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INTRODUCI’ION 

Earlier Reports have dealt with the apphcatron of nucleostdrc and non-nucleondic 
phosphoranndrtes to the synthesis and functronahzatron of ohgonucleotrdes and then analogues r-3 Thrs 
Report wrll focus, m part, on the utrhzatron of nucleosrdrc phosphoramrdrtes m the syntheses of 
branched RNA structures that play a crmcal role m the sphcmg of pre-mRNA and, therefore, 111 the 
proper expression of eukaryotx genes. The abrhty of RNA to catalyze sequence-specrfic cham cleavage 
has led to the mcorporation of modified rrbonucleosrde phosphoramrdrtes mto RNA m an attempt to 
define further the structure and functron of catalytic RNA molecules Such apphcations wrll also be 
reviewed in thrs Report. 

Furthermore, vanous phosphorylated bromolecules have been synthesized vza non-nucleosrdic 
phosphoramrdtte precursors These include sterol-monormcleotrde conlugates, mononucleotrde glyco- 
conlugates, phosphosugars, phosphopepttdes, glycophosphopepttdes, nucleopeptrdes, phosphohpids and 
their conlugates The synthesrs of myo-mosrtol phosphates and then derrvatrves wtll be emphasmed, as 
these bromolecules are cortically rmportant m the transduction of informatton m livmg orgamsms 
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1. BRANCHED RNA STRUCTURES AND CATALYTIC RNA MOLECULES 

1 1 The Synthesrs of Branched RNA Structures 
The correct expression of eukaryotlc genes depends on the chenucal processmg (sphcmg) of pre- 

mRNA, which mvolves the accurate excrslon of mtrons and ligation of exons The sphcmg of nuclear 
polyadenylated RNA occurs ~th the formation of either a smgle-stranded circular RNA with a “tad” 
ongmatmg from a branch pomt (the “lariat” structure m czs-sphcmg reactions)4 or branches between two 
linear RNA molecules (the “Y” structures observed m trarzs-sphcmg reactions) 5 Unlike normal RNA, 
these structures have vlccmal (2’-+5’)- and (3’+5’)-mtemucleotldlc phosphodlester lmkages 6 To gam 
insight into the origin of branch point selection in the sphcmg process, considerable attention has been 
directed toward the synthesis of branched RNA ohgonucleotldes In this context, the preparation of 
branched structures from phosphoranudlte intermediates has been reported by Damha et al 7a-b Then 
approach consisted of the simultaneous formation of both (3’-+.5’)- and (2’-+5’)-vlcmal mternucleotldlc 
linkages Thus, the condensation of the smtably protected rlbonucleoslde phosphoranudltes la-b or the 
2’,3’-blsphosphorarmdlte 4 v&h the appropnate nucleoslde 2 or 5 afforded 3a-b Protectlon of guamne 
at O-6 was recommended to avoid the formatton of stde products durmg the synthesis n 
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In a different approach, Fourrey et al 8 demonstrated that the removal of the 2’-0-lert- 
butyldlmethylsdyl group from the dmucleoslde phosphotrlester 6a can be achieved with tetra-n- 
butylammomum fluoride at 0 OC to mmlmlze potential cleavage and/or transesterlflcatlon of the 
phosphotrlester function The reaction of the intermediate 6b with 2-chlorophenoxy-bls-( 1,2,4- 
tnazolo)phosphme and morpholme led to the phosphoramldlte 7 The condensation of N6-benzoyl- 
2’,3’-0-lsopropyhdeneadenosme wth 7 and N-methylamhnmm tnchloroacetate generated, after 
oxldatlon, the trmbonucleoslde dlphosphate trlester 8 * 
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Caruthers et al ,9 have also outlmed a simple method for the chermcal synthesis of branched RNA 
structures The dmucleoslde phosphotnester 9a was synthesized by the phosphorarmdlte approach and 
was converted to the phosphodlester 9b upon removal of the cyanoetbyl phosphate protectmg group 
with trlethylamme The 2’-0-tert-butyldlmethylsllyl group was then cleaved from 9b wtth fluoride ion 
wlthout slgmflcant breakage and/or nugratlon of the phosphodlester function The resulting 
dlnbonucleoslde phosphodlester 9c was coupled with the appropnate nucleoslde S-phosphorarmdlte 10 
m the presence of VI-tetrazole, to give the branched oltgonbonucleotlde 119 
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9a R= SI(Me),Bu-t, Fi’: fiH,CH&N 
b = Si(Me)zBu-t, 
c R= R’= H 

11 

DMTr= di-(Canlsyl)phenylmethyl, Bz= benzoyl, lb= lsobutyryl 
C br= N’-benzoylcytosin-1 -yl, Glb= N2-isobutyrylguanln-9-yl 

Along smular lines, Huss et al 10 have reported the synthesis of branched ohgomers from the 
dmucleoslde phosphate tnester 12a. Speaflcally, the 2-chlorophenyl phosphate protectmg group of the 
dlmer was first removed with fluoride ion, and then the 2’-0-protectmg group was cleaved under acldtc 
condltlons wthout affectmg the (3’+5’)-phosphodlester lmkage Condensation of the nbonucleoslde 
phosphoramldlte 13 wth 12b afforded, after oxldatlon, the branched tnnbonucleotrde 14 The 
deprotected rlbonucleotlde was resistant to calf s 
completely hydrolysed by snake venom phospho B 

leen phosfhodtesterase and nbonuclease T2 but was 
lesterase 1 A closely related strategy was applied by 

others to the synthesis of branched tn- and tetranbonucleottdes 11J2 
A reglocontrolled synthesis of branched ohgonbonucleottdes has additionally been described by 

Hayakawa et al 13 Typically, the reaction of the rtbonucleostde S-phosphorarmdlte (15~) wth S-O-(4- 
methoxytr~tyl)-N~-allyloxycarbonyl-3’-O-~e~-bu~ld~methylstlyl adenosme yielded the dlmer 16 after 
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12a SC N’-benxoyicytosin-1-yi, 
RI 2-(dibromomethyi)benzoyl, 
R’= l-methoxytetrahydropyran-1-yi, 
Fi’k P-chiorophenyi; R”k benzoyi 

12b Rk R”r H 

14 B= N’-bensoyicytosin-1-yi, 
B’= 0’.diphenyicarbamoyi- 

N2-propionyiguanin-9-yi 

oxrdatron wrth reti-butyl hydroperoxrde Selective deallylatron of the phosphate functron wrth sodmm 
Iodide and desilylatron wrth tetra-n-butylammomum fluoride gave the dtmer 17 Condensanon of 15a-d 
wrth 17 followed by oxldatton afforded the branched structures 18a-c m 76-89% yreld based on 17 13 
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Zhou et al 1W proposed an alternate approach to the syntheses of branched ohgonbonucleotrdes 
‘Ihe rtbonucleosrde phosphorarmdttes 19a-b were actrvated wtth VI-tetrazole and coupled wtth a 
smtably protected nbonucleosrde to gtve the protected dmucleotrdes 20a-h which, upon treatment wrth 
0 2 M aqueous hydrochlonc acul, afforded 21a-b Cham extensron through the S-OH was accomplished 
by the phosphotrmster approach Followmg phosphate deprotectron and desrlylatron, the 
rtbonucleotrde was treated wrtb a rtbonucleosrde phosphorarmdne analogous to 13 to provrde the 
branched tetrartbonucleotrde 22 l*b Thus methodology has been shghtly modified for the synthesis of a 
tetramenc branched RNA-DNA structures naturally found in the Gram-negative bactermm Stzgmatella 
auranmca. The method has also been apphed to the preparatron of branched penta- and 
heptaribonucleoudes 14~ In a specrfic case, 2-cyanoethoxy(4-mtrophenylethoxy)~N,N-- 
ammophosphme has been effecttve m the phosphnylatron of a cruaal branch point during the syntheses 
of a heptameric lariat-RNA r6 

An automated sohd-phase syntheses of branched nbonucleottdes has recently been developed 17a 
A dtlute solutron (0 01 M) of the nbonucleostde 2’,3’-drphosphorarmdrte 23 was condensed wrth sohd- 
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phase bound 2’-deoxythyrmdme (47 rmole/g LCAA-CPG) (24) m the presence of VI-tetraxole to 
generate the lariat 25 While these condmons led to the almost exclusive formation of 25, increasing 
the concentratron of 23 (0 075 M) and decreasmg the nucleosrdrc concentratron on CPG (7 pmole/g) 
resulted m the preferential formation of linear dlmers rather than the branched tnmer 17a Under 
optrmal condmons, this strategy enabled the synthesis of various branched ohgoribonucleoudes 171~ 
Moreover, the preparatron of nucleic acid dendnmers, as novel blopolymenc structures, has been 
accomphshed according to this procedure For example, the synthesis of a dendrlmer (M W = ca. 
25,000) havmg srx branched pomts and twelve termmal ends has been reported 17c 

12. Structure and Function of Catalytic RNA Molecules 
In an attempt to provide a better understandmg of the mechamsm whereby RNA catalyzes 

sequence-specific chain cleavage, the incorporation of modified rrbonucleosrde phosphoramrdrtes mto 
ohgorlbonucleotldes has been necessary In fact, it has been confirmed that the catalytic actlvny of a 
RNA enzyme (nbosyme) derived from the Group I Tetruhymena self-sphcmg mtron, depended on a 
wobble base pair rather than a Watson-Crick base pan at the S-splice sate l*a Tlus conclusion stemmed 
from the substrtutlon of a U I wobble base pan for the standard U G wobble base pan which resulted 
m less effective recogmtron by the rlbosyme It has been argued that while specrhc features of the bases 
played some role m splice site recogmtlon, the malor component was probably the recogmtion of the 
distortion induced m the phosphate backbone by the wobble base pau Isa The couplmg efficiency of 
the protected mosme phosphorarmdrte 26 on a 1OOOA CPG support was cu 98%.ua The 
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the sohd-phase synthesis of nbonucleoslde phosphoranudlte 27e has also been apphed to 
ohgonbonucleotldes to further evaluate the stabdizmg effects of wobble base pasrs 19 

Of additional mterest, modified Y self-sphcmg 

a primer-extension 
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28a-d,” 29a-dB or 3Oa-d were used for these purposes 
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28s.d R= DMTr; R’s t-Bu(Me)xSI; R’k CH&H&N 

28e B= N*-benzoyl-2-aminopurin-9-yl 

29a-d R= levuhnyl, R’= tetrahydrofuranyl, R”= CH2CH2CN 
30a-e = MMTr; = 24trobenzyl; = CH2CH2CN 

The synthesis of nuxed deoxynbo- and rlboohgonucleotldes wth catalytic actlvlty confirmed the 
mvolvement of the 2’-OH adjacent to the cleavage site m the substrate and demonstrated that some 2’- 
OH groups m the catalytic core strongly affected actlvlty 25 Furthermore, nuxed DNA/RNA and 2’-O- 
methyl RNA/RNA analogues, derived from the “hammerhead” domam of RNA catalysis, have been 
synthesized from nucleoslde phosphoranudlte derlvatlves to determme the nummum requirement for 
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catalytrc acttvrty It was found that ohgodeoxynbonucleotrdes contarmng seven to as few as four 
rrbonucleotrdes were active 111 cleavmg a substrate RNA, albeit at a consrderably lower efficiency than 
that of unmodrfied rtbosymes 26 Interestmgly, the 2’-0-methylatton of rtbosyme flankmg sequences 
increased catalytrc acttvrty and resistance to nucleases ~7 Lrkewtse, clnmenc DNA-RNA hammerhead 
rrbosymes demonstrated enhanced catalytic actrvrty ~1 wtro and supenor stab&y ur VNO 28 

The ftmctronal role of the native 2’-hydroxyl group of adenosme and guanosme residues m RNA 
catalysis has been further scrutimzed by the mcorporatton of deoxyrtbonucleosrde phosphoramrdttes, 2’- 
fluoro- or 2’-ammo-2’-deoxyrtbonucleostde phosphoranudnes (analogous to 31 and 32, respectmely) 
during solid-phase synthesis of hammerhead rtbozymes 2g Rrbosymes havmg every adenosme replaced 
wnh 2’-deolryadenosme or 2’-fluoro-2’-deoxyadenosme showed stgmftcantly lower catalytic efficiency 
compared to unmodtfred nbosymes However, no single substnutton was responsible for the decrease m 
activrty It was concluded that the 2’-OH of the adenosmes was not essential for catalysts or for proper 
formatron of the tertiary structure of hammerhead rtbosymes 29a Conversely, the replacement of the 2’- 
hydroxy functron of two guanosmes, located m the conserved central core region of the rtbosymes, wtth 
a 2’-fluoro- or a 2’-ammo group reduced the catalytic acttvny of the correspondmg nbosymes by factors 
of at least 150 or 15, respecttvely The 2’-ammo function can therefore partially fulftll the role of the 2’- 
OH group m the catalytrc core 29C It 1s noteworthy that rtbosymes contaimng 2’-fluoropyrmndmes at all 
urtdme and cytosme posmons were stabrhzed against nucleolyttc degradation m rabbit serum by factors 
of at least 1000 relative to those of unmodified rrbosymes 29b Furthermore, experiments aimed at 
cleavmg the long termmal repeat RNA of HIV-l with hammerhead rrbosymes mdrcated that replacing 
the pyrrmtdmes of a rtbosyme with correspondmg 2’-fluorocyttdmes and 2’-fluorourtdmes together wrth 
the mcorporatron of phosphorothroate linkages at both termmt caused only a 7-fold decrease of tts 
catalytrc effrctency 29e The modified rrbosyme exhibited, however, a SO-fold increase m stabthty to 
hydrolysts by nucleases These results demonstrated the posstbthty of increasing the resrstance of 
rtbosymes to nucleases wtthout severely affectmg catalytrc acttvny 
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The design and apphcatton of rtbosymes as anttsense and therapeutic agents have been 
revtewed 30 It must be noted that raped syntheses of ohgonbonucleottdes using 2’-0-(2- 
mtrobenzyloxymethyl)rtbonucleostde phosphoramrdrtes (33a-d) has recently been reported by Schwartz 
et aL3l Ohgortbonucleottdes (up to 33 bases long) were synthestzed using a 0 15 M solution of the 
phosphorarmdttes 33a-d m acetomtrtle and a condensatton time of 2 mm The average couphng yteld 
was better than 98% 3l The efftctency of thts method may be attrrbuted to a reductron of stenc 
crowding m the vtctmty of the phosphoramrdtte function wtth respect to 2’-O-(tert-butyl- 
dtmethylsrlyl)rtbonucleosrde phosphoramrdtte monomers Thus, this methodology should enable the 
facile and rapid syntheses of nbosymes 

Incidentally, the nbonucleostde phosphoramidttes 34a-g have been used m the total chemmal 
synthesis of E cdl tRNAA[a The phosphorarmdttes 34a-g led to coupling ytelds greater than 98% 
during a 2 mm condensatton time on a sthca support 32 Trtethylamme trts-hydrofluonde was found 
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more effective than tetra-n-butylammomum fluonde for the complete removal of 2’-O-s1lyl protectmg 
groups 32 

The nbormcleoside phosphoramuhtes 35a-d have sunilarly been unlized m the synthesis of 
ohgonbonucleondes (up to 74 bases long) 33 The condensanon time vaned between 5 min to 16 mm 
dependmg on the phosphoramnhte used; and the couphng efficiency averaged 97-99%?3 

350 B:: U, R= Si(Me)xBu-t 
b = SI(Me)2Bu-t 

0 OR C I Sl(Me)2Bu-t 
I d = SI(Pr-I), 
P 

(CHaCHz),N ’ ‘OCH,CH,CN 

Phosphoramnhte derwanves have also been apphed to the phosphorylanon and funcnonaluanon 
of unrelated biomolecules Such applications wdl be d&cussed 1n the followmg section 

2. PHOSPHORYLATED BIOMOLECULES 

2 I SteroEmononu.cleotde Conpgates. 
Several cholesterol denvatives includmg 7D-hydroxycholesterol, 7l3,25dmydroxycholesterol, and 

7a,22(S)-dihydroxycholesterol are cytotox~ to tumor cells zn vrtro * The high 11pophd1c1ty of these 
oxysterols complicated III vivo studies Consequently, the couphng of oxysterols denvatlves wnh 
nucleos1de analogues through a phosphodlester hnkage could simultaneously enhance the hydroph111c1ty 
of oxysterols and the 11pophk1ty of nucleosldes Furthermore, the hydrolysis of these amph1ph111c 
molecules under phys1ologmal condmons may lead to the formation of nucleoslde S-phosphates, which 
are the acnve form of anntumoral nucleos1des Mb J1 et uL35 reported the preparation of the 
phosphoramxhtes 37a-b from the reacnon of the sterols 36a-b w~tb (2-cyanoethoxy)-b1s-N,N- 
dnsopropylaminophosphme and N,N-dnsopropylammom~ tetrazohde 

(I-Pr),N Ap--OCH2CH2CN 37a-b 
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The reaction of the phosphoramtd~tes 37a-b wtb smtably protected nucleoslde aualogues and W- 
tetrazole followed by oxldatlon ~th m-chloroperoxybenzoic (MCPBA) afforded the correspondmg 
phosphotriester conjugates The unfied sterol-nucleostde phosphate dmter aualogues 38-43 were 
isolated in yields greater than 60% !* 
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H H H OH 

2 2 Monomcleotlde Glycoconpgates 
The synthesis of hpophlhc phosphate tnester denvatlves of 5fluoroundmne and arabmnocytldmne, as 

amcaucer prodrugs, has been achieved by Le Bet and Huynh-Dmh 36 Specifically, the 
phosphorauudite 44 was synthestzed and coupled mth the S-hydroxy function of properly protected S- 
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50 R= Cl&~; 
R’= R”= R”‘= H 
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fluoroundme and arabmocyttdme dertvatrves The nucleoside phosphotnesters 45 and 48 were 
subsequently Isolated, sapomfred, and converted to the phosphodresters 46 and 49 m ca. 90% yreld The 
reaction of 46 and 49 wrth halohexadecanes afforded the hpophthc phosphotnesters 47 and 50 36 These 
conlugates may passtvely permeate umlamellar vesicles and enhance then potency against cancer cells 
both m vitro and m vwo 

The syntheses of a guanosme S-drphosphate mannose (GDP-Man) analogue as a potential 
mhlbitor of glycosyltransferases has been described by Broxterman et al 37 Glycosyltransferases are 
essential enzymes m the brosynthesls of glycoconlugates involved m btologtcal processes such as cell-cell 
recogmtron, cell growth and dtfferenttatton 38 The protected rtbonucleosrde phosphorarmdrte 51, 
prepared from N2-(4,4’-dlmetho~rityl)-2’,3’-O-(me~o~ethylene)~anos~ne and brs-(NJ&so- 
propylammo)hexadecyloxyphosphme, was actrvated wrth l&tetrazole and combmed wnh 3,7-anhydro- 
2-deoxy-4,5 6,8-dr-0-tsopropyhdene-D-glycero-D-tulo-octnol Oxrdatton of the resultmg phosphate 
tnester wrth tert-butyl hydroperoxrde gave the phosphotnester 52 m 65% yreld 37 No data pertarmng to 
the mhrbttoty effect of the deprotected GDP-Man analogue on the brosynthesrs of glycoconJugates was 
reported 

NHDMTr 
NHDMTr 

51 52 

To mstrgate studies pertarmng to the enzymatrc transfer of unnatural stahc acid, Kondo et a139 
devrsed the synthesis of a protected CMP-stahc acid denvattve (54) The approach entatled the 
preparation of the sralyl phosphoramtdne 53 from smlrc acid, its acttvatron, and condensatton wtth N4- 
benxoyl-2’,3’-dr-0-benzoylcytrdme After oxrdatton, 54 was obtamed m 12% overall yreld 

OCHpCH,CN OCH,CH2CN 

AcO 

AcO&YC&(;r+ 
AcOAw&-f 

OAc 
OAc 

53 54 

An alternate route to the chenucal syntheses of cyttdme 5’-monophosphono-N-acetylneuramtc actd 
has been reported by Makmo et al JO Their method described the condensation of the nbonucleostde 
5’-phosphorarmdtte 55 ulth the siahc acid derivative 56 Oxtdation of 57 with tert-butyl hydroperoxtde 
followed by removal of the protecting groups with tnphenylphosphme and tetrakn(trtphenylphosphme) 
palladmm (0) produced 58 m 25% yield 
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2 3. Phosphosugars 

2 3 I Poiy-(rzbosyl-nbztol)phosphate.s Phosphorarmdtte monomers have been apphed to the 
preparation of the poly-(nbosyl-nbnol)phosphate (PRP) capsular polysacchande Isolated from 
Haemophzlzu znji’uenzae Type b bactena (Hzb) There 1s constderable interest in PRP since tt has been 
shown that covalent linkmg of an Intact PRP molecule or a synthetic fragment of PRP to an 
mununogemc protem led to the production of a vaccme that unmumzed infants agamst Hzb 
memngms 41 The chermcal synthesis of PRP fragments became attractive, as the correlatton between 
nnmunogemcny and the size of these fragments would determme the most anttgemc PRP fragment In 
thus context, Chan and Just4hh prepared the monomenc nbrtol-rtbosyl phosphoramtdtte 59 or 61 from 
properly protected D-rtbose and D-nbltol precursors 42c 
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o 0Si(Ye)2Bu-t 

OBn 
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OR 3-G / 

I 
(I-Pr),N, ,O 0 OR 

‘i 
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NCCH,CH20 
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P OBn 

(I-Pr),N ’ ‘OCH,CH,C N OR” 

61 R= MMTr, R’= SI(Me)2Bu-t; 
R”= lk 

63 

Bn= benzyl; Ph= phenyl 
62 R= DMTr, R’= Si(Ph),Bu-1, 

R”= CH.$H& N 

A PRP fragment was synthestzed by couplmg polysacchartde blocks together For example, the 
tnsacchartde 66 was prepared from the reactron of acttvated phosphoramrdtte 63 wrth the nbttol- 
rtbofuranostde 64a followed by aqueous todme oxtdatron 4?b Another polysaccharrde block was 
stmdarly synthesized by condensation of the phosphorarmdtte 59 wtth detntylated 64b The resulting 

tetrasacchande (65a) was converted to the phosphoramtdne 6Sb and coupled wtth detntylated 66 to 
generate 67 Fmally, the condensation of 65b wrth detntylated 67 afforded, after oxrdanon, the PRP 
derivative 68 42b 
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A sohd-phase synthesis of PRP fragments has been accomplished by Ehe et al.43 The D-nbrtol 
phosphoramidrte 62 was prepared, actrvated, and condensed repeatedly wrth support 69 The 
ohgomerrc cham was temunated wrth the couplmg of 2-cyanoethoxy-[6-(4-monomethoxytrnyl) 
ammohexyloxy]-N,Ndusopropylammophosph to afford the fully protected PRP fragment 71 The 
coupling efficiency of 62 was 96% Kandd et a14 have vrrtually reproduced thrs synthetrc approach 
usmg the soluble polymenc support 70 and the nbosyl-ribrtol phosphoranndite 60 The coupling 
efficiency of 60 was greater than 90%. Termmation of the synthesis wrth the condensation of an 
ammoheptyl phosphoramidite derivative led to the PRP ohgomers 72 The coqugatron of the larger 
PRP ohgomers (n z 3) wrth protems and syntheuc peptrdes produced potent rmmunogens 4.4 

OCH$H,CN 

69 RI Si(Ph)zBu-t, R’= CHaOBn 0 P z: aminated CPG 

70 R=R’=Bn 

0 P q PEG (Id W. 5,000) 

71 I?= Si(Ph)zBu-t; R’s CH,OBn 
nn 6, m= 6 

0 P = aminated CPG 

72 R=R’=Bn 
n:: 2.3.5.6; m= 7 

0 P 3 PEG (M W 5,000) 

232 Gtyco.wi phmphate The synthesis and apphcanon of the phosphoranudrte 73 m the 
preparatron of brologrcally rmportant glycosyl phosphates have been delineated by Westerdum et al 45 
Essex&ally, the actrvanon of 73 wrth Ntetrazole m the presence of 3-hydroxypropromtrrle yrelded the 
brs-(2-cyanoethyl) phosphate trrester whrch upon oxrdatron wrth tert-butyl hydroperoxrde and complete 
deprotectron afforded the +Gfucopyranosyl phosphate 74 wrthout detectable anomerrzatron 
Furthermore, the reactron of the phosphoramrdrte 73 wrth 2,3,4-tn-G-benzyl-u-Lfucopyranose under 
smnlar conditrons generated the drsacchande phosphate 75 It must, however, be noted that the 
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removal of the cyanoethyl phosphate protectmg group from 75 by ammonolysrs led to some cleavage of 
the phosphate hnkage 45 

(I-Pr),N /‘h 
W 0 e OBn 

OBn 
BnO 

‘SC&:- H3C&&oB;Q;; 

HO 
BnO 

73 74 75 

Of interest, brs-(benzyloxy)-NJV-drethylammophosphme (76c) has been applied to the synthesrs of 
an anomenc mrxture of 74 toward the preparation of guanosme S-drphospho-&Lfucose (GDP-Fuc), a 
donor substrate for fucosyl-transferases 46 The phosphrtylatmg reagent 76c has altemanvely been used 
m the preparation of S-smlyl drbenzyl phosphrte, an important mtermedrate m the synthesis of a-(2+6)- 
and a-(2+3)-linked smlyl saccharides 39 Sralylatton 1s still considered a major problem m ohgo- 
sacchande syntheses 

In a different context, 76c enabled the chemmal synthesrs of drhydroxyacetone phosphate (SO), 
whrch 1s required for the catalytic actrvtty of at least three aldolases.47 Enzyrnatrc aldol reactrons have 
been partmularly useful m the synthesrs of common and uncommon sugars 47 

“\,-,.** 76a lb 
b = 

/ 2 c q 
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f P 

9 = 
77a P 
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78 = 
79a = 

b = 
= 

: = 
e = 

The phosphoramrdrte approach has been helpful m the synthesis of polymenc N-acetyl-D- 
glucosarmne phosphates, which are important components of the cell wall of the bactena Mzcrococczu 
sp 2102 (stuphy10c0cczi.s Zuctzs) 48 To achieve the formation of an a-(1+6)-mterglycosldlc phospho- 
drester hnkage between two N-acetyl-D-glucosammes, the N-acetylglucosamme phosphoramrdrte 81 was 
synthesized and coupled wrth the 6-OH functron of protected N-acetyl+-D-glucosamme under 
standard condrtrons to produce the phosphosugar 82 49a 

R’P methoxy; Fl”= ethyl 
R’P ethoxy, I ethyl H O&OPO;z 

R’= benzyloxy, q ethyl 
R’= P-cyanoethoxy, = ethyl 
FL tert-butoxy, = ethyl 

80 

R’= phenoxy; q ethyl 
R’= Cbromobenzyloxy; = ethyl 
R’= benzyloxy, = isopropyl 
R’= 2-cyanoethoxy, = isopropyl 
Pi’= allyloxy, = isopropyl 
R’= 4-chlorobenzyloxy, = isopropyl 
R’= tert-butoxy, = Isopropyl 
R’= 2-trrmethylsrlylethoxy; = isopropyl 
benzyloxy, R’= 2-cyanoethoxy; R”= ethyl 
benzyloxy; = N,N-diethylamino, = ethyl 
benxyloxy, = N,N-diisopropylamino, = isopropyl 
2-trrmethylsrlylethoxy, = N,N-dllsopropylamino; = rsopropyl 
P-cyanoethoxy, = N,N-diisopropylamino; = isopropyl 
allyloxy, = N,N-dlisopropylamino; = isopropyl 

Aside from pepttdoglycans, terchorc acid 1s a major component of the cell wall of most Gram- 
posmve bactena 48 Monomenc phosphoramtdite denvatrves have been effectrve m the syntheses of 
these rmmunologrcally and serologically important bropolymers Specrfrcally, the l-O-[&galacto- 
pyranosyllglycerol phosphorarmdrte 83 has been prepared and utilized m the solid-phase syntheses of a 
terchorc acid fragment of the cell wall of Baczlhs lzchenzfomzzs ATCC 9945 49b 
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Broxterman et &so reported the synthesis of 2-acetarmdo-2-deoxy-3-mannose analogues as 
potential mhlbltors of 5-N-acetylneurarmmc acid biosynthesis The phosphorarmdlte 84 and bls- 
(benzyloxy)-N,N-dusopropylammophosphme (77a) have been employed in the preparation of the D- 
manmtol derlvatlves 85a-b and 86a-b It was postulated that, once deprotected, these mannosamme 
analogues could mhlblt the enzyme-catalysed aldol condensation of N-acetyl-D-mannosamme-6- 
phosphate with phosphoenolpyruvate and, perhaps, alter specific biological recogmtlon processes 50 
The blologlcal actlvlty of such analogues was not reported 
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84 86a R= Rk B” 
b R= Bn, R’= C,6H33 

86a-b 

Partxularly mterestmg 1s the reactlon of 2,3,4,5-tetra-0benzyzyl-a-D-glucose urlth bls-(methoxy)- 
N,N-dlethylammophosphme (76a) and lH-tetrazole affordmg the glycosyl phosphate 87 as a mixture of 
anomers The condensation of 87 with the sugar 88 m the presence of zmc chloride and silver 
perchlorate gave 89 m 80% yield 51 1-Glycosyl phosphates thus provide a new route to the synthesis of 

glycosldes 

OCHI 
/ 

En0 O-P 
\ 

OCH, 

87 88 89 
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Along snmlar lines, the phosphrtylatron of 2,3,4,6-tetra-O-acetyl-D-glucose wrth 76c and 1,2,4- 
trmzole afforded the D-glucopyranosyl phosphate 90 m 97% yreld 52 Oxrdatron of 90 with 30% 
hydrogen peroxtde and full deprotectron gave glucose l-phosphate m 59% yreld as a mrxture of a- and 
g-anomers The smlyl phosphate 91 has smularly been prepared from the corresponding sralyl alcohol, 
76c, and VI-tetrazole. The phosphate 91 was either converted to its phosphate or treated wrth the 
glycosyl donor methyl glucopyranosrde m the presence of tnmethylsrlyl t&late to generate the stalosrde 
92 52 

OAc 

AcO 0 +A AcO 

AcO 

99 91 92 

2 3 3 Myo-mosltol phosphates Recent evrdence suggests that the metabolism of mosrtol 
phosphohptds produces at least two second messengers, one of whrch regulates the mobrhzatron of 
calcmm Ion wrthm stimulated cells Sfa,c It has been shown that D-myo-mosrtol 1,4,5tnsphosphate acts 
as the probable intracellular second messenger for calcmm mobthzatron 53a-e Related mosnol 
phosphates, such as myo-mosrtol 1,3,4-trrsphosphate54a and myo-mosttol 1,3,4,5tetrakuphosphate,54h 
have also been isolated from sttmulated cells even though the brologrcal roles of these species have not 
yet been fully understood To shed hght mto the mechamsms involved, the preparatron of mosrtol 
phosphates and then analogues by chermcal synthesis has been recommended Wea In thus context, the 
stereochemrstry and nomenclature pertarmng to these bromolecules have emerged from the 
recommendatrons of the International Umon of Brochermstry 56h 

Phosphorylatron of vrcmal hydroxyl groups m myo-mosnol can be drffmult, as cychc phosphates 
may form Pertinent to thus problem, Hambhn et ~115~ reported the preparation of myo-mosrtol 4,5- 
brsphosphate and its 4,Sbrsphosphorothroate analogue Then synthettc approach mvolved the 
phosphltylatlon of DL-1,2,3,6-tetra-0-benzyl-myo-mosrtol wrth chloro-(2-cyanoethoxy)-N,N-dusopropyl- 
ammophosphme The resultmg bls-phosphoramrdrte 93 was converted to the brs-phosphotrrester 94a-b 
upon treatment with 3-hydroxyproptomtrde/W-tetrazole followed by oxrdatron wrth either tert-butyl 
hydroperoxrde57tJ or elemental sulfur 57a Full deprotectlon of 94a-b was effected by sodmm m hqmd 
ammoma, which led to the rsolatron of the DGmyo-mosrtol 4,Sbtsphosphate and its 4,5-brs 
phosphorothroate (95a-b) m good yrelds 57 

BnO 

BnO 

(I-P&N-P, 

BnO 

HO 
BnO 0-P-OCH&H&N 

OCH,CH&N HO 

NCCH2CH20--I;=X 

‘OCH,CH,CN NCCH,CH,6 

93 OSa-b 

DLMyo-mosrtol 1,4,5trrsphosphate sa-d& and its trrsthiophosphates@g (97a and 97b) were 
srmtlarly prepared from the phosphoramtdrte 96 Ltke DLmyo-mosrtol 1,4-brsphosphorothroate,59 9Sb 
and 97b were expected to exhrbrt phosphatase resistance Thrs feature IS of brologrcal srgmficance smce 
Sphosphatase-catalysed breakdown of myo-mosrtol phosphates rs an Important process in second 
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messenger deactrvatmn and metabohsm 59 
Cook et al aa and Noble et d.a described the applicatron of the myo-mosrtol phosphoramrdrte 98 

to the chemtcal syntheses of the novel analogue DLmyo-mosttol 1,Cbrsphosphate S-phosphorothroate 
97~ The phosphorarmdite 98 was first prepared 111 several steps from DL2,3,6-trr-O-benzyl-4,5-O- 
rsopropyhdene-myo-mosrtol sfg Reactron of actrvated 98 wrth 3-hydroxypropromtnle afforded, after 
oxniatron wrth tert-butyl hydroperoxrde or elemental sulfur, 99a-b. Deprotectron of 99a-b w~tb sodium 
in hqmd ammonia gave 97a or 97c m good yields .a Interestingly, 2,2,2-tnchloroethyl phosphate 
protectmg groups were cleaved under these conditions. 
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The preparatron of racennc and chrral myo-mosrtol 1,4,Qnsphosphate dertvatrves from properly 
protected myo-inosrtols and brs-(2-cyanoethoxy)-N,N-dusopropylammophosphme (77b) has also been 
reported by Desat et al 61 Incrdentally, the phosphttylatron of racenuc 2,3,6-tn-O-benzyl-myo-mosltal 
with brs-(benzyloxy)-N,N-dusopropylaminophosphme (77a) followed by sulfurmatlon with phenacetyl 
drsulfide produced 2,3,6-trr-O-benzyl+nyo-mosrtol 1,4,5-tns-(dtbenzylphosphorothloate) (100) m 88% 
yreld. Removal of the benzyl protecting groups by reduction wrth sodmm m hqmd ammorua gave the 
sodmm salt of 97b m 51% yreld 62 The synthesis of the myo-inositol phosphorothloates 101 and 102 was 
also reported 

Cook et al ,aa Struplsh et aZ.,63b and Taylor et a1.6% confiied that DL-myo-mosttol 1,4,5- 

trrsphosphorothroate (97h) 1s a phosphatase-reststant analogue of myo-mosrtol 1,4,5trrsphosphate 
(97a) It has also been confirmed that 97b mobthzes calcium from the mtracellular stores of Xenopus 
oocytes,63d permeabrhzed hepatocytesP3c and Swrss 3T3 cells63h>d The calcmm release actlvrty of 
racemrc 97b 1s attributable to the D-isomer and was only ca 3-fold lower than that of racermc 97a 63~ It 
must be noted that DLmyo-mosrtol 1,4-brsphosphate 5phosphorothroate (97~) ezlubrted calcmm 
release propertres similar to those of DL97h 63a In ad&tron, 97b and 97c were resrstant to hydrolysis 
catalyzed by human erythrocyte S-phosphatase and potently mhibited the enzyme M&b Whrle 97h was 
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resistant to D-myo-inosrtol 1,4,Qnsphosphate 3-kmase, tt would appear that 97c underwent 
phosphorylation to mosrtol1,3,4-tnsphosphate 5phosphorothroate under sumlar condrtrons~a 

Of interest, D-6-deoq-myo-mosrtol 1,4,5-tnsphosphate (97d), a synthetrc analogue of the second 
messenger D-myo-mosttol 1,4J-tnsphosphate mobrltzed mtracellular calcium stores in permeabtltzed 
SH-SYSY neuroblastoma cells but was 70-fold less potent than D-myo-mosrtol 1,4,5_trrsphosphate m 
thus respect 65 These results mdrcate that the 6-hydroxy functron of D-myo-mosrtoi 1,4,5-tnsphosphate 1s 
rmportant for receptor binding and stimulation of calcmm release but 1s not an essential structural 
feature The myo-mosrtol analogue 97d IS not a substrate for myo-mosrtol 1,4,Wrisphosphate 5- 
phosphatase but appears to be a substrate for myo-mosrtoll,4,5-tnsphosphate 3-kmase.65 

The elegant syntheses of myo-mosrtol I-phosphate_4,5pyrophosphate as a novel second messenger 
analogue from myo-mositol I-phosphate-4,5-brsphosphorothroate has been reported by Noble et ul@~ 
Typrcally, DG2,3,6-tr~-0-benzyl-1-[b~s-(2,2,2-tr~chloroethyi)phospho~l]-myo-~nos~tol, prepared from a 
properly protected mosttol derrvatrve, was phosphnylated wrth either brs-(2cyanoethoxy)-N,N- 
dusopropylammophosphme (77b) or brs-(benzyloxy)-N,N-dusopropylammophosphme (77a) and 
afforded 103a or 103b after oxrdatron wrth sulfur in pyrrdme Deprotectron of 103a or 103b wrth sodium 
m liquid ammoma followed by punfrcatron gave DG104 m 83% yield This analogue was a potent 
agomst for mtracellular calcmm mobrhsatron m permeabrhzed SH-SYSY neuroblastoma cells and 
resisted hydrolysis by D-myo-mosrtol 1,4,5_trrsphosphate 5-phosphatase Lrke myo-mosrtol 1,4,5- 
trrsphosphorothroate, the brsphosphorothroate 104 strmulated a persrstant release of calcmm and 
potently mhrbrted D-myo-mosttol 1,4,5-trrsphosphate 5-phosphatase wrth a K of 13 -+ 0 3 PM 66 
Desulfurrzatron of 104 wrth N-bromosuccmumde67 gave 105 m 67% yield Phosphate rmgratron (24%) 
and desulfunzatron to myo-mositol 1,4,5-trrsphosphate (7%) were also observed The myo-mosrtol 
pyrophosphate 105 was characterized by 
currently being evaluated 66 

SIP-NMR spectroscopy, and its brologrcal properties are 
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The fully protected mosrtol 1-phosphorotluoate 4,Sbrsphosphate 106 has been prepared from l- 
O-allyl-2,3,6-tri-O-benzyl-myo-mosrtol, brs-(2~cyanoethoxy)NJWnsopropylammophosphme (77b)/W- 
tetrazole and proper omdatron/sulfurrzation reactrons a-b After full deprotectron, the resultmg myo- 
mosttol 1-phosphorothroate 4,5-brsphosphate was coupled wtth N-[{2-(todoacetoxy)ethyl}-N-methyl] 
ammo-7-mtro-2,1,3-benzoxadmzole and generated the fluorescently labelled myo-mositol tnsphosphate 
107 Thts analogue strongly released ATP-sequestered intracellular calcium from permeabrhzed cells, 
thereby mdrcatmg its recogmtton by the myo-mosrtol 1,4,5tnsphosphate receptor W6aa-b In view of 
this btologtcal actrvtty and fluorescence, the syuthests of the second messenger 107 should facthtate the 
study of its mteracttons wtth proteins It must be noted that DL1-O-allyl-2,3,6-tn-0-benzyl-myo-mosnol 
was resolved mto its euantiomers vra crystalhne 4,Sbtscamphanate esters and that lD(+)-l-O-allyl- 
2,3,6-trt-O-be 1-myo-mosttol was used in the preparatron of D-myo-mosttol-l-phosphorothloate 4,5- 
brsphosphate 3 

OCH,CH&N 

I 
S=P-OCH,CH,CN 

0-P-OCH,CH2CN 

OCH,CH&N 

NCCH2CH20-P=O 
I 

NCCH2CH20 

106 107 

In thrs context, the phosphrtylatton of 2,3,6-trl-O-benzoyl-4,5-bls-O-(dlbenzylphospho~l)-D-~yo- 
mosrtol with the phosphoranudrte 108 and IH-tetrazole afforded, after oxrdatron wtth MCPBA, the 
myo-mosttol derivative 109a m 74% tsolated yreld 69 

OBn 

I 
O=P-0CH,CH2CH,NHC02Sn 

q “OA N(Pr+ 

109a 

myo-mosttol 109a was fully deprotected and combmed with carbonyldumrdazole-acttvated 
agarose to yield 110, which can be used as an affimty matrrx for the tsolatton of D-myo-mosttol 1,4,5- 
trtsphosphate bmdmg proteins 69 Deprotected 109a-b was alternatively treated wtth the N- 
hydroxysuccmmude ester of 4-aztdo-2-hydroxybenzotc acid to gave 111 ‘Ihis analogue exhtbned good 

calcmm ton-releasmg activrty, relative to D-myo-mosttol 1,4,5trisphosphate, m sapomn-permeablhzed 
rat basophthc leukerma cells and underwent light-mduced cross-hnkmg reactton with D-myo-mosttol 
1,4,5-trtsphosphate receptor among other protems 69 
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The myo-moatol 109b was prepared by reaction of actrvated 108 wrth 2,3,6-trr-O-berql-4,5-CL 
tsopropyhdene-myo-mosrtol followed by oxtdatron wrth MCPBA Ketal hydrolysrs and phosphttylatron 
of the resultmg myo-mosrtol wrth brs-(benzyloxy)-N,N-diisopropylammophosphme (77a) yrelded 109b 
after oxrdatron 7ua*h Furthermore, phosphrtylatron of suitably protected myo-mosrtols wrth 
phosphoramidrtes 77a and 108 generated tbe derlvatrves ll2,113a, 114 and 115 7uh-d*&h 

Couphng 112 with a N-hydroxysuccrmrmde-actrvated resin allowed the bmdmg of all myo-mosrtol 
1,3,4,5tetrakrsphosphate and myo-mosttol 1,2,3,4,5,6-hexakrsphosphate receptors from partmlly purrfred 
and solubrhzed cerebellar membrane proteins 7% Smular broaffrmty matrtces have been prepared by 
use of 113a-b, 114 and 115 m an attempt to isolate putative binding proteins m-d The reactron of 112 
and 113a-b wrth the N-hydroxysucamrrnde ester of 4-azrdo-2-hydroxybenzotc acrd provrded the 
correspondmg photoaffmrty labels 7uh-qf 

Various 2-subsmuted myo-mosrtol 1,4,5trrsphosphates for either photoaffrmty labeling 
experiments or affrmty chromatography have also been synthesrzed by Ozakr et al 71 
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To mvestrgate the kinetic and mechamstrc properttes of mosrtol monophosphatase, the syntbesrs 
of the bts-cyclohexylammomum salt of racermc myo-mosttol 1-phosphorothroate (118) was undertaken 
This myo-mosnol analogue was obtamed from the deprotectron of 117, whrch was prepared from the 
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reactron of the myo-mosrtol phosphorarmdtte 116 v&h hydroxyproptomtnle/l.H-tetrazole and 
subsequent oxrdatron wrth elemental sulfur m pyridme 
converted to inosrtol by inosrtol monophosphatase -72 

Relatrve to inosrtol l-phosphate, 118 was slowly 
It 1s also noteworthy that unhke the brosynthesrs 

of Lmyo-mosrtol l-phosphate from D-glucopyranose 6-phosphate and mosttol synthase, the syntheses of 
Lmyo-mosrtol l-phosphorothroate from D-glucopyranose-6-phosphorothroate failed under rdentical 
condrhons D-Glucopyranose-6-phosphorothroate was not a substate for mosrtol synthase and thus 
stressed the need for an unmodrfied phosphate group for synthase functron n 

S)CH,CHICN OCH,CH,CN 
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I S=lj--OCH&H,CN 

En0 I 

En0 OH 
Oh OBn 

116 117 116 

The total syntheses of the !I-methylenephosphonate analogue of D-myo-mosrtol 1,4,Qrrsphosphate 
from (-)-qmmc acid, has been reported by Falck et UL! m an attempt to rationalize better the 
phosphaudylmosrtol cycle %b Schematically, the allyhc bromrde derivatrve 119 was treated wrth excess 
sodmm drbenzyl phosphrte and then hydroborated to the phosphomosrtol I20 Phosphrtylatron of 120 
wnh brs-(benzyloxy)-N,N-dusopropylammophosphme (77a) afforded I21 after MCPBA oxrdatron The 
sodmm salt of the S-methylenephosphonate analogue of D-myo-mosrtol 1,4,5tnsphosphate elicited 
contraction of bovine tracheal smooth muscle permeabrhzed wrth sapomn and strmulated a sustained 
release of calcmm from a rmcrosomal preparatron of bovme adrenal gland n&b Incrdentally, a choral 
cychtol has been prepared from (-)-qmmc acrd and employed m the synthesis of D-nzyo-mosrtol 3,4,5- 
tnsphosphate and 1,3,4,S-tetrakrsphosphate 7’Jb~c 

En0 

En0 \ 
- P=o 

119 129 121 

The preparatron of myo-mosrtol 1,4,5tnsphosphate, accordmg to the phosphorarmdrte approach, 
has mdependeatly been reported by Reese and Ward 74 Specrfically, the phosphrtylatron of the myo- 
mosrtol derrvatrve I.22 wrth brs-(2-cyanoethoxy)-N,N-drethylammophosphme (76d) generated 123 which, 
after oxtdatron wnh teti-butyl hydroperoxlde and deprotectron, gave the racerruc myo-mosnol 1,4,5- 
trrsphosphate It was shown that enantromerrcally pure D-myo-mosnol 1,4,5_trrsphosphate was more 
efficient at releasmg calcmm rons from permeabrhsed rat acmar cells than racenuc myo-mosrtol 1,4,5- 
trtsphosphate74 The phosphrtylatron of 2,3,6-tri-O-benzyl-myo-mosttol wrth 76d has also led to the 
syntheses of myo-mosttol 1,4,5-trisphosphate 75 Furthermore, brs-(2-cyanoethoxy)-N,N-drethylammo- 
phosphme has stmtlarly been apphed to the synthesis of D-myo-mosrtol lJ-brsphosphate and 3,5- 
brsphosphate from optically resolved 2,3,4,6-tetra-O-ben@-myo-mosrtol ~ 
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Several researchers have addttronally employed either brs-(benzyloxy)-N,N-dnsopropyl- 
ammophosphme (77a) n-a&84 or bts-(beqloxy)-NN-drethylammophosphme (76c)m@ for the VZ- 
tetrazole-mediated phosphnylatron of smtably protected mosrtols. After oxrdatton and deprotectton, 
myo-mositol 1,3,4-trrs hosphate,7a81b 1,4,5-trtsphosphate,n478-8483 2,4,5-trrsphosphate,m and 1,3,4,5- 

K tetralosphosphate7aS 83 were obtamed as racemic nnxturesn or, m certam cases, m enanttomencally 
pure form 77179-83 In other cases, the tetrasodmm salts of 2.5di-0-benzyl-myo-mosrtol 1,3,4,6-tetrakrs- 
(benzyl pphate) and D-2,6-dr-0-benzyl-myo-mosnol 1,3,4,5-tetralns-(benzyl phosphate) were only 
isolated Furthermore, 77a has been apphed to the syntheses of the racemrc 3-methylphosphonate 
analogne of myo-mosttol 1,3,4-msphosphate (l24)s along wrth the S-phosphonate analognes of myo- 
mosltol1,4,Qrtsphosphate (l25a-b)86a7 and 1,3,4,5-tetralosphosphate (lZQa-b).a7 These analogues may 
provide structural mformation regarding the btological pathways mvolved with the mechamsm of 
cellular ngnal transduction 85 In fact, the 5methylphosphonate analogue of myo-mosttol 1,4,5- 
tnsphosphate acted as a calcmm antagomst m permeabthzed human platelets 87 
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Watanabe et czL= described the effktent phospmtylatlon of 2,3,6-trt-O-bet@-myo-mosttol with 2- 
(N,N-dlethylammo)-5,6-benzo-1,3,2-droxaphosphepane (127a) and lH-tetrazole Followmg oxtdatton 
with MCPBA, the phosphorylated myo-mosttol was converted to myo-mosttol 1,4,5trisphosphate m 
97% yteld upon hydrogenolysts Substttutmg elemental sulfur for MCPBA generated the myo-mosrtol 
1,4,5-tristhlophosphate 97b m 81% yield It has been pointed out that the phosphoramrdtte 127a was 
easier to purtfy than bts-(benzyloxy)-N,N-dnsopropylammophosphme (77a) or bts-(benzyloxy)-N,N- 
dtethylammophosphme (76c) ma 

An elegant and efficrent resolutton of racennc 2,3-mono-0-cyclohexyhdene-myo-mosttol by 
enzymatic esterrficatron 111 orgamc solvents has been reported by Lmg and Ozalo 89 Thus, the reactron 
of racemtc 128 wtth acettc anhydnde m the presence of Ltpase CES (Pseudomonas sp ) led to exclusive 
acetylatton of the L-enanttomer at C-l The unreacted D-enanttomer was easily separated from the 
acetylated Genanttomer by silica gel chromatography Lmnted acetylatton of D-128 wtth acetrc 
anhydride afforded the 5- and 6-monoacetylated D-my+mositol derwatrves 129 and 130 (74% yteld) m 
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a 1 1 ratio Phosphltylatron of 130 wzth l27a eventually produced, after oxldatzon and deprotectlon, D- 
myo-montol 1,4$tnsphosphate m an overall yzeld of ca 13% based on racermc myo-mosztoi 89 The 
synthesis of D-myo-montol 1,45tnsphosphate has also been achieved by Ozakl et al 90 usmg 127a and 
adequately protected D-myo-montol 

‘27ba R= ethy’ q methyl 
128 129 R= AC; R’= H 

130 q H; = AC 

A practzcal synthesis of myo-mosltol 1,3,4,5tetralusphosphate has been accomphshed by reaction 
of myo-mosztol ~th llrmted amounts of benzoyl chlonde at 90 OC ~~~~~~ In a specific case, the resultmg 
myo-mosltol 1,3,4,5tetrabenzoate was benzylated and then debenzoylated to the corresponding 1,3,4,5- 
tetrol, which was phosphltylated wth 127a After oxldatzon and hydrogenolysls, the desired myo-mosztol 
1,3,4,5tetralusphosphate was zsolated m high yields aW1 In the same context, myo-mosztol 1,3,4,6- 
tetralosphosphate has been convemently prepared from the bzs-(dzsdoxane) 131, whzch was obtained 
from the reposelectzve protection of myo-mosrtol wth 1,3-dlchloro-1,1,3,3-tetralsopropyl 
dzszloxane 8801 Benzoylatzon of 131, followed by treatment wzth aqueous hydrogen fluonde m 
acetomtrzle, produced the myo-mosztol 2,Sdzbenzoate in ca. 96% yield Phosphltylatzon of the latter 
compound \Inth 127a and subsequent oxzdatlon wzth MCPBA generated the tetraphosphotrzester 132 m 
94% yzeld Removal of the protectmg groups by hydrogenolysls and ammonolysls gave myo-mosltol 
1,3,4,6_tetrakzsphosphate m 80% yield &KC 
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The phosphoranudlte 127a has alternatively been apphed to the chual syntheses of D-myo-mosltol 
l-phosphate from Lquebrachltol, 92 while 127b was analogously used m the synthesis of D-myo-mosztol 
1,4,5trzsphosphate, 1,4_bzsphosphate, and 4-phosphate VIU myo-mosztol D-camphor-2,3-monoacetal 
precursors g3 

Gchzro-mosztol 1,4,6-trzsphosphate and trzsphosphorothzoate (133a-b) have also been synthesized 
from L-quebrachztol Specifically, L-chzro-2,3,5-trz-Gbenzyl mosztol, obtamed from the demethylatzon 
ana tin-mediated benzylatzon of Gquebrachztol, was phosphztylated wzth bzs-(2-cyanoethoxy)-N,N- 
dusopropylammophosphme (77b) Oxzdatzon of the tnsphosphzte with either tert-butyl hydroperoxzde or 
sulfur m pyrldme afforded the chzro-mosztol133a or 133b, which after deprotectzon gave 134a or 134b 94 

Neither 134a nor 134b mobzhzed calcmm or antagomzed calcnzm mobzhsatzon Induced by myo- 
mosztol 1,4,5tnsphosphate at concentrations up to 30 PM However, L-chzro-mosztol 1,4,6- 
tnsphosphorothzoate (134b) competltzvely mhzblted D-myo-mosztol 1,4,5tnsphosphate S-phosphatase 
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with a Ki of 0 3 pM 94 Thus, 134b IS by far the most potent and selective D-myo-mosltol 1,4,5- 
trlsphosphate 5-phosphatase mhlbltor yet encountered The mechamsm of thts mhlbltlon 1s still not 
clearly understood 
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Syntheses of fluormated analogues of mosltol and mosltol 1,45-tnsphosphate have been 
reported 9%c For example, DL2,2-dlfluoro-2-deoxy-myo-mosltol 1,4,5-msphosphate (138) was 
synthesized by reactlon of l-O-allyl-3,6-d~-O-ber~l~,5-O-~sopropyl~dene-~yo-2-~onose (135) wth 
dlethylammosulfur trlfluorlde Subsequent deblockmg of non-benzyhc protecting groups followed by 
phosphltylatlon with 77b and oxldatlon mth tert-butyl hydroperoxlde yielded the fluorinated mosltol 
136 Deprotectlon of the myo-mosltol analogue by treatment wth sodium in hqmd ammoma gave DG 
138 9% Alternatively, the preparation of the (-)-camphanate ester of DG3,6-dl-O-benzyl-2-deoxy-2,2- 
dlfluoro-4,5-0-lsopropyhdene-myo-mosltol enabled the chromatographlc separation of the resulting 
dlastereonomers After cleavage of the camphanate and ketal functions, the synthesis of both D- and L- 
enantlomers of 2-deoxy-2,2-dlfluoro-myo-montol 1,4,5-tnsphosphate was achieved 95a-b 

In this context, the synthesis of DL-2-deoxy-2-fluoro-scyZ!o-montol 1,4,5-tnsphosphate (139) began 
with the fluormatlon of racermc-3,6-d~-0-benzyl-4,5-0-~sopropyl~dene-l-O-[(Z)-prop-l-enyl]-myo- 
mosltol (140) with dlethylammosulfur trlfluorlde The fluormated mosltol analogues 139 was then 
Isolated m a manner slmllar to that described for 138 %a DL2-deoxy-2-fluoro-scyllo-mosltol 1,4,5- 
trlsphosphate and DL-2,2-dlfluoro-2-deoxy-myo-mosltol 1,4,5-tnsphosphate moblhzed calcium but were 
shghtly less potent than was D-myo-mosltol 1,4,5-tnsphosphate These results indicate that the axial 2- 
hydroxyl group of D-myo-montol 1,4,5_tnsphosphate 1s relatively unimportant m receptor bmdmg and 
stimulation of calcmm release 95C It must be noted that whde D-138 1s a potent calcmm releasing 
agonist, L138 1s a powerful 5-phosphatase and 3-kmase mhlbltor 95a-b 
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Lampe and Potter% recently synthesized scyllo-mositol lJ,,Ctrrsphosphate (146) and 2-fluoro-2- 
deoxy-myo-mosrtol 1,4,5tnsphosphate (148) as novel analogues of the second messenger myo-montol 
1,4,Qrisphosphate Fksenttally, racemm l-0allyl-3,6&-O-benzyl-4,5-isopropyhdene myo-mosrtol(l41) 
was trfflated and treated with cesmm acetate to produce 142 Saponification of the acetate function and 
cleavage of the isopropyhdene group followed by phosphttylatton wrth brs-(benzyloxy)-NJ- 
dnsopropylammophosphme (77a) and oxidation, produced the fully protected myo-mosttol 
trrsphosphate 145 Treatment of 145 Hrlth sodmm m hqmd ammoma removed all protecting groups 
mcludmg ally1 and, thereby, afforded 146 96 The saponification of 142 and isomertzatton of the ally1 
group led to 143 Converston of 143 to the correspondmg triflate and treatment wrth tetra-n- 
butylammomum fluonde generated 144 In a manner smular to that described for the preparation of 
145, the cleavage of the rsopropyhdene and prop-1-enyl groups allowed the syntheses of 147 which, after 
deprotectron, gave 148. Both racenuc 146 and 148 exhibited calcium mobdiing properties sumlar to 
those of myo-mositol lp,Wnsphosphate, in permeabrhzed SH-SYSY neuroblastoma cells.% These 
analogues should therefore provide a better understanding of the molecular recogmtion of myo-inosttol 
1,4,5-trtsphosphate by binding proteins 
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A regtoselectwe synthesis of mositol phosphate diesters vza cychc phosphate trtester mtermediates 
has been reported by Schultz ef al 91 Thus, 149 was prepared by condensation of 3,4,5,6-tetra-O-benzyl- 
myo-mosltol wrth benzylozy-bts-(N,Ndiethylammo)phosphme (79a) and W-tetrazole Oxldatton of 149 
Hrlth MCPBA and reaction of the resultmg cychc phosphate with various alcohols led to the myo-mositol 
phosphotnesters 150a-e and 151a-d Low temperature and bulky alcohols gave htgher selecttvity for 
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myo-mosrtol 1-phosphotriesters, whereas ad&tion of sodmm sulfite to a methanohc reactron rmxture 
favored formatron of the 2-phosphotrrester 151a.w 
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(3’-+5’)Qchc adenosme monophosphate (CAMP). an ubrqurtous second messenger formed by 
transmembrane srgnabmg systems, 1s required for the actrvrty of a large number of hormones. The 
effects of CAMP on metabolic pathways are mediated by CAMPdependent protem kmase through 
phosphorylatron of various regulatory enzymes 98 The phosphoramkhte approach has been useful in the 
synthesis of CAMP derrvatrves For example, Strasser and Ugrs reported the hrghly selectrve S- 
phosphrtylatton of N6,Ns-bls-[(2,2,2-tnchloro-tert-butyl)oxyw with chloro-(2,2,2- 
tnchloro-tert-butylo~)-~,~-dnsopropyl~nophosph~ne 111 IV,&drmethylformamrde at -30 Oc The 
nbonucleostde 5’-phosphoranudrte 152 was formed m 93% yreld whereas 3’- and 2’-phosphrtylated 
nbonucleostdes were generated m yrelds of only 4% and 3%, respectrvely. Activatron of 152 wrth S-(4- 
mtrophenyl)tetraxole promoted the quantrtatrve formatron of the cyclophosphrte 153 as a murture of 
stereonomers. Oxrdatron of 153 wrth 3-(2,4-drchlorophenyl)-2-tosyloxazurdme produced the 
corresponding cyclophosphate 154 59 This approach appears parucularly suited for the synthesis of 
vanous cAMP analogues 
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2 3 4 Myo-mosrtol phosphohpuis In their synthesis of 1-0-(1,2-dr-0-pahnitoyl-sn-glycero-3- 
phospho)-D-myo-mosrtol-4,5-brsphosphate (158), Dreef et al l~~a phosphrtylated 1,2-dr-O-pahmtoyl-sn- 
glycerol wrth brs-(NWdusopropylammo)benzyloxyphosphme (79b) to yteld the glycerophosphoranudrte 
155 Couplmg 155 wrth a properly protected myo-mositol gave 157a after oxidation. Upon removal of 
the ally1 groups, the free hydroxy functrons were phosphuylated wrth brs-(benzyloxy)-NJV- 
dusopropyiammophosphme (77a) Oxrdatron and subsequent deprotectron led to 158 looa The 
glycerophosphoramrdrte denvatrve 155 has analogously been utihxed in the synthesrs of l-O-(1,2-dr-O- 
palrmtoyl-~~-glycero-3-phosphoryl)-2-~-D-~o~anosyl-D~o-~nos~tol, a component of myco- 
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bactenal phosphohplds 11% It must be pomted out that both 2-(N,N&ethylarnmo)-5,6-benzo-1,3,2- 
dloxaphosphepane (I27a) 88d and dlphenyl NJ-diethylphosphorarmQtelOl have also been used in the 
synthesis of myo-mositol phosphohpplds 
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A convement synthesis of phosphatldyl myo-mosltol derwauves has addltlonally been reported by 
Watanabe et al 102 The reactlon of the tetrabenzyl-myo-tnosltollS9 wtth the glyceryl phosphate 160 and 
pyndmnnn brormde perbrormde 111 pyrldme afforded 161 with excellent regioselectlvlty This approach 

has s&arly been applied to the synthesis of protected denvattves of myo-inontol l-phosphate and 
myo-inosltol1,4,5tnsphosphate 102 
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To further study the hydrolysis of phosphatidyhnosttldes by phosphohpase C, Seltz et al 103 

synthesmxl a phosphatldyhnosltol analogue lackmg the axial 2-hydroxyl group of the mosltol moiety 
The D-2-deoxy-myo-mosltol phosphorarmdlte 162 was generated from D-2-deoxy-3,4,5,6-tetra-O-benzyl- 
myo-mosltol and bls-(N,N-dllsopropylarmno)-2-tnmethylsllyletho~hosp~ne (79~) m the presence of 
Uf-tetrazole The reamon of activated 162 with dlpalrmtoyl glycerol followed by oxldatlon with dilute 
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hydrogen peroxide afforded 163 which, after deprotectron, gave 164 The phosphatrdylmosrtol analogue 
164 was not a substrate for phospholipase C, rsolated from a human melanoma cell lure, at 
concentrattons up to 10 mM but was a weak inhtbttor of the enzyme lo3 These results are consrstent 
wrth the hypotheses advocating a nbonuclease-like mechamsm takmg place durmg phosphohpase C- 
catalyzed hydrolysis of phosphatrdylmosrtrdes. 

Racenuc 4-( 1-pyrenyl)butylphosphoryl-1-myo-mosrtol has been synthesized by reaction of the 
protected myo-mosttol phosphoramrdrte 165 wrth 1-pyrenebutanol After oxrdatron wtth tetra-n- 
butylammomum penodate, 166 was isolated m ccz 90% yreld and was deprotected to 167 104 The latter 
compound was a good substrate for phosphandyhnosrtol-spectfic phosphohpase C and provrded a very 
sensmve assay to measure the actrvrty of the enzyme 111 crude preparattons The detection hnut of l- 
pyrenebutanol was estimated to be 100 ptcomoles lo4 

b_OCH, 

I 
O=P-OH 

HO 1 

HO 

‘OH 

166 166 167 

Of interest, the D-3-deoxy-3-fluorophosphatrdylmosrtol phosphoramrdtte 168 has been prepared 
from D-3-deoxy-3-fluoro-myo-mosrtol m a multrstep synthesis 105 Condensmg 168 with l,Zdrpalrmtoyl- 
sn-glycerol followed by oxrdatron gave the phosphatrdyl mosrtol 169 and, after deprotectton, 170 D-3- 

deoxy-3-fluorophosphatrdylmosttol (170) was 10-70 rimes more acttve than D-3-deoxy-3-fluoro-myo- 
mosrtol m mhrbrtmg cell growth (NIH 3T3 and v-srs NM 3T3 cells) 105 Thus, 170 may provrde new 
altemattves toward ;he dtscovety of non-DNA targeted arm-cancer agents 
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The total synthesis of the naturally occurnng ceramtde phosphomosttol has received some 
attention, as this phosphomosmde, among others, 1s believed to protect plant tissues from necrotic 
lesions and has been found m the complex structure of Trypanosoma cnul hpopeptrdo- 
phosphoglycans lo6 The racemrc phosphorarmdrte 171 was prepared from the reactton of rat-3- 
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benzoylcerannde wrth (2-cyanoethyl)-N,N,N’,N’-tetrarsopropylphosphoroduumdue (79d) and N,N- 
dusopropylammomum tetrazolide. The condensatron of 171 wrth racenuc 1,2,4,5,6-pentaacetyl-myo- 
mosrtol afforded, after oxrdatron, the ceramtde phosphotriester 172 in 80-90% yreld Deprotection of 

172 produced the crystalhne ceranude phosphomyo-mositol173.1~ 
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The synthesis of the 1,2dtpalnntoyl-sn-glycero-3-thtophospho-l’-mosrtol denvatrve 174 has been 
achieved by reaction of the glycerophosphorarnidite 156 wrth D-(-)-2,3,4,5,6-pentabenzylyl-myo-mosrtol 
followed by sulfurmatron with elemental sulfur. 1Wb The deprotected phosphorothioate analogue of 

drpalmttoyl phosphaudyhnosrtol may serve as an anumetabohte blockmg receptor-medated mosrtol 
phosphate metabohsm.l@7a 
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The actrvatron of brs(benzyloxy)-N,N-diisopropylammophosphme (77a) wrth VI-tetrazole enabled 
the phosphrtylatron of the D-myo-mosrtol phosphonate 175 whrch, after oxldatron, provrded the fully 
protected myo-mosttol phospholiprd analogue 176. 108 D-Myo-mosrtol phosphonolipid can be useful m 

the detaded study of phosphohpase C mhibitron. 
In the same context, 77a has been used in the multrste 

E and 1-O-hexadecanoyl-mosrtol denvatrves (177.179).109*- 
syntheses of DL(hexadecanoyloxy)methyl- 

These analogues exhrbrted sq#kant 
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1ntubmon of phosphohpase C VI vuro However, none of these derwauves was able to 1nlub1t 
phospholipase C in mtact cells, presumably, because of poor cell penetratlon.locb 

In an attempt to elucidate the steric course of the reacuon catalyzed by phosphaudyhnosmde- 
specific phospholipase C from Bacdlur cereus and gumea p1g uterus, the myo-mos1tol phosphorarmdlte 
180 has been apphed to the preparation of the 1,2-Qpalmnoyl-rn-glyccro-3-~ophospho1nos1tol 
denvatlve 181 from l&dipahmtoyl-m-glycerol ltoa&~d It was found that the Rp comer of l,2- 
dlpalmnoyl-m-glycero-3-thiophosphomontol was the preferred substrate for all of the phosphaudyl- 
mos1t1de-specdlc phospholipase C mvesugated. The conversion of the substrate to 1nos1tol 1,2-cyclic 
phosphorothloate and 1nos1tol phosphorothloate proceeded v&h inversion of conflguratlon at 
phosphorus, MU dnect attack by the 2-OH group, without mvolvmg a covalent enzyme-phosphomnosltol 
intermediate. 

180 181 Rz C,sH,, 

The formation of mosltol 1,2-cychc phosphorothioate was confirmed by 1ts independent chenucal 
synthesis. Thus, the myo-mosltol cychc phosphorotioate 184 was generated, as a muuure of cu (e&o) 
and truns (ew) isomers, from the intramolecular cychzat1on of the myo-1nontol phosphorarmdrtes 182 
and 183 upon acuvation and sulfunzation 11oaJ~~d 

N(PI-I)~ 
OCH, 

I 

BIIO BnO 

OBn 08n OBn 

182 183 184 

B-k et al 110~ subsequently demonstrated that phosphatidylinosltols, chlrally labeled at 
phosphorus, were converted to 1nos1tol l,Zcycl1c phosphate and inositol l-phosphate by phosphatldyl- 
1nosltoLspeaf1c phospholipase C from BucdZzu cerezu with overall mverslon and retention of 
configuration at phosphorus, respectively A sequential mecharusm 1nvolvmg 1nos1tol l-phosphate has 
been postulated 110~ 

2 4 Phospholrprcis and Phospholrpld Conjugates 
To simplify the synthesis of phospholrplds, the glycerophosphoranudlte 156, prepared from 1,2- 

d1palnutoyLm-glycerol and chloro-(WV-dnsopropylammo)methoxyphosph1ne, was treated unth either 
choline tosylate, N-tntylethanolamme or 1,2-isopropyhdene-m-glycerol to give the corresponding 
glycerophosphlte trlesters Oxldauon of these denvauves wrth tert-butyl hydroperoxide or elemental 
sulfur led, after deprotecuon, to the glycerophosphodiesters 185a-c or the glycerophosphoroth1oates 
l86a-c 1@%1ll 
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The glycerophosphorothroate 188 was snmlarly prepared by condensanon of the glycerophos- 
phoranudrte 187 wth cholme tosylate followed by sulfurizanon wrth elemental sulfur.l~ It has been 
shown that the Sp Isomer of 1-O-hexadecyl-2-acetyl-3-throphosphochohne (188) had the same activity m 
platelet aggregation and serotomn secrenon as 1-O-hexadecyl-2-acetyl-3-phosphocholine (AGEPC) 
The Rp isomer of 188, unhke the Sp isomer, was only 0 6-2% as actrve as AGEPC under tdentmal 
condittons These findmgs suggest that the phosphate group of AGEPC is hkely to mteract wnh us 
receptor, at least m events leading to platelet aggregation and serotomn secretron.lU 

(I-Pr)*N 
\ 

P-O 
/ 

-II 
OAC 

CH,O *Cdbs 

187 198 

Although sphmgomyehn is one of the most abundant component of blologtcal membranes and 
blood plasma hpoprotems, its spectfic functton in membranes is not well understood It has 
nevertheless been suggested that sphmgomyelin formed stable complexes wtth cholesterol and strong 
mtermolecular hydrogen bonds wtth other phosphohptds l14a To facthtate the btophystcal and 
btochernical studtes of these bromolecules, the chemical syntheses of sphmgomyehn and its analogues 
has been carned out by Bruzrk 114&b Typtcally, the N-stearoylsphmgoade phosphoramrdrtes 189a-b 
were prepared by phosphnylauon of D-erythro- and Grhreo-2Wstearoylsphmgosme wtth chloro-(N,N- 
dusopropylammo)methoxyphosphme The reacnon of 189a-b wtth cholme tosylate and l.H-tetrazole 
produced, after oxrdanon (sulfunzatton), the correspondmg phosphotnesters 190a-b and 191a-b These 

derrvattves were demethylated wtth anhydrous tnmethylanune and desllylated wtth tetra-n- 
~n$~tuurn fluoride to grve the sphmgomyehns 192a-b and 193a-b m tsolated ytelds exceeding 

189a D-eryfhro 2S,3R) 
6 b L-threo (2 ,3S) 

‘= Si(Ph),Bu-1, X: z 
= Si(Ph),Bu-1, 

Ts-= 
x= 0 

4-toluenesulfonate =s 

There IS evrdence to suggest that sphmgosme-l-phosphate (196) mduces a raptd and sustamed 
release of calcmm from myo-mositol 1,4.5-tnsphosphate-sensitive and msensmve mtercellular pools m 
permeabthzed smooth muscle cells M Sphmgosme l-phosphate 1s also a very potent calcmm 
mobrhzmg agorust m vrable Sulss 3T3 frbroblast cells 116 To study further the brologtcal activny of thts 
potennal second messenger, Kramer and Schnudt achieved Its synthesis 117 Specifically, the protected 
sphmgosme denvanve 194 was phosphnylated wtth bts-(2-qanoethoxy)-NJ-dusopropylammo 
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phosphme (77b) and afforded, after aqueous rodme oxrdatron, the sphmgosme phosphotnester 195 m 
94% yreld Treatment of 195 wrth WV-dnnethylamme m ethanol followed by tetra-n-butylammomum 
fluonde gave the destred sphmgosme l-phosphate 196 m cu 75% yreld 117 

+ 
YHFmoc 

Hov 

-HO,PO+,____, 

OSi(Me),Bu-t OH 

194 196 

,,CCH CH O-i-0 YHFmoc 

N:C:CH b w 2 2 0Si(Ye)2Bu-t 

Fmoc= 9-fluorenylmefhoxycarbonyl 195 

The synthesis of phosphatrdylsermes has been accomplrshed by condensatton of the glycerophos- 
phorarmdrte 197 with sunably protected serme denvatrves m the presence of N,N-dimetbylamlme 
hydrochlonde 11aa After oxtdatton, the punfred phosphotrrester was treated wrth 70% perchlonc acid 
and, subsequently, wtth tetradecanoyl chlonde to gave the acylated glycerophosphotnester 198 
Treatment of 198 wtth lnhmm[Co(I) phthalocyamne] m methanol produced the glycerophosphatrdyl-L 
serme 199 m 30% yteld.llaa Smularly, the phosphrtylatron of a properly protected serme wrth chloro- 
(N-morphohno)methoxyphosphme led to a phosphoramrdrte dertvatrve, whrch enabled the multrstep 
synthesis of a lysophosphatrdylserme wtth a drgoxm-like 19 4 acyl group llgb 

O\ ,WW, 

i 
OC(CH,),CCI, 

197 190 R= C,,H27 199 RI C,gfz, 

A phosphorothtoate analogue of phosphatrdylserme has been synthesrzed from the reaction of the 
glycerophosphoramrdtte 156 wrth N-trttyl-Lserme methoxymethyl ester and lH-tetrazole mWt& 
Subsequent sulfurtzation with elemental sulfur m toluene generated the 1,2-drpalmttoyl-sn-glycero-3- 
throphospho-L-serme derrvattve 200 The configuratton of the deprotected phosphorothtoate at 
phosphorus was asstgned wrth respect to the stereospecrfic hydrolysis of the Rp isomer by phosphollpase 
AT of bee venom 107b~rac 

Tr= trlphenylmethyl 200 

McGurgan et ul have also mvesttgated the synthesis of phospholrprd analogues vru 
phosphoramtdtte derivatives 119J20 The synthettc approach mvolved the preparation of cychc 
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201a R= C12H25 202a-d 
b = W437 
C = Aa4&Hs5 

d = 

-t 
&H*k,CH a 
O~WwCHa 

=‘+: 
I 
N 
‘P-OR 

f 
CHa 

203b-d 

CHa 
I 
FH20 
N ~--OR 
I-I- 

H,C 0 

204b-d 

phosphoramrdrtes (201a-d) from 2-chloro-3-methyl-1,3,2-oxaphosphohdme and the appropnate 
alcohols l~+c Oxidatron of 201a-d with dimtrogen tetroxide resulted m the correspondmg cychc 
phos 

1 
horamtdate denvatives, whrch underwent facile hydrolytrc cleavage to phosphate dresters (202a- 

d) 11 a= Stumpf and Lemmen have smnlarly applied oxaxaphospholanes to the syntheses of 
phosphohpnls I21 It must however be noted that these synthetic methods ongmated from the findmgs of 
Kodarra and MukatyanuG pubhshed m 1966 These researchers demonstrated that the reaction of 
12-acetoneglycerme unth the phosphorarmdite 205 gave the oxaphospholidme 206 m 74% yreld 
Oxidation of 206 wnh dmitrogen tetroxrde, and treatment wrth p-toluenesulfomc acid monohydrate 
afforded the glycerophosphatidyl ethanolamine 207 m yrelds exceedmg 90% 122 

‘=I 
I 
N 
‘P-N(CH,CH,), 

0’ 

W 

205 206 207 

The cychc phosphoramidrte denvatrves 2OSa-c. denved from 2-chloro-3-tert-butyl-1,3,2- 
oxaphosphohdme, have altematrvely produced ZV-subsntuted phosphohprds (209a-c) upon hydrolysis of 
the correspondmg cychc phosphoramtdate mtermedrates r19d Addrtronally, the cyclic 

phosphorodmrmdrtes 203h-d have been prepared from 2-chloro-l,Idrmethyl-1,3,2-dmxaphosphohdme 
and led to the syntheses of ethylenedramme-denved phosphohprds (204b-d) rr9Wc Mrldly acrdrc 
condrtrons were reqmred to mduce nng opemng of the parent cyclic phosphoroduumdate 
denvatrves 11km Furthermore, the oxnlation of the phosphoramtdrtes 208a-c wrth dimtrogen 

WW), 
I p o- 

I 
O-P-OR 

Id 

209a R= C12H21 
b = Cd437 
C = A”-C,8H35 

209a-c 
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tetroxtde and treatment of the resultmg phosphoramidates with refhrxmg aqueous tetrahydrofuran 
effected both heterocycle cleavage and Ndeprotectton smmltaneously The phosphatrdyl 

ethanolammes 209a-c were isolated in 72-92% yrelds 123 Inctdentally, some nucleostde cychc 

phosphorarmdttes and phosphorarmdates have been synthestxed, as potenttal mhtbrtors of thynndylate 
synthetase, from either 2-chloro-3-methyl-1,3,2-oxaphosphohdme or 2-chloro-1,3-drmethyl-1,3,2- 
dmzaphospholidme 124 

& 

(I-Pr)*N \ ,OCHzCHIBr 

7 
OCH&H&N 

BrCH CH O-!-O 

Nd,,:,,,1, k$ 

(CH,),N 

210 211 R= q,ti,, 

R’= CH2(CH2)2CH(CHZ),2CH9 
t 
OSI(Ye2)Bu-t 

212 

A drfferent approach to the preparation of phosphohptds has been proposed by Hebert and 
Just 1% Essentially, the reaction of the phosphorarmdrte 210 with 1,2diaqlglycerols afforded the 
glycerophosphotnester 211 after oxrdatron. Treatment of the phosphotriester with tnmethylamme 
generated the xwtttenomc phosphaudylchohne 212 m 92% y-reld Whrle stmphtjmg the purtficatron of 
reactron intermediates, thus approach dtd not promote the rsomenxatron of dlacylglycerols ES+ In a 
sumlar manner, the phosphoramrdrte 210 has been used m the synthesis of unusual macrocyclic and 
bolaform phosphatrdylcholmnes (2W and 214, respecttvely) KS 

0 
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N(CH,)a 

+-O 
(CHdaN 

214 

Benxyloxy-(2-qanoethoxy)-N,N-dtethylammophosphme (78) has been especially useful m the 
phosphrtylatron of the N-acylated-D-glucosamme 215 12& Oxrdatron of the resulting dtphosphtte 
trlester followed by removal of the benzyl protecting groups generated the 3-O-palmttoyl-Z-deoxy-2- 
palmltanudti-D-glucopyranose-1,4-diphosphate 216, a Lrptd A monosaccharide analogue 1xa Lipid 
A IS a constituent of hpopolysacchartdes of Gram-negative bacterial cell wall that has been shown to be 
a major causative agent m the mductton of septic shock rzu 

The phosphrtylatton of a N-acylated-D-glucosamme derivative wtth bts-(benxyloxy)-N,N-duso- 
propylammophosphme (77a) m the synthests of a bptd X analogue has also been described by Balreddy 
et al 126C Investrgatrons regardmg Lipid X and Lrptd A analogues indicated that the number and 
posmon of the fatty acyl groups of Ltptd A played an rmportant role m the induction of septic shock 12&i 
Notably, Lipid X 1s a non-toxtc btosyuthettc intermediate of Ltptd A.l& 
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215 216 

In an effort to design mhrbrtors of bactenal cell wall transglycosylatron, a cntrcal step m the 
constructron of the polyglycan chams of peptidoglycans, Hecker et al 127 synthesrzed the glucopyranosyl 
phosphorarmdrtes 217 and 219, which upon condensatron wrth the proper glycerate-pentyl ether 
afforded the sugar-phosphate-glycerate ethers 218 and 220 after oxrdatron 
deprotected and purrfied derrvatrves did not exhrbrt antrbactenal actrvrty 127 

Unfortunately, the 

OBn 

2 5 Phosphopephdes and Glycophosphopeptdes 
An rmportant apphcatron of phosphoramrdtte dertvatrves relates to protem phosphotylatron 

There 1s mcreasmg evrdence that protein phosphorylatton 1s a regulatory element m carcmogenests 
mediated by protein kmases t2s The syntheses of phosphorylated peptrdes may therefore provrde mstght 
on the mechamsm by which phosphorylatron affects the structure of pepttdes and protems A model 
reaction for the phosphorylatron of hydroxyammo acrds has been proposed by Pertch and Johns 129alh 
The reaction consisted of the phosphuylatron of sample alcohols (methanol, tsopropyl alcohol and terr- 
butyl alcohol) wrth brs-(benzyloxy)-N,N-dlethylammophosphme (76~) or bn-(rert-butyloxy)NN- 
drethylammo phosphme (761~) in the presence of VZ-tetrazole Oxldatron of the resultmg trialkyl 
phosphates wrth MCPBA produced the correspondmg phosphate esters m htgh isolated yields (97- 
99%) r29a Bls(tert-butyloxy)-N,N-drethylammophosphme (76e) has also proven useful m the 
phosphuylation of phytanol and lauryl alcohol toward the syntheses of novel acceptor substrates for a 
marmosyl transferase 130 These model reactrons led to the phosphorylatron of sermer~~rW32 and 
threomne lsl In fact, the phosphorylated ammo actds 221-223 were obtamed from the reaction of 

OR”’ OBn 

O&-OR o=P-OB” 

OR’ OBn 

;;; Ri kl:, R’= R”‘= Bn, R”= Boc 
. = R”‘= Bn; = Boc 

223 = H,’ = tert-Butjl, 
R”‘= 4.nitrobensyl 

= allyloxycarbonyl, 
Boc= tert-butoxycarbonyt 
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smtably protected sennes or threonmes wrth 76@ or 76eu2 followed by oxrdatton Upon cleavage of 
the Boc groups and addmon of the hydroxybenxotnaxole ester of Boc-Ala at pH 7-8, the phosphorylated 
peptrdes 224 and 225 were Isolated m yrelds exceeding 80% IX 

The phosphorylatron of tyrosme derrvattves wrth sumlar brs-(alkoxy)-N,N-drethylammophosphmes 
has also been effective For example, the O-phosphotyrosme denvatrves 226230 were Isolated m hrgh 
yrelds from protected tyrosme precursors 12MW3a-e The phosphotyrosmes 226a, 227 and 228 were 
applied to the syntheses of varrous phosphotyrosine-contarmng peptides ~~c+W~~C 

RHN 9 

d” 

OR” 

c 

226; Rn BOC; R’m benxyl, 
= Boc, I benzyl; 

I?“: gnitrobenzyl 

XIS = ;;g* 
= tert-butyl, =H 

? 229 = Boc; ’ 
= methyl, 
q methyl; 

z taq 

o=p-OR’ 230 = Boc; I ethyl; =H 

OR’ Maq= 2-(Q,lO-dioxo)anthrylmethyl 

Ln an alternate approach, the phosphrtylatron of a partially protected Lserme denvattve wtth brs- 
(NjN-dusopropylammo)benxyloxyphosphme (79b) resulted 111 the formation of the phosphoramtdrte 
derrvattve 231 The couplmg of 231 wrth a Lthreomne dertvattve, and oxrdatton of the resultmg 
phosphate trtester wrth rert-butyl hydroperoxtde, gave the serylthreonyl phosphate tnester 232 m 80% 
yreld 134 

BnO 

BnO 
OBn 

i 
(I-Pr),N ’ ‘OBn 

I Hi4 
OBn y0Bn 

231 232 

Tire hydroxyammo acid phosphoramrdrtes 233-235 were smularly prepared from the N- 
benzyloxycarbonyl dertvatrve of threomne, tyrosme, and hydroxyprolme benzyl esters, respectively, and 
79b 135 These phosphoramrdttes were employed in the syntheses of various phosphate dtesters Thus, 
the reaction of 231 with 3’-0-acetylthyrmdme or the condensation of 233 wtth N,-(benxyloxycarbonyl) 
val lseryhsoleucyl C&l -benzyl ester afforded, after oxtdatton, the phosphotrrester 236 or 237 m 95% or 
87% yield, respectrvely 135 

0 

6 
(I-Pr),N ’ ‘OBn 

i 
P 

(I-Pr)?N ’ ‘OBn 

233 Rn COzB” 234 R= COzBn 236 RI CO#n 

Evidence supportmg the occurrence of a phosphodrester functron that lmks the hydroxyl groups of 
5errne and threonme residues in Azotobacter jlavodoxm proteins has recently been corroborated by 
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QP i 
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236 R= COzBn 237 R= COtBn 

NMR spectroscopy 136 Consequently, 232 can serve as a model to study the spectroscopic and chenucal 
features of an mtermolecular phosphodiester linkage The possibility of generatmg an intramolecular 
phosphodlester lmk between a serme and a threomne has been exammed by van OlJen et al KJ~ The 
partially protected peptide Thr-Gly-Ser 238 was treated v&h 4-chlorobenzyloxy-bls-(NJ- 
dusopropylammo)phosphme and VI-tetrazole Oxtdation of the reamon nuxture wth tert-butyl 
hydroperoxide produced the cychc phosphopeptide 239 Intramolecular phosphodlester linkages could 
affect the structure of these molecules and may lead to the generation of molecular hosts having 
mterestmg structural features and bmdmg propemes 

‘,E%:+$,JH~H, B~&$$NHcHa 

3 H H 

J’“Ykcl 

236 239 

de Bont et ul U7a described the automated sohd-phase synthesis of a pentapeptlde (H-Lys-Arg- 
Thr-Leu-Arg-OH) contamng the phosphorylation site of the epldermal growth factor receptor The 
threomne residue was Incorporated into the pepfidlc chain wLthout hydroxyl protectlon Treatment of 
the solid-phase bound peptlde wth bls-(4-chlorobenzyloIly)-N,N-dmopropropylam~nophosph~ne (77d) 
produced, after oxldatlon, deprotectlon and punficatlon, the 
Leu-Arg-OH which was identical to that prepared m solution p K 

hosphopeptlde H-Lys-Arg-Thr-(PO,)-*- 
ase 137alb This methodology has further 

been applied to the solid-phase synthesis of 0-phosqhoserme and 0-phosphothreonme-contammg 
peptldes along with then phosphorothloate analagues 1X d 

Bannwarth and Trzeaakma have independently shown that the hydroxyl group of the serme 
residue m the pentapeptide Boc-Asp(OBn)-Ala-Ser-Gly-Glu(OBn)z was easily phosphltylated with bu- 
(benzyloxy)-N,N-dusopropylammophosphme (77a) Sumlarly, bls-(allyloxy)-N,N-dusopropylanuno 
phosphme (77~) effected the 0-phosphltylatlon of properly protected senne, tyrosme and threomne 
denvatlves m addltlon to the serme residue of the peptlde Z-Asp(OBu-t)-Ala-Ser-Gly-Glu(OBu-t)2 lab 
The anudlte 77a has additionally been employed for the 0-phosphltylatlon of peptldes anchored to a 
solid support Followmg oxldatlon with tert-butyl hydroperoxlde, the deprotectlon of ammo acid side 
chains and the release of peptldes from the stationary phase were accomphshed by specific 
tnfluoroacetlc acid formulations 13% Thus method led to the synthesis of various 0-phosphopeptldes 
(up to 15 residues m length) m high yields 

Dlbenzyl-N,N-dlethylphosphoranudlte (76c) has alternatively been used m the phosphitylatlon of 
the hydroxy function of either protected serme denvatlves or multiple senne-containing peptldes l@ 
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However, because of the senstuvtty of the benzyl phosphate protectmg group to the acidic conditions 
used m pe tide synthesn,lBd the utthzatton of 77d m the synthesis of phosphopeptides has been 
suggested 8 7~ Perlch et al 141 and Lacombe et al 132 subsequently reported that bestdes dtbenzyl-N,N- 
dlethylphosphoranndlte (76c),l‘“a-c dtphenyl- (76f), 141a.h dimethyl- (76a),141a,b drethyl- (76b),141a,h,l dl- 
(4-bromobenzyl)- (76g),14ld and dt-tert-butyl- (76e) u 5 1410 N,N-drethylphosphoramidites can be used 
for the efficient phosplntylatlon of the hydroxyl group of protected serines Given the stability of the 
phenyl phosphate function durmg peptide syntheses and the factle removal of the phenyl group by 
hydrogen01 SE, Boc-Ser(PO3Ph$OH and Boc-Thr(PqPha)-OH have been recommended for the 
syntheses o ly peptrdes contammg 0-phosphoserme 14la&h and 0-phosphothreomne restdues 1% 

K.ttas et al 14*b reported the phosplntylatton of tyrosme derivatives wrth bls-(methoxy)-NN- 
dlethylannnophosphme (76a) Followmg oxtdatlon wtth MCPBA, the mcorporauon of Fmoc- 
Tyr(P03Mez)-OH or Boc-Tyr(P03Me2)-OH synthons mto pepttdes has been described Several 
deprotectton procedures performed m the presence of thloamsole were found effective m the 
demethylation of Tyr(P03Mei)-contaimng peptides 14% The hosphnylatton of resin-bound tyrosme- 
contaimng pepttdes wtth the phosphorarmdttes 76a, 142~ 77a,13 8 a#%143 77c,14k 77e,1‘%143 and 77fU9b 

or bls-(tert-butyloxy)-N,N-dtethylammophosphme (76e) W145 has also been achieved This “global” 
phosphorylatton approach yielded results comparable to those obtamed from the mcorporatlon of @- 
phospho-Ltyrosme butldmg blocks (240a-d) durmg solid-phase peptlde synthests 142h4143 It has 
addmonally been reported that 76e led to the effictent global phosphotylatlon of pepudes contammg 
multiple set-me and/or tyrosme/threomne restdues 14Ws 

The phosphitylatmg reagent bls-(N,N-dnsopropylammo)benzyloxyphosphme (79b) has been useful 
m the preparatton of the dimannosyl phosphorarmdlte 241 toward the synthesis of the 
peptldyldlmannosyl phosphate 242 147 The glycophosphopeptlde 242 contams the conserved carboxy- 
termmal Lys-Asp of the glycosylated phosphatldylmosttol-anchor of Trypanosoma bruca variant-spectfic 
surface glycoprotein 147 

(I-Pr)2N 
\p/OB” 

I 

OC”, 
OC”, 

241 242 

The bls-armdtte 79b has also been used m the preparation of the disaccharide phosphoranudtte 
243, which led to the synthesis of the sugar-pepttde conjugate 244 148 Thts conjugate may generate 
valuable immunologtcal properties toward the development of a synthetic vaccine agamst Nezssena 
Menm@drs 
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2 6 Nucleopeptldes and Ol~gonucleotrde-Pep@ Con]ugata 
The facile access to phosphnylated peptides m the syntheses of nucleopeptnles was demonstrated 

by Kuyl-Yehesktely et al 14g Specifically, the reaction of his-(N,N-dusopropylammohxllyloxyphosphme 
(79e) wtth the tnpepude NPS-Ala-Ser-Ala-OAllyl generated the peptldyl phosphorarmdtte 245 
Condensmg 245 wtth the S-hydroxy function of a N-protected tetranucleoside 2-chlorophenyl 
phosphotriester afforded, after oxidation, the protected nucleopeptide 246 in 90% yteld 

WW,N\ /OR 
P 

I 

245 R= sllyl 

Nps= (2.nltrophenyl)sullenyl 

246 Fk ally& 
R’= 2-chlorophenyl 

In recent reports, the solid-phase synthesis of similar nucleopepttdes has been described W151 
hn -(2-Nttrophenylsulfenyl)phenylalanyl tyrosme armdem and hn-(2-mtrophenylsulfenyl)alanyl 
tyrosme anudefil were converted to the respecttve phosphorarmdttes 247 and 248 upon treatment with 
his-(N,N-dusopropylammo)2-cyanoethoxyphosphme (79d) and U+tetrazole The phosphoranudtte 247 
was then combined wtth the S-terminus of a tetradeoxyrtbonucleotide covalently lmked to a CPG 
support This strategy eventually led to H-Phe-Tyr(pATAT)-NH2, a fragment of the nucleoprotem 
formed m the early stage of the bacteriophage 8x174 rolling circle rephcatton of double-stranded 
circular DNA.fio 

Npri 

247 R= CH,Ph 
246 = CH, 
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The acttvated phosphorarmdrte 248 has altemattvely been treated wrth the S-OH functron of a 
protected heptaribonucleotrde anchored to a sohd support After deprotectron and punficatron, the 
RNA-nucleopeptide H-Ala-T 
the pol~ovuus was Isolated ~5~ 

(pUUAAAAC)-NH2 correspondmg to a VF’g nucleoprotem fragment of 

The naturally occurrmg DNA-nucleopeptrde H-Asp-Ser[S-PAAAGTAAGCC-3’]-Glu-OH 
(Bacd1u.s subtrlrs phage 029) has been synthestzed by mcorporatton of the phosphoramtdtte 249 at the S- 
end of a sohd-phase bound decadeoxyrtbonucleottde 15~ Due to the senstttvtty of the serme-phosphate 
functron to bases, the 2-(tert-butyldtphenylstlyloxymethyl)benxoyl group was used to protect the 
exocychc ammo group of the DNA nucleobases, whrle the ohgomer was anchored to the solid support 
vza a base-labrle oxalyl linker 152 Thus, treatment of the support wtth 0 25 M tetra-n-butylammomum 
fluoride m pyrrdme-water effected the release of the DNA-nucleopeptrde from the sohd phase and the 
removal of cyanoethyl and nucleobase protectmg groups The deblockmg of peptrdlc 4-mtrobenzyl and 
4-mtrobenzyloxycarbonyl protectmg roups was also accomphshed, under rmld condmons, wtth sodmm 
dtthtomte and sodmm btcarbonate I.55 

(I-P&N HpxOCH,C”,CN 

Of mterest, the phosphoroduumdlte derrvattves of serme, threomne and tyrosme (25Oa-b, 251) 
were efficrently converted to thetr correspondmg H- hosphonates upon actdolysts These derrvanves 

were also apphed to the syntheses of nucleopepttdes l55 

R’n,~o~No, 02°=Noz 

I 
I: 

&H&H&N’ ‘N&H&H,), 

251 Rr CO#‘I 

The syntheses of a model nucleopeptrde havmg a phosphodrester function ormng the S-termmus 
of trmucleotrde to a serme restdue has been reported by Robles ef al.1 sd The serme-denved 
phosphoramtdtte 252 was actrvated wtth W-tetrazole and treated wtth the S-hydroxy functton of a 
trmucleottde assembled on a polystyrene support After aqueous todme oxrdatron, the nucleopepnde 

0 
BocHN 

(I-P&N /PbCH,CH,C N 

252 
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253 was partially deprotected and released from the support by treatment ~rlth 0.05 M potassium 
carbonate m methanolximxane (1 1) at 20 OC 154 Tlus approach IS thus recommended for the synthesis 
of nucleopeptides wxth base-labile phesphodlester functions 

The mcorporatlon of ammo acid or pep&de residues mto ohgonucleotldes has also been 
accomphshed through the phosphorarmdltes 254 and 255 by standard solid-phase synthesis 1-55 While 
the synthesis of L&me-DNA conJugates may provide valuable Information regarding the transport of 
DNA mto cells, the conjugation of nmdazoie to DNA segments may catalyse the sequence-speafx 
hydrolysis of RNA. The outcome of these potential applications remams to be known 

c i 
(I-Pr),N ’ ‘OCH&H,C N (I-P&N ’ ‘OCH,CH,C N 

254 256 

The facde preparation of 3’-ohgonucleohde-peptlde conjugates has been described 156 The 
synthetic approach conslsted of the reamon of a commercial teflon resin with the phosphoranndlte 
hnker 256 actwated with Wtetrazole. After oxidation, the Fmoc group was removed from the support 
257 and the stepwse synthesis of esther Z-D-Phe-L-Phe-Gly, (Lys)~ or (Trp)~ was undertaken Upon 
completion of the final peptldlc addltlon, the 4,4’-dunethoxytntyl group was cleaved from 257 under 
acldle conditions, and sold-phase ohgonucleotlde synrhesls was imtiated by coup@ 
deoxyriionucleoside phosphorarmdlte monomers Due to the lablhty of pepudes to concentrated 
ammomum hydronde, ohgonucleoh&c deprotectron was effected wth ethylenedlamme m absolute 
ethanol (1 1) for 1 h at 55 Oc. Interestmgly, the Boc groups of the DNA-lysme conjugate were cleaved 
by treatment ~th 90% tnfluoroacetlc acld/ethanedlthiol for 5 mm wthout slgmficant depurmatlon 156 

DMTrO~NHFmoc 

% 
(I-P&N ’ ‘OCH,CH,CN 

DYTrO~NHFmoc 

7 
O=P-CICHzCH,CN 

@= teflon support 

256 257 



The synthesis of specdic nbonucleohdes 10481 

These methodologes demonstrated the smtabdlty and practicabtity of phosphoranudlte 
intermediates m the preparation of blologcally important nucleopeptldes 

CONCLUDING REMARKS 

Tbe appbcatlon of phosphoramldlte derrvatlves to the phosphorylatlon of non-nucleoadlc 
blomolecules has been emphasized m this Report and has further demonstrated the efficiency and 
versatlhty of phosphoranudlte synthons In spite of the colossal influence phosphoramldlte derlvatlves 
have had on the synthesis of ohgonucleotldes and their analoguesl-3 to benefit biomedical research, the 
phosphoranudlte approach still requires further improvements For example, rlbonucleoslde 
phosphoranudlte monomers, presumably because of stereoelectromc and steric factors, are not as 
efficient as the correspondmg deoxyIlbonucleoslde phosphoramldltes m solid-phase ohgonucleotlde 
synthesis Thus lmntatlon also applies to a number of modified nucieoslde phosphoranudltes 3 Thus, 
lmprovmg the chenucal reactlvlty of rlbonucleoslde phosphoranudltes may not only provide easier 
access to branched or catalytic RNA molecules but may as well facilitate the synthesis of specific 
ohgonucleotlde analogues 

Should the application of natural and/or modified ollgonucleotldes as therapeutics agents become 
a reality, the econonucs of large-scale ohgonucleotide synthesis wdl become Important and wdl 
undoubtedly rely on the efficiency of synthetic methods. 

Acknowledgements: Special thanks to Judith B Regan for her assistance m proofreading sections of 
thu Report 
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