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Summary

The purpose of this work is to contribute to the understanding of the stracturigy
relaionships 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 contjpos and function ofstratum
corneumbarrier.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 ofransdermal permeation with main accent on their chemical
structure, mechanism of actidnteraction withstratum corneuncomponentand advantages
and drawbacks of their use.

The second chapter brings more detailed information on the specific content and
composition ofstratum corneumThe main attention is paid to the ceramides complex
group of lipids that play a crucial roleas cell signaling molecules and skin barrier
constituents. In the skirthese sphingolipid§orm a major part of the stratunobmeum
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 ldedign
land. Moreover, prominent skin diseases such as psoriasis anddeopatitisare 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 tllsapter we describe sphingosine syntheses from
1998 until 2008, and the synthetic approaches to the unique epidermal ceramides, including
the 6hydroxysphingosindased ones, the alphand omegdydroxy forms and the omega
acyloxy species. Moreover, théructural requirements of ceramides for a competent skin
barrier are discussed, including acyl chain lengtns double bondacyl alphahydroxyl,
stereochemistry, omegdimoleyloxy species and ceramide conformation.

Chapter 3 focuses on the synthesislaation of transdermal permeatienhancing
potency, biodegradability and reversibility of action of seriedNgf-dimethylamino acid
esters. Effects of chirality, linking chain length and polyfluorination together with the
enhancedrug interaction areliscussedNo differencesn activity were found betweerRj,

(S and racemicodecyl 2(dimethylamino)propanoate (DDAIP$ubstitution of hydrocarbon

tail by fluorocarbon one resulted in loss of activity. Replacement of branched linking chain
between nitngen and ester of DDAIP by linear one markedly improved penetration
enhancing activity with optimum in -@C acid derivatives. Dodecyl -6
(dimethylamino)hexanoate (DDAK) was more potent than clinically used skin absorption
enhancer DDAIP for theophylline (eancement 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 displaye@ acute toxicity Electrical resistance of DDAdtreated 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 enhaer for a broad spectrum of drugs, is a promising candidate for future
research.



As mentioned above, stratum cornewsramides are major determinants of skin
barrier function. Although their physiological and pathological role has been widely
investigatedto date no structuractivity relationships have been established. Study described
in chapter 4 concentrates on the synthesis of a series ofctlaimtceramide analogues with
polar head structure identical to ceramide NS, sphingosine length of 12 cabhdracyl
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 lemgth was crucial for
their barrier properties. Ceramides with8@ 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 2Cl1&i 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 shedhan ceramides in sphingomyelin/phospholipid membranes
and confirmed that shechain ceramides do not act as natural ceramides and their use as
experimental tools should be cautious.

Topical skin lipid supplementation may provide opportunities for contgptleramide
deficiency in diseases such as atopic dermatitis or psoiitmigever, he exactmechanisms
by which exogenouseramidescorrect the barrier abnormalitiese not known Although
exogenousshortchain NBDlabeled Céceramidewas shown to raplg traverse stratum
corneum (SC) and to be uptaken and metabolized vigble epidermal layersno such
evidence is available for lonthain ceramidesThus,the study described in chapteans at
comparingskin penetration offluorescentNBD-labeled C6,C12, and C24ceramideand
pseudoceramidel4S24.Fluorescent lipids were synthesized from sphingosine-serlne
ester and omegaBD-labeled hydroxysuccinimidactivated acids24-NBD-lignoceric acid
was prepared from dodecaril2-diol using lithium tetachlorocuprate couplingNBD-
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 NBDC6- ceramide reached viable epides; NBD-C12 ceramide and both NBZ24
lipids penetrated solely into several upper SC layers of iptdlct and acetonereated skin.
These results show thidite skin penetration of exogenous ceramide is chain letegibndent
and that exogenous lorgipan NBD-labeled ceramide and their analogues do not enter viable
epidermis.This supports our hypothesis ttetortchainceramidecannot be used as general
long-chain ceramide mimics.
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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 oah 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 avoidanaé 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 physit@mical properties of applied drugs. The
drugs administeredcross the skin presently include clonidine, fentanyl, lidocaine, nicotine,
nitroglycerin, estradiol, ethinyl estradiol, norelgestromin, norethindrone, oxybutinin,
scopolamine, and testosterone. Among the requirements for thes¢o-eafiyer drugs
belonga small daily dose, molecular weight lower than 500 gimisw melting point and
balanced lipophilicity. If the daily dose exceeds 10 mg, then the transdermal delivery might
be complicated, more convenient are doses lower tharfBm@ number of various methods
have been developed to open the transdermal route to the therapeutics which do not fulfill
above mentioned demands, including permeation enhancerasoultrd, 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, vable epidermis and the upper dermal layers. Thelirateéng step in absorption of the
compound into systemic circulation is the permeation throughktthum corneunSC). The
viable epidermis functions as a major barrier only for permeation of exyrdipephilic
compounds.

There are three possible routes to reach the
viable tissue: via sebaceous glands in hair
follicles, through eccrine sweat ducts or

Intercellular route Transcellular route

—eee= " across continuous SC. Since the skin
Y appendages occupy only 0.1% of the total
_C___ human skin surfacehé 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

' ‘ o _ important pathway for theenetration of
A renyteae R K yopically administered  compound8, 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

Intercellular [
space

10



the SC, the drug has to overcome both the lipophilic structures of SC and hydrophilic
environment of the cytoplasm afead keratinocytes. It has been shown, that intercellular
pathway is common for substances with a great polarity sped®uri]. Relationships
between the rate of the skin permeation of various compounds and their physicochemical
properties have been also descrif#dO0].

TRANSDERMAL PENETRATION ENHANCERS

These chemical compounds are designed to reversibly increase the delivery of drugs in
therapeutic concentrations into the skin or through the iskindeeper tissues and systemic
circulation. Ideally, these compounds should be pharmacologically inerttorian norn
irritating, nonallergic, compatible with the drug and excipients, odorless, tasteless,
inexpensive, have good solvent propertiesir tefect should be immediate, predictable and
reversible and they should be chemically and physically sfalile Although, there is no
single compound possessing all the required properties, many enhancersneastiluif these
attributes and they have been clinically tested or are already commercially available.

Mechanism ofthe action of penetrationenhancers

The mechanisms of action of enhancers are varied and can range from direct influence on
the skin barer t o the modi fication of t heprottior mul a
partitioning concept, the direct mode of action of transdermal enhancers is based on lipid
interaction, protein modification, and partition changes within th¢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 tighg packin
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 ragobthe
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 resistancgl3]. Some enhancers, e.g. oleic acid are likely to be
heterogeneously concentrated within domains and act as more permeable pores for
polar substancg44]. Some solvents magct via lipid extractionl5, 16]

d) Alter the solvent nature of the SC ardis modify partitioning of the drug or the
cosolvent into the tissue.

11



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 solulofitye 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 themost natural enhancer. The hydration of the SC is associated with swelling
of the corneocytes and an increase in the water content of theonterocyte lipid bilayers.
These phenomena appear to facilitate xenobiotic delivery across the tissue.

Alcoholsmay 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 SCL7]. The more hydrophobic alcohols may contribute by disruption
of SC through the extractiocof biochemical$18].

Activity of polyols, and propylene glycol in particular, are thought to result from
solvati t i o rkeratirf within the SG2]. Propylene glycol can also modify the solubility in
of the drug in the delivery vehicle and work as a cosol{E3t 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 transderaiialedy of wide variety of drugs, e.g.
estradiol, progesterone, acyclovirfléorouracil etc[11], indicating that these enhancers may
be used for wide variety of both hydrophilic and lipophilic permeants. Basedmariments
of Aungst the most potent are saturated fatty acids with carbon chain length iof022(20,

21]. In contrast, unsaturated fatty acids have the optimum activity at C18. Oleic acid, in
relatively low concentration, has been showrbgoeffective 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 thiulighity by disruption
of lipid packing [22]. Moreover, the aliphatic esters may influence partitioning between
vehicle and skin by solubilization effed3].

DMSO is dipolar, aprotic solvent with excellent dissolving power. The mechanism of
action is combination of denaturation of irtellular structural proteins of SC, disturbing of
SC barrier lipids and their extractioj24]. Unfortunately, DMSO is skin irritating in
concentrations over 60% required for pgation enhancement. A group of iminosulfurans,
based on DMSO structure was designed to be more lipophilic and effective at lower
concentrationgFig. 2)[25]. This should result irolwerskin irritation.

Urea promotes transdermal permeation by facilitating hydration of the SC and formation
of hydrophilic diffusion channels within the for [26]. The keratolytic properties of urea
and its derivatives is other reason for the modest permeation enhancement dohieseof
these compounds. However, application of these substances3jHg7] as permeation
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enhancers is limited by their inadequate chemical stability, the proteolytic properties and the
skin irritating effect428].

Fig. 2.5SDimethylN-(4-bromobenzoy)l ) .
iminosulfurane. Fig. 3. EDodecyt3-methythiourea.

Deriva t i v e samino facidsy 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 substancedl-methyl2-pyrrolidone and foxo-pyrrolidin-2-carboxylic
acid are the most widely used enhancers of this group. Derivativeslkyld2-piperidone
promoted the flux of 8luorouracil, caffeine, indomethacin, triamcinolon, acetonide and
ibuprofen. Michniak prepared a series of alkyloopiperidyl)acetates (§. 4) with higher
activity for enhancement of hydrocortisone than Azone (Fig. 5), which is the most important
derivative of 2azepanong29]. Azone is a first compound specificallyesigned 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 inconvenfer clinical use due to its irritation
potential [30]. Derivatives of alkylN,N-disubstituted amino alkanoates are other effective
representatives of this gro{@i].

O]

(;(N_CQH25

Fig. 4. Dodecyl A2-oxopiperidinl-yl)acetate. Fig. 5. Dodecylazepat2-one.
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A n -atdino acid derivative, DDAIP (dodecyl-(@imethylamino)propanoate), is a
therapeutically used permeation enhancer which interacts both witkriGpidbilayers and
keratinerich layers. The enhancer appears to open new penetration routes and itherease
ohmic resistence, capacity properties and fractal dimension of thg3&in A sef i es o0
amino acid based enhancers was synthesized by Fisher and Vavrova [#3g.38}

Carbamates, in particular tramskarbam 12 (Fig. 7), have been reported as excellent
penetration enhancers for numerous drugs with wide range of ploysoaical prperties
with low toxicity and no dermal irritability35, 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 Aodecanamidoacetate. 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 extraoti 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, influéimeenonpolar
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 lowceatrations (35%), low systemic
toxicity and high activity for both lipophilic and hydrophilic compoufi2g].

Oxazolidinones benefit from their ability to localize increased concentration of the
permeant into SC or into dermis, which resulislow systemic permeatiofi37]. 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 -mesicular form as penetrati 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 detailedformation on transdermal delivery and penetration enhancers
can be found in several revie\&}, 28, 3840].
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2. Synthesis and StructureActivity Relationships of Skin Ceramides
(submitted)

Jakub Novotnil, Alexandr Hrabsg8l ek, KateSina
ABSTRACT

Ceramides are a complex group of lipids that keieegl 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 developmentsafch 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 cerages 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 theh§droxysphingosindased ones, the alph@nd omega
hydroxy forms and the omegayloxy species. Moreover, the structural requirements of
ceramides for a competent skin barrier are discussed, including acyl chain keaggh,
double bond, acyl alpkHaydroxyl, stereochemistry, omegjaoleyloxy 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 geevent 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 ddaells, 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
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 biameron. This is supported
by the observation that prominent skin diseases, such as atopic dermatitis and psoriasis, have
diminished ceramide levels. On the other haadhinistration of drugs across the sigha
delivery route with great potential, howex, 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, §&&].

SKIN CERAMIDE STRUCTURES

Ceramides, i.eN-acylsphingosines, belong tbe 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 examplg-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 longhain ceramides cannot exist in solution in biololgibaids or in
cytosol. In addition, they belong to the category of-smelling amphiphileg11], implying
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that they cannot even give rise to micelles or other aggregates in agueous suspension, as do,
for example phospholipids and shohain ceramidefl2].

Table 1. Structure and nomenclature of skin ceramides

OH (;)H QH OH
HO., X étS)phingoid HOW\C._@H;? HO/Y\/\(C”H” HO/YYCMHN Ho/\l/\C‘.sH,u
EHO\/E » base NH, NH, OH NH, OH NH,
S 6-Hydroxy- Phyto Dihydro-
: 2\ : - - . - - . \ . -
Acyl part: O Y1 Sphingosine (S)  sphingosine (H) sphingosine (P, sphingosine (DS)
"""" 1 2 3 4
[0}
HO™ CysHys Ceramide NS Ceramide NH Ceramide NP Ceramide NDS
Lignoceric acid (N) (Ceramide 2) (Ceramide 8) (Ceramide 3)
0]
Mo o ___CsHy
HO zgﬁw . . .
0 CeramideEOS Ceramide EOH Ceramide EOP
30-(Linoleyloxy)- (Ceramide 1) (Ceramide 4) (Ceramide 9)
triacontanoic acid (EO)
6
[0}
)KI/(—- Hys
HO
Ceramide AS Ceramide AH Ceramide AP .
OH ; . : Ceramide ADS
(R)_Z_Hydroxytetracosanoic (Ceramlde 5) (Ceramlde 7) (Ceramlde 6)
acid (A)
7

In the human SC, eleven major ceramide subclassestbeen identified (Table 1)3].
These compounds consist of a sphingoid bassphingosine i) (designated as S),- 6
hydroxysphingosine2 (H), phytosphingosine3f (P) or dihydrosphingosingl) (DS), which
is N-acylated by a longhain saturated fatty acid (N1430, mostly lignoceric acidg) ) - U
hydroxy acid (A, Ge30, mostly 2hydroxylignoceric acidq) ) -bydroxy acid (O, Gs32).
T h e-hydroxyl is further esterified with linoleic aci®)( (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 nomencldijefor example, notydroxy
acyl sphingosine, the most abundant SC ceramide formerly known as ceramide 2, is
designated ceramide NS, the phytosgbsine ag | a t e d-linelayloxi acig would be
ceramide EOP, etc. For an extensive overview of the biodiversity of the sphingoid bases, both
naturally occurring and synthetic, 4é&].

STRUCTUREACTIVITY 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 structuractivity relationships. In order for the epidermal lipid barrier rtotgct
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 Elj. 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 structuretharebasic
prerequisites of a competent skin barrier. The available data are summarized in the following
sections.

¥-Acyloxy- a n d-hydroxy ceramides

The | i no lhgdeokyacidemathingyceramides are the most unusual of the SC
ceramides Ceramide@S was proved to influence dominantly the formation of the long
periodicity phase and lateral lipid packifiy], which is essential for skibarrier function. It
has been po s thydroayacgl gortibnhofithe ceéramede BOS 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 adieficiency, oleate replaces linoleate in ceramide EOS,
and this is accompanied by a decreased barrier funfii®pn While it seems likely that
ceramide EOP and EOH have similar role, there are presently no data on this point. The only
exception is arX-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 EOR19]. 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 efyp©
cerani des and r ecycl éyro nedamitlehbecomeg esiaked through ¥
t h ehydwoxyl group to carboxyl side groups at the corneocyte suff2@®2]. These
covalently bound ceramides may function as a template that prdeidesientation of the
initially extruded lamellar granule conteff3] and this lipid envelope is sometimes regarded
as the least permeable part of the skin baf#ié}. Further details on covalently bound SC
lipids can be found if25, 26}

Recently, it has been found that the loss of very-dmagjn fatty acids (¢ and more) and
¥-acyloxyceramides in the skin was incompatible with survival in desiccating environment
leading to neonatal deaf®7].

Acyl chain length

In order to increase their aqueous solubility in various experiments, nativeHaiy
ceramides are often replaced by synthetic derivatives with shaih fatty acids like acetyl
or hexanoylsphingosine. However, many substantial differences between naturally occurring
long-chain ceramides and their shahain analogues were described réiyetior a review,
see Gofi 28] aand Adn dlitterswijk[29] and reference therein). In the skin
ceramides, the acyl chain length was found to be crucial for their barrier propaéjes
Ceramides with ¢g acyl chain were able to increase skin permeability for two model drugs
up to 10.8 times with maximum effeat G; acyl. No increase in permeability was found for
ceramide analogues with,@nd G, 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 shbichain ceramides in sphingomyelin/phospholipid membrgite84] and
confirmed that shosthain 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 chaimgth 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 believednteract with SC ceramides; thus, their structure
activity relationships may be relevant to those of ceramides. For a reviei@85kee

C4 trans double bond

The C4transdouble bond seems to be essential in most ceramide biological d86ens
38]. Moreover, the importance of the allylic alcohol moiety in cerarmdeced apoptosis
and anticanae drugs has been widely discussed by Raf#ifi, 40] In the skin, the
significance of the C4trans double bond has not been established to dbige 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 barrieptidriony various
insults, for example iserine ester 14S241, 42] However, the C4rans 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
sphingosinebased ceramides exhibited dipole potentiglsnaich as 15@50 mV higher that
the saturated specig83]. 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 whentriduwes double bond was
absen{44]. This could contribute to ceramide phase behavior in mamelsrand may also be
relevant to their SC packing.

Ceramides containing Cdis double bond form different internal hydrogen bonding
network, they insert more easily than th@nsisomers in lipid monolayers, but they are less
effective in inducing flipflop motion (unpublished results, 12]). Recently, log-chain
dicarboxylic acids witltis double bond in their headgroup have been shown to increase intact
skin permeability while theitransisomers were less actiy45].

From the comparison of the sphingosine and phytosphingosine ceramides, Rerek
concluded that the driving force for molecular ssdsembly in the sphingosibased
ceramidess the orthorhombic chain packing, while in the phytosphingosines it appears to be
headgroup hydrogen bondifgg]. The finding that phytoceramides pack less tightly than the
corresponding ceramed is consistent with the monolayer study of Lofgren and PaRtHer
Moreover, the lesser importance of hydrogen bonding in congmatis chain length of
sphingosinb ased ceramides for their balBO.iTrus, pr op:
these two types of ceramides act by different mechanisms: the sphingosine ceramides form
separate domains while ceramides NP anch&lp 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 Hd8jer
However, the role of-Blydroxysphingosine 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 of1&S49] While both
ceramide species were packed in highly ordered crystaliinases 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 dhteydrogen 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 smaller for ceramide AP compared to
ceramide NR50]. It seems that the additional hydroxyl, either in phytosphingosine or next to
amide carbonyl, prevents tight association of the lipigircs via hydrophobic interactions but
allows for more extensive hydrogen bonding between the headgroups.

Stereochemistry

Despite their structural diversity, sphingoid bases share a comremytiivo (2S3R)
amino alcohol moiety. This stereochemistry phisgosine, isolated first in 1881], was
established in 1950's (reviewed[B2]). Phytosphingsine was first isolated from mushroom
Amanita muscarian 1911[53] and its configuration was assigned asilid or 253S4R. The
6-hydroxysphingosie, which seem to be unique to the epidermis, was identified first in 1994
[54] and its stereochemistry was assignedS8R,6R in 2005[55].

The importance of ceramide stereochemistry in the skin is not known at present. Lofgren
and Paschd#@7] showed that acyl-hydroxyl group in naturaR configuration[56] promoted
the condensation of ceramide monolayers to a gh@sxed crystalline state with a small
molecular area whereas the reverse effect was observed for a hydroxyl in unBatural
configuration. Stereoselective interaction of ephedrine enantiomers with ceramide AS
monolayer was showd7]; however, further studies with permeation of chiral drugs [E&e
59] and references therein) and chiral permeation enhafis®r$0] 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 sandirection and a splayed chain (or extended)
conformation, i.e. with the chains pointing in opposite direc&ij. During thepreliminary
stages of skin barrier morphogenesis the ceramide precursors, glucosylceramides, should be in
the hairpin conformatiori62]. 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 isRa 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 abskencaterswelling
hydrophilic interfaceg$64]. Interestingly, the extendagtramide conformation has also been
proposed as one of the mechanisms how ceramide in plasma membranes interact with proteins
[65].

SYNTHESEK 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,
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nitrophenyl esters, carbodiimide coupling, acyl halogenided anhydrides. The major
synthetic problems are associated with surfadtketproperties of amphiphilic intermediates

or low solubility at low temperatures. Moreover, the allylic hydroxyl moiety of sphingosine is
prone to epimerization. The preparatioh 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
hydroxysphingosind a s e d 0 naensch ywdhr @ xy f o raoyboxy apedies. THee ¥
procedures for the synthesis of the most abundant sphingoid base, sphingosine, will be
repored since 1998; the earlier publications were summarized by Kosfg@gand Devant
[66]. Likewise, the synthesis of phytosphingosjéé] 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 froaiural 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 19f®]. Due to the presence of two stegenic 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 usedirtasy sinaterial, the
characteristictrans double bond is often generated by Wittig reaction, Julia olefination,
HornerWadsworthREmmons reaction or by alkynylation of the chiral substrate and
subsequent selective reduction of triple bond. Recently, mettsiuig olefin crossnetathesis
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, stgies based on Dielslder reaction,
iodolactonization, enzymatic approach etc. have been reported.

From the earlier methods reviewed by Koskifgh] and Devan{66] we would like to
mention several representative ones, which are widely applied in sphingosine synthesis for
sphingolipid studies. Two characistic methods using carbohydrate approach are the
syntheses published by Schmidt and Zimmermptd] 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 enolatéN-of
acyloxazolidinone with hexadecenal to construct the sphingosine carbon skeleton. The
methods of Garndi73] and Herold74] are based on alkynylation of protected serinal known
as Garner aldehyd@s)].

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 theitraation 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 Bind F using heterocycles as chiral ligands and auxiliaries \ididxane
(12) as a key intermediate (Scheme[4§]. Trimethylsilylpropynal §) and &)-2-benzyloxy
1-phenoxyl-trimethylsiloxyethen §) were used as starting compouns for tin(ll) triflate and
(R)-methyt2-[(N-1-naphtylamino)methyl]pyrrolidone catalyzed asymmetric aldol reaction
(syrnanti = 97/3, 9% ee forsyn. Resulting phenyl ested ) was reduced with DIBAL to
give diol, which was protected as acetoniti#).(Sphingosine and its derivatives were then
prepared from X1) 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 azigo gr
yielded 2aminc1,3-hydroxy alkyne {5) as a second key intermediate for preparation-of D
erythro-sphingosine k), cissphingosine and dihydrosphingosine by various reduction
procedures. Eerythro-sphingosine was prepared in 10 steps and 19% ovezhll yi

0 OH O
oSiMe; . 1 I o><o
* — il iii
H
= BlO A Nopn 87% = OPh g0, P
Me;Si Me;Si OBn Z
R OBn
8 9 10 . 11 R=TMS
97% iv 12 R=H
86% l v
H H
OH O o><o 0
1 X viii, ix xi, vii
69% Z : 70% = 70% =
Ci3Ha7 NH,
Ci3Hy7 N3 Ci3Ha OBn
15 14 13

Scheme 1. Reagents and conditions: (i) Sn(&SHO/R)-methyt2-[(N-1-naphtylamino)methyl]pyrrolidone/
propionitrile; (i) DIBAL; (ii) DMP/TsOH; (iv) BmyNF; (v) BuLi/CisHo/Br; (vi) Li/llig. NHg; (Vi)
Tf,O/pyridine/NaN; (viii)) AcOH-H,0; (ix) PhsP/H,O-pyridine; (x) RedAl.

Synthesis Berythro-sphingosine, lthreosphingosine and sphinganine diastereomers
from commercially availabl&l-Boc-L-serine methyl ested §) via its biological intermediate
3-ketosphinganine2Q) as a key synthetic intermede 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
alcoholsThe starting compound was protected by .
ketoester 17) with CDI and lithium allyl acetate followed a standard procedure published by
Harris [78]. The subsequent alkylation df7q) with sodium hydride and-tetradecyl triflate
allowed for using milder conditions than the procedure employHiyofnotetradecane,
HMPE and sodium iodide, and minimized the chances of epimerization. Deallytatib
decarboxylation achieved with Pd(RRhand morpholine yielded the desired oxazolidinone
derivative (8). The utilization of Pd[0] enabled to use mild and neutral conditions for the
removal of allylic group and following decarboxylation. This wasgaiBcant improvement
over the previous method usingbutyl ester [79]. Treatment of the-Betosphinganine with
NaHMDS followed by TMSCI gave TM&nol ether, which was oxidized with Pd(OAdp
unsaturated ketone2@). The crude Z0) was reduced with NaB#{CeCk to D-erythro-
sphingosine derivative2(). CeCk suppressed conjugate reduction, which occurred in its
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absence. The straightforward deprotectodrsphingosine was achieved with 1M HCI. The
synthesis proceeded in approximately 26% overall yield in six steps with a good stereocontrol
(>91% de, >95% ee).

OTMS

OH O ¢} 0} O
\\(U\OMe LI O/\l)vj\o/\/ v, O Ci3Hyy V1 . O Ci3Hyy
56% 60%
HN ’ N ’ N N
Boc Boc Boc Boc

16 17 18 19

90%* Jvii

(0]

OH
l‘ix— OWC|3H27 <Moo = Ci3Hy
N 87% N

“Boc “Boc

21 20
Scheme 2. Reagents and conditions: (i) DMP/TsOH,; (ii) LiOH; (iii) a) CDI, (b) lithium adlgtate; (iv) NaH/AL
tetradecy! triflate; (v) Pd(Rlw/morpholine; (vi) a) NaHMDS, b) TMSCI; (vii) PA(OAZLHCN;; (viii)
NaBH,/CeCk; (ix) 1M HCI. * - in two steps.

An alternatve ppr oach using sulfoxide as a- chira
ketosulfoxide precursor in the syntheses ed¢ripthroand L-threo-sphingosine was published
by Khiar (Scheme 3)80]. -Kbtosulfoxide R3) was prepared by the condensation of
protected Eserine methyl ester withR}-(+)-methyt4-tolyl sulfoxide carbanion22) [81]. The
key step inthis synthetic sequence was the quantitative DIBAL reduction of comp@3hd (
t o-hyf@roxysulfoxide 24) as a single isomer. Interestingly, the addition of one equivalent of
ZnCl, to the reaction caused the change in the spatial arrangement of C3 hydiadrg,
thus epimer ofZ4) also quantitatively as a single isomer. Protection of the secondary alcohol
with MOMCI in the presence of NaH yieldin@%) and subsequent omp®t Pummerer
rearrangement using trifluoroacetic anhydride and NaB#duction led tooptically pure
primary alcohol 26). Its oxidation was followed by the Schlosser modification of Wittig
olefination using tetradecyltriphenylphosphonium bromide, which afforded the protected
sphingosine48) as the only isomer. The deprotection with agiseacetic and aqueous TFA
resulted in the desired sphingosine. The synthesis gasmytbro-sphingosine in nine steps
from protected serine and may be used for preparation of other three sphingosine
stereoisomers, depending on the starting material ancc tben d i t i -ketosulfoxadé b
reduction. Unfortunately, the authors did not publish the yields of the Wittig olefination.

25



., #° N
‘, ,O . S ~ . S ~
N-Boc-L-serine ~ + sl _t . 0 p-Tol i O/\I/\/ p-Tol
methyl ester - A :

22 23 24

90% J iii

MOMO MOMO MOMO MOMO .

28 27 26 25

Scheme 3. Reagents and conditions: (i) Condensation; (ii) DIBAL; (iii) NaH/MOMCI; (iv) a)
(CRCO),0/Caollidine, b) NaBH/H,0; (v) (COCI)/ EtN; (vi) Hz:C14PPhBr/PhLI/LIBr; (vii) @) AcCOH/H,0, b)
TFA/H0.

Hert weck and Bol and i ntr odu cobloroallglationyfint het i
Garner aldehyde2), followed by base mediated cyclization of the originating chlorohydrine
(30) and reaction of the resulting vinyloxiran&l] with an organocuprate (Scheme[82].
Serinal R9) was t r e(@)choallylbbranks prepared situ from °lpc,BOME,
allylchloride and lithium dicyclohexylamide. Since the chloroallylation is largely substrate
controlled, the 9DMe-9-BBN can be used as an inexpensive alternative to the pbasssl
borane with only slightly decreased diasteremd E/Z selectivity. Nesrtheless, the
recrystallization of halohydrines (or epoxides obtained by their cyclization) afforded
isomerically pure material. The treatment of halohydrird®) (with DBU furnished
vinyloxirane B0) under mild conditions and without isomerization. THeglalion/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
situ from CuCN and carbon nucleophile (RLi, RMgCI) withclisive formation oftrans
double bond32). Sphingosinel) can be received fron82) by hydrolysis with 1M HCI/THF
or aqueous TFA.

OH

; N - / CioHys i
0 i 12Hzs v 1
b) 72% N 9% N 2%
\Boc b') 68% ~B \Bo “Boc

29 30 31 32

Scheme 4. Reagents and conditions: ()pmBOMe/LiN(Hex),/n-BuLi, b) 8-hydroxyquinoline or
NaHCOy/H,0,; (ii) DBU; (iii) BrC ;,H,5/t-BuLi/CuCN; (iv) acidic hydrolysis.

Johnson presented a total synthesis of tkitaréoisomer of sphingosine and formal
synthesis of the other three isomers employing a chemoenzymatic apf@®gdrhe general
strategy was based on the use of enantiocomplementary hydroxynitrile lyases to yield an
enantiomeric pair of starting compound#is method yields {threo-sphingosine in 14 steps
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in 12% overall yield. The sequence employing hydroxynitrile lyase ffoamus amygdalus
should allow the preparation of&ythro-sphingosine as well.

He reported asymmetric synthesis of ceramide apbingosine analogues from
pentadecyne via cyclic thionocarbonate intermedid® (Scheme 5)84]. Their strategy
involved three key reactions including asymmetric dihydroxylation oEutJ(,-umsaturated
esterB4d as the chiral induction stage, r-egi ose
position with inversion via cyclic thionocarbonate intermediate,sahective reduction of the
ester. Substrate for asymmetric dihydroxylation was prepared by HagsworthREmmons
reaction via coupling of hexad@eynal with a phosphonate reagent. To the authors
disappointment the optimized Sharpless conditions fordddxylation 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 mossroum reagent (JOsQ..2H,0) and chiral ligand
((DHDQ),-PHAL or (DHQ)-PHAL) to the commercial ABnix-b / U and t3bums r ece
high yield and 9 8 %azeaton ofhe did éstenvia a oydid salfate was e U
unsuccessful due to parallekidation of the triple bond. Direct regioselective Mitsunobu
monoazidati on al so-aZiudmi ®Is¢ dazidonefarfi{fpdvdsy b U
prepared via cyclic thionocarbonate intermediate by reaction with thiophosgene in the
presence of DMAP. Theing opening of the crude was achieved by dafNthough the
monoazidation36) was achieved in high vyield, onl vy
2.4:1) was encountered. The simultaneous reduction of ester and azido group together with
triple bond was erformed using LiAIH. The final product was obtained in five steps and
25% overall yield.

(0] (0] OH O
1-pentadecyne . / H i ™ iii
- OEt OEt
/ 91%* é 90% 4
OH

Ci3Hyy Ci3Hay Ci3Hys
33 34 35
l iv
M
OH O O C=S
’ vi v COOEt
< > OH
50% Z 62%* =
C3Hy; Ns CizHyy o
37 36

Scheme 5. Reagents and conditionsn{®uLi/1-formylpiperidine; (ii) {-PrO)P(O)CHCOEL/LIBr/EtsN; (iii)
AD mi x 3SONHy; QW CI,CS/pyridine/DMAP; (v) NiNs/PPTS; (vi) LiAlIH;.

27



C h i rlactam @8) obtained from B(-)-tartaric acid85], was used as a basic building block
for the synthesis of §iingosine and phytosphingosine in the work of Nakamura (Scheme 6)
[86]. First, the ester group was reduced to alcohol and pedtesttriisopropylsilyl ether. The
lactam nitrogen was protected bytehutyl dicarbonate to yield compoundl)j. The

alkylation of the lactam4() with carbanion of sietradecylp-toluensulfone yielded a mixture

of diastereomers ofi(). Elimination ofp-toluensulfonyl moiety with lithium naphthalenide
and subsequent deprotonation and sulfonylation Magenyltrifluoromethanesulfonimide
affordedZ-enoltriflate @2) exclusively. The reductive elimination of triflate group by formic
acid and BN using pdadium catalyst and the successive deprotection of the remaining silyl
groups by tetrabutylammonium fluoride yieldedsolefin (43). The Boederivative 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.

TBDPSO COOBn TBDPSO, N p-TolSO,  OTBDPS

~ TOR!
. R s CsHy =~ oTIpPS
NH 73% 86%

o 0 O  NHBoc
38 o 39 R'=R’=H 41
95% ii 40 R'=TIPS; R>=Boc
93% | iv, v
OH TBDPSO
| —— C13H27WOH 1 C]3H27WOTIPS
: % :
NHBoc ’ TfO NHBoc
43 42

Scheme 6. Reagents and conditions: (i) NgBHDH; (ii) a) TIPSCIl/imidazole, b) (BogD/ELN/DMAP; (iii) p-
Tol-SO,-Cy3H,7/n-Buli; (iv) lithium naphthalenide; (v) KN(SiMg./(CF:SG,),NPh; (vi) a) HCOOH/
Pd(OAc)(PPh)./EtsN, b) n-BusNF.

The total sphingosine synthesis fromgBlactose via an azidosphingosine using Wittig
olefination, and determinatiomf 1t s opti cal purity by new
presented by Duclof87]. The synthesis is rather a combination of previously published
sequences, e.g70, 71] but it resolves their discrepancies in synthetic procedures and
characterizations.

Milne reported synthesis of sphingosine fromxydose via 1,2metallate rearrangement
of higher order cprate (Scheme 188]. T h e dithiated glyadl inté¥mediate4f) may
be prepared by two different ways. The shorter one us#uo-b-D-xylopyranoside,
protected as its trisputyldimethylsilyl) ether 44), which was oxidized to the corresponding
sul foildeni nBti on of TBSOL iphenylsulfityl glydalA5). ¢tsa v e

me

st

reaction witht-BuLi resulted in phenylsulfind i t hi um e x c han gdithiaedd gene

glycal @6). The reaction of the glycal with CuBr.SMand n-tridecyllithium caused a 1;2
metallate rearrangement of higher order cuprad&) (connected with inversion of
configuration and &€C-O silicon shuttle. The 1;8iol (49) was protected as its benzigne
acetal derivative and the remaini@gTBS group was cleaved with BF to yield compound

(50). The C-TBS group was transferred back to oxygen by Brooks rearrangement and
resulting mixture of alcohol and i8-TBS ether was treated with BNF again, giing the
alcohol 1) 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 cossist 12 steps and gives
sphingosine in a poor overall yield-12% from Dxylose).

9
O SPh (0] S < O Li
o |
. , i, ii N iii . iv
W ., —_— W —_— W' e
TBSO' OTBS 490, TBSO TBSO
OTBS OTBS OTBS
44 45 46

Cy3Hyy Ci3Hyy

\

yiii. ix
Ph.,
‘ 60-68%*

93%

51 50 49 48

52

Scheme 7. Reagents and conditions: 6P NH,4)>MoO,; (ii) LDA; (i) t-BuLi; (iv)
Cy3H,7Li/CuBr.SMe/Et,0-SMe,; (v) H,O; (vi) PhCH(OMe)/p-TsOH; (vii) BwNF; (viii) NaH/15crown5; (ix)
BusNF; (x) diphenylphosphoryl azide/DIAD/E®; (xi) p-TsOH; (xii) Zn/NH,CI. * - from (47).

Lee described convenient, stereoselective synthesis of all four diastereocisomers of
sphingosine from iserine methyl ester (Scheme[89]. Protected tserine methylster £3)
was quantitat i wedphosphomaeSd)eby treatchentt woth elxcess lithium
dimethyl methylphosphonate. The HorWadsworthREmmons olefination  with
tetradecylaldehyde under Masamune conditions provided the corresponding &Bpne (
which was deprotected to give -Betosphingosine hydrochloride56). The chelation
controlled reduction of free amino enone, presumably via a cyclic F&intransition state,
gave Derytro-sphingosine in satisfactory 908& Sphingosine was obtained by this preeti
synthetic route in 51% overall yield in six steps. Similar procedure usingesee r i ved b
ketophosphonates was also described previously by Kosfsagn
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methyl ester 950, TBSO

quant.
NHTr

53

I
P(OMe), v
——> TBSO

95%
NHTr

54

= SCi3Hy
NHTr
55

75%lv

O

HO 2 “Cp3Hy

vi . -
NH;Cl

] -«———
75%
56

Scheme 8. Reagents and conditions: (i) TBSGME(ii) TrCI/EtsN; (iii) LICH ,PO(OMe}); (iv)
C13H,7,CHO/DBU/LICI; (v) 2M HCI; (vi) Zn(BH,),.

The experience with the preparationsgftr andanti-b-amino alcohols accessible through
electrophilepromoted  intramolecular amidation of allylic and homoallylic
trichloroacetimidates was used by Kang for the establishingerythro-sphingosine and D
ribo-phytosphingosine synthetic rouf@0] (Scheme 9). The disilylation of theasting triol
(57) was followed by chemoselective monodesilylation and monoimidate formation in the
presence of GCCN, sodium hydride and-BusNF. lodoamidation of the resulting silyloxy
homoallylic imidate by IBr afforded dihydfb,3-oxazine §8). The elminative reduction of
the iodohydrine functionality, hydrolysis of the alkene and protection of the amino group
furnished dihydroxycarbamat®9). The ozonolysis of the olefinic bond, formation of-1,3
dioxane and subsequent Swern oxidation of primary xytigroup provided a substrate for
the attachment of the aliphatic chain by Julia olefination. Unfortunately, the a&®neds
formed with rather poor stereoselectivity as 2.8:1 mixtureaofs- andcis-isomer. Derythro-
sphingosine ) was received &m transalkene after its chromatographic isolation and acidic
hydrolysis of the benzylidene ring. The procedure provides sphingosine in 21% overall yield.

I OTIPS Ph
on HO ~ (:)H /_\O
M i-iii iv-vi - OH Viiviii <
HOo SN OH  gs0, N O 92% 65% OH
Y NHBoc
CCly NHBoc
57 58 59 60
ix,xj 52%
Ph
/-\
Xi 0 o

] -
80%
= “Ci3Hy
NHBoc

61
Scheme 9. Reagents and conditions: (i) TIPSOINEii) a) CbCCN/NaH, b)n-BusNF; (iii) IBr/K ,CG;; (iv) @)
(CRCO)0/ELN, b) Nal; (v) 6N HCI; (vi) BogO/K,COs; (Vi) @) Os, b) NaBH; (viii) p-TsOH/PhCHO; (ix)
Swern oxid.; (x) iphenyt5-(tetradecylsulfonyblH-tetrazole/ KHMDS; (xi) CECOOH.

Olofsson and Somfai published an asymmetric, divergmrie from a common starting
material, vinyl epoxide, toward all possible regamd stereoisomers of sphingosine (Scheme
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10) [91]. The starting dienol was prepared frdrtetradecanol by modified Horn&mmons
reaction and reduction of crude est&2)(with DIBAL, and protected as its benzyl eth6B)(
Though Shi 6s epoxidation on pr ot eichtdeutble di eno
bond, 2,3 (64) and 4,5epoxideswere formed in equimolar ratios, probably due to the lipid
chain shielding of 4/ 8louble 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. Becausenly the 2,3 isomer reacts under the described reaction conditions,
resultinganti-amino alcohol §5) and unreacted epoxide isomer were separated on silica. The
authors continued the synthesis by regioselective ring openitghtbivinylaziridine ©6),

which was obtained fromanti-amino alcohol §5) by ring closure under Mitsunobu
conditions. The crude aziridine was treated with TFA and amino alc6RpiMas obtained

with high diastereoand regioselectivity (>20:1). Sphingosine was obtained by removiaé of
benzyl group with sodium in liquid ammonia in less than 16% overall yield.

(0]

1-Tetradecanol ——> — Bno Z N —— BnO e,z 7 CisHy
EtO =7 N C3Hy,  S6%* <50% o
62 63 64
98%lv
OH NH,
viii ~ vii vi
<Y < B NI e /\)\/\
1 oo BnOW\ClgH27 Py NH 13H27 BnO - 2 CaHy,
NH, OH
67 66 65

Scheme 10. Reagents and conditions: (i) a) IBX, b) triethyl phosphonocrotonate/LiOH; (ii) DIBAL; (iii)
BnBr/NaH/BuN | ; (iv) Shi 6s npOHARe (viy DIADPOR) 6vij) THA;V(Vii)) NdMNH3. * -
from 1-tetradecanol. ** two steps.

An elegant and short threstep synthesis of sphingosine and C10 sphingosine from
protected Eserine methyl este68) i n v oketosulfoxide dr sulfone intermediates was
published ecently (Scheme 1192]. Alkyl phenyl sulfoxide was prepared in high yield by
the reaction of thiophenol with-alkyl bromides and subsequent treatment of the resulting
sulfide with MCPBA. Nucleophilic addition of the sulfoxide anionthhe L-serine ester6d)
afforded sulfoxide intermediaté9). Its overnight heating in tetrachloromethane gave the
desired enoner(). A lower yield of the longchain derivative in comparison with the short
chain one was observed. The requisite configomaait C(3) was reached by diastereoselective
reduction of {0 by NaBH, with addition of CeG. Regrettably, the authors did not report
diastereoselective excess of this reaction. Hydrolysis of alcalidlpfovided Derythro-
sphingosine in three steps ak8% 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 wiletine ester6@8) produced
low vyields, the sulfone intermediat&s) was acquired by reaction with aldehyd&)(and
subsequent oxidation of s e eketosdfenr{y cah s beo x y |
received from este6@) by reaction with methyl phenyl sulfone aaltylation with tetradecyl
iodide. Desulfonylation of 15) was done by aluminum amalgam. The ketoi6) was
selectively reduced to enonéQf according to Hoffmaii77]. The synthesis was finished as
described above.
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Scheme 11. Reagents and conditions: (i) LDA/PhS(h4; (ii) CCly; (iii) NaBH4/CeCk; (iv) 1M HCI; (v)
MeSG,Phh-BulLi; (vi) DBU/C14Hdl; (Vi) C1sH3:SO.Phh-BulLi; (viii) PCC; (ix) Al(Hg); (X) see scheme[27].
* - from (68).

Phytosphingosine, as a relatively inexpensive and commercially avas|atilegoid base
with both sphingosine chiral centers established, was used for synthesis of sphingosine in
2002 [93]. The authors utilized the introduction of the requistalkene moigy by two
different ways. First strategy dealt with transformation of protectegodderivative with a
high degree of stereoselectivity (Scheme 12), as showed previously by Naki@®ra
Commencing with phytosphingosing)( amino group and 1,3 hydroxy groups had to be
protected. The amino group was protected by treatment witlhtyl dicarbonate. In order
to avoid an inseparéb mixture caused by protection of 1 and 3 hydroxyl with benzylidene
group, the regioselective protection was accomplished by silylation witibudyl silyl
ditriflate. The oxidation of protected phytosphingosine derivafi@ to 4-ketone {9) and its
in situ conversion into enolate was followed by sulfonylation witkkphenyt
bis(trifluoromethanesulfonimide) furnishingrenol triflate 80). The regiospecific reductive
elimination of the enol triflate function, desilylation and acidolysisNeBoc moietyled to
sphingosine in 58% overall yield.

Second approach was based upon the procedure published @¥ithich envisaged
the conversion of protectedazida4-nitrophenylsulfonate derivative into azidosphingosine
(Scheme 13). Phytosphingosine was subjected
derivative 83), which was silylated to proted,3-hydroxy groups. Disappointingly, the
nitrophenyl sul fonyl ation under Schmidds cond
contrast, nosylation withn situ prepared mixed anhydride provided nitrophenylsulfonyl
derivative in a high yield. Hoewer, the elimination of the product led t&5) in
unsatisfactory yield. Surprisingly, the triflation of alcoh84) with triflic anhydride in the
presence of pyridine gave directly tBeolefin (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) Scheme 13. Reagens and conditions: (i)
BoGO/ELN; (ii) (t-Bu),Si(OTf),/pyridine; (iii) TINg/K,COJ/CuSQ; (i) (t-Bu).Si(OTf)./pyridine;
(Ac),0; (iv) KHMDS/N-pheny} (i) Tf ,O/ pyridine; (iv) MaP; (v) n-Bus;NF/AcOH.
bis(trifluoromethanesulfonimide);

(v) Pd(OAcY(PhR),/HCOOH/EEN; (vi) n-

Buy,NF/AcOH; (vii) TFA.

The same authors succeeded in the development of even more ecorappicach
based on phytosphingosine as a starting material, trying to avoid the use of expensive
chemicals (Scheme 1495]. 1,2aminoalcohol moiety of phytosphingosine was protected in
one step ag-phenytl,3-oxazoline derivativeg7) with ethyl benzimidate hydrochloride. The
key events of the procedure were the stereospecific transformation of the vicinal diol into
oxirane derivative§9) followed by regie and stereoselective transformation loé tepoxide
into allylic hydroxyl functionality of sphingosine. After the failure of the oxirane formation
by the methods reviewed by Kolb and Sharp[66$ (decomposition of the starting material)
and Szejas phase transfer epotiata [97] (inseparable diastereomeric mixture), the
conversion of §7) into (89) was finally achieved by tosylation of vicinal diol and treatment
with potassiumt-butoxide in methanol. The regioselective eliminative opening of oxirane
using TMSI and DBN led to &igh yield formation ofE-allyl silyl ether ©0). Acidic
deprotection of trimethylsilyl and phenyloxazoline protecting groups followed by base
hydrolysis ofin situ formed tO-benzoate sphingosine furnishel. (It is worth to note that
this two pot muliijram synthesis can be accomplished under mild conditions and with a
minimal number of column chromatography purifications in an overall yield of 70%.
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Scheme 14. Reagents and conditions: (i) ethyl benzimidate hydrochloride; (ii) TsCl/pyridineDMAR; (iii
BuOK; (iv) TMSI/DBN; (v) a) 2N HCI, b) NaOH/MeOH.

Raghavan and Rajender described a procedure fidigdroxy-o -utisaturated sulfoxide
for the synthesis of derythro-sphingosind98]. The stereochemistry of the polar head was
established by transformation of the double bond into bromohydrine which utilizes the
sulfinyl moiety as an intramole@n nucleophile. The sequence continues with conversion of
bromodiol into epoxide and its regiand stereoselective opening to azidodiol according to
Sharpless protocol. The aliphatic chain was introduced by the Pummerer ene reaction. The
authors claim th@reparation to be flexible and permit the synthesis-efy@hro-sphingosine
by following an identical reaction sequence. The synthesis is relatively inovative, but
complicated with rather low overall yield and with commercially unavailable starting
materal.

The first synthesis employing-selective cross metathesis for the formation of double
bond and connection of aliphatic chain appeared in 2004 (Schenj@9l5The polar head
spdial arrangement was introduced via a stereoselective epoxide opening. BiBnalaé
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 carbam&@8).( Carbamate, as a nitrogen nucleophile,
provided regioselective attack at C2 position in the presence of NaHMDS causing
intramolecular ring opening and thus giving oxazolidinoBd).( Protected sphingosine
derivative @5) was synthesized in 17H8/Z selectivity by coupling allylic alcohol with-1
pent adecene us i n4ee Gthenlurh sabalysp @. oTkepbenzyl growas
removed with sodium in liquid ammonia and resulting oxazolidinone was then hydrolyzed
with KOH to afford (). Sphingosine was obtained in 51% overall yield over five steps from
(92). The introduction of the aliphatic chain in the later phase of thilagis 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 byprottuduring 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) [R@®]; (i) BANCO/EgN; (iii) NaHMDS; (iv) 1-pentadecene/
Grubbsd catals¥viIMKOH. (v) Na/ NH

Rai and Basu described the preparation of glycosphingolipids and differentially protected
building blocks startig with diethyl tartrate and mesylate diol (Scheme 16), respectively
[101, 102] Assembling of thée-double bond provided intermediates of natural ceramides.
Mesylate diol 96), requisite for the latter, improved synthesis, waspared in five steps
without chromatographic purification following a patented procedf8]. The primary
alcohol was protected as silyl ether. Protection of the secondary alcohol was followed by
azide displacement of the sulfonated¢oeive 98). Because its crognetathesis suffered from
low yields and undesirable side reactions, probably due to the interaction of the phosphine
ligands with the azide group and/or metadiated nitrene process, the azido group was
reduced to aminena protected as an Fmoc carbamate. The orthogonally protected alkene
(99) was obtained in 21% vyield from the did6]. Reaction of 99) with 1-pentadecene
catalyzed by Grubbsd cat al yX asA prdcarsor forehe e d
synthess of glycosphingolipids.

(:)H (:)PMB (:)PMB (:)PMB
HOW 1;1;1% TBDPSOW # TBDPSO/W _16%’ TBDPSO/W
OMs OMs N3 NHFmoc
96 97 98 99
vi J82%
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D-erythro-ceramide  ~<— TBDPSO - 2 C 3y

NHFmoc

100

Scheme 16. Reagents and conditions:  (iX-BuPh2SiCl/imidazole; (i) p-MeO-benzyl
trichloroacetimidate/La(OT4) (iii) a) NaNs/Bu,NCl, b) TBDPSCl/imidazole; (iv) Zn/NkECIl; (v) Fmoc
Cl/ Huni gbdbs base;-peftadéeepe. Gr ubbsdé cat. A/ 1
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The synthesis of sphingosine by the sequence including HdradsworthEmmons
olefination and coppemediated Grignard coupling was described by Lu (Schem§L04).
Pentylideneprotected DBthreitol derivative {01) was used as a starting material due to its
lower acid sensitivity than the corresponding isopropylidene acetal. Its oxidation to aldehyde
(1020 was followed by formation of double bond tlvi diisopropyl
(ethoxycarbonylmethyl)phosphonate and conversion of the resulting @8@®rt¢ allylic
acetate 105 via alcohol 104). Regioselective coupling ofLlQ5 with dodecylmagnesium
bromide afforded intermediatel7) exclusively. The conversionf secondary hydroxyl
group to an azido group after deprotection was achieved with DIAD, triphenylphosphine and
trimethylsilylazide. Resulting-silyl ether was hydrolyzed by tetrabutylammonium fluoride.
The reduction of azidel(08) was accomplished by Stdinger reaction and benzyl group was
removed by Birch reduction to givé)(in nine steps and 17% vyield frorhQ({).
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Scheme 17. Reagents and conditions: (i) PCC/NaOAc;-#yQ»P(O)CHCOEL/ELN/LIBr; (iii) DIBAL; (iv)
AcCl/i-PrNEt; (v) CoHosMgBr/Li,CuCly; (vi) 5% H,SO,; (vi) @) PPR/DIAD/TMSN3, b) n-BugNF; (viii)
PPh/H,0; (ix) Na/NH;.

Disadee and Ishikawa utilized alkenyl aziridines as key intermediates in the preparation
of D-erythro-sphingosine (Scheme 1R)05]. Treatnent of §S)-guanidinium salt109 with
(E)-hexadee2-enal in the presence of TMG yielded in the formationisfandtransisomers
with a good combined yield and enantioselectivity. The ring openirtgangisomer (11)
and methanolysis of acetyl deative (113 produced allylic alcoholl14) (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 oxazolidinongl(/) and the subsequent
debenzylation wasarried out under Birch conditions affordibgdeprotected 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 wiéthsaziridine (@11).
Similarly, cis-aziridine derivative 1120 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 gestect was
obtained in 27% overall yield in eight steps fro2).
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Scheme 18. Reagents and conditions: (i) TMG/THF; (ii),&ECls; (iii) AcOH; (iv) KOH/THF/MeOH; (v)
TIPSOT/EEN/CH,Cl,; (vi) LIAIH 4 THF; (vii)CDI/CHCly; (viii) Li/lig. NH s/Et0; (ix) n-BusNF/THF; (x) 2M
NaOH/EtOH.

Another sequence exploiting olefin cross metathesis usedjladosederived building
block as the source of chirality for the synthesis oferithro and Dthreo
sphingosine(Scheme 19)06]. The requisite ado-carbohydrate 19 was synthesized
according to Grundrl07]. Despite the supposed failure of crosstathesis olefination due to
the presence of azide functionality, the authors succeeded in coupling of the sugar derivative
and pentadecene in the pr esmupetproductl2ZGwasbbs d ¢
treated with TFA to afford an anomeric mixture of hemiacéial) that on sodium periodate
cleavage and subsequent reduction affordeshthro-sphingosine. This strategy provides the
product in nine steps and 52% overall yield frorglDcose.

Ci3Hy Ci3Hyy

3 (¢}
D-glucose ——> /\I:IQ i IE[ y O iv,v 1
79%* : 85% 2 79%%*
N, N \%\ N; OH

119 120 121

Scheme 19. Reagents and conditions: (i) Re®6]; (i) 1-pent adecene/ Gr ubbs8O;@vat al yst
NalQy; (V) LiAIH 4. * - multistep procedure. ** three steps.

A nucleophilic addition of ilyloxy silylketene acetal 123) to N-benzyl2,3-O-
isopropylideneD-glyceraldehyde nitron1@2) (Mannich type reaction) gave adducts, which
may be further converted into suitable orthogonally protected enantiomegicdl-erythro-
sphingosines (Scheme 2[@)08]. Nitron was chosen because it is an excellent equivalent of
several chiral units, containing both aminand oxygen functionalities. Furthermore, its
activity can be modulated by the use of @iéint Lewis acids due to the presence of reactive
oxygen atom. Both the nitron and silyl ketene acetal are readily avdil#l9e110] Several
Lewis acids were evaluated in this work, with 2Zn(QTfjurnishing the best
diastereoselectivity and yields @ -silylhnydroxylamine (24). Its hydrolysis provided free
hydroxylamine {25, which was transformed intd-Boc protected estel26). Reduction to
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aldehyde 1270 and Schlosser modification of the Wittig conddimsa with
tetradecenylphosphorane afforded alked@8(. The dioxolane ring was transformed to
orthogonally protected sphingosinE3(Q) which was treated with BMF and TFA to give B
erythro-sphingosine X). The synthesis was accomplished in 28% overaldyfrom the
starting nitron.

0 i B v O
+ | ! 5 AN
| COOMe CHO

TMSO OMe

Ip2
c—)/T:J_\/ Ph NR'R NHBoc
122 123 86%* ii 124 R'=0TMS; R*=Bn 127
125 R'=0OH; R>=Bn
92% iii 126 R'=H; R>=Boc 88%* | v
OH  OTBS OH  OTBS %o OTBS
viii, ix 2 vii 2 vi O :
53%% 7 TCily T 77 ity = “C3Hy
NHBoc OH NHBoc NHBoc
130 129 128

Scheme 20. Reagents and conditions: (i) Zn(@Ti) citric acid; (iii) H,/Pd(OH)}-C/BocO; (iv) DIBAL; (V)
Ci4HogPPHh; (Vi) p-TsOH; (vii) a) NalQ, b) NaBH;; (viii) n-BusNF; (ix) TFA. * - two steps.

A synthesis of sphigosine from phytosphingosin8)(via a cyclic sulfate intermediate
(132 (Scheme 21)111] offers a complementary transformation to the eliminative epoxide
opening used for the introduction Bfallylic alcohol. The authors presented two synthetic
pathways and claied avoiding some drawbacks of the previous metti®6ls(Schemes 12
and 13), including the use of rather expensive reagentstelmwerature 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 silylatedi8idal diol (131)
with thionyl chloride in the presencé wiethylamine followed by oxidation with ruthenium
chloride provided cyclic sulfatel82). The next step included omp®t opening of the sulfate
by iodide and dehydrohalogenation with DBU, which furnished the deBhalylic alcohol
(134 as the onlydomer. The silyl group was removed with,R& and azido group was
reduced to amine by NaBHh 2-propanol. Alternatively, the primary hydroxyl group can be
blocked as a trityl ether. Tritylated azido sphingosine obtained by the procedure described
above isthan hydrolyzed with HCI to azidosphingosine and reduced to sphingosine. This
preparative route affords-Brythro-sphingosine in approximately 60% overall yield.
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Scheme 21. Reagents and conditions: (i) AKNCO,/CuSQ; (i) TBDPSCI/EEN/DMAP; (iii) a) SOCL/EGN, b)
RuCk.;H,0O/NalQy; (iv) a) BuNI/DBU, b) H,SO;; (v) n-BusNF; (vi) NaBH,.

An asymmetric synthesis of sphingosine and phytosphingosine isomers from
commercially availabl&-4-benzyloxybut2-en1-ol via a common oxazolidine derivative for
thepreparation was published by Righi (Scheme[222]. The chiral epoxidel35), 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 andormation of oxazolidine gave estel39). The key intermediate for the
synthesis of sphingoid bases was prepared f@88) @y reduction of ester group to hydroxyl,
its subsequent silylation and transformation of bepzgtected group to aldehyd&4@). The
aldehyde 142 was transformed to #rythro-sphingosine by an already reported sequence of
olefination, izomerization and deprotectifi3]. In spite of the versatility of the presented
synthesis regarding the preparation of sterecisomers of both basegttesis 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 preparatiorcisef and trans
isomers. The overall yield for preparation cebythro-sphingosine is 24%.

s R COOCH;
.
/\(i>\ i . /\/:\ . /\)\ v Bno/\:)3
BnO COOCH,; BnO : COOCH; BnO : COOCH; ~gop 5 NBoc
OH OH 7&
135 136 . 137 R=N, 139
138 R=NHBoc
95% lv
/\JOTBDPS OTBDPS CHO
xxii  OHC™ 77 viii, ix BnO/\_)f, vi, vii BnO/\_)g
[~ I NBoc = —— I NBoe I NBoc
45% 6} 7< 79% ) 7< 88% 0 7<
142 141 140

Scheme 22. Reagents and conditions: (i) Amberlyst 15/NaBr; (ii)sN@N H,/Pd/BogO; (iv) 2,2DMP/p-
TsOH; (v) DIBAL; (vi) NaBH,; (vii) TBDPSCI/EEN/DMAP; (viii) H./Pd; (ix) Py/SQ; (X) CisHoPPhBI/n-
BuLi; (2%iQi) TRAs ¥frBnhepoxide 131).

Preparation of sphingosine, sphingomyelin, ceramide, sphingospi@gsbhate and
functionalized sphingosine derivatives fromseérine by crossnetathesis olefination were
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reported by Yamamoto. (Scheme 23)14]. The Boc protection of serine was followed by
Weinreb amide formation drthe protection of the primary hydroxyl group by TBSCI without
column chromatography. The reaction with vinylmagnesium bromide provided vinyl ketone
(144). Then, the carbonyl was selectively reduced with lithiunt-liitoxyaluminohydride

and primary hydvxyl deprotected to yieldl&46). Crossmetathesis and following deprotection

of (147 produced Berythro-sphingosine X) in 37% overall yield. Similar synthesis via
Weinreb amide was also described by PHanb].

Me NHBoc NHBoc NHBoc
i | 1 T
L-serine ——» _N OTBS 11 = OTBS iii /\)\/OR
9305+ MeO 92% 96% :
o 0 OH
. 145 R=
143 144 97% iv 146 ]léz ]TIBS
58% Jv
NHBoc
vi C-H OH
1] «——— Ci3Hy
79% Z :
OH

147

Scheme 23. Reagents and conditions: (i) a).BdELN, b) Me(MeO)NH.HCI/NMM, c) TBSCl/imidazole; (ii)
vinylmagnesium bromide; (iii) LIAI(&Bu)sH; (iv) 2M HCI/MeOH; (v) 2pent adecene/ Gr ubbsd c
TFA. * - three steps.
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A novel approach for theynthesis of sphingosine was reported by Yang and Liebeskind
(Scheme 24)116]. The sequence started withBoc-L-serine and the key steps were
palladium catalyzed, copperiyediated, no#basic coupling of the thiophenyl estertf
Boc-O-TBS L-serine {50 with E-1-pentadecenyl boronic acid and highly diastereoselective
reduction of the resulting peptidyl ketone. Thiophenyl edt49)(was prepared by common
dehydration conditions using DCC and DMAP. The primary hydroxyl group was than
protected a®-silylether employind\-methyl morpholine as a base. Boronic acid recuisit
the crosscoupling was obtained by hydroboration gbéntadecyne with HBBISMe,
followed by hydrolysis on icevater. Its reaction with protected thiophenyl esté&iQ]
delivered ketonel(1) with noE/Z isomerization. Racemizatiefiree asymmetricaduction of
enone by LiAlI¢-BuO)H generated alcohol$2). The synthesis was ended up by desilylation
andN-deprotection. Sphingosine was received in 71% overall yield Ndboc-L-serine in
six steps. The synthesis is characterized by high eramitbdastereoselectivityge>99%,de
up to 99%).

OH O OR O TBSO 0 TBSO OH

i iii — iv o v, Vi
—_— —_— _— —_— 1

%OH 89% %Sph 94% WCmHm 96% KI/\Acmsz 89%

NHBoc NHBoc NHBoc NHBoc

- 149 R=H
t.
148 quant. ii 150 R= TBS 151 152

Scheme 24. Reagents and conditions: (i) PhSH/DCC/HOBt; (i) TBSCI/NMM/DMAP;
(ii)Pdy(dba)/P(OEt/CuTC/GsH,7CH=CHB(OH); (iv) LiAl( t-BuO)H; (v) 1M HCI; (vi) TFA.

Synthesis of éhydroxysphingosine

Becauge 6-hydroxysphingosine occurs mainly in human skin (as a structural part of
ceramide EOH, AH, NH and protebound 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. Sinc
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 etherd B-serinederived Garner aldehyde.
Because the spatial arrangement at C2 and C3 is introduceeseianke derivative, the main
task envisaged by the authors was the enantioselective preparation of the propargylic alcohol
synthon. It is worth to mentiothat the ® configuration of éhydroxysphingosine skin
ceramides was determined by Masuda and Mori in 280b

Chun applied two different synthetic approaches to obtain both enantiomers of the
intermediate 155 [118]. The asymmet r i-ynonesenditbec with dithiumo f U,
aluminum hydride in the presence of Darvon alcohol nor wWRBH3-pinanyl)9-
borabicyclo[3.3.1]nonane proved to give the desired product in satisfactory enantioselectivity.
The alternative methodonsisted of basmediated double elimination of(4hloromethyl)
1,3-dioxolane 157 (Scheme 25). Diol esterl4) was prepared by Horn&/adsworth
Emmons reaction of tridecanal with ethy(dlisopropoxyphosphoryl)acetate and asymmetric
dihydroxylationo f  r e s wuhsaturategl estei %8 with AD-mix-b (. Hrotection
of vicinal hydroxy groups and reduction of ester with DIBAL furnished alcob®®)( which
was converted to chloride%7) under Mitsunobu conditionsR)-pentadeel-yn-3-ol (158
was obtained in high enantioselectivity (9% by treatment of chloridelf7) with butyl
lithium and HMPA. lts silylation and coupling with Garner aldehyde provided the protected
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6-hydroxysphingosine 160). The removal of TBS group, Birch reduction oipke bond,

acidic hydrolysis of oxazolidine cycle and subsequent acylation gave ceramide analogue
without the separation of-Bydroxysphingosine intermediate. To authors disappointment this
method provided the ceramide in 42% yield only frat61j. The clanged sequence of the
reactions (acidic hydrolysis of the oxazolidine, acylation and Birch reduction) gave
octanoyl 6hydroxysphingosine in good 73% vyield frod6().

o OH O OA(
i ii iii
1-Tridecanal ——> /\)k —— C1oHos Ot — = \\\O
90%  CpHysy” "N OEt  90% 2 Ci2Has

OH

O OEt
153 154 155
91%* l iv
OH
: OR O)(
N viii vi 0
. N . - X - - K
6-Hydroxy-ceramide _ 0 NBoc C2Hys 1% CoHps \\ 0% CizHas
X ’
OR R
o/ 160 R=TBS 0/ it 158 R=H 156 R=OH
SN%ixX] 161 R-H OT% Vit 159 R-TBS 86% V| | 157R=Cl

Scheme 25. Reagents and conditions: i@PrOyP(O)CHCOEt/ELN/LIBr; (i) AD -mix-b / MeNHQ (iii)
DMP/p-TsOH,; (iv) DIBAL; (v) NCS/PhR; (vi) n-BuLi/HMPA,; (vii) TBSCl/imidazole; (viii) Garner aldehyde/
n-BuLi; (iX) n-BuyNF. *- two steps.

Yadav used Sharpless asymmetric epoxidationEedllyl alcohol and subsequent
elimination of 2,3epoxy chloride as the key reactions for the preparation of the propargyl
alcohol intermediate167) (Scheme 26)J119]. Reaction of propargyl alcoholl§2 with
dodecyl bromide gave pentadecyn@b®, which was treated with LiAlito provide E-
allylic alcohol (L64). Its Sharfess asymmetric epoxidation using titanium tetraisopropoxide,
(-)-DET and TBHP yielded epoxy alcohalg5), which was converted to epoxy chloride
(166). The triple bond was introduced by treatment ofe)8xy chloride 166) with LiNH in
liquid ammonia. he 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 HCI/THF. The final reduction of triple bond with LiAIH
led to 6hydroxysphingosineZ).
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Scheme 26. Reagents and conditions: {BH&Br/LINH o/NHg; (i) LIAIH 4; (iii) (-)-DET/Ti(O-i-Pr)/TBHP; (iv)
PPh/CCIy/NaHCG;; (v) LINHL/NHs; (vi) TBSCl/imidazole; (vii) Garner aldehyd@BuLi/HMPA; (viii) 1M
HCI; (ix) LiAIH 4.

Masuda and Mori used similar reaction of Garner aldehyde and prot&tpdrtadecl-
yn-3-ol for the preparation of skin ceramides derived frofy@roxysphingosine (Scheme
27)[55, 120] Treatment of tridecanal with lithium trimethylsilyldgkde 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 acetyR®tedantiomer 171) in
49% yield and 99%e while (§-enantiomer of170) was recovered. Intermediate7Q) was
converted to acetylenic alcohd 42 and the secondary hydroxyl functionality was protected
as silyl ether 173. Silylation improved diastereoselectivity of the coupling with Garner
aldehyde.

OH OR?

. i ii ~ B . .
I-T | —— —U , .
rdeeeml s = CoMls ey / CioHas > skin ceramides
TMS R!

170 92% iii [ 171 R'=TMS; R*=Ac
E 172 R'=H; R>=H

quant. iv 173 R'=H: R%=TBS

Scheme 27. Rg@nts and conditions: (i) lithium trimethylsilylacetylideBuLi; (ii) lipase PS on Celite/vinyl
acetate; (iii) KCOy/MeOH; (iv) TBSCl/imidazole.

Synthesis of acid part of skin ceramides

Sy nt h e sdylexy fatfy acid (EO)

The procedure for the pregdion of skinidentical cerebroside containing ceramide EOS
was published by Matsuda and Mori in 19821] (Scheme 28). The synthesis of the 30
(linoleyloxy)triacontanoic acid segment started from pentadéBaslide (174). Its
methanolysis and oxidation with PCC gave aldehydl@6)( The second bifunctional
intermediate 179 required for the subsequent Wittig coupling was obtained by treatment of
(179 with TBDPSCI, reduction of the resulting ester and halogenation with
tetrabromomethane and triphenylphosphine. Wittig reaction of aligelfy7r6) and ylide
derived from the bromidel{9 provided a mixture of geometrical isomes3(). Their
hydrogenation followed by ester hydrolysis, activation of the carboxyl p#titrophenyl
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trifluoroacetate and mild desilylation achieved with@BF; yielded the¥-hydroxy ester
(184). Acylation of @84) with linoleyl chloride afforded the desireptnitrophenyl 30
(linoleyloxy)triacontanoatel@5) in 59% yield based ori81).

° (0] (0]
(0] i ii
——— HO — QOHC %
OCH;3 77%* OCH;
14 14 L
12
174

175 176
l i TBDPSO-(CHy);4-CH=CH-(CH,);3-COOCH;
‘ 180
0 %
iv A
TBDPSO — TBDPSOMR A
OCH;
; 14
177 178 R=OH

89%* V| _ 179 R=Br

OzN
0 0
vii , xi
180 T RO OR? F o o o
E 29 & o 29 7 M

(6]

1 2
86% viii 181 R'=TBDPS; R“=CHj; 185

. —= 182 R'=TBDPS; R>=H
95% ix

, — 183 R!=TBDPS; R?>=C4H,NO,-p
88% X |_» 184 R1=H; R2=C4H,NO-p

Scheme 28. Reagents and conditions: pdJsOH/MeOH; (ii) PCC/powdered molecular sisve 4 i ; (i i)
TBDPSOCI/imidazole; (iv) LiAIH; (v) CBry/PhR; (vi) PhR/n-BuLi; (vii) Pd-C/H,; (viii) KOH/EtOH; (ix)
CFR,COOGHsNO,-p/pyridine; (x) E§O-BFs; (xi) linoleoyl chloride/pyridine.

Another preparation of ceramide EOS and ceramide -&®ed ceretoside was
described by M¢l | er [122) The Syothetitisequencé Bwlied thee 2 9 )
coupling steps to obtain dtydroxytriacontanoic acid199), including the reaction of 11
bromoundecaii-ol (186) with diethyl malonate to introduce the carboxylic function,
coupling of Grignard copound obtained froml@3) and chloromagnesium salt df90 with
Li,CuCl, catalysis to yield194), and Wittig reaction to connect the building blocks A and B
(188and195 (Scheme 29). The activation of linoleic acid witkctloro-1-pyridinium iodide
wasnecessary for esteri fi cat ihynoxy acidN-hcylaionmo s t
of sphingosine with resultin@-acyl fatty @00) acid in the presence of EEDQ furnished
ceramide EOS in 60% vyield.
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Building block A (188) Building block B (195)
(0]

MOH - )MR HOMIZH i HOMBr\
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t.
Quant-ii] g8 R=pphy-Br
HOMOH RIMORZ 7% vi 194 R=CH,OH
36% s 195 R=CHO
191 . 192 R1=B1'; R2=H

iv 1 5
193 R'=Br; R“=THP

o 0
195 88% 11 16 9% 29 40% ho
196 quant. ix 197 R'=CHj; R>=THP
198 R'=CHj; R>=H

3% x| 199 R'=R?>=H

Scheme 29. Reagents and conditions: (i) a) dietialonate/NaOEt, b) HBr/C}{€OOH/HSC; (i) PPhy; (iii)
HBr; (iv) DHP/H'; (V) Mg/CHsMgCI /Li,CuCly; (vi) PCC; (vii) a) NaN(SiMg),, b) CHNy; (viii) Pd-C/Hy; (ix)
H™; (x) NaOH; (xi) linoleic acid/CMPI/ (GHg)sN/pyridine.

Sy nt h e-bBydrexy fatfy aa(A)

U-Hydroxytetracosanoic acid was synthesized as an intermediate for the preparation of
cerebrosides based on ceramide AS by Koike (Scheme[lZB]. The ethyl §-2-
acetoxytetracosanoate, necessary tfee synthesis, was obtained by Horn and Pretorius
procedure from (S§-)-malic acid[124]. The siy | a t-hgdioxytétracosanoic aci®@6) was
prepared fromZ02) in four steps including the inversion of configuration according to Eguchi
and Mitsunoby125]. The hydrolysis of the resulting benzoa2€3), silylation of secondary
hydroxyl and deprotection of the carboxylic group gave compowib (in a good
stereoselectivity.

An enzymatic approach was published in 2005 (Schemg55]) Tetracosanoic acid
(207) reacted with bromine in the presence of phosphorus. The resulting racémuma@
acid 08 was treated with aque edhwroxyactligQ®mtshy dr o x
enzymatic kinetic resolution was achievedhiipase PS and vinyl acetate to gi@-écetoxy
acid 11). 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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(CH;),CH3
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)J\/(CH2)21CH3 —» R'O/U\l/
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201R'=Et; R*=Ac 740, 5ii [ 203 R'=Me; R*=Bz

94% i 202 R'=Me; R>=H 204 R'=Me; R>=H

quant. iv

205 R'=Me; TBDPS

4% v 206 R'=H; R>=TBDPS

Scheme 30. Reagents and conditions: (i)
MeONa/MeOH/Amberlgt 15; (ii)
PhP/DIAD/benzoic acid; (iii)
MeONa/MeOH/Amberlyst 15; (iv)

TBDPSCl/imidazole; (v) NaOH/MeOH/Amberlyst
15.
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Scheme 31. Reagents and conditions: (p/FBr(ii)
NaOH/H0; (iii) lipase PS/vinyl acetate/BHT; (iv)
Ac,O/pyridine. * - yield for (R)-hydroxy acid.


























































































































































































