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The syntheses of each of the four nearly optically pure stereoisomers of [ [(5-heptadecyl-1,4-dioxan-2-y1)- 
methyl]oxy]phosphocholine (2,3,2’,3’) were performed by two parallel divergent sequences. Phoephocholines 
2 and 3 were prepared via the companding 6-heptadecyl-2-~y~olydroxymethyl)-1,4dioxan~ 21 and 23, reapectively, 
from the completely regioepecific mixed-hydride reductions of (1R,4S,5S)-4-heptadecyl-3,6,8-trioxabicyclo- 
[3.2.l]octane (19) and (lR,4R,5S)-4-heptadecyl-3,6,8-trioxabicyclo[3.2.l]octane (20), respectively. The two 4- 
heptadecyl-3,6,8-trioxabicyclo[3.2.l]octanes 19 and 20 were the two separable products from an intramolecular 
cyclization reaction. By a parallel divergent sequence from the enantiomeric starting material, 3-O-benzyl-swglycerol 
(16’1, the other two diastereomeric [ [(6-heptadecyl-l,4-dioxan-2-yl)methyl]oxy]phoephocholines 2’ and 3’ were 
prepared. These four monocyclic [ [(5-heptadecyl-1,4-dioxan-2-yl)methyl]oxy]phoephocholines (2,3,2’,3’) are 
conformationally constrained analogs of the antineoplastic and immunomodulatory ether lipid rac-2-0- 
methyl-l-0-octadecylglycero-3-phosphocholine (rac-1) (rac-ET-l&OCH3, rac-Edelfoeine). 

Ether lipids (alkyl lysophoapholipids) have received 
considerable attention due to their antineoplastic and im- 
munomodulatory activities, which have been the subjects 
of several recent reviews.’ rac-2-0-Methyl-l-O-octa- 
decylglycero-3-phoaphocholine (rac-1) (rac-ET-l&OCH3, 
r~c-Edelfosine)~”~ is the most studied of the ether lipids. 
The unique mechanism(s) of action of rac-ET-1&0CH3 
(rac-1) and related ether lipids are not completely un- 
derstood. rac-ET-lsOCH, (m-1) is known to accumulate 
selectively in neoplastic cells? where it has cytostatic and 
cytotoxic effects which are highly selective for the neo- 
plastic cells.6b*s rac-ET-l&OCH3 (rac-1) has antimetastic7 
and antiinvasive propertiess and also induces differentia- 
tion of m o w  and human neoplastic cells to macrophages 
and granulocytes? rac-ET-l&OCH3 (rac-1) is known to 
activate tumoricidal macrophagedo and to disrupt cellular 
phospholipid metabolismsb*” and phosphocholine syn- 
thesis.11J2 In addition to the inhibition of lysophospho- 
choline-acyltransferase (LPC-acy1~~ferase),”J2 a num- 
ber of other membrane-linked enzymes are inhibited by 
rac-ET-l&OCH3 (mc-l), including phospholipid-sensitive 
calcium-dependent protein kinase (PKC),’3J4 (sodium plus 
potaesium)-activated adenosine triphosphatase (Na,K- 
ATPase),“ phosphoinositol-specific phospholipase C 
(PI-PLC),’s and the gluccme transport protein.1s Recently, 
rac-ET-lSOCH, (mc-1) was found to have activity against 
human immunodeficiency virus (HIV) re~licati0n.l~ The 
unique molecular mechanism(s) of action of rac-ET-18- 
OCH3 (rac-1) and related ether lipids seems to originate 
from the plasma membranekJ8 of the macrophages or 
neoplastic cells. rac-ET-18-0CH3 (rac-1) was first syn- 
thesized as a racemic mi~ture.~1~ Recently, both the 2-0- 
methyl-l-0-octadecyl-sn-glycero-3-phoaphocholine ((R)- 
ET-18-OCH3, (R)-l)6bJ0bJsJ0*m and the 2-0-methyl-3-0- 
octade 1-sn-glycero- 1-phosphocholine ((s)-ET- l&OCH3, 

studies. The optically active hexadecyl analogs ((R)-ET- 
16-OCH3 and (S)-ET-16-OCH3) were also recently syn- 
thesized.21 

(S)-1)lo Y lsB enantiomers became available for biological 
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We have been intere&d in the molecular m e d ” ( s )  
of action of ether lipids within plasma membranes, such 
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Synthesis of Ether Lipids 

as what structural and stereochemical characteriatia reault 
in accumulation preferentially in neoplastic cella, what 
biophysical disturbances are caused in the cell membrane, 
and what is important for cell-surface recognition, me- 
tabolism, or other specific effects which result in cyto- 
toxicity or immunomodulation. Our interest in confor- 
mationally restricted ether lipids was stimulated by pre- 
vious reporta of methyl analog@ and monocyclic analogP 
of various ether lipids. 
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(2R,5R)-3 -R = Cj7H35 

( 2 5 , 5 9 3  -R = 417H35 

In this paper we wil l  describe the synthesis of a series 
of four nearly optically pure, conformationally well-defined 
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1.4dioxane It 
,@ OS + HAlCl2 

B-hydroxy- 
1 ,4dioxepane 

diastereomers which are monocyclic analogs of ET-18- 
OCH3 (1). Thew phoephocholines 2,3,2’,3’ were envisioned 
by simply connecting the a-methylene carbon of the 1-0- 
octadecyl group to the 2-0-methyl carbon of ET-1&0CH3 
(1) to give cyclized, conformationally restricted 1,4-dioxanyl 
analogs of ET-18-OCH3 (I). Thew monocyclic ether lipids 
2,3,2’,3’ each have two chiral centers. “his paper wil l  
describe the two chirospecific parallel divergent synthetic 
sequences which were carried out to give all four distinctly 
conformationally constrained monocyclic analogs of the 
ether lipid ET-18-OCH3 (1). We are currently probing the 
molecular m e d ” ( s )  of action of ether lipids with these 
four diastereomeric phosphocholines to evaluate the ate- 
reochemical and conformational requirements for selective 
neoplastic cytotoxicity, immunomodulation, and enzyme 
(PLA2, PLC, LPC-acyltransferase, and PKC) inhibition. 

Results and Discussion 
Rstrosynthetically, the four diastereomeric [ [(5-hepta- 

decyl-l,4-dioxan-2-yl)methyl] oxy] phosphocholines 
(2,3,2’,3’) were envisioned coming from the corresponding 
alcohols 21,23,21’, and 23’, respectively, via the regios- 
pecific reductions of the C5 to 0 6  bonds of the 4-hepta- 
decyl-3,6,8-trioxabicyclo[3.2.l]~e intermediatea 19,20, 
19: and 20’, respectively. While there are a variety of 
synthetic approaches to the required 4heptadecyl-3,6,8- 
trioxabicyclo[3.2.1]octanes, we chose a straightforward 
intramolecular Williamson ether cyclization method in 
which what becomes the 0 3  to C4 bond was formed in the 
critical cyclization step for the synthesis of each of the 
4-heptadecyl-3,6,8-trioxabicyclo[ 3.2.l]0ctanes. We will fht 
discuss the regiospecific ring opening of the parent com- 
pound ( i ) - 7  which was used as a model. The determi- 
nations of the optical purities of the starting materials will 
be discussed, and then the two pardel divergent synthesea 
wil l  be detailed. 

Regiospecific Ring Opening of (i)-3,6,8-Triourbi- 
cyclo[3.2.l]octane ((i)-7). We first prepared (&)-3,6,8- 
trioxabicyclo[3.2.l]octane ( ( i ) - 7 ) ,  the parent bicyclic 
compound for our key synthetic intermediates, under 
conditions similar to the previously reported methode for 
the synthesis of this bicyclic acetal (i)-7.% The lithium 
aluminum hydride-aluminum chloride reduction of (*I- 
3,6,8trioxabicyclo[3.2.l]odane ( ( i ) -7  had previously been 

(24) (a) Hallonquist, E. G.; Hibbert, H. Can. J. Res. 1933,8,129-136. 
(b) Baggett, N.; Duxbury, J. M.; Foster, A. B.; Webber, J. M. J.  Chem. 
SOC. C 1966,208-211. (c) Gelae, J. Bull. SOC. Chim. Fr. 1970,3721-3722. 
(d) Gelas, J. Bull. SOC. Chi? Fr. 1970,4046-4061. (e) Hall, H. K., Jr.; 
Steuck, M. J. J.  Polym. Scr., Polym. Chem. Ed. 1973, 11, 1035-1042. 
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isopropylidene-sn-glycerol(l4’), was determined to be 99.5 
f 0.5% e. The appropriate doping experiments permitted 
us to quantitatively determine optical purities as percent 
enantiomeric excesses. The optical purities of 2,3-0-iso- 
propylidene-sn-glycerol(l4) and 1,2-O-isopropylidene-sn- 
glycerol (14’) can unambiguously be determined by a ca- 
pillary GC method for the separation of their diastereo- 
meric Mosher’s ester derivatives31 or by the HPLC sepa- 
ration of their benzoate ester derivatives on a chiral sta- 
tionary phase.3z We felt that it was better to determine 
the optical purities of 3-0-benzyl-sn-glycerol derivatives 
or 1-0-benzyl-sn-glycerol derivatives which must be com- 
pletely stable to racemization. Alternatively, the 1-0- 
benzyl-sn-glycerol(16)33 and 3-O-benzyl-sn-glycerol( 16’)M 
could be converted to their corresponding stearylaldehyde 
acetals and reduced36 to give l-0-benzyl-3-0-octadecyl- 
sn-glycerol and 3-O-benzyl-l-0-octadecyl-sn-glycerol, re- 
spectively, the precursors to the Mosher’s ester derivatives 
which we used to determine optical purities. The deter- 
minations of the optical purities of 1-0-benzyl-sn-glycerol 
(16) and 3-0-benzyl-sn-glycerol (16’) allowed the assign- 
ments of optical purities for all subsequent intermediates, 
and ultimately phosphocholines 2, 3, 2’, and 3’. 

The Divergent Synthesis of Phosphocholines 
(2R,5S)-2 and (2R,5R)-3. The synthesis of phospho- 
cholines 2 and 3 began with the conversion of 2,3-0-iso- 
propylidene-sn-glycerol (14) via 1-0-benzyl-2,3-O-iso- 
propylidene-sn-glycerol (15) to 1-0-benzyl-sn-glycerol 
(16).33a The diol 16 was then transacetalated with.2- 

(d-7 w-s 
reported to give only (*)-2-(hydroxymethyl)-1,4-dioxane 
((A1-8) resulting from reductive cleavage of the C5 to 0 6  
bond of the bicyclic acetal and none of the 1,4-dioxepane 
which would have resulted from reduction of the C5 to 08 
bond (see Scheme I).% The mixed anhydride reductions 
of (~)-3,6,8-trioxabicyclo[3.2.l]octane (W-7) and ita de- 
rivativesz6 and the related bicyclic acetal (*)-6&dioxa- 
bicyclo[3.2.1]octanem and its derivatives26bn in which the 
l,&dioxolane ring has been tied back into a bicyclic 
structure always gave the corresponding (*)-2-(hydroxy- 
methyl)-l,4-dioxanes and (*)-2-(hydroxymethyl)tetra- 
hydropyrans, respectively, as the exclusive products. The 
explanation for this absolute regiospecificity, which is not 
determined by steric or electronic effects of substituents, 
must involve the clear preference for the lower energy 
oxonium intermediate leading to the cleavage of the 5- 
membered ring of the bicyclic structurez6 and from the 
relief of ring strain.% We confirmed that the mixed hy- 
dride reduction of (*)-3,6,8-trioxabicyclo[3.2.l]octane 
((f)-7) proceeded regiospecifically to give (*)-2-(hydrox- 
ymethyl)-1,4-dioxane ((*)-8) in 66% yield. The complete 
regiochemical control of the reduction of 3,6,8-trioxabi- 
cyclo[3.2.l]octanes was then applied to the mixed hydride 
reductions of Cheptadecyl analogs and gave us the desired 
5-heptadecyl-2-(hydroxymethyl)-l,4-dioxane derivatives 
as the exclusive reaction products. 

Determinations of Optical Purities. The phospho- 
cholines 2 and 3 were synthesized by a divergent synthetic 
sequence starting from 2,3-0-isopropylidene-sn-glycerol 
(14), and the phosphocholines 2’ and 3’ were synthesized 
by the parallel divergent synthetic sequence starting from 
1,2-O-isopropylidene-sn-glycerol (14’). The 2,3-O-iso- 
propylidene-sn-glycerol (14) and the 1,2-0-iso- 
propylidene-sn-glycerol(14’) were each demonstrated to 
be nearly enantiomerically pure by the quantitative NMR 
method that we had previously reported.29 Briefly, the 
2,3-0-isopropylidene-sn-glycerol (14) was converted to 
l-O-octadecyl-2,3-0-isopropylidene-sn-glycerol, trans- 
acetalated to 2,3-0-benzylidene-l-O-octadecyl-sn-glycerol, 
and then reduced with lithium aluminum hydride-alu- 
minum chloride. The 3-0-benzyl-1-0-octadecyl-sn- 
glycerol, the major product of the regioeelective reduction, 
was converted to ita Mosher’s ester derivative.g0 We un- 
ambiguously determined the optical purity of this Mosher’s 
ester to be 99.0 0.5% ee from the integrations of the two 
AB quartets for the benzyl protons in the ‘H NMR spectra 
The corresponding Mosher’a ester of l-O-benzyl-3-0- 
octadecyl-sn-glycerol, which was prepared from 1’2-0- 

LiAIH, 8 
9 R-CHz-CHz-OH - R-CH2-C-H 

F! 
R-CH2-C-OCH3 

9 10 11 

0 

12 

8 
R-qH-CH-(OCH& + R-CHTC-OCHS 

Plr 
13 9 

bromo-1,l-dimethoxynonadecane (13) to give ( a ) - 4 -  
[ (benzyloxy)methyl] -2- ( 1’-bromooctadecy1)- 1 ,&dioxolane 
(17) as a mixture of the two ciS-l,3-dioxolane diastereomers 
and the two trans-l,3-dioxolane diastereomers. The 2- 
bromo-1,l-dimethoxynonadecane (13) was prepared by the 
method reported for shorter chain analogsM and was 
demonstrated to contain a small amount of methyl no- 
nadecanoate (9) as a byproduct, presumably from elimi- 
nation of HBr during the methanolysis step. The 1,3- 
dioxolane 17, which was formed quantitatively by the 
transacetalation reaction under thermodynamic control, 
was determined to be 3 1  ratio of the cis to trans isomers 
by ‘H NMR. A 1.41 cis to trans ratio was reported for 
4-[ (benzyloxy)methyl]-2-(bromomethyl)-l,3-dioxolanes 
((h)-5),24b the analogous synthetic intermediate in the 
synthesis of the parent 3,6,8-trioxabicyclo[3.2.l]odane 

(25) Gelas, J.; Veyssieres-Rambaud, S. Carbohydr. Res. 1974, 37, 
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yannis, A. Chem. Phys. Lipids 1990,54, 49-59. 
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1984,32, 791-794. 
(36) (a) Bedoukian, P. 2. J .  Am. Chem. SOC. 1957, 79,889-892. (b) 

Kramer, J. K. G.; Mangold, H. K. Chem. Phys. Lipids 1969,3,176-184. 



Synthesis of Ether Lipids J.  Org. Chem., Vol. 57, No. 23, 1992 6159 

tion, (2S,4R,1'S)-2-(l'-bromooctadecyl)-4-(hydrory- 
methyl)-1,3-dioxolane ((2S,4R,l'S)-18) underwent the in- 
tramolecular nucleophilic substitution reaction to the ex- 
tent of about 50% to give the cyclization product 
(1R,4R,5S)-4-heptadecyl-3,6,8-trioxabicyclo[3.2.l]octane 
(20) with the exo or axial 4-heptadecyl group. Clearly the 
required intramolecular SN2 transition state conformation 
of (2S,4R,11S)-18, with the bromide in position for leaving 
during backside attack of the alkoxide oxygen, has less 
steric interaction between the heptadecyl group and the 
rest of the molecule relative to the corresponding confor- 
mation of (2S,4R,11R)-18 with ita crowded transition state 
during the course of this kinetically controlled reaction 
mechanism. Epimerization at C4 of the 4-heptadecyl- 
3,6,&trioxabicyclo[3.2.l]octane cyclization products was 
not poesible under the basic reaction conditions nor during 
the isolations. 

The structures of (lR,4S,5S)-4-heptadecyl-3,6,8-trioxa- 
bicyclo[3.2.l]octane (19), which has the equatorial 4- 
heptadecyl group, and (lR,4R,5S)-Cheptadecy1-3,6,8-tri- 
oxabicyclo[3.2.1]octane (201, which has the axial Chepta- 
decyl group, were suggested by lH NMR spectroscopy. 
The assignments of the proton resonances for both com- 
pounds were first made based on the assignments of re- 
lated 3,6,~trioxabicyclo[3.2.l]octanes38 and were confhned 
with magnitude-mode 2D IH COSY spectroscopy. We 
then ran pbsens i t ive  2D 'H NOESY spectra of the high 
R, 19 and the low R, 20. We were particularly interested 
in the NOE crosspeaks between H4 (H4ax for 19 and H4eq 
for 20) and both H2ax and H2eq. However, for the low 
R, diastereomer 20, the H4eq and the H2eq resonances 
overlapped completely and the NOE crosspeak with H2ax 
appeared to be only from NOE contact of the two geminal 
H2 protons, H2ax and H2eq. For the high R, diastereomer 
19, the resonances of Haax, H2eq, and H4ax were clearly 
resolved, and a strong NOE contact between H4ax and 
H2ax was observed relative to little or no NOE contact 
between H4ax and H2eq, suggesting that H4 was axial and 
that C4 had the S absolute configuration with the 4- 
heptadecyl group equatorid. An X-ray crystal structure 
of at least one of the diastereomeric 4-heptadecyl deriva- 
tives of 3,6,8-trioxabicyclo[3.2.l]octane was necessary to 
assign the structures definitively. The single-crystal X-ray 
structures of both 19 end 20 were performed and are being 
published ~eparately.~~ 

Having both diastereomeric bicyclic acetals represented 
a useful divergence in this synthesis since 19 was then 
converted to phosphocholine 2, while 20 was converted to 
phosphocholine 3. The regioepecific reduction of 19 with 
lithium aluminum hydridealuminum chloride under the 
conditions used for the parent compound (1)-7 gave the 
2-(hydroxymethyl)-1,4-dioxane derivative 21. Conversion 
of 21 via the corresponding 8-bromoethyl phosphodiester 
22 to phosphocholine 2 was performed under conditions 
reported for other phosphocholines."' Similarly, phos- 
phocholine 3 was prepared from 20. Phosphocholines 2 
and 3 were prepared in overall yields of 2.4% and 9.8%, 
respectively, by this divergent synthesis starting from 
l-0-benzyl-sn-glycerol (16). The low intramolecular cy- 
clization yields might be improved by chromatographic 
separation of the cis-l,3-dioxolanes cis-17 from the 

t-BuOK I-BuOH c ',%& (I Hax + H7$$&q4H.q 

Hendo '3 Hendo '3 

F ) d P R  
Br-(CH2)2-0-P- 

OH 

(2R.55)-2 -R = -CITHS (2R,5R)-3 .R = 

(*)-7), and we had observed a 1.1:l cis to trans ratio for 
1,3-dioxolane (+)-6 under our reaction conditions. Our lH 
NMR assignments were made by analogy with earlier 'H 
NMR studies of some related rac-1,2-0-alkylidene- 
g ly~ero ls .~~*~ '  The two acetal proton doublets of the 
trans-diastereomers of l,&dioxolane 17 were downfield 
from the two acetal proton doublets of the cis-diastereo- 
mer8 of 1,3-dioxolane 17. A high cis to trans ratio was 
advantageous, since only the cis isomer of 17 would be able 
to undergo the desired intramolecular cyclization reaction. 

The precursor for the intramolecular cyclization was 
prepared by hydrogenolysis of 17 to give a mixture of the 
four diastereomeric (QR)-1,3-dioxolanes 18. The cyclization 
reaction was performed with potassium tert-butoxide un- 
der conditions which have been discussed earlier for the 
synthesis of the racemic parent compound (*)-7 and gave 
a 1:4 mixture of the high-R 4-heptadecyl-3,6,8-trioxabi- 
cyclo[3.2.l]octane (19) to the low-Rf 4-heptadecyl-3,6,8- 
trioxabicyclo[3.2.1]octane (20), based on the integration 
of the C5 acetal protons of the two diastereomers at 6 5.11 
and 6 5.18, respectively. The two diasteriomeric bicyclic 
acetals 19 and 20 were isolated chromatographically in 
5.7% yield and 25% yield, respectively. 

The trans-diastereomers of 18, as well as the cis-dia- 
stereomers of 18, were actually each 1:l mixtures of the 
(l'R)-l'-bromooctadecyl diastereomer and the (l'S)-l'- 
bromooctadecyl diastereomer since the C1' centers were 
racemic. The two trans-18 diastereomers were unable to 
undergo intramolecular cyclization and almost exclusively 
underwent HBr elimination. The two cis-18 diastereomers 
underwent cyclizations to different extents. While 
(2S,4R,l'R)-2-( l'-bromooctadecyl)-4-(hydroxymethyl)- 
1,3-dioxolane ((2S,QR,l'R)-18) was inefficiently cyclized to 
give the (1R,4S,5S)-4-heptadecyl-3,6,8-trioxabicyclo- 
[3.2.l]octane (19) with the endo or equatorial Cheptadecyl 
group due to the competing mechanism of HBr elimina- 

(37) (a) Baumann, W. J.  J. Org. Chem. 1971, 36, 2743-2747. (b) 
Wedmid, Y.; Baumann, W. J. J.  Org. Chem. 1977,42, 3624-3626. 

(38) (a) Gelas, J.; Thiallier, A. Carbohydr. Res. 1979,30,21-34. (b) 
Gelas, J.; Horton, D.; Wander, J. D. J.  Org. Chem. 1974,39,1946-1947. 
(c) Calinaud, P.; Gelas, J. Can. J. Chem. 1978,66,2292-2300. 

(39) Wang, S.-D.; Ducloa, R. I., Jr.; Herbette, L. G.; Xie, S.; Makri- 
yannis, A., submitted for publication in Chem. Phys. Lipide. 

(40) (a) Hirt, R.; Berchtold, R. Pharm. Acta Helu. 1968,33,349-358. 
(b) Eihl, H.; Nickech, A. Chem. Phys. Lipide 1978,22,1-8. (c) H w n ,  
W. J.; Murari, R.; Wedmid, Y.; Baumann, W. J. Lipids 1982,17,453-459. 
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trans-l,3-dioxolanes tram-17, which could be reequilib- 
rated and recycled. Both phosphocholines 2 and 3 were 
99.0 f 0.5% ee. The diastereomeric phosphochohes 2 and 
3 have conformationally restricted structures due to their 
cyclic structures and due to the heptadecyl and the (me- 
thy1oxy)phosphocholine groups. The monocyclic phos- 
phocholines 2 and 3 are relatively constrained analogs of 
two possible conformations of 2-0-methyl-1-0-odadecyl- 
sn-glycero-3-phosphocholine ((R)-l). For example, ether 
lipid 3 is locked into a chair conformation with both the 
2-(methyloxy)phosphocholine and the Bheptadecyl groups 
equatorial. 

The Divergent Synthesis of Phosphocholines 
(2S,BR)-2' and (25,55)-3'. The synthesis of phospho- 
cholines 2' and 3' began with transacetalation of 3-0- 
benzyl-sn-glycerol (16'IM with 2-bromo-1,l-dimethoxy- 
nonadecane (13) to give (4S)-4-[ (benzy1oxy)methyll-2- 
(l'-bromooctadecyl)-l,3-dioxolane (17') as a 2.41 mixture 
of the two cis-1,3-dioxolane diastereomers to the two 
tmns-1,3-dioxolane diastereomers by 'H NMR. Hydro- 

1) NaH, BnCl 1) 13, pTsOH ;::X:tH 2) HOAC I He0 - lE%H 2) Hz, Pd(0H)Z c 

OR OR 

1C -R'- -H 18' -R'=-Bn 17 -R = -c1& 
1s -R= -Bn -R = -En 

1W -R = -Ci+ls 
-R' = -H 

Duclos and Makriyannis 

molecular cyclization yields might be improved by chro- 
matographic separation of the cis-1,3-dioxolanes cis-17' 
from the tram-l,3-dioxolanes trans-17', which could be 
reequilibrated and recycled. Both phosphocholines 2' and 
3' were 99.5 f 0.5% ee. The diastereomeric phospho- 
cholines 2' and 3' have conformationally restricted struc- 
tures and are relatively constrained analog13 of two possible 
conformations of the ether lipid 2-0-methyl-3-0-octa- 
decyl-sn-glycero-1-phosphocholine ((S)-l). 

Experimental Section 
General Methode. Petroleum hydrocarbons (pet) used were 

bp 40-60 OC range. The p-TsOH was crystallizsd from PhH prior 
to use. The CCl, (from CaHz), t-BuOH (from 5 mol % Na), and 
EhO (from benzophenone ketyl) were distilled prior to use. 
Reactions were carried out under a Nz atmosphere with magnetic 
stirring at ambient temperature. Reaction temperatures were 
reported aa bath temperatures (bT). Organic phases were dried 
over NafiO, and evaporated under reduced pressure. Silica gel 
(grade 60,230-400 mesh, E. Merck) was used for column chro- 
matography. All compounds were demonstrated to be homoge- 
neous by analytical TLC on precoated silica gel TLC plates (grade 
60, F251, E. Merck), and chromatograms were visualized by iodine 
staining. Phosphorus-containing products were also checked by 
staining duplicate chromatograms with molybdic acid reagent?l 
A pPoraai1 column (10 pm, 3.9-mm i.d. X 30 cm), a flow rate of 
1.0 mL m i d ,  and a refractive index detector were used for HPLC 
(tR waa typically 3 min 20 8) .  Melting points of all solids were 
determined in open Pyrex capillaries. All 'H NMR spectra of 
all compounds were recorded in CDC13 at  200 MHz with TMS 
as an internal reference. Exchangeable resonances, unless noted, 
ate not reported. In addition, the spectra of the phosphocholinea 
were run in CDC13/CD30D 2:l (or 1:l) v/v, and the CHC13 res- 
onance was then obeerved at b 7.51. Magnitude-mode COSY and 
phase-sensitive NOESY were performed with Bruker software, 
and NOESY had time-proportional phase increments (TPPI) 
modified to include a variable delay (e.g., 800,804,817, and 811 
ma for an 800-ma mixing time) to minimize correlation crose,peaks. 
All reported solvent ratios are by volume. Specific rotations were 
determined using a 1.00-dm cell. 
(*)-4[ (Benzylo.u)methyl]-2-(bromomethyl)-l~~oxo~e 

((*)-S). A stirred mixture of 19.0 g (104 mmol) of rac-l-0- 
benzylglycerol (rac-4),17.6 g (104 "01) of bromoacetaldehyde 
dimethyl acetal, and 0.17 g (1.0 "01) of p-TsOH waa gradually 
heated to 100 OC (bT) over 30 min during which time the MeOH 
byproduct distilled. The reaction mixture was maintained at 100 
OC (bT) for an additional 20 h and then cooled, and 200 mL of 
Et20 was added. The organic phase waa washed with 0.05 M 
NaOH (200 mL) and HzO (200 mL) and then dried and evapo- 
rated, and the residue waa distilled [bp 160-170 OC (0.6 mm) (litub 
bp 190-198 OC (12 mm))] to give 26.2 g (91.2 mmol,88%) of (f)-S 
aa a clear colorless liquid TLC (MeOH/CHC18 (595)) R 0.72; 
'H NMR (&/trans 1.l:l) 6 (&-diastereomers) 7.34 (8, 10 d, 5.16 
(t, 2 H, J = 4.0 Hz), 4.58 (8, 4 H), 4.25-4.50 (m, 2 H), 4.03 (dd, 
2 H, J = 8.1, 6.6 Hz), 3.89 (dd, 2 H, J = 8.1, 5.9 Hz), 3.45-3.65 
(m, 4 HI, 3.35-3.45 (m, 4 H), (trans-diastereomers) 7.34 (e, 10 H), 
5.27 (t, 2 H, J = 4.0 Hz), 4.58 (8,  4 H), 4.25-4.50 (m, 2 H), 4.19 
(dd, 2 H, J = 8.1,6.4 Hz), 3.81 (dd, 2 H, J = 8.1,6.4 Hz), 3.45-3.65 
(m, 4 H), 3.35-3.45 (m, 4 H). 
(*)-2-(Bromomethyl)-4-( hydroxymethyl)-l,3-dioxolane 

((*)-6. To a solution of 26.0 g (90.5 "01) of (*)-6 in 150 mL 
of MeOH was added 1.3 g (1.8 mmol Pd(OH),) of palladium 
hydroxide (20% on carbon), and the mixture waa mechanically 
shaken under 50 psi of Hz on a Parr apparatus for 3 h. The 
catalyst was removed by millipore filtration, and the solvent was 
evaporated to give 17.7 g (89.8 mmol,99%) of (*)-6wb as a slightly 
yellow liquid TLC (MeOH/CHC13 (595)) R, 0.43; 'H NMR 
(cis/trans 1.l:l) 6 (cis-diastereomers) 5.13 (t, 2 H, J = 3.4 Hz), 
4.25-4.45 (m, 2 H), 4.01 (dd, 2 H, J = 14.9, 8.1 Hz), 3.99 (dd, 2 
H, J = 14.2,8.1 Hz), 3.84 (ad, 4 H, J = 11.7,4.5 Hz), 3.50 (d, 4 
H, J = 3.4 Hz), (trans-diastereomers) 5.30 (t, 2 H, J = 4.1 Hz), 
4.25-4.45 (m, 2 H), 4.19 (dd, 2 H, J = 8.2,6.4 Hz), 3.78 (dd, 2 H, 

r-BuOK 
t-BuOH 

8 

+ 

22' -R=-C17H= 24' -R = -C17H35 

(H3C)rN } (H3Ck7-N 

(2S,5R)-2' - f l S  -C17H35 (25 ,593  -fl= -C17H35 

genolyis of 17' gave the corresponding mixture of the four 
diastereomeric (4S)-1,3-dioxolanes 18/, having both the 
bromo and alcohol functional groups. The intramolecular 
cyclization was performed under conditions which have 
been discussed earlier for the synthesis of the racemic 
parent compound (f)-7 as well as for the synthesis of 19 
and 20. The cyclization gave a 1:5 mixture of the high-Rf 
4-heptadecyl-3,6,8-trioxabicyclo[ 3.2. lloctane (19') to the 
low-Rf 4-heptadecyl-3,6,8-trioxabicyclo [ 3.2.11 octane (20') 
based on the integration of the C5 acetal protons, and the 
two diastereomers were isolated in 5.5% yield and 28% 
yield, respectively. Again, the two separable diastereomeric 
cyclization products 19' and 20' represented a useful di- 
vergence in this pardel synthesis since 19' was then con- 
verted to phosphocholine 2' while 20' was converted to 
phosphocholine 3' exactly as described for the synthesis 
of their enantiomers 2 and 3, respectively. Phospho- 
cholines 2' and 3' were prepared in overall yields of 1.7% 
and 11%, respectively, by this divergent synthesis starting 
from 3-0-benzyl-sn-glycerol (16'). Again, the low intra- (41) Dittmer, J. C.; Lester, R. L. J. Lipid Res. 1964,5, 12f?-127. 
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J = 8.2, 3.7 Hz), 3.65 (dd, 4 H, J = 11.6, 4.8 Hz), 3.39 (d, 4 H, 
J = 4.1 Hz). 
(~)-3,6,8-Trioxabicyclo[3.2.l]octane ((fb7). To a stirred 

solution of 7.80 g (69.5 mmol) of t-BuOK in 30 mL of t-BuOH 
was added a solution of 11.4 g (57.9 mmol) of (f)-6 in t-BuOH 
(30 mL) over 10 min. The reaction mixture was then warmed 
to 65 OC (bT) for 1 h. The reaction mixture was cooled and then 
partitioned between 100 mL of EhO and 40 mL of H20. The 
aqueous phase was washed with additional EhO (3 X 100 mL), 
and then the organic extracts were combined, dried, and evapo- 
rated. Two distillations [bp 80-85 "C (25 mm) (lit.% bp 68-70 

mm))] gave 1.72 g (14.8 mmol,26%) of (f)-7 as a white cryatallhe 
solid mp 56 "C (lit.% mp 56-57 "C, mp 55-56 "C); TLC 
(MeOH/CHCl, (595)) Rf0.60; 'H NMR 6 5.35 (e, 1 H), 4.43 (d, 
1 H, J = 5.3 Hz), 4.29 (d, 1 H, J = 6.7 Hz), 3.97 (d, 1 H, J = 11.5 
Hz), 3.86 (dd, 1 H, J = 6.7, 5.3 Hz), 3.67 (d, 1 H, J = 11.3 Hz), 
3.64 (d, 1 H, J = 11.5 Hz), 3.56 (d, 1 H, J = 11.3 Hz); mass 
spectrum m/z 116 (M+), 87,70,57; HRMS calcd for C&03 (M+) 
m/z 116.0473, found m/z 116.0469. 
(f)-2-(Hydroxymethyl)-l,4-dioxane ((*)-ti). To a stirred, 

gently refluxing solution of 0.52 g (4.5 mmol) of (f)-7 and 0.24 
g (6.3 mmol) of LiAlH4 in 5 mL of EhO was added a solution of 
0.78 g (5.8 "01) of AlC13 in 5 mL of EhO dropwise (exothermic) 
over 5 min. The reaction mixture was refluxed vigorously ov- 
ernight. The reaction mixture was cooled to 0 "C (bT) and 
quenched cautiously by the dropwise addition of EtOAc, and then 
10 mL of H20 was added. The organic phase was separated, and 
the aqueous phase was extracted exhaustively with EhO. The 
organic extracts were all combined, dried, and evaporated. 
Chromatography (CHCld gave 0.35 g (3.0 mmol,67% of (f)-825*42 
as a clear colorless liquid 'H NMR 6 3.40-3.90 (m, 9 H); mass 
spectrum m/z 118 (M+), 87,74,57; HRMS calcd for CJ-11003 (M+) 
m/z  118.0630, found m/z 118.0625. 

Nonadecanol (10). The LiA1H4 reduction of methyl no- 
nadecanmte (9) gave 10 after chromatography (EtOAc) as a white 
solid mp 62-63 "C; TLC (EtOAc) R, 0.43; 'H NMR 6 3.46 (t, 
2 H, J = 6.6 Hz), 1.50-1.70 (m, 2 H), 1.26 (br 8, 32 HI, 0.88 (t, 
3 H, J = 6.6 Hz). 

Nonadecanal(l1). The PCC43 oxidation of 10 gave 11 after 
chromatography on Florisil(100-200 mesh, Aldrich, EtOAc) as 
a white solid which was used immediately: TLC (EtOAc) R 0.71. 

Nonadec-l-en-l-yl Acetate (12). To a stirred gently red- 
mixture of 1.85 g (10.7 "01) of p-TsOH in 50 mL of isopropenyl 
acetate at 110 "C (bT) was added a solution of 30.6 g (108 "01) 
of 11 in 100 mL of isopropenyl acetate dropwise over 10 min. The 
reaction mixture was maintained at 110 "C (bT) for 19 h and then 
cooled, washed with 0.15 M NaHC03 (1 X 150 mL) and H20 (2 
X 150 mL), and evaporated. Chromatography (EhO/pet (2:98) 
gave 27.0 g (83.2 mmol, 77%) of 12 as a white solid: mp 41 "C 
(soften) 44-46 "C (melt); TLC (EhO/pet 595) R, 0.36; 'H NMR 
(trans/cis 9:l) 6 (trans) 6.99 (dt, 1 H, J = 6.5,1.5 Hz), 4.86 (dt, 
1 H, J = 6.5,7.5 Hz), 2.15 (8, 3 H), 1.50-1.70 (m, 2 H), 1.26 (br 
s, 30 H), 0.88 (t, 3 H, J = 6.6 Hz), (cis) 7.06 (dt, 1 H, J = 12.4, 
1.5 Hz), 5.41 (dt, 1 H, J = 12.4,7.5 Hz), 2.11 (s,3 H), 1.50-1.70 
(m, 2 H), 1.26 (br s,30 H), 0.88 (t, 3 H, J = 6.6 Hz); maas spectrum 
m/z 324 (M+), 282,264,236; HRMS calcd for CZ1Ha02 (M9, m/z 
324.3028, found m/z 324.3035. Anal. Calcd for CzlHa02: C, 77.72; 
H, 12.42. Found C, 78.00; H, 12.70. 
2-Bromo-1,l-dimethoxynonadecane (13). To a stirred so- 

lution of 10.1 g (31.1 mmol) of 12 in 350 mL of CC14 at 0 "C (bT) 
was added a solution of 5.23 g (32.7 "01) of Br2 in 50 mL of CCll 
dropwise over 30 min. The reaction mixture was refluxed for 1 
h and then cooled, and 200 mL of anhydrous MeOH and 0.43 g 
(2.5 mmol) of p-TsOH were added. The reaction mixture was 
refluxed for 18 h, and then the solvent was evaporated. Chro- 
matography (EhO/pet (2:98)) gave 9.75 g of a white solid which 
contained 8.65 g (21.2 mmol,86%) of product acetal 13 and 1.10 
g (3.52 mmol, 14%) of ester 9 and was used without further 
purification: TLC (EtzO/pet (5:95)) R, 0.40; 'H NMR 6 (acetal 
13) 4.38 (d, 1 H, J = 5.6 Hz), 3.97 (ddd, 1 H, J = 9.9,5.6, 3.2 Hz), 
3.44 (8, 6 H), 1.30-2.00 (m, 2 H), 1.26 (br 8, 30 H), 0.88 (t, 3 H, 

(42) WojtoWicz, J. A.; Polak, R. J.; Zaelowsb, J. A. J.  Org. Chem. 1971, 

(43) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 197S, 2647-2650. 

"C (12 mm), lit.Ub bp 67-70 "C (12 mm), bp 65-67 "C (11 

36, 2232-2236. 

J. Org. Chem., Vol. 57, No. 23, 1992 6161 

J = 6.6 Hz), (ester 9) 3.66 (8, 3 H), 2.30 (t, 2 H, J = 7.5 Hz), 
1.45-1.80 (m, 2 H), 1.26 (br 8, 30 H), 0.88 (t, 3 H, J = 6.6 Hz); 
mass spectrum m/z 405 and 407 [acetal 13, (M - HI+], 375 and 
377,326,312, (eater 9, M+), 298,281; HRMS calcd for CzlHlz02Br 
[(M - H)+] m/z 405.2368, found m/z 405.2384. 
l-O-Benzyl-sn-glycerl(l6). The conversion of 8.22 g (62.2 

m o l )  of 2,3-0-isopropylidene-sn-glycerol(l4) (@D -14.0" (neat), 
dZs4 1.05, [a]=D -13.3" (neat)) to 9.45 g (51.9 mmol, 93%) of 16 
was performed according to the reported method- 'H NMR 6 
7.34 (br 8, 5 H), 4.55 (8, 2 H), 3.85-3.95 (m, 1 H), 3.50-3.75 (m, 
4 H); [(Y]=D -5.5" (neat), StS4 1.1, [a]=D -5.0" (neat), [a]=D -1.7" 
(c 7.5, CHC13) [a].q -5.85" (neat); lit.* a ? D  -6.5" (neat), 
[.I'D -5.7" (neat); i i ~ 3 ~  a ' D  -5.73" (neat), [a]?D -5.01" (neat)). 

(4R )-4-[ (Benzy1oxy)met hyll-2- (1'-bromooctadecy1)- 1,3- 
dioxolane (17). Transacetalation of 7.00 g (15.2 "0113 with 
2.5 "019) of 13 with 2.92 g (16.0 "01) of 16 and 0.040 g (0.23 
mmol) of p-TsOH was performed as described for (*)-5, and 
chromatography (EhO/pet (298) gave 8.01 g (15.2 mmol,100%) 
of 17 as a clear faint yellow liquid TLC (EhO/pet (2080)) R, 
0.38 and 0.33; 'H NMR (cis/trans 3:l) 6 (cis-diastereomers) 7.33 

Hz), 4.58 (s,4 H), 4.25-4.45 (m, 2 H), 4.02 (dd, 1 H, J = 9.0, 7.0 
Hz, and dd, 1 H, J = 7.0,7.0 Hz), 3.70-3.95 (m, 2 H), 3.40-3.70 
(m, 6 H), 1.60-2.05 (m, 4 H), 1.26 (br s,60 H), 0.88 (t, 6 H, J = 
6.6 Hz), (trans-diastereomers) 7.33 (8, 10 H), 5.12 and 5.09 (d, 1 
H, J = 3.8 Hz, and d, 1 H, J = 4.4 Hz), 4.58 ( ~ , 4  H), 4.25-4.45 
(m, 2 H), 4.19 (dd, 1 H, J = 9.8,6.4 Hz, and dd, 1 H, J = 6.4,6.4 
Hz), 3.70-4.05 (m, 4 H), 3.40-3.70 (m, 4 H), 1.60-2.05 (m, 4 H), 
1.26 (br s, 60 H), 0.88 (t, 6 H, J = 6.6 Hz); mass spectrum m/z 
523 and 525 [(M - HI+], 444; HRMS calcd for CzsHla03Br [(M 
- H)+] m/z 523.2786, found m/z 523.2801. Anal. Calcd for 
C29H4903Br: C, 66.27; H, 9.40. Found C, 66.28; H, 9.56. 

(4R ) -2- (1'-Bromooctadecy1)-4- (hydroxymet hy1)- 1,3-di- 
oxolane (18). The hydrogenolysis of 8.00 g (15.2 mmol) of 17 
was performed as described for (*)-6 and gave 6.50 g (14.9 "01, 
98%) of 18 as a light yellow solid mp 43-44 "C; TLC (EhO/pet 
(2080)) Rf 0.05; 'H NMFt (&/trans 31) 6 (cis-diastereomers) 4.92 
and 4.93 (d, 1 H, J = 3.6 Hz, and d, 1 H, J = 3.3 Hz), 4.20-4.40 
(m, 2 H), 4.00 (d, 4 H, J = 6.5 Hz), 3.75-3.95 (m, 2 H), 3.55-3.75 
(m, 4 H), 1.60-2.15 (m, 4 H), 1.26 (br s, 60 H), 0.88 (t, 6 H, J = 
6.6 Hz), (trans-diastereomers) 5.13 and 5.12 (d, 1 H, J = 4.1 Hz, 
and d, 1 H, J = 4.2 Hz), 4.20-4.40 (m, 2 H), 4.20 (dd, 2 H, J = 
6.6,6.3 Hz), 3.75-4.10 (m, 4 H), 3.55-3.75 (m, 4 H), 1.60-2.15 (m, 
4 H), 1.26 (br s, 60 H), 0.88 (t, 6 H, J = 6.6 Hz); mass spectrum 
m/z 433 and 435 [(M - H)+], 403 and 405,385 and 387,354,311, 
298,281; HRMS calcd for C22H4203Br [(M - H)+] m/z 433.2317, 
found m/z 433.2320. Anal. Calcd for C22H4303Br: C, 60.68; H, 
9.95. Found C, 60.81; H, 10.16. 

(lR,4S,SS)- and (lR,4R,SS)-4-Heptadecyl-3,6,8-trioxa- 
bicyclo[3.2.l]octanes (19) and (20). The cyclization of 6.45 g 
(14.8 mmol) of 18 was performed as described for (*)-7, and 
chromatography (CHC13) first eluted the minor product which 
was demonstrated to be homogeneous by TLC and analytical 
HPLC. Crystallization (pet) gave 0.30 g (0.85 mmol, 5.7%) of 
19 as colorless plates: mp 65-66 "C; TLC (CHCl,) Rf 0.35; HPLC 
(CHCl,) t R  3 min 45 e; 'H NMR 6 5.11 (8,  1 H, H5), 4.40 (d, 1 H, 

Hz, &m,l = 3 Hz, H7,), 3.63 (d, 1 H, J2eg,k = 11.5 Hz, H2,), 
3.45-3.55 (m, 1 H, H4,), 1.35-1.60 (m, 2 H, C4-CHz), 1.26 (br s, 

CHCld; maas spectrum m / e  354 (M+), 308,267,250; HRMS calcd 
for (M+) m/z 354.3136, found m/z 354.3139. Anal. Calcd 
for CaH4z03: C, 74.52; H, 11.94. Found C, 74.80, H, 11.93. The 
major prcduct then eluted from the column and was demonstrated 
to be homogeneous by TLC and analytical HPLC. Crystallization 
(EtOAcfpet (2575)) gave 1.29 g (3.64 mmol,%%) of 20 as colorleas 
plates: mp 74-75 "C; TLC (CHC13) R 0.20; HPLC (CHC13) t R  
4 min 30 s; 'H NMR 6 5.18 (8, 1 H, d5), 4.39 (d, 1 H, J1,7e.o = 

(~,1OH),5.02and4.99(d,lH,J=4.1H~,and~d,lH, J = 4 . 6  

J1,,- = 5.2 Hz, Hl),  4.17 (d, 1 H, J7&,,,7- = 6.6 Hz, H 7 4 J ,  3.94 
(d, 1 H, J h ,  11.5 Hz, H2,), 3.81 (dd, 1 H, J7eXo,7endo = 6.6 

30 H, (CHz)la), 0.88 (t, 3 H, J = 6.6 Hz, CH3); [.]=D +34" (C 5.5, 

5.2 Hz, Hl) ,  4.23 (d, 1 H, J7end0,7sx0 = 6.6 HZ, H7,,dO), 4.05 (d, 1 
H, J k h  = 11.6 Hz, H2,), 3.81 (dd, 1 H, J7-,7& = 6.6 Hz, J7-,1 
= 5.2 Hz, H7,,), 3.41 (d, 1 H, J ,b = 11.6 Hz, H2 ), 3.35-3.50 
(m, 1 H, H4 ), 1.60-2.00 (m, 2%, C4-CHz), 1.267br s, 30 H, 
(CHJ1&, 0.88?t, 3 H, J = 6.6 Hz, CH3); [.]=D +44" (C 5.5, CHCld; 
mass spectrum m/z 354 (M+) 308, 267, 250; HRMS calcd for 
CnH4203 (M+) m/z  354.3136, found m/z 354.3143. Anal. Calcd 
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for C22H4203: C, 74.52; H, 11.94. Found C, 74.79; H, 11.87. 

The reduction of 0.26 g (0.73 mmol) of 19 was performed as 
described for (*)-e, and chromatography (EtOAc/CH2ClZ (2OSO)) 
gave 0.19 g (0.53 mmol,73%) of 21 as a white solid mp 66-67 

(m, 1 H), 3.45-3.80 (m, 7 H), 1.86 (br t, 1 H, exchangeable), 
1.35-1.60 (m, 2 H), 1.26 (br s, 30 H), 0.88. (t, 3 H, J = 6.6 Hz); 
[aI2b -9.1" (c 3.5, CHCl,); mass spectrum m/z 356 (M+), 352, 
325,307,265, HRMS calcd for C A O ,  (M+) m/z 356.3292, found 
m/z 356.3289. Anal. Calcd for C22Hu03: C, 74.10; H, 12.44. 
Found C, 74.24; H, 12.48. 

(2R $9)-0 -[[[(S-Heptadecyl-l,4-dioxan-2-yl)methyl]- 
oxy]phocrpho]-&bromoethanol(22). To a stirred solution of 
0.39 g (1.6 m o l )  of 8-bromoethyl dichlorophosphate'" in 5 mL 
of EhO was added 0.6 mL of pyridine dropwise over 2 min. After 
15 min, a solution of 0.16 g (0.45 mmol) of 21 in 5 mL of EhO 
was added to the slightly heterogeneous reaction mixture over 
2 min. The reaction mixture was warmed to 50 "C (bT) for 4 h. 
The reaction mixture was then cooled to 0 "C (bT), 2 mL of H20 
was added, and the reaction mixture was stirred overnight to give 
a clear colorless homogeneous solution which was partitioned 
between 4 mL of 3 M HCl and 25 mL of MeOH/CHCl, (595). 
The aqueous phase was extraded with additional MeOH/CHC13 
(595) (3 x 25 mL), and the organic extracts were all combined, 
dried, and evaporated. Chromatography (MeOH/CHCl, (595) 
gradually increased to MeOH/CHCl, (1585)) gave 0.17 g (0.31 
mmol,69%) of 22 as a white amorphous solid mp 190-195 "C; 

(br m, 12 H), 1.35-1.60 (m, 2 H), 1.26 (br s, 30 H), 0.88 (t, 3 H, 
J = 6.6 Hz); FAB mass spectrum m/z 543 and 545 (MH'). 

(2R,S9)-[[ (S-Heptadecyl-l,4-dioxan-2-yl)methyl]o~y]- 
phosphocholine (2). To a stirred solution of 0.16 g (0.29 m o l )  
of 22 in 20 mL of CHCl,/i-PrOH/DMF (221) in a glass preseure 
bottle was added excess trimethylamine and the reaction mixture 
heated at 50 O C  (bT) for 48 h. The excess trimethylamine was 
evaporated with a stream of N2, and the reaction mixture was 
then concentrated. Chromatography (CHC13/MeOH/H20 
(60:30:0) increased stepwise to CHC13/MeOH/H20 (60:304)) and 
evaporation followed by millipore filtration of a CHC13 solution 
of the product then gave 0.13 g (0.25 mmol,86%) of 2 as a white 
solid. An analytical sample was prepared by precipitation from 
CHCl, solution with acetone: mp 230 "C; TLC (CHClS/ 
MeOH/H20 (60:30:4)) R, 0.06; 'H NMR (CDC13/CD30D (5050)) 
6 4.20-4.30 (m, 2 H), 3.90-4.20 (m, 2 H), 3.65-3.85 (m, 2 H), 
3.45-3.65 (m, 6 H), 3.23 (8,  9 H), 1.40-1.65 (m, 2 H), 1.26 (br 8, 

(W50)); FAB mass spectrum m/z 522 (MH+), 224,184,166; FAB 
HRMS calcd for C27H57NOBP (MH+) m/z 522.3924, found m/z 
522.3920. Anal. Calcd for CnHseNOa.H20 C, 60.08; H, 10.83; 
N, 2.60. Found: C, 59.91; H, 10.99; N, 2.42. 

The reduction of 1.25 g (3.52 mmol) of 20 was performed as 
described for 21 and gave 0.960 g (2.69 mmol, 76%) of 23 as a 
white solid mp 83-84 "C; TLC (EtOAc/CH2C12 (2&80)) Rf 0.16; 
'H NMR 6 3.70-3.85 (m, 2 H), 3.55-3.70 (m, 2 H), 3.29-3.55 (m, 
4 H), 1.83 (br t, 1 H, exchangeable), 1.30-1.50 (m, 2 H), 1.26 (br 

mass spectrum m/z 356 (M+), 352,325,307,265; HRMS calcd 
for C,&03 (M+) m/z 356.3292, found m/z 356.3306. Anal. Cald 
for Cz2HUO3: C, 74.10; H, 12.44. Found C, 74.26; H, 12.33. 

(2R ,SR )-0 -[ [ [ (6-Heptadecyl-1,4-dioxan-2-yl)methyl]- 
oxy]phospho]-6-bromothanol (24). The 8-bromoethyl 
phosphorylation of 0.20 g (0.56 mmol) of 23 was performed as 
described for 22 and gave 0.18 g (0.33 mmo1,59%) of 24 as a white 
amorphous solid mp 190-195 "C; TLC (CHC13/MeOH/H20 
(6030:4)) Rf 0.42; 'H NMR 6 3.00-4.50 (br m, 12 H), 1.35-1.60 
(m, 2 H), 1.26 (br 8, 30 H), 0.88 (t, 3 H, J = 6.6 Hz); FAB mass 
spectrum m/z 543 and 545 (MH+). 

(2R ,SR )-[[(S-Heptadecyl- 1,4-dioxan-2-yl)methyl]oxy]- 
phosphochobe (3). The quaternhation of trimethylamine with 
0.15 g (0.28 mol) of 24 was performed as described for 2 and gave 
0.13 g (0.25 mmol, 89%) of 3 as a white solid mp 231 "C; TLC 

(5050)) 6 4.20-4.30 (m, 2 H), 3.40-3.95 (m, 10 H), 3.22 (e, 9 H), 
1.40-1.65 (m, 2 H), 1.26 (br s, 30 H), 0.88 (t, 3 H, J = 6.6 Hz); 

( 2 9 ~ S ) - b H ~ ~ ~ d ~ ~ l - 2 ( h ~ d r o x y m e t h ~ l ) - l , 4 ~ 0 ~ ~  (21). 

"C; TLC (EtOAC/CH& (2080)) Rf 0.15; 'H NMR 6 3.80-4.05 

TLC (CHCl,/MeOH/H20 (60..%4)) Rf 0.41; 'H NMR 6 3.W.50 

30 H), 0.88 (t, 3 H, J 6.6 Hz); [a]=D 4.2" (C 0.18 CHC&/MeOH 

(2sgR)-a-Heptaaecyl-2-(hyd~~ethyl)-l,4~0~e (23). 

8,30 H), 0.88 (t, 3 H, J 6.6 Hz); [a]=D +0.86O (C 3.5, CHCl,); 

(CHC&/MeOH/H20 (mW.4)) Rt 0.06; 'H NMR (CDCl~/CD,OD 

Ducloe and Makriyannie 

[a ]25~  +3O (c 0.18, CHCl,/MeOH (5050)); FAB mass spectrum 
m / z  522 (MH+), 224,184,166; FAB HRMS calcd for GH6,NOSp 
(MH+) m/z 522.3924, found m/z 522.3925. Anal. Calcd for 

H, 10.73; N, 2.31. 
3-0-Benzyl-en -glycerol (16'). 3-O-Benzyl-sn-glycerol(l6') 

was purchased commercially or preparedWa from 1,2-O-iso- 
propylidene-sn-glycerol(l4'): a = D  +6.2" (neat), d%, 1.1, [a]%D 
+5.6" (neat) (lit- [a]?D +5.85" (neat); lit.a [aImD +6.5" (neat)). 

(49 )-44 (Benzy1oxy)met hyll-2-( 1'-bromooctadecy1)- 1,3- 
diosolane (17'). The transacetalation of 9.75 g (21.2 mmol 13 
with 3.5 "019) of 13 with 4.25 g (23.3 "01) of 16' was per- 
formed as described for 17 and gave 10.87 g (20.7 mmol, 98%) 
of a light yellow liquid which was a 2.41 ratio of the two cia- 
diastereomers to the two trans-diastereomers: HRMS calcd for 
C&O,Br [(M - HI+] m/z 523.2786, found m/z 523.2794. Anal. 
Calcd for CzsH1903Br: C, 66.27; H, 9.40. Found C, 65.89; H, 
9.12. 

(49) -24  l'-Bromooctadecyl)-4-( hydroxymethyl)-l,3-di- 
oxolane (18'). The hydrogenolysis of 8.38 g (15.9 m o l )  of 17' 
was performed as described for 18 and gave 6.94 g (15.9 mmol, 
100%) of a light yellow solid which was a 2.41 ratio of the two 
cis-diastereomers to the two trans-diastereomers: HRMS calcd 
for CnH4203Br [(M - HI+] m/z 433.2317, found m/z 433.2320. 
Anal. Calcd for C,Ha03Br: C, 60.68, H, 9.95. Found C, 60.52; 
H, 10.07. 
(19,4R ,SR )- and ( 1 s  ,49 ,SR)-4-Heptadecyl-3,6,8-trioxa- 

bicyclo[3.2.l]octanes (19') and (20'). The cyclization of 6.91 
g (15.9 mmol) of 18' was performed as described for 19 and 20. 
The 0.31 g (0.87 mmol, 5.5%) of 19' was otherwise identical to 
the previously described enantiomer 1 9  [a]=D -34O (c 5.5, CHClJ; 
HRMS calcd for CnHd2O3 (M+) m/z 354.3136, found m/z 
354.3139. Anal. Calcd for CnH,203: C, 74.52; H, 11.94. Found: 
C, 74.40; H, 12.05. The 1.55 g (4.37 mmol, 28%) of 20' was 
otherwise identical to the previously described enantiomer 2 0  
[a]=D -44" (c 5.5, CHClJ; HRMS calcd for C22H4203 (M+) m/z 
354.3136, found m/z 354.3135. Anat Calcd for Cd1O3: C, 74.52; 
H, 11.94. Found C, 74.65; H, 12.13. 

The reduction of 0.30 g (0.85 mmol) of 1W gave 0.23 g (0.64 "01, 
75%) of a white solid [ a l z 5 ~  +9.l0 (c 3.5, CHCI,); HRMS calcd 
for Cp&03 (M+) m/z 356.3292, found m/z 356.3306. Anal. Calcd 
for C22HMO3: C, 74.10; H, 12.44. Found C, 74.13; H, 12.67. 

(29,SR )- 0 -[[ [ (S-Heptadecyl-l,4-dio~an-2-yl)methyl]- 
oxy]phospho]-~-bromothanol (22'). The 8-bromoethyl 
phosphorylation of 0.19 g (0.53 mmol) of 21' gave 0.17 g (0.31 
mmol, 58%) of a white amorphous solid. 

(25,SR )-[[ (S-Heptadecyl-l,4-dioxan-2-yl)methyl]oxy]- 
phosphwholine (2'). The quaternhation of trimethylamine with 
0.17 g (0.31 mmol) of 22' gave 0.12 g (0.23 mmo1,74%) of a white 
solid: [alaD +6.2" (c 0.18, CHCl,/MeOH (50:50)), [a]25D +3" (c 
0.20, CHC1,); FAB HRMS calcd for CnHS7N06P (MH+) m/z 
522.3924, found m/z 522.3928. Anal. Calcd for C,H@O&H20 
C, 60.08; H, 10.83; N, 2.60. Found: C, 59.76; H, 10.67; N, 2.34. 

The reduction of 1.51 g (4.26 mmol) of 20' gave 1.28 g (3.59 m o l ,  
84%) of a white solid: [a]=D 4.86" (c 3.5, CHCld; HRMS d c d  
for CZ&O3 (M+) m/z 356.3292, found m/z 356.3308. Anal. Calcd 
for CzzHUO3: C, 74.10; H, 12.44. Found: C, 73.93; H, 12.72. 

(29  $9 )- 0 -[ [ [ (S-Heptadecyl-1,4-dioxan-2-yl)methyl]- 
oxy]phospho]-&bromothanol (24'). The 8-bromoethyl 
phosphorylation of 0.22 g (0.62 mmol) of 23' gave 0.21 g (0.39 
mmol, 63%) of a white amorphous solid. 
(29,69 )-[ [ (6-Heptadec yl- 1 ,I-dioxan-a-yl)met hyl]oxy]- 

phosphwholine (3'). The quaternhation of trimethylamine with 
0.17 g (0.31 mmol) of 24' gave 0.12 g (0.23 mmol,74%) of a white 

CHCld; FA33 HRMS calcd for CnHb7NO$ (MH+) m/z 522.3924, 
found m/z 522.3926. Anal. Calcd for CnHssNOa.H20 C, 60.0s; 
H, 10.83; N, 2.60. Found: C, 59.89; H, 10.86; N, 2.30. 
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Sulfurizaton of diribonucleoeide H-phosphonatea with elemental sulfur was found to be a stereospecific reaction. 
With this finding as the basis, an efficient method for the preparation of stereochemically homogeneous di- 
ribonucleoside phosphorothioates has been developed. The procedure consists of the synthesis and separation 
of the diaetereomeric (Rp and SJ paire of the corresponding H-phosphonate diesters, followed by their stereospecific 
sulfurization and a single deprotection step using fluoride ion. The methodology has been used in synthesis of 
eight diribonucleoside phosphorothioates (four pairs of R, and S, diastereomers). 

Introduction 
Dinucleoeide phosphorothioates are chiral analogues of 

phosphodiesters in which one of the nonbridging oxygens 
has been replaced by sulfur. These compounds are im- 
portant research toole in stereochemical investigations, in 
mechanistic studies of various enzymatic reactions, and 
in other biochemical Different affinities of 
enzymes for compounds with opposite stereochemistry at 
the phosphorus center usually necessitate the use of op- 
t i d y  pure phosphorothioates in biological experimenta. 
Several synthetic methods, based on the phosphodiester: 
phosphotriester,6 and phosphitee approaches have been 
designed for the preparation of deoxyribonucleoside 
phosphorothioates. They involve either separation of 
phosphorothioate diesters after a fiial deprotection step 
or separation of chiral precursors followed by their ste- 
reospecific conversion into phosphorothioate diesters. A 
new promising approach to the chemical synthesis of 
phosphorothioate oligodeoxyribonucleotides has been re- 
ported by Stec et al.’ It involves separation of suitably 
protected 2-(deoxyribonucleosid-3’-yloxy)-2-thio-1,3,2-ox- 
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(2) Ecketein, F. Annu. Reu. Biochem. 1986,54, 367. 
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athiaphospholanes into diastereomers, followed by their 
stereospecific reactions with another nucleoside. 

There have, however, only been a few methods reported 
for the preparation of ribonucleoside phosphorothioat.m,gll 
and these are quite laborious and inefficient by comparison 
to methods available for deoxyribonucleoside phosphoro- 
thioate synthesis. Only lately have oligoribonucleotides 
containing stereochemically defined phosphorothioate 
functions been produced by chemical means.12J3 

Recent atudiesle16 have shown that the H-phosphonate 
approach can be a method of choice for the preparation 
of phosphorothioate diesters. In this paper we describe 
an efficient procedure for the preparation of stereochem- 
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stereospecific sdfurization (a-c) and stereoselectivity in condensation (a 
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