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Summary 

 

The purpose of this work is to contribute to the understanding of the structure-activity 

relationships and behavior of the skin ceramides and transdermal penetration enhancers based 

on dimethylamino acid esters.  

First two chapters provide a theoretical background for understanding the main 

principles of transdermal drug delivery as well as composition and function of stratum 

corneum barrier. The experimental work is presented in the form of individual publications in 

chapters three to five.  

The first chapter describes transport routes through the human skin and gives an 

overview of enhancers of transdermal permeation with main accent on their chemical 

structure, mechanism of action, interaction with stratum corneum components and advantages 

and drawbacks of their use.  

The second chapter brings more detailed information on the specific content and 

composition of stratum corneum. The main attention is paid to the ceramides - a complex 

group of lipids that play a crucial role as cell signaling molecules and skin barrier 

constituents. In the skin, these sphingolipids form a major part of the stratum corneum 

intercellular lipid matrix, which is the barrier for penetration of most compounds. The 

development of such a protective layer was a critical step in the evolution of life on a dry 

land. Moreover, prominent skin diseases such as psoriasis and atopic dermatitis are associated 

with diminished ceramide levels and may be effectively improved by exogenous ceramides or 

their analogues. Since ceramides are not obtained from natural sources in pure form, they are 

of synthetic interest since 1950's. In this chapter, we describe sphingosine syntheses from 

1998 until 2008, and the synthetic approaches to the unique epidermal ceramides, including 

the 6-hydroxysphingosine-based ones, the alpha- and omega-hydroxy forms and the omega-

acyloxy species. Moreover, the structural requirements of ceramides for a competent skin 

barrier are discussed, including acyl chain length, trans double bond, acyl alpha-hydroxyl, 

stereochemistry, omega-linoleyloxy species and ceramide conformation. 

Chapter 3 focuses on the synthesis, evaluation of transdermal permeation-enhancing 

potency, biodegradability and reversibility of action of series of N,N-dimethylamino acid 

esters. Effects of chirality, linking chain length and polyfluorination together with the 

enhancer-drug interaction are discussed. No differences in activity were found between (R), 

(S) and racemic dodecyl 2-(dimethylamino)propanoate (DDAIP). Substitution of hydrocarbon 

tail by fluorocarbon one resulted in loss of activity. Replacement of branched linking chain 

between nitrogen and ester of DDAIP by linear one markedly improved penetration-

enhancing activity with optimum in 4-6C acid derivatives. Dodecyl 6-

(dimethylamino)hexanoate (DDAK) was more potent than clinically used skin absorption 

enhancer DDAIP for theophylline (enhancement ratio of DDAK and DDAIP was 17.3 and 

5.9, respectively), hydrocortisone (43.2 and 11.5) and adefovir (13.6 and 2.8), while DDAIP 

was better enhancer for indomethacin (8.7 and 22.8). DDAK was rapidly metabolized by 

porcine esterase, and displayed low acute toxicity. Electrical resistance of DDAK-treated skin 

barrier promptly recovered to control values, showing the reversibility of action of the 

enhancer. These results suggest that DDAK, a highly effective biodegradable transdermal 

permeation enhancer for a broad spectrum of drugs, is a promising candidate for future 

research. 
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As mentioned above, stratum corneum ceramides are major determinants of skin 

barrier function. Although their physiological and pathological role has been widely 

investigated, to date no structure-activity relationships have been established. Study described 

in chapter 4 concentrates on the synthesis of a series of short-chain ceramide analogues with 

polar head structure identical to ceramide NS, sphingosine length of 12 carbons and acyl 

chain length from 2 to 12 carbons. Their effect on skin permeability is evaluated using 

porcine skin and two model drugs, theophylline and indomethacin, and compared to that of a 

physiological ceramide NS. The results showed that ceramide chain length was crucial for 

their barrier properties. Ceramides with 4-8C acyl chain were able to increase skin 

permeability for both drugs up to 10.8 times with maximum effect at 6C acyl. No increase in 

permeability was found for ceramide analogues with 2C and 12C acyl and ceramide NS. The 

same relationships were obtained for skin concentrations of the model drugs. The relationship 

between ceramide acyl chain length and its ability to perturb skin barrier showed striking 

similarity to the behavior of short-chain ceramides in sphingomyelin/phospholipid membranes 

and confirmed that short-chain ceramides do not act as natural ceramides and their use as 

experimental tools should be cautious. 

Topical skin lipid supplementation may provide opportunities for controlling ceramide  

deficiency in diseases such as atopic dermatitis or psoriasis. However, the exact mechanisms 

by which exogenous ceramides correct the barrier abnormalities are not known. Although 

exogenous short-chain NBD-labeled C6-ceramide was shown to rapidly traverse stratum 

corneum (SC) and to be uptaken and metabolized by viable epidermal layers, no such 

evidence is available for long-chain ceramides. Thus, the study described in chapter 5 aims at 

comparing skin penetration of fluorescent NBD-labeled C6, C12, and C24- ceramide and 

pseudo ceramide 14S24. Fluorescent lipids were synthesized from sphingosine or L-serine 

ester and omega-NBD-labeled hydroxysuccinimide-activated acids. 24-NBD-lignoceric acid 

was prepared from dodecan-1,12-diol using lithium tetrachlorocuprate coupling. NBD- 

ceramide at two concentrations, either alone or in equimolar mixture with cholesterol and 

lignoceric acid, were applied on viable human skin for 2 and 12 h, respectively. Only short-

chain NBD-C6- ceramide reached viable epidermis; NBD-C12- ceramide and both NBD-C24 

lipids penetrated solely into several upper SC layers of both intact and acetone-treated skin. 

These results show that the skin penetration of exogenous ceramide is chain length-dependent 

and that exogenous long-chain NBD-labeled ceramide and their analogues do not enter viable 

epidermis. This supports our hypothesis that short-chain ceramide cannot be used as general 

long-chain ceramide mimics. 

 

 
 

 



8 

 

Souhrn 

 

Tato pr§ce si klade za c²l pŚispŊt k porozumŊn² chov§n² koģn²ch ceramidŢ a akcelerantŢ 

transderm§ln² penetrace zaloģenĨch na esterech dimethylaminokyselin. ZabĨv§ se tak® 

vztahem mezi strukturou a ¼ļinkem tŊchto l§tek. 

Prvn² dvŊ kapitoly poskytuj² teoretickĨ z§klad pro pochopen² sloģen² a funkce stratum 

corneum, kter§ pŚedstavuje hlavn² bari®ru pro prŢnik l®ļiv a dalġ²ch exogenn²ch l§tek do 

organismu, a principŢ transderm§ln²ho pod§n² l®ļiv. Experiment§ln² pr§ce je prezentov§na ve 

formŊ samostatnĨch publikac² v kapitol§ch tŚi aģ pŊt. 

Kapitola 1 se zabĨv§ transderm§ln²m pod§n²m l®ļiv, poukazuje na jeho vĨhody a 

limitace. Hlavn² pozornost je vŊnov§na akcelerantŢm transderm§ln² penetrace ï l§tk§m, kter® 

umoģŔuj² doļasnŊ sn²ģit bari®rov® vlastnosti kŢģe a zajistit dostateļn® koncentrace l®ļiv® 

l§tky nutn® pro lok§ln² ļi syst®movĨ ¼ļinek. Akceleranty jsou zde pops§ny s hlavn²m 

dŢrazem na vlastnosti, chemickou strukturu a mechanismus ¼ļinku. 

Druh§ kapitola pŚin§ġ² informace o specifick®m sloģen² lipidick® matrix stratum 

corneum. Ceramidy, komplexn² skupina lipidŢ, tvoŚ² hlavn² ļ§st t®to intercelul§rn² bari®ry pro 

prŢnik l§tek do organismu. Se sn²ģenĨmi hladinami ceramidŢ jsou spjata z§vaģn§ koģn² 

onemocnŊn² jako psori§za ļi atopick§ dermatitida. Aplikac² ceramidŢ ļi jejich analogŢ mŢģe 

bĨt vĨraznŊ zlepġen pacientŢv stav. Vzhledem k tomu, ģe nemohou bĨt z²sk§ny v ļist® formŊ 

z pŚ²rodn²ch zdrojŢ, jsou zdrojem z§jmu syntetickĨch chemikŢ jiģ od roku 1950. Kapitola 2 

popisuje synt®zy sfingosinu, publikovan® od roku 1998 do roku 2008, a syntetick® pŚ²stupy 

pro pŚ²pravu unik§tn²ch koģn²ch ceramidŢ. Jsou zde diskutov§ny struktur§ln² poģadavky, 

nutn® pro tvorbu kompetentn² koģn² bari®ry, vļetnŊ d®lky acylov®ho ŚetŊzce ceramidu, trans 

dvojn® vazby, acyl Ŭ-hydroxylu, stereochemie a konformace. 

Kapitola 3 se zamŊŚuje na synt®zu, hodnocen² akceleraļn² aktivity, biodegradability a 

reversibility ¼ļinku s®rie esterŢ N,N-dimethylaminokyselin. Diskutov§ny jsou vlivy chirality, 

d®lky ŚetŊzce aminokyselinov® ļ§sti a polyfluorinace alkoholov® ļ§sti spoleļnŊ s interakc² 

akcelerant ï l®ļivo na ¼ļinek akcelerantu. Nebyly zjiġtŊny ģ§dn® rozd²ly v ¼ļinnosti mezi (R), 

(S) a racemickĨm dodecyl 2-(dimethylamino)propano§tem (DDAIP). Substituce 

uhlovod²kov®ho ŚetŊzce za polyfluorovanĨ mŊla za n§sledek ¼plnou ztr§tu aktivity. N§hrada 

rozvŊtven®ho spojovac²ho ŚetŊzce mezi aminoskupinou a esterovou funkc² line§rn²m 

zpŢsobila vĨrazn® zlepġen² penetraļn² aktivity s optimem u 4-6C deriv§tŢ. Dodecyl 6-

(dimethylamino)hexano§t (DDAK) byl ¼ļinnŊjġ² neģ klinicky pouģ²vanĨ akcelerant DDAIP 

pro theofylin (urychlovac² pomŊr DDAK a DDAIP byl 17,3, respektive 5,9), hydrokortizon 

(43,2 a 11,5) a adefovir (13,6 a 2,8), zat²mco DDAIP byl lepġ² akcelerant pro indomethacin 

(8,7 a 22,8). DDAK byl relativnŊ rychle metabolizov§n praseļ² ester§zou a vykazoval n²zkou 

akutn² toxicitu. ElektrickĨ odpor kŢģe se po ļasovŊ omezen® aplikaci DDAK vr§til na 

hodnoty shodn® s kontroln²m vzorkem. Tyto vĨsledky naznaļuj², ģe akcelerant DDAK je, 

vzhledem k jeho spektru a intenzitŊ ¼ļinku, slibnĨ kandid§t pro dalġ² vĨzkum.  

Jak jiģ bylo zm²nŊno, ceramidy stratum corneum jsou hlavn² determinanty bari®rov® 

funkce kŢģe. PŚestoģe je znaļn§ pozornost vŊnov§na vĨzkumu jejich fyziologick® a 

patologick® role, nejsou dnes dostupn® ģ§dn® informace o vztaz²ch mezi strukturou a ¼ļinkem 

na funkci koģn² bari®ry. Studie popsan§ v kapitole 4 se zamŊŚuje na synt®zu kr§tkĨch 

ceramidovĨch analogŢ s pol§rn² hlavou identickou s koģn²m ceramidem NS, d®lkou 

sfingosinov® ļ§sti 12C a d®lkou acylu od 2C do 12C. Jejich efekt na koģn² permeabilitu byl 
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hodnocen s vyuģit²m praseļ² kŢģe a dvou modelovĨch l®ļiv, theofylinu a indometacinu, a 

srovn§n s pŚirozenĨm ceramidem NS. D®lka acylov®ho ŚetŊzce z§sadnŊ zmŊnila vliv 

ceramidov®ho analogu na funkci koģn² bari®ry. Ceramidy s kr§tkĨm acylovĨm ŚetŊzcem o 

d®lce mezi 4-8C zvĨġily permeabilitu kŢģe pro obŊ l®ļiva aģ 10,8x s maxim§ln²m ¼ļinkem 

pro 6C acyl. Ģ§dnĨ vzrŢst v permeabilitŊ nebyl zaznamen§n pŚi pouģit² analogŢ s 2C a 12C 

acylem a u ceramidu NS. Vztahy mezi d®lkou acylov®ho ŚetŊzce ceramidu a jeho schopnost² 

rozruġit koģn² bari®ru vykazuj² znaļnou podobnost s chov§n²m kr§tkĨch ceramidŢ ve 

sfingomyelin-fosfolipidovĨch membr§n§ch. Kr§tk® analogy se tedy vģdy nechovaj² jako 

pŚirozen® ceramidy a jejich experiment§ln² vyuģit² mus² bĨt opodstatnŊn®. 

PŚedpokl§d§ se, ģe exogennŊ podan® ceramidy mohou proch§zet pŚes stratum corneum a 

vstupovat do ģivĨch epiderm§ln²ch vrstev, ve kterĨch doch§z² k jejich vychyt§v§n² a 

metabolizaci v keratinocytech. Tato hypot®za je zaloģena na studii, ve kter® autoŚi pouģili 

fluorescenļnŊ znaļenĨ kr§tkĨ ceramid NBD-C6-Cer. Jak je pops§no v kapitole 4, kr§tk® 

ceramidy a zvl§ġtŊ C6 deriv§t se nechovaj² jako identick® koģn² sfingolipidy s dlouhĨm 

ŚetŊzcem a sp²ġe sniģuj² bari®rov® vlastnosti kŢģe. Kapitola 5 je zamŊŚen§ na srovn§n² 

penetrace C6, C12 a C24  fluorescenļnŊ znaļenĨch ceramidŢ a pseudoceramidu 14S24 do 

ģiv® lidsk® epidermis. Fluorescenļn² lipidy byly syntetizov§ny ze sfingosinu ļi esteru L-

serinu a omega-NBD-znaļenĨch kyselin. Kyselina 24-NBD-lignocerov§ byla syntetizov§na 

z dodekan-1,12-diolu. ZnaļenĨ ceramid byl aplikov§n ve dvou koncentrac²ch na ģivou 

lidskou kŢģi po dvŊ, respektive po dvan§ct hodin. Pouze kr§tkĨ NBD-C6-ceramid pronikl do 

ģiv® epidermis. Penetrace NBD-C12-ceramidu a obou NBD-C24-lipidŢ byla omezena na 

svrchn² vrstvy stratum corneum jak u nepoġkozen® kŢģe, tak i u kŢģe podroben® ļ§steļn® 

extrakci lipidŢ acetonem. Tyto vĨsledky potvrzuj², ģe chov§n² exogenn²ch ceramidŢ z§vis² na 

d®lce acylov®ho ŚetŊzce; pŚirozenĨ fluorescenļnŊ znaļenĨ ceramid s dlouhĨm ŚetŊzcem a jeho 

analoga zŢst§vaj² lokalizov§na ve stratum corneum a nepronikaj² do ģiv® epidermis.  
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1. Transdermal drug delivery 

 

On initial inspection, the skin is an unlikely route for systemic drug administration. 

Indeed, large number of potentially valuable drugs can not alone be used for topical 

administration because they can not cross the skin barrier and reach the site of action in 

sufficient quantity. Since transdermal drug delivery offers many advantages over conventional 

routes of application including avoidance of first pass effect, stable blood levels, easy 

application and higher compliance of the patient, there is a continuing interest in attempting to 

circumvent this barrier and unfavorable physico-chemical properties of applied drugs. The 

drugs administered across the skin presently include clonidine, fentanyl, lidocaine, nicotine, 

nitroglycerin, estradiol, ethinyl estradiol, norelgestromin, norethindrone, oxybutinin, 

scopolamine, and testosterone. Among the requirements for these easy-to-deliver drugs 

belong a small daily dose, molecular weight lower than 500 g.mol
-1

, low melting point and 

balanced lipophilicity. If the daily dose exceeds 10 mg, then the transdermal delivery might 

be complicated, more convenient are doses lower than 5mg [1]. A number of various methods 

have been developed to open the transdermal route to the therapeutics which do not fulfill 

above mentioned demands, including permeation enhancers, ultrasound, iontophoresis, 

electroporation, magnetophoresis, photoacustic waves, microneedles, targeted follicular 

absorption, liposomes and other vesicles, eutectic systems, supersaturated systems, ion pairs 

etc. [1, 2]. 

 

DRUG TRANSPORT ROUTES THROUGH THE HUMAN SKIN 

 

Human skin selectively and effectively inhibits penetration of xenobiotics to the body.  

Transdermal absorption into the systemic circulation includes the permeation across the horny 

layer, viable epidermis and the upper dermal layers. The rate-limiting step in absorption of the 

compound into systemic circulation is the permeation through the stratum corneum (SC). The 

viable epidermis functions as a major barrier only for permeation of extremely lipophilic 

compounds. 

There are three possible routes to reach the 

viable tissue: via sebaceous glands in hair 

follicles, through eccrine sweat ducts or 

across continuous SC. Since the skin 

appendages occupy only 0.1% of the total 

human skin surface, the contribution of this 

route was primarily considered to be small 

and important only for limited number of 

charged substances or substances with high 

molecular weight. Recently it was shown, 

that follicular penetration may be an 

important pathway for the penetration of 

topically administered compounds [3, 4]. 

The transepidermal route can be divided 

into transcellular route through the 

corneocytes and intercellular pathway (Fig 1 

- [5]). The more direct route is transcellular. Since the lipid phase is continuous throughout 

 

 

Fig 1. Transepidermal penetration pathway . 
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the SC, the drug has to overcome both the lipophilic structures of SC and hydrophilic 

environment of the cytoplasm of dead keratinocytes. It has been shown, that intercellular 

pathway is common for substances with a great polarity spectrum [6, 7]. Relationships 

between the rate of the skin permeation of various compounds and their physicochemical 

properties have been also described [8-10].  

 

TRANSDERMAL PENETRATION ENHANCERS 

 

These chemical compounds are designed to reversibly increase the delivery of drugs in 

therapeutic concentrations into the skin or through the skin into deeper tissues and systemic 

circulation. Ideally, these compounds should be pharmacologically inert, non-toxic, non-

irritating, non-allergic, compatible with the drug and excipients, odorless, tasteless, 

inexpensive, have good solvent properties, their effect should be immediate, predictable and 

reversible and they should be chemically and physically stable [11]. Although, there is no 

single compound possessing all the required properties, many enhancers exhibit most of these 

attributes and they have been clinically tested or are already commercially available.  

 

Mechanism of the action of penetration enhancers 

 

The mechanisms of action of enhancers are varied and can range from direct influence on 

the skin barrier to the modification of the formulation. According to Barryôs lipid-protein 

partitioning concept, the direct mode of action of transdermal enhancers is based on lipid 

interaction, protein modification, and partition changes within the SC [12]. Thus the enhancer 

can: 

a) Act on the SC intracellular keratin, denature it or modify its conformation causing 

swelling and increased hydration. 

b) Affect the desmosomes that maintain the cohesion between corneocytes. 

c) Modify the intercellular lipid domains. The interaction with the polar region of the 

lipidic lamellae is characteristic for small molecules, e.g. water or ethanol. These 

substances are expected to interfere with hydrogen bonding that provides tight packing 

of lipid bilayers. The hydrophobic region is the site of action of amphiphilic enhancers 

possessing similar structural features like natural ceramides. These compounds are 

likely to be inserted into the lamellae, with their polar head in the polar region and the 

hydrophobic part between the hydrophobic chains of SC lipids. This may induce 

disturbance of the lipid packing, lateral fluidization of the lamellae and decrease of the 

skin barrier resistance [13]. Some enhancers, e.g. oleic acid are likely to be 

heterogeneously concentrated within domains and act as more permeable pores for 

polar substances [14]. Some solvents may act via lipid extraction [15, 16]. 

d) Alter the solvent nature of the SC and thus modify partitioning of the drug or the 

cosolvent into the tissue. 
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In addition, penetration enhancer can act indirectly by: 

a) Modification of thermodynamic activity of the vehicle. 

b) Solubilisation of the permeant in the donor, especially if the solubility of the drug is 

low. 

 

Overview of the enhancers regarding their chemical structure 

 

Penetration enhancers represent a heterogeneous group of chemical compounds. 

Regarding the basic structural features they may be divided into several classes. 

Water is the most natural enhancer. The hydration of the SC is associated with swelling 

of the corneocytes and an increase in the water content of the inter-corneocyte lipid bilayers. 

These phenomena appear to facilitate xenobiotic delivery across the tissue. 

Alcohols may influence the transdermal penetration by several mechanisms depending on 

alkyl chain length. The lower molecular weight alkanols appear to enhance the solubility of 

drugs in the matrix of SC [17]. The more hydrophobic alcohols may contribute by disruption 

of SC through the extraction of biochemicals [18]. 

Activity of polyols, and propylene glycol in particular, are thought to result from 

solvatation of Ŭ-keratin within the SC [2]. Propylene glycol can also modify the solubility in 

of the drug in the delivery vehicle and work as a cosolvent [19]. The penetration is probably 

enhanced by a solvent drag effect. Propylene glycol also displays a synergic effect when 

combined with other permeation enhancers that act on the lipid barrier.  

Fatty acids have been used to improve transdermal delivery of wide variety of drugs, e.g. 

estradiol, progesterone, acyclovir, 5-fluorouracil etc. [11], indicating that these enhancers may 

be used for wide variety of both hydrophilic and lipophilic permeants. Based on experiments 

of Aungst the most potent are saturated fatty acids with carbon chain length of C10 ï C12 [20, 

21]. In contrast, unsaturated fatty acids have the optimum activity at C18. Oleic acid, in 

relatively low concentration, has been shown to be effective for many drugs, and can work 

synergistically when delivered from vehicles such as PG.  

Esters such as ethyl acetate are relatively small hydrogen bonding species that may 

enhance permeation by penetrating into the SC and increasing the lipid fluidity by disruption 

of lipid packing [22]. Moreover, the aliphatic esters may influence partitioning between 

vehicle and skin by solubilization effects [23]. 

DMSO is dipolar, aprotic solvent with excellent dissolving power. The mechanism of 

action is combination of denaturation of intercellular structural proteins of SC, disturbing of 

SC barrier lipids and their extraction [24]. Unfortunately, DMSO is skin irritating in 

concentrations over 60% required for penetration enhancement. A group of iminosulfurans, 

based on DMSO structure was designed to be more lipophilic and effective at lower 

concentrations (Fig. 2) [25]. This should result in lower skin irritation. 

Urea promotes transdermal permeation by facilitating hydration of the SC and formation 

of hydrophilic diffusion channels within the barrier [26]. The keratolytic properties of urea 

and its derivatives is other reason for the modest permeation enhancement achieved by use of 

these compounds. However, application of these substances (Fig. 3) [27] as permeation 
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enhancers is limited by their inadequate chemical stability, the proteolytic properties and the 

skin irritating effects [28]. 

 

 

 

 

Fig. 2. S,S-Dimethyl-N-(4-bromobenzoyl) 

iminosulfurane. 

 

 

 

 

 

Fig. 3. 1-Dodecyl-3-methythiourea. 

 

Derivatives of ɤ-amino acids include a number of potent enhancers of transdermal 

penetration. Pyrrolidones are able to promote the penetration of both hydrophilic drugs as 

well as of lipophilic substances. N-methyl-2-pyrrolidone and 5-oxo-pyrrolidin-2-carboxylic 

acid are the most widely used enhancers of this group. Derivatives of 1-alkyl-2-piperidone 

promoted the flux of 5-fluorouracil, caffeine, indomethacin, triamcinolon, acetonide and 

ibuprofen. Michniak prepared a series of alkyl 2-(oxopiperidyl)acetates (Fig. 4) with higher 

activity for enhancement of hydrocortisone than Azone (Fig. 5), which is the most important 

derivative of 2-azepanons [29]. Azone is a first compound specifically designed as a 

transdermal permeation enhancer. It is a very good solvent and possesses overall enhancing 

activities for a quantity of lipophilic therapeutics, thus being often used as a standard for other 

sorption accelerants. Nevertheless, it is inconvenient for clinical use due to its irritation 

potential [30]. Derivatives of alkyl-N,N-disubstituted amino alkanoates are other effective 

representatives of this group [31]. 

 

 

 

 

Fig. 4. Dodecyl 2-(2-oxopiperidin-1-yl)acetate. 

 

 

 

 

Fig. 5. 1-Dodecylazepan-2-one. 
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An Ŭ-amino acid derivative, DDAIP (dodecyl 2-(dimethylamino)propanoate), is a 

therapeutically used permeation enhancer which interacts both with lipid-rich bilayers and 

keratine-rich layers. The enhancer appears to open new penetration routes and increase the 

ohmic resistence, capacity properties and fractal dimension of the skin [32]. A series of Ŭ-

amino acid based enhancers was synthesized by Fisher and Vavrova (Fig. 6) [33, 34]. 

Carbamates, in particular tramskarbam 12 (Fig. 7), have been reported as excellent 

penetration enhancers for numerous drugs with wide range of physico-chemical properties 

with low toxicity and no dermal irritability [35, 36]. The activity is most likely attributed to 

the structure of the polar head of these compounds, which can be decomposed easily in the 

mildly acidic environment of the skin. The released carbon dioxide probably interferes with 

SC lipid packing thus opening the penetration route for the permeant. 

 

 

 

Fig. 6. Dodecyl 2-dodecanamidoacetate. 

 

 

 

 

Fig. 7. Transkarbam 12. 

 

Surfactants are frequently used as emulsifiers in formulations for dermal application. 

They have the potential to cause protein denaturation or extraction, enzyme inactivation, 

swelling of tissue and extraction of lipid components. Normally, cationic surfactants are more 

effective than anionic and nonionic compounds. However, nonionic compounds are used 

because of low skin irritation potential. 

Terpenes and terpenoids, as highly lipophilic compounds, influence the non-polar 

penetration route. Their effect is linked to a disruption of the lipid packing and to a 

disturbance in the stacking of the bilayers. Terpenes are promising candidates for transdermal 

enhancers due to their low cutaneous irritation in low concentrations (1-5%), low systemic 

toxicity and high activity for both lipophilic and hydrophilic compounds [28].  

Oxazolidinones benefit from their ability to localize increased concentration of the 

permeant into SC or into dermis, which results in low systemic permeation [37]. The 

structural similarity to sphingosine and ceramide like lipids probably causes the lack of 

effective absorption of the enhancer into lower skin layer where irritation is likely to occur. 

Few studies also used phospholipids in non-vesicular form as penetration enhancers. 

There is evidence that phospholipids interact directly with lipid packing of SC. Nevertheless, 

phospholipids can occlude the skin surface, which leads to skin hydration and subsequent 

increase in drug penetration.  

Further and more detailed information on transdermal delivery and penetration enhancers 

can be found in several reviews [24, 28, 38-40].  
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ABSTRACT 

 

Ceramides are a complex group of lipids that has gained much attention as cell signaling 

molecules and skin barrier constituents. In the skin, these sphingolipids form a major part of 

the stratum corneum intercellular lipid matrix, which is the barrier for penetration of most 

compounds. The development of such a protective layer was a critical step in the evolution of 

life on a dry land. Moreover, prominent skin diseases such as psoriasis and atopic dermatitis 

are associated with diminished ceramide levels and may be effectively improved by 

exogenous ceramides or their analogues. Since ceramides are not obtained from natural 

sources in pure form, they are of synthetic interest since 1950's. In this review, we describe 

sphingosine syntheses from 1998 until 2008, and the synthetic approaches to the unique 

epidermal ceramides, including the 6-hydroxysphingosine-based ones, the alpha- and omega-

hydroxy forms and the omega-acyloxy species. Moreover, the structural requirements of 

ceramides for a competent skin barrier are discussed, including acyl chain length, trans 

double bond, acyl alpha-hydroxyl, stereochemistry, omega-linoleyloxy species and ceramide 

conformation. 

 

INTRODUCTION  
 

The primary function of the skin is to protect the body from the loss of water and other 

physiologically important components and to prevent or limit the penetration of potential 

toxic compounds, allergens, irritants and microbes. The principal barrier for penetration of 

most compounds resides is the stratum corneum (SC), the uppermost layer of the skin, which 

consists of flattened dead cells, corneocytes, and intercellular lipid lamellae. The intercellular 

lipids are considered as the only continuous domain through the SC to be the most important 

pathway for the diffusion of substances into the body. This lipidic matrix is composed of an 

approximately equimolar mixture of ceramides, cholesterol and free fatty acids. The unusual 

composition of the SC lipids with high ceramide content and, particularly, their exceptional 

organization seems to be essential for maintaining the skin barrier function. This is supported 

by the observation that prominent skin diseases, such as atopic dermatitis and psoriasis, have 

diminished ceramide levels. On the other hand, administration of drugs across the skin is a 

delivery route with great potential; however, only a limited number of drug are able to cross 

the skin barrier to reach therapeutically active plasma levels. For recent reviews on the skin 

barrier formation, physiology and pathology, see [1-6]. 

 

SKIN CERAMIDE STRUCTURES 

 

Ceramides, i.e. N-acylsphingosines, belong to the class of sphingolipids, which are a 

complex group of lipids that gained much attention as cell signaling molecules and skin 

barrier constituents. The role of sphingolipids in cell signaling has been covered in many 

recent reviews, for example [7-10]. Ceramides are among the most hydrophobic lipids in 

membranes, which may explain their abundance in SC. Their solubility in water is negligible. 

Thus, free natural long-chain ceramides cannot exist in solution in biological fluids or in 

cytosol. In addition, they belong to the category of non-swelling amphiphiles [11], implying 
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that they cannot even give rise to micelles or other aggregates in aqueous suspension, as do, 

for example phospholipids and short-chain ceramides [12]. 

 

Table 1. Structure and nomenclature of skin ceramides 

 

 
 

Sphingosine (S) 

1 

 
6-Hydroxy- 

sphingosine (H) 

2 

 
Phyto- 

sphingosine (P) 

3 

 
Dihydro- 

sphingosine (DS) 

4 

 
Lignoceric acid (N) 

5 

Ceramide NS 

(Ceramide 2) 

Ceramide NH 

(Ceramide 8) 

Ceramide NP 

(Ceramide 3) 

Ceramide NDS 

 

 
30-(Linoleyloxy)- 

triacontanoic acid (EO) 

6 

Ceramide EOS 

(Ceramide 1) 

Ceramide EOH 

(Ceramide 4) 

Ceramide EOP 

(Ceramide 9) 
 

 
(R)-2-Hydroxytetracosanoic 

acid (A) 

7 

Ceramide AS 

(Ceramide 5) 

Ceramide AH 

(Ceramide 7) 

Ceramide AP 

(Ceramide 6) 
Ceramide ADS 

 

 

In the human SC, eleven major ceramide subclasses have been identified (Table 1) [13]. 

These compounds consist of a sphingoid base ï sphingosine (1) (designated as S), 6-

hydroxysphingosine (2) (H), phytosphingosine (3) (P) or dihydrosphingosine (4) (DS), which 

is N-acylated by a long-chain saturated fatty acid (N, C16-30, mostly lignoceric acid (5)), Ŭ-

hydroxy acid (A, C16-30, mostly 2-hydroxylignoceric acid (7)) or ɤ-hydroxy acid (O, C28-32). 

The ɤ-hydroxyl is further esterified with linoleic acid (6) (E) or attached to carboxyl side 

chains on the outer surface of the corneocyte to form a monolayer of covalently bound lipids. 

The letters in parentheses refer to the Motta's nomenclature [14]; for example, non-hydroxy 

acyl sphingosine, the most abundant SC ceramide formerly known as ceramide 2, is 

designated ceramide NS, the phytosphingosine acylated with ɤ-linoleyloxy acid would be 

ceramide EOP, etc. For an extensive overview of the biodiversity of the sphingoid bases, both 

naturally occurring and synthetic, see [15].  
 

 

STRUCTURE-ACTIVITY RELATIONSHIPS IN SKIN CERAMIDES 

 

Although the physiological and pathological role of ceramides in the skin, their 

biosynthesis and physicochemical behavior has been widely investigated, little is known 

about their structure-activity relationships. In order for the epidermal lipid barrier to protect 

the body from external insult and internal water loss, the lipids of the SC must be highly 

ordered. At the same time, the lipid matrix must remain plastic enough to withstand the stress 
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and shear forces routinely encountered by the skin [16]. It is generally accepted, that the 

relatively small polar head of ceramides in contrast to phospholipids, their ability to create an 

extensive hydrogen bonding network, their exceptionally long saturated chains allowing for 

strong hydrophobic attraction and the heterogeneity in their structure are the basic 

prerequisites of a competent skin barrier. The available data are summarized in the following 

sections. 

 

ɤ-Acyloxy- and ɤ-hydroxy ceramides 

 

The linoleate and ɤ-hydroxyacid-containing ceramides are the most unusual of the SC 

ceramides Ceramide EOS was proved to influence dominantly the formation of the long 

periodicity phase and lateral lipid packing [17], which is essential for skin barrier function. It 

has been postulated that the ɤ-hydroxyacyl portion of the ceramide EOS completely spans a 

bilayer while the linoleate tail inserts into an adjacent bilayer, thus riveting the two together at 

a molecular level. In essential fatty acid deficiency, oleate replaces linoleate in ceramide EOS, 

and this is accompanied by a decreased barrier function [18]. While it seems likely that 

ceramide EOP and EOH have similar role, there are presently no data on this point. The only 

exception is an X-ray diffraction study on the phase behavior of synthetic lipid mixtures 

containing ceramide EOS and EOP. It was shown that complete substitution of ceramide EOS 

with EOP reduces the formation of the long periodicity phase and results in phase separation 

of ceramide EOP [19]. This may well be connected with smaller polar head of sphingosine 

ceramides allowing for a tighter chain packing, see below. 

During the formation of the skin lipid barrier, linoleate is removed from a part of EO-type 

ceramides and recycled and the resulting ɤ-hydroxy ceramide becomes ester-linked through 

the ɤ-hydroxyl group to carboxyl side groups at the corneocyte surface [20-22]. These 

covalently bound ceramides may function as a template that provides for orientation of the 

initially extruded lamellar granule contents [23] and this lipid envelope is sometimes regarded 

as the least permeable part of the skin barrier [24]. Further details on covalently bound SC 

lipids can be found in [25, 26]. 

Recently, it has been found that the loss of very long-chain fatty acids (C28 and more) and 

ɤ-acyloxyceramides in the skin was incompatible with survival in desiccating environment 

leading to neonatal death [27]. 

 

Acyl chain length 

 

In order to increase their aqueous solubility in various experiments, native long-chain 

ceramides are often replaced by synthetic derivatives with short-chain fatty acids like acetyl- 

or hexanoylsphingosine. However, many substantial differences between naturally occurring 

long-chain ceramides and their short-chain analogues were described recently (for a review, 

see Go¶i and Alonso [28] and van Blitterswijk [29] and references therein). In the skin 

ceramides, the acyl chain length was found to be crucial for their barrier properties [30]. 

Ceramides with C4-8 acyl chain were able to increase skin permeability for two model drugs 

up to 10.8 times with maximum effect at C6 acyl. No increase in permeability was found for 

ceramide analogues with C2 and C12 acyl and ceramide NS. Those relationship between 

ceramide acyl chain length and its ability to perturb skin barrier showed striking similarity to 

the behavior of short-chain ceramides in sphingomyelin/phospholipid membranes [31-34] and 

confirmed that short-chain ceramides do not act as natural ceramides. Thus, their use as 

experimental tools should be cautious.  
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Moreover, examples of the effects of the chain length on the skin permeability of fatty 

acids and other amphiphiles may be found in transdermal permeation enhancers, i.e. 

compounds that promote transdermal drug delivery by decreasing skin barrier resistance. The 

most promising enhancers are believed to interact with SC ceramides; thus, their structure-

activity relationships may be relevant to those of ceramides. For a review, see [35]. 

 

C4 trans double bond 

 

The C4 trans double bond seems to be essential in most ceramide biological actions [36-

38]. Moreover, the importance of the allylic alcohol moiety in ceramide-induced apoptosis 

and anticancer drugs has been widely discussed by Radin [39, 40]. In the skin, the 

significance of the C4 trans double bond has not been established to date. Due to 

physiological occurrence of sphingoid bases lacking this structural feature in human SC, i.e. 

phytosphingosine and dihydrosphingosine; it may not seem important. Moreover 

pseudoceramides without this double bond effectively repair skin barrier disrupted by various 

insults, for example L-serine ester 14S24 [41, 42]. However, the C4 trans double bond was 

found to promote tight water association through internal hydrogen bonding and closer 

packing of ceramides in interfaces relative to comparable dihydroceramides. Moreover, the 

sphingosine-based ceramides exhibited dipole potentials as much as 150-250 mV higher that 

the saturated species [43]. Conformational characterization of ceramides by NMR pointed to a 

network of cooperative hydrogen bonds that involves the NH and OH groups as well as two 

molecules of water. This structural motif was distorted when the trans double bond was 

absent [44]. This could contribute to ceramide phase behavior in membranes and may also be 

relevant to their SC packing.  

Ceramides containing C4 cis double bond form different internal hydrogen bonding 

network, they insert more easily than the trans isomers in lipid monolayers, but they are less 

effective in inducing flip-flop motion (unpublished results, in [12]). Recently, long-chain 

dicarboxylic acids with cis double bond in their headgroup have been shown to increase intact 

skin permeability while their trans isomers were less active [45]. 

From the comparison of the sphingosine and phytosphingosine ceramides, Rerek 

concluded that the driving force for molecular self-assembly in the sphingosine-based 

ceramides is the orthorhombic chain packing, while in the phytosphingosines it appears to be 

headgroup hydrogen bonding [46]. The finding that phytoceramides pack less tightly than the 

corresponding ceramides is consistent with the monolayer study of Lofgren and Pascher [47]. 

Moreover, the lesser importance of hydrogen bonding in comparison to chain length of 

sphingosine-based ceramides for their barrier properties was shown by NovotnĨ [30]. Thus, 

these two types of ceramides act by different mechanisms: the sphingosine ceramides form 

separate domains while ceramides NP and AP help join the mosaic domains together through 

H-bond connection. Acting together, a structure that is relatively water impermeable, yet 

flexible can result in agreement with the domain mosaic model of the skin barrier [48]. 

However, the role of 6-hydroxysphingosine and dihydrosphingosine remains unresolved. 

 

a-Hydroxyl  

 

It has been demonstrated that model SC lipid systems have quite different physical 

properties depending on whether they contain ceramide NS or AS [16, 49]. While both 

ceramide species were packed in highly ordered crystalline phases at physiological 

temperatures, the interactions of the headgroups were different. A transverse organization via 
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hydrogen bonding between ceramide NS molecules, which collapsed with the melting of the 

chains, was described. In contrast, strong lateral hydrogen bonding was maintained between 

headgroups of ceramide AS even after conformational disordering of the chains. Similar 

differences in hydrogen bonding between ceramide NP and AP were also described 

implicating that the water permeability barrier is smaller for ceramide AP compared to 

ceramide NP [50]. It seems that the additional hydroxyl, either in phytosphingosine or next to 

amide carbonyl, prevents tight association of the lipid chains via hydrophobic interactions but 

allows for more extensive hydrogen bonding between the headgroups. 

 

Stereochemistry 

 

Despite their structural diversity, sphingoid bases share a common D-erythro (2S,3R) 

amino alcohol moiety. This stereochemistry of sphingosine, isolated first in 1884 [51], was 

established in 1950's (reviewed in [52]). Phytosphingosine was first isolated from mushroom 

Amanita muscaria in 1911 [53] and its configuration was assigned as D-ribo or 2S,3S,4R. The 

6-hydroxysphingosine, which seem to be unique to the epidermis, was identified first in 1994 

[54] and its stereochemistry was assigned to 2S,3R,6R in 2005 [55].  

The importance of ceramide stereochemistry in the skin is not known at present. Lofgren 

and Pascher [47] showed that acyl Ŭ-hydroxyl group in natural R configuration [56] promoted 

the condensation of ceramide monolayers to a close packed crystalline state with a small 

molecular area whereas the reverse effect was observed for a hydroxyl in unnatural S 

configuration. Stereoselective interaction of ephedrine enantiomers with ceramide AS 

monolayer was shown [57]; however, further studies with permeation of chiral drugs (see [58, 

59] and references therein) and chiral permeation enhancers [59, 60] did not confirm these 

findings. 

 

Ceramide conformation 

 

Two conformations of the ceramide molecule were described: a hairpin conformation, i.e. 

with the two chains pointing in the same direction and a splayed chain (or extended) 

conformation, i.e. with the chains pointing in opposite direction [61]. During the preliminary 

stages of skin barrier morphogenesis the ceramide precursors, glucosylceramides, should be in 

the hairpin conformation [62].  During the formation of the SC lipid matrix, however, a 

transition of the ceramides from hairpin to extended conformation is possible. The existence 

of the fully extended conformation of ceramide AP in a model SC lipid system was shown by 

Kiselev [63]. This conformation seems to be advantageous since it allows higher cohesion of 

the lamellae interconnected by the ceramide chains and the absence of water-swelling 

hydrophilic interfaces [64]. Interestingly, the extended ceramide conformation has also been 

proposed as one of the mechanisms how ceramide in plasma membranes interact with proteins 

[65]. 

 

 

SYNTHESIS OF SKIN CERAMIDES 

 

The key step in ceramide synthesis is the preparation of the sphingoid base. Ceramides 

are then prepared by conventional acylation including the use of succinimidyl esters, p-
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nitrophenyl esters, carbodiimide coupling, acyl halogenides and anhydrides. The major 

synthetic problems are associated with surfactant-like properties of amphiphilic intermediates 

or low solubility at low temperatures. Moreover, the allylic hydroxyl moiety of sphingosine is 

prone to epimerization. The preparation of ceramides of the EO and A type is more 

complicated due to difficult handling of its poorly soluble parts and introduction of another 

chiral centre, respectively.  

In this review, we will focus on the syntheses of ceramides that were not covered by 

earlier reports with special attention to epidermal ceramides, including the 6-

hydroxysphingosine-based ones, the Ŭ- and ɤ-hydroxy forms and the ɤ-acyloxy species. The 

procedures for the synthesis of the most abundant sphingoid base, sphingosine, will be 

reported since 1998; the earlier publications were summarized by Koskinen [52] and Devant 

[66]. Likewise, the synthesis of phytosphingosine [67] and dihydrosphingosine (sphinganine) 

[68] has been carefully reviewed recently.  

 

Synthesis of sphingoid bases of naturally occurring skin ceramides 

 

Synthesis of sphingosine 

 

Since sphingosine is not readily obtained from natural sources in homogeneous form, 

great effort has been devoted to development of a simple and low cost synthetic method, 

starting with the first racemic one in 1954 [69]. Due to the presence of two stereogenic centers 

and trans double bond in the target molecule, several synthetic strategies based on chiral 

starting compounds (in particular serine, carbohydrates or tartaric acid) or asymmetric 

reactions have been used. When chiral substrates are used as starting material, the 

characteristic trans double bond is often generated by Wittig reaction, Julia olefination, 

Horner-Wadsworth-Emmons reaction or by alkynylation of the chiral substrate and 

subsequent selective reduction of triple bond. Recently, methods using olefin cross-metathesis 

have been described, see below. Other syntheses have employed asymmetric introduction of 

the chiral centres, including Sharpless asymmetric epoxidation, asymmetric aldol or other 

stereoselective reactions. Additionally, strategies based on Diels-Alder reaction, 

iodolactonization, enzymatic approach etc. have been reported. 

From the earlier methods reviewed by Koskinen [52] and Devant [66] we would like to 

mention several representative ones, which are widely applied in sphingosine synthesis for 

sphingolipid studies. Two characteristic methods using carbohydrate approach are the 

syntheses published by Schmidt and Zimmermann [70] and Kiso [71]. The sphingosine 

synthesis relying on the Sharpless asymmetric epoxidation are well illustrated in the work of 

Julina [72]. Method of Nicolaou relies on the aldol reaction of boron enolate of N-

acyloxazolidinone with hexadecenal to construct the sphingosine carbon skeleton. The 

methods of Garner [73] and Herold [74] are based on alkynylation of protected serinal known 

as Garner aldehyde [75].  

In comparison with the methods published between 1991 and 1997, asymmetric 

syntheses are the most abundant, followed by the preparations from serine. Monosaccharides 

as precursors of sphingosine partially lost their attraction for synthetic chemists but 

phytosphingosine became a frequent starting material. The recent syntheses are described here 

in chronological order. 
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In 1998, Kobayashi reported synthesis of sphingosine and its derivatives including 

sphingofungines B and F using heterocycles as chiral ligands and auxiliaries  via 1,3-dioxane 

(12) as a key intermediate (Scheme 1) [76]. Trimethylsilylpropynal (8) and (Z)-2-benzyloxy-

1-phenoxy-1-trimethylsiloxyethen (9) were used as starting compouns for tin(II) triflate and 

(R)-methyl-2-[(N-1-naphtylamino)methyl]pyrrolidone catalyzed asymmetric aldol reaction 

(syn/anti = 97/3, 91% ee for syn). Resulting phenyl ester (10) was reduced with DIBAL to 

give diol, which was protected as acetonide (11). Sphingosine and its derivatives were then 

prepared from (11) according to standard transformations. The removal of trimethylsilyl 

group was followed by alkylation and removal of benzyl group by lithium in liquid ammonia. 

Azide group was introduced by Sn2 process by successive treatment of alcohol by triflic 

anhydride/pyridine and sodium azide. The removal of acetal and reduction of azido group 

yielded 2-amino-1,3-hydroxy alkyne (15) as a second key intermediate for preparation of D-

erythro-sphingosine (1), cis-sphingosine and dihydrosphingosine by various reduction 

procedures. D-erythro-sphingosine was prepared in 10 steps and 19% overall yield. 

 

 
 

Scheme 1. Reagents and conditions: (i) Sn(OTf)2/SnO/(R)-methyl-2-[(N-1-naphtylamino)methyl]pyrrolidone/ 

propionitrile; (ii) DIBAL; (iii) DMP/TsOH; (iv) Bn4NF; (v) BuLi/C13H27Br; (vi) Li/liq. NH 3; (vii) 

Tf2O/pyridine/NaN3; (viii) AcOH-H2O; (ix) Ph3P/H2O-pyridine; (x) Red-Al.  

 

Synthesis D-erythro-sphingosine, L-threo-sphingosine and sphinganine diastereomers 

from commercially available N-Boc-L-serine methyl ester (16) via its biological intermediate 

3-ketosphinganine (20) as a key synthetic intermediate was published in the same year 

(Scheme 2) [77]. The strategy sets the stereochemistry of the allylic hydroxyl in the last stage 

of the synthesis and allows attachment of diverse tails as triflate electrophiles derived from 

alcohols. The starting compound was protected by cyclization with DMP. Conversion to ɓ-

ketoester (17) with CDI and lithium allyl acetate followed a standard procedure published by 

Harris [78]. The subsequent alkylation of (17) with sodium hydride and 1-tetradecyl triflate 

allowed for using milder conditions than the procedure employing 1-bromotetradecane, 

HMPE and sodium iodide, and minimized the chances of epimerization. Deallylation and 

decarboxylation achieved with Pd(PPh3)4 and morpholine yielded the desired oxazolidinone 

derivative (18). The utilization of Pd[0] enabled to use mild and neutral conditions for the 

removal of allylic group and following decarboxylation. This was a significant improvement 

over the previous method using  t-butyl ester  [79]. Treatment of the 3-ketosphinganine with 

NaHMDS followed by TMSCl gave TMS-enol ether, which was oxidized with Pd(OAc)2 to 

unsaturated ketone (20). The crude (20) was reduced with NaBH4/CeCl3 to D-erythro-

sphingosine derivative (21). CeCl3 suppressed conjugate reduction, which occurred in its 
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absence. The straightforward deprotection of sphingosine was achieved with 1M HCl. The 

synthesis proceeded in approximately 26% overall yield in six steps with a good stereocontrol 

(>91% de, >95% ee).  

 

 
 
Scheme 2. Reagents and conditions: (i) DMP/TsOH; (ii) LiOH; (iii) a) CDI, (b) lithium allyl acetate; (iv) NaH/1-

tetradecyl triflate; (v) Pd(Ph3)4/morpholine; (vi) a) NaHMDS, b) TMSCl; (vii) Pd(OAc)2/CHCN3; (viii) 

NaBH4/CeCl3; (ix) 1M HCl. * - in two steps. 

 

An alternative approach using sulfoxide as a chiral auxiliary in the reduction of ɓ-

ketosulfoxide precursor in the syntheses of D-erythro and L-threo-sphingosine was published 

by Khiar (Scheme 3) [80]. ɓ-Ketosulfoxide (23) was prepared by the condensation of 

protected L-serine methyl ester with (R)-(+)-methyl-4-tolyl sulfoxide carbanion (22) [81]. The 

key step in this synthetic sequence was the quantitative DIBAL reduction of compound (23) 

to ɓ-hydroxysulfoxide (24) as a single isomer. Interestingly, the addition of one equivalent of 

ZnCl2 to the reaction caused the change in the spatial arrangement of C3 hydroxyl, giving 

thus epimer of (24) also quantitatively as a single isomer. Protection of the secondary alcohol 

with MOMCl in the presence of NaH yielding (25) and subsequent one-pot Pummerer 

rearrangement using trifluoroacetic anhydride and NaBH4 reduction led to optically pure 

primary alcohol (26). Its oxidation was followed by the Schlosser modification of Wittig 

olefination using tetradecyltriphenylphosphonium bromide, which afforded the protected 

sphingosine (28) as the only isomer. The deprotection with aqueous acetic and aqueous TFA 

resulted in the desired sphingosine. The synthesis gave D-erythro-sphingosine in nine steps 

from protected serine and may be used for preparation of other three sphingosine 

stereoisomers, depending on the starting material and the conditions of ɓ-ketosulfoxide 

reduction. Unfortunately, the authors did not publish the yields of the Wittig olefination.  
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Scheme 3. Reagents and conditions: (i) Condensation; (ii) DIBAL; (iii) NaH/MOMCl; (iv) a) 

(CF3CO)2O/Collidine, b) NaBH4/H2O; (v) (COCl)2/ Et3N; (vi) H31C14PPh3Br/PhLi/LiBr; (vii) a) AcOH/H2O, b) 

TFA/H2O. 

 

Hertweck and Boland introduced a synthetic strategy based on Ŭ-chloroallylation of 

Garner aldehyde (29), followed by base mediated cyclization of the originating chlorohydrine 

(30) and reaction of the resulting vinyloxirane (31) with an organocuprate (Scheme 4) [82]. 

Serinal (29) was treated with ɔ-(Z)-chloroallylboranes prepared in situ from 
D
Ipc2BOME, 

allylchloride and lithium dicyclohexylamide. Since the chloroallylation is largely substrate 

controlled, the 9-OMe-9-BBN can be used as an inexpensive alternative to the pinene-based 

borane with only slightly decreased diastereo- and E/Z selectivity. Nevertheless, the 

recrystallization of halohydrines (or epoxides obtained by their cyclization) afforded 

isomerically pure material. The treatment of halohydrine (30) with DBU furnished 

vinyloxirane (30) under mild conditions and without isomerization. The allylation/epoxidation 

sequence can be conducted as one pot procedure. Copper assisted Sn2 alkylation of the 

epoxide was achieved by its simple addition into the solution of organocuprate prepared in 

situ from CuCN and carbon nucleophile (RLi, RMgCl) with exclusive formation of trans-

double bond (32). Sphingosine (1) can be received from (32) by hydrolysis with 1M HCl/THF 

or aqueous TFA. 

 

 
 

Scheme 4. Reagents and conditions: (i) a) 
l
IpcBOMe/LiN(

c
Hex)2/n-BuLi, b) 8-hydroxyquinoline or 

NaHCO3/H2O2; (ii) DBU; (iii) BrC12H25/t-BuLi/CuCN; (iv) acidic hydrolysis. 

 

Johnson presented a total synthesis of the L-threo-isomer of sphingosine and formal 

synthesis of the other three isomers employing a chemoenzymatic approach [83]. The general 

strategy was based on the use of enantiocomplementary hydroxynitrile lyases to yield an 

enantiomeric pair of starting compounds. This method yields L-threo-sphingosine in 14 steps 
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in 12% overall yield. The sequence employing hydroxynitrile lyase from Prunus amygdalus 

should allow the preparation of D-erythro-sphingosine as well.  

 

He reported asymmetric synthesis of ceramide and sphingosine analogues from 

pentadecyne via cyclic thionocarbonate intermediate (36) (Scheme 5) [84]. Their strategy 

involved three key reactions including asymmetric dihydroxylation of an (E)-Ŭ,ɓ-unsaturated 

ester (34) as the chiral induction stage, regioselective induction of the azido group at the Ŭ-

position with inversion via cyclic thionocarbonate intermediate, and selective reduction of the 

ester. Substrate for asymmetric dihydroxylation was prepared by Horner-Wadsworth-Emmons 

reaction via coupling of hexadec-2-ynal with a phosphonate reagent. To the authors 

disappointment the optimized Sharpless conditions for dihydroxylation of enyne ester have 

brought the product very slowly and in a low yield, probably due to the electron deficient 

double bond placed between triple bond and ester function. Nevertheless, they were able to 

overcome the problem by addition of more osmium reagent (K2OsO4.2H2O) and chiral ligand 

((DHDQ)2-PHAL or (DHQ)2-PHAL) to the commercial AD-mix-ɓ/Ŭ and thus receive (35) in 

high yield and 98% ee. Diastereoselective Ŭ-azidation of the diol ester via a cyclic sulfate was 

unsuccessful due to parallel oxidation of the triple bond. Direct regioselective Mitsunobu 

monoazidation also furnished unwanted ɓ-azido ester. Finally, Ŭ-azido ester (37) was 

prepared via cyclic thionocarbonate intermediate by reaction with thiophosgene in the 

presence of DMAP. The ring opening of the crude was achieved by NaN3. Although the 

monoazidation (36) was achieved in high yield, only poor degree of regioselectivity (Ŭ/ɓ 

2.4:1) was encountered. The simultaneous reduction of ester and azido group together with 

triple bond was performed using LiAlH4. The final product was obtained in five steps and 

25% overall yield. 

 

 
 
Scheme 5. Reagents and conditions: (i) n-BuLi/1-formylpiperidine; (ii) (i-PrO)2P(O)CH2CO2Et/LiBr/Et3N; (iii) 

AD mix ɓ, CH3SO2NH2; (iv) Cl2CS/pyridine/DMAP; (v) NaN3/PPTS; (vi) LiAlH4. 
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Chiral ɓ-lactam (38) obtained from D-(-)-tartaric acid [85], was used as a basic building block 

for the synthesis of sphingosine and phytosphingosine in the work of Nakamura (Scheme 6) 

[86]. First, the ester group was reduced to alcohol and protected as triisopropylsilyl ether. The 

lactam nitrogen was protected by di-t-butyl dicarbonate to yield compound (40). The 

alkylation of the lactam (40) with carbanion of n-tetradecyl-p-toluensulfone yielded a mixture 

of diastereomers of (41). Elimination of p-toluensulfonyl moiety with lithium naphthalenide 

and subsequent deprotonation and sulfonylation with N-phenyltrifluoromethanesulfonimide 

afforded Z-enoltriflate (42) exclusively. The reductive elimination of triflate group by formic 

acid and Et3N using palladium catalyst and the successive deprotection of the remaining silyl 

groups by tetrabutylammonium fluoride yielded in E-olefin (43). The Boc-derivative can be 

easily converted into sphingosine by deprotection according to known methods. The authors 

claim approximately 35% yield in six steps. However, the practical use of this synthesis is 

hampered by the use of commercially unavailable starting material. 

 

 
 

Scheme 6. Reagents and conditions: (i) NaBH4/EtOH; (ii) a) TIPSCl/imidazole, b) (Boc)2O/Et3N/DMAP; (iii) p-

Tol-SO2-C13H27/n-BuLi; (iv) lithium naphthalenide; (v) KN(SiMe3)2/(CF3SO2)2NPh; (vi) a) HCOOH/ 

Pd(OAc)2(PPh3)2/Et3N, b) n-Bu4NF. 
 

The total sphingosine synthesis from D-galactose via an azidosphingosine using Wittig 

olefination, and determination of its optical purity by new method using Mosherôs acid was 

presented by Duclos [87]. The synthesis is rather a combination of previously published 

sequences, e.g. [70, 71], but it resolves their discrepancies in synthetic procedures and 

characterizations. 

 

Milne reported synthesis of sphingosine from D-xylose via 1,2-metallate rearrangement 

of higher order cuprate (Scheme 7) [88]. The crucial Ŭ-lithiated glycal intermediate (46) may 

be prepared by two different ways. The shorter one used 1-thio-ɓ-D-xylopyranoside, 

protected as its tris(t-butyldimethylsilyl) ether (44), which was oxidized to the corresponding 

sulfoxide. ɓ-Elimination of TBSOLi with LDA gave stable Ŭ-phenylsulfinyl glycal (45). Its 

reaction with t-BuLi resulted in phenylsulfinyl-lithium exchange and generation of Ŭ-lithiated 

glycal (46). The reaction of the glycal with CuBr.SMe2 and n-tridecyllithium caused a 1,2-

metallate rearrangement of higher order cuprate (47) connected with inversion of 

configuration and O-C-O silicon shuttle. The 1,3-diol (49) was protected as its benzylidene 

acetal derivative and the remaining O-TBS group was cleaved with Bu4NF to yield compound 

(50). The C-TBS group was transferred back to oxygen by Brooks rearrangement and 

resulting mixture of alcohol and its O-TBS ether was treated with Bu4NF again, giving the 

alcohol (51) only. Mitsunobu reaction with diphenylphosphoryl azide afforded inverted azide 

(52), which was reduced with zinc and ammonium chloride to give sphingosine. The synthesis 
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is very interesting from a chemical point of view but it consists of 12 steps and gives 

sphingosine in a poor overall yield (9-12% from D-xylose). 

 

 
 

Scheme 7. Reagents and conditions: (i) H2O2/(NH4)2MoO4; (ii) LDA; (iii) t-BuLi; (iv) 

C13H27Li/CuBr.SMe2/Et2O-SMe2; (v) H2O; (vi) PhCH(OMe)2/p-TsOH; (vii) Bu4NF; (viii) NaH/15-crown-5; (ix) 

Bu4NF; (x) diphenylphosphoryl azide/DIAD/Ph3P; (xi) p-TsOH; (xii) Zn/NH4Cl. * - from (47). 

 

Lee described convenient, stereoselective synthesis of all four diastereoisomers of 

sphingosine from L-serine methyl ester (Scheme 8) [89]. Protected L-serine methylester (53) 

was quantitatively converted to ɓ-ketophosphonate (54) by treatment with excess lithium 

dimethyl methylphosphonate. The Horner-Wadsworth-Emmons olefination with 

tetradecylaldehyde under Masamune conditions provided the corresponding enone (55), 

which was deprotected to give 3-ketosphingosine hydrochloride (56). The chelation-

controlled reduction of free amino enone, presumably via a cyclic Felkin-Anh transition state, 

gave D-erytro-sphingosine in satisfactory 90% de. Sphingosine was obtained by this practical 

synthetic route in 51% overall yield in six steps. Similar procedure using serine-derived ɓ-

ketophosphonates was also described previously by Koskinen [52].  
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Scheme 8. Reagents and conditions: (i) TBSCl/Et3N; (ii) TrCl/Et3N; (iii) LiCH 2PO(OMe)2; (iv) 

C13H27CHO/DBU/LiCl; (v) 2M HCl; (vi) Zn(BH4)2. 

 

The experience with the preparation of syn- and anti-ɓ-amino alcohols accessible through 

electrophile-promoted intramolecular amidation of allylic and homoallylic 

trichloroacetimidates was used by Kang for the establishing of D-erythro-sphingosine and D-

ribo-phytosphingosine synthetic route [90] (Scheme 9). The disilylation of the starting triol 

(57) was followed by chemoselective monodesilylation and monoimidate formation in the 

presence of Cl3CCN, sodium hydride and n-Bu4NF. Iodoamidation of the resulting silyloxy 

homoallylic imidate by IBr afforded dihydro-1,3-oxazine (58). The eliminative reduction of 

the iodohydrine functionality, hydrolysis of the alkene and protection of the amino group 

furnished dihydroxycarbamate (59). The ozonolysis of the olefinic bond, formation of 1,3-

dioxane and subsequent Swern oxidation of primary hydroxyl group provided a substrate for 

the attachment of the aliphatic chain by Julia olefination. Unfortunately, the alkene (61) was 

formed with rather poor stereoselectivity as 2.8:1 mixture of trans- and cis-isomer. D-erythro-

sphingosine (1) was received from trans-alkene after its chromatographic isolation and acidic 

hydrolysis of the benzylidene ring. The procedure provides sphingosine in 21% overall yield. 

 

 
 
Scheme 9. Reagents and conditions: (i) TIPSOTf/Et3N; (ii) a) Cl3CCN/NaH, b) n-Bu4NF; (iii) IBr/K 2CO3; (iv) a) 

(CF3CO)2O/Et3N, b) NaI; (v) 6N HCl; (vi) Boc2O/K2CO3; (vii) a) O3, b) NaBH4; (viii) p-TsOH/PhCHO; (ix) 

Swern oxid.; (x) 1-phenyl-5-(tetradecylsulfonyl)-1H-tetrazole/ KHMDS; (xi) CF3COOH. 

 

Olofsson and Somfai published an asymmetric, divergent route from a common starting 

material, vinyl epoxide, toward all possible regio- and stereoisomers of sphingosine (Scheme 
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10) [91]. The starting dienol was prepared from 1-tetradecanol by modified Horner-Emmons 

reaction and reduction of crude ester (62) with DIBAL, and protected as its benzyl ether (63). 

Though Shiôs epoxidation on protected dienols proceeds on the most electron-rich double 

bond, 2,3- (64) and 4,5-epoxides were formed in equimolar ratios, probably due to the lipid 

chain shielding of 4,5-double bond. As the vinyl epoxides are unstable on silica, their mixture 

was subjected to stereoselective ring opening (>20:1) in the presence of ammonium 

hydroxide. Because only the 2,3 isomer reacts under the described reaction conditions, 

resulting anti-amino alcohol (65) and unreacted epoxide isomer were separated on silica. The 

authors continued the synthesis by regioselective ring opening of N-H vinylaziridine (66), 

which was obtained from anti-amino alcohol (65) by ring closure under Mitsunobu 

conditions. The crude aziridine was treated with TFA and amino alcohol (67) was obtained 

with high diastereo- and regioselectivity (>20:1). Sphingosine was obtained by removal of the 

benzyl group with sodium in liquid ammonia in less than 16% overall yield. 

 

 
 
Scheme 10. Reagents and conditions: (i) a) IBX, b) triethyl phosphonocrotonate/LiOH; (ii) DIBAL; (iii) 

BnBr/NaH/Bu4NI; (iv) Shiós reagent/Oxone; (v) NH4OH/THF; (vi) DIAD/PhP3; (vii) TFA; (viii) Na/NH3. * - 

from 1-tetradecanol. ** - two steps. 

 

An elegant and short three-step synthesis of sphingosine and C10 sphingosine from 

protected L-serine methyl ester (68) involving ɓ-ketosulfoxide or sulfone intermediates was 

published recently (Scheme 11) [92]. Alkyl phenyl sulfoxide was prepared in high yield by 

the reaction of thiophenol with n-alkyl bromides and subsequent treatment of the resulting 

sulfide with MCPBA. Nucleophilic addition of the sulfoxide anion to the L-serine ester (68) 

afforded sulfoxide intermediate (69). Its overnight heating in tetrachloromethane gave the 

desired enone (70). A lower yield of the long-chain derivative in comparison with the short-

chain one was observed. The requisite configuration at C(3) was reached by diastereoselective 

reduction of (70 by NaBH4 with addition of CeCl3. Regrettably, the authors did not report 

diastereoselective excess of this reaction. Hydrolysis of alcohol (71) provided D-erythro-

sphingosine in three steps and 26% overall yield from the starting ester. Another method of 

sphingosine synthesis described in the same article was based on sulfone derivatives of L-

serine [92]. Since the reaction of pentadecyl phenyl sulfone with L-serine ester (68) produced 

low yields, the sulfone intermediate (75) was acquired by reaction with aldehyde (73) and 

subsequent oxidation of secondary hydroxyl. The intermediate ɓ-ketosulfon (75) can also be 

received from ester (68) by reaction with methyl phenyl sulfone and alkylation with tetradecyl 

iodide. Desulfonylation of (75) was done by aluminum amalgam. The ketone (76) was 

selectively reduced to enone (70) according to Hoffman [77]. The synthesis was finished as 

described above. 
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Scheme 11. Reagents and conditions: (i) LDA/PhS(O)C14H29; (ii) CCl4; (iii) NaBH4/CeCl3; (iv) 1M HCl; (v) 

MeSO2Ph/n-BuLi; (vi) DBU/C14H29I; (vii) C15H31SO2Ph/n-BuLi; (vi ii) PCC; (ix) Al(Hg); (x) see scheme 2 [77]. 

* - from (68). 

 

Phytosphingosine, as a relatively inexpensive and commercially available sphingoid base 

with both sphingosine chiral centers established, was used for synthesis of sphingosine in 

2002 [93]. The authors utilized the introduction of the requisite E-alkene moiety by two 

different ways. First strategy dealt with transformation of protected 4-oxo derivative with a 

high degree of stereoselectivity (Scheme 12), as showed previously by Nakamura [86]. 

Commencing with phytosphingosine (3), amino group and 1,3 hydroxy groups had to be 

protected. The amino group was protected by treatment with di-t-butyl dicarbonate. In order 

to avoid an inseparable mixture caused by protection of 1 and 3 hydroxyl with benzylidene 

group, the regioselective protection was accomplished by silylation with di-t-butyl silyl 

ditriflate. The oxidation of protected phytosphingosine derivative (78) to 4-ketone (79) and its 

in situ conversion into enolate was followed by sulfonylation with N-phenyl-

bis(trifluoromethanesulfonimide) furnishing Z-enol triflate (80). The regiospecific reductive 

elimination of the enol triflate function, desilylation and acidolysis of N-Boc moiety led to 

sphingosine in 58% overall yield.  

Second approach was based upon the procedure published by Wild [94], which envisaged 

the conversion of protected 2-azido-4-nitrophenylsulfonate derivative into azidosphingosine 

(Scheme 13). Phytosphingosine was subjected to Wongôs diazo transfer to furnish azido 

derivative (83), which was silylated to protect 1,3-hydroxy groups. Disappointingly, the 

nitrophenylsulfonylation under Schmidôs conditions led to intractable mixture of products. In 

contrast, nosylation with in situ prepared mixed anhydride provided nitrophenylsulfonyl 

derivative in a high yield. However, the elimination of the product led to (85) in 

unsatisfactory yield. Surprisingly, the triflation of alcohol (84) with triflic anhydride in the 

presence of pyridine gave directly the E-olefin (85), instead of expected triflate ester. The 

following Staudinger reduction and desilylation afforded sphingosine in 58% overall yield.
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Scheme 12. Reagents and conditions: (i) 

Boc2O/Et3N; (ii) (t-Bu)2Si(OTf)2/pyridine; (iii) 

(Ac)2O; (iv) KHMDS/N-phenyl-

bis(trifluoromethanesulfonimide);  

(v) Pd(OAc)2(PhP3)2/HCOOH/Et3N; (vi) n-

Bu4NF/AcOH; (vii) TFA. 

 
 
Scheme 13. Reagens and conditions: (i) 

TfN3/K2CO3/CuSO4; (ii) (t-Bu)2Si(OTf)2/pyridine; 

(iii) Tf 2O/ pyridine; (iv) Me3P; (v) n-Bu4NF/AcOH. 

 

The same authors succeeded in the development of even more economical approach 

based on phytosphingosine as a starting material, trying to avoid the use of expensive 

chemicals (Scheme 14) [95]. 1,2-aminoalcohol moiety of phytosphingosine was protected in 

one step as 2-phenyl-1,3-oxazoline derivative (87) with ethyl benzimidate hydrochloride. The 

key events of the procedure were the stereospecific transformation of the vicinal diol into 

oxirane derivative (89) followed by regio- and stereoselective transformation of the epoxide 

into allylic hydroxyl functionality of sphingosine. After the failure of the oxirane formation 

by the methods reviewed by Kolb and Sharpless [96] (decomposition of the starting material) 

and Szejas phase transfer epoxidation [97] (inseparable diastereomeric mixture), the 

conversion of (87) into (89) was finally achieved by tosylation of vicinal diol and treatment 

with potassium t-butoxide in methanol. The regioselective eliminative opening of oxirane 

using TMSI and DBN led to a high yield formation of E-allyl silyl ether (90). Acidic 

deprotection of trimethylsilyl and phenyloxazoline protecting groups followed by base 

hydrolysis of in situ formed 1-O-benzoate sphingosine furnished (1). It is worth to note that 

this two pot multigram synthesis can be accomplished under mild conditions and with a 

minimal number of column chromatography purifications in an overall yield of 70%.  



34 

 

 

 
Scheme 14. Reagents and conditions: (i) ethyl benzimidate hydrochloride; (ii) TsCl/pyridineDMAP; (iii) t-

BuOK; (iv) TMSI/DBN; (v) a) 2N HCl, b) NaOH/MeOH. 

 

Raghavan and Rajender described a procedure using ɓ-hydroxy-ɔ,ŭ-unsaturated sulfoxide 

for the synthesis of L-erythro-sphingosine [98]. The stereochemistry of the polar head was 

established by transformation of the double bond into bromohydrine which utilizes the 

sulfinyl moiety as an intramolecular nucleophile. The sequence continues with conversion of 

bromodiol into epoxide and its regio- and stereoselective opening to azidodiol according to 

Sharpless protocol. The aliphatic chain was introduced by the Pummerer ene reaction. The 

authors claim the preparation to be flexible and permit the synthesis of D-erythro-sphingosine 

by following an identical reaction sequence. The synthesis is relatively inovative, but 

complicated with rather low overall yield and with commercially unavailable starting 

material.  

 

The first synthesis employing E-selective cross metathesis for the formation of double 

bond and connection of aliphatic chain appeared in 2004 (Scheme 15) [99]. The polar head 

spatial arrangement was introduced via a stereoselective epoxide opening. Dienol (91) was 

transformed by Sharpless epoxidation and base induced Payne rearrangement to vinyl epoxide 

(92) (>99% ee) [100]. To circumvent the preferential ring opening at the allylic position, the 

alcohol was converted to benzyl carbamate (93). Carbamate, as a nitrogen nucleophile, 

provided regioselective attack at C2 position in the presence of NaHMDS causing 

intramolecular ring opening and thus giving oxazolidinone (94). Protected sphingosine 

derivative (95) was synthesized in 17:1 E/Z selectivity by coupling allylic alcohol with 1-

pentadecene using Grubbsô phosphine-free ruthenium catalyst C. The benzyl group was 

removed with sodium in liquid ammonia and resulting oxazolidinone was then hydrolyzed 

with KOH to afford (1). Sphingosine was obtained in 51% overall yield over five steps from 

(92). The introduction of the aliphatic chain in the later phase of the synthesis enables to avoid 

problems with surfactant like properties of amphiphilic intermediates e.g. aggregation of the 

material on silica during the purification or low solubility at low temperatures. Another 

advantage lies in the low formation of byproducts during the cross metathesis process and the 

possibility to introduce different aliphatic chains. Unfortunately, the commercially available 

catalysts are relatively costly. 
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Scheme 15. Reagents and conditions: (i) Ref [100]; (ii) BnNCO/Et3N; (iii) NaHMDS; (iv) 1-pentadecene/ 

Grubbsô catalyst C; (v) Na/NH3; (vi) 1M KOH. 

 

Rai and Basu described the preparation of glycosphingolipids and differentially protected 

building blocks starting with diethyl tartrate and mesylate diol (Scheme 16), respectively 

[101, 102]. Assembling of the E-double bond provided intermediates of natural ceramides. 

Mesylate diol (96), requisite for the latter, improved synthesis, was prepared in five steps 

without chromatographic purification following a patented procedure [103]. The primary 

alcohol was protected as silyl ether. Protection of the secondary alcohol was followed by 

azide displacement of the sulfonate to receive (98). Because its cross-metathesis suffered from 

low yields and undesirable side reactions, probably due to the interaction of the phosphine 

ligands with the azide group and/or metal-mediated nitrene process, the azido group was 

reduced to amine and protected as an Fmoc carbamate. The orthogonally protected alkene 

(99) was obtained in 21% yield from the diol (96). Reaction of (99) with 1-pentadecene 

catalyzed by Grubbsô catalyst A delivered protected sphingosine (100) as a precursor for the 

synthesis of glycosphingolipids. 

 

 
 
Scheme 16. Reagents and conditions: (i) t-BuPh2SiCl/imidazole; (ii) p-MeO-benzyl 

trichloroacetimidate/La(OTf)3; (iii) a) NaN3/Bu4NCl, b) TBDPSCl/imidazole; (iv) Zn/NH4Cl; (v) Fmoc-

Cl/Hunigôs base; (vi) Grubbsô cat. A/1-pentadecene. 
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The synthesis of sphingosine by the sequence including Horner-Wadsworth-Emmons 

olefination and copper-mediated Grignard coupling was described by Lu (Scheme 17) [104]. 

Pentylidene-protected D-threitol derivative (101) was used as a starting material due to its 

lower acid sensitivity than the corresponding isopropylidene acetal. Its oxidation to aldehyde 

(102) was followed by formation of double bond with diisopropyl 

(ethoxycarbonylmethyl)phosphonate and conversion of the resulting ester (103) to allylic 

acetate (105) via alcohol (104). Regioselective coupling of (105) with dodecylmagnesium 

bromide afforded intermediate (107) exclusively. The conversion of secondary hydroxyl 

group to an azido group after deprotection was achieved with DIAD, triphenylphosphine and 

trimethylsilylazide. Resulting O-silyl ether was hydrolyzed by tetrabutylammonium fluoride. 

The reduction of azide (108) was accomplished by Staudinger reaction and benzyl group was 

removed by Birch reduction to give (1) in nine steps and 17% yield from (101). 

 

 
 
Scheme 17. Reagents and conditions: (i) PCC/NaOAc; (ii) (i-PrO)2P(O)CH2CO2Et/Et3N/LiBr; (iii) DIBAL; (iv) 

AcCl/i-Pr2NEt; (v) C12H25MgBr/Li 2CuCl4; (vi) 5% H2SO4; (vii) a) PPh3/DIAD/TMSN3, b) n-Bu4NF; (viii) 

PPh3/H2O; (ix) Na/NH3. 

 

Disadee and Ishikawa utilized alkenyl aziridines as key intermediates in the preparation 

of D-erythro-sphingosine (Scheme 18) [105]. Treatment of (S,S)-guanidinium salt (109) with 

(E)-hexadec-2-enal in the presence of TMG yielded in the formation of cis- and trans-isomers 

with a good combined yield and enantioselectivity. The ring opening of trans-isomer (111) 

and methanolysis of acetyl derivative (113) produced allylic alcohol (114) (Scheme 17). The 

protection of hydroxyl as a silyl ether was followed by reduction of carboxyl group with 

lithium aluminium hydride. (116) was converted to oxazolidinone (117) and the subsequent 

debenzylation was carried out under Birch conditions affording N-deprotected oxazolidinone 

as a substrate for further removal of TIPS function and alkaline hydrolysis. Sphingosine was 

thus received in eight steps and 62% overall yield starting with trans-aziridine (111). 

Similarly, cis-aziridine derivative (112) was used for the synthesis of sphingosine with 

aziridine ring opening as a crucial step (Scheme not shown). The required configuration of 

sphingosine was achieved by inversion of stereochemistry at C3 and the desired product was 

obtained in 27% overall yield in eight steps from (112).  



37 

 

 
 

Scheme 18. Reagents and conditions: (i) TMG/THF; (ii) SiO2/CHCl3; (iii) AcOH; (iv) KOH/THF/MeOH; (v) 

TIPSOTf/Et3N/CH2Cl2; (vi) LiAlH 4/THF; (vii)CDI/CH2Cl2; (viii) Li/liq. NH 3/Et2O; (ix) n-Bu4NF/THF; (x) 2M 

NaOH/EtOH. 

 

Another sequence exploiting olefin cross metathesis used a D-glucose-derived building 

block as the source of chirality for the synthesis of D-erythro- and D-threo-

sphingosine(Scheme 19) [106]. The requisite azido-carbohydrate (119) was synthesized 

according to Gruner [107]. Despite the supposed failure of cross-metathesis olefination due to 

the presence of azide functionality, the authors succeeded in coupling of the sugar derivative 

and pentadecene in the presence of Grubbsô catalyst B. The cross-coupled product (120) was 

treated with TFA to afford an anomeric mixture of hemiacetal (121) that on sodium periodate 

cleavage and subsequent reduction afforded D-erythro-sphingosine. This strategy provides the 

product in nine steps and 52% overall yield from D-glucose. 

 

 
 
Scheme 19. Reagents and conditions: (i) Ref: [106]; (ii) 1-pentadecene/Grubbsô catalyst B; (iii) TFA/H2O; (iv) 

NaIO4; (v) LiAlH 4. * - multistep procedure. ** - three steps. 

 

A nucleophilic addition of 2-silyloxy silylketene acetal (123) to N-benzyl-2,3-O-

isopropylidene-D-glyceraldehyde nitron (122) (Mannich type reaction) gave adducts, which 

may be further converted into suitable orthogonally protected enantiomeric D- and L-erythro-

sphingosines (Scheme 20) [108]. Nitron was chosen because it is an excellent equivalent of 

several chiral units, containing both amino- and oxygen functionalities. Furthermore, its 

activity can be modulated by the use of different Lewis acids due to the presence of reactive 

oxygen atom. Both the nitron and silyl ketene acetal are readily available [109, 110]. Several 

Lewis acids were evaluated in this work, with Zn(OTf)2 furnishing the best 

diastereoselectivity and yields of O-silylhydroxylamine (124). Its hydrolysis provided free 

hydroxylamine (125), which was transformed into N-Boc protected ester (126). Reduction to 
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aldehyde (127) and Schlosser modification of the Wittig condensation with 

tetradecenylphosphorane afforded alkene (128). The dioxolane ring was transformed to 

orthogonally protected sphingosine (130) which was treated with Bu4NF and TFA to give D-

erythro-sphingosine (1). The synthesis was accomplished in 28% overall yield from the 

starting nitron. 

 

 
 

Scheme 20. Reagents and conditions: (i) Zn(OTf)2; (ii) citric acid; (iii) H2/Pd(OH)2-C/Boc2O; (iv) DIBAL; (v) 

C14H28PPh3; (vi) p-TsOH; (vii) a) NaIO4, b) NaBH4; (viii) n-Bu4NF; (ix) TFA. * - two steps. 

 

A synthesis of sphingosine from phytosphingosine (3) via a cyclic sulfate intermediate 

(132) (Scheme 21) [111] offers a complementary transformation to the eliminative epoxide 

opening used for the introduction of E-allylic alcohol. The authors presented two synthetic 

pathways and claimed avoiding some drawbacks of the previous methods [86] (Schemes 12 

and 13), including the use of rather expensive reagents, low temperature manipulations and 

unwanted side products. Their approach started with the protection of amino function as azide 

and primary hydroxyl group as silyl ether. The treatment of silylated 3,4-vicinal diol (131) 

with thionyl chloride in the presence of triethylamine followed by oxidation with ruthenium 

chloride provided cyclic sulfate (132). The next step included one-pot opening of the sulfate 

by iodide and dehydrohalogenation with DBU, which furnished the desired E-allylic alcohol 

(134) as the only isomer. The silyl group was removed with Bu4NF and azido group was 

reduced to amine by NaBH4 in 2-propanol. Alternatively, the primary hydroxyl group can be 

blocked as a trityl ether. Tritylated azido sphingosine obtained by the procedure described 

above is than hydrolyzed with HCl to azidosphingosine and reduced to sphingosine. This 

preparative route affords D-erythro-sphingosine in approximately 60% overall yield. 
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Scheme 21. Reagents and conditions: (i) TfN3/K2CO3/CuSO4; (ii) TBDPSCl/Et3N/DMAP; (iii) a) SOCl2/Et3N, b) 

RuCl3.3H2O/NaIO4; (iv) a) Bu4NI/DBU, b) H2SO4; (v) n-Bu4NF; (vi) NaBH4. 

 

An asymmetric synthesis of sphingosine and phytosphingosine isomers from 

commercially available Z-4-benzyloxybut-2-en-1-ol via a common oxazolidine derivative for 

the preparation was published by Righi (Scheme 22) [112]. The chiral epoxide (135), obtained 

by Sharpless asymmetric epoxidation was regioselectively opened to give bromohydrine 

(136). The one pot sequence of azidation, reduction of azide to amine group, Boc protection 

of amino group and formation of oxazolidine gave ester (139). The key intermediate for the 

synthesis of sphingoid bases was prepared from (139) by reduction of ester group to hydroxyl, 

its subsequent silylation and transformation of benzyl-protected group to aldehyde (142). The 

aldehyde (142) was transformed to D-erythro-sphingosine by an already reported sequence of 

olefination, izomerization and deprotection [113]. In spite of the versatility of the presented 

synthesis regarding the preparation of stereoisomers of both bases, the synthesis is somewhat 

complicated. The isomerization of double bond in the synthesis of sphingosine proceeds in 

70/30 E/Z selectivity; being thus more useful for parallel preparation of cis- and trans-

isomers. The overall yield for preparation of D-erythro-sphingosine is 24%. 

 

 
 
Scheme 22. Reagents and conditions: (i) Amberlyst 15/NaBr; (ii) NaN3; (iii) H 2/Pd/Boc2O; (iv) 2,2-DMP/p-

TsOH; (v) DIBAL; (vi) NaBH4; (vii) TBDPSCl/Et3N/DMAP; (viii) H 2/Pd; (ix) Py/SO3; (x) C14H29PPh3Br/n-

BuLi; (xi) hɜ/Ph2S2; (xii)  TFA. * from epoxide (131). 

 

Preparation of sphingosine, sphingomyelin, ceramide, sphingosine 1-phosphate and 

functionalized sphingosine derivatives from L-serine by cross-metathesis olefination were 
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reported by Yamamoto. (Scheme 23) [114]. The Boc protection of serine was followed by 

Weinreb amide formation and the protection of the primary hydroxyl group by TBSCl without 

column chromatography. The reaction with vinylmagnesium bromide provided vinyl ketone 

(144). Then, the carbonyl was selectively reduced with lithium tri-t-butoxyaluminohydride 

and primary hydroxyl deprotected to yield (146). Cross-metathesis and following deprotection 

of (147) produced D-erythro-sphingosine (1) in 37% overall yield. Similar synthesis via 

Weinreb amide was also described by Pham. [115]. 

 

 
 
Scheme 23. Reagents and conditions: (i) a) Boc2O/Et3N, b) Me(MeO)NH.HCl/NMM, c) TBSCl/imidazole; (ii) 

vinylmagnesium bromide; (iii) LiAl(O-tBu)3H; (iv) 2M HCl/MeOH; (v) 1-pentadecene/ Grubbsô catalyst B; (vi) 

TFA. * - three steps. 
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A novel approach for the synthesis of sphingosine was reported by Yang and Liebeskind 

(Scheme 24) [116]. The sequence started with N-Boc-L-serine and the key steps were 

palladium catalyzed, copper(I)-mediated, non-basic coupling of the thiophenyl ester of N-

Boc-O-TBS L-serine (150) with E-1-pentadecenyl boronic acid and highly diastereoselective 

reduction of the resulting peptidyl ketone. Thiophenyl ester (149) was prepared by common 

dehydration conditions using DCC and DMAP. The primary hydroxyl group was than 

protected as O-silylether employing N-methyl morpholine as a base. Boronic acid requisite for 

the cross-coupling was obtained by hydroboration of 1-pentadecyne with HBBr2.SMe2 

followed by hydrolysis on ice-water. Its reaction with protected thiophenyl ester (150) 

delivered ketone (151) with no E/Z isomerization. Racemization-free asymmetric reduction of 

enone by LiAl(t-BuO)3H generated alcohol (152). The synthesis was ended up by desilylation 

and N-deprotection. Sphingosine was received in 71% overall yield from N-Boc-L-serine in 

six steps. The synthesis is characterized by high enantio- and diastereoselectivity (ee>99%, de 

up to 99%). 

 

 
 

Scheme 24. Reagents and conditions: (i) PhSH/DCC/HOBt; (ii) TBSCl/NMM/DMAP; 

(iii)Pd2(dba)3/P(OEt)3/CuTC/C13H27CH=CHB(OH)2; (iv) LiAl( t-BuO)3H; (v) 1M HCl; (vi) TFA. 

 

 

Synthesis of 6-hydroxysphingosine 

 

Because 6-hydroxysphingosine occurs mainly in human skin (as a structural part of 

ceramide EOH, AH, NH and protein-bound ceramide OH) and it does not play an important 

role in cell processes, there was not so much attention paid to its synthesis up to date. Since 

1994 and 1999, when Downing reported the isolation of several new ceramides containing 

this base [54, 117], only three methods for its preparation were reported. All of them are 

based on the coupling of lithiated propargylic ethers and L-serine-derived Garner aldehyde. 

Because the spatial arrangement at C2 and C3 is introduced via L-serine derivative, the main 

task envisaged by the authors was the enantioselective preparation of the propargylic alcohol 

synthon. It is worth to mention that the 6R configuration of 6-hydroxysphingosine skin 

ceramides was determined by Masuda and Mori in 2005 [55].  

 

Chun applied two different synthetic approaches to obtain both enantiomers of the 

intermediate (155) [118]. The asymmetric reduction of Ŭ,ɓ-ynones neither with lithium 

aluminum hydride in the presence of Darvon alcohol nor with B-(3-pinanyl)-9-

borabicyclo[3.3.1]nonane proved to give the desired product in satisfactory enantioselectivity. 

The alternative method consisted of base-mediated double elimination of 4-(chloromethyl)-

1,3-dioxolane (157) (Scheme 25). Diol ester (154) was prepared by Horner-Wadsworth-

Emmons reaction of tridecanal with ethyl 2-(diisopropoxyphosphoryl)acetate  and asymmetric 

dihydroxylation of resulting Ŭ,ɓ-unsaturated ester (153) with AD-mix-ɓ (96% ee). Protection 

of vicinal hydroxy groups and reduction of ester with DIBAL furnished alcohol (156), which 

was converted to chloride (157) under Mitsunobu conditions. (R)-pentadec-1-yn-3-ol (158) 

was obtained in high enantioselectivity (96% ee) by treatment of chloride (157) with butyl 

lithium and HMPA. Its silylation and coupling with Garner aldehyde provided the protected 



42 

 

6-hydroxysphingosine (160). The removal of TBS group, Birch reduction of triple bond, 

acidic hydrolysis of oxazolidine cycle and subsequent acylation gave ceramide analogue 

without the separation of 6-hydroxysphingosine intermediate. To authors disappointment this 

method provided the ceramide in 42% yield only from (161). The changed sequence of the 

reactions (acidic hydrolysis of the oxazolidine, acylation and Birch reduction) gave N-

octanoyl 6-hydroxysphingosine in good 73% yield from (161). 

 

 
 
Scheme 25. Reagents and conditions: (i) (i-PrO)2P(O)CH2CO2Et/Et3N/LiBr; (ii) AD -mix-ɓ/MeSO2NH2; (iii) 

DMP/p-TsOH; (iv) DIBAL; (v) NCS/PhP3; (vi) n-BuLi/HMPA; (vii) TBSCl/imidazole; (viii) Garner aldehyde/ 

n-BuLi; (ix) n-Bu4NF. *- two steps. 

 

Yadav used Sharpless asymmetric epoxidation of E-allyl alcohol and subsequent 

elimination of 2,3-epoxy chloride as the key reactions for the preparation of the propargyl 

alcohol intermediate (167) (Scheme 26) [119]. Reaction of propargyl alcohol (162) with 

dodecyl bromide gave pentadecynol (163), which was treated with LiAlH4 to provide E-

allylic alcohol (164). Its Sharpless asymmetric epoxidation using titanium tetraisopropoxide, 

(-)-DET and TBHP yielded epoxy alcohol (165), which was converted to epoxy chloride 

(166). The triple bond was introduced by treatment of 2,3-epoxy chloride (166) with LiNH2 in 

liquid ammonia. The protection of secondary hydroxyl functionality was followed by 

coupling with Garner aldehyde. The removal of Boc, acetonide and TBS protecting groups 

was achieved by treatment with 1M HCl/THF. The final reduction of triple bond with LiAlH4 

led to 6-hydroxysphingosine (2). 
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Scheme 26. Reagents and conditions: (i) C12H25Br/LiNH 2/NH3; (ii) LiAlH 4; (iii) ( -)-DET/Ti(O-i-Pr)4/TBHP; (iv) 

PPh3/CCl4/NaHCO3; (v) LiNH2/NH3; (vi) TBSCl/imidazole; (vii) Garner aldehyde/ n-BuLi/HMPA; (viii) 1M 

HCl; (ix) LiAlH 4. 

 

Masuda and Mori used similar reaction of Garner aldehyde and protected (R)-pentadec-1-

yn-3-ol for the preparation of skin ceramides derived from 6-hydroxysphingosine (Scheme 

27) [55, 120].  Treatment of tridecanal with lithium trimethylsilylacetylide furnished racemic 

alkynol (170). Asymmetric acetylation of the latter with vinyl acetate in the presence of lipase 

PS on Celite and subsequent HPLC separation afforded acetylated (R)-enantiomer (171) in 

49% yield and 99% ee, while (S)-enantiomer of (170) was recovered. Intermediate (171) was 

converted to acetylenic alcohol (172) and the secondary hydroxyl functionality was protected 

as silyl ether (173). Silylation improved diastereoselectivity of the coupling with Garner 

aldehyde. 

 

 
 

Scheme 27. Reagents and conditions: (i) lithium trimethylsilylacetylide/n-BuLi; (ii) lipase PS on Celite/vinyl 

acetate; (iii) K2CO3/MeOH; (iv) TBSCl/imidazole. 

 

Synthesis of acid part of skin ceramides 

 

Synthesis of ɤ-acyloxy fatty acid (EO) 

 

The procedure for the preparation of skin-identical cerebroside containing ceramide EOS 

was published by Matsuda and Mori in 1991 [121] (Scheme 28). The synthesis of the 30-

(linoleyloxy)triacontanoic acid segment started from pentadecan-15-olide (174). Its 

methanolysis and oxidation with PCC gave aldehyde (176). The second bifunctional 

intermediate (179) required for the subsequent Wittig coupling was obtained by treatment of 

(175) with TBDPSCl, reduction of the resulting ester and halogenation with 

tetrabromomethane and triphenylphosphine. Wittig reaction of aldehyde (176) and ylide 

derived from the bromide (179) provided a mixture of geometrical isomers (180). Their 

hydrogenation followed by ester hydrolysis, activation of the carboxyl with p-nitrophenyl 
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trifluoroacetate and mild desilylation achieved with Et2O-BF3 yielded the ɤ-hydroxy ester 

(184). Acylation of (184) with linoleyl chloride afforded the desired p-nitrophenyl 30-

(linoleyloxy)triacontanoate (185) in 59% yield based on (181). 

 

 
 

Scheme 28. Reagents and conditions: (i) p-TsOH/MeOH; (ii) PCC/powdered molecular sieves 4¡; (iii) 

TBDPSOCl/imidazole; (iv) LiAlH4; (v) CBr4/PhP3; (vi) PhP3/n-BuLi; (vii) Pd-C/H2; (viii) KOH/EtOH; (ix) 

CF3COOC6H5NO2-p/pyridine; (x) Et2O-BF3; (xi) linoleoyl chloride/pyridine. 

 

Another preparation of ceramide EOS and ceramide EOS-derived cerebroside was 

described by M¿ller and Schmidt (Scheme 29) [122]. The synthetic sequence involved three 

coupling steps to obtain 30-hydroxytriacontanoic acid (199), including the reaction of 11-

bromoundecan-1-ol (186) with diethyl malonate to introduce the carboxylic function, 

coupling of Grignard compound obtained from (193) and chloromagnesium salt of (190) with 

Li 2CuCl4 catalysis to yield (194), and Wittig reaction to connect the building blocks A and B 

(188 and 195) (Scheme 29). The activation of linoleic acid with 2-chloro-1-pyridinium iodide 

was necessary for esterification with almost insoluble saturated ɤ-hydroxy acid. N-acylation 

of sphingosine with resulting O-acyl fatty (200) acid in the presence of EEDQ furnished 

ceramide EOS in 60% yield. 
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Scheme 29. Reagents and conditions: (i) a) diethyl malonate/NaOEt, b) HBr/CH3COOH/H2SO4; (ii) PPh3; (iii) 

HBr; (iv) DHP/H
+
; (v) Mg/CH3MgCl /Li2CuCl4; (vi) PCC; (vii) a) NaN(SiMe3)2, b) CH2N2; (viii) Pd-C/H2; (ix) 

H
+
; (x) NaOH; (xi) linoleic acid/CMPI/ (C4H9)3N/pyridine. 

 

 

Synthesis of Ŭ-hydroxy fatty acid (A) 

 

Ŭ-Hydroxytetracosanoic acid was synthesized as an intermediate for the preparation of 

cerebrosides based on ceramide AS by Koike (Scheme 30) [123]. The ethyl (S)-2-

acetoxytetracosanoate, necessary for the synthesis, was obtained by Horn and Pretorius 

procedure from (S)-(-)-malic acid [124]. The silylated Ŭ-hydroxytetracosanoic acid (206) was 

prepared from (202) in four steps including the inversion of configuration according to Eguchi 

and Mitsunobu [125]. The hydrolysis of the resulting benzoate (203), silylation of secondary 

hydroxyl and deprotection of the carboxylic group gave compound (206) in a good 

stereoselectivity. 

An enzymatic approach was published in 2005 (Scheme 31) [55]. Tetracosanoic acid 

(207) reacted with bromine in the presence of phosphorus. The resulting racemic 2-bromo 

acid (208) was treated with aqueous sodium hydroxide to give (Ñ)-2-hydroxy acid (209). Its 

enzymatic kinetic resolution was achieved with lipase PS and vinyl acetate to give (S)-acetoxy 

acid (211). The natural (R)-2-hydroxy acid (210) was recovered, its hydroxyl group protected 

and used for the preparation of ceramide AH. 
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Scheme 30. Reagents and conditions: (i) 

MeONa/MeOH/Amberlyst 15; (ii) 

Ph3P/DIAD/benzoic acid; (iii) 

MeONa/MeOH/Amberlyst 15; (iv) 

TBDPSCl/imidazole; (v) NaOH/MeOH/Amberlyst 

15. 

 
 
Scheme 31. Reagents and conditions: (i) Br2/P; (ii) 

NaOH/H2O; (iii) lipase PS/vinyl acetate/BHT; (iv) 

Ac2O/pyridine. * - yield for (R)-hydroxy acid.




























































































































