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A survey is given of the present position in the synthesis of glycerol phosphatide esters—phosphoric esters in which the
glycerol residue is esterified—some of the principal representatives of the biologically important class of substances, the
lipids. The main principles and recent advances are discussed in the synthesis of classical glycerol phosphatide diesters of
the type of cephalins, lecithins, phosphatidylserines, cardiolipins, phosphatidylglycerols and their amino-acid derivatives,

etc., and also complex phosphatides containing amino-acids, peptides, and sugars.

Special attention is paid to the synthesis

of optically active unsymettrically substituted myoinositols, which include such glycerol phosphatides as mono-, di-, and
tri-phosphoinositides and complexes based on them. The list of references includes 246 items.

I. INTRODUCTION

During the past twenty years the chemistry of the impor-
tant natural compounds the lipids, including that of glycerol
phosphatide esters, has made great advances, with the
possibility of finally determining the structure of the prin-
cipal classical glycerophosphatide esters-—phosphatidic
acids, phosphatidylaminoethanols (cephalins), phosphatidyl-
cholines (lecithins), phosphatidylserines, phosphoinositides
of various types (mono-, di-, and tri-phosphoinositides)
phosphatidylglycerols, diphosphatidylglycerols (cardio-
lipins), amino-acid derivatives of phosphatidylglycerol,
etc, 12

To a considerable extent this enabled the problem of
studying the part played by glycerophosphatides in proces-
ses occurring in the living cell (membrane processes, the
chain of electron transfer, the transmission of nerve
impulses, metabolic mechanisms, etc.) to be raised to the
molecular level, which promises in the near future to
solve many fundamental questions of biology where an
important role is assigned to glycerophosphatides 3.

Synthetic work in the field of glycerophosphatides has
made one of the principal contributions to their chemical
investigation., The main lines of these researches were
shown in several reviews ™', which were devoted to
individual aspects of the synthetic chemistry of glycero-
phosphatides and hence did not give a complete picture.
Furthermore, most of them almost completely ignore work
in the Soviet Union on the synthesis of glycerophosphatides,
which is being widely developed at the present time and in
many respects has enriched considerably our knowledge of
their chemistry. These were the main reasons for pub-
lishing the present Review.

The synthesis of glycerophosphatides reached its
present level in effect only during the past decade in con-
nection with the widespread introduction into the chemistry
of lipids of physicochemical methods for purifying and
identifying organic compounds and establishing their struc-
ture. In this sense an important part in the advances of
recent years has been played by adsorption, paper, thin-
layer, and gas-—liquid chromatography, infrared spectro-
scopy, and recently mass spectroscopy, nuclear magnetic
resonance (n.m.r.), and optical rotatory dispersion.

Nowadays the synthesis of diester glycerophosphatides
such as cephalins, lecithins, and phosphatidylserines—
which are often termed classical —presents no difficulty,
largely owing to recent advances in the synthesis of tri-
ester glycerophosphatides!3-'%, phosphatidopeptides !¢-2!
and other complex glycerophosphatides?2~2%, papers on
whose isolation from natural sources have begun to appear.

The methods now used for the preparation of glycero-
phosphatides consist in the successive building up of indi-
vidual structural parts of the molecule (phosphoric esters
of the nitrogen bases and amino-acids, aliphatic acids,
etc.) from various derivatives of unsymmetrically substi-
tuted glycerol.

All the methods which have been described for synthe-
sising glycerophosphatides can be divided into two broad
groups: (1) synthesis from 1,2-diglyceride structures
presupposes the initial production of the 1,2-diglyceride
part of the molecule, so that in this case the introduction
of aliphatic acids into a substituted glycerol molecule
precedes phosphorylation; (2) the synthesis from glycero-
phosphoric esters is characterised by the opposite sequence
of esterification and phosphorylation.

II. SYNTHESIS OF GLYCEROPHOSPHATIDES FROM
1,2-DIGLYCERIDE STRUCTURES

This group of preparations includes two independent
methods. A common feature is the initial production of a
1,2-diglyceride structure either in the form ofa 1,2-
diacyl-sn -glycerolf or as a 1,2-diacyl-3-deoxy-3-iodo(or
bromo)-sn-glycerol. Phosphoric ester bonds are formed
with the first group of compounds by well known methods
of phosphorylation??, and with the second group by reaction
with the silver salts of substituted phosphoric acids 28,

T The nomenclature of optically active unsymmetrically
substituted glycerol derivatives conforms to the IUPAC—
IUB rules —European J. Biochem., 2, 127 (1967).
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1. Synthesis of 1,2-Diglycerides

The preparation of 1,2-diglycerides presents consider-
able difficulties, owing to the greater reactivity of the 1,3-
hydroxy-groups of glycerol in comparison with the 2-
hydroxyl, and also because of the ease of migration of acyl
groups from the 2-position to the 1- and 3-positions?°,
Therefore many of the earlier published syntheses of
1,2-diglycerides did not yield pure compounds but mixtures
of 1,2- and 1,3-diglycerides. These facts have necessita-
ted special approaches to the preparation of 1,2-digly-
cerides which would avoid these difficulties.

One approach is the temporary protection of the
3-hydroxyl. The methods used most frequently have been
benzyloxycarbonyl 3, trityl3:1-35 benzyl 3, oxanyl3%3%7
ethoxyethyl *, and 2,2,2-trichloroethoxycarbonyl 8% pro-
tection. The 3-O-derivatives of glycerol were esterified
either in stages or exhaustively, and at the last stage the
protecting group was removed by catalytic hydrogenoly-
sis 307%2,36 or mild acid hydrolysis, excluding migration of
the aliphatic acid radicals 32-%5,3,39,  This yielded 1,2~
diglycerides containing the same or different acids. The
problem of the selective introduction of different aliphatic
acid radicals and also the possibility of obtaining highly
unsaturated 1,2-diglycerides will be specially considered
in subsequent sections.

Another approach to the preparation of 1,2-diacylgly-
cerols consists in using 2-monoglycerides obtained by
removing benzylidene protecting groups by catalytic
hydrogenolysis %%! or mild hydrolysis with boric acid 42,43
of the corresponding acyl derivatives of 1,3-O-benzylidene-
glycerol. 2-Monoglycerides are selectively esterified to
1,2-diglycerides. The method makes it possible to obtain
racemic 1,2-diglycerides of any structure and degree of
unsaturation.

None of the above methods is universally applicable:
with some of them it is impossible (or possible in only a
few cases) to obtain 1,2-diglycerides containing the radi-
cals of highly unsaturated aliphatic acids3°~32,%  which are
widely distributed in natural sources and are of the great-
est biological value!?; other methods are unsuited to the
preparation of optically active 1,2-diacyl-sn-glycer-
0l530-33,37,44=47  ip the form in which they are involved in
various biological processes in the living cell 12,

Further discussion of synthetic approaches to 1,2-di-
glycerides will be arranged to show which methods are
most suitable for the preparation of saturated and unsatu-
rated 1,2-diacyl-sn-glycerols containing the same and
different acid radicals. These compounds have been pre-
pared most often by the benzyl method, which was proposed
for saturated 1,2-diglycerides %,

Hydrogenation of ethylenic double bonds in acyl radicals
during the preparation of unsaturated 1,2-diglycerides,
which would occur on catalytic debenzylation (VI) — (VII),
is avoided by preliminary protection with bromine (V) —
(VI). Debenzylation is followed by debromination with
zinc dust (VII) — (VII), which restores the original double
bonds, without change in their configuration, to give the
1,2-diacyl-sr~glycerols (VIII) #6757 (Scheme 1).

Diglycerides containing different acid radicals can be
prepared in two ways, distinguished by the methods used
to introduce aliphatic acids into the 1- and 2-positions —(i)
acylation in stages (I) — (IV) — (V) 51,52,5458,57 [djrect
esterification (I) — (V) yields diglycerides containing the
same acid radicals*8,5%52,55] and (ii) preliminary protec-
tion of the 1-hydroxyl with a trityl radical (I) — (II), which,
after introduction of an aliphatic acid radical on the 2-
hydroxyl (II) — (III), is removed by means of hydrogen
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chloride with migration of the acyl radical from the 2- to
the 1-position (III) — (IV), this being followed by esterifi-
cation of the freed 2-hydroxyl (IV) — (V). 49,53,5¢

Scheme 1
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With highly unsaturated aliphatic acids such as linoleic
and linolenic acids the benzyl method of preparing digly-
cerides has considerable limitations 3957, and it is entirely
unsuitable for the preparation of 1,2-diacyl-sn -glycerols
containing still more highly unsaturated acid radicals, e.g.
from arachidonic acid. This is because a large quantity
of bromine introduced at the double bonds in the aliphatic
acid leads to difficulties in debenzylation owing to poisoning
of the catalyst, and also because of the poor solubility of
the bromides which are formed. Several attempts have
been made recently to modify the benzyl method of prepar-
ing 1,2 -diglycerides with the aim of applying it to obtain
1,2-diacyl-sn-glycerols of any degree of unsaturation.

The first of these attempts consists in replacing the
benzyl protection in 3-O-benzyl-sxn-glycerol (I) by a trityl,
an oxanyl, or an ethoxyethyl group (I) =~ (XII). These
groups are easily removed by mild acid hydrolysis of
compounds of type (XIII) —obtained by the esterification of
3-0-derivatives of sn-glycerol (XII) —with the formation of
1,2-diglycerides (VII) (Scheme 2). %

Scheme 2
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v/ : s :
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CH,0Bz1 CH,0H
(1X) (x)
/O“CHz c|H,OH CH,00CR
— o=c\ —»HO—C—H — R""COO—C—H
0—C—H CH,0X CH,0X
CH,0X (X1 (xun

(X1) ¢
viit
where X=—~CPhjy: Q : ~CIHOEQ

Me

Other papers %83 also propose replacing the benzyl
group in 3-O -substituted glycerol (XII) by groups more
suitable for the preparation of highly unsaturated 1,2-
diglycerides, such as trityl% and 2,2,2-trichloroethoxy-
carbonyl 3%% (the former is removed by chromatography on
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silicic acid 33, and the latter with zinc in acetic acid 38,39)
(Scheme 3).

Scheme 3
O—CH, 0—CH,
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|
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The chief difficulty in these syntheses is to remove
isopropylidene protecting groups} in the presence of trityl
and 2,2,2-trichloroethoxycarbonyl groups (XV) — (XII): in
the first case?® this is achieved by the action of trichloro-
acetic acid, and in the latter case with boric acid 383,
Since both isopropylidene and the two other protective
groups 35383 are sensitive to acid hydrolysis, although in
differing degrees, it is difficult to rely on complete selec-
tivity of removal of the acetal group, which considerably
diminishes the potentialities of this method.

Scheme 4
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Attempts to replace benzyl by trityl protecting groups
had been made earlier (Scheme 4).5%58 The diglycerides
were prepared from 1,2-0-isopropylidene-sn -glycerol
(XIV), which was converted into the 3-monoglyceride
(XVI), then subjected to tritylation and complete acylation
(XVII) — (XVIII) — (XIX), and after removal of the trityl
protecting group under mild conditions 3% converted, as was
to be expected, into the enantiomer of the natural digly-
ceride, 2,3-diacyl-sn-glycerol (XX). The preparation of
1,2-diacyl-sn -glycerols by this method from L-mannitol as
starting material (D-mannitol was used in the other prepa-
rations) was impracticable because of the great shortage
of L -mannitol.

Scheme §
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Finally, a new method has recently been suggested for
preparing 1,2-diacyl-sn -glycerols®, in which the starting
material is 3,4-0-isopropylidene-D-mannitol (XXI), which
is obtained from D-mannitol via the intermediate formation
of 1,2:3,4:5,6-tri-0-isopropylidene-D-mannitol (Scheme
5).%° Esterification converts (XXI) into the tetra-acyl
derivative (XXII). After mild acid hydrolysis of the
acetal protecting group the diol (XXIII) is oxidised with
lead tetra-acetate to the 1,2-diacyl-sn-glyceraldehyde

i See next paragraph (Editor of Translation).
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(XXIV). Reduction of (XXIV) with hydrogen in the pres-
ence of Raney nickel (for the preparation of saturated
diglycerides) or with sodium tetrahydroborate (to give
unsa;urated diglycerides) yields 1,2-diacyl-sn -glycerols
(vio).

A weakness of this method is the inadequate selectivity
of removal of the isopropylidene protecting group in the
presence of ester groups (especially those from long-chain
acids) in compound (XXII), which produces greater experi-
mental difficulties in isolating the diol (XXIII) and consider -
ably diminishes the overall yield of the diglyceride (VIII).

Summarising this Section, we can say that, in spite of
the great amount of work on the preparation of 1,2-diacyl-
sn -glycerols, no method can be suggested at the present
time which would be universally applicable to products of
any structure and degree of unsaturation. Nevertheless,
some specialisation of methods is possible. The benzyl
method is the most suitable for obtaining saturated and
slightly unsaturated diglycerides. The carbonate method
is to be recommended for the preparation of highly unsatu-
rated diglycerides. Finally, methods based on 3-O-trityl-
or 3-0-2',2',2" -trichloroethoxycarbonyl -sn -glycerols and
on 3,4-0-isopropylidene-D-mannitol may become of
general value on further improvement.

2. Preparation of Glycerophosphatides from 1,2-Digly-
cerides

The next stage in the synthesis of glycerophosphatides
is the formation of ester bonds between the diglycerides
and phosphoric acid and also with nitrogen bases (hydroxy-
ethylamine, choline), hydroxy-amino-acids, and alcohols
(glycerol, myoinositol).

Phosphorylation is most often effected with phenyl phos-
phorodichloridate 81 -7 and phosphoryl chloride3%,57,%-93 in
the cases of saturated and unsaturated compounds respec-
tively. Use of the latter agent lowers the yield of the
final glycerophosphatides owing to formation of a large
quantity of by-products. Compounds of the required
structure are isolated from the complicated reaction mix-
ture mostly by chromatography on silicic acid.

There are several modifications of phosphorylation,
which make it possible to achieve unambiguous results in
certain particular cases. Thus 2-phthalimidoethyl phos-
phorodichloridate has been used for the synthesis of cephalins
and triester glycerophosphatides 3-15,21,44,47,55,58,94-97 [yge
has recently been made of 2-(2,2,2-trichloroethoxycar-
bonyl)aminoethyl phosphorodichloridate for these pur-
poses®8], and 2-chloroethyl (or 2-bromoethyl) phosphoro-
chloridate for the synthesis oflecithins and of N -methyl- and
NN'’-dimethyl -cephalins 9°-1®2,  Pyrophosphate derivatives
have also been used in the synthesis of cephalins!%, phos-
phatidylserines %, diphosphoinositides!®, O-amino-acid
derivatives of phosphatidylglycerol 1%, aminoacid deriva-
tives of phosphatidic acid, and a cephalin of phosphoramide
type2%26, Interesting methods have recently been devel -
oped for producihg bonds of the type P—O—nitrogen base
(the latter is usually aminoethanol). Among them are the
reactions of phosphatidic acids with aziridine and its
derivatives1%,197 and also with nitrogen bases in the
presence of trichloroacetonitrile ®, 2,4,6-tri-isopropyl-
benzenesulphonyl chloride %, and dicyclohexylcarbodi-
imide 1%, This last reagent has also been used to obtain
phosphatidylglycerol and dipyrophosphatidic acid from
phosphatidic acid 93,19,

In order to ensure an unambiguous result of phosphoryl-
ation, all the functional groups, other than the hydroxyls
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to be phosphorylated, in the nitrogen bases, hydroxy-
amino-acids, glycerol, and myoinositol are blocked with
protective groups. Amino-groups are protected with
benzyloxycarbonyl 13,14,19,25,64,66-72,85  phthaloyl 13 ~15,44,45,47,
55,58,77,78,84,86,94-97,105  { _hutoxycarbonyl 39 81,83,90,91,100
methoxybenzyloxycarbonyl %2, 2,2 2-trichloroethoxycar-
bonyl ?8, and y -chlorobutyroyl 8’ groups. The carboxy-
groups of the amino-acids are blocked with benzyl 15,2426, 65,
67,69,70,103  {_pbyty] 83,86,90 and phthalimidomethyl 8,87,%
protecting groups; and the hydroxyl of glycerol and
myoinositol with benzyl 7388105111113  _hutyl 9! isopro-
pylidene ™, cyclohexylidene %114 acetyl13,16,21,115,
benzoyl 19,116,117 toluene-p -sulphonyl 118119, and

oxanyl 111,116 groups.

Protective benzyloxycarbonyl, benzyl, and toluene-p-
sulphonyl groups are removed in the last stages of
hydrogenolysis, which excludes their application to the
preparation of unsaturated glycerophosphatides. However,
the methods which have appeared for the mild electro-
chemical removal of these groups will undoubtedly enable
the limitations on their protective use to be overcome 2% 129,121,
The conditions under which the remaining protective
groups are eliminated enables them to be recommended
for the preparation of both saturated and unsaturated
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acetyl, and benzoyl groups are split off by mild hydrazino-
lysis, t-butyl, t-butoxycarbonyl, methoxybenzyloxycar-
bonyl, y-chlorobutyroyl, isopropylidene, cyclohexylidene,
and oxanyl groups by mild acid hydrolysis; and the 2,2,2-
trichloroethoxycarbonyl radical with zinc in acetic acid.

The wide choice of means of protection and phosphory-
lating agents enables glycerophosphatides of any structure
to be obtained, provided that such structure was present
in the initial diglycerides and also in the second structural
unit of the phosphatide (nitrogen base, hydroxy-amino-
acid, glycerol, myoinositol, etc.).

As is shown by Scheme 6, many glycerophosphatides have
now been prepared, including phosphatidic acids (XXV)and
diphosphatidic acids (}O(VI)’ 85,75,76,82,89,92,98,110,122,123
cephalins (XXVII), 39,44,45,47,55,58,63, 64,77, 78,84, 85,94 ~98, 103,107 -109
on the basis of which have recently been obtained N -acyl-
cephalins (XXVIII), !2¢ N -methylcephalins (XXIX), 8,101,108
NN'-dimethylcephalins (XXX), 57:101,108 ]ecithins
(XXXT), ©1,62,7,80,9,100,1® phogphatidylserines (XXXII), 86,81,
83,89,87,130 and also several phosphatides containing threo-
nine (XXXIM), 7 hydroxyproline (XXXIV), %9 and serylgly-
cylglycine (XXXV).97 Effectively the same methods have
been used to obtain the highly unsaturated compounds
phosphatidyltyrosine (XXXVI), 2° 0 -amino-acid derivatives

glycerophosphatides. Thus phthaloyl, phthalimidomethyl, of phosphatidylglycerol (XXXVII) and (XXXVIII), 73,91,105
Scheme 6
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Scheme 7
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cardiolipin and its acyl derivatives (XXIX) and (XL), 88,80
phosphatidylglycerols (XLI), 785110 and also racemic
monophosphoinositides (XLII) !** and diphosphoinositides of
various structures (XLII) and (XLIV) 1%,114 (the prepara-
tion of optically active phosphoinositides will be discussed
separately).

This method has also been used to prepare several
modified glycerophosphatides containing 2-aminopropan-
1-0l, ? 2-amino-2-methylpropan-1-ol, * a-methyl-
choline ™, and certain cytotoxic groups 125,

3. Preparation of Glycerophosphatides based on 1,2~
Diacylhalogenohydrins of sn-Glycerol

The preparation of 1,2-diacylhalogenohydrins of sn -
glycerol presents considerably fewer difficulties than that
of 1,2-diglycerides. They are prepared from 1,2-0-iso-
propylidene-sn -glycerol (XIV) in a series of stages, the
last of which is esterification. Replacement of the
hydroxyl by a halogen (iodine, bromine) is accomplished
by the use of toluene-p -sulphonyl derivatives as inter-
mediates 28,126-130,  Phosgphoric ester bonds are then
produced by the reaction of 1,2-diacylhalogenohydrins of
sn-glycerol with silver salts of substituted phosphoric
acids?28,

The synthesis can be effected in two ways. In the first
case (Scheme 7) the reaction of 1,2-diacylhalogenohydrins
of sn-glycerol (XLV) with silver dibenzyl phosphate (XLVI)
yields dibenzyl phosphatidates (XLVII), which after
anionic monodebenzylation with sodium iodide, lithium
fluoride, or a similar reagent!®! are converted into alkali-
metal salts, and then into the silver benzyl phosphatidates
(XLVIII). These last products react with halogeno-deriva-
tives of nitrogen bases to form protected glycerophospha-
tides (XLIX)—(LI). The benzyl group (sometimes
p-nitrobenzyl is used instead) is removed by catalytic
hydrogenolysis or by further anionic debenzylation, which
in this case can be conveniently accomplished with a ter-
tiary base such as N -methylmorpholine. The same groups
are used to block amine and carboxyl functions as in the
preparation of glycerophosphatides from 1,2-diglycerides.
The benzyl 132713 and trityl 135 groups are also used to
protect amino-groups. This variant has proved most

{

ﬁ H (Mc)
R—0—FOCH,CH,NH— [—0CCH NH3
0" JL—occu?NHocci-{zi'u»{3 .

(L1, Lun

convenient for preparing several phosphatidic acids
(XXV), 28,130,136 -140’ cephalins (XXVII), 128,132 135,141

N -methylcephalins (XXIX), 135 NN’ -dimethylcephalins
(XXX), 142 lecithins (XXXI), 127,128,143-145 and also phospha-
tidopeptides (LII) and (LII).17"29 Series of lysophospha-
tides such as lysocephalins and lysolecithins have been
obtained similarly 146,147,

Scheme 8
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In the second form of the method (Scheme 8) molecules
of protected glycerophosphatides (LIV)--(LVI) are produced
by condensing the 1,2 -diacylhalogenohydrin of sz -glycerol
(XLV) with a silver salt of a substituted phosphoric acid
in which a phosphoric ester bond has already been estab-
lished with a nitrogen base or with serine.

Differences in principle between these methods are
slight. The latter variant has found application also in
the synthesis of cephalins (XXVII), 129,127,148-153 ] ecjthins
(XXXI), 154 and also, in contrast to the first variant, to
obtain phosphatidylserines (XXXII), 126,155,156 This method
of synthesis has proved especially convenient for obtaining
highly unsaturated phosphatides 148-154,186  amino-groups
being protected by means of the t-butoxycarbonyl group 151,156
and the carboxyl function by means of a t-butyl group!%é,

Double decomposition between derivatives of glycerol
iodohydrin and silver salts of phosphoric acids is widely
used in the preparation of O-amino-acid derivatives of
phosphatidylglycerol. The method has found application
in obtaining both unsaturated®,157,158 gnd saturated com-
pounds with individual parts of the molecule differing in
configuration 1%9-161_ It consists in condensing silver
benzyl phosphatidates (XLVIII) with glycerol iodohydrins
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protected in the 2 -position and esterified inthe 1- or 3-posi-
tion with protected amino-acids (LVI). As usual, the
protected groups are removed at the last stage: (LVIII) —
(XXXVII), (LIX) (Scheme 9).

Scheme 9
Me
CH,—00C— —(':HNHOCOY
XLt H—CI-0X —CH (CH,), NHOCOY
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o] H—(IZ—OX —CH (CH,), NHOCOY
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R—O—lll?—O—lIH.l &'HE
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(XXXvIil, LIX)
(X = Bzl, CMej, CoBzl; Y = Bzl, CMey)
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I
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The same principle forms the basis of a synthesis of
cardiolipin (XXXIX) and its O-acyl derivatives (XL) 162,163
(Scheme 10). The molecular structures (LXI), containing
three glycerol residues linked by phosphoric acid, were
produced either by the reaction of two molecules of silver
benzyl phosphatidate (XLVIII) with 2-0 -t-butyl(or acyl)-
1,3-deoxy-1,3-di-iodoglycerol (LX) or by combining two
molecules of 1,2-diacyliodohydrins of sn-glycerol (XLV)
with the disilver salt of 2-0-t-butyl(or acyl)glycerol
1,3 -bis(benzyl phosphate) (LXII), obtained by the reaction
of (LX) with silver dibenzyl phosphate (XLVI) followed by
partial debenzylation and conversion into the corresponding
silver salt (LXII). The protecting groups were removed
in the usual way as the final stage: (LXI) — (XXXIX),
(XL).
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Phosphatidylglycerol (XLI) has been synthesised by a
similar method 8¢ (Scheme 11),

Scheme 11

CH,0. CH,0 CH,0
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I
= R—0—P—0~CH, - XLI
OBzl
(LXVI)

During recent years the present method has been used
for the preparation of several glycolipids. The first
synthetic work on these lines was concerned with a glucos-
amine derivatives of phosphatidylglycerol (LXIX) 22—a
glycolipid found in Bacillus megatherium 2318 (Scheme 12).

Scheme 12
CH,OBz!
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CHyl
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OBzl
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A glycosidic bond between the anomeric hydroxyl of the
glucosamine and the 2-hydroxyl of glycerol was formed by
the Koenigs —Knorr reaction of the corresponding glycerol
derivatives (LXXI) and the glucosamine bromide (LXXII),
The product (LXXII) was converted by well known methods
into the halogenohydrin (LXVII) and the silver salt (LXX),
which were used as the chief intermediates in the synthesis
of a glucosamine derivative of phosphatidylglycerol (LXIX)
(Scheme 13).

Scheme 13
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I
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Another example is the synthesis of the N-glycoside of
aminoethyl phosphatidate (LXXVII) %6 based on synthetic
cephalin (XXVII) 135 (Scheme 14).

0 Scheme 14

it
R-——O—li’«OCH,CH,NH.J XLIXa
OBzl l
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- H,50,
O HO 2 OH H
Nal OH OH
(LXXVI) OH (LXXVII) OH

A further development of the method is to use silver
di-t-butyl phosphate (LXXVIII) as phosphorylating agent in
cases in which phosphoric monoesters are to be prepared,
because of the ease of removal of a t-butyl group with
hydrogen chloride (Scheme 15). Thus phosphatidic acid
(XXV) has been obtained by the reaction of 1,2-diacyliodo~
hydrin of sn-glycerol (XLV) with the above silver salt
(LXXVII). 167

Scheme 15

0 o}
Il Il
XLV |- AgO—P (OCMey), -~ R—O—P (OCMey), — XXV
(LXXVII) (LXXIX)

The same silver salt (LXXVIII) has been used for the
synthesis of phosphatidyl glycerophosphate (LXXXI) 167 by
condensation with silver benzyl phosphatidate (XLVII) and
glycerol di-iodohydrin (LX) followed by removal of the
protecting group (Scheme 16).

Scheme 16
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The method of preparing phosphatides by double decom -
position of various glycerol halogenohydrins with silver
salts of derivatives of phosphoric acids is distinguished
from syntheses based on 1,2-diacyl-sn-glycerols by its
directional character and hence by higher yields of reac-
tions involving the formation of phosphoric ester bonds.
However, it is also characterised by many stages and
serious experimental difficulties in obtaining many of the
starting materials, which often prevent it from competing

with the preparation of phosphatides from 1,2-diglycerides.
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III. SYNTHESIS OF GLYCEROPHOSPHATIDES BY THE
ACYLATION OF SUBSTITUTED GLYCEROPHOSPHORIC
ACIDS

The first group of methods for synthesising glycero-
phosphatides is characterised by several stages, which
often diminishes its preparative possibilities. The second
type of synthesis, in which the sequence of phosphorylation
and acylation is reversed compared with the first group,
enables diester glycerophosphatides to be obtained by a
shorter route and in high yields directly from 1,2-0-
isopropylidene-sn -glycerol (XIV).

It must be borne in mind that the esterification of
glycerophosphoric esters of protected aminoethanol,
choline, and serine occurs with considerable difficulty and
yields mainly lysophosphatides 2,1%8,16°,  During recent
years, however, methods have been found which have per-
mitted the selective or exhaustive esterification of glycero-
phosphoric esters of nitrogen bases 145,169=19%2  The
starting material mostly used for this purpose in the syn-
thesis of lecithins (XXXI) has been either the cadmium
complex of 3-sn-glycerylphosphorylcholine 2(LXXXII).
.3CdCl, 45,189,171-177,17 or harium chloroethyl 3-sn-glyceryl
phosphate (LXXXIV), *"%17 both obtainable by accessible
methods from 1,2-0-isopropylidene-sn -glycerol (XIV).

The compounds —(LXXXII), 2(LXXXII).3CdCl,, (LXXXIMO),
2(LXXXIIN).3CdCL,, (LXXXIV), and (LXXXV)—were acyla~-
ted either selectively or exhaustively with aliphatic acid
chlorides 1#¢-1™ or by enzymatic esterification 8%, In
the case of the cadmium complexes 145,169,171 -177,17 thijg
immediately yields lecithins (XXXI) or lysolecithins
(LXXXIN) depending on the degree of esterification. When
the barium salts (LXXXIV) and (LXXXV) are used 1717, the
quaternary ammonium group of the lecithins (XXXI) is
introduced by reaction between the acylated barium salt
(XXXVI) and trimethylamine (Scheme 17).

Scheme 17
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LXXXV
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l

i
XXXP e— R—0—POCH,CH,CI

0~ Y, Ba™"
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In the synthesis of cephalins (XXVII) 18-85 apd phos-
phatidylserines (XXXII) '8 from 1,2-0-isopropylidene-s# -
glycerol (XIV) barium 3-sn -glyceryl N -phthaloylamino-
ethyl phosphate (LXXXVII) and the corresponding
N -phthaloylserine salt (XC) are obtained. These are
converted by stepwise esterification —(LXXXVI) —
(LXXXVIO) — (LXXXIX) or (XC) — (XCI) — (XCII)—or
complete esterification—(LXXVI) — (LXXXIX) or (XC) —
(XCII) —into phthaloyl derivatives of cephalin (LXXXIX) or
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phosphatidylserine (XCII), from which the protective groups
are removed by mild hydrazinolysis (XXVII) or (XXXII)
(Scheme 18). A similar principle has been used to obtain
an unsaturated phosphatidylserine from barium glyceryl

N -methoxybenzyloxycarbonylserine phosphate or the
phthalimidomethyl ester 187,

H,0H Scheme 18§ cH,oH
HO—<C—H O HO—C—H O
H,o-—%—OcH,cn,Npm - XIV —> CHzo—g_o—CPlz HNPht
0" Y, B> 0"Ba?" -00C
(LXXXVID) (xc)
r“ﬁj’iomv H,00CR'
! HO—C—H Q HO—C—H O
H,O—}’L‘OCH,CH,NPM H,0—P—0—CH,—CHNPht
i 0" Yy Ba?* 0" Be?t -00C

) (LXXX V1) {(Xcn

(e}
i Lo
R—O—POCH,CH,NPht R'—O—l CH,CHNPht

H OH COOH
(LXXXIX) (xcn
XXVIL XXX

Besides being shorter than the first group of methods,
the present route for the synthesis of glycerophosphatides
has the advantage of being universally applicable for the
preparation of phosphatides containing either saturated or
unsaturated aliphatic acids.

Attempts have been made at the direct acylation of
glycerophosphoric esters of nitrogen bases by means of
acid anhydrides. Although the first work of this type 188
has only historic significance, later investigations on the
acylation of 3-sn-glycerophosphate 18, 3-sp-glyceryl-
phosphoryl-N -phthaloylaminoethanol 190 obtained by
saponifying natural cephalins and then protecting the
amino-group with a phthaloyl group, and 3-sx-glyceryl-
phosphorylcholine 1°1:193 with aliphatic acid anhydrides in
the presence of their tetraethylammonium salts can make
full claim to nreparative use.

IV. SYNTHESIS OF COMPLEX GLYCEROPHOSPHATIDES

All the papers discussed have been concerned mainly
with the synthesis of the so called classical diester gly-
cerophosphatides. An exception is provided by the
syntheses of amino-acid derivatives of certain phosphatides
(XXXIII), (XXXIV), (XXXVI)—(XXXVII), and (LIX) 6970,73,
90-92,105,157-161 = phosphatidopeptides (XXXV), (LII), and
(LII), 16721567 the glucosamino-derivative of phosphatidyl-
glycerol (LXIX), 2?2 and an N -glycoside of phosphatidyl -
aminoethanol (LXXVII); 1% the need to discuss them in
preceding Sections was dictated solely by methodological
considerations. These compounds cannot be included
among classical glycerophosphatides. Phosphatides which
contain, besides the traditional structural units, amino-
acids, peptides, carbohydrates, etc. are often termed
complex phosphatides, and perhaps classical glycerophos-
phatides are fragments of these complex lipid structures,
which are present in natural tissues and are easily decom-
posed in the course of isolation!93-199,  Another feature of

337

these compounds is presumably a triester structure of the
phosphate portion193-1%9,  Progress in the synthesis of
classical glycerophosphatides has enabled a close approach
to be made to obtaining certain classes of complex phos-
phatides. The chief researches on these lines, other than
the few discussed in the previous Sections, will be
described below.

Among the most widely distributed complex phospho-
lipids are amino-acid and peptide derivatives of glycero-
phosphatides. Besides the amino-acid derivatives of
phosphatidylglycerol (XXXVII), (XXXVII), and (LIX),
phosphatidylpeptides based on cephalins and phosphatidyl -
serines (XXXV), (LI), (LIO), and also cardiolipin % we
may assume the possibility of the covalent addition of
amino-acids and peptides to the phosphoric acid in gly-
cerophosphatides by means of phosphoramide and acyl—
phosphate bonds. Definite indications of the possibility
of such complex formation have now been obtained 2%,

1. Synthesis of Amino-acid and Peptide Derivatives of
Phosphatidic Acid and Phosphatidylaminoethanol of
Phosphoramide and Acyl Phosphate Types

Phosphatidylamino-acids (XCVI) ?* and phosphatidyl -
peptides (XCVII) 2 containing a phosphoramido-bond are
obtained (from 1,2-diglycerides) by a method widely used
in the chemistry of nucleotide amino-acids and peptides 2%
with synthetic procedures characteristic of glycerophos-
phatides. In order to obtain (P—N)-glycylphosphatidyl-
aminoethanol (C) the corresponding protected derivative
of phosphatidic acid (XCIV) is converted, by the methods
described in Section II, into the silver salt (XCVII), from
which the cephalin (XCIX) is formed?2 (Scheme 19).
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A glycine derivative of phosphatidic acid of acyl phos-
phate type (CII) is formed by reaction of silver benzyl
phosphatidate (XL VIII) with N -benzyloxycarbonylglycyl
chloride (CI) followed by removal of the protective groups
(C11) — (CIM) 25 (Scheme 20).

Scheme 20
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Investigations of the properties under comparable
conditions of classical glycerophosphatides and of amino-
acid and peptide derivatives of phosphatidic acid and
phosphatidylaminoethanol —(XCVI), XCVII), (C), and
(CIIT) —have shown?2¢~?6é the lower hydrolytic stability of the
latter compounds. Both acyl —phosphatide and phosphor-
amide bonds are labile even in weakly acid media. Study
of the structure and properties of the synthetic amino-acid
and peptide derivatives of glycerophosphatides —(XCVI),
(Xcvi), (C), and (CHI)—suggests that such complex for-
mation may occur in natural lipoproteins, but the excep-
tional lability of these structures creates serious difficul -
ties in their isolation from natural sources in the native
state, so that the question of the presence of compounds of
this type in natural lipid —protein complexes is still a
matter of controversy.

2. Synthesis of Triester Phosphatides and Phosphatido-
peptides

The preparation of triester phosphatides and phospha -
tidopeptides has been based on the method of synthesising
diester glycerophosphatides from 1,2-diglycerides.
Aminoethylphosphatidylserine (CXI)—a triester glycero-
phosphatide assumed to be present in the microsomes of
brain tissue2%,203—has been synthesised by reaction among
the 1,2-diglyceride (VII), 2-phthalimidoethyl phosphoro-
dichloridate (CIV), and the dibenzyl ester of N-carboxy-
serine (CV), with subsequent removal of the protective
groups (CX) — (CXI) !5 (Scheme 21). The course of the
reaction is ambiguous, being accompanied by the formation
of a series of phosphoric mono-, di-, and tri-esters
(CVI)—(CIX), as a consequence of which the yield of
aminoethylphosphatidylserine (CXI) after removal of the
protective groups does not exceed 2—-3%.
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The 1-0-aminoethylphosphatidylmyoinositol structure
(CXIV) has been formed similarly3, The synthetic tri-
ester (CXIV) has been used to obtain phosphatidopeptides
(CXVI) 1821 —gtructural units in the lipid complex of ox
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brain98—by condensation of the amino-group in the amino-
ethyl residue of (CXIV) with the azides of N -benzyloxy-
carbonyl-alanine and -glycylalanine followed by removal of
the protective groups by known methods (CXV) — (CXVI)
(Scheme 22).

Scheme 22
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Study of the stability of the synthetic triester phospha-
tides—(CXI), (CXIV), and (CXVI)—has shown that they are
labile compared with the cephalins, phosphatidylserines,
and phosphatidylinositols which they contain13,15,18,21  thijg
being fully consistent with published data 937199 on the
properties of triester phosphatides. The triester (CXIV)
and (CXVI) containing myoinositol are considerably more
stable than the triester (CXI), 13,15,18,21 which is supported
by the assumed special role of myoinositol in the formation
and functioning of complex phosphatides and phosphatido-
peptides 198,

V. METHODS OF SYNTHESIS OF OPTICALLY ACTIVE
PHOSPHOINOSITIDES

The problem of obtaining optically active phosphoino-
sitides requires special consideration (all those mentioned
hitherto were synthesised in optically inactive form). In
naturally occurring phosphoinositides the myoinositol
molecule is asymmetrically substituted in the 1-equatorial
position by the phosphatidyl radical, and hence possesses
optical activity. This has been proved both for inosito-
phosphatides of simple structure2%~20 gnd for the
complexes 209-212

The problem of synthesising optically active phos-
phoinositides is in essence a particular case of the wider
problem of obtaining optically active myoinositol deriva-
tives. At the present time there are two approaches to a
solution—(1) the use of natural substances (galactin,
quebrachitol, bornesitol, etc.), in which molecular
asymmetry is already established, for their further con-
version into optically active asymmetrically substituted
myoinositols of specified structure; and (2) the resolution
of racemic asymmetrically substituted myoinositols,
prepared from myoinositol itself, into enantiomers.
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1. First Method

In 1959 Ballou reported??? the synthesis of optically
active sn -myoinositol 3-phosphate§. The starting
material was galactin, which was completely benzylated
(CXVII) — (CXVII); methanolysis with 1% hydrochloric
acid led to cleavage of the a-glycosidic bond in the
nonabenzylgalactin (CXVIII); the resulting 1,2,4,5,6-
penta -0 -benzyl -sz -myoinositol (CXIX) was phosphorylated
with diphenyl phosphorochloridate; and after removal of
the protective groups sz -myoinositol 3-phosphate (CXXI)
was isolated (Scheme 23).

Scheme 23
CH,OH on OH CH,0Bz) OBzl OBzl
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Gero!17 has recently proposed another route to the
optically active 3-phosphate (CXXI), starting from
quebrachitol (2-O-methyl-(—)-inositol) (CXXII). This was
converted into 3,4: 5,6-di-O-cyclohexylidenequebrachitol
(CXXIII), which was then transformed into 3,4:5,6-di-O-
cyclohexylidene -2 -O -methyl -1 -0 -tosyl -(—) -inositol
(CXXIV). The latter after elimination of the methyl group
with boron trichloride gave 1-O-tosyl-(—)-inositol (CXXV).
After benzoylation (CXXV) — (CXXVI) and removal of the
tosyl group with inversion of the configuration of the
3-hydroxyl the product was 1,2,4,5,6 -penta-O -benzoyl-sn -
myoinositol (CXXVII), which was converted by the methods
described by Ballou?9? into sn-myoinositol 3-phosphate
(CXXI) (Scheme 24).

Scheme 24
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However, these syntheses!1%20%215 possess extremely
serious limitations, and hence cannot be recommended
for obtaining optically active phosphoinositides of natural
structure, Apart from the difficult availability of galactin
and quebrachitol, which are isolated from vegetable
sources inaccessible in the Soviet Union, the many stages
in the syntheses, and the low yields of optically active

§ Our proposed nomenclature 23214 jg used for optically
active myoinositol derivatives.
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asymmetrically substituted myoinositols, a further signif-
icant defect must be mentioned. It is readily observed
that the application of asymmetrically substituted myoino-
sitols, obtained from galactin and quebrachitol, to the
synthesis of optically active phosphoinositides will yield
phosphatides containing the phosphatidyl group at the 3-
position of myoinositol, i.e. of unnatural configuration,

The method of obtaining 2,3,4,5,6 -penta -O -tosyl -sn -
myoinositol from (—)-bornesitol (1-0-methyl-sn-myoino-
sitol), 118,119 hagsed on its exhaustive tosylation with
subsequent removal of the methyl group with boron tri-
bromide, does not possess this disadvantage. @ However,
attempts to prepare phosphatidylinositol from 2,3,4,5,6-
penta -0 -tosyl-sn -myoinositol have encountered insuperable
difficulties 118,

2. Second Method

Purely chemical methods for obtaining the two series
of optically active derivatives of myoinositol have not been
developed hitherto because of the great difficulty of resolv-
ing their racemic mixtures. Isolated papers have been
published on unsuccessful attempts at separation 13,
Nevertheless, mention must be made of Angyal's work?2¢
on the preparation of mannosylmyoinositols, which were
obtained in low (4.5%) yield by the Koenigs —Knorr reac-
tionf and separated by crystallisation into two diastereo-
mers—1- and 3-0-a-D-mannopyranosyl-sn-myoinositols

CH,0H CH,0H

§OH HO)‘ 60}1 H)gﬂ
OH HO _?i
B
HO M
OH
(CXXIX) {CXXX)

Use of the orthoester method of glycosylation 27 to form a
glycosidic bond enabled the yield of diastereomeric man-
nosylmyoinositols (CXXIX) and (CXXX) to be raised
considerably (to 10—12%).2'8 The mannoside (CXXIX)
might have served as initial compound for obtaining
optically active 1-0-substituted derivatives of myoino-
sitol, but this was prevented by its low yield in the main
reaction.

A procedure has been developed recently in our labora-
tory for separating racemates of asymmetrically substitu-
ted myoinositols via the diastereomeric orthoacetates with
D-mannose®'®, which has opened a path to obtaining optic-
ally active phosphoinositides., Transesterification of
1,4,5,6 -tetra-0 -benzylmyoinositol (CXXXI) with D-mannose
orthoacetate (CXXXII) gave the diastereomeric orthoesters
(CXXXIM) and (CXXXIV), which were separated by crys-
tallisation or by chromatography. Acid hydrolysis of
these orthoesters yielded 1,4,5,6- and 3,4,5,6-tetra-O-
benzyl-sn -myoinositols (C}D(XV) and (CXXXVI). The
absolute configuration of these products was established
by conversion of (CXXXVI) into the methyl ether (CxXxXxvI),
which was compared with specimens of (+)- and (-)-
bornesitols22° (Scheme 25).

T The Koenigs —Knorr reaction has been used also to
prepare galactin in 2.1% yield. In this case the dia-
stereomers were separated by seeding with crystalline
natural galactin?6,
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Scheme 25
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An attempt to use 3,4,5,6-tetra-O-benzyl-s»z-myoino-
sitol (CXXXVI) to synthesise the monophosphoinositide
was unsuccessful owing to the presence of vicinal hydroxy-
groups in (CXXXVI), which made it necessary to seek ways
of synthesising the corresponding pentabenzyl derivatives.
2,3,4,5,6 -Penta -0 -benzyl -sz -myoinositol (CXLIV) was
obtained from 1,2,4,5,6-penta-0-benzylmyoinositol
(CXXXIX) 111,113,221 1y the method developed for separating
1,4,5,6 -tetra-O -benzylmyoinositol (CXXXI) 22* (Scheme 25).

Since the orthoesters (CXLI) and (CXLII) have very
similar physicochemical properties and are therefore
difficult to separate, the synthesis of the pentabenzyl
ethers (CXLII) and (CXLIV) was modified??2, The ortho-
esters (CXXXMI) and (CXXXIV), easily obtained by the
transesterification of 1,4,5,6 -tetra -0 -benzylmyoinositol
(CXXXI), 22° were taken as starting materials. In this
case formation of the orthoacetate with D-mannose was
used both the resolve racemic compounds and to protect
temporarily the 1- and 3-hydroxyls in myoinositol. The
stability of the orthoester grouping under alkaline condi-
tions was exploited by exhaustively benzylating (CXXXIII)
and (CXXXIV) to (CXLI) and (CXLII), and hydrolysing in
the usual way to the pentabenzyl ethers (CXLII) and
(CXLIV). Application of the new carbohydrate orthoester
protection enabled optically active pentabenzyl ethers of
myoinositol to be obtained in preparative quantities
(Scheme 25).

2,3,4,5,6-Penta -0 -benzyl-sz -myoinositol (CXLIV) has
been used as starting material for the directed synthesis
(Scheme 25) of the structural unit of all phosphoinositides—
sn-myoinositol 1-phosphate (CXLVII) 22 —which proves to
be identical with the sn-myoinositol 1-phosphate isolated
from soya-bean phosphatides 27,

These investigations culminated in the first chemical
synthesis of an optically active phosphatidylinositol 222,223
(Scheme 25). To obtain the monophosphoinositide
(CXLVIII) the pentabenzyl ether (CXLIV) was condensed
with 1,2 -dipalmitoyl-s» -glycerol and phenyl phosphorodi-
chloridate to give a compound (CXLVI) which on hydrogena-
tion yielded phosphatidylinositol (CXLVIH). The proper-
ties of the synthetic phosphatidylinositol (CXLVII) were

closely similar to those of monophosphoinositides isolated
from various natural sources 224,225,

---000---

During preparation of the manuscript for press several
papers have been published on the synthesis of glycero-
phosphatides and their structural units.

A new method has been developed for the synthesis of
1,2-diacyl-sn -glycerols from sn-glycerol 1,2-car-
bonate 228,227 obtained by a shorter route than the existing
method® from 3,4-0-isopropylidene-D-mannitol. The
preparation of 1,2-diglycerides by the direct esterification
of this last compound %, which was unsuitable for com-
pounds containing higher aliphatic acid radicals, has been
freed from this defect 228,

The natural glycolipids??®*—mannosyl and glucosyl
diglycerides?3°—have been synthesised from the digly-
cerides obtained #2228,  Galactosyldiglycerides have
been prepared from 2,5-0-methylene-D-mannitol 23!, This
same compound has been the starting material for a new
synthesis of 1,2-diacyl-sn -glycerols undertaken in our
laboratory, by means of which saturated and unsaturated
1,2-glycerides containing the same and different acid
radicals can be obtained.

No fundamentally new work on the synthesis of nitro-
gen-containing glycerophosphatides has appeared recently,
although several papers make a definite contribution to the
further development of synthetic methods, Thus the use
of 2,4,6-tri-isopropylbenzenesulphonyl chloride as conden-
sing agent to produce a phosphoric ester bond % has been
extended to the phosphatidyl derivative of L-threonine 232,
this synthesis comprising initially the formation of the
glycerophosphoric structure and then introduction of ester
radicals by means of Lapidot's method using aliphatic acid
anhydrides 189,

Several papers have appeared on the direct acylation of
3 -sn-glycerylphosphorylcholine. Thus the cadmium com-
plex of the 1-substituted compound has been used for
exhaustive esterification of the 2-position with 4C-labelled
oleic acid?33. Aneja and Chadha?2* have investigated the
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mechanism of the esterification of 3-sn-glycerylphos-
phorylcholine by higher aliphatic acid chlorides. The
formation of lecithin is shown to be accompanied by that of
several more polar secondary products, which has a con-
siderable effect on the overall yield of lecithin®, One of
them is lysolecithin, and another —previously regarded as
a cyclic lysolecithin ®—is a mixture of isomeric monoacyl-
deoxychloroglycerylphosphorylcholines, the secondary
products being formed from a common intermediate
compound.

Among methodological papers mention must be made
of the development of the mild removal, by means of zinc
in acetic acid, of the phthalimidomethyl group?3, which is
widely used for blocking the carboxyl function of amino-
acids in the synthesis of phosphatidylserines and phos-
phatidylhydroxyprolines 887,92,

A series of syntheses of certain modified glycerophos-
phatides was designed to prepare materials for the inves-
tigation of enzymatic reactions with phosphatides, the part
they play in the formation of biological membranes, etc.
Thus, for the purpose of studying lipid—protein interac-
tions by means of electron spin resonance spectroscopy in
the investigation of lipolytic enzymes, O-(1,2-distearoyl-
sn -glycerol -3-phosphoryl) -3’ -oxymethyl-2’,2/ 5,5’ -tetra-
methylpyrrolidine 1’ -oxide has been synthesised by reac-
tion between the corresponding phosphatidic acid and
3-hydroxymethyl-2,2,5,5 -tetramethylpyrrolidine 1-oxide
in the presence of 2,4,6-tri-isopropylbenzenesulphonyl
chloride?36, 3-Palmitoyl-sn-glyceryl-1-phosphorylcholine
(lysolecithin of unnatural structure)?3? and also 2,3,4,5-
tetrastearoyl-1,6-diphosphorylcholine-D-mannitol (an
analogue of lecithin of unnatural structure)?2®® have been
prepared from 3,4-0O -isopropylidene-D-mannitol and
D-mannitol itself by methods which leave muchtobe desired
from the viewpoint of the present-day chemistry of the
glycerophosphatides. The glycerophosphatides obtained
were investigated as substrates for phospholipases and
acyltransferases. Similar methods have been used to
obtain analogues of lysolecithins based on trimethylene
glycol 2%, which have been examined as components of
artificial membranes.

Several papers deal with the synthesis of new glycero-
phosphatides. Thus the method of silver salts has been
used for diester and triester glycophospholipids, which are
assumed to be present in natural sources 1967198, The
synthetic glycophospholipids

o]
R—O——luro—CH?

R‘(’) HO

OH
OH
(CXLIX. R'=H. CH,CH,NH,)
contain D-galactose attached by an ester link to the phos-
phatidyl group?¢%24!, The same method has been used to
obtain a phosphatidyl derivative of D-glucose

INOH
o HOH,C
I H
R—0—b—
OH OH

(cv)

but in this case the phosphatidyl group is attached at the
anomeric hydroxyl (CL). 242

In the field of the synthesis of phosphoinositides the
resolution has been accomplished of racemic 1,2:5,6-di-
O -cyclohexylidenemyoinositol 243, and each of the enan-
tiomers—of 1,2: 5,6- and 2,3 : 4,5-di-O -cyclohexylidene-
sn-myoinositols—can be used as principal starting material
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for obtaining di- and tri-phosphoinositides and also other
members of this class of phosphatides. Attempts to
separate 1,2: 4,5-di-0O -cyclohexylidenemyoinositol into
enantiomers?#, and also to use D-glucose orthoacetate
instead of D-mannose orthoacetate for the resolution?#,
have been unsuccessful.

Molotkovskii2?*5 has accomplished the synthesis of
racemic phosphatidylinositol with unsaturated acids using
1,2,4,5,6 -penta -O -acetylmyoinositol as inositol component.
A phosphoric diester bond was formed by reaction of the
1,2 -diacyl -3 -deoxy -3 -iodoglycerol with silver benzyl
1,2,4,5,6 -penta -0 -acetylmyoinositol phosphate.

Gigg and his coworkers 24 have examined in detail the
possibility of producing a racemic phosphatidylinositol
structure using—(1) the reaction of a 1,2-diacyl-3-deoxy-
3-iodoglycerol with various silver phosphates containing
1,2,4,5,6-penta -0 -benzylmyoinositol attached by a phos-
phoric ester bond, with subsequent removal of the pro-
tective groups by hydrogenolysis and anionic debenzylation;
and (2) the reaction of 2,3,4,5,6-penta-0O-benzylmyoinositol
1 -phosphate (obtained by phosphorylation of the corres-
ponding penta-substituted myoinositol with bis-2,2,2 -tri-
chloroethyl phosphorochloridate, the protective groups
being removed with zinc dust in methanol) with a 1,2-
diglyceride in the presence of 2,4,6-tri-isopropylbenzene-
sulphonyl chloride. The latter method is shown to have
considerable advantages over the former.
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