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1. INTRODUCTION

The previous review!' ““Chromatographic analysis of plasmalogens™ (alk-1'-
enyl ether lipids) scarcely referred to their saturated analogs, alkyl ether lipids. In
the last five years. the overwhelming evidence from biochemical studies on the bio-
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synthesis of alkoxy-lipids (1-alk-1'-enyl and alkyl glyceryl ether lipids) has clearly
established the earlier postulate of Thompson® of a precursor product relationship
between them. Hence tihs review, which summarizes the various chromatographic
techriques employed in biochemical and chemical studies of alkoxy-lipids in the last
five vears. is titled “*Chromatographic analysis of alkoxy-lipids™™. A small section on -
the chemistry. biochemistry and synthesis of alkoxy-lipids is also included for the
benetfit of the readers.

2. CHEMISTRY. BIOCHEMISTRY AND SYNTHESIS OF ALKOXY-LIPIDS
A. Chemistry of alkoxy-lipids

Polvol-lipids containing ether bonds are best classified as alkyl or l-alk-1"-
enyl ether lipids. where these termis with respect to unsaturation refer only to the «—p

carbon linkage of the O-alkoxy moiety. The other carbon-to-carbon linkage may or
may not be unsaturated.

CH.-O-CH:(CH,),-CH; CH,-O-CH=-CH-(CH.),~CH;
CH,- CH.-
alkyl ether bond alk-1"-enyl ether bond

Only the I-alk-1"-enyl ether lipids have been referred to by other names like plasma-
logens. vinyl ethers and enol ethers. Both itvpes of ether lipids rarely occur free in
nature and are usually found chemically linked to other moieties like acyl. phosphate.
phosphonate. phosphorvlated bases. etc. With the exception of 1.2-dialkvl-type lipids®.
the alkyl and I-alk-1"-enyl eroups are known to be linked to the C-1 of elveerol?
(Nomenciature of Lipids. [TUPAC-1UB Commission on Biochemical Nomenclature)®.
In nature. to a large extent. the alkyl ethers are found as non-polar neutral lipids. while
the l-alk-1"-enyl ethers are found as polar phospholipids. Exceptions to this are: alkyl
cther phospho- and phosphonolipids of Terralivmena pyriformis® and atkyl ether phos-
pholipids of beef red blood cells’. A detailed account on the distribution of these
lipids in nature is available®-S. '

Physical methods have been used in the characterization of alkoxv-lipids. In
the infrared (IR) studies. the alkvl ether lipids are typified by an absorption around
92 (ref.9). This absorption is. however. masked in a phospholipid by phosphate
absorption in that region. The l-alk-1"-enyl lipids. on the other hand. are character-
ized by an absorption around 6 u (ref. 10). Naturally occurring l-alk-1"-enyl lipids
possess iy configuration at the vinyl ether linkage. The derived alk-1"-enyl ether lipids
possess both the ¢isy and the rrans configuration. They are casily distinguished by a
singiet absorption at 1675 cm™! for the former and a doublet absorption at 1680 cm ™!
and 1665 cm™! for the latter't.

The technique of nuclear magnetic resonance (NMR) spectroscopy was used
to distinguish the isomers of free saturated, monoenoic. and dienoic alkyl glvceryl
ethers’. NMR studies were also done on naturally occurring alkoxy-lipids'2-!3.
Although mass spectrometry (MS) is becoming a powerful tool in the field of lipid
analysis'®. its application in the characterization of alkoxy-lipids has been limited'’~°.

The characterization of alkoxy-lipids often involves their chemical degradation
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from their native state. The degradation products sometimes are further derivatized
before their chromatographic analysis. Here only some of the important chemicil
degradation procedures will be described. Literature on derivatization will be cited in
the Appendix.

Quantitative removal of acyl and phosphorylated base moieties from native
alkoxy-lipids by reduction with lithium aluminium hydride®! or Vitride*. without
disturbing the alkyl and I-alk-1"-enyl ether linkage. is a very useful method (Table 6.
No. ).

The susceptibility of the alk-1"-enyl ether linkage to acidic conditions huas been
profitably used either in the liberation of free fatty aldehvdes® or in their transforma-
tion to acetal derivatives®. These products are useful in the molecular species deter-
mination of 1-alk-1"-eny! ether chains™.

The molecular species determination of alkyl ether chains is achieved after its
cleavage to alkyl todide by refluxing with hvdriodic acid. The alkvl iodides can be
converted to either alkanes by reductive dehalogenation or to alkenes by dehydro-
halogenation®". All these derivatives are suitable for characterization by gis chromato-
eraphy (GC).

Other chemical reuactions, like saponification™, deacvlation with Grignard's
reagent™ for the stereospecific analysis of glyvcerides containing an ether bond. and
lipolysis™. hiave found limited use in the study of alkoxy-lipids.

The determination of the location of unsaturation in the hydrocarbon chains -
of ether lipids has necessitated the use of techniques like reductive ozoanalysis™,
permanganate-periodate oxidation®' and chromic acid oxidation’>.

B. Biochemistry of alkoxy-lipids

(a} Biosynrhests of alkoxa-lipids

The earlier experimental evidence in vivo. implicating long-chain alcohols as
the precursors of alkyl glveervl ether lipids™-**. has been confirmed by studies in
vitro™*~*_ The initial belief that long-chain alcohols and dihydroxyacetone phosphate
{DHAP) were the precursors of alkvl glycervi ether lipids®*-3® had 10 be modified when
it was established that DHAP had 1o be acylated to acyl DHAP prior to its transfor-
mation into alkyl DHAP**_ During ether bond formation. the oxygen of the long-
chain alcohol is retained® and the hydrogen attached to the non-phosphorus-con-
taining carbon of DHAP is lost*. Alkyl DHAP is reduced to alkyl glycerophosphate
in the presence of NADPH and subsequently acylated to alkyl acyl glvcerophos-
phate?*-31. A Mg**-requiring phosphatase (incidently. this enzyme is inhibited by
F~) produces alkyl acyl glvecerol from alkyl acyl glycerophosphate. The alkyl acyl
glycerol is subsequently converted into ethanolamine or choline phosphatide by reac-
tion with CDP-ethanolamine or CDP-choline. respectively*’. Enzyme svstems
catalysing such reactions have been detected in neoplastic cells™*'~* and normal
animal tissues?>-37-38-3t

An alternate route for the synthesis of ether lipids has recently been detected.
This involves alkyl glycerol instead of alkyl DHAP as the precursor®. The route ap-
pears to be essential for incorporation of alkyl glvcerol derived from dietry sources or
catabolic processes. Although this new pathway involves other reactions such as
acylation. phosphorylation, etc.. their order of sequence is not known at present. This
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later finding thus supports some of the carlier observations®*->*%* indicating non-
‘involvement of DHAP in ether bond formation.

In recent vears. a great deal of evidence in mammalian and non-mammahan
systems has indicated alkyl glvcerophospholipids 1o Ge the precursors of alk-1'-envl
eivcerophospholipids??-35-71. Recent experiments in vivo®> and in virro®®~"' have
established that intact 1-O-alkyl-2-acyl-sn-glycero-3-phosphorylethanolamine is the
immediate  precursor of structurally related 1-O-alk-1'-enyl-2-acyl-sn-glvcero-3-
phosphorylethanolamine. However. Debuch and coworkers®-?* suggest 1-O-alkyl-sn-
elvcero-3-phosphorviethanolamine to be the likely precursor of 1-O-ulk-1"-enyl-sn-
glvcero-3-phosphoryviethanolamine. which is subsequently acylated to ethanolamine
plasmalogen. Recent reports from the laboratories of Snvder ¢ «/.?3 and Paltauf and
Holasek™ suggest the desaturase involved in this conversion to be a mixed function oxi-
dase similar to the one involved in the biosynthesis of monoenoic fatty acids™". The
common features between these two reactions are: ¢is elimination of hvdrogen during
olefiration. requirement of molecular oxygen and reduced pyridine nucleotide. and
inhibition by cvanide but not by carbon monoxide.

(5} Biodegradation of alkoxy-lipids

A tetrahydropteridine hydrolase capable of splitting the ether bond of alkyl
glycerols was reported by Tietz er @l 7. An NADPH-linked reductase was essential to
regererate the tetrahydropieridine from dihvdropteridine produced during the hy-
droxviation step. A hemi-acetal structure. with a hyvdroxyl group on the «-carbon of
the O-alkyl moiety. is supposed to break spontaneously to glveerol and fatty alde-
hyde. In the presence of NAD™ fauy acid is produced. while in the absence of NAD™
fatry aldehyde™™ and fauty alcohol™ are produced.

Enzymes capable of cleaving specifically t-alk-1"-enyl-su-glycero- S-phusphm'_\'l-
cholire and 1-alk-1"-enyl-2-acyl-sn-glycero-3-phosphorylethanofamine™ are known.

A survey of enzvmes responsible for the cleavage of ester bonds in alkoxy-
lipids has recently been published®.

C. Chemical syathesis of alkoxy-lipids

fa) Alk-I'-enyl ether lipids

The basic requirement for the synthesis of alkoxy-lipids is the synthesis of an
ether bond. It is always easy to hydrogenate 1-alk-1’-enyl ethers of polyols to the cor-
responding alkyl ethers. but the reverse chemical reaction is rather difficult to achieve.
Hence. in this section we wiil consider the chemical synthesis of 1-alk-1"-cnyl ethers
of polyols and then that of alkyl ethers of polyvols.

The chemical synthesis of alk-1"-enyl ether lipids is grouped into three categories
for convenience. viz. (i) synthesis of 1-alk-1"-eny! ethers of polyols. (ii) acylation of (1
to neutral plasmalogens. and (iil) conversion of (i) to phosphatide plasmalogens.

¢i) Synthesis of 1-alk-V-enyl ethers of polyols. A number of methods are avail-
able for this purpose. The method developed by Craig and Hamon®** involves the
dehalogenation of the condensation product of 2-benzylglycerol and 2 -bromo-1,1-
dimethoxvalkane with lithium. to vield the ¢is and trans isomers of I-alk-1"-enyl
ether of glycerol. The isomers. after acetylation, were separated by preparative gas—
liquid chromatography (GLC) (Table 8, No. 2). A similar transacetalation followed
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by debromination approach was used in the synthesis of l-alk-1’-envl ether of
ethanediol. The isomers were separated by argentation thin-layer chromatography
(TLC)*? (Table 6, No. 5).

Gigg and co-workers obtained svmmetrical alkanal di(sn-glycerol-2.3-car-
bonate) acetal by transacetalating su-glycerol-2,3-carbonate® and the corresponding
alkanal dimethyl acetal. Reaction with acetyl chloride of the condensation product
produced the corresponding 1'-chloroether. Subsequent elimination of hvdrogen chlo-
ride by triethvlamine and hydrolysis of the carbonate group by alkali gave predomi-
nantly the ¢is isomer®¥-56

Elimination of either hydrogen iodide or p-toluenesulfonic acid with potas-
sium zert-butoxide from either 1-(2°-iodo-or-tosyloxvalkyhelyeerol or 1-(2-iodo-or-
tosyloxyalkyl)-2.3-epoxypropane viclded [-alk-1"-enyl givceryl ether®™~% or l-alk-1’-
enyi-2.3-epoxypropane®*-%.

(it} Acylarion of (i) 1o neutral plusmalogens®®-3. The acylation of 1-alk-1"-
envl glvceryl ethers with long-chain acid chlorides in pyridine yielded neutral
plasmalogens. A similar approach was used to synthesize diol (reutral) plasmalo-
gens™. A semi-synthetic approach was reported by Viswanathan er /%7, The LiAIH,
reduction products of phosphatide plasmalogens. after chromatographic isolation,
were interesterified with reference fatty acid methyl esters in the presence of sodium
methoxide as a catalvst.

Transacetalation of 1.2-diacylglycerol with either 1-alk-1’-enyi ethyl ether or
diethyl acetal in the presence of p-toluenesulfonic acid tolowed by climination of
ethanol in the presence of sulfanilic acid vields directly neutral plasmalogens®.

(iii) Conversion of (i} 1o phosphatide plasmalogens. 1-Alk-1"-envi-2_3-epoxy-
propane®®* on acylation with fatty acid chloride or bromide vields I-alk-1"-enyl-2-
acylelycerol-3-halohydrin®-'*. which is converted to phosphatide plasmalogens by
the classical pathways!®.

A method using enhanced reactivity of the primary compared 1o the secondary
hydroxyl group of 1-alk-1"-enyl elyvceryl ether involved selective tosvlation of the
primary hvdroxy group and then acylation at the secondary hvdroxy group. This
product was converted to iodohydrin and then coupled with silver dibenzyl or di-p-
nitrobenzyl phosphate. viclding a phosphotriester'®:. This was converted to dimethyl-
ethanolamine plasmalogen by well known procedures of phospholipid chemistry03-193,

A semisynthetic approuach involving conversion of beef heart phosphatide
plasmalogens (choline and cthanolamine) by phospholipase C 1o l-alk-1"-envl-2-acvl-
glycerol followed by its transformation 1o choline plasmalogen!® and phosphatidic
acid plasmalogen'®® has been reported.

(h) Alkyl ether lipids.

For the sake of convenience. the synthesis of alkyl ether lipids is considered
under three sub-headings. viz., (i) synthesis of alkyl ethers of polyols. (ii) alkoxy-
diglycerides. and (iii) alkoxy-phospholipids. In deriving any of these three products.
one can hydrogenate the corresponding I-alk-1-enyl ether lipids. However. this ap-
proach would vield only saturated alkyl ether lipids while the naturally occurring
alkyl ether lipids usually contain polyunsaturated acids and saturated or mono-
saturated ether chains. Hence some other synthetic approaches have been used and
they are briefly summarized here.
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(i} Alkyl glveeryl ethers. Alkyl halides!®™ ' alkyl tosylates''?, and alkyl
mesylates'>''* on condensation with 1.2-O-isopropylidene and 1.3-benzylidene
elvcerol dernivatives followed by acid hydrolysis and hydrogenolysis yield alkyl
glveervl-(1) and glycervl-(2) ethers. respectively. The elaidization of unsaturation
from the olevl moiety of oleyl bromide during condensation'® was avoided by con-
densing - | 2-isopropylidene-3-tosyl glycerol with sodium oleoxide!'®. Preferential
tritvlation of the primary hyvdroxy group of alkyl glvceryl ethers was used to
prepare 1.2-dialkyl and subsequently trialkyl glyceryl ethers''®. Additional advantage
of the trityl derivative over benzyl and i.3-benzylidene derivatives is its easy removal
by acid hydrolysis. Thus trityl derivatives are useful in the preparation of unsaturated
cthers'''. ,

Alkvl ethers of 1.2-ethanediols were prepared''® by glycol cleavage of alkyl
elvcervl-(1) ether and subsequent reduction of the resulting alkoxy acetaldehyde
with LiAIH,. :

(if} Alky! digiveerides. These were prepared by acylation of alkyl ethers with
acvl chloride in pyridine!'!*-117-11%,

(iti} Alkyl phospholipids. Esterification of di-O-alkyl glycerol in the presence
of triethylamine and 2-phthalimidoethylphosphonic acid via its monochloride and
removal of the protective phthaloyl group by hydrazinolysis vield dialkyl phosphon-
ates!!®. A similar approach. but wiih use of a phosphoric acid analog. vielded phos-
phatidylethanolamine®'*. The diether analog of phosphatidylcholine was prepared by
phosphorylation of di-O-alkyl glycerol with monophenylphosphoryl dichloride and
pyridine. followed by esterification of the condensation product with choline iodide
and subsequent removal of the phenyl group by hyvdrogenolyvsis'*®. Interaction of
alkyl acyl glycerol ditodide with silver 2-(benzyloxycarbonylamino)ethyl phosphate
vielded alkylacyleephalin!?!-!*2. Recently. syvntheses of optically active alkyl ether -
glvcerides and phospholipids have been reported!>.

An important intermediate in the biosynthesis of alkoxy-phospholipids. 1-O-
alkyl dihydroxyacetone phosphate!®-!2% was recently synthesized from alkyl glvcervl-
(1) ether- This compound after benzovlation was oxidized to the keto intermediate
with dimethy! sulfoxide and dicyclohexyl carbodiimide in the presence of trifluoro-
acetic acid. The compound afier ketalysis and atkaline hydrolvsis was phosphorylated
with diphenyl phosphorochloridate.

3. ANALYSIS OF ALKOXY-LIPIDS

A. Preparation of lipid marerial

This aspect was dealt with in an earlier review!. Since then. three new books
have been added 10 the general methodology of lipids'**~'*. A recent modification'™”
of the Bligh and Dyer method™®. as applied to materials containing large quantities

of water. is a useful one.
B. Fracrionarion of lipids into classes

This aspect was also dealt with exhaustively in the previous review!'. Useful
details can be had in two of the recent publications®*-**?. The technique of ascending
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dry column chromatography (CC). as applied to the fractionation of non-polar lipid
classes!3!, and its extension to the fractionation of polar lipids'*2, both on a prepara-
tive scale, is very useful. A recent useful addition to this is the publication ““Qualitative
analysis of lipid classes by gradient elution absorption chromatography™. by which
28 components in rat red blood cell lipids could be detected by a relatively fast single
operation'?*. The chromatographic system consisted of a pressurized apparatus and
involved the use of a continuous series of gradient changes of pentane, diethyl ether.
chloroform and methanol containing 8% ammonia with a column packed with
Corasil 11 (37-55 u particle size) modified by treatment with ammonia.

Theoretical aspects involved in the fractionation of lipids by liquid CC and
TLC and some practical suggestions for these fractionations have been recently dis-
cussed'™.

C. Quantritation of alkoxv-lipids

The available methods will be considered under three separate categories:
(a) Estimation of I-alk-1"-enyl ether lipids, (b) estimation of alkyl ether lipids. and
(¢} estimation of l-alk-1"-enyl and alkyl ether lipids in the presence of one another.

TABLE
TLC SYSTEMS USED IN THE QUANTITATION OF ALKOXY-LIPIDS
No. ta) Source of lipid Chromatographic system Reference

(hi Method of estimation
(¢} Cluss estimated

1 (a) Touwal lipids of animal tissues Both dimensions (run up to 3% 156
th) Polar lipid classes separated in the height of plate): silica gel G chloro-
tirst dimension free of non-polar form-methanol-acetic acid-water
lipids: chemical cleavage of the 1-altk-  (63:43:1:3)
1"-enyl bond and separation in the First dimension (run up to top of

second dimension between mono- and  plate): petroleum ether (b.p. 40-60 '}-
diacyl phospholipids: =P™ determined  dicthyl ether-acetic acid (80:20:1)
() 1-AlK-1"-eny] content Second dimension: chioroform-
: methanol-water (60:33:8)

1y

ta) Analogs of phosphatidyvicholine or Silica gel Gychlorotorm~methanol- 137
cthanolamine of animal origin cone. ammonia (753:25:1)
(b) Chemical cleavage of the 1-alk-1"-
cnyl bond with 2 4-dinitrophenyl-
hydrazine-phosphoric acid reagent,
subsequent separation of the products
and spectrophotometric estimation of’
hydrazones
(c) 1-Alk-1%-enyl content

(/]
D

3 (a) Phosphatidvlethanolamine of animal Silica gel Gitoluene I
origin .
(b) Formation of aldehyvdes and methyl
esters by reaction chromatography
and their separation followed by
gravimetric estimation
() I-Alk-1"-envl content

{ Continued on p. 136}
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TABLE 1 (continued)

Chromatographic sysrem Reference

No. (a} Source of lipid
(b} Alerhod of estimartion
(c} Class estimated

4 (a) I-Alk-1%-enyl acyl and diacyl ethanol- First dimension: silica gel G:chloro- 150
amine from beef heart lipids form-methanol-conc. ammonia
(b) After acid cleavage of 1-alk-1"-enyl (70:30:5): second dimension:
linkage, separation of mono- and di- silica gel G/toluene
acyl phospholipids and aldehydes in
the tirst dimension. Subsequent
methanolysis of acyl phospholipids
on the plate and then separation in
the second dimension. Estimation =
with internal standard (gas chroma-
tographic analysis) -
{c} I-Alk-1"-enyl content

5 () Diglyceride acetates derived from First. dimension: silica gel G/petro- 151
analogs of phosphatidyicholine Icum cther-dicthyl cther (85:12);
isolated from beef heart . second dimension: silica gel Gy

{b) After acid cleavage of I-alk-1"-enyl toluene
. linkage. aldehvdes. monoacyl. alkyl
acyl, and diacyl glyvceride acetates
scparated in the first dimension.
Subsequent methanolysis of all acyl
moicties on the plate and separation
in the second dimension. Estimation
with internal standard (gas chroma-
tographic analysis)
(c) Alkyl and I-alk-1"-enyl content

6 (a) LiAIH. reduction product of total Silica gel G, diethyl ether-307;, 119
alkoxy-lipids aqueous ammonia (100:0.25) or
silica gel G;diethyl ether—-water

(100:0.3)

fa) Estimarion of I-aulk-I'-eny! ether lipids!

It may suffice to say that the plasmalogen content of a natural lipid mixture
can ke determired by reacting the mixture with an acidic carbonyl reagent like fuchsin—~
sulfurous acid™>-'>* or 24-dinitrophenylhydrazine-phosphoric acid reagent*™ and
then measuring spectrophotometrically the colour complexes of the liberated aldehyde.
An alternate but sensitive method of Sigga and Edsberg'*®, by which specificiodination
of an «—fF unsaturation in a vinyl ether can ke achieved, was successfully used to
estimate the plasmalogen content of lipids'*®-'4%,

(b} Estimarion of alkyl ether lipids

Alkyl ethers, when present as alkyl glyceryl ethers in glycerolipids, are isolated
as free alkyl glyceryl ethers either by saponification (applicable only to non-phospho-
and non-glycoglycerolipids) or by acetylosis'*! followed by saponification. These can
be estimated by periodate oxidation™*~ 13 in which the vicinal hydroxyl groups of
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alkyl glyceryl ethers produce formaldehyde that is estimated colorimetrically by reac-
tion with chromotropic acid.

A semiquantitative method by infriared spectroscopy of free alkyl glyceryl
ethers in chloroform by measurement of its optical density at 9.0 s (a strong ether
adsorption) has been reported'.

Spectrophotometric methods utilising either ultraviolet absorbancies of alkyl
iodides derived trom alkyl glvceryl-(1) ethers at 257 nm!'*® or cyclic thionocarbonate
derivatives of 1(3)-alkyl glycerols at 235 nm'** have been reported.

Gravimetric estimation of O-alkyl glycerols, after their isolation by CC pro-
cedures, has been feasible!*?. All the methods cited above can be applied 10 free I-
alk-1"-enyl glvceryl ethers after hydrogenation*®.

Alky! diol ethers could be estimated by infrared spectroscopy'*. by alkyl
iodide spectrophotometry'?, and by gravimetric measurement**7.

(¢) Estimation of I-alk-I'-enxl and alkyl ether lipids in the presence of one
another .

Two approaches have been used to achieve this. viz. (1) conversion of glvcero-
lipids to free alkoxyvelyceryl ethers followed by their chromatographic separation and

“quantitation® (Table 1. No. 6) and (ii) iwo-dimensional reaction TLC in the separa-
tion and quantitation ot native phospholipids'® or their modified derivative'>* (Table
I. Nos. 4 and 3. respectively).

(i} Conversion of glveerolipids to free alkyl and 1-alk-1'-envl glveeryl ethers.
This is achieved by saponification of neutral lipids. acetolysis of non-polar or polar
elveerolipids'® and by reduction with lithium aluminium hydride® or Vitride'™*.
The resuiting alkoxy-lipids are isolated by CC and estimated gravimetrically orsepa-
sated by TLC and estimated by densitometry of the charred products'.

(it} Two-dimensional reaction thin-layver chromarography

Nuative phospholipids. The acid hydrolysis of alk-1"-envlacylethanolamine
phosphatide'™ and the alkaline methanolysis'™*-!>* of 2-acyl- and diacylethanolamine
phosphatide on TLC plates was shown to be quanutative (Table 1. No. 3). Application
of this technique' 1o a two-dimensional TLC system'™® made it possible not only to
determine the fatty acid composition of alkenyvlacyl- and diacyl- plus alkvlacylethanol-
amine phosphatides but also the plasmalogen content of the phospholipid and its
aldehyvde composition. The plasmalogen content could ke determined by alternate
methods: either by phosphorus determination of the glyceryviphosphorylethanolamine
residues released by alkenylacyl and diacyl and alkylacyl analogs or by the use of a
methyl ester internal standard.

Derivatives of phospholipids. A modified version of the above-described two-
dimensional reaction TLC was developed by our group®™' which permitted a quanti-
tative determination of the three analogs. their individual fatty acid compositions
and fauty aldehyde composition of the alkenylacyl aralog. The modification of the
procedure involved the conversion of analogs of beef heart choline phosphatides into
three families of diglyceride acetate by phospholipase C action followed by acetylation
and. after TLC separation in the first dimension, interesterification of the diglvceride
acetates by 2 N sodium methoxide in absolute methanol'*3. This procedure also helped
detect the presence of dialkylcholine phosphatides in beef heart phosphatides.

A two-dimensional method for the estimation of the plasmalogen content of
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a mixture of phospholipid classes'® was described in the previous review! (Table I,
No. I). ' ' '

D. Isolation of alkoxy-lipids

TLC was used successfully in the isolation of pure alkyl diacyl glyceryl ethers!>”
and dialkyl ethers of pentanediol™ from total lipids of dogfish oil and jaw oil of por-
poise (Phuocoena phocoena). respectively. The TLC system silica gel Gihexane—diethyl
etheérZdcetic acid (90:10:1) was used by Malins er al.*" to separate diacyl glvceryl ethers
of dogfish from the accompanying triacylglycerol (Table 2. No. 1). On the other hand,

Varanasi and Malins'®_fractionating the total lipids of porpoise jaw oil by adsorption
TLC using hexane-diethyl ether (80:20) as the developing solvent. isolated a fraction

TABLE 2

TLC SYSTEMS FOR THE ISOLATION OF NONPOLAR ALKOXY-LIPIDS

Nu. fa} Source of lipid mixore
(b Isolated fraction

Totil non-polar lipids of dogtish
O-Alkyl diglveeride

1 (a)
(b)

Total non-polar lipids of huhmn
perinephric fat
O-Alkyl and O-alk-1"-enyl di-

glycerides

]

()
(b)
Toil non-polar lipids of porpoise

Juaw oil
O-Dialkyl pentanediol

(a)

w

(b)

Concentrates of O-alk-1"%-eny! 2-acyl-
cthanediol
O-Alk-1"-env] 2-acvlethanediol

()
(b)
Concentrates of O-alkyl 2-acyi-

ethanediol
O-Alkyl 2-acylethanediol

W

()

Total non-polir lipids of the pink
portion of the Harderian gland of
the New Zealand White rabbit
Uncharacterized ether lipid con-

taining esterified hydroxyalkyl glveeryl

ether moiety

Synthetic mixture of diol-lipids

(i) I-alk-1-cnyl rrans-2-acylethanol
(i1) t-alk-1"-enyl cis-2-acylethanol
(iit) alkyl 2-acylethanol

(1v) diacy! ethanol

(by —

(@)

Chromarograplic systent

157

Silica gel Gihexane-diethyl ether—

acetic acid (90:10:1)

Silica gel Gyhexane-dicthy! cther 159
{95:5). repeated chromatography

Silica gel G:hexane-diethyl ether 158

(80:20)

Grade IV alumina (thickness 2 mm)/
hexane-diethyl ether (20:1)

- Silica gel (thickness 1.0 mm), hexane— 160

diethyl ether (85:15)

I6l. 162

Silica gel Grbenzene (two develop-
ments)
Silica gel Gihexane-diethyl ether 96

(95:3)

Reference



CHROMATOGRAPHIC ANALYSIS OF ALKOXY-LIPIDS 139

(R, 0.6) which separated completely from the accompanying triacylglycerol (Table 2,
No. 3). This traction. on reduction with LiAlH,, vielded two fractions (Ry 0.13 and
0.62, in the same TLC system). The fraction of lower mobility was found to be alkyl
elvceryl-(1) ether and the other fraction was characterized by IR and NMR speciro-
scopy and MS as mainiy dialkoxypentane having primarily two C, units.

In an earlier review!, it was indicated how repeated chromatography on l-mm-
thick layers of silica' gel G resuited in the concentration of T-alk-1"-enyl and alkyl
diglycerides from human perinephiric tat with hexane-diethyvl ether (95:3) as the devel-
oping solvent. This ultimately vielded pure fractions of l-alk-1"-enyl diglycerides as
well as alkyl diglycerides! (Table 2. No. 2). ~

Recently alkyvi and [-alk-1"-enyi ethers of ethanediol, which constitute about
357, of the wrigiveerides, were isolated by combination of CC and TLC from the
lipids of startish. Distolusterias nipon'™. The lipids were fractionated by elution from
silica gel KSK columns with 2 mixture ot hexane-diethyl ether (93:3). The first
couple of 20-ml fractions from the column (40 . 3.5 cm) contained the l-alk-1"-envl
cthers of monoacylated ethanediol and the subsequent couple of tfractions contained
alkyl ethers of monoacylated ethanediol. The trigiveerides were eluted with a 4:1 mix-
ture of hexane-diethyl ether. The tractions containing the [-alk-1"-envl ether of acvl-
cthanediol were purified by preparative TLC on grade [V alumina (alkaline) 2.0-mm
thick plates with hexane-diethyl ether (20:1) as the developing solvent. The lipid trac-
tion with an Ry of 0.60 was tound to be mainly the octadeca-1°.9"-dienyl ether of
stcaroyiethanediol. On the other hand. the fractions containing the alkyl ether of
acylethanediol were further puritied by preparative TLC on l-mm-thick plates made
from stlica gel derived trom sodium silicate using hexane-diethyl ether (85:135) as the
developing solvent. The lipid was mainly a mixture of hexadecyl and octadecyl ethers
of stearovlethanediol. In both cases the ether lipids were recovered from the silica gel
layers by extraction with mixtures ot chloroform-methanol (4:1) (Table 2, Nos. 4 and
5. respectively).

New types of alkoxy-lipids were recently isolated by Snvder’s group!e!-o:
front the pink portion of the Harderian gland of the New Zealand white rabbit. The
total lipids of this tissue contain two unusual alkoxy lipids with trace amounts of
normal I-alkvl-2_3-diacvigivcerol. The minor component of the two unusual lipids
had the usual I-alkyl-2_3-diacylglveerol siructure with a short-chain acid (isovaleric)
remaining esterified specifically 1o the C-3 of glyveerol'®. The major componernt, as
vet uncharacterized, on the other hand. had again the usual 1-alkyl-2,3-diacvlglycerol
structure. with an ether chain comprising either 16 or 18 carbon atoms having a
hydroxyl group attached 1o C-10 or C-11 and C-11 or C-12, respectively'®:. In the
native lipid, the hydroxyl group was found to be esteritied. The two unusual alkoxy-
lipids were separated from each other by preparative TLC. On silica gel G plates and
with two developments in benzene, the minor component of the unusual alkoxy-
lipid travelled ahead of the major component of the unusual alkoxy-lipid but suill
indicated slower mobility than the reference triacylglyeerol. In this system. the normal
I-alkyl-2.3-diacylelycerol travelled ahead of triacylgiveerol (Table 2. No. 6). Inanother
TLC system. silica gel Gihexane-diethyl ether—-acetic acid (90:10:1). the major unusual
alkoxy-lipid had the same R, value as the triacylglveerol but the minor unusual
alkoxy-lipid and the normal I-alkyl-2_3-diacylglycerol travelled ahead of triacylglycerol
and also separated from one another'®.
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A chromatographic sysiem for the separation of synthetic alkoxy-diol lipids
was reported®. This should be useful for the isolation of natural alkoxy-diol lipids
(Table 2. No. 7).

(a} Isolation of atkoxy-phospholipids

A variety of alkoxy-phospholipids exist in nature and hence one can subdivide
them into diol alkoxy-phospholipids and alkoxy glycerophospholipids. These can be
further divided into l-alk-1"-enyl phospholipids and alkyl phospholipids.

In the class of diol phospholipids. so far the presence of alk-1"-enyl ethers of
ethanediolphosphoryicholine and . 1.3-propanediolphosphorylcholine have been
established but their isolation has not been achieved?-**. No alkyldiol phospholipids
have been detected so far. ' , '

In an earlier review!; applications of methods like partition chromatography'®s,
argentation chromatography™®-*7, selective enzymatic hydrolysis'®-% and alkaline
hydrolysis!™-!°! for the isolation of reasonably pure concentrates of phosphatide plas-
malogens were reported. A modified base-catalysed selective methanolysis procedure
was recently used to isolate ethanolamine plasmalogen from bovine white matter'?*.
According to the latter authors, the method wus based on the resistance of the acyl
linkage of the plasmalogen to mild alkaline hydrolysis in the presence of methanol
and in the absence ol chloroform. The isolited ethanolamine plasmalogen. however,
contained about 10%,, of the alkyl acyl analog. The acyl linkage of the katter compo-
nent seemed 1o be equally resistant to mild alkaline hydrolysis.

The same technique of base-catalysed selective methanofysis was used in the
isolation of alkyl acyl glycerophosphorylethanolamine from the phosphatidylethanol-
amine fraction of bovine red blood cells!™ and alkyl acyl 2-aminoethylphosphono-
glveeride from phosphonoglycerides of Terrafivmena pyriforsmis W',

in the author’s laboratory. concentration of cthanolamine plasmalogens trom
sheep brain lipids'™ and alkyl acyl glycerophosphorylcholine™ as well as alkyl acyl
2-aminoethylphosphonoglyceride'* from lipids of Tetrahvniena was achieved by
ascending dry CC. The total lipids were fractionated by ascending dry CC (silica gel
G/chloroform-methanol-ammonia (65:35:3) and different sections of the. column
were analvsed for the nature of the phospholipid. Among the various fractions of
phosphatidylethanolamine isolated from sheep brain. the ones that were ahead were
afmost free of diacyl phosphatidyvlethanolamine. A similar behaviour of phosphaudyli-
cholines isolated from Terraliymena pyriformis W by ascending dry CC (silica gel
G/chloroform-uacetic acid—methanol-water. 75:25:5:1.5) was observed when re-run
on a second column with chloroform-methanol-conc. ammonia (65:35:5) as the
developing solvent.

E. Fractionation of alkoxy-lipids

In spite of the availability of various chromatography techniques, PC. CC,
TLC. and GC. only the last two techniques have found wide application in the study
of alkoxy-lipids. PC has been scarcely used and CC finds some limited use. Hence a
discussion on the application of CC, TLC. and GC to the study of alkoxy-lipids will
follow. ) . :
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(a) Column chromatography

Since the availability of TLC, especially on a preparative scale with thicker
layvers, the technique of CC has fallen behind. Micro-techniques like coupled GC-
MS*'7 have further contributed to this. In spite of all this, CC has certain advantages.

Recently. applicaton of ascendiing dry CC™3! 1o the fractionation of polar
lipids of the protozoan Terralivmena pyriformis was reported from the author’s labo-
ratory’*:. With 200 g of TLC-grade silica gel G, 6 ¢ of total lipids were successfully
fractionated and success was achieved in obtaining substantial amounts of pure alkyl
acyl 2-aminoethylphosphonoglycerides and pure diacyl 2-aminoethylphosphonogly-
cerides. Using the sume technique, but on a smaller scale, it was possible to separate
alkyl acyl glvcerophosphoryicholine from diacyl glvcerophosphoryicholine of Terra-
hvmena pyriformis and 1-alk-1"-enyl acyl glvcerviphosphorylethanolamine from diacyl
glycerylphosphorylethanolamine of sheep brain'™.

Preparative isolation of free glyceryl ethers, after acetolysis and saponification
of fish oils, by silicic acid CC wasachieved by elution with hexane~diethylether(7:3)".

Aluminium oxide (Brockman Grade 1, pH 7.0) CC was used to separate the
saturated from the unsaturated alkyl glycervl ethers. They were fractionated as 2.3-O-
isopropyiidene glveeryl ether adducts of mercury acetate (acetoxymercurimethoxy
derivatives). Petroleum ether (b.p. 40-607) was used to elute the saturated alkyl
glyceryl ethers. Diethyl ether containing 3% methanol eluted the monounsaturates.
Methanol containing 1 part of 12 N hydrochloric acid was used 1o elute the polyun-
saturated alkyl glyceryl ethers. The alkyl glvceryl ethers were génerated from their
adducts by treatment at room temperature for 43 min with methanol containing
10%, hydrochloric acid and subsequently extracted in diethyl ether!™. ,

Separation by gel CC of naturally occurring phosphatidyvicholine mixtures
according to number of ethylenic linkages was reported by King and Clements!™.
They used a column of Sephadex LH-20 (an alkvlated dextran) and eluted mercury
acetate addition compounds of unsaturated phosphatidylcholines by the organic
solvent system benzene-chloroform—methanol (30:30:40) with increasing amounts of
alacial acetic acid or chloroform-methanol (50:30) with increasing amounts of glacial
acetic acid, the latter varving from 0.01 1o 0.1 7). Their system resolved phosphatidyl-
cholines. isolated tfrom animal tissues. into at least four molecular species. In prelim-
inary investigations a similar system was used in our laboratory for the tractionation
of alkyl acyl glycerylphosphorylcholine from Terrahymena pyriformis.

(b) Thin-laver chromuatography

Fatty alcohols, aldehvdes and acids, which are constituents of alkoxy-lipids
and which are also used in the synthetic and biochemical studies of alkoxy-lipids.
occur in nature as a variety of molecular species varying in chainlength (straight and
branched), unsaturation (number and location). and substituent groups (structure,
number, and location). Their separation into individual molecular species is achieved
by a combination of TLC techniques like adsorption chromatography, argentation
adsorption chromatography, and reversed-phase chromatography. Their derivatiza-~
tion (ozonides, bromides. and mercuric acetate adducts) followed by fractionation by
adsorption chromatography further aids in the characterization of these molecular
species. These methods were reviewed earlier-'S0,

Separation of specitically iodinated choline plasmalogen from the corresponding
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ron-todinated diacvicholine phosphatide was achieved by preparative TLC on a silica
el G plate with chloroform-methanol-ammonia (70:30:5) as the developing solvent.
This helped in the determination of the fatty acid composition of” both the analogs
separately'™. TLC was also successfully used to isolate concentrates of choline and
ethanolamine plasmalogens and to separate alkyl acyl and diacyl analogs of 2-amino-
ethylphosphonoglycerides™? (Tablg 3).

TABLE 3 i _

TLC SYSTEMS FOR THE SEPARATION OF ALKOXY-PHOSPHOLIPIDS FROAM THE
ACCO\IPA\Y ING DIACYL ANALOGS

No. Lipid componenss sepurated Clhromatogruphic system Refereses
i AdRyE acyl and diacyl 2-aminoethyl- - Silica gel Fas: chloroform-methanol - 182
phosphonoglycerides cone. anumonia {(63:35:3) or silica gei

F15;. chloroform-acetic acid-methanol-
witter (73:25:5:1.5)

2 Concentration of 1-alk-1-enyl aevl Silver nitrate-impregnated sifica gel 166
phosphatids Icholine from analogs of G chioroform-methanol-water
phosphatidvicholine of beef heart (70:25:3)
origin

3 Concentrtion of I-alk-1-enyi acyl Silver nitrrte-impregnated silica gel 167
phosphatidylethanolamine from analogs G, chleroform-methanol-water
of phosphatidyvlethanolimine of beef” (70:30:4.5) ’
heart origin

< Specitically wodinated [-alk-1"-enyl acvt  Silica gel G echloroform-methanol- ISt
phosphatidylcholine from the accom-~  ammonia (70:30:3)
panyvinge dizexyl analog of beel heart
origin

At present no chromatographic system s available to achieve a quantitative
separaiton between different analogs of a phospholipid class. This is only possible
when these are transformed into non-polar derivatives such as family of digiveeride
acetates'™ -3 or dimethyl phosphatidates'™t. or O-methylated N-dimitrophenviated
-derivatives™®. Adsorption chromatographic systems on silica gel G plates have been
deseribed (Table 4). Thus the family of diglyveeride acetates could be separated into
three analogs by the use of petroleum ether (b.p. 40-607)~diethyl ether (1:1) tollowed
by toluene. the latter solvent being essential to separate the alkoxy analogs'™ (Table
4. No. I). Degradation of l-alk-1"-enyl diglveeride acetate with hydrochioric acid
fumces fellowed by TLC separation with successive use ot'pctrolcum ether(b.p. 10-60")-
diethyl ether (88:12) and toluene resolved the tamily of glyveeride acetates into al-
dehvdes, dialkyl glyceride acetate, alkyl acy! glyceride acetate, uaul glveeride acetate
ard moroacyl glyvceride acetate in that order of decreasing mobility!™ . Successive
use of hexane-chloroform (4:6) and toluene-chloroform (4:6) five times each resulied
in the separation of O-methylated N-dinitrophenylated derivatives of analogs of phos-
phatidyviethanolamine™? (Tuable 4, No. 2). Seven successive developmcents with the sume
solvent system. hexane-chloroform (1:1). resolved dimethylphosphatidate derivatives
of phosphatidylcholine analogs™ (Table 4, No. 3).

- The Kketo-intermediates O-alkyl dihydroxyacetone phosphate (O-alkvl DHAP)
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TABLE 3
TLC SYSTEMS FOR THE SEPARATION OF NON-POLAR DERIVATIVES OFF PHOSPHO-
LIPID ANALOGS

No.  Nan-poler derivarives separated Chromatographic system Reference

i Alkyl acyl. T-alk-1-enyt acyl and Stlica gel Gipetroleum ether(b.p. 40-60 ) 183
diaeyl glyveeride acetates diethyl ether-(1:1) followed by toluenc

2 AlRyl acyl. F-alk-1-~cnyl acyl and Five successive developments on silica i85
diaevl phosphatidyilethanokunine as Q- gel G plates with hexane-chlorotorm
methylated N-dinitrophenylated (1:6) followed by another tive succes-
derivatives sive developments with toluenc--

chloroform (4:6)

3 AlkvEacvh I-alk-U-enyvlb acyl and Seven successive developments on 181
diacy phosphatidyicholine as dimethyl-  silica gel G plates with hexance-chloro-
phosphatidate derivatives form (1:1) as the developing solvent

and O-atkyldihvdroxvacetone (G-alkvl DHA) involved in the biosynthesis of O-alkyl-
linked lipids were identified by TLC of derivatives and standards prepared by LiAlH,
reduction. periodate oxidation before and after LiAlH,; reduction. acid hydrolysis.
alkalice bydrolysis. action of alkaline phosphatase. ete.'™. Some of the acetylation
products were also characterized. Cn a TLC plate of silica gel G with chlorotorm-
metharnol-acetic acid (98:2:1) as the developing solvent. O-alkyl DHAP. O-ulkyl
eiveerol. fatty alcohol. O-alkvi DHA. and wax esters separated in that order ol in-
creasing mability. On using an alternative solvent system. petroleum ether (b.p.40-60 ' )-
diethyl ether-methanol-acetic actd (70:30:5:1). only fatty alcohol and O-alkyvl DHA
reversed their order of mobility. Conversion of C-alkyl DHA to O-alky! glyeerol with
LiAlH, was tested in the chromatography system silica gel G/diethyl ether—water
(2C0: 1) in which as expected the former possessed higher mobility than the latier.
O-Alkyl glyeolic acid. tauy alcohol and O-ulkyl glyveolic aldehvde were separated in
that order of increasing mobility on silica gel G plates using diethyl] ether-acetic acid
(99.5:0.3) as the developing solvent. Fatty alcohol acetate travelled ahead of O-alkyl
cihviene glveol acetate in the TLC system silica gel G, hexane-diethyl ether (80:2M
(Table 5. Nos. [-4). ) :

Three molecular species of alkyl glvceryl ethers —alkyl glyveervl-(1) ether. 2°-
hydroxyalkyl glyceryl-(1) ether (synthetic product). and 9°(10")-hydroxyvalkyl glveeryi-
(1) ether (from New Zealand white rabbit)}— are separable on silica gel G plates using
diethyl ether-water (100:0.5) as the developing solvent. The 97(10)-hyvdroxyalky!
glveeryl ether has a higher Ry value than the corresponding 2-hyvdroxy lipid!* (Table
6. No. 2).

The positional isomers of alkyl glycervi-(1 or 2) ethers. which were synthesized
chemically. could be easily separated from one another on silica gel G plates impreg-
nated with either 10°,, sodinm arsenite or 3%, boric acid. With chloroform-methanol
(98:2) as the developing solvent system. the l-isomer had a higher mobility than the
corresponding 2-isomer on arsenite-impregnated plates®. This position was just reversed
on the boric acid-impregnated plates” (Table 6. No. 3).

Silver nitrate-impregnated silica gel G plates were used by Wood and:
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TABLE 5
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TLC SYSTEMS USED FOR THE CHARACTERIZATION OF KETO-INTERMEDIATES
INVOLVED IN THE BIOSYNTHESIS OF O-ALKYL LIPIDS, AND THEIR DERIVATIVES

OBTAINED BY CHEMICAL AND ENZYMATIC REACTIONS

.r\'n_ Llpuf components sc, paratcd

1 O- 4\1[\\[ dlh\d[’O‘(\ acetone phosplmte
O-alkyl glveerol. O-alkyl dihvdroxy-
acetone. fatty alcohol. and wax esters

2 O-Alkyl giveerol and O-alkyl
dihyvdroxyacetone
3 O-Alkyl glvcolic acid. O-alkyl

elvcolic aldehvde. and fatty alcohol

Reference

186

C Immmwgmpluc sysrem

Silica gel G;’chlomform—me[hanol—
acetic acid (98:2:1)

Or silica gel Gipetroleum ether—
diethyl ether—-methanol-acetic acid
(70:30:5:1)

Silica gel G/diethyl cther—water
(200:1)

Silica gel G/diethy! ether-acetic
(99.53:0.5)

acid

4 O-Alkyl cthylene glyveol acetate and fatty Silica gel G/hexane-diethyl ether

alcohol acetate

TABLE 6

TLC SYSTEMS FOR THE SEPARATION

AND CLOSELY RELATED PRODUCTS

.i\"().

Llpul (mnpmwnt.\ sepamlctl

i —\lk\ I- .md l-dlk—l ‘enyl ol\ccr\l cther
and fatty alcohols obtained by LiAIH.
reduction of alkoxy-lipids

2 Syathetic and natural alkyl elveervl
ethers: (a) hexadecyl-glveerol: (b) 1-
[9°(10')-hydroxylhexadecyl-glveerol:
() 1-(2-hydroxy)hexadecyl-glveerol

3 Svnthetic 1- and 2-isomers of alkyl
slvcervl ethers

4 Vinylogues of alkyl glvceryvl ethers

5 Geometrical isomers of 2-alk-1"-

enyloxy-ethanol

6 AlRyl, -alk-1-enyvl and I'-(methoxy)-
alkyl glvecervl ethers derived by LiAlH;
reduction of stored phosphatidyl-
ethanolamine

(80:20)

OF FREE UNESTERIFIED ALKOXY-LIPIDS

Chromutographic system Reference
Silica gel Gipetroleum ether-dicthyl 21
ether-acetic acid (30:70:1)

Silica gel G/diethyl cther-water 162

(100:0.5)

10%, sodium arsenite or 3% boric acid- 9
impregnated silica gel G chloroform-
methanol (98:2)

8%, silver nitrate-impregnated silica 187

gel G chloroform-ethanol (90:18)

5 o silver nitrate-impregnated silica 83
G, hexane-dicthyl ether (70:30)

Silica gel Gipetroleum cther-diethyl 97

ether-acetic acid (30:70:1)

Sn_vder's’_ to separate vih_vlogues of alkvl glycervl ethers with chloroform-ethinol
(90:10) as ihe developing solvent (Table 6. No. 4).
9°(10°3-Hydroxyalkyl glycervl ether. isolated from the pink portion of the Har-

derian gland of the New Zealand white rabbit. has been chromatographically char-
acterized. afier conversion 1o either acelate or isopropylidene or isopropylidene and
acetate derivatives on silica gel G plates using either diethyl ether-30%; aqueous am-
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TABLE 7

TLC SYSTEMS FOR THE SEPARATION OF DERIVATIVES OF ALKOXY-LIPIDS

‘Vo. Llpzd camponents se, pamled Clzromam"rupluc system RL jercncc

1 Acetate lsopropvhdcnc and accmte SlllC‘d gel Glh \anc—dlcthvl ethu‘ 162
isopropylidene derivatives of (60:40)
unesterificd hydroxyalkyl glvcervl ether

2 Alkyl monoiodide and diiodide Silica gel Hiheptane 145
derived from alkyl glvcervl ether

3 Nitrates of alkyl glvcervl ethers (1- or  Silica gel G/hexane-diethyl ether 190
2-isomers) and dialkyl glvceryl ethers (85:15

4 Alkyl acyl, 1-alk-1"-enyl acyl, diacvl. Silica gel G/hexane~diethy! ether- 188
dialkyl glyeerols and monoethers and methanol (80:20:3)

monoesters of glveerol and glvcol

monia (100:0.25) or diethyl ether-water (1€0:0.5). The mixed derivative had the highest
R, value and the isopropyvlidene derivative had the lowest one!®? (Table 7. No. 1).

The characterization of molecular species of alkoxyvelveervl ethers is often
achieved by degradation analysis. The TLC techniques involved in the characteriza-
tion of degradation products of alk-1-enyl glvceryl ethers such as aldehydes, dimethvl
acetals. cvclic acetals. vinyl methyl ethers. have all been reviewed earlier!->>.

Alkyl halides. which are the degradation products of alkyvl glveervi-(1) ethers,
are often isolated as alkyl iodides for the GC characterization of alkyl chains. The use
of hydriodic acid for this purpose usually vields alkvl monoiodides (from saturated
elveeryl ethers) and alkyl ditodides (from monounsaturated glveeryl ethers). Although
saturated and unsaturated alkyl glveeryl ethers can be separated by either argentation
chromatography'™® or by adsorption chromatography of the regenerable mercuric
acetate adducts (silica gel G/diethyl ther)'®. sometimes the alkyl glvceryl ethers ob-
tained by LiAlH; reduction are directly refluxed with hydriodic acid. Under such
circumstance it hecomes necessary to separate the monoiodides from the diiodides by
adsorption TLC. This is done on silica gel G plates with heptane as the developing
solvent'™® (Table 7. No. 2).

TLC systems for the separation of alkyl and dialkyl glyceryl ethers as nitrates
have been reported' (Table 7. No. 3).

fartous svnthetic neutral alkoxy-lipids of diols and triols were also separated
by Mangold’s group!® (Table 7, No. 4).

(¢} Gas chromarography

High-temperature GC of intact lipids. especially non-polar lipids. is a useful
technique in the molecular species characterization of alkoxy-lipids. Thus naturally
aoccurring glycervi ether diesters and families of diglvceride acetates derived from ana-
logs of phosphatidyicholine and phosphatidvlethanolamine of tumor origin. after
TLC fractionation and hvdrogenation. were separated into various molecular species
on the non-polar stationary phase OV-1 (ret. 28) (Table S. No. 1).

Bergelson’s group® used high-temperature preparative GC to separate ethylene
glycol dipalmitate from accompanying triglvcerides of regenerating rat liver (Table 8.
Nos. 3 and 4). QF-1 silicone was used as a non-polar stationary phase. The same system
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TABLE S
EXPERIMENTAL CONDITIONS FOR GAS CHROMATOGRAPHY OF ALKOXY-LIPIDS

No. Llpuf class investizated Purpose C hromatographic sysrent Reference
i Gl}‘ccr_\‘l cthcr diesters, diacyl Molecular Glass column (70 cm - 4 mum) 28
aceiates of glveerol. alkyl acyi species packed with Gas-Chrom Q ([00-
acetates of glyveerol. and L-alk-1"- sepamtion 120 mesh) coated with 19, QV-|:
enyl acvl acetates of glyeerol - temperature programmed bt.l\\u_n
(after hydrogenation) 200-3357 at 3 'min at a helium

flow-rate of 100 ml/min: injector
temperature, 3237 : detector
temperature, 3507

cix and trans isomers ot the 2.3-  Separation Column (3 fi. - 0.253 in) packed 82

-
diacetate derivative of [-alk-1°- with Celite conted with 30%, QF-1:
enyl ghveerylt ether (synthetic) temperature, isothermal ar 238
helium flow at 15 posi.

3 Diol hipids Separation Column (100em - I nmmipacked 8
fromiriol with Chromosorb W (83-100 mesh)
lipids coaied with 3¢, QF-1 silicone:

temperaitare programmed between
2i0-320° at 37 min: argon flow-
rite, 60 ml'min

3 Diol lipids Separation Column (30 ecm < 2 mim) packed S
fromtriol  with Chromosorb W coated with
lipids 2% SE-30: tempenuture pro-

eranuned between 200:-320° at
57 'min: helium Hu\\ -rate. [00-120
ml‘min

should ke able to sepurate paturally occurring alkyl and I-alk-1"-enyl cthers of ethane-
diol from the accompanying non-polar triol-lipids.

Wood er al *** studied the GC kehaviour of a series of synthetic 1.2-dialkyl
glycervl ethers. l-atkyl-2-acvl elveeryl ethers and 1.2-diacyl glveeryl ethers cither as
TMS or as acetate derivatives. These compounds can ke formed by phospholipase C
degradation of naturally occurring phospholipids. The authors made the following
significant observations on their separation characteristics. in addition to the fact
that the method was found suitable for quantification (Tuble 9).

(1) Daalkyl. alkyl acvl and diacyl glyeeryl ethers of the same carbon number are
eluted in that order after conversion to either TMS or acetate derivatives. Interestingly.

TABLEY

EXPERIMENTAL CO\DlTlO\S E-OR GC OF ALKOXY LIPIDS

No. L:pzd cl:u.s uu(._\tt"utml Purpose Chromatographic system Reference

1 Dialkyl, alk\l acyl. and dm(:\l Molecular Column(70cm - 4 mm) packed 188
elveeryvl ethers as TMIS oracetate  species with Gas-Chrom Q coated with 1%
derivatives separation QV-1: temperature programmed

between 150-27537 ar 3 :min;
helinm flow-rate, 100 mi/min



CHROMATOGRAPHIC ANALYSIS OF ALKOXY-LIPIDS 147

similar behaviour of acetate derivatives on silica gel G plates wais observed hy Viswa-
nathan er al.'.

{2) TMS and acetate derivatives of dialkyl. alkyl acyl and diacyl glvesrvi
ethers are retained longer than the triglycerides with the same carbon number: among
the two types of derivatives. acetates are retained longer.

(3) A “critical pair™¥! between the TMS derivative of dialkyl glveeryl ether
—and that of diacyl glyceryl ether with two methvlene groups fewer is formed.

(1) Acetates of dialky! and diacyl giveeryl ethers ave separated as a class and as
individual components from each other.

(5) No resolution ketween either the TMS or the acetate derivatives of 1.2-
and .3-diglveerides was possible. This has been achieved since’™.

Preparative GC was used by Craig and. Hamon to resolve the synthetic c¢iy
and rruey isomers of 1-alk-1"-envl glveeryl ethers as diacetate derivatives. 307, QF-1
was used as a non-polar stationary phase to achieve this separation®™ (Table 8. No. 2).
The ¢ix isomer had a refatively smatler retention time. Viswanathan ¢ af.. on the other
hand. isolated a series of homologues. vinviogues and geometrical isomers of 1-alk-1'-
enyl methyl ethers on a polar phase (20°, EGS containing 2%, phosphoric acid)!.

Svnthetic monoethers and monoesters of 1.2-cthanediol were subjected 10 GC
separation as cither acetates. trmmethyisilyl ethers or tritfluoroacetates on either a non-
polar stavonary phase (3%, SE-30) or a polar stationary phase (137, ethylenegliycol
succinate methyl silicone polyvmeri™ . It was observed that. irrespective of the nature

TABLE 10

EXPERIMENTAL CONDITIONS FOR GC OF ALKOXY-LIPIDS (MODIFIED FREE ALKYL
GLYCERYI. ETHERS)

N Lipid class investivated Purpose Chromatographic system Retferciee
1 Free hydroxyalkyl ehveeryl Characterization  Columin (6 fic - 1 S indypacked 162

ether as TAS, acctate of iso- - of moditied alky!  with Gas-Chrom P coated with

propyiidenc and TAIS ofiso-  giveeryl ether 10°), EGSS-X: isothermal :t

propylidenc and the methyl motety 200 ; helivm flow-rate. 353 ml min

ester of keto-substituted
alkviglveolic acid

2 O-Alkyldihyvdroxyacetone as Characterizauon Column (61t - | 8 inl) packed 18
O-alkylethyiene ghveol of moditied atkyl  with Gas-Chrom P coated with
acetate alveeryl ether 10" EGSS-X: isothermal at

moiety 200 :helium flow-rmite. 33 ml min

3 Diol-lipids: monocthers and - Separation Staintess-steel column (3 1. - iv2
monoesters as TEA deriva- I 8 in) packed with Chromosorb
tives or TMS ethers W (60-30 mesh) conted with 3%,

SE-30: temperature progrimned
between 150-235 7; tlash heater
temp.. 2757 detector temp.. 2307
helium flow-rate, 20-60 mi min
Or stainless-steel column

(1.3m 3 mm) packed with Gas-
Chrom P coated with 153
EGSS-X: temiperature pro-
griummed between 125-190 ;
fictium flow-rate, 40-60 mi;min
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TABLE 11

C. V. VISWANATHAN

EXPERIMENTAL CONDITIONS FOR GC OF ALKOXY LIPIDS(FREEALKYLGLYCERYL-

ETHER DERIVATIVES)

Chromatographic system Reference

Column (5 fi.) packed with Ana- 173
chirom A B (60-70 mesh) coated

with 1594 EGSS-X: isothermal at
175°:argon flow, 121b./sq. in. at

inlet

%
~}

Column (5 fi. = 1:81in.) packed 1
with Gas-Chrom P (100-120 n:esh)

~ coated with 10.5%; EGSS-X; iso-

thermal at 170" ; helium flow
variable between 4-18 Ibisq. in.
Column (5 ft. > 1:8in.or6.75 193
fr. = 1.8 1n.) packed with silviated
Chromosorb W (60-80 mesh)
coated with 539 Apiczon L;iso-
thermal at 250~

Column (1.5 m - 4 mm) packed 193
with Gas-Chrom P (S0-100 mesh)
coated with 202, EGS: isothermal
at 1607 ; helium flow at inlet, 2.5
kg'em®

Orcolumn{i.6m ~ 4 mm)
packed with Gas-Chrom P (80-100
mesh) coated with 152, EGSS-X:
temperature progriommed between
150-1857: helium flow at inlet, 2.3
keg'em®

Us-shaped aluminium tube (2 m) 32
packed with Kieselguhr coated with
2597 high-vacuum grease; iso-

thermal at 265° ; helium flow-rate.

C 70 mi‘min

No. Lipid class investigared Purpose
1 Isopropylidene derivative of Molecular
freec alkyl givcervl ether species
i separation
2 TFA derivative of free alkyvl Molecular
glvceryvliether - species
separation
3 TAIS ethers of free alkyvl glveervl Molecular
ether - species
separation
4 Alkox}‘uccluldch_\'dc derived Aolecular
from free alkyl giveervi ether species
separation
5 Dimethoxy derivative of free - Molecular
alkvl glveervi ether species
: separation
6 Allxl alkyl ethers. isopropyl- Molecular
tdene ethers, cyclic carbonates, species
or cyclic thionocarbonates separation
derived from free alkyvi giveeryl and

ether

- quantitation

Or U:sshaped aluminium (3 m)
tube packed with kieselguhr
coated with 2592 Reoplex 400:
isothermal at 2467 ; helium flow-
rate. S0 mi‘min

Or U-shaped aluminium tube (4 m)
packed with kiesclguhr coated with
25% DEGS:isothermalat 2337
helium flow-rate. 10 ml’min

Stainless-steel column (5 ft. = 3 146
mm) packed with Chromosorb W
(60-80 mesh) coated with 32 SE-30
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of the derivatives, or the type of stationary phase used, glycol ethers were always eluted
ahead of their corresponding glycol esters. Similar behaviour was noted for glycero-
lipids also'7. The authors also observed that, for the same compound, the elution order
for different tvpes of derivative was TMS, trifluoroacetate (TFA), and acetate on the
polar phase and TFA_ TMS, and acetate on the non-polar phase. With the exception
of the results of GC separation obtained with TFA derivatives of glycol ethers and
esters on the polar phase, the rest could be used for quantitation purposes (Table 10,
No. 3).

Frec alkyl glyceryl ether chains, obtained by LiAIH,; reduction of non-polar
lipids or glycerophospholipids and hydrogenation of alk-l-eny! glyceryl ethers. are
converted to non-polar derivatives by masking their free hvdroxyl groups with tri-
fluoroacetyl™. dimethoxy**, acetyl. or isopropylidene groups!™ and then analysed by
GC (Table 11. Nos. 1-4). Sometimes they can be converted to altkoxyvacetaldehyvde!®?
or ethylene glycol acetate!™ and analysed by GC. Their separation characteristics

TABLE 12

EXPERIMENTAL CONDITIONS FOR GC OF ALKOXY LIPIDS (DEGRADATION PROD-
UCTS OF FREE ALKOXY GLYCERYL ETHERS)

Neo.  Lipid class investigated Lipid derivarive  Chromarographic system Reference
investigared
1 Saturated and unsaturated (a) Alkyliodide Stainless-steel column (10 {1, - 145
alkyl glyceryvl-(1) ether - 1:8 1) packed with Gas-Chrom

P (30-100 mesh) coated with 157,
EGS: isothermal at 200 : injector
port moditied to prevent direct
on-column injection

(b) Alkanes} Stainless-stee! column (10 ft. =
(©) Alkenes| 18 in.) packed with Gas-Chrom
A (S0-100 mesh) coated with 107,
EGS )
2 Free alkyl giveervlether Methylesterof  Column packed with Anakrom 173
monocarboxylic  AB(60-70 mesh) coated with
acid formed by 1539, EGS:isothermal at 1407
permanganate—-  gas flow, 6-8 p.s.i. at inlet
periodate oxida-
tion at the double
_ bond
3 Free alkyl glveerylether Methylesterof  U-shaped aluminium celumn 32
monocarboxylic (3 m -~ 2 mm) packed with
acid formed by Kieselguhr (80-100 mesh)
chromic acid coated with 25397 Dow Corning
oxidation high-vacuum grease: isothermal

at 1837 : helium tlow-rate, 50
mi/min

Or U-shaped aluminium column
{2 m ~ 4 mm) packed with
Kieselguhr (80-100 mesh) coated
with Reoplex 400: isothermal at
1657 ; helium flow-rate, 34 mi/min
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were as expected. The only point of interest was that TFA derivatives of the I- and 2-
isomers of alkyl glyceryl ether could be separated on a stationary polar phase!s7.

Successful attempts to locate the position of the double bond in the alkvl chain
of glyceryl ethers by GC were made. Small-chain fatty acids produced by oxidation
of the double bond with either permanganate-periodate reagent'™ or chromic acid
reagent®® were analysed by GC as their methyvl esters (Table 12, Nos. 2 and 3).

Various derivatives of hydroxyalkyl elyveervl ether were the subject of i recent
GC study™* (Table 10. No. 1). The TMS. the acctate of isopropylidene. and the TMS
of isopropylidene derivatives of hvdroxvalkyl glvceryl ether and the methyl ester of
keto-substituted alkylglycolic actd when chromatographed on a polar stationary phase
were eluted in the sequence mentioned.

GC characterization of alkyl glveeryl ethers as allvl alkyl ethers. cvclic carbo-
nates and cyvclic thiorocarbonates was reported on a non-polar stationary phase (53°,,
SE-30)"" (Table 11. No. 6}. The authors indicated the potentiality of the cvclic thio-~
nocarbonate derivatives in GC analysis for two reasons. viz. (1} The derivatization
procedure in an alkaline medium is well suited to prepare similar derivatives from 1-
alk-1"-enyl glyveeryl ethers. (2) Identification of these derivatives in nanogram amounts
with cither 2n electron capiure detector or Bame photometric method.

Alkvl monoiodides and diiodides which are synthesized from saturated and

nonounsaturated alkyvl glveervl-(1) ethers (also from fatty alcohols) can be quantita-
tively analysed by GC (Table 12, No. 1) on a polar stationary phase (ethylene glveol
succinate) after suitable modification of the injector insert and suitable correction face-
tors for weight response'®. The usual injector insert is replaced with another ke
which i1s constricted at the junction to the chromatographic column. This modilication
prevents direct on-column injection and thus helps completion of dehydrohalogenation,
preventing tailing of peaks. Further. alkyl 1odides can be analvsed by GC after con-
veriing them to either alkanes by reductive dehalogenation or to alkenes by dehydro-
halogenation. As ditodide or diene isomers do not separaie during GC. they can be
directly quantitated. The alkanes and alkenes do not need a correction factor for welght
FESpOnsc.
Ir virro formation of alkanediols from fatty acids was recently documented s,
TLC separation of alkanediols and alkyl glyeervi ethers or their derivatives is not
satisfactory and hence a possibility of wrong identification exists. This can be over-
come by GC. Thus Snyder’s group achieved GC separation of isopropylidene deriva-
tives of 1.2- 1.3-. 14~ and l-tetradecyl glveeryl ether on a stationary polar phase.
The elution order of the isopropylidenes of the alkanediols was 1.4 > 1.2 >1.3 tfor
the hexadesane series greater than l-tetradecyl glveeryl ether.

4. SUMDMIARY

Application of various chromatographic techniques. with speciat emphasis on
thin-layer and gas chromatography. in the study of the chemistiry and biochemistry
of alkoxy-lipids is reported.
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5. APPENDIX
PREPARATION OF DERIVATIVES FROM ALKOXY-LIPIDS FOR CHROMATOGRAPHIC

ANALYSIS
No. - Lipid derivatized Type of derivative Reforence
1 Alkyl glyceryl ether (a) Isopropylidene 173
(b) Dimethoxy - 32
() Diacetyl 28
(d) Bis(trimethylsilvi) 193
~(¢) Bisttriftuoroacetyl) 187
(1) Aliv! alkyl ethers 146
(g) Cyclic carbonate 146
(h) Cvclic thionocarbonate 146
(i) Alkyi iodide 143
tj) Alkane 145
(k) Alkcne i15
2 Hydroxyalkyl () Ayl , 162
glvceryl ether (h) Acenvl 162
(¢) Keto-substituted alkyvlghyveolic acid methyi ester 162
td) Hydroxvalkyl glveokildehyde 162
(¢) Hydroxyalkyl glveol 162 -
3 I-Alk-1-enyvlglveerylether (a) Aldehyde 1
(b) Dimethyl acetal 1
(<) Cyulic acetal 1
(d) 2. 3-Dinitrophenylhydrazone 137
te) lodinated vinyl cther I81
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