anti-HIV-1 activity of Ai3-I-P and JXPm 
based on Rr assav on day-4 in MT4 cells. 

Anti-HIV Anti-cellgrnwth I- 
f U m P  b 

CcPnpcxmd 
Ic, (UM) 

AZT-m 0.276 2 , 500 9,058 

AZT 0.014 154 11 , 000 

Fm-m 0.178 >5 , 000 >28 , 080 

FL3 0.008 190 23 I 750 
5.52 >5 , 000 >906 

50% effective conoentration of inhibiting HIV based on RT as~ay.~1~' 
50% inhibitory concentration of m 4  cell growth based on x?T- 
m i m t u r e  tetrazolium assay.= 

Table 9. Dose-effect relationship of inhibit- HIV-1 
replication in MT4 cells. 

% Inhibition Median-effect D l o t  Damme tersp 
/uM) P24 msA Krassav P 2 4 m s A  Rrassav 

AZT 0.1 
0.05 
0.025 
0.0125 
0.00625 
0.00312 

m 0.08 
0.04 
0.02 
0.01 
0.005 

AZT-HP 1.25 
0.625 
0.312 
0.156 
0.078 

F'LT-HP 1.25 
0.625 
0.312 
0.156 
0.078 

99.20 
97.39 
91.71 
74.86 
37.76 
7.34 

99.63 
98.17 
91.13 
56.82 
35.24 

99.42 
97.90 
94.58 
73.99 
57.13 

99.17 
98.06 
88.38 
57.67 
11.35 

97.89 
92.14 
72.21 
50.50 
15.02 
4.64 

99.58 
97.29 
77.76 
51.20 
38.51 

98.37 
94.18 
81.28 
13.96 
1.0 

98.13 
93.59 
72.94 
42.79 
16.54 

IM: O.QO87 
m: 2.08 
r: 0.994 

Rn: 0.0074 
m: 2.33 
r: 0.997 

Rn: 0.072 
m: 1.80 
r: 0.994 

Rn: 0.135 
m: 2.36 
r: 0.969 

: 0.014 
i 1.98 
: 0.999 

: 0.0082 
: 2.22 
: 0.975 

i 0.276 
: 3.17 
i 0.980 

i 0.177 
: 2.05 
: 0.999 

rn (cbtained f m  X-intercept) signifies the potency (the median-effed 
dose, i.e., G); m (slope) signifies the shape of the dose-effect auve 
(m = 1, >1, and 4, indicate h m l i c ,  sigmidal, and negatively 
sigmidal, respectively) i r (1- correlation coefficient) detemines 
the confonnity of the dose-effect data to the median-effect principle of 
the mass-action law. All pramters are calculated by using a cmpter 
software for IEM-FC.~ 
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Table 10. Dose-effect relationships of inhibiting HIV-1 replication in 
H9 cells. 

Fractional Inhibition Wan-effect  lot ters 

P24 E U s A  massa ccPnpaunasw 1 

AZT 0.312 
0.156 
0.078 
0.039 
0.0195 

AZT-HP 1.25 
0.625 
0.156 
0.078 
0.039 

m 0.40 
0.20 
0.10 
0.05 
0.025 

FLT-€IF' 0.312 
0.156 
0.078 
0.0195 
0.0098 

0.9282 
0.9116 
0.8805 
0.6776 
0.1345 

0.8927 
0.8782 
0.660 
0.4691 
0.0782 

0.9167 
0.7587 
0.7345 
0.5473 
0.2509 

0.9120 
0.8562 
0.7653 
0.6382 
0.340 

0.9818 
0.8814 
0.8404 
0.6773 
0.1032 

0.8706 
0.8164 
0.6904 
0.5245 
0.1688 

0.8062 
0.6665 
0.5639 
0.2737 
ND 

0.8922 
0.8358 
0.7417 
0.2252 
0.0941 

Rn: 
m: 
r: 

Rn: 
m: 
r: 

m: 
m: 
r: 

m: 
m: 
r: 

0.036 pI4 : 
1.51 I 

0.903 I 

0.144 pM ; 
1.22 i 
0.935 I 

0.005 @l : 
1.15 I 

0.973 I 

0.016 pM ; 
0.79 ? 

0.977 i 

0.041 @4 
1.96 
0.957 

0.113 pM 
0.90 
0.937 

0.010 pM 
1.10 
0.980 

0.049 pM 
1.31 
0.989 

?heir mass spectral data, haever, are consonant with the phosphonate 
strudures (Table 6 ) .  All the p h c q h o ~ t e s  showing activity in the 
initial screening were faund to contain fraan small to significant m t s  

of their parent nucleosides, as evidence3 by Hm%. After rigorous 
purification (each q l e  contained less than 0.01% of the parent 
nucleoside), all ccPnpQundS except the 5'-H-phosphoMtes of AZT atxl FLT 
shw& diminished activity. 

We also studied the stability of the 5'-H-phosph0nate of F'" (FZFHP) 

at 37 "C in 30, in culture broth contahhq prehated calf serum but 
without MT4 cells, and in culture d u m  with the cells. It was found 
that both FEl?-HP and F'LPMP w e r e  both stable in $0 and in culture broth 

without the cells for 19 hours. In the cultwe d u m  with the cells, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
3
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



194 KRAYEVSKY ET A L .  

approximately 69% of ~ H P  (retention time 6.8 m i n  for ~ H P ,  13.4 min 
for FIT: on RP18 OR4P reverse w aAunm with 2 W  IQ$€04 - WCN as the 
mobile @-me) was detected in the supernatant as measured by HPLI: whereas 

negligible amount of (retention time 3.2 min) was present in the 
supernatant. In the cell pack, F " - H P  was found follawing hmogenization 
and centrif-ugation. l'hese experiments clearly showed that F'EFHP is 
significantly stable metabolically, and it also penetrates cell membrane 

of m 4 .  

F'EFHP gave anti-Hnr-1 50% inhibition com=entration (EGJ of 0.088 pM, 

based on p24 core antigen production assay (EUSA), and cytotoxicity 50% 

inhibition concentration (1%) of >5,000 pM, based on x!rl'-mi.croCulture 

tetrazolium assay. The selectivity index (sI) or the I- ratio was 
>56,810. The same assays for the 5'-H-phosphoMte of AZT (AZT-HP) shmed 
B& of 0.072 pM and 1% of 2500 pM, with an SI of 34,700. The parent 
nucleosides, F'W. and AZT, gave SI values of 27,530 and 30,800, respedive- 
ly (Table 7 ) .  When inhibition of HT is used as an indication of flll?press- 
h g  HIV-1 replication, the Ec, and 1% of F'EFHP w e r ~  0.178 pM and >5,000 

pM, respectively, w h i c h  yield the SI value of >28,080, whereas the Ec, and 
1% of AZFHP are 0.276 and 2,500 pM which yield the SI of 9,058 (Table 
8). In contrast, the SI values for m assays are 23,750 for F" and 

11,000 for AZT (Table 8). In addition to these data, nucleoside 
@csphonates are stable in solution at man tenperam for at least for 

3 weeks. "hemfore, the activity of m H P  and F " - H P  are appamntly not 
f m  the parent nucleosides produced by hydrolysiS. H w e v e r ,  the 
possibilitis of different metabolism or prodrug uxx3m-u 'sm for these 
nucleoside phosphoMtes remain to be proven. TypicdL dose-effect 

relationships for AZT, AZT-HP, F'W. and FZFHP with p24-EUSA and HT assays 
i n  m 4  cells and H9 cells are given in Tables 9 and 10, respectively. 
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