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epimer of 5-stigmastene-3P-24diol (lq): mp 161.0-162.0 OC (from 
hexane); [a],, -34.2' ( c  5 X 
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ported by Grants GM-06840 and GM-28352 from the 
National Institutes of Health. 360-MHz 'H NMR sDectra CHC13). 
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A total synthesis of racemic phosphatidylcholine is based on two novel but straightforward reaction sequences. 
The phosphate diester portion is constructed by successive displacement of the chlorines on methyl dichloro- 
phosphate by allyl alcohol and dimethylethanolamine. The resulting triester isomerizes smoothly to allyl choline 
phosphate. The double bond is then converted to the bromohydrin to allow the sequential introduction of the 
two acyl ester linkages. Esterification of the hydroxyl with palmitoyl chloride produces 2-bromo-2-deoxylyso- 
phosphatidylcholine as the only isomer. The bromide is displaced in the final step upon treatment with the 
carboxylate form of an anion-exchange resin. The distinctive 31P-13C coupling patterns in the resonances 
of the glycerol backbone allow the regiochemistry of the various steps to be conveniently monitored. Also, 
employment of palmiti~-l- '~C acid in the final step indicated a 70% rearrangement accompanied formation of 
the mixed acid phosphatidylcholine. 

The synthesis of phospholipids has been actively and 
successfully pursued for over 70 years.' With our focus 
restricted to the preparation of phosphatidylcholine (PC), 
the available methods can be approximately divided into 
three approaches: (1) the formation of phosphate ester 
linkages to a diglyceride and choline as the last steps;2 (2) 
the introduction of both fatty acid ester linkages simul- 

(1) A. Grun and I. Kade, Chem. Ber., 45, 3367 (1912). 
(2) (a) E. Baer and M. Kates, J. Am. Chem. SOC., 72, 942 (1950); (b) 

E. Baer and J. Maurukus, Ibid., 74, 158 (1952); (c) T. Malkin and T. H. 
Bevan in "Progress in the Chemistry of Fats and Lipids," Vol. IV, R. T. 
Holman, W. 0. Lundberg, and T. Malkin, Eds., Pergamon Press, London, 
1957, pp 97-138; (d) E. Baer and A. Kindler, Biochemistry, 1,518 (1962); 
( e )  V. R. Hirt and R. Berchtold, Pharm. Acta Helu., 33, 349 (1958); (fl 
T. Mukaiyama, N. Morito, and Y. Watanabe, Chem. Lett., 521 (1979); 
(9) P. E. Verkade, Bull. Soc. Chim. Fr., 1993 (1963); (h) V. I. Shveits, L. 
T. Dorofeeva, M. A. Grum-Grzhimailo, I. S. Shmidt, L. V. Volkova, and 
N. A. Preobrazhenskii, Zh. Obshch. Khim., 34, 3983 (1964); (i) N. A. 
Bogoslovskii, G. I. Samokhvalov, and N. A. Preobrazhenskii, Ibid., 32, 
2210 (1962); 6 )  Yu. G. Molotkovskii, T. Yu. Lazurkina, and L. D. Ber- 
gel'son, Izu.  Akad. Nauk SSSR Ser. Khim., 8,1784 (1969); (k) G. H. de 
Haas and L. L. M. van Deenen, Tetrahedron Lett., 1 (1960); (1) G. H. de 
Haas and L. L. M. van Deenen, Recl. Trau. Chem. Pays-Bas, 80, 951 
(1961). 
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taneously into glycerophosphorylcholine to provide sym- 
metrical PC;3 (3) the preparation of mixed carboxy ester 
PC by acylation of lysophosphatidylcholine (the latter is 
obtained by enzymatic hydrolysis of a symmetrical PC).*r4 

(3) (a) E. Baer, D. Buchnea, and A. G. Newcombe, J. Am. Chem. SOC., 
78,232 (1956); (b) N. H. Tattrie and C. S. McArthur, Can. J .  Biochem. 
Physiol., 35, 1165 (1957); ( c )  E. Baer and D. Buchnea, Ibid., 37, 953 
(1959); (d) E. Cubero Robles and D. van den Berg, Biochim. Biophys. 
Acta, 187, 520 (1969); (e) E. L. Pugh and M. Kates, J. Lipid Res., 16, 392 
(1975). 
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Phospholipid Synthesis 

The approach described herein does not fit very well into 
any of these classifications. It allows the preparation of 
mixed carboxy ester PC from a phosphate diester of cho- 
line and the bromohydrin of allyl alcohol. The latter is 
prepared in a synthesis based on the methyl protecting 
group5 which also serves to quaternize the choline moiety 
in the deprotection step.6 The synthesis may be easily 
modified, however, for the preparation of other classes of 
phospholipids. Indeed, it is the flexibility and generality 
of the procedures for introduction of both the phosphate 
and carboxylate ester linkages that may make this ap- 
proach attractive and useful. 
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Results and Discussion 
Phosphate Diesters. The methyl protecting group has 

been advocated for a "triester" nucleic acid ~ynthesis.~ We 
have found that methyl dichlorophosphate could be used 
to sequentially phosphorylate alcohols in a straightforward 
manner to directly provide the mixed esters (Scheme I). 
The choice of nonpolar solvent and hindered base halts 
the reaction at  the monoalkoxylation stage with the first 
alcohol and avoids nucleophilic displacement a t  the 
methyl.' In model reactions, a variety of alcohols could 
be introduced at this point via their alkoxides; thus, 1 and 
2 were prepared in 55% and 33% overall yields, respec- 

~ H ~ C H ~ C H ~  

1 
CH,CH,CH, 

2 

tively. The methyl groups can be quantitatively removed 
with a strong nucleophile to provide a simple diester 
~ynthesis.~ It  is interesting to note that the methyl group 
is relatively immune to the alkoxide anion, a hard base, 
introduced in the second step of Scheme I. I t  also acts as 
an NMR probe for the extent of alkoxylation. The dis- 
tinctive doublet in the lH NMR spectrum travels upfield 
as successive chlorides are displaced (4.04 to 3.75 ppm) 
with a concomitant decrease in 31P-1H coupling (17 Hz to 
11 Hz). 

The labile methyl group can be utilized as a reagent as 
well as a protecting group in the preparation of choline 
alkyl phosphates. If dimethylethanolamine is used as the 
second alcohol in Scheme I (and one has sufficient pa- 
tience), the isomerization in eq l occurs spontaneously.6 

0 0 

3 

This reaction was studied by Mannined and occurs by 
a bimolecular mechanism. I t  is thus allowed to proceed 

(4) (a) G. H. de Haas and L. L. M. van Deenen, Tetrahedron Lett., 
7 (1960); (b) D. J. Hanahan and H. Brockerhoff, Arch. Biochem. Biophys., 
91,326 (1960); (c) C. M. Gupta, R. Radhakrishnan, and H. G. Khorana, 
h o c .  Natl. Acad. Sci. U.S.A., 74, 4315 (1977). 

(5) (a) G. W. Daub and E. E. van Tamelen, J. Am. Chem. SOC., 99, 
3526 (1977); (b) F. Ramirez, R. Sarma, Y. F. Chaw, T. M. McCaffrey, J. 
F. Marecek, B. McKeever, and D. Nierman, Zbid., 99, 5285 (1977). 

(6) C. J. Lacey and L. M. Loew, Tetrahedron Lett., 21, 2017 (1980). 
(7) M. Rubinstein and A. Patchornik, Tetrahedron, 2107 (1975). 
(8) P. A. Manninen, Acta Chem. Scand., Ser. B, B32, 269 (1978). 
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neat at room temperature to minimize any competing 
unimolecular process such as elimination of dimethyl 
aziridinium ion. Compounds 4,5, and 6 were prepared in 
this way in overall yields of 36%, 28%, and 37%, re- 
spectively. 

I i 

6 
5 

Diester 5 can be hydrolyzed to glycerolcholine phosphate 
(GCP) in 83% yield. However, it is allyl choline phosphate, 
6, which is the key intermediate for the rest of our PC 
synthesis. 

Introduction of Acyl Chains. Scheme I1 summarizes 
the remainder of the synthesis. The key feature is the 
differentiation between positions 1 and 2 of the glycerol 
moiety to allow sequential introduction of two different 
fatty acids. This is accomplished via bromohydrin 7 which 
is obtained as the dominant regioisomer upon treatment 
of the CdC1, complex of 6 with aqueous N-bromosuccin- 
imide. The use of CdC1, allows simple isolation of the 
intermediates as relatively nonhygroscopic solids which can 
be precipitated from alcohol. The isomeric bromohydrins 
are not separated but, despite a large excess of palmitoyl 
chloride, only the 2-bromo isomer is acylated in the next 
step (see below). The yield for this step is 49%; on the 
basis of 6, the yield to this stage is 27%. 

Several procedures for displacement of the bromide were 
attempted. These included employing the silver carbox- 
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sites could not be occupied by a carboxylate group, or that 
not all resin sites are “active” in general toward a carboxylic 
acid. The resin used (Bio Rad AGl-X8 (Cl-)), converted 
to the hydroxide form and then to the carboxylate form, 
was more efficiently converted using the smaller acids (Cll 
and Clz) as compared to the larger acids such as stearic 
acid. Lauric acid and 10-undecenoic acid were exchanged 
with the hydroxide form of the resin in 69% and 7870, 
respectively. Reaction of the hydroxide form of the resin 
with stearic acid gave only a 44% conversion; therefore, 
preparation of stearoyl palmitoyl PC was not attempted. 

In order to determine the ultimate positions occupied 
by the two fatty acid residues, pa lmi t i~- l -~~C acid was used 
to prepare a resin. The conversion was only 54%. The 
reaction produced only enough product to obtain a 13C 
NMR spectrum. Use of a larger pore resin such as IRA 

may allow for the use of longer chain fatty acids and 
probably can improve the yields in the cases of lauric and 
10-undecenoic acid but a t  the same time reduces the 
amount of lyso-PC produced. 

Positional Isomers of Intermediates and Products. 
Straightforward analysis of 13C NMR data allowed rather 
unambiguous elucidation of the regiochemistry in each step 
of Scheme 11. The simple Markownikov prediction for the 
addition of HOBr to an olefin12 might not be expected to 
apply for a system as complex as an allyl phosphate. I t  
was important, therefore, to establish which regioisomer, 
7 or 9, was the primary bromohydrin product. Indeed, the 

0 
I1 

NCH& 
hO Y-Y-“* 0- 

B r p - r o h ; ( c H 3 ) 3  0- 

7 

i 
9 

13C NMR spectrum, a portion of which is displayed in 
Figure la ,  did indicate the presence of both the regioi- 
somers. Reference to the 13C NMR spectrum of glycero- 
choline phosphate (Figure lb),  which has been previously 
assigned,13 allows straightforward analysis of the spectrum 
in Figure la.  

The low-field doublet centered at  67.9 ppm with J = 8.4 
Hz can be identified as the -CHOH- carbon in compound 
9 The coupling has increased by 0.7 Hz and the position 
shifted upfield relative to the same carbon of GCP. The 
intense singlet a t  61.2 ppm represents the terminal 
-CH20H carbon of compound 7 (cf. 60.8 ppm for GCP 
-CH20H carbon). Since in structure 7 the three carbon 
moiety is quasisymmetrical, the effect of replacing the 
2-OH group of GCP with -Br would be expected to be 
similar on adjacent carbons. Therefore, the doublet at 65.8 
ppm, J = 5.7 Hz, has been assigned to the P-O-CH2-C- 
HBr- carbon, a downfield shift approximately equal in 
magnitude to that noted for the -CH20H carbon of 7 
compared to the same carbon of GCP. The upfield shift 
of the -CHOH- carbon in 9, caused by replacing the ter- 
minal -OH group of GCP with -Br, is also noted for the 
P-OCH,-glyceryl carbon of 9; however, the influence has 
diminished. Therefore, the doublet centered at  65.0 ppm, 
J = 5.0 Hz, is assigned to the P-OCH,-glyceryl carbon of 

‘ b  1 CH* 

I OH 

OH PO.CHp2HOH 
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Figure 1. Proton-decoupled 13C NMR spectra of the mixture 
of bromohydrins 7 and 9 (a) and of GCP (b) in DzO. Chemical 
shifts are in ppm downfield from the methyl resonance of sodium 
4,4-dimethyl-4-silapentane-l-sulfonate (DSS) (external standard). 

ylate salt, carboxylic acid and triethylamine, and the po- 
tassium carboxylate in acetone or Me2S0. These resulted 
in complex mixtures with lysophosphatidylcholine (lyso- 
PC) as the primary product. The application of several 
recent methods involving “naked” carboxylate anions gave 
better results. A solution of the carboxylic acid and 1,5- 
diazabicyclo[5.4.0]undec-5-ene (DBU) in benzeneg gave 
significant amounts of phosphatidylcholine product ac- 
cording to TLC, but purification was difficult. An ex- 
periment employing a crown ether to provide a naked 
carboxylate from its potassium saltlo also led to numerous 
side products with R, values close to that of PC. The most 
satisfactory procedure was treatment of 8 with a carbox- 
ylated anion exchange resin.” The reaction was carried 
out in refluxing benzene after azeotroping off any water 
still associated with the carboxylated resin beads. The 
reaction was periodically monitored by TLC; the disap- 
pearance of starting material was accompanied by the 
appearance of both PC and lyso-PC as the only products. 
Column chromatography provided the pure mixed acid PC 
in 30% yield when either lauric or undecenoic acid was 
employed. 

The lyso-PC may result from displacement of the 
bromide by residual hydroxide on the resin following in- 
complete conversion to the carboxylate form. This in- 
complete conversion may stem from the possibility that 
the acid was too large for the particular resin so that all 

(9) N. Ona, T. Yamada, T. Saito, K. Tanaka, and A. Kaji, Bull. Chem. 

(10) C .  L. Liotta, H. P. Harris, M. McDermott, T. Gonzalez, and K. 

(11) G. G. Moore, T. A. Foglia, and T. J. McGahan, J .  Org. Chem., 44, 

SOC. Jpn., 51, 2401 (1978). 

Smith, Tetrahedron Lett., 2417 (1974). (12) D. R. Dlaton and V. P. Dutta, J. Chem. SOC. B, 85 (1971). 
(13) N. J.  M. Birdsall, J. Feeney, A. G. Lee, Y. K. Levine, and J. C. 

Metcalfe, J. Chem. SOC. Perkin Trans. 2, 1441 (1972). 2425 (1979). 
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This is demonstrated quite convincingly, again, by ex- 
amination of the 13C NMR spectrum, Figure 2a. For 
reference, the published13 assignments of the glycerol and 
choline resonances in the spectrum of dipalmitoyl PC are 
displayed in Figure 2b. The lone carbonyl carbon of 8 
appears far downfield at  173.4 ppm while the carbons of 
the fatty acid chain are upfield at 34.2 (CJ, 31.9 (CI4), 29.5 
(C4-C13), 24.9 (C3), 22.7 (C15), and 14.1 ppm (C16).15 

Focusing now on the resonances of interest, it  is clear 
that some of the coupling patterns which were so distinct 
for GCP and the bromohydrins in DzO (Figure 1) are 
rather poorly resolved for PC or 8 in CDC13. The peak 
centered at  approximately 66.4 ppm and displaying 
splitting is the -CHzN+Me3 carbon. The next signal at 65.1 
ppm is actually two overlapping lines derived from the 
-CH2-OP carbon and the -CHz-OCOR carbon, both of the 
glycerol backbone. The -CH20P glyceryl carbon has 
shifted upfield with respect to the -CH2N+Me3 carbon in 
the acylated compound as compared to the respective 
carbon of the simple bromohydrin. (This reversal of field 
position is also found in Figure 2b.) The doublet at 59.5 
ppm, J = 5.1 Hz, represents the choline P-&CHz- carbon. 
The methyl carbons of the quaternary nitrogen appear as 
a singlet at 54.4 ppm. Finally, the doublet centered at 49.4 
ppm, J = 7.3 Hz, clearly represents the -CHBr- carbon. 
The absence of a doublet at lower field, -71 ppm, and a 
singlet a t  higher field, -36 ppm, definitely excludes the 
possibility of any 1-bromo-1-deoxy-2-palmitoylglycero- 
phosphorylcholine being present. Also, if a mixture of the 
two isomers was present, two carbonyl peaks would be 
observed (cf. Figure 2b). 

Speculation as to the recovery of a single product leads 
to several possible suggestions. The acylation procedure 
may be allowing for acylation of only a terminal hydroxyl 
group. Yields for diacylation of GCP/CdC12 using an acid 
chloride are reported to be Also, isomerization of 
the fatty acid residue from the 2-position to the less hin- 
dered 1-position may be occurring if the 1-acylated product 
is being produced. The bridging ability of both the bro- 
mine and the carboxyl group would favor such a migration, 
perhaps in the reaction mixture or on the silica gel column 
used during isolation. Admittedly, the yield for this acy- 
lation step is low. It may be possible that the desired 
material is being converted to lyso-PC by the ion exchange 
process in the workup procedure where the hydroxide form 
of the resin (Rexyn 201) might cause replacement of -Br 
with -OH. At  any rate a very interesting PC derivative 
is obtained in pure form. 

As indicated above, PC displays two distinct 13C NMR 
resonances for the carbonyl carbon of the 1- and 2-acyl 
chains. The assignment of these resonances has been 
achieved by a series of very elegant experiments in a va- 
riety of solvents and in lipid  vesicle^.^^^" In organic 
solvents, including CDCl,, the 1-carbonyl (i.e., substituted 
at  the terminal carbon of the glycerol) is downfield from 
the 2-carbonyl resonance (Figure 2b). Thus, employment 
of palmitic-l-13C acid allowed us to determine the regio- 
chemistry of the last step in Scheme 11. Surprisingly, the 
major isomer (-70%) has the labeled fatty acid chain in 
the 1-position. This is probably due to rearrangement 
resulting from anchimeric assistance in the displacement. 

Phospholipid Synthesis 
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Figure 2. Proton-decoupled 13C NMR spectra of 8 (a) and di- 
palmitoyl-PC (b) in DCC13. Chemical shifts are in ppm downfield 
from the methyl resonance of tetramethylsilane (Me4&) (external 
standard). 

9. This signal partially overlaps the multiplet from the 
-CH2N+Me3 carbon whose absorption frequency is the 
same for 7 and 9 and essentially identical to that of the 
same carbon in GCP. Next, the overlapping doublets at 
58.3 ppm, J = 4.9 Hz, and 58.2 ppm, J = 4.8 Hz, are the 
P-O-CH2<HzN+Me3 carbons of 7 and 9, respectively, on 
the basis of the chemical shift trends noted above. How- 
ever, the signals are very close to the signal from the same 
carbon in the spectrum of GCP. The very intense triplet 
is representative of the three methyl group carbons of the 
quaternary ammonium group. At  51.6 ppm is the reso- 
nance from the -CHBr- carbon of 7, concluded simply on 
the basis of the large coupling constant, J = 8.4 Hz. The 
last peak of major importance to this discussion is the 
rather intense singlet a t  33.0 ppm (not shown in Figure 
la).  This is in the region for a primary bromide and is 
assigned to -CHzBr in 9. Because the isomers 7 and 9 were 
not separated, the relative proportions of each cannot be 
precisely determined. A rough approximation of the ratio 
of the products might be obtained by comparison of the 
peak heights of the signals from the -CHOH-, -CHBr-, 
-CHzOH and -CH2Br carbons. An average value of 7:9 
= 65:35 is obtained. 

The mixture of the bromodeoxyglycerophosphoryl- 
cholines, 7 and 9, was used without attempts at separation 
for the preparation of the monoacylbromodeoxyglycero- 
phosphorylcholine. Should the acylation reaction produce 
both isomers, the products would be analogous to the 
monoacylchlorodeoxy derivatives prepared by Aneja et d.l4 
The most direct method for acylating the hydroxyl groups 
of compounds 7 and 9 seemed to be by the reaction with 
an acid chloride and a tertiary base (Scheme 11). Sur- 
prisingly, the sole product obtained was 2-bromo-2- 
deoxy-1-plamitoylglycerophosphorylcholine, 8. 

(14) R. Aneja, J. S. Chada, and J. A. Knaggs, Chem. Phys. Lipids, 11, 
89 (1973). 

(15) S. N. Rosenthal and J. H. Fendler, Adu. Phys. Org. Chem., 3,384, 

(16) G. Assmann, R. J. Highet, E. A. Sokoloski, and H. B. Brewer, Jr., 
385 (1976). 

Proc. Natl. Acad. Sci. U S A . ,  71, 370 (1974). 
(17) C. F. Schmidt, Y. Barenholz, C. Huang, and T. E. Thompson, 

Biochemistry, 16, 3948 (1977). 
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with a drying tube, and the residual oil is distilled, 47-50 OC (0.2 
torr). A yield of 10.40 g (67%) is obtained. 'H NMR (CDC13/ 
Me&) 6 1.00 (t, 3 H, -CH3), 1.75 (m, 2 H, -CH,-), 3.92 (d, 3 H, 
J = 11 Hz, -OCH3), 4.15 (m, 2 H, -OCH,-) ppm. 

Methyl Propyl p-tert-Amylphenyl Phosphate (1). A so- 
lution of 2.90 X lo-, mol of p-tert-amylphenol in -65 mL of dry 
benzene is allowed to react with excess sodium metal, which had 
been freed from oxide by boiling in xylene, overnight a t  gentle 
reflux. The solution, followed by one or two 25-mL washings with 
fresh benzene, is siphoned into an ice bath-cooled and stirred 
solution of 2.90 X lo-, mol of 10 in 50 mL of benzene (or anhydrous 
ether). The solution is allowed to stir overnight. The sodium 
chloride produced is centrifuged down, the supernatant removed, 
and the salt pellet washed with fresh solvent. The combined 
solution is evaporated to yield the crude triester, a yellow oil with 
an R, value of 0.39 on silica gel plates developed in ether. Aliquots 
of 0.5 g of crude triester in 5 mL of chloroform are applied to a 
preparative TLC plate for purification. The plate is developed 
in ether, the product extracted with chloroform, and the solvent 
removed on a rotary evaporator to give pure triester in 82% yield 
after drying under vacuum: 'H NMR (CDC13/Me4Si) 6 0.67 (t, 

H, -C(CH3),CH2CH3), 1.63 (m, 4 H, -OCH,CH,CH, and -C- 
(CH,),CH,CH,), 3.85 (d, 3 H, J = 11 Hz, -OCH,), 4.12 (m, 2 H, 
-OCH2CH2CH3), 7.25 (m, 4 H, Ar); mass spectrum, m/e (relative 
intensity) 300 (M+, 7.3), 272 (140), 271 (loo), 229 (34), 135 (20), 
107 (18). High-resolution mass spectrum, calcd for Cl5HZ5O4P, 
m / e  300.1490; obsd, 300.1490. 

Methyl Propyl 2-Octyl Phosphate (2). This triester is 
prepared from 2-octanol and 10 according to the procedure de- 
scribed for l. The crude triester has an R, value of 0.30 on silica 
gel plates developed in ether. Aliquots of 0.5 g of crude 2 can 
be purified by preparative TLC providing a 49% yield of 2, a 
yellow oil, after drying under vacuum: 'H NMR (CDC13/Me4Si) 
6 1.35 (m, 21 H, -OCH(CH3)CHz(CHz)~CH3 and -OCH,CHzCH3), 
3.74 (d, 3 H, J = 11 Hz, -OCH3), 3.98 (m, 2 H, -OCH,CH,CH3), 
4.52 (m, 1 H, -OCH(CH3)CH2(CHz),CH3); mass spectrum, m / e  
(relative intensity) 181 (M+ - CsH13, 21), 155 (82), 139 (77), 113 
(loo), 95 (34). High-resolution mass spectrum, calcd for C6HI4O4P, 
m/e 181.0630; obsd, 181.0627. 

Choline Propyl Phosphate (4). Excess sodium metal is boiled 
in xylene to remove the hydroxide coating and after cooling is 
transferred to a glove box. The sodium spheres are placed in a 
three-neck flask containing a stirring bar and covered with 50 mL 
of dry benzene. The flask is then removed from the glove box 
and equipped with a condenser, an addition funnel and a stopper 
which allows for siphoning through teflon tubing. A positive 
nitrogen pressure is applied. A 20-mL solution of 2.32 X lo-' mol 
of dimethylethanolamine in benzene is added dropwise to them 
stirring mixture of sodium in benzene. After the evolution of 
hydrogen gas has nearly ceased the mixture is refluxed for 3 h. 
The warm alkoxide solution is then siphoned through teflon tubing 
(1.5 mm) into an ice bath-cooled and stirred solution of 10 in 50 
mL of anhydrous ether. After siphoning is complete the flask 
containing the sodium is rinsed several times with 10-20 mL 
portions of fresh benzene. The washings are also siphoned into 
the flask containing the solution of 10. The solution is then 
allowed to stir at room temperature for 1 h. The sodium chloride 
produced is removed by centrifugation (loo00 rpm, 45 min). The 
supernatant is drawn off and placed in a 250-mL round-bottom 
flask. The pellet of sodium chloride is washed with pentane, the 
washings added to the supernatant, and the pellet dried in a 
desiccator. The supernatant is concentrated on a rotary evapo- 
rator to a viscous gold oil which is dried under vacuum overnight. 
A yield of 85.8% of crude methyl propyl 2-(dimethy1amino)ethyl 
phosphate is obtained: 'H NMR (CDC13/Me4Si) 6 0.98 (t, 3 H, 
-CH3), 1.70 (m, 2 H, -CHz), 2.25 (s, 6 H, -N(CH,),), 2.55 (t, 2 H, 
-CHzNMez), 3.73 (d, 3 H, J = 11 Hz, -OCH3), 4.10 (m, 4 H, 
-OCH,CH,NMe, and -OCH,Et). 

The triester is allowed to stand at room temperature under 
vacuum for 28 days during which time the isomerization to the 
diester takes place. The isomerization can be followed visually 
by observing the formation of a solid glassy phase below the fluid 
triester. Addition of methylene chloride to the hardened mass 
converts it to a white powder upon standing for one day. The 
product is suction filtered in a glove box and dried in a vacuum 

3 H, -C(CH,),CH,CH,), 0.93 (t, 3 H, -OCH,CH,CH3), 1.27 (5, 6 

U I 

L 

I 
9 

It is less likely that th i s  isomer ratio results from scram- 
bling of the fatty acids after product formation; this would 
result in, at most, a 50:50 mixture of t h e  1- and 2-labeled 
product. 

After discovering this rearrangement,  i t  was necessary 
to assure that t h e  final PC product did have both fat ty  
acids incorporated t o  an equal extent in order t o  preclude 
a disproportionation process in the  last step. This concern 
was addressed via a 360 MHz 'H NMR of the product of 
the reaction of 10-undecenoic acid with 8. The integration 
of the methyl tr iplet  at 0.88 ppm and t h e  integration of 
the combined vinylic protons at 4.9-5.9 p p m  are  within 
7% of each other. Further, these are also each within 10% 
of the  theoretical in comparison with the integration of the  
choline methyl resonance at 3.35 ppm. Thus, both fat ty  
acid chains are  present in t h e  PC product in the appro- 
priate proportions. 

To summarize, we have presented a simple procedure 
employing several novel features for t h e  preparation of 
mixed fat ty  acid phosphatidylcholines. The procedure 
does not  allow for the preparation of optically active PC 
nor does i t  provide good regioseledivity in the introduction 
of the two acyl chains. It should be particularly useful, 
however, for the synthesis of membrane probes where 
stereo- and regiochemistry are usually unimportant factors. 

Experimental Section 
Methyl dichlorophosphate, 2,6-lutidine, N,N-dimethyl- 

ethanolamine, and palmitoyl chloride were obtained from Aldrich 
Chemical Co. and were distilled prior to use. Obtained from 
Eastman Chemicals were the following: glycerol, allyl alcohol, 
p-tert-amylphenol, 2-octanol, undecanoic acid, lauric acid, and 
10-undecenoic acid. Palmitic-I-13C acid was obtained from 
Prochem/Isotope, Inc. 

Ion exchange resins Rexyn 101 (H+) and Rexyn 201 (OH-) used 
in workup procedures were obtained from Fisher Scientific while 
the preparative ion exchange resin AGl-X8 (Cl-) was obtained 
from Bio-Rad, Inc. For lipid analysis the standard TLC solvent 
system used was a 65:25:4 (v/v) solution of chloroform-metha- 
nol-water. Preparative TLC was performed using plates pur- 
chased from Analtech, Inc. (Silica Gel GF, 2000 microns, 200 mm 
x 200 mm). For analytical TLC, compounds containing a qua- 
ternary ammonium group were visualized on TLC plates by 
spraying with Dragendorff reagent. Other phospholipids were 
visualized by spraying TLC plates with 2',7'-dichlorofluoroscien 
solution. Elemental analyses were performed by Galbraith 
Laboratories. A Varian Associates EM-360 60-MHz NMR was 
used to obtain 'H NMR spectra. A Varian FT80-A NMR provided 
the 13C NMR spectra. All 13C NMR spectra were proton de- 
coupled. Low-resolution mass spectra were obtained on a Hewlett 
Packard Model 5998. High-resolution mass spectral analysis was 
performed by the Cornel1 U. Mass Spec. Lab. 

Methyl n -Propyl Chlorophosphate (10). A solution of 0.09 
mol each of n-propyl alcohol and 2,g-lutidine in 35 mL of an- 
hydrous ether or pentane (dried over 4-A molecular sieves) is 
added dropwise over a period of -'/, hour to a stirred and ice 
bath-cooled solution of 0.11 mol (20% excess) of methyl di- 
chlorophosphate in 50 mL of anhydrous ether under a positive 
nitrogen pressure. White 2,6-lutidine hydrochloride precipitates 
immediately. Stirring is continued overnight at room temperature 
to allow for total precipitation of the salt. The precipitate is 
filtered off by suction in a glove box and is washed with fresh 
solvent. Recovery of the hydrochloride salt is essentially quan- 
titative. The solvent is removed via a rotary evaporator equipped 
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ether and the rinsings are added to the reaction flask. The ice 
bath is removed, and stirring is continued overnight. The lutidine 
hydrochloride is filtered by suction in a glove box and washed 
with fresh anhydrous ether. The combined filtrate is evaporated 
on a rotary evaporator. The crude material is distilled under 
vacuum and stored in dry benzene in a glove box. The yield of 
allyl methyl chlorophosphate, bp 55-57 OC (0.3 torr), is 54%: 'H 
NMR (CDC13/Me4Si) 6 3.87 (d, 3 H, J = 13 Hz, -OCH,), 4.65 (m, 
2 H, -OCHz-), 5.23 (m, 1 H, cis H of HC=CHH), 5.47 (m, 1 H, 
trans H of HC=CHH), 5.98 (m, 1 H, HC=CH2). 

mol) of sodium metal is boiled 
in xylene. Under a dry Nz atmosphere within a glove box, the 
sodium spheres are transferred to a three-neck flask containing 
a stirring bar and covered with 150 mL of dry benzene. The flask 
is removed from the glove box and equipped with a reflux con- 
denser, addition funnel, and septum stopper designed for si- 
phoning. A 20-mL solution of 3.35 X mol (2.99 g) of di- 
methylethanolamine in benzene is added dropwise to the stirred 
and ice bath-cooled mixture of sodium and benzene. After ad- 
dition is complete the total volume of solution is brought to 200 
mL by rinsing through the addition funnel with fresh benzene. 
The resulting solution is refluxed for 4 h. The warm alkoxide 
solution is then siphoned into an ice bath-cooled and stirred 
solution of 3.35 X mol of allyl methyl chlorophosphate in 100 
mL of benzene. After siphoning and rinsing are complete the 
solution is allowed to stir at room temperature for 1/2 h. Sodium 
chloride is removed by centrifugation a t  8000 rpm for 45 min. 
The clear supernatant is drawn off and the solvent evaporated. 
The triester methyl allyl 2-(dimethy1amino)ethyl phosphate is 
placed in a 500-mL round-bottom flask and dried on a vacuum 
line overnight: 'H NMR (CDC13/Me4Si) 6 2.32 (s,6 H, -N(CH,),), 
2.63 (t, 2 H, -CHzNMez), 3.78 (d, 3 H, J = 11 Hz, -OCH3), 4.18 
(m, 2 H, -OCHzCHzNMe2), 4.58 (m, 2 H, -OCHzCH=CH2), 5.42 
(m, 2 H, -CH=CH2), 6.02 (m, 1 H, -CH=CHz). 

The triester is allowed to stand in the vacuum-sealed round- 
bottom flask for 4 weeks before being covered with methylene 
chloride (distilled from P20& After standing overnight the 
product is filtered off by suction in a glove box and washed with 
fresh methylene chloride and anhydrous ether. The fine white 
powder is transferred to a preweighed vial, placed in a desiccator 
and dried under vacuum overnight. The yield of diester 6 is 60% 
from allyl methyl chlorophosphate: 'H NMR (DzO/DSS) 6 3.30 
(s, 9 H, -N+(CH,),), 3.72 (m, 2 H, -CH2N+(Me3), 4.42 (m, 4 H, 
OCH2CH2N+Me3 and -OCHzCH=CHz), 5.40 (m, 2 H, -CH= 
CH,), 6.10 (m, 1 H, -OCHzCH=CHz); 13C NMR (DzO/DSS) 6 

64.6 (m, CHzN), 65.5 (d, J p ~  = 5 Hz, OCHzCH=), 116.0 (9, 

H2C=), 132.4 (d, JpX = 6 Hz, -CH=). Anal. Calcd for 

C, 19.04; H, 3.81; N, 2.73; P,  6.37. 
l-Palmitoyl-2-bromo-2-deoxyglycero-3-phosphorylcholine 

(BLL) (8). To a solution of 3.50 g of the cadmium chloride 
addition complex of 6 (7.03 X loW3 mol as phosphate) and 37 mL 
of doubly distilled water is added 7.03 X lo-, mol (1.25 g) of 
N-bromosuccinimide (NBS). The mixture is stirred and the NBS 
is dissolved within 1 h. The solution is allowed to stir for a total 
of 4 h. The water is removed on the rotary evaporator until a 
viscous slurry remains. Absolute ethanol is added dropwise while 
swirling the flask. Several drops of water may be added if severe 
clumping results. After addition of ethanol is complete, a total 
volume of 100 mL, the mixture is warmed on a steam bath and 
the white precipitate triturated. Stirring is continued overnight. 
The mixture is placed in a refrigerator for l/z h. The product 
is filtered off and washed first with absolute ethanol followed by 
anhydrous ether. The dense white solid is placed in a desiccator 
and dried under vacuum overnight. A yield of 94.5%, 3.95 g, of 
a mixture (k1.6) of 1-bromo-1-deoxy- and 2-bromo-2-deoxy- 
glycero-3-phosphorylcholine, 9 and 7, respectively, is obtained 
in the cadmium chloride addition complex form. See Figure l a  
for the 13C NMR spectrum of this mixture. 

Into a 50-mL round-bottom flask is placed 2.78 X lo-, mol (3.31 
g) of a mixture of the cadmium chloride addition complex of 7 
and 9 and 5 mL of dry and alochol free chloroform. The flask 
is equipped with a stirring bar and an addition funnel, placed in 
an ice bath, and kept under a positive Nz pressure. Freshly 
distilled palmitoyl chloride (2.78 X mol or 7.64 g, 5 molar 

A 2 molar equiv (6.70 X 

52.7 (t, JNX = 4 Hz, N'CHJ, 58.1 (d, J p x  = 5 Hz, OCH&H,N), 

[CgH1gN04P]2[CdC12],: C, 19.29; H, 3.64; N, 2.81; P, 6.22. Found: 

desiccator for one day. The product may be slowly recrystallized 
from 2-propanol/methylene chloride a t  4 "C. The yield of 4 is 
53% based on (dimethy1amino)ethanol or 36% overall from 1- 
propanol. Anal. Calcd for C8HzoNO4P-HZ0: C, 39.50; H, 9.11; 
N, 5.75; P, 12.75. Found C, 39.50; H, 9.25; N, 5.80; P, 12.65. 'H 
NMR (D,O/DSS) 6 1.10 (t, 3 H, -CH3), 1.80 (m, 2 H, 

-OCHzCHzN+Me3), 4.00 (m, 2 H, -OCHzEt), 4.35 (m, 2 H, 
-OCH2CH2N+Me3). 

Choline 2,a-Dimethyl- 1,3-dioxolane-4-methyl Phosphate 
(5). 2,2-Dimethyl-1,3-dioxolane-4-methanol (acetone glycerol) 
is prepared by refluxing overnight a solution of 3.85 X lo-' mol 
of glycerol in 250 mL of acetone and a catalytic amount of p -  
toluenesulfonic acid. After the solution is stirred with solid K2C03, 
the filtered acetone solution is evaporated, and the residue is 
distilled under vacuum. 

mol 
(4.00 g) of methyl dichlorophosphate in 25 mL of benzene under 
a positive Nz pressure is added dropwise a 20-mL solution of 2.69 
x mol each of 2,6-lutidine and acetone glycerol in benzene. 
After addition is complete (-l/z h) the mixture is allowed to stir 
a t  ice bath temperature for an additional hour. Stirring at  room 
temperature is continued overnight. The hydrochloride salt is 
filtered off by suction in a glove box. A 50-mL solution of 2.69 
x mol of alkoxide of dimethylethanolamine is siphoned into 
the stirred and ice bath-cooled solution of methyl 2,2-di- 
methyl-l,3-dioxolane-4-methyl chlorophosphate in 25 mL of 
benzene. After siphoning is complete (-20 min) the flask con- 
taining the sodium is rinsed with 10 mL of fresh benzene which 
is then siphoned into the reaction flask. The contents of the 
reaction flask are decanted into a separatory funnel and washed 
with 25 mL of half-saturated sodium chloride solution. The 
benzene layer is then dried over NaZSO4. After the solvent is 
removed, the residue is placed on a vacuum line overnight. A 
74% yield of crude triester methyl 2-(dimethylamino)ethyl2,2- 
dimethyl-1,3-dioxolane-4-methyl phosphate is obtained 'H Nh4R 
(CDC13/Me4Si) 6 1.37 (s, -CH3), 1.43 (s, -CH3), 2.30 (s, -N(CH,),), 
2.60 (t, -CHzNMez), 3.40 (s, -N+(CH,),), 3.77 (d, J = 11 Hz, 
-OCH,), 4.03 (m, -OCHzCHCHz and -OCH2CH2NMe2). Because 
isomerization had already begun, only key features of the spectrum 
are given and no integration reported. 

Upon standing for 25 days in a stoppered round-bottom flask 
the fluid triester isomerizes to a crystalline material. The product 
diester is taken up in dichloromethane and precipitated by adding 
tetrahydrofuran (THF). The product is collected by suction 
filtration performed in a glove box and dried under vacuum. A 
second crop of crystals is obtained by cooling the mother liquor 
for several days in the refrigerator. The yield is 1.83 g, 28% based 
on acetone glycerol, of choline 2,2-dimethyl-1,3-dioxolane-4-methyl 
phosphate ( 5 ) .  Anal. Calcd for CllH24N06P.Hz0: C, 41.90, H, 
8.25, N, 4.44. Found: C, 42.24, H, 7.77, N, 4.46. 

Glycerolcholine Phosphate (11). Deacetonation of 5 is ef- 
fected in the following manner. A solution of 3.43 X lo-, mol of 
5 in 25 mL of distilled water is treated with 0.1 N HC1 until the 
resulting solution is strongly acidic as tested with pH paper (pH 
12). The solution is allowed to stir a t  room temperature for 15 
h. The water is evaporated and the gummy residue dissolved in 
18 mL of absolute ethanol. To 1.02 g (10% escess) of anhydrous 
cadmium chloride is added 12 mL of absolute ethanol and 1 mL 
of distilled water. The resulting cadmium chloride solution is 
added dropwise to the stirred solution of 11. The white addition 
complex precipitates immediately. After stirring for ' / z  h the 
mixture is placed in the refrigerator for 1 h. The complex is 
filtered by suction, washed with absolute ethanol and anhydrous 
ether, placed in a desiccator, and dried under vacuum overnight. 
A yield of 1.51 g, 83%, of the cadmium chloride addition complex 
of 11 is obtained. The 13C NMR spectrum is identical to the 
published spectrum13 and is provided in Figure Ib. 

Allyl Choline Phosphate (6). Into a 500-mL round-bottom 
flask equipped with a stirring bar is placed 14.2 g (9.53 X 
mol, 10% excess) of methyl dichlorophosphate and 75 mL of 
anhydrous ether. The flask is placed in an ice bath and the 
solution is stirred under a positive Nz pressure. Dropwise addition 
of a 100-mL solution of 8.66 X lo-* mol each of allyl alcohol and 
2,6-lutidine in anhydrous ether is performed over -45 min. The 
addition funnel is rinsed with 2 X 10 mL portions of anhydrous 

-OCHzCH&H,), 3.40 (9, 9 H, -N+(CH,),), 3.75 (t, 2 H, 

To a stirred and ice bath-cooled solution of 2.69 X 
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of 0.19, identical to dipalmitoylphosphatidylcholine, on silica gel 
plates developed in a solvent system of 65:25:4 CHC1,-MeOH- 
HzO. The yield of 12 is 0.19 g or 30.0%: '% NMR (CDCl,/Me,Si) 
6 14-35 (m, fatty acid saturated carbons), 54.4 (br s, N+CH3), 59.4 
(d, J p x  = 5 Hz, OCHZCHZN), 63.1 (s, CHZOCOR), 63.3 (d, J p x  
= 7 Hz, POCHZCH-), 66.4 (d, J p x  = 6 Hz, CHZN), 70.7 (d, J p <  
= 7 Hz, -CHO-), 114.2 (9, H,C=), 139.1 (9, -HC=), 173.1 (9, 

CH-OCOR), 173.5 (s, CH20COR). A 360 MHz 'H NMR was 
obtained a t  the Syracuse University NIH Resource. 'H NMR 
(CDC13/Me4Si) 6 0.88 (t, J = 7 Hz, -CH3), 1.1-1.6 (m, (CH2)J, 
2.03 (d of t ,  J = 7 Hz, -CH,C=), 2.28 (overlapping t ,  J = 7 Hz, 
-CHzCOO-), 3.35 ( 8 ,  N+(CH3),), 3.77-3.97 (m, NCH2CH20P), 
4.1-4.4 (m, glyceryl protons), 4.9-5.2 (m, =CH2), 5.75-5.86 (m, 

l-Lauroyl-2-palmitoylglycero-3-phosphorylcholine ( 13). 
A volume of 7.7 mL (10.8 mequiv) of ion exchange resin AGl-X8 
(C1-) is dispersed in methanol and poured into a column (35 cm 
X 1 cm). The column is then washed with 50 mL of distilled water. 
Conversion to the hydroxide form of the resin is achieved by 
passing 50 mL of 1 N NaOH solution through the resin. The resin 
is washed with 50 mL of distilled water and 75 mL of methanol. 
Lauric acid (21.6 mequiv, 4.33 g) is placed in a flask with -35 
mL of methanol, and the resin is added. The mixture is allowed 
to stir for 2 days. The methanol solution is drawn off and the 
resin washed with 5 X 40 mL portions of methanol. All methanol 
solutions are combined. The resin is washed with 3 X 30 mL 
portions of anhydrous ether. The solvents are stripped off on 
the rotary evaporator and the residue dried on a vacuum line. 
Benzene (40 mL) is added to the resin and stripped off on the 
rotary evaporator. This procedure is performed two times to aid 
drying off the resin. Compound 8 (BLL, 1.08 X mol, 0.60 
g) is added to the flask containing the carboxylate form of the 
resin, and dry benzene is added to give a total volume of -40 
mL. Heating ( -50 "C) is commenced and continued for 115 h 
under a positive N2 pressure. Refluxing is then performed for 
45 h. The benzene solution is drawn off, and the resin washed 
with fresh benzene and filtered. All benzene solutions are com- 
bined and concentrated on the rotary evaporator. The crude 
product is dissolved in several milliliters of chloroform and placed 
on a column (55 cm X 1.8 cm) containing 30 g of Bio Sil A (100-200 
mesh) and chloroform. Elution with 60 mL of chloroform is 
performed first followed by 330 mL of 8:2 (v/v) CHC1,-MeOH, 
335 mL of 6:4 (v/v) CHC13-MeOH, and 800 mL of 1:l  (v/v) 
CHC1,-MeOH. All fractions containing only pure PC are com- 
bined and concentrated and the residue dried in a desiccator under 
vacuum overnight. The purified PC, 13, Rf 0.19 on silica gel plates 
in a solvent system of 65:25:4 CHCl3-MeOH-HZO, is obtained 
in 29% yield. The R, value is identical with that of di- 
palmitoylphosphatidylcholine used as a standard. The 13C NMR 
spectrum is also identical to that of dipalmitoyl PC (see Figure 
2b). 

1-Dipalmitoyl-1 -'3C-phosphatidylcholine (14). A column 
of resin AGl-X8 (Cl-) (3.89 X equiv, 2.8 mL) is poured with 
methanol and rinsed with 30 mL of distilled water. The resin 
is converted to the hydroxide form by eluting with 17.5 mL of 
1 N NaOH solution. The resin is washed with 50 mL of distilled 
water, 50 mL of methanol, and 50 mL of anhydrous ether. The 
resin is then purged with nitrogen. To a 100-mL round-bottom 
flask containing 1.00 g (3.89 X mol) of palmitic-l-13C acid 
in 40 mL of methanol is added the dry resin. The flask is equipped 
with a reflux condenser and heating commenced. After 1 day 
methanol is evaporated via a rotary evaporator, anhydrous ether 
is added to the flask, and refluxing is begun and continued ov- 
ernight. The ether solution is drawn off and the resin rinsed with 
2 X 40 mL portions of ether. Dry benzene (40 mL) is placed over 
the resin and evaporated on the rotary evaporator. The resin is 
dried under vacuum for 0.5 h. A 54% conversion of the resin to 
the carboxylate form is obtained. To a flask containing 0.39 g 
(6.99 X mol) of 8 and 20 mL of dry benzene is added the dry 
resin. Refluxing is begun immediately under a positive N2 
pressure. Refluxing is stopped after 70 h. The resin is filtered 
off and washed with dry benzene. All filtrates are combined and 
evaporated on the rotary evaporator. The residue is dissolved 
in 5 mL of chloroform and placed on a column (55 cm X 1.8 cm) 
of 25 g of silica gel (60-200 mesh, Baker Analyzed) in chloroform. 
Elution is performed with chloroform and 8 2  (v/v) CHCI,-MeOH. 

-CH=). 

equiv) and 2,6-lutidine (1.95 X mol or 2.08 g, 3.5 molar equiv) 
are each dissolved in 15 mL of chloroform. The acid chloride 
solution is placed in the addition funnel and added dropwise to 
the stirred mixture. After addition is complete (l/z h) the 
chloroform solution of 2,Glutidine is placed in the addition funnel 
and added dropwise over a period of ' I z  h. After this addition 
is complete, the ice bath is removed and the mixture is allowed 
to stir at  room temperature for 2 h during which time the reaction 
mixture develops a light pink color. The solvent is removed by 
rotary evaporation. A 20-mL solution of 5:4:1 (v/v) CHC1,- 
MeOH-HzO is added dropwise to the residue while swirling the 
flask in an ice bath. The resulting solution is then passed through 
a mixed-bed ion exchange column containing 50 mequiv each of 
Rexyn 101 (H') and Rexyn 201 (OH-). The total volume of resin 
is approximately 50 mL. The column is washed with 250 mL of 
a solution of 5:41 (v/v) CHC1,-MeOH-H20. The combined eluate 
is placed in a 500-mL round-bottom flask and the solvents distilled 
off on a rotary evaporator. The residue is dried on a vacuum line 
overnight. The residue is dissolved in -35 mL of chloroform. 
(Note: If all residue does not dissolve, passage through another 
mixed-bed ion exchange column is necessary.) Chromatography 
on a silica gel column is then performed. Approximately 10 g of 
silica gel per gram of material is suspended in chloroform and 
poured into a column (60 cm X 2.5 cm). Elution with -600 mL 
of chloroform removes the fatty acid and fatty acid ester. A 
solution of 1:1 (v/v) CHC1,-MeOH is then passed through the 
column at a rate of 1/2  mL/minute to elute the product. The 
fractions containing pure BLL are combined and the solvent 
removed on the rotary evaporator. The colorless residue is dried 
on a vacuum line overnight and stored in a desiccator, containing 
P205, under vacuum. The yield of 8 is 29% or 0.91 g. Its Rf value 
of 0.14 on silica gel TLC plates lies between that of lyso-PC and 
PC in a solvent system of 65:25:4 CHC13-MeOH-H20. The 13C 
NMR spectrum of 8 is displayed in Figure 2a and discussed in 
Results and Discussion. The CdClZ complex is not stoichiometric 
but should be close to 2:3. The analysis fit well for a stoichiometry 
of 2:2.7. Anal. Calcd for [C24H49BrN04P]-[CdC1z]1.35: C, 35.65; 
H, 6.11; N, 1.74; P, 3.83. Found: C, 35.60; H, 6.32; N, 1.82; P, 
3.95. 

1-( l0-Undecenoyl)-2-palmitoylglycero-3-phosphoryl- 
choline (12). A slurry of 9.32 mequiv of AGl-X8 (C1-) resin in 
methanol is poured into a column (35 cm X 1 cm). The column 
is washed with 50 mL of distilled water. The hydroxide form of 
the resin is then prepared by passing 132 mL of aqueous 1 N 
NaOH solution (20 vol/vol of resin) through the column at a rate 
of -1.3 mL/min. The column is washed with 100 mL of distilled 
water, 100 mL of methanol, and 50 mL of anhydrous ether. The 
column is finally purged with nitrogen. 

A solution of 3.44 g (18.64 mequiv) of 10-undecenoic acid in 
35 mL of MeOH and the dry resin prepared above are placed in 
a 50-mL round-bottom flask equipped with a stirring bar. The 
mixture is allowed to stir for 4 days a t  room temperature. The 
contents of the flask are poured back into a column (35 cm X 1 
cm). The solution is drawn off, the resin washed with 5 X 40 mL 
portions of MeOH and 3 X 30 mL portions of anhydrous ether, 
and the resin purged with nitrogen. The combined eluents are 
evaporated and the residue dried under vacuum. A 78% con- 
version of the resin to its carboxylate form is obtained as de- 
termined by the amount of recovered acid. 

The dried resin is placed in a 50-mL round-bottom flask 
containing 9.32 x mol of 8 and 30 mL of freshly distilled 
benzene. The flask is equipped with a stirring bar and reflux 
condenser. Stirring and gentle refluxing are continued for 3 days 
under a positive nitrogen pressure. TLC is used as a convenient 
monitor of the reaction's progress. The resin is filtered off by 
suction onto a glass wool pad. The resin is washed several times 
with 10-mL portions of fresh benzene. The combined filtrate is 
evaporated and the residue dissolved in 5 mL of chloroform. The 
clear chloroform solution is placed on a column (60 cm X 2.5 cm) 
containing 95 g of Bio Sil A (100-200 mesh) in chloroform. Elution 
is begun with 250 mL of chloroform followed by 400 mL of 8 2  
(v/v) CHC13-MeOH, -400 mL of 6:4 (v/v) CHC13-MeOH, and 
1600-1700 mL of 1:l (v/v) CHC1,-MeOH. The fractions con- 
taining pure PC are combined and the solvent stripped off. The 
product is dried in a desiccator, containing P205, under vacuum 
overnight. The mixed acid phosphatidylcholine has an Rf value 
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Appropriate fractions are combined and concentrated. The 
product is dried in a desiccator under vacuum. The yield is less 
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of the downfield carbonyl resonances. The latter are discussed 
in Results and Discussion. 
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The Ireland-Claisen rearrangementa of a variety of 0-protected allylic glycolate esters are described. Vicinal 
diastereoselectivities ranging from 7.21 to >201 were observed, indicating that chelation control of enolate geometry 
is operational in the conversion of substrates 4a-c, 6a-c, and 8a,b to the corresponding methyl 2-alkoxy-3- 
methyl-4-pentenoates 5a-c and 7a-c and to the sesquiterpene synthons 9a,b. Four methods were developed 
for the preparation of the 0-protected (E)-  and (Z)-2-butenyl glycolate esters 4a-c and 6a-c and of the substrates 
8a,b. The assignment of relative vicinal stereochemistry in the rearrangement products 5a-c, 7a-c, and 9a,b 
was accomplished by a combination of chemical and spectroscopic correlations, including a synthesis of (&)- 
verrucarinolactone (12). 

The concept of "acyclic stereoselection" has recently 
received substantial experimental study, with impressive 
resu1ts.l A common rationale in many of the diastereo- 
selective reactions thus developed is the coupling of 
sp2-hybridized carbon centers via cyclic transition states. 
Accordingly, advantage is drawn from two sources: (1) the 
ready availability of reactive trigonal carbon sites (carbo- 
nyls, enolates, olefins), often with controlled local geom- 
etry; (2) the well-known conformational and stereochemical 
biases associated with cyclic structures, especially six- 
centered transition states. 

The [3,3]-sigmatropic rearrangement of enolates (or 
trialkylsilyl ketene acetals) derived from esters of allylic 
alcohols is such a reaction and enjoys the stated advan- 
tages. In these Ireland-Claisen rearrangements (eq 1),2 
the sp2 geometry at remote olefin and enolate carbons 
(asterisks in 2) is transformed into vicinal sp3-carbon 
stereochemistry (asterisks in 3) via a chairlike pericyclic 
transition We felt that if R1 in 1 was a hetero- 

(1) (a) Bartlett, P. A. Tetrahedron 1980, 36, 2. (b) Evans, D. A,; 
Nelson, J. V.; Taber, T. R. Top. Stereochem. 1982,13,1. (c) Heathcock, 
C. H. Science (Washington D.C.) 1981,214,395. (d) Maaamune, S.; Choy, 
W. Aldrichimica Acta 1982,16,47. (e )  Mukaiyama, T. Org. React. 1982, 
28, 203. (f) Kishi, Y. Aldrichimica Acta 1980, 13, 23. 

(2) (a) Ireland, R. E.; Daub, J. P. J. Org. Chem. 1981, 46, 479. (b) 
Ireland, R. E.; Vevert, J.-P. Ibid. 1980, 45, 4259. (c )  Ireland, R. E.; 
Thaisrivongs, S.; Vanier, N.; Wilcox, C. S. Ibid. 1980,45,48. (d) Ireland, 
R. E.; Thaisrivongs, S.; Wilcox, C. S. J. Am. Chem. SOC. 1980,102,1155. 
(e) Ireland, R. E.; Mueller, R. H.; Willard, A. K. Ibid. 1976,98,2868. (f) 
Ireland, R. E.; Mueller, R. H. Ibid. 1972, 94, 5897. 

(3) A boatlike transition state becomes favorable in the face of certain 
structural features which have recently been elucidated. See: (a) Ref- 
erences 2b,c. (b) Bartlett, P. A.; Pizzo, C. F. J. Org. Chem. 1981,46,3896. 
(c) Cave, R. J.; Lythgoe, B.; Metcalfe, D. A.; Waterhouse, I. J. Chem. SOC., 
Perkin Trans. 1 1977, 1218. 
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n 1 0 

r 7 

atomic substituent, the enolate geometry would be con- 
trolled by intramolecular coordination, as illustrated in eq 
2 and 3. With the enolate geometry thus set, selective 
entry into either diastereomeric series would depend only 
upon the geometry about the olefin linkage, as shown. A 
systematic study of such "chelation-controlled" Ireland- 
Claisen rearrangements on a variety of 0-protected allylic 
glycolate ester substrates is herein reported in full detail. 
Several reports have appeared recently describing related 

(4) For general reviews of the Claisen rearrangement, see: (a) Rhoads, 
S. J.; Raulins, N. R. Org. React. 1975,22,1. (b) Ziegler, F. E. Acc. Chem. 
Res. 1977, 10, 221. 
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