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Abstract-Two bifunctional phosphorylating agents, 2,2,2-tribromoethyl and 2chlorophenyl phosphorodichloridate, 
were used with I ,2.4-triazole to assemble phosphotriester derivatives of protected a-glucosyl mono- and diphos- 
phatidyl glycerols. Benzyl, ally1 and pivaloyl groups were used for the protection of the hydroxyl functions of the 
glucose and glycerol moieties, respectively. The merits of the pivaloyl group are discussed. Finally, special 
attention is paid to the conversion of the phosphotriesters into the required phosphodiester functions. 

In 1973 Peleg er al.’ isolated a-glucosyl monophospha- 
tidy1 glycerol (compound I in Fig. I) from moderately 
halophilic halotolerant Gram-negative bacteria. A few 
years later, Fischer er al.* identified a similar gly- 
cophospholipid a-glucosyl diphosphatidyl glycerol 
(compound II in Fig. I) in group N Streptococci. Other 
related glycophospholipids contain neutral or amino 
sugars, which are joined via a or p-linkages to phospha- 
tidy1 glycerol,g” or the more complex glyco(phos- 
pho)lipids from Streptococci. The latter class of com- 
pounds are biosynthetic intermediates or enzymatic 
digestion products7“2 of the structurally related lipotei- 
choic acids. 

At the moment, chemical synthesis presents the only 
way to obtain well-defined naturally occurring and 
modified glyco(phospho)lipids. Compounds of this type 
are not only indispensable for the elucidation of gly- 
cophospholipid function in membranes, but also for the 
investigation of their physiological properties. In this 
paper we wish to present in detail’” an efficient synthesis 
of a-glucosylated mono- and diphosphatidyl glycerols 
(compounds I and II, respectively, in Fig. I) via phos- 
photriester intermediates. 

RESULTS AND DlSCU!WO?( 

The strategy we adopted for the synthesis of the 
glycophospholipids I and II consisted of the following 
steps: (i) preparation of properly 1,3(3,l)dihydroxyl 
protected and optically pure glycerol units containing 
two different protecting groups (ally1 and pivaloyl), 
which could be removed selectively in the presence of 
each other (compounds 2a.b in Scheme I); (ii) intro- 
duction of the a-glycosidic linkage between the secon- 
dary hydroxyl group of the suitably protected glycerol 
units (2a,b) and the 2,3,4,6 - tetra - 0 - benzyl - D - 

glucopyranosyl unit (compound 4 in Scheme 2); (iii) 
synthesis of phosphate protected phosphatidic acid 
derivatives (compounds 11 and 12 in Scheme 3). The 
latter phosphodiester derivatives were easily accessible 
by phosphorylation of 1,2diacyl-sn-glycerol (com- 
pounds 9a.b in Scheme 3) using the phosphoditriazolide 
method’? (iv) condensation of the phosphatidyl 
derivative 11 with the suitably protected a-glucosyl gly- 
cerol moiety 7b or 71, to afford the monophosphotries- 
ters 13a and l&I, respectively (Scheme 4). Furthermore, 
selective removal of the prop-I-enyl group from lM, 

followed by coupling with the phosphatidyl derivative 12 
(Scheme 4) gave the diphosphotriester intermediate 14a 
(Scheme 5); finally, stepwise removal of all protecting 
groups followed by identification of the deblocked com- 
pounds. 

Synthesis of the a-glucosyl glycerol units (Schemes I and 

2) 
The synthesis of the protected glycerol derivatives, 

which are suitable for the condensation with 2,3,4,6 - 
tetra - 0 - benzyl - a - D - glucopyranosyl bromide 4 is 
outlined in Scheme I. u-Mannitol was firstly converted 
into l,2:5,6 - di - 0 - isopropylidene - D - mannitol,‘“.” 
which was then cleaved by oxidation with sodium 
periodate.” The resulting glyceraldehyde acetonide was 
reduced with sodium borohydride.” In this way,l,2-O- 
isopropylidene-sn-glycerol of high optical purity was 
obtained. The less easily available 2,3-O-isopropylidene- 
sn-glycerol unit was prepared, starting from t_-serine, by 
a four-step procedure as described by Lok et aLi The 
glycerol acetonides thus obtained were converted*” into 
3-O-ally1 and I-O-allyl-sn-glycerols la and lb, respec- 
tively. The well established ally1 protecting group,2’ 
which performs a temporary blocking function, can be 
deprotected by a two-step procedure. Firstly, the allyl- 
ether is isomerized into the prop-l-enyl-ether function. 
The prop-I-enyl group can now be removed efficiently by 
acid or the reagent HgCI,/HgO. 

For the protection of the other primary hydroxyl group 
of the glycerol unit we chose the pivaloyl group.22 This 
base labile protecting group had several attractive fea- 
tures. For instance, the pivaloyl group could be intro- 
duced selectively and removed under basic conditions 
without affecting the allyl-ether function. Furthermore, 
no migration*’ of the pivaloyl group was observed under 
the conditions of Lemieux, which were required for the 
introduction of the a-glycosidic linkage. Thus, treatment 
of 3-0-allyl-sn-glycerol (la) or I-O-allyl-sn-glycerol (lb) 
with pivaloyl chloride in dry pyridine at - IO” gave, after 
purification by short column chromatography,24 pure 1 - 
0 - pivaloyl - 3 - 0 - ally1 - sn - glycerol (2a) and I - 0 - 
ally1 - 3 - 0 - pivaloyl - sn - glycerol (2b), respectively, in 
high yield (92%). The identify and homogeneity of both 
compounds was established by ‘H NMR and “C NMR 
spectroscopy (see Experimental). Owing to the small 
optical rotations of both enantiomeric compounds 2a and 

3751 



3752 C. A. A. VAN BOECKEL el al. 

Fig. I. 
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Zb. we decided to determine the optical purity by means The above mentioned 1.3(3.l)-dihydroxyl protected 
of the chiral shift reagent tris - (3 - heptafluorobutyryl - d glycerol molecules 2a and 2b could now be reacted 
- camphorato)praseodymium III (Pr(hfbc)J.*’ Addition of together. under the conditions of Lemieux,26 with 2,3,4,6 
the shift reagent to a racemic mixture of compounds 2a - tetra - 0 - benzyl - glucopyranosyl bromide (compound 
and 2b gave no satisfactory results. However, addition of 4 in Scheme 2) to afford an a-glucosidic bond. Initially, 
the reagent to a sample containing equimolar amounts of bromide 4 was prepared2’ by treating p - nitrobenzoyl - 
the acetyl derivatives of 2a and 2b (compounds 3a and 2.3,4,6 - tetra - 0 - benzyl - a - D - glucopyranose2’ with 
3b) resulted in an enantiomeric splitting of the acetyl bromine-free hydrogen bromide in dichloromethane for 
protons (see ‘H NMR spectra in Fig. 2). On the other 3 hr at room temperature. Under these conditions, we 
hand. addition of Pr(hfbc), to the separate enantiomers observed thai a considerabie amount of debiocking of 
3a and 3b revealed no splitting of the acetyl protons. the benzyl-ethers occurred. However, short bromination 
From these observations we concluded that the optical of the p-nitrobenzoyl derivative gave the bromide 4 
purity of 2a and 2b should be at least 95%. (mixture of anomers) in excellent yield. 
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Fig. 2. ‘H NMR spectra of the acetyl and pivaloyl protons of an equimolar mixture of I - 0 - ally1 - 2 - 0 - acetyl - 3 
- 0 - pivaloyl - sn - glycerol (3b) and I - 0 - pivaloyl - 2 - 0 - acetyl - 3 - 0 - ally1 - sn - glycerol (3,). (A) Without 
addition of the chiral shift reagent Pr(hfhc),. (B), (C) and (D): ‘H NMR spectra recorded after addition of different 
quantities of Pr(hfb& 10 an equimolar mixture of 3s and 3b: (B) molar ratio Pr(hfhc)j/3a,b = 0.06; (C) molar ratio 

Pr(hfbc)J3a,b = 0.10; (D) molar ratio Pr(hfhc),/3a.b = 0.15. 

Coupling of the glycopyranosyl bromide 4 with the 
glycerol derivatives 2a and 2b, to afford Sa and Sb, 
respectively. was performed as follows. Compound 4 
was dissolved in a mixture of dichloromethane and N.N- 
dimethylformamide to which was added tetraethylam- 
monium bromide and activated molecular sieves (4A). 
The mixture was stirred for two hours in the dark, 
whereupon diisopropyylethylamine and alcohol 2a were 
added. After stirring for four days at room temperature, 
the reaction mixture was worked-up and further purified 
by short column chromatography, to afford the fully 
protected I - 0 - pivaloyl - 2 - 0 - (2.3.4.6 - tetra - 0 - 
benzyl - a - D - glucopyranosyl) - 3 - 0 - ally1 - sn - 
glycerol (Sa) as an oil in 60% yield. The identity of Sa 
was unambiguously confirmed by ‘H NMR and “C 
NMR spectroscopy (see Experimental). In the same way. 
starting from 2b, diastereoisomer 5b (R’ = benzyl) was 
obtained. Both diastereoisomers could be distinguished 
by ‘H NMR spectroscopy as well as by their specific 
rotations. 

In the next step. the pivaloyl protecting group was 
removed from the fully protected a-glucosyl glycerol 
derivatives Sa and Sb by treatment with tetrabutylam- 
monium hydroxide. to give 6a and 6b. respectively. in 
87% yield. At this stage of the synthesis, it proved to be 
most convenient to isomerize the temporary ally1 group 
into the prop-lenylether, prior to the introduction of a 
rather base labile phosphotriester function. Initially. we 
performed the isomerization by the action of the 
rhodium catalyst tris(triphenylphosphine)rhodium 

chloride.“‘.‘” Thus, to a stirred solution of 6a or 6b and 
diazobicyclo{2,2,2)octane (DABCO) in ethanol/water was 
added at 85” a catalytic amount of tris(triphenyl- 
phosphine)rhodium chloride. After 2.5 hr. the reaction 
mixture was worked up. and purified by short column 
chromatography. to afford crude la or 7b in 96% yield. 
However. ‘H NMR spectroscopy of the crude products 
revealed the presence of ca. IO% of a propyl ether 
derivative. The formation of the latter side-product is 
due to concomitant reduction of the allyl(prop-l-enyl) 
protecting group.“.” 

In a later stage of our synthetic study, we eliminated 
the formation of the propyl ether by using the iridium 
complex {Ir(cyclo - octa - I,5 - diene(Ph4ePh,h}PF,.33SM 
The use of the Ir-catalyst had the additional advantage 
that the ally1 group was isomerized stereoselectively. The 
latter property enabled us to isolate 7a and 7b as crystal- 
line compounds.“’ 

Preparation of the protected phosphatidic acids (Scheme 
3) 

In our search for an easy and rapid phosphorylation of 
the diacylglycerols 9a and 9b, we established that phos- 
phorylation was most easily accomplished by using a 
phosphoditriazolide derivative’4.‘S (i.e. derivatives 
1Oa.b). Phosphorylation with the latter reagent had the 
following additional advantages: no acyl migration or 
formation of symmetrical phosphorylation products’4 
was observed. 
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The phosphorylating agent 2,2,2tribromoethyl phos- 
phoroditriazolide (lOa). was prepared in situ by adding 
dropwise 2,2,2-tribromoethyl phosphorodichloridate)’ to 
an anhydrous solution of l2,4-triazole and triethylamine 
in tetrahydrofuran (THP). After 20min. the triethylam- 
monium hydrochloride salt was filtered off. A solution of 
I .2-dipalmitoyl-sn-glyceroF” (9a) in pyridine was ad- 
ded dropwise to the filtrate. After 3 hr at room tem- 
perature, a small quantity of water was added to the 
reaction mixture to ensure hydrolysis of the intermediate 
phosphotriazolide and excess phosphoditriazolide. The 
crude product thus obtained was purified by short 
column chromatography, to afford the pure 
phosphodiester derivative 11, which was converted by 
extraction with triethylammonium bicarbonate (TEAB; 
2M. pH 7.5) in the homogeneous triethylammonium salt 
of 11 (yield 90% based on 9~). The identity of 11 was 
ascertained by ‘H NMR and “C NMR spectroscopy (see 
Experimental). 

The phosphatidyl unit 11 could now be coupled with 
the free hydroxyl group of 7b or 7a. to afford the 
relatively stable phosphotriester derivatives 13a or 13d. 
which, in turn, could be deprotected reductively with 
activated zinc dust in pyridine. In the same way, starting 
from 2chlorophenyl phosphorodichloridate3’ (%b) and 
using 1,2-distearoyl-sr1-glycerol~~ (9b) as the diglyceride. 
we obtained the triethylammonium salt 12 in 92% yield. 
The optical purity of the 12diglycerieds 9a and 9b was 
ascertained, as described by Bus et u/..‘~ by ‘H NMR 
spectroscopy in combination with the chiral shift reagent 
Pr(hfbc),. 

Preparation of the fully protected glycophospholipids 
(Schemes 4 and 5) 

The last step in the synthesis of the fully protected 
glycophospholipids 13a or 13d consisted of the intro- 
duction of phosphotriester bonds between the hydroxyl 
function of the glucosyl-glycerol parts of 7b or 7a and 
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the 2,2,2-tribromoethyl-protected phosphatidic acid unit 
11. In our opinion it was preferable, especially at this 
stage of the synthesis, to introduce a phosphotriester 
function which was not protected by a good leaving 
group such as a 2-chlorophenyl group. The reason for 
this was to prevent neighbouring group participation of a 
free primary hydroxyl group in the glycerol moiety of 
compounds 13b.e (R6 = H) with a neighbouring phospho- 
triester function. The latter process may not only occur 
during the removal of the prop-l-enyl group from com- 
pounds 13a.d (R” =-CH=CHCH,) to give derivatives 
13b,e, but also during the condensation of derivative 13e 
(R” = H) with the phosphatidic acid 12 to afford the fully 
protected diphosphotriester compound Ma (Scheme 5). 

The condensation of 7a or 7b with 11 was easily 
accomplished using the activating agent 2,2,2 - tri- 
isopropylbenzenesulphonyl - 3 - nitro - 1,2,4 - triazole” 
(TPSNT). The latter agent has been proven to be not 
only very efficient in a phosphotriester approach to the 
synthesis of nucleic acids, but also of phospholipids.‘4 

Thus, phosphodiester 11 was condensed with 7b in 
pyridine under the influence of the coupling agent 
TPSNT. After 2 hr at room temperature, tic-analysis 
indicated conversion of 7b into the fully protected gly- 
cophospholipid 13a, and the presence of a minor product 
which proved to be the sulphonylated derivative of 7b. 
Work-up and purification by short column chromato- 
graphy afforded phosphotriester 13~ as a waxy com- 
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easily be monitored by tic, and the conversion of tries- 
ters into diesters can unambiguously be ascertained by 
“P NMR spectroscopy. Finally. we believe that the 
phosphotriester methodology will be of great value for 
future preparations of complex glycophospholipids. 
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EXPERIMENTAL 

Genera/ methods and materials. Tetrahydrofuran, triethyl- 
amine and pyridine were dried by heating with CaH2, under 
reflux. for 16hr and then distilled. Dimethylformamide was stir- 
red with CaH, for 16 hr and then distilled under reduced pressure 
(cc. 14 mm Hg). All solvents were stored over molecular sieves 

(toluenelacetone. 2:I, v/v), b.p. 99” (0.8 mm Hg), (a]ozJ to.7 (c 
I, in chloroform). Glc analysis: one peak. 

I - 0 - Ally1 - 2 - 0 - acelyl - 3 - 0 - pivaloyl - sn - glycerol (3s) 
and I - 0 - pivaloyl - 2 - 0 - acetyl - 3 - 0 - a//y/ - sn - glycerol 
(Jb) 

A solution of 2a (40 mg) or 2b (40 mg) in dry pyridine (2 ml) 
was treated with acetic anhydride (2 ml). After 4 hr. the mixture 
was evaporated and the residue was coevaporated twice with 
toluene and absolute alcohol 10 give a mixture of 3a and 3b in 
quantitative yield. ‘H NMR (CDCI,) 6 = 1.20 (s, 9 H, C(CH,),); 
2.05 (s, 3 H, OCOCH,); 3.48 (d. 2 H, CH,-0-allyl, J = 8 Hz); 3.92 
(m, 2 H, 0-CH&=C); 4.0-4.36 (ABX, 2 H, CH=O-pivaloyl); 
5.0-5.32 (m, ZH, CH-0-acetyl and C=CH,); 5.60-6.0ppm (m, 
I H, -CH=C). Enantiomeric splitting of the acetyl proton signal 
was observed on addition of Pr(hfbc)3: for p = 
Pr(hfbc)Jsubstrate = O.O6+AA6 = 0.015. for p = O.IO+AAS = 
0.030, and for p = O.IS+AAS = 0.048. Addition of Pr(hfbc), to 3a 
or 3b gave no change in the ‘H NMR spectra (see Fig. 2). 

4A. Pyridine. used in phosphorylation and condensation reac- I - 0 - A//y/ - 2 - 0 - (2,3,4,6 - letra - 0 - benzyl - a - D - 

tions, was redistilled from p-toluenesulfonyl chloride (4Og per glucopyranosyl) - 3 - 0 - piva/oy/ - sn - glycerol (Sb) 
liter). Yethylene chloride was washed with concentrated sulfuric p_Nitrobenzoyl - 2,3,4,6 - tetra - 0 - benzyl - D _ gluco- 
acid. water and IO% aqueous NaHCO,, dried on CaCI, and 

Hg) at 40”. ‘H NMR spectra were measured at’lOOMHz with a 

distilled from P,OJ. and stored over molecular sieves 4A. 

Jeol JNMPS 100 spectrometer; chemical shifts are given in 
ppm(&) relative to TMS as internal reference. “C and I’P NMR 
spectra were measured with a Jeol JNMPS IO0 spectrometer 
equipped with a EC-100 computer. operating in the Fourier 

Evaporations were carried out under reduced pressure (I5 mm 

Transform mode. Chemical shifts are given in ppm relatively to 
TMS as internal reference (“C NMR), or to 85% 
H3POI as an external reference (“P NMR). Compounds were 
visualized by UV-light. or by spraying with the appropriate 
reagents. Thus compounds containing sugar moieties were visu- 
alized by spraying with sulfuric acid/methanol (20%; v/v); phos- 
phodiester functions with Zinzadze’s reagent,“ lipids with 
molybdatophosphoric acid/ethanol (15%; w/v). TIC was perfor- 
med on Silicagel (DC-Fertigfolien FIT00 LS254, Schleicher and 
Schiill). Column chromatography was performed on Silicagel 
(Merck Kieselgel H). Optical rotations were measured at 25” with 
a Perkin Elmer I41 Polarimeter. Glc-analysis was carried out on 
a Becker 409 Multigraph with FID on Carbowax (glass-capillar 
column: I8 m x 8.0 mm) at 150’. 

I-0-A//y/-3-0-pivaloyl-sn-g/ycert~/ (2b) 
Pivaloyl chloride (I.81 g. I5 mmole) was added dropwise to a 

stirred solution of I-0-allyl-sn-glycero120 (lb; I.98 g. I5 mmole) in 
dry pyridine (20ml) at - IO’. After I hr, when tic 
(toluenelacetone, 2: I, v/v) analysis indicated complete con- 
version of the starting material into the mono-pivaloyl derivative 
(R, 0.66) together with a trace of the di-pivaloylated product (R, 
0.95). the reaction was stopped by the addition of water (2 ml). 
The solvent was evaporated off gnd the resulting oil was dis- 
solved in chloroform (100 ml), washed with 5% aqueous NaHCO, 
(25 ml) and water (25 ml). After drying (MgSO,), the organic layer 
was filtered and concentrated 10 an oil, which was applied to a 
column of Kieselael H (70g) suspended in chloroform/acetone 
(97.5:2.5. v/v). Eiution of ihe column with the same solvent 
mixture gave. after evaporation of the appropriate fractions, pure 
2b as an oil. Yield 3.Og (92%). R, 0.66 (toluene/acetone, 2: I, 
v/v). b.p. 99” (0.8 mm Hg), [a],,‘” - 0.7 (c I, in chloroform), glc 
analysis: one peak. ‘H NMR (CDCI,): 6 = 1.20 (s, 9H. 
C(CH,),): 2.76 (broad, I H. OH); 3.363.60 (m, 2 H, CH2-O- 
allyl): 4.04 (m, 2 H, O-CH+C): 3.w.36 (m, 3 H, H-C-O, 
glycerol and CH,-O-pivaloyl); 5.12-5.40 (m. 2H, =CH,); 5.72- 
6.12 ppm (m. I H. -CH=C). “C(‘H)-NMR(CDCI,): S = 27.2 (s, 
3 x CH,); 38.8 (s. C,,,,,. t-butyl); 65.4 (s. CH&-pivaloyl); 68.8 
(s. CHOH); 71.0 (s. CH,-O-allyl): 72.3 (s, -CHI. allyl); 117.3 (s, 
=CH,); 134.3 (s, -CH=). 178.5 ppm (s, C=O). Found: C, 59.72; H, 
9.38: Calc. for C,,H2,,0, (216.777): C. 61.00, H, 9.32%. 

after evaporation of the solvent the glucosyl bromide (4) was 
dissolved in a mixture of dry dichloromethane (SOml) and dry 

pyranose2* (I I g, 16mmole) was treated with a saturate2 (ca. 

N,N-dimethylformamide (IO ml) containing tetraethylammonium 

0.6 N) solution of hydrogen bromide in dichloromethane (340 ml) 

bromide (3g) and activated molecular sieves (4 A). After two 
hr in the dark, di-isopropyl-ethylamine (2 ml) and 2b (2.16g, 

for IO min. The p-nitrobenzoic acid was removed by filtration and 

IOmmole) were added and the solution was kept at room tem- 
perature for 4 days in the dark. TIC analysis (ether/petroleum 
ether. I : I, v/v) indicated the presence of a major product (R, 
0.60), some minor impurities and a trace of 4 (R, 0.75). The 
solution was diluted with chloroform (3OOml) and washed with 
aqueous NaHCO, (2.5%; lOOmI), twice with aqueous silver 
nitrate (2%; 100ml). The dried (MgSO,) organic layer was con- 
centrated to an oil, which was applied to a column of Kieselgel H 
(2OOg) suspended in ether/petroleum-ether (3:7, v/v). Elution of 
the column with the same solvent mixture and evaporation of the 
appropriate fractions afforded 5b as a syrup. Yield 4.41 g (60%). 
R, 0.60 (ether/petroleum-ether, I : I, v/v), [aloz5 t 31.6” (c I. in 
chloroform). ‘H NMR (CDCI,): 6 = I.20 (s, 9 H. C(CH,),; 3.ti.4 
(m, I I H, glucosylglycerol except Hi); 3.88-3.% (m, 2 H, 0-CH2- 
C-C); 4.404.80 (m, 8 H, 4xCH,); 5.05 (d, I H. Hi, J,.2. = 
3.1 Hz); 5.05-5.32 (m. 2 H, GCH,); 5.6-6.0 (m, I H, -CH=C); 
7.30-7.40 ppm (m, 20 H, 4 x 5 H,,, ). “C (‘H) NMR (CDCI,): 
6 = 27.2 (s, 3 x CH,); 38.8 (s, C,,,,, t-butyl): 63.7 (s, CH2-O- 
pivaloyl); 70.0 (s, CH,O-allyl); 72.3 (s, -CH2-, allyl); 74.2 (s, 
H-C-O-glucosyl); 75.5, 74.9, 73.5, 73.0 (s, 4xCH,); 80.1, 81.8, 
77.8 70.7, 68.9 (s, C;-C& glucose); 96.2 (s, C;, glucose); 116.9 (s. 
=CH,); 134.6 (s, -CH=); 138.6, 138.5, 138.3, 138.2 (s, 4x& 
benzyl); 177.9 ppm (s, C=O). 

I-0-Pivaloyl-3-0-allyl-sn-glycerol @a) was obtained in the 
same way starting from Is. 2o Yield 3.Og (920/c), R, 0.66 

Compound 5a was obtained in a similar way starting from 4 
and 2a. Yield 4.41 g (60%). R, 0.60 (ether/petroleum ether, I: I, 
viv), [a]02’+38.8” (c I. in chloroform). ‘H NMR(CDC13): The 
same as for Sb except Hi-glucose: 6 = 5.18 (d, I H, Hi, glucose, 
J,.2. = 3.1 Hz). 

I - 0 - A//y/ - 2 - 0 - (2,3,4,6 - fefra - 0 - benzyl - a - D - 
glucopyranosyl) - sn - g/ycero/ (6b) 

To a solution of Sb (I.08 g. I.46 mmole) in dry dioxane (50 ml) 
was added aqueous tetrabutylammonium hydroxide (40%; I8 ml). 
The reaction mixture was stirred for 4 hr at 20”. TIC analysis 
(ether/petroleum ether, 2: I, v/v) indicated complete conversion 
of compound Sb (R, 0.95) into 6b (R, 0.34) together with a small 
amount of a less polar product (R, 0.38). The reaction mixture 
was concentrated 10 an oil which was redissolved in chloroform 
(300 ml) and washed with aqueous NaHCO, (10%; 75 ml) and 
water (75 ml). The dried (MgSO,) organic layer was evaporated 
to an oil, which was applied 10 a column of Kieselgel H (60g) 
suspended in ether/petroleum ether (3: I, v/v). Elution of the 
column with the same solvent, afforded compound 6b as a 
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for IOmin. TIC analysis (ether~petroieum ether, 3: I, v/v) in- 
dicated complete conversion of the phosphotriester (R, 0.3) into 
baseline material (R, 0). Chloroform was added and the zinc dust 
was removed by filtration. The filtrate was diluted with chloro- 
form (100 ml) and washed with TEAB (2 M, pH 7.5, 3 ml) and 
TEAB (I M, 3 ml). filtered and the solvent was evaporated, to give 
13c as a light yellow oil in a quantitative yield. R, 0.72 (chloro- 
form/acetone/methanol~acetic acid/water, 50:20: IO: 10:s. v/v). 
ialn2’+29.7 (c 1. in chloroform). ‘H NMR(C~l,~: 6 = 0.89 It. _ .._ 
6 H. 2 x CH3.. J = 6 Hz); 1.26 (m; 2 x (CH,),); l.f6(m, 4 H, 2.x’ 
CQ&CH&ZOOI; 2.2-2.4 (m, 4 H, 2 x CH&OO); 2.8-3.2 (broad, 
I H, OH): 3.4-5.0 (m, 23H, glucosylglycerol except Hi, phos- 
phatidylglycerol except HCOOCR, and 4x CH,d); 5.06 (d, 1 H, 
H;, J1+.2’ = 3.1 Hz); 5.0-5.4 (m, 1 H, H-COOCR); 7.3-7.4ppm (m, 
20 H. 4 x 5 H,,,). “C(‘H)NMR(CDCI,): 6 = 14.1 (s, 2 x CH,); 
22.7 (s. 2 x t&CH,); 31.9 (s, 2 x t&CH,CH,); 29.7, 29.5, 29.3, 
29.2 (m, 2 x (CH,),); 24.9 (s, 2 x CHZCH,COO); 34.1. 34.0 (s, 
2 x t&COO); 61.6 (s, CH,OH); 62.5 (s, m,OOCR); 64.5, 64.4 
(d. 2xCH#-PI; 70.2 (d, H_COOCR); 77.5 (d, H-C-O- 
glucosyl); 75.6, 75.1, 73.4, 72.6 (s, 4 xCH,d); 79.5, 81.8, 77.6, 
70.8. 68.5 (s, G-G, glucose); 97.0 (s, Ci, glucose); 138.8, 138.3, 
138.2, 137.9 (s, 4 x Cr, benzyl); 172.9, 173.2 ppm (s. 2 x GO). 

a-Glucosylated phosphatidylglycerol (I) 
Compound 13e was converted into the sodium-form by running 

a solution of the triethylammonium salt of Ik (128mg 
0.095 mmole), dissolved in methanohtetrahydrofuran (2: I, v/v) 
through a column (10 x 2 cm*) of Dowex SOW cationexchanger 
resin (100-200 mesh, sodium-form), suspended in the same 
solvent mixture. After concentration of the appropriate fractions 
the sodium salt of Ik (120 mg, 0.095 mmole) was dissolved in a 
mixture of isopropanol~ethyiacetate~acetic acid (6: 3: I, v/v, 
20mi) and hydrogenated over 10% palladium on charcoal 
(350 mg) at 4 atm for two days at 20”. 

TIC-analysis (chloroform/acetone/methanol/acetic acid/ 
water, 50:20:10:10:5, v/v) of the crude reaction mixture in- 
dicated ca. 90% conversion of the starting material into 1 (R, 
0.16). The catalyst was filtered off and washed thoroughly with 
methanol in pyridine (10%. IlOml), and methanol in pyridine 
(28%, 100 ml). After evaporation to dryness the resulting oil was 
twice coevaporated with toluene (IOml) and absolute alcohot 
(IO ml) and applied to a column of silicagel (8 g), suspended in 
chloroform/methanol/water (65: 25: 2, v/v). Elution of the column 
with the same solvent mixture and concentration of the ap- 
propriate fractions afforded pure 1. which was dissolved in 
chloroform/methanol (4: I, v/v) and extracted with TEA9 (2 N, 
IO ml) and TEA9 (1 M. IO ml). Evaporation of the filtered organic 
layer afforded the triethylammonium salt of 1 as a white waxy 
solid. Yield 64mg (69%), [a]oz’+21.1 (c 1. in chloroform). ‘H 
NMR(C~t~~CD~OD): 6 = 0.89 (t, 6 H, 2 x CH,, J = 6 Hz); 1.26 
(m, 2 x (CH?),); 1.56 (m, 2 H, 2 xCH,CH&OO); 2.2-2.4 (m, 4 H, 
2 x CH&OO); 3.2-4.0 (m, I I H, glucosyl~ycerol except Hi); 3.% 
(1, 2 H, CH20P. ‘Ju+ = 5.5 Hz); 4.9-4.6 (A9 part of ABX, 2 H, 
CH2OOCR); 5.08 (d, 1 H, Hi, J,.,z = 3 Hz); 5.0-5.4 ppm (m. 1 H, 
HCOOCR); “C(‘H)NMR(CDCIJCDIOD): S = 14.1 (s, 2 x CH,); 
22.8 (s, 2 x CA,CH,); 31.9 (s, 2 x CHZCH,CH,); 29.7, 29.5. 29.3, 
29.2 (m, 2x(CH2),,); 24.9 (s, 2xCH2CH,COO); 34.3, 34.0 (s, 
2 x CH,COO); 62.2 (s. CH,OH): 62.7 (s, CH,OOCR): 63.7, 63.2 
(d, T:CHrO_P); 70.4 (d, 70 (d, H@OCR); 72.7, 73.5, 70.1, 
72.3, 62.2 (s, C&C;. glucose); 77.6 (d, H-C-O-glucosyl): 99.0 (s. 
C;. glucose); 173.4, 173.0ppm (s, ZxC=O). 3iP 
NMR(C~l~/CD~OD): S = -0.13 Is, P-O) (see Fig. 3C). 

Fully protected a-glucosyiofed diphosphatidylglycerol (14a) 
A mixture of 13e (230 mg, 0.152 mmole) and the triethylam- 

monium salt of 12 (2OOmg;0.21 mmole) was dried by repeated 
coevaooration with anhvdrous ovridine (3 x I5 ml). TPSNT 
(100 r$, 0.265 mmole) was added to-the resulting viscous oil and 
the reaction was left for 4 hr at 20”. TIC analysis (ether/petroleum 
ether. 3: I, v/v) indicated complete conversion of the starting 
compound (R, 0.2) into a product with higher R, value (R, 0.8). 
The solution was evaporated and the residual oil was dissolved in 
chloroform (75 ml), washed with aqueous NaHCO, (IO%, 20 ml) 
and water (20 ml). The dried (MgSOa) organic layer was concen- 

trated to an oil, which was dissolved in a small volume of 
ether/petroleum ether (2: 1, v/v, 0.5 ml) and applied to a column 
of Kieselgel H (8g) suspended in the same solvent mixture. 
Elution of the column with the same solvent and evaporation of 
the appropriate fractions gave the fully protected a-glucosyl 
diphosphatidylglycerol as a mixture of diastereomers. Yield 
270 mg (75%). 

The oil thus obtained was precipitated from ether/petroleum 
ether to give homogeneous 14a. J$ 0.98 (chloro- 
form~methanol~ammonia, 73: l5:2, v/v) [alo”+ 15.1 (c 1.02, in 
chloroform). ‘H NMR(CDCl~): 6 ~0.8 (t, It H, 4xCH,, J = 
6 Hz); 1.26 (m, 4 x (CH,),); 1.5-1.6 (m, 8 H. 4 x CHZCH2COO); 
2.2-2.4 (m, 8 H, 4 x CH,COO); 3.5-4.9 tm, 27 H, 2x phospha- 
tidylglycerol except 2 x H-COOCR, glucosylglycerol except Hi, 
4 X CH2d); 4.75 (m, 2 H, CH*CBr,); 5.04-5.25 (m, 2 H. 2 x H- 
COOCR); 4.98 (d, 1 H, Hi, lit2 = 3 Hz); 7.0-7.5 ppm (m, 24 H, 
4 x S H,,,,. benzyl and 4H,,,, o-chlorophenyl). 
‘“C(‘H)NMR(CDCI,): 6 = 14.1 (s, 4 x CH,); 22.7 (s. 4 x CH,CH,); 
31.9 (s, 4 X C&CH,CH,); 29.7, 29.3, 29.1 fm. 4 x (CH,),); 24.1 (s, 
4xCH2COO); 33.9 (s,4xftE[~COO); 36.0 (d, CBr,, ‘Jc_e = 
11.6Hz);6l.5(s.2x~,OOCR);67.1,66.8.66.5,66.3(m,4xCH, 
O-P); 69.2 (d, 2 x HCOOCR) $_e = 7.3 Hz); 78.2 (m. H-C-O- 
glucosyl); 75.6, 75.0, 73.4, 73.0 (s, 4xCH&); 79.6 (d. CH*Br,, 
‘Jc_~ = 3.1 Hz); 79.5,81.7,77.8, 71.0.68.3 (s, C&C;, glucose): 97.2 
(s, Ci, glucose); 146.3, 146.1 (d, C,, o-chlorophenyl, ?Jc_,, = 
6.lHz); 138.6, 138.1, 137.9, 137.8 (s, 4xC,, benzyl); 173.0. 
172.6 ppm (s, 4 x GO). “P NMR(CDCI,): 6 = - 3.1, - 3.2 (s, 
POCH2CBr,); - 6.7, - 6.8 npm (s, P&-chlorophenyl) (see Fig. 
3A). Found: C, 61.72: H, 8.13; P, 2.9; Calc. for 
C~,~H,~02~P~~lBr~(23~.919): C, 61.93; H, 8.21; P. 2.7. 

Partially protecfed a-gkcosylated diphosp~ai~dy~giycero~ (ldb) 
Fully protected a-glucosyl diphosphatidylglycerol 148 (130 mg, 

0.056 mmole) and TPSOH (4.5 mg, 0.016 mmole) were stirred in a 
suspension of excess activated zinc dust” in pyridine (I ml) as 
described for the svnthesis of 13c. Yield of ldb as a mixture of 
diastereomers 120.mg (IO@%), tic 0.69 (chloroform/acetone/ 
methanol/acetic acid/water, SO:20: IO: 10:5, v/v), [aJo” t 12.5 (c, 
1.128, in chloroform), ‘H NMR(CDCI,): 6 = 0.8 (t, 12 H, 4 x CH3, 
J =6Hz); 1.26 (m, 4x(CH,).); 1.5-1.6 (m, 811. 4x 
~~CH2COO): 2.1-2.3 (m, 8 H, 4 x CH,COO); 3.4-5.2 (m, 30 H, 
~ucosyl~ycerol, 2 x phosohatidyl~ycerol. 4 x CH,&): 7.CL 
7.5 ppm (m, 24 H, 4 x 5 
“CI’H) 

H.,:,, bencyi, 4 o-chlorophenyl). H,,,,, 
NMRICDCL): 6 = 14.1 (s. 4x CHL 22.6 Is. 4x 

&Cl&); 31.9 (S, 4xCH,CH,CH;); 29.7, 293, 29.1 (m, 4~ 
KH,),); 24.8 (s, 4 x g,CH,COO); 34.0 (s, 4 x @>COO); 62.1 (s, 
2 X WCOOR); 67.0-66.0 (m. 4xCH,O-P); 69.4 (m, 2 x H- 
COOCR); 75.7, 74.9. 73.2, 72.2 (s, 4xCHtd~); 78.2, 81.7, 77.8. 
?l.8,68.3 (s, C&C;, glucose); 99.3 (s, C;, glucose); 148.9, 148.2 (d. 
Cr. o-chloroohenvll~ 138.7, 138.1. 137.9. 137.8 fs. 4 x C,. benzvl): 
173.1, 172.9: 172:8;‘172.6ppm (4xC=O). “P ~MR(C~l~~: i; = 
- 1.5 (broad, P-C-); - 6.9 (s, P-~~hlorophenyl) (see Fig. 38). 

Benzylated a-glucosylated diphosphatidylgiycerl (Me) 
Compound 14b (0. I2 g, 0.056 mmole) was twice co-evaporated 

with dry dioxane (2 x 10 ml) and dissolved in dry tetrahydrofuran 
(I ml). TMG (64 mg. 0.56 mmole) and syn-4nitrobenzaldoxime 
(139 mg, 0.84 mmole) were added.” After I6 hr. tic-analysis 
(chloroform/methanol/ammonia, 73: I5:2. v/v) indicated com- 
plete conversion of the phosphotriester (R, 0.80) into the phos- 
phodiester (R, 0.53). The reaction mixture was taken up in 
chloroform (60 ml), washed with water (2 x 250 ml). HCI (0.01 M, 
25 ml) and TEA9 (2 M, pH 7.5, 2 x IO ml). The organic layer was 
concentrated to an oil which was dissolved in chloroform (1 ml) 
and applied to a column of silicagel (Sg) suspended in the same 
solvent. Elution of the column was started with chloroform, to 
remove by-products, and then with chloroform/methanol (85: 15, 
v/v) to obmin pure 14c. followed by extraction with TEAB (2 M, 
2 x IO ml). Evaporation of the filtered organic layer afforded 14c 
as an oil. Yield 95.9mg (Sl%1, $ 0.53 (chloro- 
form~meth~nol/ammonia, 73: 15:2, vivf. [alo- + 17.7 k 1.246, in 
chloroform). ‘H NMR(C~13): 6 = 0.89 (t, 12 H, 4 X CH,. J = 
6 Hz); I.2 (m. 4X(CH,),): 1.5-1.6 (m. 8 H, 4xc&CH&OO); 
2.1-2.3 (m, 8 H, 4 x CH,COO); 3.64.9 (m, 27 H, glucosylglycerol 
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except Hi, diphosphatidylglycerol except 2 x H-COOCR, 4 x 
CH,b); 5.0 (d, I H, Hi, JrZ = 3 Hz); 5.05-5.3 (m, 2 H, 2 X H- 
COOCR); 7.0-7.15 ppm (m. 20 H, 4x5 H.,,,, benzyl). 
“C(‘H)NMR(CDCI& S = 14.1 (s, 4 x CH,); 22.7 (s, 4 x CH?CH,); 
31.9 (s, 4x&lrCH,); 29.7. 29.3, 29.2 (m. 4x(CH,),); 24.9 (s, 
4xCUlrCH,COO); 34.3, 34.1 (s. 4xC&COO); 62.8. 62.6 (s, 
2 xC&I,OOCR); 65.2. 64.7, 63.6 (m, 4xCH,-O-P); 70.4 (m, 2x 
H-C_OOCR); 75.7. 75.0, 73.7, 72.1 (s. 4 x CHrd); 79.7, 81.9, 77.8, 
70.7,68.5 (s. C&C;, glucose): 77.5 (m, H-C-O-glucosyl); 103.6 (s, 
C;. glucose); 139.0, 138.6. 138.3, 137.9 (s. 4xC,. benzyl); 173.3, 
172.9 ppm (s, 4 xC=O). “P NMR(CDCIr): 6 = -0.6. -0.7 (s, 
2 x P-o-). 

a-Glucosylated diphosphatidylglycerol (II) 
The sodium salt of 14e (90.4 mg, 0.042 mmole) was dissolved in 

a mixture of isopropanohethylacetatelacetic acid (6: 3 : I, v/v, 
20ml) and hydrogenated over 10% palladium on charcoal 
(350 mg) as described for the synthesis of I. After two days, tic 
analysis (chloroform/acetone/methanol/acetic acid/water, 
60:20: IO: IO:% v/v) indicated co. 900/c conversion of the starting 
compound (R, 0.82) into II (R, 0.21). Working up as described for 
1. afforded II in the triethylammonium form as a white waxy 
compound. Yield 52.3mg (69%) R, 0.21 (chloro- 
form/acetone/methanol/acetic-acid/water, 6d:20: IO: IO:5 v/v); 
laln2s t 14.4 (c I. in chloroform). ‘H NMR(CDtX/CD,OD): 6 = 
. ._ 0.9 (I. I2 H. 4 x CH,. J = 6 Hz);’ 1.2-1.4 (m; 4 x (CH,),); 115-1.6 
(m. 8 H. 4 x CH2CH2COO); 2.2-2.4 (m, 8 H. 4 x CHrCOO); 3.4- 
4.4 (m, 19 H, glucosylglycerol except Hi. diphosphafidylglycerol 
except 2 x H-COOCR); 5.0 (d, I H, Hi, glucose. Jr* = 3 Hz); 
5.0-5.4 ppm (m. 2 H, H-COOCR); “C(‘H)NMR(CDCi,7CD!OD): 
6 = 14.1 (s. 4xCH,): 22.8 (s. 4xCH,CH>): 32.0 (s. 4x 
C&ZHICH,); 29.8, >29.5. 29.3 (m, 4x(CH;).); 25.0 (s. 4x 
C&CH,COO); 34.3, 34.2 (5. 4 xCH,COO); 58.2 (s. 2 x 
f&OOCR);65.0.63.6(m.4 x CH,-O-P): 70.3 (m.? x H-COOCR); 
73.9, 72.4. 71.6, 70.6. 62.8 (C&C,. glucose): 77.7 (m, H-C-O- 
glucosyl); 99.0 (s. C;, glucose): 173.9. 173.5 ppm (s, 4 X C=O). “P 
NMR(CDCI&D~OD): fi = - 0.06. - 0.9 (s. 2 x P-o-). 

Determination of the fatty acid content of compound II 
Glycophospholipid II (19.3 mg) was treated at room tem- 

perature with I M NaOMe in MeOH (5 ml). After 2 hr. Dowex 
ZOW cation-exchange resin (ItHI-200 mesh, hydrogen-form: 5g) 
was added. The resin was filtered off and the filtrate was con- 
trated. The residue thus obtained was dissolved in chloroform 
(20ml) and washed with water (IOm!). The dried (MgSO,) 
organic layer was evaporated and the remaining methylesters 
were dissolved in tetra (3 ml). Glc analysis of the mixture showed 
the presence of solely methyl palmitate and mefhylstearate in 
equimolar amounts. 
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