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Four classes of phosphitylating reagents were subjected to reactions with aminomethyl polystyrene resin-bound p-acetoxybenzyl alcohol to
yield the corresponding polymer-bound mono-, di-, tri-, and tetraphosphitylating reagents. The solid-phase reagents were reacted with unprotected
nucleosides (e.g., thymidine, adenosine, 3  '-azido-3'-deoxythymidine, cytidine, or inosine) in the presence of 5-(ethylthio)-1 H-tetrazole. Polymer-
bound nucleosides underwent oxidation with  tert-butyl hydroperoxide, deprotection of cyanoethoxy groups with DBU, and the acidic cleavage,
respectively, to afford 5 ',5'-dinucleoside mono-, di-, tri-, and tetraphosphodiesters in 59  —78% yield.

The biological properties and applications of various di- bacterial, and human origin, such as HIV reverse tran-
nucleoside 55'-phosphodiester derivatives (M x = 1—4) scriptaseE. coli DNA polymerase, Klenow fragment, and
have been previously reportéd-! Bis(2'-deoxynucleoside)  human DNA polymerase.>? Ap,A derivatives (x= 3—6)
5',5'-diphosphates, triphosphates, and tetraphosphates werbave been reported as active substances in neural and non-
shown to be substrates for several DNA polymerases of viral, neural tissue3.Ap,A and Ap;A have been examined as
potential therapeutic agents for inhibition of platelet ag-
(1) Skoblov, A. Y.; Sosunov, L. S.; Victorova, L. S.; Skoblov, Y. S.;  gregatiod® and regulation of vasoactiviy’ Uridine di-

Kukhanova, M. K.Russ. J. Bioorg. Chen2005,31, 48. .
(2) Victorova, L.; Sosunov, V.. Skoblov, A.; Shipitsyn, A.; Krayevsky, nucleotide (UpU) has been tested for the treatment of dry

A. FEBS Lett.1999,453, 6. eye and chronic obstructive pulmonary dised$eSrganic
(3) Pintor, J.; Miras-Portugal, M. TDrug Dev. Res1993,28, 259. ; ; i i i i ; i
(4)Chan'S. W.: Gallo. S. .. Kim. B. K Guo, M. J.: Blackburn. G. M. and biological chemlsts investigating these fleIQS are_r<_equ|red
Zamecnik, P. CProc. Natl. Acad. Sci. U.S.A.997,94, 4034. to prepare many kinds of pure Mypanalogues in sufficient
42(51)5F|0res, N. A,; Stavrou, B. M.; Sheridan, D.Cardiovasc. Res1999 quantities to study their biochemical and therapeutic ap-
’(6) éteinmetz, M.; Janssen, A.-K.; Pelster, F.; Rahn, K. H.; Schlatter, E. pllcatlons.
J. E’;;aeracjol.JExE. ThEQ\C/)OZé302, 78;\17. \ 1. Sehmitz. W Zidek Dinucleoside oligophosphates have been synthesized from
uo, J.; Jankowski, V.; Gungar, N.; Neumann, J.; schmitz, W.; ZIdek, . . ' . .
W.. Schiuter. H.. Jankowski, Hypertensior2004,43, 1055. the corresponding nucleoside 5'-monophosphate in reaction

(8) Mundasad, M. V.; Yerxa, B. R.; Allgood, V. E.; Evans, R. M.;  with another nucleoside Bnonophosphate, 5'-diphosphate,
Gorden, J. C.; Novack, G. Dnvest. Ophthamol. Visual S@00Q 4, S928. 1 _tri ; ; ;

(9) Shaffer, C. L.; Jacobus, K. M.; Yerxa, B. R.; Johnson, F. L.; Griffin, or 5 trlphosphate I_n the presenc_e of dlﬁ(_arent co_upllng
W.; Evans, R. M.; Edgar, P. Pediatr. Pul-monol1998,17, 254. reagents, such as triphenylphosphine and-d@ridyldis-

(10) Kanavarioti, A.; Jonathan, J.; Rosenbach, M. T.; Hurley, T. B. ylfide,1° dicyclohexylcarbodiimide (DCC);12 or 1,1'-car-
Tetrahedron Lett2001,32, 6065.

(11) Smith, M.; Drumaond, G. |.; Khorana, H. G. Am. Chem. Soc.
1961,83, 698. (12) Ikehara, M.; Uesugi, S.; Yoshida, Biochemistryl972,11, 836.
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Scheme 1. Synthesis of Mono-, Di-, Tri-, and Tetraphosphitylating Reageht$,9, and12)
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bonyldiimidazole (CDI). Furthermore, NjN analogues have  polymer-bound N,N-diisopropylamino-1,3,2-oxathiophos-
been synthesized in modest yield by the reaction of a pholane?® The method was limited to the synthesis of NpN.
nucleoside triphosphate with a nucleotide activated as theAs part of our ongoing efforts to synthesize organophos-
morpholidate or imidazolat€ 1®> Recently, Han and col-  phorus compound$and to minimize one or more of above-
leagues used protected triacetyl adenosine or guanosine andescribed problems associated with the solution-phase meth-
trimetaphosphate chemistry to prepare dinucleoside tetra- andbds, we synthesized polymer-bound phosphitylating reagents
pentaphosphaté8. Symmetrical dinucleoside monophos- for the synthesis of NjN (x = 1—4) analogues. This strategy

phates (NpN) have also been synthesized frémoB8 5- offered several advantages. (i) A diverse number of com-
protected nucleosides and phosphitylating or phosphoramiditepounds were synthesized in a short period without the need
reagents’18 to use nucleoside phosphate precursors or protected nucleo-

Some of the solution-phase strategies have been hamperedides. (i) This method allowed the synthesis of four classes
by one or more of the following difficulties. (i) The of compounds (NN, x = 1—4) from the same polymer-
nucleoside phosphate precursors, sucH-asdmophosphate,  bound linker. (iii) Reactions using this strategy offered the
5'-diphosphate, or'&riphosphate, need to be synthesized advantage of facile isolation of final products from the resin-
first. (i) Some strategies involve protection and deprotection trapped linkers by filtration. (iv) Only one type of phos-
of nucleosides, thus are rather cumbersome. (iii) Extensive phodiester derivatives (i.e.;-5'-dinucleoside analogues) was
purification of final products from the starting precursors synthesized because of the presence of the phosphitylating
and other reagents are required. reagents on the solid support having a hindered structure,

Alternatively, enzymatic methot’° have been used for  thereby allowing for the regioselective reaction. The most
the synthesis of NN derivatives, such as the synthesis of reactive hydroxyl group of unprotected nucleosides reacted
diinosine polyphosphates from the corresponding diadenosineselectively with hindered polymer-bound reagents when an

polyphosphates in the presence 6faBenylic acid deami-  excess of nucleoside was used. To the best of our knowledge,
nase?22Enzymatic approaches have limitations in the scale this is the first paper on the synthesis of Npderivatives
of products and use of natural nucleosides. using polymer-bound phosphitylating reagents.

We have previously reported the solid-phase synthesis of At first, the trifunctional monophosphitylating), diphos-
dinucleoside phosphodiesters and phosphothiodiesters usinghitylating ©), triphosphitylating €), and tetraphosphitylating
(12) reagents were synthesized from phosphorus trichloride
(13) Pendergast, W.; Yerxa, B. R.; Douglass, J. G., lll; Shaver, S. R.; (PCk) (Scheme 1). Trifunctional phosphitylating reagents

Dougherty, R. W.; Redick, C. C.; Sims, I. F.; Rideout, JBioorg. Med. i i i i
Chem Lett 2001 11, 157, contain one chlorine group-Cl) and two diisopropylamino

(14) Blackburn, G. M.; Taylor, G. E.; Thatcher, G. R. J.; Prescott, M.; @roups (—N(iPn) that are replaced after the attachment of

MC(thér;r;\?n,LA. G.Nu':le(i;c A'I(':idT Reéng?,éS, 69%1.M Blackburn. G. M the reagent to the polymer-bound linker and after coupling

cLennan, A. G.; laylor, G. E.; Prescott, M.; blackburn, G. M. . . . .

Biochemistry1989,28, 3868. reactions with two unprotected r_1uc|§_05|des, resp_e_ctwely.
(16) Han, Q.; Gaffney, B. L.; Jones, R. @rg. Lett.2006,8, 2075. PCk (10 mmol) was reacted with diisopropylaminBig-

(17) Dabkowski, W.; Michalski, J.; Qing, WAngew. Chem., Int. Ed. AN _dii i
Engl. 1990.29. 522. NH, 2 equiv) in the presence of,N-diisopropylethylamine

(18) Donga, R. A.; Khalig-Uz-Zaman, S. M.; Chan, T.-H.; Damha, M. (DIEA, 2 equiv) to yield bis(diisopropylamino)chloro-
J.J. Org. Chem2006,71, 7907.

(19) Theoclitou, M. E.; El-Thaher, T. S. H.; Miller, A. D. J. Chem. (23) Ahmadibeni, Y.; Parang, Kl. Org. Chem2006,71, 6693.
Soc., Chem. Commu994,5, 659. (24) (a) Parang, K.; Fournier, E. J.-L.; Hindsgaul, @pg. Lett.2001,3,
(20) Theoclitou, M. E.; Wittung, E. P. L.; Hindley, A. D.; EI-Thaher, T.  307. (b) Parang, K.Bioorg. Med. Chem. Lett2002, 12, 1863. (c)
S. H,; Miller, A. D. J.J. Chem. Soc., Perkin Trans.1B96,16, 2009. Ahmadibeni, Y.; Parang, KI. Org. Chem2005,70, 1100. (d) Ahmadibeni,
(21) King, B. F.; Liu, M.; Pintor, J.; Gualix, J.; Mirs-Portugal, M. T; Y.; Parang, K.Org. Lett.2005,7, 1955. (e) Ahmadibeni, Y.; Parang, K.
Burnstock, G Brit. J. Phamacol1999,128, 981. Org. Lett. 2005, 7, 5589. (f) Ahmadibeni, Y.; Parang, K. Org. Chem.
(22) Pintor, J.; Gualix, J.; Miras-Portugal, M. Mol. Pharmacol.1997, 2006, 71, 5837. (g) Ahmadibeni, Y.; Parang, Kngew. Chem., Int. Ed.
51, 277. 2007,46, 4739.
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Scheme 2. Synthesis of 55'-Dinucleoside Mono-, Di-, Tri- and Tetraphosphodiest&ts-34a—eUsing Polymer-Bound Linket3

0
4
HN
! 1,5,9, or 12 o A~ O
o_@_/ g o __(a0e) r ?_N]_ Il ./\ > _{ O\P'}’O‘“p Oy ROH. 5-{Ethyihio}-1 Hotetrazoks
13 @ 4 THF. DIEA N, N Lol THF, DMSO I
£c0 | i il i N n=0,15
. 14 _r \I\ n=1,16
n=217
TN o -
./\O“\ Hi Ll tBUCOH 2 2 O i 7 o
il ./\ s (Q\P}/ORP/O\/\CN TUT-» ./\G“"“TX’K—DR or ./\ ;P'(%uwﬂ;/owcu% .AO“‘U/QU‘H'TO\F{LS
OR rd 1'n R Gine || |14 / L
Q OR RO e
18 & OR OR " L5
i : = 2. ;:gj 22a-e n=0, 23a-e n.=10, 20a-
n=2,21a-e n=1,24a-e nelaiae
EN TFAIDCM| H,O/EDT n=225a-e oy n.=2 chaa
dii GH GH - o o TFNDCMJH;O.’EBT
[ hH ; Ny HN HN™
o) B Lk o ¢ 1 a0
N:O: L tp}g\ W of?{\ N F Lo or a\u,go\u,yo\j
¥ oH Lo ne 2 WoH) L0 ! i B
L N n e (0 ® AT LA
i n=131b H Ao H Ae OR
n=131a I’ NH; c13e Sadn -~
¢ n=2 32a NZ3 35 o-H O-H
n=3 33a n-4 346 ! l
VL S H OH ":H’:
NH |
TRt s il 2 nSo \
N__.O .F(\ N0 N\f(] 1y I
(il \ of | \OH/ 2
HH OH 2N = f i i
n=1 3¢ n=131d o1 oH ILIIELLTEN!
i M NH, n=2 32d g HN 5 e
n=2 32 n=3 33d RO—P—OR OH  OH
n=3 33c n=4 34d OH ¢
n=4 3c e
OH OH oH
3la-e 29 (o] o o]
= i
ol § AL RO—P—0—P—0—P—0R
NN (S Ha0, KOH, Dioxane SH &H L
2 bhe
n=1 31¢" o 33a-e
OH N e ovoH o
n=3 33e HN ﬁ ﬁ 1]
n=4 e O_Q_/ RO—F—0—P—0—P—0—P—0OR
ROH = (a) Thymidine, {b) Adenosine, (c) AZT, (d) Cytidine, {¢) Inosine 10 O i e SR
3da-e
HO

phosphine 1) as the monophosphitylating reagent. Reaction
of PCk (10 mmol) withiPr,NH (1 equiv) in the presence of
DIEA (1 equiv) gave diisopropylphosphoramidous dichloride
(2). The addition of hydroxypropionitrile (1 equiv) and DIEA
(1 equiv) afforded 2-cyanoethid,N-diisopropylchlorophos-
phoramidite (3) that was reacted with water (1 equiv) in the
presence of DIEA (1 equiv) to affordl Addition of another
equiv of 2 to 4 in the presence of DIEA (1 equiv) afforded
diphosphitylating reagef PCk (10 mmol) was also reacted
with 3-hydroxypropionitrile (1 equiv) in the presence of
DIEA (1 equiv) to yield 2-cyanoethyl phosphorodichloridate
(6). Subsequent addition &f(1 equiv) to6 in the presence
of DIEA (1 equiv) afforded7. Compound’ was subjected
to reactions with water (1 equiv) arl(1 equiv), respec-
tively, to afford triphosphitylating reage®t Finally, com-
pound6 (10 mmol) was reacted with water (1 equiv)(1
equiv), and? (1 equiv), respectively, in the presence of DIEA
to afford tetraphosphitylating reageh?. A small amount
of 1,5, 9, and12 was converted to the hydroxyphosphora-
midite forms (', 5, 9', and12’) in the presence of water (1
equiv) and DIEA (1 equiv). The chemical structureslof
5,9, and12' were determined byH NMR, 13C NMR, 3P
NMR, and high-resolution ESI mass spectrometry. Mass

spectrometry studies showed that the hydroxyphosphor-

reactions® Our research on and the synthesis of organo-
phosphorus and organosulfur compou#d® revealed that

the p-acetoxybenzyl alcohol is a good linker for attachment
to solid-phase resins and application in a variety of reactions.

Four classes of synthesized phosphitylating reagkeris
9, and12 were immediately immobilized oh3(3.63 g, 0.69
mmol/g) in the presence of DIEA (10 mmol) to yield the
corresponding polymer-bound mond-4(94%, 0.62 mmol/

g), di- (15, 94%, 0.53 mmol/g), tri- 16, 95%, 0.50 mmol/
g), and tetra- 17, 92%, 0.42 mmol/g) phosphitylating
reagents (Scheme 2).

Finally, polymer-bound reagenigl—17 were used for the
synthesis of NN (x = 1—4) analogues (31—34a—e). The
synthetic strategy consisted of four steps (Scheme 2): (i)
O-derivatization of the solid-phase reagents with unprotected
nucleosides (e.g., thymidina), adenosineh(), 3'-azido-3'-
deoxythymidine (c), cytidined), or inosine €)) in the
presence of 5-(ethylthio)-1H-tetrazole to yiel8—21a—e;

(ii) oxidation of polymer-bound nucleosides witért-butyl
hydroperoxide to afford22—25a—e; (iii) removal of the
cyanoethoxy group(s) with DBU in case 23—25a—e; and

(iv) the acidic cleavage. The cleavage mechanism of final
products from22a—eand26—28a—eis shown in Scheme

2. The multistep cleavage mechanisms are shown in one step

amidite forms remained stable even after 2 months storagenere for simple demonstration. The crude products had a

at —20°C in THF.

We have previously reported the synthesis of aminomethyl
polystyrene resin-bourplacetoxybenzyl alcoholl@, Scheme
2) from aminomethylated polystyrene resin in multistep

Org. Lett, Vol. 9, No. 22, 2007

purity of 75-95% and were purified by using small{Sep-

(25) Kumar, A.; Ye, G.; Ahmadibeni, Y.; Parang, K.Org. Chem2006,
71, 7915.
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Pak cartridges and appropriate solvents to affolb's was collected by filtration and washed with DCM, THF, and
dinucleoside phosphodiester8l@—e), diphosphodiesters MeOH, respectively. The solvents of filtrate solution were
(32a—e), triphosphodiesters (33a—e), and tetraphosphodi-immediately evaporated at20 °C. The residue was desalted
esters (34a—e) in 5978% overall yield (calculated from  with Amberlite AG-50W-X8 (106-200 mesh, hydrogen
14—17, Table S1, see Supporting Information). The linker form, 1.0 g) and lyophilized. The crude products were
remained trapped on the resin, which facilitated the separationpurified on Gg Sep-Pak to yiel#33a.

of the final products by filtration. The final products were | conclusion, this solid-phase strategy allows the synthesis
characterized byH NMR, *C NMR, *P NMR, high-  of Np,N analogues in a short synthetic route without the need
resolution time-of-flight electrospray mass spectrometry, and for the nucleoside phosphate precursors or protected nucleo-
quantitative phosphorus analysis. o sides and the purification of intermediates. To the best of
For a typical example (Scheme 2), thymidiae4.0 mmol)  oyr knowledge, this is the first report of the synthesis of
and 5-(ethylthio)-1H-tetrazole (260_mg, 2.0 mmol) were NpN analogues by using polymer-bound phosphitylating
added 1016 (946 mg, 0.50 mmol/g) in anhydrous THF (2 yeagents, which offer the advantages @€substitution for
mL) and DMSO (3 mL). The mixture was shaken for 48 h ,,cjeosides and facile recovery of final products from the
at room temperature. The resin was collected by filtration {35neq linkers on the resins by filtration. In addition, by
and washed with DMSO, THF, and MeOH, respectively, and using this strategy, Npl analogues X = 1—4) were
dried under vacuum to giv€0a (1055 mg). tert-Butyl synthesized in a parallel format.
hydroperoxide in decane {% M, 1.5 mL, 7.5 mmol) was
added to the resirQa) in THF (5 mL). After 2.5 h shaking
at room temperature, the resin was collected by filtration
and washed with THF and MeOH, respectively, and was
dried overnight at room temperature under vacuum to give
24a(1102 mg). To the swelled resBfain THF was added
DBU (6.0 mmol). After 48 h shaking of the mixture at room
temperature, the resin was collected by filtration and washed
with THF and MeOH, respectively, and dried overnight at
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room temperature under vacuum to g&a (1055 mg). To guantitative phosphorus analysis, and analytical HPLC
the swelled resin7a) in anhydrous DCM was added DCM/ profiles. This material is available free of charge via the
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