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Abstract—In the course of our studies on compartment-specific lipid-mediated cell regulation, we identified an intimate connection
between ceramides (Cers) and the mitochondria-dependent death-signaling pathways. Here, we report on a new class of cationic Cer
mimics, dubbed ceramidoids, designed to act as organelle-targeted sphingolipids (SPLs), based on conjugates of Cer and dihydrocera-
mide (dhCer) with pyridinium salts (CCPS and dhCCPS, respectively). Ceramidoids having the pyridinium salt unit (PSU) placed
internally (a and c-CCPS) or as a tether (x-CCPS) in the N-acyl moiety were prepared by N-acylation of sphingoid bases with dif-
ferent x-bromo acids or pyridine carboxylic acid chlorides following capping with respective pyridines or alkyl bromides. Consistent
with their design, these analogs, showed a significantly improved solubility in water, well-resolved NMR spectra in D2O, broadly
modified hydrophobicity, fast cellular uptake, and higher anticancer activities in cells in comparison to uncharged counterparts.
Structure–activity relationship (SAR) studies in MCF-7 breast carcinoma cells revealed that the location of the PSU and its overall
chain length affected markedly the cytotoxic effects of these ceramidoids. All x-CCPSs were more potent (IC50/48 h: 0.6–8.0 lM) than
their a/c-CCPS (IC50/48 h: 8–20 lM) or D-erythro-C6-Cer (IC50/48 h: 15 lM) analogs. x-DhCCPSs were also moderately potent (IC50/

48 h: 2.5–12.5 lM). Long-chain x-dhCCPSs were rapidly and efficiently oxidized in cells to the corresponding x-CCPSs, as established
by LC–MS analysis. CCPS analogs also induced acute changes in the levels and composition of endogenous Cers (upregulation of
C16-, C14-, and C18-Cers, and downregulation of C24:0- and C24:1-Cers). These novel ceramidoids illustrate the feasibility of com-
partment-targeted lipids, and they should be useful in cell-based studies as well as potential novel therapeutics.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Ceramides (Cers) are long-chain amphiphilic (2S,3R,
4E)-2-aminoacyl-1,3-diols (Scheme 1) capable of regu-
lating a diverse range of important cellular processes
such as cell growth, differentiation, and apoptosis.1–3

Intracellular levels of endogenous Cers are influenced
by many external inducers, including cytokines (Fas,
TNFa), ‘environmental’ stress factors (UV, radiation,
hypoxia/reperfusion or hyperthermia/heat), chemother-
apeutic agents (taxol, etoposide, gemcitabine or Ara-
C), inhibitors of Cer metabolizing enzymes (D-MAPP,
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B13, PDMP), as well as by exogenously added cell
membrane-permeable short-chain C2–C8-Cers.4–13

Intracellular action of Cers on phosphatases, kinases,
proteases or telomerase enzymes can be linked to their
proapoptotic activities.14–18

However, these and other mechanistic studies with var-
ied chain Cers revealed several major drawbacks on the
SAR studies of Cers in cancer cells, limiting their poten-
tial therapeutic utility.11,19–25 Naturally occurring Cers
are highly hydrophobic, poorly water-soluble molecules,
with a limited cell membrane permeability resulting in
their inefficient delivery into the cells and tissues.26–30

Improvement in the delivery of long-chain ceramides
to the cells was achieved by using a solvent of ethanol
containing 2% dodecane or decane showing that natural
Cer could induce apoptosis.31 This has been cited as
direct evidence for the role of natural Cer in cellular
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Scheme 1. Design of ceramidoids and conjugation scheme for the linkage of pyridinium cation to ceramide.
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apoptosis.32,33 However, the following studies by Tser-
ing and Griffin did not support the above concept show-
ing that intact long-chain Cer did not initiate cell
toxicity, and rather a metabolite derived from Cer deg-
radation may be responsible for this process.34 Also
the study by Urbina et al. showed that alkanes are not
innocuous vesicles for long-chain Cer in cell biology
studies causing the inhibition of Cer-dependent mem-
brane permeabilization.35 Short-chain Cers can be deliv-
ered into the cells, but no organelle-specific targeting
was observed (except for the predominant localization
of NBD-C6-Cer to the Golgi apparatus).36,37 Recently,
in order to overcome some of these limitations, liposo-
mal formulations of Cers were developed and used in vi-
tro and in vivo in anticancer studies.38–41 However,
several restrictions, especially for the long-chain Cers,
were noticed, and these formulations resulted only in a
moderate increase of their potency without any tumor
tissue specificity.38,40,41 Moreover, it is becoming
increasingly apparent that accumulation of endogenous
Cers in response to a variety of agonists occurs in specif-
ic sub-cellular compartments, and, thus, these compart-
mentally restricted Cers may play distinct roles in
mediating agonist responses, depending on the compart-
mental formation and action.42,43

To address the above issues and to improve delivery and
targeting properties of Cers, we designed charge-depen-
dent organelle-targeted Cers, dubbed ceramidoids. As
an initial aim, we focused on the development of ceram-
idoids with a fixed positive charge. This electronic fea-
ture would allow their targeting and delivery into
negatively charged cellular organelles as mitochondria
and/or nucleus.44 Targeting mitochondria was our pri-
mary goal since increasing evidence is beginning to point
on mitochondrial action of Cers and other SPLs.18,45,46

Indeed, recent studies show that specific generation of
Cer in mitochondria results in apoptosis and that
mitochondrial Cer may drive the translocation and ‘ac-
tivation’ of the pro-apoptotic Bax molecule.46,47 More-
over, the other specific mitochondrial functions of
Cers as formation of channels in membranes,48 regula-
tion of the respiratory chain proteins,49 and release of
cytochrome C have been established.46,50
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It is well known that lipophilic and p-electron delocal-
ized cations localize preferentially into mitochondria,
and the balance between charge and the hydrophobic
effects appears to be essential for their optimized
mitochondrial localization.51–54 Structurally diversified
compounds: antioxidants, vitamins, fluorescent ligands,
and non-viral transfecting agents, have been re-designed
based on these principles to develop selective
mitochondriotropic molecular probes and potential
drugs.55–60

Therefore, we selected to synthesize Cers conjugated
with pyridinium salt (CCPS analogs) with the expecta-
tion that this water-solubilizing handle will result in
their improved delivery to cancer cells and selective
accumulation in mitochondria due to lipophilic parti-
tioning and trans-membrane potential-driven
electrophoresis.51,57,58,61

Here we describe the design and synthesis of these novel
cationic Cer mimics. Also, we define their basic physico-
chemical and biological properties: solubility in water,
molecular hydrophobicity, NMR spectral behavior,
including spectra recorded in D2O, and cytotoxic effects
in MCF7 cells. Additionally, we show regulatory effects
of these analogs on endogenous Cer species.

We believe these results are sufficient prerequisites for
the selection of lead compounds for further structural
Scheme 2. Reagents and conditions. (i) Br(CH2)nCOX, where n = 1, 5, 11 o

chloride, 50% CH3COONa, THF, rt; (iii) 3-pyridinepropionic acid chloride, 5

butyl bromide, toluene, 100 �C, 6 h; (vi) pyridine, toluene, 75–85 �C, 4–6 h; (v
and mechanistic in vitro and in vivo studies aimed to ex-
plain anti-proliferative activity of Cer on a molecular
level.
2. Results and discussion

2.1. Chemistry

2.1.1. Design of ceramidoids. The following rationale was
used to design the mitochondriotropic Cers: (i) the N-ac-
yl moiety of Cers is a straightforward and accessible site
for structural modifications and more accommodating
for modifications since it appears to be less critical than
the sphingosine (Sph) backbone which plays a crucial
role in their molecular recognition,62,64 (ii) site-specific
cationization of the hydrophobic domain present in
the amphiphilic ligands changes their interfacial proper-
ties and activity profiles,61,62,65–67 (iii) the PSU is com-
monly used as a stable, compact, chain-compatible,
non-hydrogen bond donor or acceptor, biogenic water-
solubilizing and cell membrane-penetrating han-
dle,58,61,65–68 and (iv) the introduction of this cationic
handle is simple, efficient, and versatile.61,66,69–72

Therefore, we synthesized one C6-Cer mimic having the
PSU conjugated to another aromatic ring via a vinyl
linker (LCL186) and a few analogs without this conju-
gation (LCL29, 124, and 143; Scheme 2). This extended
r 15 and X = Br or Cl, 50% CH3COONa, THF, rt; (ii) nicotinoyl acid

0% CH3COONa, THF, rt; (iv) octyl bromide, toluene, 100 �C, 12 h; (v)

ii) 4-[4 0-(N,N-dimethylamino)styryl]-pyridine, toluene, 75–85 �C, 70 h.
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conjugation of rings generates a fluorescent tag, which is
itself known as a classical mitochondrial stain (DAS-
PEI).59 LCL186 and its non-fluorescent analog LCL29
localized preferentially in mitochondria of living cells,
interfered with vital functions of mitochondria, and
caused cancer cell death more efficiently then C6-
Cer.73 Preferential localization of other non-fluorescent
analogs to mitochondria was also shown under the col-
laborative projects using two different sub-cellular frac-
tionation methods and MS analysis.74–76

These results prompted us to design a library of CCPS
analogs for SAR studies to put forward a striking
hypothesis that site-specific cationization of Cer can
tune its targeting properties with enhanced anticancer
activity.

Thus, we designed two classes of CCPS analogs having
their head-to-tail amphiphilic interfaces modified by
varied locations of the PSU (Schemes 1 and 2). Class
A represents Cer and dhCer analogs where the PSU
functions as a tether (x-CCPS and x-dhCCPS). Class
B represents Cer analogs where the PSU is located either
in the vicinal (a-CCPS) or in the juxtaposition (c-CCPS)
to the carbonyl group. These types of conjugations war-
rant a placement of the positive charge in the geometri-
cal center of the N-acyl chain, at a close proximity to the
polar head and at the end of the Cer tail, while adjusting
the chain length only.

We expected that the selected CCPS models will facili-
tate investigation of the influence of the key structural
features of Cer, including: (i) chain length of the N-acyl
part, (C2, C6, C12, and C16 homologs), (ii) its stereo-
chemistry at the C2 and C3 positions of sphingoid-back-
bone (isomers: 2S, 3R; 2S, 3S; 2R, 3S; and 2R, 3R), and
(iii) level of saturation/desaturation at the C4–C5 posi-
tions on their physicochemical and biological properties
under physiological conditions.

2.1.2. Synthesis of CCPS analogs. The synthesis of target
compounds was carried out efficiently according to the
procedures presented in Scheme 2. Two parallel
approaches, based on the previously reported protocols
for the preparation of varied chain Cers from sphingoid
bases62 and quaternary salts from azines,69–72 were
developed to synthesize 1-, 1,3- and 1,4-pyridinium
salt-substituted hybrid SPLs.

The first approach, designed for the preparation of class
A of CCPS lipids, started with the N-acylation of 1–5
with x-bromo acid chlorides. This reaction, performed
in a bi-phasic solvent system of 50% aqueous solution
of CH3COONa/THF, proceeded very fast (15–25 min)
and with a complete consumption of the starting sphing-
oid bases to give x-bromo-Cers 6–12 in high yields (vide
infra). Synthesis of C12 and C16 homologs required
freshly prepared x-bromo-dodecanoic and hexadeca-
noic acid chlorides. Initial attempts to obtain the long
chains x-bromo-Cers 14 and 15 by the condensation
of 1 with the activated forms of the corresponding
C12- or C16-fatty acids (i.e. NHS-esters, Imd-deriva-
tives, etc., synthesized separately or generated in situ)
were not successful (incomplete reactions, complex mix-
ture formation, and low yields). Subsequent quaterniza-
tion of pyridine or its 4-N,N-dimethylaminostyryl
derivative with x-bromo-Cers 6–18, performed in tolu-
ene solution at 75–80 �C, gave the expected CCPS ana-
logs: LCL29, 30, 87, 88, 89, 124, 143, 150, 186, 187,
249, 255, 272, 319, and 345. Synthesis of LCL30 was
selected as a model process for optimization and scal-
ing-up. Specifically, when this process was performed
on a mg (0.17 mmol) and a gram (3.7 mmol) scale, the
target compound was obtained in 80% and 85% overall
yields, respectively.

In order to prepare class B of CCPS lipids, the pyridine
moiety was introduced first into the SPL structure,
followed by its further quaternization with the selected
alkyl halides. Thus, N-acylation of 1 with 3-pyridine-
propionic or nicotinic acid chlorides gave x-pyridino-
Cers 19 and 20, which were next N-alkylated with
n-butyl or n-octyl bromides to afford LCL275 and 277,
respectively. As expected, due to the presence of steric
hindrance effects related to pyridine-derived sub-
strates,77 the effectiveness of the quaternization reac-
tions for class B was �20% lower as compared to class
A (except for LCL186). Simply, the bulky SPL part in
pyridines 19 and 20 more efficiently covers the heterocy-
clic nitrogen atom against the attack of an alkyl halide
than the bromine atom in 6–18 against pyridine itself,
causing a partial umbrella effect.72,78 The observed
diminished reactivity of 19 and 20 resulted in a pro-
longed N-alkylation time causing their gradual
decomposition.

In summary, these two complementary synthetic
approaches developed here are convenient and amena-
ble for scaling-up the practical processes to deliver a
structurally diversified set of CCPS analogs in good to
excellent overall yields (50–85%).

All synthesized compounds were fully characterized by
spectroscopy methods (MS, NMR, optical rotation)
and elemental analysis (see Section 4).

As studied, the selected CCPS homologs: LCL29, 30, 88,
and 150 proved to be stable under aqueous conditions at
pH 4.5, 7.5, and 8.5 at 40 �C since neither their decom-
position nor changes in the concentration levels over the
period of 48 h were observed (RP TLC and LC–MS
analysis, data not shown).

2.1.3. Physicochemical properties of CCPS analogs
2.1.3.1. Water solubility. Naturally occurring long-

chain Cers are highly hydrophobic non-swelling lipids
showing a marginal solubility in water in comparison
to the commonly used short-chain homologs.26–30 Com-
parison of the reported critical micelle concentrations
(CMC) data for C2- and C6-Cers (5.0 and 6.0 lM,
respectively)28 with their water solubility (Table 1, 29.0
and 3.6 lM, respectively) indicates a preferential dispo-
sition on the air–water interface and formation of mi-
celles. Contrary to this, C16-Cer exhibits no detergent-
like properties and forms a condensed film.27,30 Due
to the tight packing properties of C16-Cer,26 this lipid



Table 1. Solubility of the selected ceramides and CCPS analogs in

water at 22 and 37 �C

Ceramides

and ceramidoids

Solubility at 22 �C

[mg/mL] (mM)

Solubility at 37 �C

[mg/mL] (mM)

C16-Cer ND 0.0003(0.0005)

C6-Cer ND 0.0014(0.0036)

C2-Cer ND 0.01(0.029)

LCL345 0.3(0.42) 1.4(2.0)

LCL30 0.5(0.72) 2.8(4.0)

LCL87 0.8(1.2) 3.6(5.2)

LCL319 0.9(1.8) 45(90)

LCL150 1.2(2.4) 82(164)

LCL275 62(103) 120(200)

LCL88a 34(53) 495(773)

LCL277a 310(544) ND

LCL29a 715(1290) ND

LCL124a 845(1521) ND

ND, not determined due to the extremely low or high level of lipid

solubility.
a These lipids form dense colloidal suspensions at the higher concen-

trations as reported.

Figure 1. Effects of the linker length (Cn) between the 2-N atom of the

amide group and the pyridinium ring of a/c-CCPSs and x-CCPSs on

their molecular hydrophobicity (RM) in comparison to CPB.

Z. M. Szulc et al. / Bioorg. Med. Chem. 14 (2006) 7083–7104 7087
easily precipitates from the aqueous solution at concen-
trations higher than 0.5 lM (500 pmol/mL).

As shown in Table 1, a dramatic increase in solubility in
water was observed upon conjugation of Cers with the
PSU. In general, the observed solubility levels for D-e-
C2-, C6-, and C16-x-CCPS homologs were between 4
and 6 orders of magnitude higher than for the corre-
sponding Cers. This trend correlates with the reported
data on the solubility enhancement when the PSU was
used as a water-solubilizing handle for other hydropho-
bic compounds.61 Specifically, at room temperature, D-
e-C16-x-CCPS and D-e-C6-x-CCPS reached concentra-
tions of 0.72 mM and 1.3 M, respectively. Solubility lev-
els for D-e-C6- and C12-x-CCPS at 22 �C (715 and
34 mg/mL, respectively) were significantly higher than
solubility assessed for the C2-homolog (1.2 mg/mL at
22 �C and 42 mg/mL at 37 �C) as well as for the C16-ho-
molog (0.5 mg/mL at 22 �C and 2.8 mg/mL at 37 �C). D-
e-C6-x-CCPS isomers showed the highest solubility in
water among all studied lipids. This phenomenon is
most likely due to the unique location of the positive
charge in the geometrical center of the Cer structure
(i.e., below the C9 atom of the C18-Sph backbone). Cen-
tral placement of the PSU precludes any self-association
of Cer molecules along their N-acyl or Sph-backbone
chains, regardless of the possible arrangements of the
polar heads. Moreover, this location of charge may also
extend polar interface of Cer due to a possible hydration
of the PSU vicinity.79

Surprisingly, the biggest and the most hydrophobic
CCPS analog, D-e-C16-x-dhCCPS (0.3 mg/mL or
0.4 mM), revealed to be more soluble in water than its
non-charged congeners N-palmitoyl-serinol (S16,
0.17 mg/mL)80 and galactosyl-C6-Cer (0.1 mM).81 Coin-
cidentally, the solubility level of D-e-C16-x-CCPS at
room temperature is almost identical to that reported
for cetyl pyridinium bromide (CPB; 0.6 mg/mL).82

These results indicate that Coulombic repulsions be-
tween CCPS molecules can sufficiently counterbalance
their attractive interactions in water. Thus, site-specific
cationization overcomes better self-association of Cer
in water then its glycosylation and/or reduction of
hydrocarbon chains. Placement of the positive charge
in the Cer structure as well as lipid overall size revealed
to be the key features affecting solubility of CCPS ana-
logs in water. However, some environmental factors as
temperature,82 ionic strength of the solution, and a kind
of the counter anion may influence their solubility
either. Therefore, the assessment of these factors is cur-
rently in progress aiming at selecting a proper formula-
tion of CCPS analogs for in vivo studies.75

Surprisingly, the observed decreasing order in solubility
of CCPS analogs: LCL29 > LCL275 > LCL88 >
LCL150 > LCL30 does not comply with the increased
length of the N-acyl moiety. LCL150, the smallest and
theoretically the most polar compound, was expected to
be the best water-soluble analog. To explain such a
peculiar trend, and to correlate the influence of the
positive charge on other biophysical properties of Cers,
we investigated the molecular hydrophobicity indexes of
the pertinent CCPS analogs.

2.1.3.2. Molecular hydrophobicity. Molecular hydro-
phobicity (RM) is used to correlate the surface activity
of amphiphilic ligands with their polarity. This property
of surfactants influences also their CMC values, solubil-
ity in water, and lipid membrane permeability.65,67

As shown in Figure 1 the RM values of CCPS analogs
paralleled their N-acyl chain length, however, the RM

values for D-e-C6- and C12-x-CCPS were very close
(RM = 0.19 and 0.21, respectively). The level of polarity
depended on the saturation level and stereochemistry of
the Sph backbone; although, the influence of the satura-
tion was more pronounced. Interestingly, the observed
differences between the RM values of x-CCPS and their
corresponding x-dhCCPS analogs were almost identical
regardless of their chain lengths (DRM = 0.2 ± 0.02). In
order to evaluate the influence of the structural factors
on hydrophobicity, we compared the RM values of
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CCPS analogs with data obtained for CPB. The following
increasing order of hydrophobicity was observed:
LCL275 < LCL150 < LCL277 < CPB < LCL29 < LCL124
� LCL88 < LCL-319 < LCL143 < LCL249 < LCL87 <
LCL30 < LCL345. These results indicate that CCPS
polarity depended primarily on the distance of the PSU
from the polar head of Cer but not on the chain length
attached to the pyridinium nitrogen atom (i.e.,
NHCO(CH2)n-PSU linker length). For example, the RM

value for LCL277 (n = 2) is two times higher than that
of LCL275 (n = 0) in spite that its N-pyridinium-linked
chain is twice shorter.

Contrary to this, LCL29, LCL277, and CPB, surfac-
tants having varied arrangements of the PSU in chains,
showed almost the same level of hydrophobicity (0.19,
0.12, and 0.16, respectively) but a different solubility in
water (715, 310, and 0.6 mg/mL at 22 �C, respectively).
Moreover, LCL150 and 275, the most polar CCPS ana-
logs, expected to be the best soluble compounds in
water, had only a moderate solubility (1.2 and 62 mg/
mL, respectively). The best soluble CCPS analogs had
a moderate hydrophobicity and a central location of
the PSU in the Cer structure (LCL29 and 124).

These results indicate a complex correlation between
hydrophobicity of CCPS analogs and their solubility
in water. This peculiar behavior of CCPS lipids can be
explained by detailed study of their differences in the
aggregate morphology.67 In conclusion, no simple corre-
lation between RM values and water solubility of CCPS
analogs against their N-acyl chain lengths could be
discerned.

2.1.3.3. NMR studies of a site-specific cationization of
Cer. Cationization of Cers decreased the dielectric gap
between Cer and water, and turned them into water-sol-
uble compounds. This opened an unprecedented oppor-
tunity for in-depth NMR studies of Cers under
physiological conditions. Here we present only selected
NMR data to provide a spectroscopic proof-of-the-con-
cept for the designed ceramidoids. Analysis of stereo-
chemical factors governing molecular recognition of
Cer by enzymes62–64 and the reported data on its confor-
mational preferences in aprotic solvents83 pointed to the
polar head of lipid as a primary source of information
for the NMR-driven structure–biology relationship
studies.84 Also, this region includes an informative
NMR paradigm: the methylene protons located at the
prochiral center in a chiral molecule (Fig. 2A). The
chemical shift difference for these protons which can
be controlled by the magnetic non-equivalence of the
surrounding environment and can be used, as an
NMR benchmark, to study conformational preferences
and absolute configurations in complex cyclic and acy-
clic chiral compounds was reported recently.62,83,85–88

The objective of this study was to investigate the NMR
spectra of Cer in water using CCPS analogs and to
determine the influence of the location of the PSU on
Cer conformation. To address this issue, we recorded
spectra of the selected CCPS analogs in CDCl3 CD3OD
and D2O, and compared them with the spectra of the
corresponding Cers in CDCl3 and CD3OD. This set of
solvents provides the environment of a wide scale of
solvophobicity. The calculated ratio of the cohesive
energy density (CED) values for these solvent is as fol-
lows 6:2.6:1 (with respect to H2O, CH3OH, and
CHCl3).89 This environment may warrant a different
proton-donor/proton-acceptor bond formation capabil-
ity for Cer, mimicking its binding to the putative
receptor.62–64

All CCPS analogs gave sharp and well-resolved 1H and
13C NMR spectra at 25 and 37 �C in D2O, when using
2–10 mM samples, except for LCL30 and LCL345 at
25 �C. This allowed for the complete assignments of
the protons and not overlapping carbon resonances
using 2D 1H–1H-COSY and 2D 1H–13C-HMQC exper-
iments (Figs. 2B–D and Section 4). Coupling constants
for the diastereotopic 1-HA,B protons of Cers and
CCPSs are shown in Table 2. Under varied polarity con-
ditions, no effects of the N-acyl chain lengths of Cers on
the chemical shift and the coupling constant values of
the protons located in their polar heads were noticed,
except for the C2-Cer.

2.1.3.4. Anisochronism of 1-HA,B protons in Cers and
CCPSs, and effect of PSU on polar head conformation.
To allocate ligands around the chiral centers of Cer, we
used its postulated predominant (-sc)-rotamer (Fig. 2A,
II).83 Dynamic NMR studies of varied chain Cers (Table
2, Fig. 2B, see Section 4) and the reported data indicated
that the chemical shift non-equivalence for the two
methylene 1-HA,B protons (Dd1-HA,B = 0.26–0.22 ppm
in CDCl3) was controlled by the environmental condi-
tions.83,85 Specifically, these protons gave a set of a
two dd in CDCl3 and showed a characteristic pattern
for the ABX spin system with a large geminal J1-HAB

(11.3 Hz) and a low vicinal 3J2-H-1HAB (3.0–3.9 Hz) cou-
pling constants.90 These multiplets collapsed to a one
doublet (J = 5 Hz) in C6-, C12-, and C16-Cers or
changed to the partially overlapped dd in C2-Cer
(Dd1-HA,B = 0.02 ppm, J2-H-1HA = 4.3 and J2-H-1HB = 6.2 Hz,
respectively; Table 2) when spectra were recorded in
CD

3
OD. Similar patterns of changes were reported

when NMR spectra of Cers were recorded in DMSO-
d6 solution.83 These data indicate that (-sc)-conformer
of D-erythro-Cer can easily switch from its cyclic form
III to the acyclic form I in a proton-donor/acceptor sol-
vent system (Fig. 2A). Formation of a locked (-sc)-con-
formation of the polar head of Cer and an asymmetric
disposition of the ligands at the C2 carbon was respon-
sible for the observed anisochronism of the 1-HA,B pro-
tons. In this situation, the low-field resonance signal
having a higher 3J2-H-1HA value (anti-position to the 2-
H proton, assigned to pro-R configuration) experienced
a stronger shielding effect induced by the anisotropic
amide carbonyl group than its pro-S counterpart
(Fig. 2A, III). The diastereotopic 1-HA,B protons of all
CCPS analogs showed a magnetic non-equivalence, the
same type of multiplicity, and a comparable coupling
constant value as were observed for the parent Cers in
CDCl3 solution. These data suggest that CCPS analogs
adopt the same (-sc)-conformation under hydrophobic
and aprotic conditions. Formation of that conformer



Table 2. 1H–1H Coupling constants measured in Hz for the methylene protons 1-HA and 1-HB of CCPSs and ceramides, shown in different solvents

at 37 �C

Compound CDCl3 CD3OD D2O

3J2H-1HA
3J2H-1HB J1HAB

3J2H-1HA
3J2H-1B J1HAB

3J2H-1HA
3J2H-1B J1HAB

LCL150 3.4 3.5 11.2 4.3 7.3 11.3 2.3 5.1 8.5

LCL29 (—)a 4.2 6.5 11.4 2.1 3.8 11.5

LCL88 4.8 4.5 12.9 (—)b (—)c

LCL30 4.5 2.7 11.1 (—)b (—)c

LCL275 5.7 2.3 12.1 4.2 7.2 11.5 3.4 6.0 11.7

LCL277 5.8 2.4 12.1 4.2 6.9 11.2 4.1 6.6 11.1

C2-Cer 3.9 3.2 11.3 4.3 6.2 11.2 N/A

C6-Cer 3.6 3.2 11.3 (—)b N/A

C12-Cer 3.6 3.1 11.3 (—)b N/A

C16-Cer 3.7 3.0 11.3 (—)b N/A

N/A, not available.
a Appeared as a two identical doublets with J = 11.3 Hz.
b Appeared as a one doublet with J = 5.1 Hz.
c Appeared as a one broad singlet with the half width �7 Hz.

Figure 2. Spectral behavior of CCPS analogs. (A) Projection of the staggered (-sc)-conformer of D-erythro-Cer (II) showing its two diastereoscopic

methylene protons 1-HA/1-HB (I) and a postulated optional cyclic conformation of the polar head having the low field proton assigned to pro-R and

the high field proton to pro-S configurations (III). (B) Correlation of the chemical shift values of the head group protons of x-CCPSs and the

corresponding Cers against their chain lengths, shown in CD3OD at 37 �C. (C) Correlation of the chemical shift values of the polar head protons of

x-CCPS and a/c-CCPS in regard to the chain length distance between the 2-N atom of the NHCO group and the PSU, shown in D2O and CD3OD at

37 �C. (D) 1H NMR spectra of the polar head protons of D-e-C12-x-CCPS (LCL-88) in D2O and CD3OD in comparison to D-e-C12-Cer in CD3OD.
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Figure 3. Cellular levels of D-e-x-CCPS and D-e-x-dhCCPS analogs.

MCF7 cells were treated with 5 lM concentration of CCPS analogs

over the indicated time, and cellular levels of the intact CCPSs were

measured by the MS methodology as shown under Section 4. Results

are expressed as % of concentration applied. These assays were

performed using duplicate samples in two independent experiments.

(A) Cellular levels of x-CCPSs: LCL150 (C2-x-CCPS), 29 (C6-x-

CCPS), 88 (C12-x-CCPS), and 30 (C16-x-CCPS). (B). Cellular levels

of x-dhCCPSs: LCL319 (C2-x-dhCCPS), 143 (C6-x-dhCCPS), 249

(C12-x-dhCCPS), and 345 (C16-x-dhCCPS).
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was not affected by a close proximity of the pyridinium
ring. On the other hand, the NMR spectra of CCPS ana-
logs in D2O showed changes in the chemical shift (d)
values and multiplicity of the protons located in their
polar head. This effect depended on the chain lengths
and the locations of the PSU (Fig. 2C). The following
order of downfield shift of 2-H and 3-H resonances
was observed: LCL30 < LCL88 < LCL29 < LCL277 <
LCL150 < LCL275. Moreover, this pattern follows the
previously observed decreasing order of the RM values
of CCPS analogs, confirming a site-specific influence
of the PSU on their polarity. Different deshielding trend
was observed for the methylene protons 1-HA and 1-HB:
LCL29 < LCL277 < LCL150 < LCL30 < LCL88 < LC-
L275. Similar pattern of changes was also recorded in
CD3OD solution. Significant separation of the reso-
nance signals of the methylene 1-HA,B protons was
observed for LCL150, LCL277, and LCL275
(Dd = .07–0.10 ppm), and a marginal for LCL29
(Dd = .04 ppm). Contrary to this, these protons re-
mained magnetically equivalent in LCL88 and LCL30
(sharp one doublet with J = 5.1 Hz in CD3OD or a
broad singlet with the halfwidth �7.0 Hz in D2O, Table
2). Moreover, in the case of LCL150, LCL277, and
LCL275, the observed shielding effect of the 2-H and
6-H protons Dd � 0.05 ppm) located in the pyridinium
rings by the ligands situated in their polar heads con-
firms the presence of the mutual electronic effects.91

In conclusion, all D-e-x-CCPS homologs, except C2-x-
CCPS, behaved similarly in D2O and CD3OD as their
corresponding Cers in CD3OD. When the PSU was
located internally and in a close proximity to the polar
head of Cer, its profound effect on the conformational
preferences of the polar head of lipid was observed.

2.2. Cellular levels of CCPS analogs

Cellular levels of CCPS analogs were quantitated by
LC–MS analysis. Experimental data from cell treatment
with 5 lM concentrations of CCPS analogs over the
indicated time showed a very fast cellular uptake for
x-CCPS homologs and their dhCCPS analogs
(Fig. 3A and B). Intracellular level of these lipids after
15 min of treatment was established as 1–2% of the con-
centration applied (500–1000 pmol/1 · 106 cells) with a
progressive increase over time, except for C16-and
C12-dhCCPS analogs. When treatment time was
extended to 24 h, differences in the cellular level of the
short-chain and long-chain homologs were noticed. Lev-
els of LCL150 and LCL29 continuously increased up to
21% and 15%, respectively, whereas C12 and C16-
homologs showed a plateau (at 5 and 24 h treatments,
respectively). Cellular levels of dihydro analogs were
also time- and chain length-dependent. Levels of the
short-chain homologs permanently increased to 7.5%
and 11% at 5 h and 18% and 22% at 24 h (LCL143
and LCL319, respectively), whereas the long-chain
homologs reached a plateau at 1–2 h of the treatments.

Comparison between the cellular levels of the parallel
pairs of x-CCPS and x-dhCCPS revealed that the
long-chain x-CCPSs were present at a higher level than
their dihydro-counterparts: 8.5% versus 2.7% and 11.6%
versus 3.2% for 5 h treatment (LCL30/LCL345 and
LCL88/LCL249, respectively). The level of D-e-C6-x-
dhCCPS was slightly higher than its corresponding D-
e-C6-x-CCPS, whereas levels of D-e-C2-x-CCPS and
D-e-C2-x-dhCCPS were similar. Further investigation
showed that this phenomenon was caused by the
chain-specific metabolism of x-dhCCPS to the corre-
sponding x-CCPS analogs.

2.3. Inhibitory effect of CCPS lipids on MCF7 cell growth

To examine the anticancer activity of the newly synthe-
sized Cer analogs, we analyzed their inhibitory effect on
MCF7 breast carcinoma cells (Fig. 4 and Table 3). As
shown in Figure 4, all tested D-e-Cn-x-CCPS homologs
(C2–C16) showed inhibitory effects on cell growth with
the following IC50 values (lM): 8.0/C2, 1.0/C6, 0.6/
C12, and 1.6/C16. At 1.0 lM concentration the most
effective was the C12-homolog (LCL88), and the least



Figure 4. Dose-dependent inhibitory effects of D-e-Cn-x-CCPS homo-

logs and D-e-C6-Cer: LCL150 (C2-x-CCPS), 29 (C6-x-CCPS), 88

(C12-x-CCPS), and 30 (C16-x-CCPS) on survival of MCF7 breast

carcinoma cells after 4 8h treatment. Cell proliferation and cell

viability were determined by Trypan blue exclusion assays. These

assays were performed using duplicate samples in two or three

independent experiments.

Table 3. IC50 values (lM) of ceramidoids determined from the dose-

dependent experiments after 48 h treatments

Compound Abbreviation code Cytotoxicity

LCL150 D-e-C2-x-CCPS 6.0

LCL29 D-e-C6-x-CCPS 1.0

LCL124 L-t-C6-x-CCPS 1.0

LCL187 L-e-C6-x-CCPS 7.5

LCL272 D-t-C6-x-CCPS 5.0

LCL88 D-e-C12-x-CCPS 0.6

LCL30 D-e-C16-x-CCPS 2.1

LCL87 L-t-C16-x-CCPS 2.2

LCL255 L-e-C16-x-CCPS 2.9

LCL319 D-e-C2-x-dhCCPS 18.5

LCL143 D-e-C6-x-dhCCPS 5.0

LCL249 D-e-C12-x-dhCCPS 2.5

LCL345 D-e-C16-x-dhCCPS 2.5

LCL186 D-e-C6-x-DMAS-CCPS 4.4

LCL275 D-e-C1-a-CCPS 20.0

LCL277 D-e-C3-c-CCPS 8.5

LCL23 D-e-C6-Cer 15.0

Cell proliferation and cell viability were determined by Trypan blue

exclusion assays. These assays were performed using duplicate samples

in two or three independent experiments.
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potent was the C2-homolog (LCL150). Some inhibitory
effect (20–30%) was already observed at 0.2 lM of the
C12-, C6-, and C16-homologs. Additionally, the inhibi-
tory effects of CCPS analogs were compared to the
activity of D-e-C2-Cer and D-e-C6-Cer. These two syn-
thetic Cers are commonly used in cell experiments as cell
permeable homologs of naturally occurring long-chain
Cers. C2-Cer was inactive up to a 20 lM concentration
(data not shown), whereas C6-Cer showed only a low
inhibitory effect with IC50 value corresponding to
15.0 lM at 48 h (Fig. 4).

We also noticed remarkable differences in the activity pro-
file between the C6- and C16-homologs. D-e-C6 (LCL30)
showed a systematic, dose-dependent inhibitory effect on
cell growth from 0.2 to 10.0 lM, and at 5 lM it was more
potent than LCL29. LCL29 was very potent at concentra-
tions 0.1–1.0 lM. When concentrations were increased up
to 10 lM, we did not find any further significant changes.
This observation may suggest a different mechanism of
action for the short- and the long-chain Cers.21

The effects of D-e-x-dhCCPS analogs on cell growth were
also investigated. DhCers are believed to be biologically
inactive compounds as was shown for C2- and C6-homo-
logs.8,11 However, D-e-C6-, C12-, and C16-x-dhCCPS
homologs (LCL143, 249, and 345) showed a concentra-
tion-dependent inhibitory effect on cell growth, although
with a lower potency as compared to their 4–5 unsaturat-
ed counterparts (LCL29, 88, and 30). As shown in Table
3, the IC50 values (lM) for 48 h treatment were as follows:
2.5/LCL345, 2.5/LCL249 and 5.0/LCL143. C2-homolog,
LCL319, had a low activity and only 15% of inhibitory ef-
fect was observed for 10 lM treatment. The fluorescent
C6-Cer analog, D-e-C6-DMAS-x-CCPS (LCL186), also
showed inhibitory effect on MCF7 cells growth
(IC50 � 4 lM for 48 h treatment).

Stereospecific effect of CCPS analogs was studied for C6-
and C16-x-CCPS analogs (IC50 values are shown in Table
3). All tested stereoisomers of C6-x-CCPS (LCL29, 124,
187, and 272) caused inhibitory effects on MCF7 cell
growth with the (2S)- isomers (LCL29, 124) being more
potent than their (2R)-isomers (LCL187, 272). A similar
stereo-specificity was observed for the parent C6-Cers in
HL-60 cells (A. Bielawska, unpublished). (2S)-Isomers
of C16-x-CCPS (D-e: LCL30 and L-t-: LCL87) showed
a similar, concentration-dependent (1.0–10.0 lM) inhibi-
tory effect on cell growth at 48 h and a time-dependent
anti-proliferative effect for 1 lM treatment over a 0–
72 h time period (not shown). Similarly, no significant dif-
ference in the activity of C16-x-CCPS enantiomers
(LCL30 and LCL255) was noticed (not shown).

We tested also inhibitory effects of LCL275 and 277 (D-e-
C1-a- and D-e-C3-c-CCPS analogs; IC50 values are
shown in Table 3). Considering the length of the N-acyl-
moiety of LCL275 and LCL277 they are C12- and C10-
homolog mimics, and these compounds can be treated
as close analogs of LCL88. However, the placement of
the PSU in the a or c positions to the carbonyl group al-
lows comparison to LCL150 (where the PSU is at the b-
position to the carbonyl group). Neither LCL275 nor
LCL277 followed the activity pattern of LCL88; rather
their activity resembled that of LCL150. They showed
inhibitory effects at a higher concentration (IC50 values
are 8.5 lM/LCL277 and 20 lM/LCL275). In summary,
a close location of the PSU to the polar head of Cer struc-
ture decreased the potency of these analogs, with LCL275
being the least potent compound from the CCPS family.
On the other hand, CPB, a one-chain cationic surfactant,
was not active compound as well and did not show any
influence on the isolated mitochondria as CCPS ana-
logs.73,74 The above results correlate well with the NMR
data and the hydrophobicity RM values for these analogs
(Figs. 1 and 2C). The close proximity of the PSU to the po-
lar heads of LCL150, 275, and 277 significantly altered
their conformations and polarity level in comparison to
Cer itself. These factors can be responsible for diminished



Figure 5. omega-DhCCPS analogs serve as substrates for dihydro-

ceramide 4,5-desaturase in MCF7 cells to generate the corresponding

x-CCPS analogs. Absolute levels (pmol) of x-dhCCPS and x-CCPS

analogs were determined by MS method as described under Section 4.

Data are expressed as changes of the particular x-dhCCPS and x-

CCPS to the total level of x-dhCCPS and x-CCPS (100%). (A) Time-

dependent formation of D-e-C12-x-CCPS from D-e-C12-x-dhCCPS.

(B) Time-dependent formation of D-e-C16-x-CCPS from D-e-C16-x-

dhCCPS.
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delivery and not efficient binding of these analogs by the
prospective protein targets.

In conclusion, these results suggest that the long-chain
x-CCPS and x-dhCCPS analogs (C12- and C16-homo-
logs), which mimic the natural Cers, can serve as molec-
ular tools to study actions and metabolism of the
natural long-chain Cers and dhCers in vitro (vide infra).

2.4. Oxidation of x-dhCCPS homologs to their corre-
sponding x-CCPS analogs in MCF7 cells

As mentioned above, x-dhCCPS analogs showed a con-
centration-dependent inhibitory effect on cell growth,
although with a lower potency as compared to their
unsaturated analogs. Comparison of the cellular
levels of x-CCPS and x-dhCCPS analogs for the same
concentration treatment (Fig. 3A and B) indicated that
x-dhCCPS analogs are present at a much lower level,
except for the C6-homolog. LC–MS analysis of lipid
components from MCF7 cells treated with LCL249
and 345 (dhC12 and dhC16 homologs) showed a time-
dependent generation of D-e-C12- and C16-x-CCPS
(LCL88 and LCL30) Figure 5A and B. LCL249 was
metabolized to LCL88 very fast (15% of LCL88 was
generated after 15 min treatment reaching 70% after
24 h). Desaturation of C16-homolog, LCL345, was de-
layed, and the appearance of LCL30 was detected only
after 1 h treatment (�25%). Generation of LCL30 from
LCL345 was also time-dependent and for 24 h treatment
LCL30 was a major component reaching 60% of total.
Metabolic generation of active Cers from its inactive
precursor dhCers may explain the inhibitory effect on
cell growth observed after treatment with the long-chain
analogs: LCL 249 and 345. Additionally, it may suggest
that long-chain cationic dhCers are able to reach
compartments where dihydro-Cer desaturase (dhCerD)
is present. On the other hand, treatment with the C6-
analog, LCL143, did not show any formation of its
unsaturated analog, even for the extended time of the
experiment. As discussed above, both C6-analogs,
LCL29 and LCL143, showed time-dependent increase
of cellular levels (but with a higher value for LCL143)
and caused inhibitory effects on cell growth, although
with a much lower potency for LCL143. Our experi-
ments using D-e-C6-dhCer build upon an unnatural
17C-sphingoid backbone (D-e-17C6-dhCer)21 showed
no formation of the corresponding 17C6-Cer (data not
shown). Interestingly, the presence of the long-chain
17dhCers and a time-delayed formation of the
corresponding 17Cers were observed. It is most likely
that LCL143 followed the same metabolic pattern as
C6-dhCer, that is, formation of the long-chain Cers as
a result of its N-deacylation following recycling of the
formed sphingosine.11,21 The increase of the endogenous
Cers caused by LCL143 is shown below (Fig. 6B).

2.5. Effects of CCPS analogs on endogenous Cers in
MCF7 cells

Active agonists usually cause an increase of the endoge-
nous Cers levels, followed by cell death.4–9 This effect
was also observed when cells were treated with exoge-
nous C2- and C6-Cers at the appropriate concentra-
tions.1,11–13 To examine the effects of the CCPS
analogs on the levels and composition of the endoge-
nous Cers, we applied LC–MS technique, as described
in Section 4. The effects of CCPS analogs on endoge-
nous Cer are shown in Figure 6. Treatment with 5 lM
of LCL 29, 30, and 88 caused generation of endogenous
Cer (Fig. 6A). A small increase in the total Cer was ob-
served after 1 h of treatment for LCL88 and LCL30,
and was increased at 5 h to 180%, 135% and 130% for
LCL88, 29, and 30, respectively. LCL29 caused a
time-dependent increase of Cer up to 24 h (�200%),
whereas Cer level generated by LCL30 and LCL88
remained similar as observed for 5 h treatment. LCL88
at concentration 1 lM showed a fast increase of Cer
up to 5 h, and this level was almost unchanged (only
�10% increase) up to 48 h (not shown). The C2-homo-
log, LCL150, showed an inhibitory effect on endogenous
Cer, decreasing its level to �50% for 1 h treatment with-
out recovery up to 24 h treatment. These results point to
a different mechanism of action for C2-homolog on the
metabolism of endogenous Cers. As shown in Figure



Figure 6. Effects of x-CCPS and x-dhCCPS on endogenous Cer. To examine the effects of newly synthesized ceramidoids on the level and

composition of the endogenous Cer, we used LC–MS as described under Section 4. Data are expressed as changes in the total Cer level (pmol) or

individual Cer components (pmol) normalized to the phospholipid phosphate (Pi) levels (nmol) present in the Bligh and Dyer lipid extract in relation

to the control cells: Cer/Pi [pmol/nmol] (% control). (A) Time-dependent effects of 5 lM DD-e-C2-C16-x-CCPS homologs (LCL29, 30, 88, and 150) on

the total endogenous Cers. (B) Time-dependent effects of 5 lM D-e-C2-C16-x-dhCCPS homologs (LCL143, 249, 319, and 345) on the total

endogenous Cers. (C) Effects of 5 lM D-e-C16-x-CCPS (LCL30) and 5 lM D-e-C16-x-dhCCPS (LCL345) on endogenous Cer species. Results

shown for 1 h treatment.
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6B, treatment with dh-CCPS analogs caused also changes
in the level of endogenous Cers. A very fast increase was
observed for the C12-homolog (LCL249, 160% for 1 h
and 200% for 5 h treatment). However, the C16-homolog
did not affect the endogenous Cer (only �20% increase
was noticed for 24 h treatment). The C6-homolog caused
an early downregulatory effect on Cers, followed by fast
recovery and later increase, but to a lower extent, as
compared to the C12-homolog. D-e-C2-x-dhCCPS
(LCL319), similar to its saturated analog (LCL150),
caused a permanent decrease in endogenous Cers.

CPPS analogs, except for LCL150, had a regulatory
effect on the composition of endogenous Cers. C16-,
C24-, and C24:1-Cers are the major components of the
control cells (�90% of the total Cers). Treatment with
LCL30 caused changes of Cer species, increase of C16-
, C14-, and C18-Cers and decrease of C24- and C24:1-
Cers. At 1 h time point, the levels of the endogenous
C16-, C14-, and C18-Cers were increased up to 120%,
170%, and 190%, respectively, whereas the endogenous
C24:0- and C24:1-Cers decreased below the control level
(44% and 60%, respectively) (Fig. 6C). Further increase
of C14- and C18-Cers (320% and 353% at 5 h and 360%
and 440% at 24 h) was observed, however without so
significant further increase for C16-Cer. The decrease
in C24-Cer was permanent, but the level of C24:1 Cer
slowly recovered. LCL88 and LCL29 (C12- and C6-
homologs) followed the pattern of LCL30, showing a
time-dependent increase for C16-, C14-, and C18-Cers
and decrease in C24- and C24:1-Cers. The most effective
was the C12-homolog, which increased the levels of
C16-, C14-, and C18-Cers up to 205%, 594%, and
385%, respectively, after 5 h treatment. The C2-homolog
did not follow the above pattern and caused decreases in
all Cer species (data not shown).

x-DhCCPS homologs had also regulatory effects on
endogenous Cers compositions, but with a lower extent
as compared to their unsaturated analogs. As shown in
Figure 6C, treatment with LCL345 for 1 h increased al-
ready C14- and C18-Cers (170% and 160%). Small
changes for C16-Cer (�10% increase) and C24- and
C24:1-Cers (�15% decrease) were also noticed. The
increases in C14- and C18-Cers were time-dependent,
reaching 400% and 600%, respectively, for a 24 h treat-
ment. A permanent decrease was observed for C24-Cer
(�50% for 24 h). Again, the D-e-C12-x-dhCCPS
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(LCL249) was the most potent regulator in this group:
the levels of C16-, C14-, and C18-Cers up to 125%,
305%, and 425% after 5 h treatment and 185%, 1300%,
and 406% for the 24 h time point (data not shown).

These observations suggest that CCPS analogs can
reach specific cell compartments very fast (level of cellu-
lar LCL30 at 15 min was already �400 pmol) and access
specific enzymes of Cer metabolism as their early
targets.
3. Conclusions

We have designed, synthesized, and characterized a ser-
ies of Cer and dhCer conjugates with pyridinium salts
(CCPS and dhCCPS) as model compounds to study
properties of mitochondriotropic Cers under physiolog-
ical conditions. The results obtained in this study cor-
roborate the hypothesis that site-specific cationization
of Cer exerts critical effects on the physicochemical
and targeting properties with enhanced anticancer activ-
ity. CCPS and dhCCPS analogs, as expected, showed
significantly improved solubility in water, leading to
well-resolved NMR spectra in D2O, broadly modified
hydrophobicity, fast cellular uptake, and higher antican-
cer activities in comparison to uncharged counterparts.

Activity of the D-e-series of x-CCPS analogs was chain
length-dependent, the most potent were the C6- and
C12-homologs, and the least potent were the C2-homo-
logs. Moreover, the C6- and C12-homologs represented
the most potent Cer-based anticancer agents reported so
far. Modest stereochemical effects on cell growth were
noticed, the 2S-isomers were more potent than their
2R-counterparts. DhCCPS analogs were also active
but with a much lower potency than the unsaturated
counterparts. Long-chain x-dhCCPS analogs, once
delivered to cells, were metabolized to the corresponding
unsaturated x-CPPS analogs. These compounds can be
used as convenient substrates to study activity of dhCer
desaturase enzyme by in vitro and in vivo experiments.
D-e-C16-x-CCPS caused early changes in endogenous
Cer species (downregulation of C24- and C24:1-Cers,
and upregulation of C14-, C16-, and C18-Cers).

Evaluation of physicochemical and biological properties
of these novel ceramidoids indicated that either the short
chain or the very long-chain analogs could have dimin-
ished capabilities to penetrate cell membranes and be
efficiently delivered into cancer cells or tumor tissues.
However, a better overall anticancer efficiency could
be expected for moderately polar and very well water-
soluble ceramidoids, considering their application in
animal experiments.
4. Experimental

4.1. Chemistry

All solvents and general reagents were purchased from
Aldrich. Stereoisomers of sphingosine (1–4) and D-e-4,
5-dihydro-sphingosine (5) were prepared as described
previously.92–94 D-e-C2-C16-Cers were prepared by N-
acylation of 1 using acetyl, hexanoyl, dodecanoyl or
hexadecanoyl chlorides as reported.8,57 Reaction pro-
gress was monitored by the analytical normal and re-
verse-phase thin layer chromatography (NP TLC or
RP TLC) using aluminum sheets with 0.25 mm silica
gel 60-F254 (Merck) and 0.150 mm C18-silica gel (Sor-
bent Technologies). Detection was done by the PMA re-
agent (ammonium heptamolybdate tetrahydrate cerium
sulfate (5:2, g/g) in 125 mL of 10% H2SO4) and the
Dragendorff reagent (Fluka) following heating of the
TLC plates at 170 �C or by the UV (254 nm). Flash
chromatography was performed using EM Silica Gel
60 (230–400 mesh) with the indicated eluent systems.
Melting points were determined in open capillaries on
Electrothermal IA 9200 melting point apparatus and
are reported uncorrected. Optical rotation data were
acquired using a Jasco P-1010 polarimeter. 1H NMR
spectra were recorded on Bruker AVANCE 500 MHz
spectrometer equipped with Oxford Narrow Bore
Magnet. Chemical shifts are reported in ppm on the d
scale from the internal standard of residual chloroform
(7.26 ppm). Mass spectral data were recorded in a
positive ion electrospray ionization (ESI) mode on
Thermo Finnigan TSQ 7000 triple quadrupole mass
spectrometer. Samples were infused in methanol
solution with an ESI voltage of 4.5 kV and capillary
temperature of 200 �C.21,95

4.1.1. General procedure A for the preparation of
ceramides 6-12. To a well-stirred mixture of sphingoid
base (1–5, 0.67 mmol) in 50% aqueous solution of sodi-
um acetate (5 mL) and THF (12 mL), x-bromoacyl bro-
mide or chloride (2 mmol) was added dropwise at room
temperature. Reaction mixture was stirred for 20 min
until a complete conversion to Cer was achieved
(TLC). Organic phase was separated and the aqueous
layer was extracted twice with ethyl acetate (2·
10 mL). The combined organic phases were dried over
anhydrous magnesium sulfate and evaporated under a
reduced pressure to dryness to give a crude product.
This material was purified by flash chromatography
(elution with CHCl3–MeOH–concd NH4OH, 5:1:0.05,
v/v/v) following crystallization.

4.1.1.1. D-erythro-2-N-(2 0-Bromoacetyl)-sphingosine
(6). Prepared from 1. Pure product was obtained in
73% yield after crystallization from ethyl acetate as
white microcrystalline powder, mp 79–81 �C; TLC
(CHCl3/MeOH, 5:1, v/v), Rf 0.52; ½a�22

D +6.0� (c = 1,
CHCl3); ½a�22

365 ¼ þ17:4� (c 1, CHCl3); 1H NMR
(500 MHz, CDCl3) d 7.19 (d, 1H, J = 7.8, NH), 5.81
(dtd, 1H, J = 15.5, 6.8, 1.1, 5-H), 5.52 (ddt, 1H,
J = 15.5, 6.8, 1.1, 4-H), 4.35 (t, 1H, J = 5.1, 3-H), 4.02
(dd, 1H, J = 11.4, 3.4, 1-HA), 3.9 (d, 2H, J = 2.4,
CH2Br), 3.88 (m, 1H, 2-H), 3.73 (dd, J = 11.4, 3.5, 1-
HB), 2.06 (q, 2H, J = 7.1, C(6)H2), 1.36 (m, 2H,
C(7)H2), 1.24 (m, 20H, CH2), 0.87 (t, 3H, J = 7.1,
CH3); ESI-MS (CH3OH, relative intensity, (%) m/z
864.8, 862.7, and 860.8 ([2M+Na]+, 50, 100 and 60),
442.1 and 444.1 ([M+Na]+, 4 and 4), 419.7 and 421.7
(MH+, 3 and 3), 402.0 and 404.0 ([MH�H2O]+, 21
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and 20), 264.2 (3). Calcd for C20H38
79BrNO3 m/z 419.2;

Calcd for C20H38
81BrNO3 m/z 421.2; Anal. Calcd for

C20H38BrNO3 (420.40): C, 57.14; H, 9.11; N, 3.33; Br,
19.01. Found: C, 57.24; H, 9.19; N, 3.30; Br, 18.97.

4.1.1.2. D-erythro-2-N-(2 0-Bromoacetyl)-4,5-dihydro-
sphingosine (7). Prepared from 5. Pure product was
obtained in 65% yield after crystallization from n-hex-
ane–acetone (3:1, v/v) as a white microcrystalline
powder, mp 129–131 �C; TLC (CHCl3/MeOH, 5:1,
v/v) Rf 0.54; ½a�25

D +5.60� (c 1, MeOH); ½a�25

365 +11.20�
(c 1, MeOH)1 H NMR (500 MHz, CD3OD/CDCl3,
1:10, v/v) d 3.86 (dd, 1H, J = 11.5, 3.7, 1-Ha), 3.70 (m,
1H, 2-H), 3.63 (m, 2H, 3-H, and 1-Hb), 3.07 (s, 2H,
CH2Br), 1.45 (m, 4H, C(4)H2 and C(5)H2), 1.18 (m,
24H, CH2), 0.81 (t, 3H, J = 7.1, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 868.7, 866.8, and
864.7 ([2M+Na]+, 45, 100, and 60), 446.3 and 444.5
([M+Na]+, 8 and 9), 423.7 and 421.9 (MH+, 11 and
13), 406.0 and 404.0 ([MH�H2O]+, 5 and 4). Calcd for
C20H40

79BrNO3 m/z 421.2; Calcd for C20H40
81BrNO3

m/z 423.2; Anal. Calcd for C20H40BrNO3 (422.4): C,
56.86; H, 9.54; N, 3.32; Br, 18.91. Found: C, 57.04; H,
9.58; N, 3.31; Br, 18.89.

4.1.1.3. D-erythro-2-N-(6 0-Bromohexanoyl)-sphingo-
sine (8). Prepared from 1. Pure product was obtained
in 79% yield after crystallization from n-hexane–ethyl
acetate (4:1, v/v) a as white microcrystalline powder,
mp 48–50 �C; TLC (CHCl3/MeOH, 5:1, v/v) Rf 0.60;

½a�22

D �2.95� (c 1, CHCl3) and �10.3� (c 1, MeOH); ½a�22

365

�16.2� (c 1, CHCl3) and �35.1� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 6.28 (d, 1H, J = 7.4, NH), 5.78 (dt,
1H, J = 15.4, 6.8, 5-H), 5.52 (dd, 1H, J = 15.4, 6.4, 4-H),
4.31 (t, 1H, J = 4.8, 3-H), 3.95 (dd, 1H, J = 11.3, 3.6,
1-Ha), 3.90 (m, 1H, 2-H), 3.69 (dd, J = 11.3, 3.3, 1-Hb),
3.40 (t, 2H, J = 6.8, C(6 0)H2Br), 2.24 (t, 2H, J = 7.5,
COCH2), 2.04 (q, 2H, J = 7.1, C(6)H2), 1.88 (m, 2H,
C(5 0) H2C(6 0)H2Br), 1.66 (m, 2H, COCH2CH2), 1.48
(m, 2H, CO CH2CH2CH2), 1.35(m, 2H, C(7)H2), 1.25
(m, 20H, CH2), 0.87 (t, 3H, J = 7.0, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 976.9, 974.9, and
972.8 ([2M+Na]+, 60, 100, and 85), 477.8 and 475.8
(MH+, 21 and 23), 460.0 and 458.0 ([MH�H20]+, 14
and 17), 264.2 (3). Calcd for C24H46

79BrNO3 m/z 475.3;
Calcd for C24H46

81BrNO3 m/z 477.3; Anal. Calcd for
C24H46BrNO3 (476.5): C, 60.49; H, 9.73; N, 2.94; Br,
16.77. Found: C, 60.22; H, 9.73; N, 2.96; Br, 16.88.
4.1.1.4. L-threo-2-N-(6 0-Bromohexanoyl)-sphingosine
(9). Prepared from 2. Pure product was obtained in
70% yield after crystallization from n-hexane/ethyl ace-
tate (8:1, v/v) as a white microcrystalline powder, mp
71–73 �C (wet at 64 �C); TLC (CHCl3–MeOH, 5:1,

v/v) Rf 0.59; ½a�22

D �2.30� (c 1, CHCl3) and �19.0� (c 1,

MeOH); ½a�22

365 �15.3� (c 1, CHCl3) and �71.0� (c 1,
MeOH); 1H NMR (500 MHz, CDCl3) d 6.10 (d, 1H,
J = 7.4, NH), 5.73 (dt, 1H, J = 15.4, 6.7, 5-H), 5.45
(dd, 1H, J = 15.4, 6.5, 4-H), 4.37 (dd, 1H, J = 6.1 and
4.5, 3-H), 3.91 (m, 1H, 2-H), 3.80 (m, 2H, 1-Ha and 1-
Hb), 3.40 (t, 2H, J = 6.8, C(6 0)H2Br), 2.52 (br s, 2H,
OH), 2.23 (t, 2H, J = 7.5, COCH2), 2.04 (q, 2H, J 6.9,
C(6)H2), 1.87 (m, 2H, C(5 0)H2C(6 0)H2 Br), 1.67 (m,
2H, COCH2CH2), 1.48 (m, 2H, CO CH2CH2CH2),
1.33 (m, 2H, C(7)H2), 1.24 (m, 20H, CH2), 0.87 (t, 3H,
J = 7.1, CH3); ESI-MS (CH3OH, relative intensity, %)
m/z 977.2, 975.1, and 973.2 ([2M+Na]+, 45, 100, and
71), 477.6 and 475.6 (MH+, 19 and 21), 460.1 and
458.1 ([MH�H20]+, 16 and 19), 264.2 (4). Calcd for
C24H46

79 BrNO3 m/z 475.3; Calcd for C24H46
81BrNO3

m/z 477.3; Anal. Calcd for C24H46BrNO3 (476.5): C,
60.49; H, 9.73; N, 2.94; Br, 16.77. Found: C, 60.31; H,
9.68; N, 2.91; Br, 17.09.

4.1.1.5. L-erythro-2-N-(6 0-Bromohexanoyl)-sphingo-
sine (10). Prepared from 3. Pure product was obtained
in 71% yield after crystallization from n-hexane–ethyl

acetate (4:1, v/v) as a white powder; ½a�22

D +2.75� (c 1,

CHCl3) and +9.90� (c 1, MeOH); ½a�22

365 +16.8� (c 1,
CHCl3) and +36.1� (c 1, MeOH). Remaining data are
identical as reported for 8. Anal. Calcd for
C24H46BrNO3 (476.5): C, 60.49; H, 9.73; N, 2.94; Br,
16.77. Found: C, 60.10; H, 9.42; N, 2.81; Br, 16.71.

4.1.1.6. D-threo-2-N-(6 0-Bromohexanoyl)-sphingosine
(11). Prepared from 4. Pure product was obtained in
64% yield after crystallization from n-hexane–ethyl

acetate (6:1, v/v) as a white powder; ½a�22

D +2.15� (c 1,

CHCl3) and +20.0� (c 1, MeOH); ½a�22

365 +14.2� (c 1,
CHCl3) and +75.0� (c 1, MeOH). Remaining data are
identical as reported for 9. Anal. Calcd for
C24H46BrNO3 (476.5): C, 60.49; H, 9.73; N, 2.94; Br,
16.77. Found: C, 60.21; H, 9.66; N, 2.82; Br, 16.63.

4.1.1.7. D-erythro-2-N-(6 0-Bromohexanoyl)-4,5-dihy-
dro-sphingosine (12). Prepared from 1e. Pure product
was obtained in 69% yield after crystallization from n-
hexane–ethyl acetate (4:1, v/v) as a white microcrystal-
line powder, mp 101–103 �C, TLC (CHCl3–MeOH,
5:1, v/v) Rf 0.62; ½a�22

D +4.08� (c 1, MeOH); ½a�25

365

+5.63� (c 1, MeOH) 1H NMR (500 MHz, CD3OD–
CDCl3, 1:10, v/v) d 3.90 (dd, 1H, J = 11.4, 3.7, 1-Ha),
3.72 (m, 1H, 2-H), 3.60 (m, 2H, 3-H and 1-Hb), 3.43
(t, 2H, J = 6.8, C(6 0)H2Br), 2.20 (t, 2H, J = 7.5,
COCH2), 2.01 (p, 2H, J = 7.5, C(5 0)H2C(6 0)H2 Br),
1.85 (m, 2H, COCH2CH2), 1.68 (m, 2H, C(4)H2), 1.46
(m, 2H, CO CH2CH2CH2), 1.20 (m, 24H, CH2), 0.80
(t, 3H, J = 7.1, CH3); ESI-MS (CH3OH, relative intensi-
ty, %) m/z 980.8, 978.9, and 976.9 ([2M+Na]+, 55, 100,
and 50), 502.1 and 498.1 ([M+Na]+, 12 and 11), 480.1
and 478.1 (MH+, 36 and 43), 462.1 and 460.1
([MH�H20]+, 4 and 4). Calcd. for C24H48

79BrNO3 m/z
477.3; Calcd for C24H48

81BrNO3 m/z 479.3; Anal. Calcd
for C24H48BrNO3 (478.5): C, 60.24; H, 10.11; N,
2.93; Br, 16.70. Found: C, 59.93; H, 10.11; N, 2.90;
Br, 16.91.

4.1.1.8. General procedure B for the preparation of
ceramides 13–18. (A) Synthesis of 12-bromododecanoyl
and 16-bromohexadecanoyl chlorides. 12-Bromodo-
decanoic or 16-bromohexadecanoic acid (97%,
1.1 mmol) was dissolved in dry cyclohexane (4 mL) by
stirring at 45 �C for 20 min. To this well-stirred and
water-cooled mixture one drop (�0.02 mL) of dry
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pyridine was added following oxalyl chloride (99%,
0.145 mL, 1.65 mmol) over 1 min. After the addition
was completed, cooling bath was removed and the reac-
tion mixture was heated at 50 �C for 15 min and then left
to reach room temperature for an additional 30 min. The
reaction mixture was evaporated to dryness by purging
dry nitrogen gas into the reaction flask following drying
under the vacuum (�1 torr) at +4 �C over 30 min. The
freshly prepared acid chlorides were dissolved in dry
THF and taken up directly to the next step.

(B) Synthesis of ceramides 13–18. To a well-stirred mix-
ture of sphingoid bases (1–5, 0.67 mmol) in 50% aque-
ous solution of sodium acetate (5 mL) and THF
(10 mL), solution of 12-bromododecanoyl (0.326 mg)
or 16-bromohexadecanoyl chloride (0.380 mg) in dry
THF (3.0 mL) was added dropwise over 1 min. After
the addition was completed, the reaction mixtures were
stirred for an additional 20 min at room temperature.
The organic layers were separated and the aqueous
phases were extracted with ethyl acetate (3· 5 mL).
The combined organic extracts were dried (MgSO4), fil-
tered, and evaporated to dryness under reduced pressure
to give crude products. These ceramides were purified by
flash chromatography following crystallization.

4.1.1.9. D-erythro-2-N-(12 0-Bromododecanoyl)-sphin-
gosine (13). Prepared from 1. Crude product was puri-
fied by chromatography (CHCl3–MeOH–concd
NH4OH, 10:2:0.5, v/v/v) following crystallization from
n-hexane–ethyl acetate (5:1, v/v) to give pure 13 in
73% yield as a white microcrystalline powder, mp 71–

73 �C; TLC Rf (CHCl3–MeOH, 5:1, v/v) Rf 0.65; ½a�22

D

�2.0� (c 1, CHCl3) and �15.6� (c 1, MeOH); ½a�22

365

�12.5� (c 1, CHCl3) and �50.1� (c 1, MeOH);
1H NMR (500 MHz, CDCl3) d 6.23 (d, 1H, J = 7.4,
NH), 5.78 (dt, 1H, J = 15.4, 6.6, 5-H), 5.52 (dd, 1H,
J = 15.4, 6.5, 4-H), 4.31 (t, 1H, J = 4.6, 3-H), 3.95 (dd,
1H, J = 11.2, 3.7, 1-Ha), 3.90 (m, 1H, 2-H), 3.69 (dd,
1H, J = 11.2, 3.7, 1-Hb), 3.39 (t, 2H, J = 6.8,
C(12 0)H2Br), 2.22 (t, 2H, J = 7.5, COCH2), 2.04 (q,
2H, J = 7.1, C(6)H2), 1.84 (m, 2H, C(11 0)H2C(12 0)
H2Br), 1.63 (m, 2H, COCH2CH2), 1.40 (m, 2H,
C(10 0)H2C(11 0)H2C(12 0)H2Br), 1.35 (m, 2H, C(7)H2),
1.25 (m, 32H, CH2), 0.87 (t, 3H, J = 7.0, CH3); ESI-
MS (CH3OH, relative intensity, %) m/z 1145.0, 1142.9,
and 1141.9 ([2M+Na], 54, 100, 55), 1122.7, 1120.7,
and 1118.4 ([2M+H]+, 30, 96, 34), 584.2 and 582.2
([M+Na], 10 and 8), 561.9 and 559.9 (MH+, 50 and
58), 543.8 and 541.9 ([MH�H20]+, 17 and 19). Calcd
for C30H58

79BrNO3 m/z 559.4; Calcd for C30H58
81BrNO3 m/z 561.4; Anal. Calcd. for C30H58BrNO3

(560.7): C, 64.26; H, 10.43; N, 2.50; Br, 14.25. Found:
C, 64.06; H, 10.45; N, 2.51; Br, 14.54.

4.1.1.10. D-erythro-2-N-(12 0-Bromododecanoyl)-4,5-
dihydro-sphingosine (14). Prepared from 5. Crude product
was purified by chromatography (CHCl3–MeOH–concd
NH4OH, 10:2:0.5, v/v/v) following crystallization from
n-hexane–ethyl acetate (5:1, v/v) to give pure 14 in 71%
yield as a white microcrystalline powder, mp 97–98 �C;
TLC Rf (CHCl3/MeOH, 5:1, v/v) Rf 0.67; ½a�21

D +5.9� (c
1, CHCl3) and +3.1� (c 1, MeOH); ½a�21

365 +14.5� (c 1,
CHCl3) and +5.5� (c 1, MeOH); 1H NMR (500 MHz,
CDCl3) d 6.35 (d, 1H, J = 7.7, NH), 4.01 (dd, 1H,
J = 11.3, 3.5, 1-Ha), 3.83 (m, 1H, 2-H), 3.78 (m, 1H, 3-
H), 3.75 (dd, 1H, J = 11.3, 3.5, 1-Hb), 3.41 (t, 2H,
J = 6.9, C(12 0)H2Br), 2.65 (br s, 2H, OH) 2.23 (t, 2H,
J = 7.5, COCH2), 1.85 (p, 2H, J = 7.7, C(11 0) H2C(12 0)
H2Br), 1.65 (m, 2H, COCH2CH2), 1.54 (m, 2H,
C(4)H2), 1.42 (m, 2H, C(10 0) H2C(11 0)H2C(12 0)H2Br),
1.25 (m, 36H, CH2), 0.88 (t, 3H, J = 7.1, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 1149.9, 1147.8,
1146.8, and 1144.8 ([2M+Na], 25, 65, 100, 50), 1126.7,
1125.7 and 1123.7 ([2M+H]+, 22, 20, 4). Calcd for
C30H60

79BrNO3 m/z 561.4; Calcd for C30H60
81BrNO3 m/

z 563.4; Anal. Calcd for C30H60BrNO3 (562.7): C, 64.03;
H, 10.75; N, 2.49; Br, 14.20. Found: C, 63.79; H, 10.92;
N, 2.54; Br, 14.44.

4.1.1.11. D-erythro-2-N-(16 0-Bromohexadecanoyl)-
sphingosine (15). Prepared from 1. Crude product was
purified by chromatography (CHCl3–MeOH–concd
NH4OH, 8:1:0.05, v/v/v) following crystallization from
n-hexane–ethyl acetate (1:2, v/v) to give pure 15 in 96%
yield as a white microcrystalline powder, mp 87–89 �C;
TLC Rf (CHCl3–MeOH, 8: 1, v/v) Rf 0.65; ½a�22

D �3.1� (c
1, CHCl3) and �12.3� (c 1, MeOH); ½a�22

365 �14.2� (c 1,
CHCl3) and �46.4� (c 1, MeOH); 1H NMR (500 MHz,
CDCl3) d 6.22 (d, 1H, J = 7.5, NH), 5.77 (dt, 1H,
J = 15.4, 6.8, 5-H), 5.52 (dd, 1H, J = 15.4, 6.8, 4-H),
4.31(t, 1H, J = 4.7, 3-H), 3.95 (dd, 1H, J = 11.2, 3.8, 1-
Ha), 3.90 (m, 1H, 2-H), 3.70 (dd, J = 11.2, 3.3, 1-Hb),
3.40 (t, 2H, J = 6.8, C(16 0)H2Br), 2.22 (t, 2H, J = 7.5,
COCH2), 2.04 (q, 2H, J = 7.1, C(6)H2), 1.84 (m, 2H,
C(15 0)H2C(16 0)H2Br), 1.63 (m, 2H, COCH2CH2), 1.40
(m, 2H, C(14 0)H2C(15 0)H2C(16 0)H2Br), 1.35 (m, 2H,
C(7)H2), 1.25 (m, 40H, CH2), 0.87 (t, 3H, J = 7.1, CH3);
ESI-MS (CH3OH, relative intensity, %) m/z 1235.7,
1233.8, 1232.8 and 1230.7 ([2M+H]+ 38, 86, 100, and
65), 618.0 and 616.0 (MH+, 76 and 78), 600.2 and 598.2
([MH�H2O]+, 17 and 19). Calcd for C34H66

79BrNO3 m/
z 615.4; Calcd for C34H66

81BrNO3 m/z 617.4; Anal. Calcd
for C34H66BrNO3 (616.8): C, 66.21; H, 10.79; N, 2.27; Br,
12.95. Found: C, 66.09; H, 10.78; N, 2.32; Br, 12.74.

4.1.1.12. D-erythro-2-N-(16 0-Bromohexadecanoyl)-
4,5-dihydrosphingosine (16). Prepared from 5 as shown
for 15 in 78% yield. Analytical sample was obtained by
crystallization from n-hexane–ethyl acetate (1:3, v/v) as
a white microcrystalline powder, mp 93–95 �C; TLC Rf

(CHCl3–MeOH, 8:1, v/v) Rf 0.67; ½a�22

D +4.94� (c 1,
CHCl3); ½a�22

365 +12.6� (c 1, CHCl3); 1H NMR (500 MHz,
CDCl3) d 6.25 (d, 1H, J = 7.6, NH), 3.95 (dd, 1H,
J = 11.3, 3.4, 1-Ha), 3.77 (m, 1H, 2-H), 3.72 (m, 1H, 3-
H), 3.69 (dd, 1H, J = 11.3, 3.4, 1-Hb), 3.34 (t, 2H,
J = 6.9, C(16 0)H2Br), 2.16 (t, 2H, J = 7.5, COCH2), 1.77
(p, 2H, J = 7.0, C(15 0)H2C(16 0)H2Br), 1.59 (m, 2H,
COCH2CH2), 1.45 (m, 2H, C(4)H2), 1.35 (m, 2H,
C(14 0)H2C(15 0)H2C(16 0) H2Br), 1.19 (m, 36H, CH2),
0.81 (t, 3H, J = 7.0, CH3); ESI-MS (CH3OH, relative
intensity, %) m/z 1240.2, 1238.3, 1237.3, and 1235.3
([2M+H]+, 30, 62, 97, and 40), 621.5.0 and 618.4 (MH+,
28 and 100), 602.5 and 600.5 ([MH�H20]+, 7 and 8).
Calcd for C34H68

79BrNO3 m/z 617.4; Calcd for
C34H68

81BrNO3 m/z 619.4; Anal. Calcd for C34H68BrNO3
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(618.8): C, 65.99; H, 11.08; N, 2.26; Br, 12.91. Found: C,
65.63; H, 10.88; N, 2.19; Br, 12.86.

4.1.1.13. L-threo-2-N-(16 0-Bromohexadecanoyl)-sphin-
gosine (17). Prepared from 2 as shown for 15 in 82% yield.
Analytical sample was obtained by crystallization from n-
hexane–ethyl acetate (1:2, v/v) as a white microcrystalline
powder, mp 98–100 �C; TLC Rf (CHCl3/MeOH, 8: 1, v/v)
Rf 0.66; ½a�22

D �2.70� (c 1, CHCl3); ½a�22

365 �16.0� (c 1,
CHCl3); 1H NMR (500 MHz, CDCl3) d 6.09 (d, 1H,
J = 7.7, NH), 5.73 (dtd, 1H, J = 15.4, 6.7, 1.0, 5-H), 5.45
(ddt, 1H, J = 15.4, 6.7, 1.0, 4-H), 4.38 (dd, 1H, J = 6.3
and 3.5, 3-H), 3.90 (m, 1H, 2-H), 3.80 (m, 2H, 1-Ha
and1-Hb), 3.39 (t, 2H, J = 6.8, C(16 0)H2Br), 2.21 (t, 2H,
J = 7.3, COCH2), 2.02 (q, 2H, J = 7.0, C(6)H2), 1.85(m,
2H, C(15 0)H2C(16 0)H2Br), 1.61 (m, 2H, COCH2CH2),
1.42 (m, 2H, C(14 0)H2C(15 0)H2C(16 0)H2Br), 1.24 (m,
20H, CH2), 0.87 (t, 3H, J = 7.1, CH3); ESI-MS (CH3OH,
relative intensity, %) m/z 1235.3, 1233.3, 1232.5 and
1230.5 ([2M+H]+ 67, 100, 61, and 18), 618.4 and 616.4
(MH+, 54 and 56), 600.5 and 598.5 ([MH�H2O]+, 35
and 33). Calcd for C34H66

79BrNO3 m/z 615.4; Calcd for
C34H66

81BrNO3 m/z 617.4; Anal. Calcd for C34H66BrNO3

(616.8): C, 66.21; H, 10.79; N, 2.2; Br, 12.95. Found: C,
66.13; H, 10.83; N, 2.32; Br, 12.81.

4.1.1.14. L-erythro-2-N-(16 0-Bromohexadecanoyl)-
sphingosine (18). Prepared from 3. Pure product was ob-
tained in 78% yield after crystallization from n-hexane–
ethyl acetate (1:2, v/v) as a white powder; ½a�22

D +11.8� (c
1, MeOH); ½a�22

365 +45.0� (c 1, MeOH); Remaining data
are identical as reported for 15. Anal. Calcd for
C34H66BrNO3 (616.8): C, 66.21; H, 10.79; N, 2.27; Br,
12.95. Found: C, 66.02; H, 10.64; N, 2.12; Br, 12.72.

4.1.1.15. D-erythro-2-N-Nicotinoyl-sphingosine (19).
Prepared from 1 (200 mg, 0.67 mmol) and nicotinoyl
chloride hydrochloride (97%, 245 mg, 1.34 mmol)
according to the Procedure A. The crude product was
purified by flash chromatography (elution with CHCl3–
MeOH–concd NH4OH, 5:1:0.05, v/v/v) following crystal-
lization from n-hexane–ethyl acetate (2:1) to give 195 mg
(72%) of pure 19 as a white microcrystalline powder, mp
104–106 �C; TLC Rf (CHCl3–MeOH, 8:1, v/v) Rf 0.17;
1H NMR (500 MHz, CDCl3) d 9.01 (d, 1H, J = 2.0,
2-HPy), 8.70 (dd, 1H, J = 1.6 and 4.8, 6-HPy), 8.11 (dt,
1H, J = 2.0 and 7.9, 4-HPy), 7.37 (dd, 1H, J = 4.8 and
7.9, 5-HPy), 7.12 (d, 1H, J = 7.2, NH), 5.84 (dtd, 1H,
J = 15.4, 6.7, 1.1, 5-H), 5.60 (ddt, 1H, J = 15.4, 6.7, 1.1,
4-H), 4.48 (t, 1H, J = 4.8, 3-H), 4.12 (m, 2H, 1-Ha and
2-H), 3.83 (dd, J = 4.0 and 12.1, 1-Hb), 2.05 (q, 2H,
J = 7.1, C(6)H2), 1.36 (m, 2H, C(7)H2), 1.24 (m, 20H,
CH2), 0.87 (t, 3H, J = 7.1, CH3); ESI-MS (CH3OH, rela-
tive intensity, %) m/z 830.9 ([2M+Na]+, 100), 405.2
(MH+, 3 and 3). Calcd for C24H40N2O m/z 404.3. Anal.
Calcd for C24H40N2O3 (404.6): C, 71.25; H, 9.97; N,
6.92. Found: C, 68.90; H, 9.85; N, 6.71.

4.1.1.16. D-erythro-2-N-[3 0-(300-Pyridyl)-propionoyl]-
sphingosine (20). Prepared from 1 (200 mg, 0.67 mmol)
and 3-pyridinopropionic acid (97%, 288 mg, 1.1 mmol)
according to the Procedure B. The crude product was
purified by flash chromatography (CHCl3–MeOH–
concd NH4OH, 65:10:1, v/v/v) to give pure 20
(240 mg, 64%) as a white solid. Analytical sample of
20 was obtained by crystallization from n-hexane–ethyl
acetate (5:1, v/v) to give white microcrystalline powder,
mp 83–84.5 �C; TLC Rf (CHCl3–MeOH, 8:1, v/v) Rf

0.18; 1H NMR (500 MHz, CDCl3) d 8.44 (d, 1H,
J = 1.5, 2-HPy), 8.40(dd, 1H, J = 1.5 and 4.2, 6-HPy),
7.45 (d, 1H, J = 7.7, 4-HPy), 7.37 (dd, 1H, J = 10.3 and
15.1, 5-HPy), 6.36 (d, 1H, J = 7.8, NH), 5.76 (dtd, 1H,
J = 15.4, 6.7, 1.1, 5-H), 5.48 (ddt, 1H, J = 15.4, 6.2,
1.1, 4-H), 4.24 (t, 1H, J = 4.5, 3-H), 3.91 (dd, 1H,
J = 3.5 and 11.4, 1-Ha), 3.85 (m, 1H, 2-H), 3.63 (dd,
1H, J = 3.4 and 11.4, 1-Hb), 2.97 (t, 2H, J = 7.4,
C(O)CH2CH2), 2.52 (t, 2H, J = 7.4, C(O)CH2CH2),
2.02 (q, 2H, J = 7.1, C(6)H2), 1.34 (m, 2H, C(7)H2),
1.24 (m, 20H, CH2), 0.87 (t, 3H, J = 7.1, CH3); ESI-
MS (CH3OH, relative intensity, %) m/z 887.0
([2M+Na]+, 100), 864.8([2M+H]+, 35), 433.0 (MH+,
4). Calcd for C26H44N2O3 m/z 432.3. Anal. Calcd for
C26H44N2O3 (432.64): C, 72.18; H, 10.25; N, 6.48.
Found: C, 71.44; H, 10.29; N, 6.45.

4.1.2. General procedure C for the preparation of CCPS
analogs. Mixtures of 6–18 (0.50 mmol), anhydrous pyri-
dine (2 mL), and anhydrous toluene (2 mL) were heated
in a sealed glass test-tube in an oil bath at 75–85 �C over
4.5 h. After completion, the reaction mixture was cooled
and evaporated to dryness. The afforded residues were
dried under the high vacuum (�1 torr at rt over 6 h)
and crystallized to give pure products.

4.1.2.1. D-erythro-2-N-[2 0-(100-Pyridinium)-acetyl]-
sphingosine Bromide (LCL150). Prepared from 6. Crude
product was crystallized from anhydrous ethanol–ace-
tone (1:5, v/v) to give a pure LCL150 in 72% yield as
a pale-brown microcrystalline powder, mp >104 �C (de-
comp.); TLC (CHCl3/(CH3)2 CO–MeOH–CH3COOH–
H2O, 20:8:6:2:1, v/v) Rf 0.15; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5, v/v) Rf 0.44;

½a�22

D �7.8� (c 1, CHCl3) and �15.7� (c 1, MeOH); ½a�22

365

�30.0� (c 1, CHCl3) and �61.3� (c 1, MeOH); 1H NMR
(500 MHz, CD3OD) d 8.89 (dd, 2H, J = 6.8, 1.3, 2,6-
HPy) 8.66 (dt, 1H, J = 7.8, 1.3, 4-HPy), 8.14 (t, 2H,
J = 6.8, 3,5-HPy), 5.73 (dtd, 1H, J = 15.3, 6.7, 0.9, 5-H),
5.45 (ddt, 1H, J = 15.3, 6.5, 1.0, 4-H), 5.43(d, 2H,
J = 6.9, CH2-pyridinium ring), 4.16 (t, 1H, J = 6.7,
3-H), 3.98 (m, 1H, 2-H), 3.73 (dd, 1H, J = 11.3, 4.3,
1-Ha), 3.63 (dd, 1H, J = 11.3, 7.3, 1Hb), 2.05 (q, 2H,
J = 6.9, C(6)H2), 1.39 (m, 2H, C(7)H2), 1.28 (m, 20H,
CH2), 0.89 (t, 3H, J = 7.1, CH3); (D2O) d 8.92 (d, 2H,
J = 6.0, 2,6-HPy), 8.72 (t, 1H, J = 7.8, 4-HPy), 8.20
(t, 2H, J = 6.7, 3,5-HPy), 5.86 (m, 1H, 5-H), 5.60 (m, 1H,
4-H), 4.67 (m, 2H, CH2-pyridinium ring), 4.35 (m, 1H,
3-H), 4.12 (m, 1H, 2-H), 3.82 (dd, 1H, J = 8.5, 2.3,
1-Ha), 3.63 (dd, 1H, J = 8.5, 5.1, 1Hb), 2.11 (q, 2H,
J = 7.0, C(6)H2), 1.43 (m, 2H, C(7)H2), 1.34 (m, 20H,
CH2), 0.93 (t, 3H, J = 7.0, CH3); 13C NMR (CD3OD) d
166.0 (C@O), 147.6 (C4Py), 147.4 (C2,6Py), 135.1
(C4@C5), 130.2 (C4@C5), 128.9 (C3,5Py), 128.7
(CH2-pyridinium ring), 73.3 (C3), 61.7 (C1), 57.8 (C2),
33.4 (C4@C5C6), 33.0, 30.75, 30.72, 30.6, 30.43 and
30.32 (C7–C16), 23.7 (C17), 14.4 (CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 419.4 (M+, 100). Calcd
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for [C25H43N2O3]+ m/z 419.3; Anal. Calcd for
C25H43BrN2O3 (499.5): C, 60.11; H, 8.68; N, 5.61; Br,
16.0. Found: C, 59.52; H, 8.77; N, 5.49; Br, 15.61.

4.1.2.2. D-erythro-2-N-[2 0-(100-Pyridinium)-acetyl]-4,5-
dihydrosphingosine bromide (LCL319). Prepared from 7.
Crude product was crystallized from anhydrous etha-
nol–acetone (1:5, v/v) to give a pure LCL319 in 80%
yield as a white microcrystalline powder, mp 119–
121 �C; TLC (CHCl3–(CH3)2CO–MeOH–CH3COOH–
H2O, 20:8:6:2:1, v/v) Rf 0.15; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5, v/v) Rf 0.34;
½a�22

D �6.0� (c 0.5, MeOH); ½a�22

365 �28.0� (c 0.5,
MeOH); 1H NMR (500 MHz, CDCl3) d 9.32 (d, 2H,
J = 5.6, 2,6-HPy), 8.70 (br s, 1H, NH), 8.44 (t, 1H,
J = 6.0, 4-HPy), 8.02 (t, 2H, J = 6.8, 3,5-HPy), 6.02 (m,
2H, CH2-pyridinium ring), 4.00 (dd, 1H, J = 11.1, 3.5,
1-Ha), 3.85 (m, 1H, 2-H), 3.80 (m, 2H, 3-H and 1-
Hb), 1.59 (m, 2H, C(4)H2), 1.49 (m, 2H, C(5)H2), 1.25
(m, 24H, CH2), 0.88 (t, 3H, J = 7.0, CH3); (D2O) d
8.75 (d, 2H, J = 6.0, 2,6-HPy) 8.52 (t, 1H, J = 7.8, 4-
HPy), 8.00 (t, 2H, J = 7.1, 3,5-HPy), 5.48 (br s, 2H,
CH2-pyridinium ring), 3.93 (m, 1H, 3-H), 3.65 (m, 3H,
1Hab and 2-H), 1.40 (m, 2H, C(4)H2), 1.34 (m,
26H, CH2), 0.74 (t, 3H, J = 7.0, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 421.4 (M+, 100).
Calcd for [C25H45N2O3]+ m/z 421.3; Anal. Calcd for
C25H43BrN2O3 (501.5): C, 59.87; H, 9.04; N, 5.59; Br,
15.93. Found: C, 59.71; H, 9.09; N, 5.55; Br, 15.93.

4.1.2.3. D-erythro-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL29). Prepared from 8. Crude
product was washed with n-hexane–ethyl acetate (2·
5 mL, 1:4, v/v/) and anhydrous ethyl acetate (2· 5 mL)
following crystallization from anhydrous ethyl acetate–
acetone (1:2, v/v) to give a pure LCL29 in 82% yield
as a white slightly hygroscopic microcrystalline powder.
TLC (CHCl3–(CH3)2CO–MeOH–CH3COOH–H2O,
20:8:6:2:1, v/v) Rf 0.19; RP TLC (C18 Silica, CH3CN–

MeOH–1 M NH4Cl (aq), 4:1:1.5 v/v) Rf 0.39; ½a�22

D

�3.20� (c 1, CHCl3) and �14.0� (c 1, MeOH); ½a�22

365

�15.0� (c 1, CHCl3) and �50.0� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 9.40 (d, 2H, J = 5.8, 2,6-HPy)
8.46 (t, 1H,J = 7.6 4-HPy), 8.08 (t, 2H, J = 7.1, 3,5-HPy),
7.72 (d, 1H, J = 7.0, NH), 5.72 (dtd, 1H, J = 15.4, 6.7,
0.6, 5-H), 5.49 (ddt, 1H, J = 15.4, 6.7, 1.1, 4-H), 4.8
(m, 2H, C(6)H2-pyridinium ring), 4.30 (m, 1H, 3-H),
3.85 (m, 2H, 2-H and 1-Ha), 3.69 (d, 1H, J = 11.3, 1-
Hb), 2.34 (m, 2H, COCH2), 2.15 (m, 2H, C(5)H2C(6)
H2-pyridinium ring), 2.0 (q, 2H, J = 7.2, C(6)H2), 1.77
(m, 2H, COCH2CH2), 1.49 (m, 2H, C(4)H2C(5)H2

C(6)H2-pyridinium ring), 1.33 (m, 2H, C(7)H2), 1.27 (m,
20H, CH2), 0.87 (t, 3H, J = 6.9, CH3); (CD3OD) d 9.01
(d, 2H, J = 6.4, 2,5-HPy) 8.59 (t, 1H, J = 7.7, 4-HPy),
8.11 (t, 2H, J = 6.8, 3,5-HPy), 7.71 (d, 1H, J = 8.8, NH),
5.68 (dtd, 1H, J = 15.4, 6.8, 0.7, 5-H), 5.45 (ddt, 1H,
J = 15.4, 7.3, 1.2, 4-H), 4.63 (t, 2H, J = 7.6, C(6)H2-pyri-
dinium ring), 4.06 (t, 1H, J = 6.9, 3-H), 3.88 (m, 1H, 2-H),
3.67 (dd, 1H, J = 11.4, 4.2, 1-Ha), 3.64 (dd, 1H, J = 11.4,
6.5, 1-Hb), 2.24 (m, 2H, COCH2), 2.02 (m, 4H,
C(5)(H2)C(6)H2-pyridinium ring and C(6)H2), 1.67 (m,
2H, COCH2CH2), 1.40 (m, 4H, C(4)(H2)C(5)(H2)
C(6)H2-pyridinium ring and C(7)H2), 1.27 (m, 20H,
CH2), 0.89 (t, 3H, J = 7.0, CH3); (D2O) d 8.96 (d, 2H,
J = 6.4, 2,6-HPy), 8.60 (dt, 1H, J = 7.8, 1.1, 4-HPy), 8.14
(t, 2H, J = 6.8, 3,5-HPy), 5.65 (dtd, 1H, J = 15.1, 6.8,
0.8, 5-H), 5.45 (ddt, 1H, J = 15.1, 6.8, 1.3, 4-H), 4.69 (t,
2H, J = 7.4, C(6)H2-pyridinium ring), 4.21 (t, 1H,
J = 6.1, 3-H), 3.95 (m, 1H, 2-H), 3.74 (dd, 1H, J = 11.5,
2.1, 1-Ha), 3.71 (dd, 1H, J = 11.5, 3.8, 1-Hb), 2.30 (m,
2H, COCH2), 2.07 (m, 4H, C(5)H2C(6)H2-pyridinium
ring and C(6)H2), 1.68 (m, C(7)H2), 1.44 (m, 4H,
C(4)H2C(5)H2C(6)H2-pyridinium ring and COCH2

CH2), 1.29 (m, 20H, CH2), 0.89 (t, 3H, J = 7.1, CH3);
13C-NMR (CD3OD) d 175.8 (C@O), 147.0 (C4Py), 146.1
(C2,6Py), 134.8 (C4@C5), 131.2(C4@C5), 129.6 (C3,5Py),
73.9 (C3), 62.9 (C6-pyridinium-ring), 62.2 (C1), 57.0
(C2), 36.6 (C@OC2), 33.5 (C4@C5C6), 33.2 (C9 or
C10), 32.1(C5C6-pyridinium ring), 30.95, 30.92, 30.83,
30.63, 30.56 and 30.47 (C7–C16), 26.7 (C4C5C6-pyridin-
ium ring), 26.1 (C@OC2C3), 23.8 (C17), 14.5 (CH3); ESI-
MS (CH3OH, relative intensity, %) m/z 475.4 (M+, 100).
Calcd for [C29H51N2O3]+ m/z 475.4; Anal. Calcd for
C29H51BrN2O3 Æ H2O (573.65): C, 60.72; H, 9.31; N,
4.88; Br, 13.93. Found: C, 60.19; H, 9.22; N, 4.78; Br,
14.21.

4.1.2.4. L-threo-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL124). Prepared from 9 as
LCL29 in 73% yield. Analytical sample of LCL124
was obtained by crystallization from anhydrous ethyl
acetate–acetone (1:2, v/v) as a white hygroscopic micro-
crystalline powder. TLC (CHCl3–(CH3)2CO–MeOH–
CH3COOH–H2O, 20:8:6:2:1, v/v) Rf 0.17; RP TLC
(C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5,

v/v) Rf 0.38; ½a�21

D �6.40� (c 1, CHCl3); ½a�21

365 �25.1� (c
1, CHCl3); 1H NMR (500 MHz, CDCl3) d 9.39 (d, 2H,
J = 5.6, 2,6-HPy) 8.47 (t, 1H, J = 7.8, 4-HPy), 8.09 (t,
2H, J = 7.5, 3,5-HPy), 7.53 (d, 1H, J = 7.9, NH), 5.72
(dtd, 1H, J = 15.4, 6.7, 0.5, 5-H), 5.49 (ddt, 1H,
J = 15.4, 6.7, 1.1, 4-H), 4.88 (t, 2H, J = 7.6, C(6)H2-pyr-
idinium ring), 4.25 (t, 1H, J = 5.8, 3-H), 3.83 (m, 1H, 2-
H), 3.72 (dd, 1H, J = 11.5, 4.0, 1-Ha), 3.67 (dd, 1H,
J = 11.5, 5.5, 1-Hb), 2.36 (t, 2H, J = 7.1, COCH2),
2.14 (m, 2H, C(5)H2C(6)H2-pyridinium ring), 1.98 (q,
2H, J = 7.0,C(6)H2), 1.74 (m, 2H, COCH2CH2), 1.47
(m, 2H, C(4)H2C(5)H2C(6)H2-pyridinium ring), 1.32
(m, 2H, C(7)H2), 1.23 (m, 20H, CH2), 0.86 (t, 3H,
J = 6.9, CH3); (CD3OD) d 9.00 (dd, 2H, J = 6.2, 1.2,
2,6-HPy) 8.59 (dt, 1H, J = 7.8, 1.3, 4-HPy), 8.11 (t, 2H,
J = 6.8, 3,5-HPy), 7.53 (d, 1H, J = 7.9, NH), 5.70 (dtd,
1H, J = 15.4, 7.0, 1.1, 5-H), 5.43 (ddt, 1H, J = 15.4,
6.7, 1.1, 4-H), 4.63 (t, 2H, J = 7.5, C(6)H2-pyridinium
ring), 4.21 (t, 1H, J = 6.2, 3-H), 3.86 (m, 1H, 2-H),
3.65 (dd, 1H, J = 11.0, 5.8, 1-Ha), 3.50 (dd, 1H,
J = 11.0, 6.3, 1-Hb), 2.26 (t, 2H, J = 7.3, COCH2),
2.02 (m, 4H, C(6)H2 and C(5)H2C(6)H2-pyridinium
ring), 1.68 (m, 2H, COCH2CH2), 1.41 (m, 4H,
C(4)H2C(5)H2C(6)H2-pyridinium ring and C(7)H2),
1.27 (m, 20H, CH2), 0.89 (t, 3H, J = 6.9, CH3); (D2O)
d 8.98 (d, 2H, J = 5.9, 2,6-HPy), 8.66 (t, 1H, J = 7.6, 4-
HPy), 8.19 (t, 2H, J = 6.6, 3,5-HPy), 5.84 (dtd, 1H,
J = 15.1, 6.8, 0.8, 5-H), 5.55 (ddt, 1H, J = 15.1, 6.8,
1.3, 4-H), 4.73 (m, 2H, J = 7.5, C(6)H2-pyridinium ring),
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4.31 (t, 1H, J = 5.5, 3-H), 3.97 (m, 1H, 2-H), 3.74 (dd,
1H, J = 11.5, 4.4, 1-Ha), 3.62 (dd, 1H, J = 11.5, 6.6, 1-
Hb), 2.38 (m, 2H, COCH2), 2.12 (m, 4H,
C(5)H2C(6)H2-pyridinium ring and C(6)H2), 1.75 (m,
C(7)H2), 1.46 (m, 4H, C(4)H2C(5)H2C(6)H2-pyridinium
ring and COCH2CH2), 1.34 (m, 20H, CH2), 0.94 (t, 3H,
J = 6.4, CH3); 13C-NMR (CDCl3) d 174.9 (C@O), 145.5
(C4Py), 145.3 (C2,6Py), 133.6 (C4@C5), 129.6 (C4@C5),
128.8 (C3,5Py), 72.8 (C3), 62.9 (C1), 62.0 (C6-pyridin-
ium-ring), 56.5 (C2), 35.8(C@OC2), 32.66 (C6), 32.16
(C9 or C10), 31.13 (C5C6-pyridinium ring), 29.96,
29.92, 29.90, 29.81, 29.62, 29.60 and 29.55 (C8–C17),
25.11 (C4C5C6-pyridinium ring), 24.76 (C@OC2C3),
22.92 (C7), 14.35 (CH3); (CD3OD) d76.0 (C@O), 146.9
(C4Py), 146.1 (C2,6Py), 133.9 (C4@C5), 131.3 (C4@C5),
129.6 (C3,5Py), 72.0 (C3), 62.9 (C1), 62.6 (C6-pyridin-
ium-ring), 57.0 (C2), 36.6(C@OC2), 33.5 (C4@C5C6),
33.2 (C9 or C10), 32.1(C5C6-pyridinium ring), 30.9,
30.7, 30.6, 30.5, and 30.4 (C8-C17), 26.6 (C4C5C6-pyri-
dinium ring), 26.0 (C@OC2C3), 23.8 (C4@C5C6C7),
14.54 (CH3); ESI-MS (CH3OH, relative intensity, %)
m/z 475.4 (M+, 100). Calcd for [C39H51N2O3]+ m/z
475.4. Anal. Calcd for C29H51BrN2O3 Æ H2O (573.65):
C, 60.72; H, 9.31; N, 4.88; Br, 13.93. Found: C, 60.45;
H, 9.09; N, 4.68; Br, 14.01.

4.1.2.5. L-erythro-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL187). Prepared from 10 as
LCL29 in 71% yield. Analytical sample was obtained by
crystallization from ethyl acetate–acetone (2:1, v/v/) as a

white hygroscopic powder; ½a�22

D +3.10� (c 1, CHCl3) and

+14.5� (c 1, MeOH); ½a�22

365 +14.2� (c 1, CHCl3) and
+51.2� (c 1, MeOH). Remaining data are identical as
reported for LCL29. Anal. Calcd for C29H51BrN2O3 � � �
H2O (573.65): C, 60.72; H, 9.31; N, 4.88; Br, 13.93.
Found: C, 60.11; H, 9.12; N, 4.98; Br, 13.71.

4.1.2.6. D-threo-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
sphingosine bromide (LCL272). Prepared from 11 as
LCL124 in 68% yield. Analytical sample was obtained
by crystallization from ethyl acetate–acetone (2:1, v/v/)
as a white hygroscopic powder; ½a�22

D +6.2� (c 1, CHCl3);
½a�22

365 +26.0� (c 1, CHCl3); remaining data are identical
as reported for LCL124. Anal. Calcd for C29H51

BrN2O3 Æ H2O (573.65): C, 60.72; H, 9.31; N, 4.88; Br,
13.93. Found: C, 60.23; H, 9.03; N, 4.64; Br, 13.63.

4.1.2.7. D-erythro-2-N-[6 0-(100-Pyridinium)-hexanoyl]-
4,5-dihydrosphingosine bromide (LCL143). Prepared
from 12 as LCL319 in 71% yield. Analytical sample
was prepared by crystallization from anhydrous ethyl
acetate–acetone (1:1, v/v) as a white microcrystalline
powder, mp �95 �C getting wet and melts with decom-
position above 155 �C; TLC (CHCl3–(CH3)2CO–
MeOH–CH3COOH–H2O, 20: 8:6:2:1, v/v) Rf 0.20; RP
TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq),

4:1:1.5 v/v) Rf 0.30; ½a�22

D �0.55� (c 0.5, MeOH); ½a�22

365

�3.5� (c 0.5, MeOH); 1H NMR (500 MHz, CD3OD) d
9.01 (dd, 2H, J = 6.7, 1.2, 2,5-HPy) 8.59 (t, 1H, J = 7.7,
4-HPy), 8.12 (t, 2H, J = 6.8, 3,5-HPy), 4.63 (t, 2H,
J = 7.5, C(6)H2-pyridinium ring), 4.06 (t, 1H, J = 6.9,
3-H), 3.83 (m, 1H, 2-H), 3.70 (dd, 1H, J = 11.2, 4.1,
1-Ha), 3.65 (dd, 1H, J = 11.2, 6.5, 1-Hb), 2.26 (t, 2H,
J = 7.2, COCH2), 2.03 (m, 2H, C(5)H2C(6)H2-pyridinium
ring), 1.69 (m, 2H, COCH2CH2), 1.50 (m, 2H,
COCH2CH2CH2), 1.42 (m, 2H, C(4)H2), 1.27 (m, 24H,
CH2), 0.89 (t, 3H, J = 7.1, CH3); (D2O) 8.99 (d, 2H,
J = 5.7, 2,6-HPy), 8.67 (t, 1H, J = 7.8, 4-HPy), 8.20 (t,
2H, J = 6.8, 3,5-HPy), 4.74 (t, 2H, J = 7.4, C(6)H2-pyridin-
ium ring), 3.97 (m, 1H, 2-H), 3.80 (m, 3H, 2-H and 1-Hab),
2.40 (m, 2H, COCH2), 2.07 (m, 2H, C(5)H2C(6) H2-pyri-
dinium ring), 1.68 (m, 2H, COCH2CH2), 1.53 (m, 4H,
C(4)H2C(5)H2C(6)H2-pyridinium ring and C(4)H2),
1.29 (m, 24H, CH2), 0.93 (t, 3H, J = 6.5, CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 477.3 (M+, 100). Calcd
for [C29H53N2O3]+ m/z 477.4. Anal. Calcd for
C29H53BrN2O3 (557.65): C, 62.46; H, 9.58; N, 5.02; Br,
14.33. Found: C, 59.98; H, 9.60; N, 4.80; Br, 14.19.
4.1.2.8. D-erythro-2-N-[12 0-(100-Pyridinium)-dodecano-
yl]-sphingosine bromide (LCL88). Prepared from 13 as
LCL150 in 74% yield. Analytical sample was prepared
by crystallization from anhydrous ethyl acetate–acetone
(2:1, v/v) as a white microcrystalline powder, mp 79–
80 �C; TLC (CHCl3–(CH3)2CO–MeOH/CH3COOH–
H2O, 20:8:4:2:1, v/v) Rf 0.28; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5 v/v) Rf 0.38;

½a�20

D �0.51� (c 1, CHCl3) and �12.9� (c 1, MeOH); ½a�20

365

�8.50� (c 1, CHCl3) and �48.5� (c 1, MeOH);
1H NMR (500 MHz, CDCl3) d 9.40 (d, 2H, J = 6.0,
2,6-HPy) 8.48 (t, 1H,J = 7.4, 4-HPy), 8.12 (t, 2H,
J = 6.9, 3,5-HPy), 7.14 (d, 1H, J = 7.0, NH), 5.74 (dtd,
1H, J = 15.3, 6.7, 0.6, 5-H), 5.52 (ddt, 1H, J = 15.3,
6.7, 1.1, 4-H), 4.94 (t, 2H, J = 7.5, C(12)H2-pyridinium
ring), 4.29 (m, 1H, 3-H), 3.89 (m, 2H, 2-H and 1-Ha),
3.68 (dd, 1H, J = 13.0, 4.5, 1-Hb), 2.28 (t, 2H, J = 7.4,
COCH2), 2.05 (m, 4H, C(11)H2C(12)H2-pyridinium ring
and C(6)H2), 1.63 (m, 2H, COCH2CH2), 1.24 (m, 36H,
CH2), 0.86 (t, 3H, J = 7.3, CH3); (CD3OD) d 9.01 (dd,
2H, J = 6.7, 1.3, 2,5-HPy) 8.61 (tt, 1H, J = 7.8, 1.3
4-HPy), 8.11 (t, 2H, J = 7.8, 3,5-HPy), 7.60 (d, �0.2H,
J = 8.2, NH), 5.68 (dtd, 1H, J = 15.2, 6.6, 0.7, 5-H),
5.45 (ddt, 1H, J = 15.2, 7.4, 1.2, 4-H), 4.62 (t, 2H,
J = 7.6, C(12)H2-pyridinium ring), 4.04 (t, 1H, J = 7.3,
3-H), 3.85 (m, 1H, 2-H), 3.68 (d, 2H, J = 5.1, 1-Ha,b),
2.18 (t, 2H, J = 7.1, COCH2), 2.01 (m, 4H, C(11)H2

C(12)H2-pyridinium ring and C(6)H2), 1.57 (m, 2H,
COCH2CH2), 1.38 (m, 4H, C(10)H2C(11)H2C(12)
H2-pyridinium ring and C(7)H2), 1.27 (m, 32H, CH2),
0.88 (t, 3H, J = 7.1, CH3); (D2O) d 9.03 (d, 2H,
J = 6.1, 2,6-HPy), 8.72 (t, 1H, J = 7.9, 4-HPy), 8.24 (t,
2H, J = 5.5, 3,5-HPy), 5.80 (dtd, 1H, J = 15.0, 6.8, 0.8,
5-H), 5.55 (ddt, 1H, J = 15.0, 6.8, 1.3, 4-H), 4.78 (t,
2H,J = 7.3, C(12)H2-pyridinium ring), 4.20 (t, 1H,
J = 7.0, 3-H), 3.96 (m, 1H, 2-H), 3.87 (bs, 2H, 1-
Ha,b), 2.29 (t, J = 5.5, 2H, COCH2), 2.09 (m, 4H,
C(11)H2C(12)H2-pyridinium ring and C(6)H2), 1.62
(m, C(7)H2), 1.43 (m, 4H, C(10)H2C(11)H2C(12)H2-pyr-
idinium ring and COCH2CH2 ), 1.32 (m, 32H, CH2),
0.92 (t, 3H, J = 6.7, CH3); 13C NMR (CD3OD) d
176.43 (C@O), 147.04 (C4Py), 146.1 (C2,6Py), 134.86
(C4@C5), 131.42(C4@C5), 129.67 (C3,5Py), 73.8 (C3),
63.27 (C12-pyridinium-ring), 62.44(C1), 56.9 (C2),
37.45 (C@OC2), 33.58 (C4@C5C6), 33.24 (C15 or
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C16?), 32.66(C11C12-pyridinium ring), 30.97, 30.94,
30.92, 30.86, 30.72, 30.68, 30.63, 30.54, 30.52 and
30.25 (C6–C16), 27.34 (C10C11C12-pyridinium ring),
27.2 (C@OC2C3), 23.9 (C17), 14.61(CH3) ; ESI-MS
(CH3OH, relative intensity, %) m/z 559.4 (M+, 100).
Calcd for [C35H63N2O3]+ m/z 559.5. Anal. Calcd for
C35H63BrN2O3 (639.8): C, 65.71; H, 9.93; N, 4.38; Br,
12.49. Found: C, 65.32; H, 9.94; N, 4.30; Br, 12.10.

4.1.2.9. D-erythro-2-N-[12 0-(100-Pyridinium)-dodecano-
yl]-4,5-dihydrosphingosine bromide (LCL249). Prepared
from 14 as LCL319 in 72% yield. Analytical sample
was prepared by crystallization from anhydrous ethyl
acetate–acetone (2:1, v/v) as a white microcrystalline
powder, mp 69–71 �C; TLC (CHCl3–(CH3)2CO–
MeOH–CH3COOH–H2O, 20:8:4:2:1, v/v) Rf 0.29; RP
TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq),

4:1:1.5 v/v) Rf 0.26; ½a�21

D +7.0� (c 1, CHCl3); ½a�22

365

+17.4� (c 1, CHCl3); 1H NMR (500 MHz, CDCl3) d
9.41 (d, 2H, J = 5.6, 2,6-HPy), 8.49 (t, 1H, J = 7.7, 4-
HPy), 8.13 (t, 2H, J = 7.5, 3,5-HPy), 7.31 (d, 1H,
J = 7.8, NH), 4.93 (t, 2H, J = 7.5, C(12)H2-pyridinium
ring), 3.93 (dd, 1H, J = 11.5, 4.5, 1-Ha), 3.82 (m, 1H,
2-H), 3.74 (m, 1H, 3-H), 3.70 (dd, 1H, J = 11.5, 3.0, 1-
Hb), 2.28 (t, 2H, J = 7.5, COCH2), 2.05 (m, 2H,
C(11)H2C(12)H2-pyridinium ring), 1.63 (m, 2H,
COCH2CH2), 1.49 (m, 2H, C(4)H2), 1.23 (m, 40H,
CH2), 0.86 (t, 3H, J = 7.1, CH3); (CD3OD) d 9.01 (dd,
2H, J = 6.6, 1.2, 2,6-HPy), 8.59 (dt, 1H, J = 6.8, 1,2, 4-
HPy), 8.11 (t, 2H, J = 6.9, 3,5-HPy), 4.62 (t, 2H,
J = 7.6, C(12)H2-pyridinium ring), 3.81 (m, 1H, 2-H),
3.70 (dd, 1H, J = 11.2, 4.3, 1-Ha), 3.68 (dd, 1H,
J = 11.4, 6.0, 1-Hb), 3.58 (m, 1H, 3-H), 2.21 (t, 2H,
J = 7.5, COCH2), 2.01 (m, 2H, C(11)H2C(12)H2-pyri-
dinium ring), 1.60 (m, 2H, COCH2CH2), 1.52 (m, 2),
1.38 (m, 4H, C(10)H2C(11)H2C(12)H2-pyridinium ring
C(4)H2), 1.27 (m, 36H, CH2), 0.89 (t, 3H, J = 7.1,
CH3); 13C-NMR (CD3OD) d 176.43 (C@O), 146.9
(C4Py), 146.04 (C2,6Py), 129.6 (C3,5Py), 72.4 (C3), 63.2
(C12-pyridinium-ring), 62.5 (C1), 56.8 (C2), 37.3
(COC2), 35.0 (C4) 33.18 (C15?), 32.61 (C11C12-pyridin-
ium ring), 30.9, 30.83, 30.65, 30.6, 30.57, 30.51, 30.42,
30,36 and 30.2 (C8–C15 and C4–C9), 26.6
(C10C11C12-pyridinium ring), 27.16 (COC2C3), 26.77
(C16), 23.8 (C17), 14.54 (CH3); ESI-MS (CH3OH, rela-
tive intensity, %) m/z 561.4 (M+, 100). Calcd for
[C35H65N2O3]+ m/z 561.5. Anal. Calcd for C35H63

BrN2O3 (639.8): C, 65.50; H, 10.21; N, 4.36; Br, 12.45.
Found: C, 65.19; H, 10.14; N, 4.32; Br, 12.35.

4.1.2.10. D-erythro-2-N-[16 0-(100-Pyridinium)-hexa-
decanoyl]-sphingosine bromide (LCL30). Prepared from
15 (2.15 g, 3.48 mmol), anhydrous pyridine (10 mL) and
anhydrous toluene (8 mL) according to the Procedure
C. The obtained mixture was cooled to room temperature,
diluted with ethyl acetate (20 mL), and left in the refriger-
ator (+4 �C) for 6 h. The formed precipitate was separated
by filtration, washed with ethyl acetate–acetone (10 mL,
1:1, v/v), and dried to give crude product (2.31 g). This
material was crystallized from acetone–ethanol (5:1, v/v)
to give LCL30 (2.16 g, 89%) as a white microcrystalline
powder, mp 116–118 �C; TLC (CHCl3–(CH3)2CO–
MeOH–CH3COOH–H2O, 20:8:4:2:1, v/v) Rf 0.33; RP
TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq),

4:1:1.5, v/v); Rf 0.22; ½a�22

D �1.20� (c 1, CHCl3) and

�9.0� (c 1, MeOH); ½a�22

365 �11.8� (c 1, CHCl3) and

�36.0� (c 1, MeOH); ½a�37

D �12.0� (c 1, EtOH/H2O, 9:1,

v/v/); ½a�37

365 �56.0� (c 1, EtOH–H2O, 9:1,v/v); 1H NMR
(500 MHz, CDCl3) d 9.37 (d, 2H, J = 6.0, 2,6-HPy) 8.47
(t, 1H, J = 7.8, 4-HPy), 8.11 (t, 2H, J = 7.1, 3,5-HPy),
6.80 (d, 1H, J = 6.7, NH), 5.73 (dtd, 1H, J = 15.2, 6.6,
0.6, 5-H), 5.52 (ddt, 1H, J = 15.2, 6.5, 1.2, 4-H), 4.96
(t, 2H, J = 7.5, C(16)H2-pyridinium ring), 4.30 (m, 1H,
3-H), 3.93 (dd, 2H, J = 11.1, 4.5, 1-Ha), 3.91 (m, 2H,
2-H), 3.69 (dd, 1H, J = 11.1, 2.7, 1-Hb), 2.29 (t,
2H, J = 7.4, COCH2), 2.06 (m, 4H, C(15)H2C(16)
H2-pyridinium ring and C(6)H2), 1.65 (m, 2H,
COCH2CH2), 1.26 (m, 44H, CH2), 0.88 (t, 3H, J = 7.1,
CH3); (CD3OD) d 9.00 (dd, 2H, J = 5.5, 1.2, 2,5-HPy)
8.59 (tt, 1H, J = 7.8, 1.2 4-HPy), 8.11 (t, 2H, J = 7.0,
3,5-HPy), 5.68 (dtd, 1H, J = 15.3, 6.7, 0.8, 5-H), 5.44
(ddt, 1H, J = 15.3, 7.5, 1.3, 4-H), 4.63 (t, 2H, J = 7.5,
C(16)H2-pyridinium ring), 4.04 (t, 1H, J = 7.4, 3-H),
3.84 (dt, 1H, J = 7.5, 5.0, 2-H), 3.67(d, 2H, J = 5.1, 1-
Ha,b), 2.18 (t, 2H, J = 7.5, COCH2), 2.03 (m, 4H,
C(15)H2C(16)H2-pyridinium ring and C(6)H2), 1.57 (m,
2H, COCH2CH2), 1.38 (m, 4H, C(14)H2C(15)H2C
(16)H2-pyridinium ring and C(7)H2), 1.27 (m, 40H,
CH2), 0.88 (t, 3H, J = 7.0, CH3); (D2O) d 9.01 (d, 2H,
J = 6.4, 2,6-HPy), 8.68 (t, 1H, J = 7.6, 4-HPy), 8.20 (t,
2H, J = 5.8, 3,5-HPy), 5.75 (dtd, 1H, J = 15.1, 6.6, 0.8,
5-H), 5.48 (ddt, 1H, J = 15.1, 6.8, 1.2, 4-H), 4.73 (t,
2H, J = 7.3, C(16)H2-pyridinium ring), 4.11 (t, 1H,
J = 6.9, 3-H), 3.87 (m, 1H, 2-H), 3.78 (br s, 2H, 1-
Ha,b), 2.25 (t, 2H, J = 5.5, 2H, COCH2), 2.06 (m, 4H,
C(15)H2C(16)H2-pyridinium ring and C(6)H2), 1.58 (m,
C(7)H2), 1.39 (m, 4H, C(14)H2C(15)H2C(16)H2- pyridin-
ium ring and COCH2CH2), 1.29 (m, 32H, CH2), 0.85
(t, 3H, J = 6.7, CH3); ESI-MS (CH3OH, relative intensi-
ty, %) m/z 615.6 (M+, 100). Calcd for [C39H71N2O3]+ m/z
615.5. Anal. Calcd for C39H71BrN2O3 (695.9): C, 67.3;
H, 10.28; N, 4.03; Br, 11.48. Found: C, 67.03; H, 10.34;
N, 4.06; Br, 11.26.
4.1.2.11. L-erythro-2-N-[16 0-(100-Pyridinium)-hexa-
decanoyl]-sphingosine bromide (LCL255). Prepared from
18 as LCL30 in 82% yield. Analytical sample was
obtained by crystallization from acetone–ethanol (5:1,
v/v/) as a white hygroscopic powder; ½a�20

D +12.0� (c 1,
MeOH); ½a�20

365 +44.2� (c 1, MeOH). Remaining data are
identical as reported for LCL30. Anal. Calcd for
C39H71BrN2O3 (695.9): C, 67.3; H, 10.28; N, 4.03; Br,
11.48. Found: C, 67.22; H, 10.05; N, 4.11; Br, 11.31.
4.1.2.12. L-threo-2-N-[16 0-(100-Pyridinium)-hexadeca-
noyl]-sphingosine bromide (LCL87). Prepared from 17
as LCL30 in 80% yield. Analytical sample of LCL87
was prepared by crystallization from acetone–ethanol
(5:1, v/v) as a white microcrystalline powder, mp 113–
115 �C; TLC (CHCl3–(CH3)2CO–MeOH–CH3COOH–
H2O, 20:8:4:2:1, v/v); Rf 0.32; RP TLC (C18 Silica,
CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5, v/v) Rf 0.23;

½a�22

D �12.1� (c 1, MeOH); ½a�22

365 �46.8� (c 1, MeOH); 1H
NMR (500 MHz, CDCl3) d 9.33 (d, 2H, J = 6.0, 2,6-
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HPy) 8.44 (t, 1H, J = 7.8, 4-HPy), 8.08 (t, 2H, J = 7.0, 3,5-
HPy), 6.51 (d, 1H, J = 7.8, NH), 5.69 (dtd, 1H, J = 15.2,
6.6, 0.6, 5-H), 5.42 (ddt, 1H, J = 15.2, 6.5, 1.2, 4-H),
4.92 (t, 2H, J = 7.5, C(16)H2-pyridinium ring), 4.35 (t,
1H, J = 4.5, 3-H), 3.84 (m, 1H, 2-H), 3.70 (m, 2H, 1-
Ha,b), 2.21 (t, 2H, J = 7.4, COCH2), 2.01 (m, 4H,
C(15)H2C(16)H2-pyridinium ring and C(6)H2), 1.58 (m,
2H, COCH2CH2), 1.22 (m, 44H, CH2), 0.84 (t, 3H,
J = 7.0, CH3); ESI-MS (CH3OH, relative intensity, %)
m/z 615.6 (M+, 100). Calcd for [C39H71N2O3]+ m/z
615.5. Anal. Calcd for C39H71 BrN2O3(695.9): C, 67.3;
H, 10.28; N, 4.03; Br, 11.48. Found: C, 67.03; H, 10.21;
N, 4.00; Br, 11.44.

4.1.2.13. D-erythro-2-N-[16 0-(100-Pyridinium)-hexa-
decanoyl]-4,5-dihydrosphingosine bromide (LCL345). Pre-
pared from 16 as LCL30 in 79% yield. Analytical sample
of LCL345 was prepared by crystallization from acetone/
ethanol (5:1, v/v) as a white microcrystalline powder, mp
100–101 �C; TLC (CHCl3–(CH3)2CO–MeOH–
CH3COOH–H2O, 20:8:4:2:1, v/v) Rf 0.36; RP TLC
(C18 Silica, CH3CN–MeOH–1 M NH4Cl (aq), 4:1:1.5,

v/v) Rf 0.15; ½a�22

D +3.4� (c 0.5, MeOH); ½a�22

365 +3.3� (c
0.5, MeOH); 1H NMR (500 MHz, CDCl3) d 9.27 (d,
2H, J = 5.8 2,6-HPy), 8.41 (t, 1H, J = 7.7, 4-HPy), 8.05
(t, 2H, J = 7.0, 3,5-HPy), 7.18 (m, 1H, NH), 4.88 (t, 2H,
J = 7.6, C(16)H2-pyridinium ring), 3.91 (dd, 1H,
J = 11.6, 5.2, 1-Ha), 3.78 (m, 1H, 2-H), 3.71 (m, 1H, 3-
H), 3.65 (dd, 1H, J = 11.6, 2.8, 1-Hb), 2.26 (t, 2H,
J = 7.7, COCH2), 2.0 (m, 2H, C(15)H2C(16)H2-pyridin-
ium ring), 1.60 (m, 2H, COCH2CH2), 1.44 (m, 2H,
C(4)H2), 1.21 (m, 44H, CH2), 0.80 (t, 3H, J = 7.0,
CH3); (CD3OD) d 9.01 (dd, 2H, J = 6.6, 1.2, 2,6-HPy),
8.61 (dt, 1H, J = 6.8, 1.2, 4-HPy), 8.11 (t, 2H, J = 7.0,
3,5-HPy), 4.62 (t, 2H, J = 7.6, C(16)H2-pyridinium ring),
3.81 (m, 1H, 2-H), 3.68 (m, 2H, 1-Hab), 3.57 (m, 1H, 3-
H), 2.21 (t, 2H, J = 7.5, COCH2), 2.01 (m, 2H,
C(15)H2C(16)H2-pyridinium ring), 1.57 (m, 4H,
COCH2CH2 C(14)H2C(15)H2C(16)H2-pyridinium ring),
1.27 (m, 36H, CH2), 0.89 (t, 3H, J = 7.1, CH3); (D2O) d
9.01 (br s, 2H, 2,6-HPy), 8.73 (t, 1H, J = 7.8, 4-HPy),
8.26 (t, 2H, J = 7.1, 3,5-HPy), 4.80 (t, 2H, J = 7.1,
C(16)H2-pyridinium ring), 3.91 (m, 2H, 1-Hab), 3.82
(m, 1H, 2-H), 3.70 (m, 1H, 3-H), 2.39 (m, 2H, COCH2),
2.11 (m, 2H, C(15)H2C(16)H2-pyridinium ring), 1.65
(m, 4H, COCH2CH2 C(14)H2C(15)H2C(16)H2-pyridin-
ium ring), 1.32 (m, 36H, CH2), 0.90 (t, 3H, J = 6.9,
CH3); 13C-NMR (CD3OD) d 176.5 (C@O), 147.02
(C4Py), 146.09 (C2,6Py), 129.7 (C3,5Py), 72.43 (C3),
63.27 (C16-pyridinium-ring), 62.6 (C1), 56.92 (C2),
37.43(COC2), 35.13 (COC2C3 and C4), 33.24, 32.7
(C15C16-pyridinium ring), 30.84, 30.79, 30.73, 30.67,
30.64, 30.51 and 30.28, (C5–C15 and C5–C13), 27.36
(C14C15C16-pyridinium ring), 27.26 (COC2C3C4),
26.78(C16), 23.9 (C17), 14.61 (CH3); ESI-MS (CH3OH,
relative intensity, %) m/z 617.7 (M+, 100). Calcd
for [C39H73N2O3]+ m/z 617.6. Anal. Calcd for
C39H73BrN2O3 (697.9): C, 67.12; H, 10.54; N, 4.01; Br,
11.45. Found: C, 66.93; H, 10.45; N, 3.91; Br, 11.19.

4.1.2.14. D-erythro-2-N-[6 0-[100-[4000-[(400 00-N,N- Dimeth-
ylamino)-styryl]-pyridinium]-hexanoyl]]-sphingosine bro-
mide (LCL186). Prepared from 8 (167 mg, 0.35 mmol)
and 4-[40-(N,N-dimethylamino)-styryl]-pyridine (314 mg,
1.4 mmol) according to the Procedure C with the reaction
time extended to 70 h. Reaction mixture was concentrated
to the half of the volume and left in the refrigerator over-
night. The red precipitate was filtered, washed twice with
ethyl acetate, and dried under vacuum. This material was
treated with a warm (�45 �C) mixture of ethanol–chloro-
form (10 mL, 2: 3, v/v), sonicated for 10 min, and filtered
off to separate the excess of unreacted 4-[4 0-(N,N-dimeth-
ylamino)-styryl]-pyridine. The collected washings and ex-
tracts were concentrated to a volume of 3 mL and
subjected to a two-step flash chromatography. Elution
with CHCl3–EtOH (3:2, v/v) delivered the less polar
side-by products and the starting materials. After chang-
ing the eluent system to CHCl3–MeOH (3:2, v/v), a pure
product was obtained as a red solid (131 mg, 53% yield).
Analytical sample of LCL186 was obtained by crystalliza-
tion from acetone as a deep orange microcrystalline
powder, mp >105 �C (decomp.); TLC (CHCl3–
(CH3)2CO–EtOH–CH3COOH–H2O, 20:8:6:2:1, v/v) Rf

0.40; RP TLC (C18 Silica, CH3CN–MeOH–1 M NH4Cl
(aq), 4:1:1.5, v/v) Rf 0.40; UV–vis (50% EtOH) kmax (loge)
481.5 nm (4.72); fluorescence (Em, 50% EtOH) kmax (rel.
int.) = 525 nm (2.0); 1H NMR (500 MHz, CDCl3) d 8.84
(d, 2H, J = 7.7, 2-HPy), 7.98 (d, 1H, J = 4.7, NH), 7.77
(d, 2H, J = 7.7, 3-HPy), 7.60 (d, 1H, J = 15.9, Ar-
CH@CH-pyridinium ring), 7.50 (d, 2H, J = 9.0, 2-H-
Ar), 6.83 (d, 1H, J = 15.9, Ar-CH@CH-pyridinium ring),
6.68 (d, 2H, J = 9.0, 3-Ar), 5.73 (dt, 1H, J = 15.4, 6.8, 5-
H), 5.45 (dd, 1H, J = 15.4, 6.8, 4-H), 4.75 (br s, 1H, 3-
OH), 4.54 (m, 3H, 3-OH and C(6)H2-pyridinium ring),
4.35 (m, 1H, 3-H), 3.90 (m, 2H, 1-Ha and 2-H), 3.67 (d,
2H, J = 7.7, 1-Hb), 3.06 (s, 6H, N(CH3)2), 2.43 (m, 2H,
COCH2), 2.1 (m, 2H, C(5)H2C(6)H2-pyridinium ring),
1.90 (q, 2H, J = 7.2, C(6)H2), 1.78 (m, 2H, COCH2CH2),
1.48 (m, 2H, COCH2CH2CH2), 1.23 (m, 22H, CH2), 0.86
(t, 3H, J = 7. 1, CH3); ESI-MS (CH3OH, relative intensi-
ty, %) m/z 620.4 (M+, 100). Calcd for [C39H62N3O3]+ m/z
620.5. Anal. Calcd for C39H62BrN3O3 (700.8): C, 66.84;
H, 8.92; N, 6.00; Br, 11.40. Found: C, 63.56; H, 8.75; N,
5.64; Br, 11.30.

4.1.2.15. D-erythro-2-N-(1 0-Octylnicotinoyl)-sphingo-
sine bromide (LCL275). Prepared from DD-erythro-2-N-
nicotinoyl-sphingosine (19, 202 mg, 0.5 mmol) and octyl
bromide (2 mL) according to the Procedure C with the
reaction time extended to 8 h. The crude product was
washed with warm n-hexane and crystallized twice from
ethyl acetate to give pure LCL275 (174 mg, 58%) as a
pale yellow powder, mp 117–118 �C; TLC (CHCl3–
(CH3)2CO–MeOH–CH3COOH–H2O, 20:8:6:2:1, v/v)
Rf 0.45; RP TLC (C18 Silica, CH3CN–MeOH–1 M
NH4Cl(aq), 4:1:1.5, v/v) Rf 0.47; ½a�20

D +4.60� (c 1,
MeOH); ½a�20

365 +20.1� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 10.53 (s, 1H, 2-HPy), 9.11 (d, 1H,
J = 8.1, 4-HPy), 9.07 (d, 1H, J = 7.4, NH), 8.73 (d, 1H,
J = 6.0, 6-HPy) 8.08 (dd, 1H, J = 8.1 and 6.1, 5-HPy),
5.85 (dtd, 1H, J = 15.4, 6.6, 1.2, 5-H), 5.45 (ddt, 1H,
J = 15.4, 7.1, 1.2, 4-H), 4.81 (t, 2H, J = 7.6, CH2-pyri-
dinium ring), 4.56 (m, 1H, 3-H), 4.38 (br s, 1H, 3-
OH), 4.2 (br s, 1H, 1-OH), 4.07 (dd, 1H, J = 12.1, 5.7,
1-Ha), 4.00 (m, 1H, 2-H), 3.90 (dd, 1H, J = 12.1, 2.3,
1-Hb), 2.10 (m, 2H, CH2 CH2-pyridinium ring), 2.03
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(q, 2H, J = 7.2, C(6)H2), 1.35 (m, 6H, C(7)H2, CH2 CH2

CH2-pyridinium ring and CH2CH2CH2CH2-pyridinium
ring), 1.24 (m, 26H, CH2), 0.87 (t, 3H, J = 6.9, CH3),
0.86 (t, 3H, J = 7.1, CH3); (CD3OD) d 9.42 (s, 1H, 2-
HPy), 9.12 (dt, 1H, J = 6.1, 1,3, 4-HPy), 9.07 (dt, 1H,
J = 8.2, 1,4, 6-HPy), 8.08 (dd, 1H, J = 8.0, 6.2, 5-HPy),
5.73 (dtd, 1H, J = 15.4, 6.6, 1.1, 5-H), 5.55 (ddt, 1H,
J = 15.4, 7.1, 1.1, 4-H), 4.68 (t, 2H, J = 7.7, CH2-pyri-
dinium ring), 4.21 (t, 1H, J = 6.8, 3-H), 4.16 (m, 1H,
2-H), 3.86 (dd, 1H, J = 11.5, 4.2, 1-Ha), 3.78 (dd, 1H,
J = 11.5, 7.2, 1-Hb), 2.02 (m, 4H, CH2CH2-pyridinium
ring and C(6)H2), 1.30 (m, 32H, CH2), 0.89 (t, 3H,
J = 6.9, CH3), 0.88 (t, 3H, J = 7.1, CH3); (D2O) d
10.50 (s, 1H, 2-HPy), 9.35 (d, 1H, J = 6.1, 1,3, 4-HPy),
9.15 (t, 1H, J = 7.1, 6-HPy), 8.46 (dd, 1H, J = 8.0, 6.1,
5-HPy), 5.92 (dtd, 1H, J = 15.2, 6.3, 1.1, 5-H), 5.62
(ddt, 1H, J = 15.2, 7.2, 1.1, 4-H), 4.99 (t, 2H, J = 7.0,
CH2-pyridinium ring), 4.41 (t, 1H, J = 8.0, 3-H), 4.27
(m, 1H, 2-H), 4.10 (dd, 1H, J = 11.7, 3.4, 1-Ha), 4.02
(dd, 1H, J = 11.7, 6.0, 1-Hb), 2.18 (m, 2H, C(6)H2),
2.0 (m, 2H, CH2CH2-pyridinium ring), 1.25 (m, 32H,
CH2), 0.84 (t, 3H, J = 6.9, CH3), 0.80 (t, 3H, J = 7.1,
CH3); 13C-NMR (CD3OD) d 163.8 (C@O), 147.5
(C2Py), 145.9 (C6Py), 144.9 (C3Py), 136.8 (C4Py),
135.1(C4@C5), 131.0 (C4@C5), 129.4(C5Py), 73.6 (C3),
63.7 (C1-pyridinium-ring), 61.8 (C1), 58.5 (C2),
33.5(C4@C5C6), 33.2 (C4@C5C6C7 or C4@
C5C6C7C8), 33.0 (C4@C5 C6C7 or C4@C5C6C7C8),
32.7 (C2C1-pyridinium ring), 30.91, 30.88, 30.85,
30.74, 30.6, 30.53, 30,41, 30.3 and 30.25 (C8–C16 and
C4–C6), 27.3 (C3C2C1-pyridinium ring), 23.85 (C17),
23.78 (C7CH3), 14.55 (CH3), 14.51 (CH3); ESI-MS
(CH3OH, relative intensity, %) m/z 1515.3 ([2M+Br]+,
65), 517.5 (M+, 100). Calcd for [C32H57N2O3]+ m/z
517.4. Anal. Calcd for C32H57BrN2O3 (597.7): C,
64.30; H, 9.61; N, 4.69; Br, 13.37. Found: C, 64.05; H,
9.57; N, 4.71; Br, 13.24.

4.1.2.16. D-erythro-2-N-[3 0-[300-(100-Butyl)-pyridin-
ium]-propionoyl]-sphingosine bromide (LCL277). Pre-
pared from DD-erythro-2-N-[3 0-(300-pyridyl)-propionoyl]-
sphingosine (20) and butyl bromide in 68% yield as
LCL275 from 19. Analytical sample of LCL277 was
prepared by crystallization from ethyl acetate as a pale
yellow powder, mp 134–135 �C; TLC (CHCl3–
(CH3)2CO–MeOH–CH3COOH–H2O, 20:8:6:2:1, v/v)
Rf 0.21; RP TLC (C18 Silica, CH3CN–MeOH–1 M
NH4Cl(aq), 4:1:1.5, v/v) Rf 0.43; ½a�22

D �10.0� (c 1,
MeOH); ½a�22

365 �37.1� (c 1, MeOH); 1H NMR
(500 MHz, CDCl3) d 9.39 (s, 1H, 2-HPy), 8.45 (d,
1H, J = 6.1, 6-HPy), 8.32 (d, 1H, J = 7.8, 4-HPy),
8.17(d, 1H, J = 6.9, NH), 7.85 (dd, 1H, J = 7.8 and
6.1, 5-HPy), 5.85 (dtd, 1H, J = 15.2, 6.7, 1.1, 5-H),
5.45 (ddt, 1H, J = 15.2, 7.1, 1.1, 4-H), 4.81 (m, 2H,
CH2-pyridinium ring), 4.12 (m, 1H, 3-H), 3.76 (dd,
1H, J = 12.1, 5.8, 1-Ha), 3.63 (m, 1H, 2-H), 3.52 (dd,
1H, J = 12.1, 2.4, 1-Hb), 3.27 (m, 2H, COCH2), 3.05
(m, 1H, COCH2CH2), 2.95 (m, 1H, COCH2CH2), 2.0
(m, 4H, CH2CH2-pyridinium ring and C(6)H2), 1.43
(m, 2H, CH2)CH2CH2-pyridinium ring), 1.31 (m, 2H,
C(7)H2), 1.24 (m, 20H, CH2), 0.98 (t, 3H, J = 7.3,
CH3), 0.86 (t, 3H, J = 7.2, CH3); (CD3OD) d 8.89 (s,
1H, 2-HPy), 8.87 (d, 1H, J = 6.1, 6-HPy), 8.46 (d, 1H,
J = 7.9, 4-HPy), 7.99 (dd, 1H, J = 7.9, 6.1, 5-HPy),
5.68 (dtd, 1H, J = 15.2, 6.8, 1.1, 5-H), 5.43 (ddt, 1H,
J = 15.2, 7.0, 1.1, 4-H), 4.58 (t, 2H, J = 7.6, CH2-pyr-
idinium ring), 4.03 (t, 1H, J = 7.0, 3-H), 3.86 (m, 1H,
2-H), 3.63 (dd, 1H, J = 11.2, 4.2, 1-Ha), 3.56 (dd,
1H, J = 11.2, 6.9, 1-Hb), 3.14 (m, 2H, COCH2), 2.66
(m, 2H, COCH2CH2), 2.0 (m, 4H, CH2CH2-pyridin-
ium ring, C(6)H2), 1.40 (m, 4H, C(7)H2,
CH2CH2CH2-pyridinium ring), 1.27 (m, 20H, CH2),
1.0 (t, 3H, J = 7.4, CH3), 0.89 (t, 3H, J = 6.9, CH3);
(D2O) d 8.91 br, 1H, 2-HPy), 8.87 (d, 1H, J = 6.0, 6-
HPy), 8.58 (d, 1H, J = 8.0, 4-HPy), 8.13 (dd, 1H,
J = 8.0, 6.0, 5-HPy), 5.83 (dtd, 1H, J = 15.2, 6.8, 1.1,
5-H), 5.59 (ddt, 1H, J = 15.2, 7.0, 1.1, 4-H), 4.72 (t,
2H,J = 7.3, CH2-pyridinium ring), 4.26 (t, 1H,
J = 5.7, 3-H), 3.99 (m, 1H, 2-H), 3.77 (dd, 1H,
J = 11.1, 4.1, 1-Ha), 3.73 (dd, 1H, J = 11.1, 6.6, 1-
Hb), 3.27 (m, 2H, COCH2), 2.85 (m, 2H,
COCH2CH2), 2.07 (m, 4H, CH2CH2-pyridinium ring,
C(6)H2), 1.45 (m, 4H, C(7)H2, CH2CH2CH2- pyridin-
ium ring), 1.33 (m, 20H, CH2), 1.02 (t, 3H, J = 7.2,
CH3), 0.93 (t, 3H, J = 6.7, CH3); ESI-MS (CH3OH,
relative intensity, %) m/z 489.5 (M+, 100). Calcd for
[C30H53N2O3]+ m/z 489.4. Anal. Calcd for
C30H53BrN2O3 (569.7): C, 63.25; H, 9.38; N, 4.92;
Br, 14.03. Found: C, 63.03; H, 9.47; N, 4.86; Br, 14.28.

4.1.3. Solubility of CCPS analogs and Cers in water. The
assay was carried out according to the published method
used for the solubility assessment of CPB and its ana-
logs.82 Saturated solutions of Cers and CCPS analogs
were prepared by dissolving a known amount of lipid (gen-
erally 25 mg of CCPS lipid or 4 mg of Cer) in the appropri-
ate volume of double distilled water. The solubility
measurements were performed in a constant-temperature
shaking bath by increasing and decreasing temperature
between 20 and 40 �C. Solubility of C2-, C6-, and C16-
Cers was measured by a direct infusion of the aqueous
solution of lipids into LC–MS system. The obtained ana-
lytical results were processed as reported.21,95

4.1.4. Stability assays. Samples of LCL29, 30, 88, and
150 were dissolved in phosphate buffer solutions (pH
4.5, 7.4, and 8.5) and allowed to stand at 40 �C over a
period of 48 h. After that period of time, the lipid
solutions were analyzed by RP TLC and LC–MS as
described below.

4.1.5. Molecular hydrophobicity. The flow rates of CCPS
analogs (Rf values) were determined by RP-TLC using
C18-silica gel plates and acetonitrile–methanol–1 M
NH4Br(aq) (4:1:1.5, v/v/v) as the eluent. The molecular
hydrophobicity (RM) values were calculated from the
following equation: RM = log(1/Rf � 1).65

4.2. Biology

4.2.1. Cell culture. MCF7 cells (breast adenocarcinoma,
pleural effusion) were purchased from American type
Culture Collection (ATCC) (Rockville, MD, USA),
grown in RPMI 1640 media (Life Technologies, Inc.)
supplemented with 10% fetal calf serum (FCS) (Summit
Biotechnology, CO, USA), and maintained under stan-
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dard incubator conditions (humidified atmosphere 95%
air, 5% CO2 37 �C). A parallel set of cells was used to
determine cell proliferation and to prepare lipid extracts
for MS analysis.

4.2.2. Cell proliferation. Cells were seeded at a density
of �50% corresponding to 1 · 106 cells, in 10 mL of
10% FCS and after an overnight incubation were treat-
ed with LCL compounds at concentration 0–20 lM in
ethanol (ethanol level was kept below 0.1%) and the
changes in cell numbers after 24 or 48 h were deter-
mined and expressed as a percentage of the untreated
controls. Briefly, media were removed, cells were
washed twice with PBS, detached using 1% trypsin,
and centrifuged at 800 rpm. Cell pellets were resus-
pended in PBS and Trypan blue (Sigma Chemicals,
St. Louis, MO, USA) was added (1:1 dilution). Under
light microscope, the percentage of unstained and
stained cells was assessed.

4.2.3. LC–MS analysis of endogenous Cers and cellular
level of CCPS and dhCCPS analogs. Advanced analyses
of Cers and ceramidoids were performed by the Lipido-
mics Core at MUSC on Thermo Finnigan TSQ 7000,
triple-stage quadrupole mass spectrometer operating in
a Multiple Reaction Monitoring (MRM) positive ioni-
zation mode as described.95 Quantitative analysis of
the cellular level of CCPS and dhCCPS analogs was
based on the calibration curves generated by spiking
an artificial matrix with the known amounts of the tar-
get standards and an equal amount of the internal stan-
dards (IS). The target analyte to IS peak area ratios
from the samples were similarly normalized to their
respective IS and compared to the calibration curves
using a linear regression model.
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