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Abstract: Short-chain 3-fluoro-(dihydro)ceramide analogues are synthesized from L-serine using
diethylaminosulfur trifluoride (DAST) as fluorinating agent. The apoptogenic activity of these compounds was
measured in three different cell lines and compared with their hydroxylated counterparts. @ 1999 Elsevier Science Ltd.
All rights reserved.

Introduction

Ceramides (Figure 1), generated from sphingomyeline, act as second messengers and play an important role in
apoptosis.! Dihydroceramides, which lack the 4,5-trans carbon-carbon double bond, are biologically inactive.?
Cytokines® (such as TNF-a., interleukine-1, y-interferon), chemotherapeutic agents (e.g. daunorubicine®) and
jonizing radiation’ induce apoptosis by increasing the intracellular ceramide concentrations. In addition,
exogenously administered short-chain, cell-permeable ceramides are able to induce apoptosis, thus mimicking
such inducing effects. Reasoning that isosteric and isoelectronic substitution of a hydroxyl group by a fluorine
atom is often associated with interesting bio-activities,® we have synthesized new series of fluorinated, cell-
permeable (dihydro)ceramide analogues. The potential of these compounds to induce apoptosis in Molt cells,
K-422 cells and peripheral blood lymphocytes was assessed by flow cytometry.
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Synthesis
We pursued a synthetic sequence leading to the D-erythro and L-threo fluorinated ceramide analogues 7 and 8
and to the L-threo fluorinated dihydroceramides 16, 17 and 24, based on L-serine as chiral pool molecule and
diethylaminosulfur trifluoride (DAST) as fluorinating agent.” Modification of a previous strategy developed by
Herold® accessed the D-erythro-ceramide analogue 2 (Scheme 1) with a shortened sphingoid backbone.
Diastereoselective addition of the lithium salt of 1-nonyne to the Garner aldehyde 1 (prepared from L-serine
according to a literature procedure®) in the presence of HMPA, followed by Birch-reduction and N-acylation,
afforded the ceramide analogue 2.
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a: Tl pyridine, 100 °C, 90 %; b: DAST, CH,Ch, -78 °C, 4: 28 %, 5: 57 %, 8. 14 %; c: Amberlyst 15, CH;OH, 7 and 8: 50 %, 9: 65 %, 10: 20 %.

After protection of the primary hydroxyl group in 2 as a trityl ether (Scheme 1), 3 was treated with 1.5
equivalents of DAST in CH;Cl, at —78 °C to give compounds 4, 5 and 6 in a ratio of 2/4/1. NMR analysis
showed that 4 and 5 each prevailed as epimeric mixtures, which could not be separated at this stage. Fluorides 5
are obviously formed by a SN,’-type substitution of the hydroxyl group in 3."" Based on the observation that D-
erythro- and L-threo-epimers can be distinguished by the upfield resonance of H-C(3) in the "H-NMR spectrum
of the erythro (3R) compound,® it was deduced that the threo-fluoride 4 was predominantly formed
(threolerythro ~ 2.5/1).12

Deprotection of compounds 4 and 5 using Amberlyst 15 gave epimers 7 and 8'* and an inseparable epimeric
mixture (ratio ~ 1/1) of 9 respectively. Hydrolysis of the oxazoline derivative 6 furnished the L-threo-ceramide
10, indicating that inversion of the configuration at C-3 had occurred during cyclization from 3. Thus, both
fluorinated ceramides 7 and 8 were obtained in a pure form for the first time.

Surprisingly, reaction of DAST with the saturated congener of 2" (after tritylation of the primary hydroxyl
group) afforded only the oxazoline derivative in a quantitative yield, while no trace of fluorinated compounds
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could be detected. Therefore, it was decided to introduce the fluorine atom at a stage where this neighbouring
group (imidol) participation was obviated. Fluorination of the erythro-alcohol 11 (synthesized from the Garner
aldehyde 1'*) using DAST led to the threo-fluoride 13 (SN,-mechanism) as a single product (Scheme 2).
Cleavage of the oxazolidine and deprotection of the ferz-Boc-group with trifluoroacetic acid yielded the L-threo
sphinganine (dihydrosphingosine) analogue 15. N-Acylation of 15 using acetyl chloride and hexanoyl chloride
gave rise to the 3-fluorinated L-threo dihydroceramides 16 and 17, respectively.'

Fluorination of the threo-alcohol 12 with DAST afforded the erythro-compound 14, albeit in very low and
impractical yield (5 %). The low reactivity of threo-alcohol 12 is most probably due to an intramolecular
hydrogen bonding between the urethane carbonyl and the secondary hydroxyl group.'®
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The synthesis of a dihydroceramide analogue containing an aromatic residue started with the Grignard addition
of phenethylmagnesium chloride to the Garner aldehyde 1, affording a mixture of the epimeric alcohols 18 and
19 (Scheme 3).
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Separation was not feasible at this stage and overlap of the 'H-NMR signals led to uncertainty in the
determination of the epimeric composition. Cleavage of the oxazolidine with TosOH afforded the N-fers-Boc-
protected sphinganine analogues 20 and 21. The erythro/threo ratio of 1:2 was obtained by integration of the
NH-signals (8 = 5.35 ppm (erythro); 8 = 5.25 ppm (threo)). Preferential formation of the threo-alcohol 19 can
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be rationalized in terms of a chelated Cram model, in which the Grignard reagent functions as a chelating Lewis
acid."”

The mixture of epimeric alcohols 18 and 19 was used further in the fluorination reaction. Surprisingly, only one
epimer was formed, as judged from NMR. Apparently, the erythro-alcohol 18 underwent substitution at a much
faster rate than the threo-alcohol 19, yielding threo-fluoride 22. Deprotection gave 23, which was acylated with
hexzinoy] chloride to yield the 3-fluoro-dihydroceramide 24.'®

The synthesis of the hydroxylated ceramide analogues 2, 10, 26 and 27 has been described previously,'
whereas the synthesis of the hydroxylated dihydroceramide analogue 25 will be reported in due course'* (Figure
2).

Figure 2
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Biological Evaluation and Discussion

To study the influence of the isosteric substitution of a hydroxyl group for a fluorine atom, the apoptogenic
activity of the fluorinated analogues was compared with that of their hydroxylated counterparts 2, 10 and 25.
Two cell lines (Molt cells and K-422 cells) and peripheral blood lymphocytes, isolated from two healthy
volunteers, were treated with 30 pM of a (dihydro)ceramide analogue. Compound 28 (a well known inducer of
apoptosis’) was used as a positive control. After an incubation period of 24 h, the number of apoptotic cells was
measured by flow cytometry, using fluoresceine-isothiocyanate labeled Annexin V and 7-amino-actinomycin D
as vital dye (Table 1)."°

As can be seen from Table 1, shortening of the sphingoid base backbone from C;3 to Cj2 (compound 2) led to a
drastic decrease in apoptogenic activity, which shows the significance of having a sufficient number of carbon
atoms in the sphingoid base backbone. Isosteric replacement of the secondary hydroxylgroup of the short-chain
ceramide analogues 2 and 10 for a fluorine atom yielded compounds 7 and 8, respectively, which have an
increased apoptogenic activity in the two cell lines and peripheral blood lymphocytes. Noteworthy is that L-
threo ceramide 10 is more apoptogenic than its D-erythro epimer 2 in K-422 cells and peripheral blood
lymphocytes. By introducing a 3-fluoro substituent, this difference between erythro (7) and threo (8)
compounds is less pronounced.

It is commonly believed that only ceramides, containing a 4,5-frans carbon-carbon double bond, induce
apoptosis.” In sharp contrast, we found that introduction of a fluorine-substituent (compound 17) for a hydroxyl
group into the dihydroceramide-analogue 25 dramatically increased the apoptogenic activity in Molt cells and
K-422 cells. Conversely, in peripheral blood lymphocytes, a decrease in the number of apoptotic cells was
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noted. To further explore the structure-activity relationship related to dihydroceramide 17, we shortened the N-
acyl chain from Cs to C; (compound 16). As the percentage of apoptotic cells decreased, the significance of N-
acyl chain length was highlighted. To probe the prerequisite of the sphingoid base backbone for exhibiting
apoptogenic activity, we synthesized the analogue 24, carrying an aromatic residue. Loss of the apoptogenic
potential, which was also observed for compounds 26 and 27 (data not shown), confirmed that apoptosis is
triggered by the presence of an alkyl hydrocarbon chain.

Table 1: Percentage of apoptotic Molt cells, K-422 cells and peripheral blood lymphocytes (PBL), 24 h after
treatment with 30 pM of a (dihydro)ceramide analogue.

COMPOUND |MOLT CELLS K-422 CELLS PBL
2 3.5+3.5 12.5+2.7 12.0+12.0
7 11.0+3.1 347+74 40.0+43
8 13.7+59 512+85 47.7+129
10 ' 1.0+ 0.6 32.7+£3.9 33.5+125
16 3.0£25 73+24 3.0+00
17 31.6+6.1 320+179 46.0+ 125
24 20+0.0 2525 0505
25 9.0+3.5 15.0+6.5 57.0+10.2
28 51.0+9.2 27.7+6.5 488+ 125

® Each value represents the mean + SEM of at least two independent experiments.

Conclusion

We estabﬁshed a scheme for the synthesis of new, short-chain 3-fluoro-ceramides (D-erythro, as well as L-
threo epimers) and L-threo 3-fluoro-dihydroceramides. The Garner aldehyde 1 served as a suitable starting
material, while DAST proved to be an efficient fluorinating agent.

The failure of cells to undergo apoptotic cell death might be involved in the pathogenesis of cancer.”’ As shown
in this paper, we were able to modify (dihydro)ceramides in such way that an increased apoptogenic activity in
K-422 cancer cells was obtained. Unfortunately, at the same time, the apoptogenic potential of the fluorinated
compounds also increased in Molt cells and peripheral blood lymphocytes. Further exploring the structure-
activity relationship of these compounds could possibly lead to the development of (dihydro)ceramides as a
new class of anti-cancer agents, that selectively induce apoptosis in tumor cells.
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