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Synthesis of a novel cyclic pentacovalent phosphoenol ether
derived from a dienone. Approaches to the syntheses of

phosphonate analogs of sphingomyelin, sphingosine 1-phosphate
and ceramide 1-phosphate
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Abstract—The synthesis of a new pentacovalent oxaphospholene from a dienone, and its use as an enolate equivalent in the
approach toward the syntheses of phosphonate analogs of sphingomyelin, sphingosine 1-phosphate and ceramide 1-phosphate are
described. Condensation of the new P(V) reagent with an azodicarboxylate, followed by reduction of the ketone produced cis-
and/or trans-oxazolidinones, potential precursors to the sphingomyelin, sphingosine and ceramide molecules. A study of reducing
agents to produce the desired cis-oxazolidinone is presented. © 2002 Elsevier Science Ltd. All rights reserved.

Introduction of an antimetabolite, an agent which
inhibits or perturbs a given metabolic reaction, is a
reliable method used to investigate biochemical pro-
cesses.1,2 Phosphonate analogs possess a non-hydrolyz-
able C�P bond in place of the labile O�P bond in
organophosphate esters, and as such present this possi-
bility of antimetabolic activity. Phosphonate analogs of
biologically active organophosphates have been found
to be highly biologically active, and are therefore
becoming increasingly important in the field of pharma-
cology and drug design.1,2

We are currently applying our pentacovalent oxaphos-
pholene [P(V)] methodology to the preparation of iso-
teric and non-isosteric phosphonate analogs of various
biologically active compounds for metabolic and bio-
logical activity studies.3,4 During our investigation of
the chemistry of the pentacovalent 1,2�5-oxaphosphol-
enes 1, prepared from the reaction of an enone with a
trialkyl phosphite, we discovered that these P(V) com-
pounds condense under very mild conditions with a
variety of electrophiles to produce highly functionalized
phosphonates.3,4 Thus, in two steps or less, we have
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been able to �,�-difunctionalize enones. Our 1,2�5-
oxaphospholenes 1 can be regarded as cyclic phospho-
enol ethers. While their reactivities are of the ‘open’
enolate/phosphosphonium species such as 2, they
clearly exist as the cyclic pentacovalent species 1 as
evidenced by 31P NMR spectroscopy (see Scheme 1).

Herein, we report our progress on the preparation of
phosphonate analogs of sphingomyelin, sphingosine 1-
phosphate, and ceramide 1-phosphate via our P(V)
methodology. The importance of sphingomyelins,
ceramides and sphingosines in metabolism and cellular
signalling has kept the areas of phospholipid biosynthe-
sis, activation and catabolism under intense investiga-
tion.5,6 Sphingomyelin is a major component of
mammalian cell membranes, and ceramide, its catabo-
lite formed during a sphingomyelinase-catalyzed reac-
tion, is an important second messenger that can affect
cell growth, cell differentiation and cell death.
Ceramide is further metabolized by ceramidase to sphin-
gosine, which can be phosphorylated to sphingosine
1-phosphate by sphingosine kinase. Recently, sphin-
gosine 1-phosphate has been found to be a potent
mitogen for several cell types, as well as being impli-
cated in calcium mobilization, cell growth and differen-
tiation.5d,e While the structural characteristics of
inhibitors of the enzyme ceramidase have been delin-
eated to some extent,5f–h and the functions of a family
of sphingosine 1-phosphate receptors reported,5d,e less
is known about the structure of sphingomyelinases, or
which of the sphingomyelinases (acid or neutral) is
most important for the stimulus-induced ceramide pro-
duction.5i–k Thus, metabolically stable analogs or
inhibitors would greatly assist in the investigations of
these various sphingomyelinases and processes.

Our model studies toward the syntheses of the sphin-
gomyelin and ceramide 1-phosphate phosphonate
analogs utilizing a P(V) reagent derived from methyl
vinyl ketone with dialkyl azodicarboxylates as the elec-
trophilic nitrogen sources have been published.4 While
this current work was in progress, other workers in the
field have reported on the syntheses of sphingomyelin
and sphingosine phosphonates as hydrolytically stable
analogs and possible sphingomyelinase inhibitors.6 In
this communication, we report our successful synthesis

of a new P(V) reagent from a dienone and its use
toward the production of the title compounds.

Our retrosynthetic analysis is shown in Scheme 2. For
the synthesis of the phosphonate analogs of sphin-
gomyelin (3a), sphingosine 1-phosphate (3b) and
ceramide 1-phosphate (3c), we required the pentacova-
lent oxaphospholene 4 derived from the dienone 5. To
date, we have produced 1,2�5-oxaphospholenes (1)
from enones where R=alkyl, TMS, SiMe2Ph, CH2OR�;
R1=H; and R2=H or P(O)(OEt)2.3,4

The dienone 5 was prepared via addition of vinyl
Grignard reagent to E-hexadecenal synthesized by
Schollkopf7 via Funk’s method, followed by MnO2

oxidation. This dienone could be purified via flash
column chromatography on silica gel, but had to be
utilized quickly in subsequent reactions. We found it
best to store our dienone precursor as the diene–alcohol
6, and oxidize it just before use (see Scheme 3).

When we first attempted to form the P(V) 4 from the
dienone 5, we initially assumed that use of more than 1
equiv. of trialkyl phosphite would be detrimental and
might lead to other products. However, by monitoring
the reaction mixture of triethyl phosphite and the
dienone 5 via 1H, 31P and 13C NMR spectroscopies, we
discovered that utilization of only 1 equiv. of phosphite
led to many different products along with the desired
P(V), 4. Use of 2 equiv. of triethyl phosphite led to the
successful formation of the desired P(V) in very high
yield with little or no by-products.8a,9 The excess phos-
phite could be easily removed in vacuo to produce very

Scheme 2.
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Scheme 3.

pure 4. In order to prove that we had indeed produced
the correct P(V) compound, 4 was hydrolyzed with
water, and the expected phosphonoenone 7 was isolated
in 95% yield after purification via column chromato
graphy.8b,9

The condensation of our new P(V) 4 with an elec-
trophilic nitrogen source was next investigated. The
reaction conditions that worked well with the P(V)
derived from methyl vinyl ketone were initially utilized,
that is, addition of the P(V) to bis(2,2,2-
trichloroethyl)azodicarboxylate (BTCEAD) at −78°C in
Et2O.4 However, with the P(V) 4 derived from the
dienone, no reaction was observed when these condi-
tions were used. Warming the reaction mixture to room
temperature did induce the reaction between BTCEAD
and 4, but the yield of 8 was very low. Following the
protocol of Leblanc and co-workers, the use of Lewis
acid activation to induce the reaction was investi-
gated.10 Of the Lewis acids studied (TiCl4, BF3·Et2O,
MgBr2·Et2O, ZnCl2), it was found that the highest yield
of 8 (85%) was obtained with ZnCl2 (4 equiv.) in diethyl
ether9 (see Scheme 4).

In order to reduce the enone carbonyl in a 1,2-sense to
produce the erythro-aminoalcohol, several different
reducing agents were investigated (Scheme 5 and Table
1). As previously seen in our model studies, the alkox-
ide formed from the reduction of the carbonyl cyclized
onto the hydrazide to form the oxazolidinones 9a and/
or 9b.4,9 In order to produce the erythro-sphinomyelin
isomer, we needed to form the cis oxazolidinone 9a.

Unfortunately, the majority of the reducing reagents
utilized predominantly produced the undesired trans
oxazolidinone isomer 9b. Only the chiral reducing agent
R-2-methyl-CBS-oxazaborolidine11 produced the
desired cis oxazolidinone product 9a in moderate yield
(43%). The other enantiomer of this chiral reducing
agent, S-2-methyl-CBS-oxazaborolidine, produced the
trans oxazolidinone product 9b (40% yield). Kinetic
resolution has apparently occurred, as the remaining
material in both cases was the starting enone, 8. We are
currently investigating this reaction in more detail.

Interestingly, the reducing agents K-Selectride, L-Selec-
tride and lithium tri-t-butoxy aluminum hydride
(LiAlH(O-t-Bu)3) all produced the same unsaturated
oxazolidinone, 11, most likely via enolization of the
ketone followed by oxazolidinone formation. To prove
its structure, 11 was independently synthesized by react-
ing the condensation product 8 with LDA to form the
enolate, and allowing the reaction mixture warm to
room temperature. The unsaturated oxazolidinone, 11,
was isolated in 88% yield via this method.

Cleavage of the N�N bond in a mixture of the oxazo-
lidinones 9a and 9b to produce 10a and 10b was
accomplished in good yield (77%) under the conditions
used in the model system (Zn/AcOH/acetone).4,10 Fur-
ther synthetic studies on the reduction reaction, as well
as preparation of the choline derivatives of both the
erythro and threo derivatives will be reported in due
course.

Scheme 4.
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Scheme 5.

Table 1. Reduction of enone 8 to oxazolidinones 9a and
9b

Ratio of 9b:9aReaction conditions Yield of 9 (%)

NaBH4, CeCl3, MeOH, 85 (+10% 2:1
0°Ca alcohol)

89ZnBH4, THF, 0°Cb 3:1
4:1LiBH3N(i-Pr)2, THF, 0°Cc 77

83NaBH4, sucrose,d 7:1
THF/H2O, 0°C–rt

9a onlyR-CBS, BH3–DMS, rt 43
9b only40S-CBS, BH3–DMS, rt

a Luche, J.-L. J. Am. Chem. Soc. 1978, 100, 2225.
b Nakata, T.; Tanaka, T.; Oishi, T. Tetrahedron Lett. 1983, 24, 2653.
c Fisher, G.; Fuller, J.; Harrison, J.; Alvarez, S.; Burkhardt, E.;

Goralski, C.; Singaram, B. J. Org. Chem. 1994, 59, 6378.
d Denis, C.; Laignel, B.; Plusquellec, D.; Marouille, J.-Y.; Botrel, A.

Tetrahedron Lett. 1996, 37, 53.

(b) Hilderbrand, R. L. The Role of Phosphonates in Living
Systems ; CRC Press: Boca Raton, FL, 1983; (c) Black-
burn, G. M.; Taylor, G. E.; Tattershall, R. H.; Thatcher,
G. R. J.; McLennan, A. In Biophosphates and their
Analogues—Synthesis, Structure, Metabolism and Activ-
ity ; Bruzik, K. S.; Stec, W. J., Eds.; Elsevier Science:
Amsterdam, 1987; p. 451; (d) Kalir, A.; Kalir, H. H. In
The Chemistry of Organophosphorus Compounds ; Hartley,
F. R., Ed.; Wiley and Sons: New York, 1996; Vol. 4, pp.
767–780; (e) Engel, R. Chem. Rev. 1977, 77, 349; (f)
Blackburn, G. M. Chem. Ind. 1981, 134; (g) Fields, S. C.
Tetrahedron 1999, 55, 12237; (h) Knowles, J. R.; Orr, G.
A. Biochem. J. 1974, 141, 721; (i) Kim, C. U.; Misco, P.
F.; Luh, B. Y.; Hitchcock, M. J. M.; Ghazzouli, I.;
Martin, J. C. J. Med. Chem. 1991, 34, 2286.

2. For some recent relevant examples, see: (a) van Beek, E.
R.; Lowik, C. W. G. M.; Ebetino, F. H.; Papapoulos, S.
E. Bone 1998, 23, 437; (b) Pokrovsky, A. G.; Pronayeva,
T. R.; Fedyuk, N. V.; Shirokova, E. A.; Khandazhin-
skaya, A. L.; Tarusova, N. B.; Karpenko, I. L.;
Krayevsky, A. A. Nucleosides Nucleotides Nucleic Acids
2001, 20, 767; (c) Birck, M. R.; Holler, T. P.; Woodard,
R. W. J. Am. Chem. Soc. 2000, 122, 9334 and references
cited therein; (d) Chen, J.; Prestwich, G. D. J. Org. Chem.
1998, 63, 430; (e) Chung, S.-C.; Moon, S.-H. Carbohydr.
Res. 1994, 260, 39; (f) Ezra, A.; Hoffman, A.; Breuer, E.;
Alferiev, I. S.; Mönkkönen, J.; Hanany-Rozen, N.;
Weiss, G.; Stepensky, D.; Gati, I.; Cohen, H.; Tömäle-
hto, S.; Amidon, G. L.; Golomb, G. J. Med. Chem. 2000,
43, 3641; (g) Yokomatsu, T.; Shimizu, T.; Sada, T.;
Shibuya, S. Heterocycles 1999, 50, 21 and references cited
therein.

3. (a) McClure, C. K.; Jung, K.-Y.; Grote, C. W. Phospho-
rus Sulfur Silicon 1990, 51/52, 418; (b) McClure, C. K.;
Jung, K.-Y. J. Org. Chem. 1991, 56, 867; (c) McClure, C.
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