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Summary. The lipidic a-amino acids (LAAs) are non-natural a-amino acids 
with saturated or unsaturated long aliphatic side chains. LAAs and their 
derivatives (lipid mimetics) together with the lipidic peptides represent a class 
of compounds which combine structural features of lipids with those of amino 
acids and peptides. Racemic LAAs may be prepared by classical methods and 
resolved by chemical or enzymatic methods. LAA amides and esters with 
saturated or unsaturated long chain amines and alcohols respectively, as well 
as lipidic dipeptide derivatives inhibit both pancreatic and human platelet 
phospholipase A2. Lipophilic peptide derivatives are inhibitors of human 
neutrophil elastase. LAAs and their oligomers have been used as drug de- 
livery system. A Lipid-Core-Peptide system has been designed and used as a 
combined adjuvant-carrier-vaccine system. A variety of lipid mimetics such as 
lipidic 2-amino alcohols, lipidic 1,2- and 1,3-diamines have been prepared 
based upon LAAs. Some of them are potent inhibitors of phospholipase A2. 
A general approach to enantioselective synthesis of LAAs and lipid mimetics 
is based on the oxidative cleavage of 3-amino-l,2-diols obtained by the 
regioselective opening of enantiomerically enriched long chain 2,3-epoxy 
alcohols. 

Keywords: Lipidic a-amino acids - Lipidic amino alcohols - Lipidic diamines 
- Enantioselective synthesis - Lipid mimetics - Drug delivery system - 
Phospholipase A2 inhibitors 

Abbreviations: Boc, tert-butoxycarbonyl; BSA, bovine serum albumin; CD, 
circular dichroism; DET, diethyl tartrate; DIBAL, diisobutyl aluminum 
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hydride; DMF, N,N-dimethylformammide; HMPA, hexamethylphosphor- 
amide; HNE, human neutophil elastase; LAA, lipidic amino acid; LAAL, 
lipidic amino alcohol; LH-RH, luteinizing hormone-releasing hormone; LCP, 
lipid-core-peptide; LDA, lipidic diamine; LP, lipidic peptide; MAP, multi- 
ple antigenic peptide; PLA2, phospholipase A2; TBHP, tert-butyl hydro- 
peroxide; THF, tetrahydrofuran; TRH, thyrotropin-releasing hormone; Z, 
benzyloxycarbonyl 

Introduction 

The lipidic a-amino acids (LAAs) are non-natural a-amino acids with satu- 
rated or unsaturated long aliphatic side chains (Scheme 1). The total number 
of carbon atoms varies from eight to twenty four. The aim of this review is to 
summarize the methods for the synthesis of lipidic a-amino acids, lipidic 2- 
amino alcohols, lipidic diamines and derivatives and the biological applica- 
tions of these compounds. 

LAAs and their derivatives (lipid mimetics) together with the lipidic 
peptides (LPs) represent a class of compounds which combine structural 
features of lipids with those of amino acids and peptides (Gibbons, 1991). The 
dual nature of these compounds is reflected in their physical properties. They 
are highly lipophilic due to the long lipidic side chains, yet show polar, chemi- 
cal and conformational behavior characteristic of amino acids and peptides. 
LPs can take up several forms including linear homo-oligomers, hetero- 
peptides containing coded amino acids or substituted lipidic amino acids and 
cyclic liposome-like structures (Scheme 2). 

The potential use of LAAs is wide: lubricants (Takino et al., 1987), 
cosmetics (Kitamura et al., 1987), polishes (Sagawa and Takehara, 1987a) and 
surface improvers for ceramics (Sagawa and Takehara, 1987b). In addition, 
LAAs and LPs could be useful as detergents and biocompatible and/or 
weather-proof coatings. However, of particular interest for us, is their use as 
a drug delivery system, as an adjuvant/carrier system and as starting materials 
for the synthesis of biologically active and medicinally interesting lipid 
mimetics. Lipid rnimetics are defined as synthetic molecules that resemble 
natural lipids either in structure or in function; they may be glycerides, other 
lipids, sphingolipids, phospholipids or glycolipids. 

Fatty acid 

a-Amino acid 

S c h e m e  1. Lipidic a -amino acid 
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Scheme 2. 2 Homo-oligomers; 3 Hetero-peptides containing coded amino acids (R = 
residue of coded amino acid); 4 Hetero-peptides containing substituted LAAs; 5 Cyclic 

liposome-like structure; [] amide bond 

Racemic LAAs and resolution 

The chemical methods for the synthesis of a-amino acids have been summa- 
rized in some classical books concerning the chemistry of amino acids and 
peptides (Greenstein and Winitz, 1961; Roberts and Vellaccio, 1983; Barrett, 
1985; Williams, 1989). Racemic LAAs can be prepared by classical methods 
as shown in Scheme 3. Diethyl acetamidomalonate (6) is treated with 1- 
bromoalkanes in the presence of sodium ethoxide and the alkyl diethyl 
acetamidomalonate intermediate 7 is hydrolyzed and partially decar- 
boxylated by heating in hydrochloric acid (Gibbons et al., 1990; Mori and 
Funaki, 1985; Albertson, 1946). An alternative method is the reaction of 
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Scheme 3. i EtONa, RBr; ii HC1, reflux; iii NH4OH 
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Scheme 4. i BF3.Et20; ii HC1, NH2OH; iii NaOH 

a-bromoalkanoic acids 9 with ammonium hydroxide (Birnbaum et al., 
1953). The racemic compounds may be resolved by chemical or enzymatic 
methods. 

Racemic lipidic amino acid methyl esters 10 are heated in toluene with 
the chiral a-pinene derivative ( 1 S , 2 S , 5 S ) - ( - ) - 2 - h y d r o x y p i n a n - 3 - o n e  (11) in the 
presence of a catalytic amount of boron trifluoride etherate (Gibbons et al., 
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1990) (Scheme 4). The resulting diastereomeric Schiff bases 12, 13 are sepa- 
rated by preparative thin-layer chromatography on silica gel or HPLC. The 
optically pure methyl esters 14, 15 are obtained by hydroxylamine hydrochlo- 
ride assisted hydrolysis of the Schiff bases. Saponification of the methyl esters 
yields optically active LAAs. The absolute configuration of the chemically 
resolved esters determined on the basis of the sign of the Cotton effect of the 
circular dichroism (CD) spectra; those exhibiting positive ones are assigned 
the (S), those with a negative one, the (R) configuration. 

In the enzymatic method, the racemic LAA is converted into the N- 
chloroacetyl derivative 19 (Scheme 5). The enzyme acylase I (Birnbaum et al., 
1953) or Aspergillus amino acylase (Mori and Funaki, 1985) specifically 
hydrolyses the (S)-N-chloroacetyl derivative to yield the (S)-amino acid 16. 
The (R) enantiomer can be obtained by treatment of the remaining solution 
with hydrochloric acid. 

Fully protected homo-oligomers of LAAs may be prepared by the con- 
ventional methods of peptide synthesis in solution. Racemic dimers up to 
octamers have been prepared (Gibbons et al., 1990; Gibbons, 1991) by cou- 
pling of N-tert-butoxycarbonyl (Boc) protected LAAs with the appropriate 
lipidic amino acids methyl esters using the method of 3-[3-(dimethylamino)- 
propyl]-l-ethyl carbodiimide in the presence of 1-hydroxybenzotriazole. The 
LAA oligomers exhibit poor solubility characteristics with increasing mole- 
cular weight. To improve the solubility of the peptides and to modify their 
degradation/biodegradation characteristics several C- and/or N-protected 
hetero-oligomers containing either coded amino acids or (o-derivatised LAAs 
have been prepared. 

Enzyme inhibitors 

LAA amides 21 with saturated or unsaturated long chain amines as well as 
LAA esters 22 with saturated or unsaturated long chain alcohols (Scheme 6) 
have been synthesized (Kokotos et al., 1996a) and exhibited interesting bio- 
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0 0 NH2 

NH2 NH 2 R 

21 22 23 

Scheme 6. 21, 22 R = saturated or unsaturated long chain; 23 R = COOMe, COOH, 
CH2OH 

logical properties. These classes of compounds inhibited both pancreatic 
(Nicolaou et al., 1995) and human platelet phospholipase A2 (PLA2) (Kokotos 
et al., 1996a) and are potential antiinflammatory agents. Comparable proper- 
ties are exhibited by lipidic dipeptide derivatives 23 (Kokotos et al., 1996a; 
Nicolaou et al., 1995). 

A series of lipophilic peptide derivatives of the general structure Boc- 
(LAA)~-Ala-Ala-Pro-Val-OH were synthesized in keeping with the presence 
of an extended binding site in human neutrophil elastase (HNE) (Toth et al., 
1995). In vitro studies showed that the compound containing three residues of 
LAA was a powerful inhibitor of HNE (ICs0 = 1.8 × 10 ~°M). This derivative 
protected skin elastic fibres against degradation by HNE, when injected 
intradermally to rabbit dermis. 

LAAs conjugates with drugs and bioactive peptides: 
stability, prodrugs and delivery 

LAAs and their oligomers, because of their bifunctional nature, have the 
capacity to be chemically conjugated to drugs and bioactive peptides with a 
wide variety of functional groups. The linkage between drug or peptide and 
lipidic unit may either be biologically stable (such that a new drug is formed) 
or posses biological or chemical instability (when the conjugate will be a pro- 
drug). In either case, the resulting conjugates would be expected to posses a 
high degree of membrane-like character, which may be sufficient to facilitate 
their passage across membranes. The long aliphatic side chains may also have 
the additional effect of protecting a labile parent drug or peptide from 
enzymatic attack. The lipidic system has been conjugated to a wide variety 
of different compounds: benzoquinolizine, fl-lactam antibiotics, hydrophilic 
sugars, 7-aminobutyric acid, chlorambucil, morphine, peptides as TRH and 
LHRH. The use of LAAs and LPs as drug delivery system has been sum- 
marized in two reviews (Toth and Gibbons, 1992; Toth, 1994). 

Adjuvant semisynthetic vaccines 

Synthetic peptides are widely used to generate antibodies. To induce high 
antibody response, the low molecular weight peptide has to be conjugated to 
a carrier protein (BSA) and administrated with an appropriate adjuvant. High 
antibody response was observed when the peptides were incorporated into 
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, p e p t i d e  

Scheme 7. Lipid-core-peptide system 

polylysine to form Multiple Antigenic Peptide (MAP) (Tam, 1988, 1989). To 
attain higher antibody responses, the antigen must be anchored to the cell 
membrane, but the polylysine system is not lipophilic enough to fulfill this 
requirement. A novel Lipid-Core-Peptide (LCP) system has been developed 
(Toth et al., 1993) by incorporating LAAs to the polylysine system to enhance 
lipophilicity and membrane binding effects and the metabolic stability of the 
LCP system. This system was designed to combine the use of the branched 
polylysine and the lipophilic a-amino acid based anchor (Scheme 7) and 
was synthesized using standard automated solid phase peptide synthetic 
methods. Since this lipidic anchor also functioned as adjuvant, this system 
could be used as a drug delivery system or as a combined adjuvant- 
carrier-vaccine or -hormone system, where the "peptide" could be an epitope 
or potential vaccine, a hormone, or a nonpeptide system (drug) (Toth and 
Gibbons, 1993). 

Sphingosine lipid analogues 
Synthesis of lipidic amino alcohols (LAALs) based upon LAAs 

Sphingosine and ceramide are the basic structural units of the sphingolipids 
which are essential membrane and cell wall constituents. A great number of 
such structural components have been found in animals, plants and microor- 
ganisms as a part of complex lipids, while free ceramides have been found in 
small amounts in plant and animal tissues (Christie, 1982). Although impor- 
tant biological functions of sphingolipids have been recognized (Sweeley, 
1989; Fukaya et al., 1989), their functions are still being explored including the 
therapeutic potential of such analogues. Thus structural analogues for biologi- 
cal testing are required and a method for the synthesis of ceramide and 
sphingosine analogues from LAAs was developed. N-palmitoyl, N-acetyl and 
N-Boc protected LAAs 24 were converted directly into ceramide analogues 
27 by chemoselective reduction of their corresponding mixed anhydrides 25 
with sodium borohydride in tetrahydrofuran (THF) with dropwise addition of 
methanol (Kokotos, 1990; Kokotos et al., 1992) (Scheme 8). The in situ 
reduction of the mixed anhydrides was performed rapidly at 0°C in good yield. 
The peptide bond and the N-protecting groups remained unaffected under 
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Scheme 8. i N-methylmorpholine, C1COaEt, THF; ii cyanuric fluoride, C6HsN; iii NaBH4, 
MeOH 

these conditions. An alternative method affording lipidic amino alcohols 
(LAALs) in higher yield is the in situ reduction of acyl fluorides 26 by sodium 
borohydride with dropwise addition of methanol (Kokotos and Noula, 1996). 
Acyl fluorides were obtained by treatment of carboxylic acids with cyanuric 
fluoride in the presence of pyridine. 

Removal of the Boc-protecting group from N-protected amino alcohols 
using HC1 in THF gave the sphingosine analogues. These analogues present 
special interest since sphingosine is a metabolic intermediate of sphingolipids 
that modulates the activity of several enzymes involved in signal transduction 
and cell growth, such as phospholipase A2 and phospholipase D (Franson 
et al., 1992), protein kinase C (Hannun et al., 1986) and other kinases (Fiore 
et al., 1990; Kirshnamurti et al., 1989), phosphatidate phosphohydrolase 
(Mullmann et al., 1991) and several calmodulin - dependent enzymes 
(Jefferson and Schulman, 1988). LAALs found to inhibit reversibly pancre- 
atic and human platelet PLA2 (Noula et al., 1996). 2-Amino-octadecanol 
exhibited inhibitory activity (ICs0 4¢tM) equal to that caused by sphingosine or 
phytosphingosine. 

Another approach to lipidic 2-amino alcohols uses long chain 1,2-diols as 
starting material (Kokotos et al., unpublished data). Selective protection of 
the primary hydroxyl of 1,2-diols 28 by the tert-butyl group was achieved in 
good yield by treatment with tert-butyl trichloroacetimidate in the presence of 
a catalytic amount of boron trifluoride etherate (Scheme 9). The secondary 
hydroxyl of 29 was activated as the mesylate and converted directly into 
the azido group by treatment with sodium azide in N,N-dimethylform- 
amide (DMF) in high yield. Reduction of the azido group of 30 using 
sodium borohydride in the presence of 10% palladium - charcoal (Kokotos 
and Constantinou-Kokotou, 1992) at room temperature afforded the O- 
protected 2-amino alcohol 31. The tert-butyl group was removed by 
trifluoroacetic acid. 
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Scheme 9. i C13C(=NH)OtBu, BF3.Et20; ii MeSO2C1, Et3N; NAN3, DMF; iii NaBH4, 10% 
Pd/C; iv CF3COOH 

Lipidic diamines (LDAs) and taurines 

The hydroxy group of Boc-protected amino alcohols 33 was activated by 
conversion into methanesulfonate 34 in high yield and then replaced by 
nitrogen nucleophiles leading to various amines (Scheme 10). Replacement of 
the mesyl group by the azido group gave amino azides 35 and after reduction 
1,2-diamines 37 (Kokotos et al., 1992). Replacement by the cyano group 
yielded amino nitriles 36 and after reduction, 1,3-diamines 38 (Constantinou- 
Kokotou and Kokotos, 1994, 1995). Following both procedures selectively 
monoprotected diamines can be prepared. Several free lipidic diamines were 
tested and were potent inhibitors of PLA2 (Noula et al., 1996). 

LAALs can also be used as starting materials for the preparation of lipidic 
taurines. Taurines and analogues exhibit various interesting biological prop- 
erties and were proposed as neuromodulators, neurotransmitters, indicators 
of hepatic cytotoxicity and as anti-convulsants. Replacement of the mesyl 
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Scheme 10. i MeSO2C1, Et3N; ii NAN3, DMF; iii NaBH4, 10% Pd/C; iv NaCN, DMF; v 
NaBH4, NiC12 
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Scheme 11. i MeSO2C1, Et3N; ii Na2SO3 

group of 34 by a sulfo group afforded long chain 2-substituted taurines 39 
(Constantinou-Kokotou and Kokotos, 1995) (Scheme 11). 

Enantioselective LAA synthesis 

Methods to synthesize a-amino acids in optically active form have been re- 
viewed by Williams and Duthaler (Williams, 1989; Duthaler, 1994). Some of 
them have been used for the synthesis of medium chain LAAs. The synthesis 
of (R)-2-aminononanoic acid 43 is based on the reaction of heptyl bromide 
with the lithiated bis-lactim ether either of cyclo(L-Val-Gly) 40a (e.e 75-80%) 
(Schollkopf et al., 1981) or of cyclo(L-tert-Leu-Gly) 40b (e.e. >95 %) (Scheme 
12) (Schollkopf and Neubauer, 1982). 

Williams has reported the synthesis of (S)-2-amino-decanoic acid 47 (e.e. 
98%) by the reaction of tri-n-butyltin acetylide 45 with the bromoglycinate 
44 and subsequent catalytic hydrogenation (Scheme 13) (Zhai et al., 1988; 
Williams and Zhai, 1988). 

A general approach to the enantioselective synthesis of LAAs, LPs, 
LAALs etc. is based on the regioselective opening of chiral long chain 2,3- 

R R 
H- - N~ OCHe H ~  H , , ~  

""~ \  7 i, ii H_ ! N~ OCH3 
~ "'~... ~,,,,' H iii, iv ,. " ~ 5  ''' OCH3 " ~ 5 "  v ~ OH 

CH3OJ%N-- CH30/'~N" ~ C7H15 NH 2 NH 2 

40a, b 41a,b 42 43 

a: R = ipr 
b: R = tBu 

Scheme 12. i BuLi; ii CvH~sBr; iii 0.25N HCI; iv NH3, H20; v HCI 6N 
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Scheme 13. i ZnC12; ii H2, PdC12, 20 psi 
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epoxy alcohols (Scheme 14) (Kokotos et al., 1996b). For this approach atten- 
tion must be focused on two major points: a) The synthesis of the suitable 
precursor. The appropriate allylic alcohol 50 has to be chosen as the substrate 
for the asymmetric epoxidation using the proper chiral auxiliary. The final 
enantiomer of the a-amino acid depends on the use of (R,R) or (S,S)-dialkyl 
tartrate, b) The choice of the appropriate nitrogen containing nucleophile, It 
should be selected taking into consideration regioselectivity and yield of the 
opening reaction as well as facilities to transform such a group into the final 
amino group. The appropriate nucleophile should also be chosen to facilitate 
the cleavage of the C-C bond and thus generate the acid group in 16. 

Two main methodologies were used for the synthesis of the necessary 
allylic alcohol (Scheme 15). The first one was based on the alkylation of 
protected propargyl alcohol 51 and stereoselective reduction of the free 
propargylic alcohol using LiA1H 4. The second used either a Wittig-Horner 
reaction (Kelly, 1991), or a Knoevenagel condensation over a suitable alde- 
hyde 54 (Tietze and Beifuss, 1991), to obtain the E-unsaturated ester 53 which 
is reduced with DIBAL or A1H3 to the desired allylic alcohol 50. Considering 
that the propargylic approach produced one homologation of three carbon 
atoms and the Witting-Homer or Knoevenagel approach extends the chain by 
two carbons, both methods are based on economic parameters considering 
the relative price of the precursor alkyl bromide or aldehyde. 

Allylic alcohols 50 were submitted to Sharpless epoxidation (Katsuki and 
Sharpless, 1980; Martin et al., 1981) (Scheme 16) and gave epoxides 49 in high 
yield and enantiomeric excesses (>80% yield and >95% ee). Because of the 
low solubility of long chain allylic alcohols in dichloromethane, the addition of 
such a precursor has to be slow enough to avoid precipitation that can dra- 
matically decrease the enantiomeric purity and yield of the epoxide obtained. 
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Scheme 16. i Ti(OPr-i)4, (S,S)-(-)-DET, TBHP, CH2C12; ii NAN3, NH4C1, MeOH:H20; 
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Scheme 17. i NaIO4, KMnO4, Na2CO3; ii HC1, THF 
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Scheme 18. i SO3-Py, DMSO, CH2C12, Et3N; ii Wittig - Homer; iii HF, CH3CN; iv SO3-Py; 
v Ph3P+CHa(CH2)13CH3, X-, n-BuLi, THF, HMPA; vi DIBAL; vii Ti(OPr-i)4, (R ,R ) (+) -  

DET, TBHP; viii NAN3, NH4C1; ix NaBH4, 10% Pd/C 

The opening of epoxides (Caron and Sharpless, 1985; Caron et al., 1988) using 
sodium azide and ammonium chloride yielded azido diols 55 with good 
regioselectivity (>10:1) and yield. Reduction of the azido group under stand- 
ard conditions gave the corresponding 3-amino-l,2-diols 57 in moderate yield. 
Alternatively, the simultaneous reduction of the azido group and N-Boc 
protection was more convenient either to obtain directly N-Boc protected 
amino diols 56 or hydrochlorides of free amines 57 since both steps are 
practically quantitative (Kokotos et al., 1996b). 

N-Boc protected amino acids 58 were obtained in high yield (>85 %) when 
3-(N-butoxycarbonylamino)-l,2-diols 56 were submitted to oxidative cleav- 
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age using potassium permanganate  (Scheme 17) (Lemieux and von Rudloff, 
1955). Final deprotect ion of Boc group using HC1 in T H F  yielded the chiral 
L A A  16. 

Unsatura ted  lipidic 3-amino-l,2-diols 64 may be obtained by the above 
described general  methodology starting from the appropriate unsaturated 
allylic alcohol 63 (Scheme 18). However  this methodology of obtaining un- 
saturated LAAs  has a strong limitation, since the final step implies conditions 
that affect the double bonds. Fur ther  studies directed to obtain unsaturated 
LAAs  with more  than one double bond are now under  development  in our 
laboratories. 
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