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B = adenine, X = CH,, Y,Z = OH
B = adenine, X =CF,, Y,Z=0OH
B = thymine, X = CHz, Y= N3, Z=H
B =thymine, X=CF,, Y=N3, Z=H

We report an efficient, one-flask route for synthesis of AZTp sPexePPsA and AZTp spexoppsAZT, where X = H and X = F. This route makes use
of the differential susceptibility to oxidation of H-phosphonate mono- and diesters, to allow a series of sequential reactions without requiring

isolation of intermediates. These compounds are hydrolysis-resistant versions of the AZTppppA that results from excision of AZT by AZT-

resistant HIV reverse transcriptase (RT). This family of compounds may therefore be useful in further study of the AZT excision reaction, as

well as in drug design.

HIV-1 RT (human immunodeficiency virus type 1 reverse such drugs commonly develops as the virus mutates. The
transcriptase) synthesizes DNA from the viral RNA strand principal mechanism for this resistance is enhanced removal
and is a major target for anti-retroviral agehfducleoside of the chain-terminating nucleotide from the blocked DNA
RT inhibitors (NRTIS), such as#&zido-3'-deoxythymidine  strand by an RT-catalyzed reaction that uses adenosine
(AZT), function as chain terminators and are used in clinical triphosphate (ATP) as a nucleophil&his excision unblocks
treatment of HIV infectiond. Unfortunately, resistance to  the DNA, permitting elongation to resume. AZT is particu-
larly susceptible to this excision reaction because steric
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6, B = adenine, X = CH,, Y,Z = OH
7, B = adenine, X =CF,, Y,Z = OH _ . _ 4a, X=CH,
8, B = thymine, X = CHa, Y = N3, Z = H gg’ g = ?ﬁ;‘;‘i’,‘;’ \{,_Zﬁ °§'= H - 4b, X = CF, —
9, B = thymine, X=CF,, Y=N;, Z=H e R

The dinucleoside tetraphosphate that results from excisionbisphosphonates are isosteric with phosphates, only CF
of AZT is 5'-5"'-AZTp,A, which has recently been found analogues are isopofaand may enhance critical interactions
to be an excellent chain-terminating substrate for resistantat the binding site.

RT.5 Hydrolysis-resistant versions of AZZA containing two As part of our ongoing efforts to develop improved
outer thiophosphates and a central bisphosphonate, such asynthetic methods for dinucleoside polyphosphates and their
AZTpspex2ppsA, X = H (6) and X= F (7), and the related  analogues, we now report an efficient, one-flask synthesis
compounds with AZT at both ends, AZImxppsAZT, X of 6—9. This route makes use of the ability of H-phosphonate
= H (8) and X= F (9), may therefore serve as useful diesters to undergo modification at the phosphorus atom,
inhibitors of this excision reaction, thereby reducing AZT along with the differential susceptibility to oxidation of

resistancé. H-phosphonate mono- and diesters, to allow the series of
Thiophosphates as well as bisphosphonates are known tesequential reactions shown in Scheme 1, without requiring
undergo reduced hydrolysis by cellular enzym&sherefore, isolation of intermediates. Because H-phosphonate mo-

these compounds should be resistant to such hydrolysis ahoesters are not easily oxidized, we can Gaéb, despite

all four phosphorus atoms and may lead to particularly the presence of excesgf®m the previous step, to condense
promising candidates for long-lasting inhibitors of the AZT with modified trimetaphosphatea/b. It is only after the
excision reaction. The adenosinebift may play a favorable  condensation has taken place that the excgsstBe reaction
role in tight binding to mutated forms of RT, while the mixture then converts the product H-phosphonate diesters
presence of AZT at both ends 8f9 may promote binding  (not shown) to the dithiophosphatés-9.

to wild type RT. Further, although both GHand Ck The thiotrimetaphosphatdsy/b were prepared by a route
we recently reported for the synthesis of unmodified di-
(3) (@) Meyer, P. R.; Matsuura, S. E.; So, A. G.; Scott, W.Poc. i i _
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phates andx-thionucleoside triphosphates using 2-chloro- sulfurization. We are able to separate all diastereomeric
4H-1,3,2-benzodioxaphosphorin-4-one, followed by oxida- products, four each for unsymmetriddl7 and three each
tion or sulfurization, respectivel)?. The procedure was for symmetrical8/9 (for which RSand SRare equivalent),
further extended to prepare nucleoside triphosphates withwith total isolated yields ranging from 57 to 82%. The related

various modifications as well as with substitutegy- compounds AgcHPpsA8 and AprppA?° have previously

methylenes along witle-P-thioates?® been synthesized as hydrolysis-resistant versions of the
The first step in our procedure is reaction of a nucleoside, signaling molecule ApA, but in modest yields.

in this case AZT {), with 2-chloro-4-1,3,2-benzodioxa- We have assigned the configurations of the diastereomers

phosphorin-4-one in DMF to give. We then reac? with a of 6—9 based on their relative susceptibility to hydrolysis
pyrophosphate analogde either methylene or difluoro- by snake venom phosphodiesterase. Eckstein demonstrated
methylené” diphosphonate, to form the modified trimeta- that theR diastereomer of ppg was cleaved significantly
phosphates3a or b, respectively, followed by addition of ~ faster than thes diastereomet! Further, he found that the
excess Sto give 4a/b. R diastereomer had a longer retention time on reverse phase

The 5'-H-phosphonates of either adenosBe, or AZT HPLC. Blackburn and McLennan used this selective enzy-
5b, were made using 2-chlord+41,3,2-benzodioxaphos- matic hydrolysis approach to assign configurations of the

phorin-4-oné® To prepare adenosine H-phosphon&te,we three diastereomers of Ap-nzppsA.¢ We have digested 0.94

first protect adenosinel0, usingN,N-dimethylformamide ~ MM samples of each diastereomertbf9 with 0.2—5 mg
dimethyl acetal to givd.1 (Scheme 2)° This transient pro- ~ Of Snake venom phosphodiesterase and plotted the %
tection is conveniently reversed after the phosphitylation by Undigestedé—9 remaining, determined by HPLC, as a
overnight hydrolysis in dilute aqueous ammonia. The product function of time. The results for AZTigp’cizp?p'sA (6a—

is then converted to the tri-butylammonium form using @) @ré shown in Figure 1A and demonstrate that the

cation exchange resin and dried so as to form a DMF solution_

that can be employed directly in the reaction witib. AZT

H-phosphonate5b, does not require prior protection or 100 pregrrgro—
conversion to the alkylammonium form. After the condensa- 80 B " _— |
tion, which is catalyzed by Znglthe second sulfurization & o S RI™
H H H - B P1" P4 Treelg
is effected immediately by the excesgl&ft from the first LS80 e 3
o kS
E 4 * : ~,\[‘RP1,SP4] AZTp' p*__p%p' A .
(12) (a) Imai, J.; Torrence, P. Biochemistryl984,23, 766-774. (b) 5 DU s cHz" T s
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Tipson, R. S., Eds.; John Wiley & Sons: New York, 1986; Vol. 3. (c) 0 [ P pal s e e

Puri, N.; Hunsch, S.; Sund, C.; Ugi, |.; ChattopadhyayaTetrahedron 0 50 106]""1"‘5'5’ 260§é0360 356400

1995,51, 2991—-3014. (d) Sood, A.; Kumar, S.; Nampalli, S.; Nelson, J. 100 ¢— T . ‘ ‘ ; ; ;

R.; Macklin, J.; Fuller, C. WJ. Am. Chem. So@005,127, 2394—2395. ’ . e e PO
(13) Ludwig, J.; Eckstein, FJ. Org. Chem1989,54, 631—635. <, 80 [ . - . 185551
(14) Li, P.; Xu, Z.; Liu, H.; Wennefors, C. K.; Dobrikov, M. I.; Ludwig, g E TR .. [SpRel

J.; Shaw, B. RJ. Am. Chem. So®005,127, 16782—16783. 5 60 | S - |
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(16) (a) Wang, G.; Boyle, N.; Chen, F.; Rajappan, V.; Fagan, P.; Brooks, A 4 3 2.1

J. L.; Hurd, T.; Leeds, J. M.; Rajwanshi, V. K.; Jin, Y.; Prhavc, M.; Bruice, 3 g L LIRLLR.] AZTp P PP A B

T. W.; Cook, P. D.J. Med. Chem2004,47, 6902—6913. (b) Boyle, N. A.; S
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Med. Chem2005,48, 2695—2700. (c) Mohamady, S.; Jakeman, DJL. Time (min)

Org. Chem2005,70, 10588 -10591. Figure 1. Plots of % undigested tetraphosphates during enzymatic

(17) Boyle, N. A.Org. Lett. 2006,8, 187—189. . .
(18) Marugg, J. E.. Tromp, M.; Kuyl-Yeheskiely, E.; van der Marel, G, degradation for the diastereomers of AZBcrap?p'sA, 6a—d

A.; van Boom, J. HTetrahedron Lett1986,27, 2661—2664. (panel A), and AZTfspicrp?ptsA, 7a—d (panel B).
(19) Zemlicka, JCollect. Czech. Chem. Commu®63 28, 1066-1062.
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diastereomer with the longest retention tinée) is cleaved For comparison, we have also synthesized the unmodified
faster than the others (26% left after 1 h), consistent with an tetraphosphates, AZTA (12) and AZTpAZT (13), and two
Re1,Rps4 assignment. The diastereomer with the shortest analogues with central bisphosphonates but no thiophos-
retention time §a) exhibits almost no cleavage, even after phates, AZTppuppA (14) and AZTppeppA (15)22 They
7 h, consistent with arB,S, assignment. Of the two  show much faster degradation with snake venom phosphodi-
remaining diastereomers with intermediate retention times, esterase tha6—9, with only 50% left after about 1 min
one (6¢) is cleaved significantly faster than the other, with (Supporting Information).
46% left after 1 h. Because its cleavage produced almost This synthetic approach allows convenient one-flask
entirely adenosine thiomonophosphate and adenosine (Supsynthesis of dinucleoside tetraphosphate analogues. The
porting Information), we assign Re1,S4 The other inter- particular thiophosphate/bisphosphonate analogues described
mediate diastereome6blf) showed 93% left aftel h and here are hydrolyzed by the well-known phosphodiesterase
produced almost entirely AZT thiomonophosphate, consistentmuch more slowly than unmodified tetraphosphates, par-
with an assignment d%1,Rp4. ticularly their SSdiastereomers. This family of compounds
Comparable degradation of AZAgp3cep?psA (7) re- may therefore be useful in further study of the AZT excision
guired 2.5 times as much phosphodiesterase, and the resulteeaction, as well as in drug design.
are shown in Figure 1B with corresponding assignments.
Similar plots and assignments &9 were done in the same
fashion and are shown in the Supporting Information. In all
four sets of diastereomers, the order of retention time on  Supporting Information Available: Synthetic methods,
reverse phase chromatography correlates with the rate ofspectra (UV, MS!H, 13C, 1%, and®P NMR), degradation
enzyme degradation, with the compound showing the longestmethods, and plots of enzymatic degradation versus time.
retention time degrading the fastest. PHe NMR chemical This material is available free of charge via the Internet at
shifts of all the diastereomers 69 display extremely small  http:/pubs.acs.org.
differences, with no obvious correlation with configuration.
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