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was stirred for 48 h, the reaction was determined complete (TLC
analysis). The solvent was removed in vacuo and the product
added to diethyl ether (10 mL). The organic phase was washed
with saturated ammonium chloride (5 mL) and brine (5 mL) and
dried over anhydrous magnesium sulfate. Filtration and con-
centration in vacuo gave 198 mg of a light oil. Chromatography
afforded 181 mg (86%) of 1-hydroxy-15-(tert-butyldimethylsil-
oxy)-PGB, 11: 'H NMR (CCl) 4 6.6 (1 H, d, J = 15 Hz, olefinic,
H13), 5.9 (1 H, dd, J13—14 =15 HZ, J14_15 =5 HZ, olefinic, H“),
4.3-4.05 (1 H, dt, allylic « to OSiRg, Hys), 3.7-3.5 2 H,t,J =6
Hz, CH, a to OH), 2.5-1.8 (6 H, m, 3 CH,), 1.6-1.1 (18 H, m,
(CHz)‘, (CH2)5, 0.9-0.75 (12 H, s and t, CH3 and SiC(CHa)a), 0.0
(6 H, 2 s, Si(CH,),); *C NMR (22.5 MHz, CDCly) § 209.6, 163.2,
141.4, 140.3, 123.8, 75.6, 72.3; IR (liquid film) 3400, 3050-2860,
170?, 1665, 1600, 1470, 1390, 1360, 1260, 1100, 1040, 970, 840, 775
cm,
Preparation of (+£)-PGA (12). A solution of enone 10 (97 g,
0.22 mmol) in 20 mL of acetone at -5 °C was treated with 0.16
mL of Jones reagent (2.5 equiv) over a period of 15 min. After
being stirred for 30 min between -5 and 0 °C, the mixture was
treated with 2-propanol (0.5 mL) and filtered through Celite. The
filtrate was added to water (20 mL) and extracted with ethyl
acetate (3 X 20 mL), and the combined organics were concentrated
in vacuo. A solution of the crude acid in acetonitrile (5 mL) was
treated with an aqueous hydrogen fluoride solution and the de-
silylated product was isolated after 1 h. Chromatography afforded
(£)-PGA as an oil, 52 mg, 71% yield: 'H NMR (CDCly) 4 7.4-7.5
(1H,dd,J = 6 Hz), 6.1-6.0 (1 H,dd, J = 6 Hz, J = 2 Hz), 5.6-5.4
(2 H, m, olefins), 4.05 (1 H, m, allylic « to OH), 3.2 (1 H, m, doubly
allylic); IR (liquid film) 3420, 3080-2740, 1715, 1700, 1590; A ey
(EtOH) 217 nm (¢ 10000).

Preparation of (+)-PGB (13). The enone 11 (132 mg, 0.3
mmol) was oxidized with 2.8 equiv of Jones reagent in acetone
at -5 °C and desilylated exactly as reported above for (+)-PGA
12. Short-path chromatography gave (£)-PGB 13 as an oil, 78
mg, 78% yield: 'H NMR (CDCly) 4 6.75 (1 H, d, J = 15 Hz, H,3),
6.15 (1 H, dd, J13_14 =15 HZ, J14’15 =5 HZ, H14), 44-4.1 (1 H, dt,
allylic o to OH, H;s), 2.9-2.0 (8 H, m, 4 CH,), 1.9-1.1 (16 H, 8
CH,), 1.1-0.75 (3 H, t, CHjy); IR (liquid film) 3440, 1730, 1695,
1650, 1660, 970 cm™; Ay, (EtOH) 279 nm (e 26 500).

Preparation of 14. An ethereal solution of the mixed cya-
no-n-butylcuprate (3.55 mmol in 25 mL, prepared from n-bu-
tyllithium and cuprous cyanide as reported for 8 above), cooled
to ~78 °C, was treated with a solution of the enol phosphate 8
in diethyl ether (0.95 mmol in 5 mL). After being stirred at this

temperature for 1 h, and a further hour at ca. —45 °C, the reaction
mixture was quenched by the addition of a saturated ammonium
chloride solution (10 mL). The inorganic salts were removed by
filtration through Celite, and the resulting organic phase was
washed with brine (15 mL) and dried over anhydrous magnesium
sulfate. Filtration and concentration in vacuo gave 620 mg of a
light brown oil. TLC and spectral analysis showed no starting
material, and the only product was isolated by column chroma-
tography as a light oil, 290 mg, 58% overall yield from 7 (silica
gel 60, 70-230 mesh, diethyl ether; R; 0.53): 'H NMR (360 MHz,
CDCly) § 5.60-5.49 (2 H, m, olefinic), 5.41-5.40 (1 H, br s, ring
olefin), 5.41-5.40 (1 H, br s, ring olefin), 4.62-4.47 (1 H, m, allylic
a to OH), 4.21-4.13 (4 H, m, 2 OCH,), 4.12-4.06 (1 H, m, allylic
a to OSiR;), 2.86-2.84 (1 H, m, allylic ring proton), 2.72-2.70 (1
H, m, allylic ring proton), 1.44-1.19 (20 H, t and m, 2 OEt, (CHy),,
(CHy)3), 0.92-0.83 (15 H, s and m, 2 CH;, SiC(CHjy)s), 0.0 (6 H,
23, Si(CHy)y); IR (liquid film) 3400, 3050-2860, 1655, 1470, 1260,
1180, 1040, 980, 880, 840, 780 cm™..

Preparation of 15. The tert-butyl adduct 15 was obtained
as a light yellow oil following chromatography (silica gel 60,
230-400 mesh, diethyl ether; R; 0.49; 58% overall yield from 7),
using the procedure reported above for the preparation of 14
(tert-butyllithium substituted for n-butyllithium): 'H NMR (CCL)
8 5.60-5.35 (3 H, M, olefinic), 4.3-3.8 (6 H, m, allylic « to OH,
allylic a to OSiR3, 2 OCH,CHj), 2.8-2.55 (2 H, m, ring allylic),
1.60-1.1 (14 H, m, 2 OCH,CHj, (CH,),), 0.95 (9 H, s, tert-butyl),
0.85 (12 H, s and m, tert-butyl, CHj), 0.0 (6 H, 2 s, Si(CH,),); IR
(liquid film) 3420, 3050-2860, 1650, 1470, 1400, 1370, 1260, 1170,
1040, 960, 840 cm™,
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Useful Syntheses of erythro- and threo-N-Oleoyl-D-sphingosines
(Ceramides) and Galactosylceramides (Cerebrosides) from L-Serine!
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The 4-(carbomethoxy)-2-phenyl-AZ%-oxazoline formed from L-serine provides the basis for a useful synthesis
of ceramides and cerebrosides. The natural erythro configuration and its threo epimer are formed in equal amounts
but are readily separated chromatographically, so that both epimers are available for experiments in which the
properties of erythro and threo configurations are to be compared. The method produces the final cerebroside
product on a scale of 100 mg or more. The optical purity of the product was shown to be close to 100%. In
addition to the threo epimer, other analogues of the natural cerebrosides with different chain lengths and
stereochemistries should be readily available by using the route developed. Such molecules are of interest to
us for 13C NMR and related studies of membrane organization.

Cerebrosides (1, Figure 1) are a subclass of glyco-
sphingolipids and are one of the main constituents of brain
membranes.?® They are the simplest type of glyco-

(1) (a) Supported by the National Institutes of Health (Grant GM-
22647). (b) For further details, cf.: Tkaczuk, P. Ph.D. Dissertation in
Chemistry, University of Pennsylvania, 1980.
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sphingolipid and thus serve as a model for the hydrophobic
and interfacial regions of more complex glycosphingolipids.
Cerebroside and cerebroside sulfate have been shown to
bind stereospecifically morphinelike compounds, a nec-

(2) O'Brien, J. S.; Fillerup, D. L.; Mead, J. F. J. Lipid Res. 1964, 5,
109-116.
(3) O’Brien, J. S.; Rouser, G. J. Lipid Res. 1964, 5, 339-342.
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Figure 1. Structural formula of cerebroside containing a satu-
rated fatty acyl chain and showing the numbering system used

in 13C NMR assignments. (The oleoylcerebroside has a cis double
bond at C-¢,C-10")

essary requirement for possible receptor functioning.*®
Other glycosphingolipids have been implicated as receptors
for toxins,®” hormones,?® and interferon.!® Cerebrosides
have been shown to have the structure 1, which includes
sphingosine (D-erythro-1,3-dihydroxy-2-amino-trans-4-
octadecene),'12 a long-chain fatty acid attached in an
amide linkage,>>1314 and a hexose, in the brain predomi-
nantly galactose, attached in a §8-glycosidic linkage to
sphingosine C-1.1%

The need to synthesize substantial quantities of cereb-
rosides and related glycosphingolipids for 1C NMR and
other studies of their effects on membrane organization
led us to seek an efficient route, which we are reporting
herein. Questions concerning the stereospecificity of
membrane organization can be answered by comparing the
effects of natural and various unnatural stereochemical
configurations of cerebrosides on !3C relaxation times in
bilayer membranes. A major question is whether the C-3
hydroxyl group is involved in stereospecific hydrogen
bonding; therefore, we want to examine the threo isomer
of cerebroside. We developed a synthesis based on the
sphingosine synthesis of Newman,'® and we elected to
concern ourselves with efficiency rather than stereoselec-
tivity. Our route gives essentially equimolar quantities of
D-erythro product and its threo C-3 epimer; however, we
were able to separate them readily by chromatography, and
for study of structures differing in additional stereochem-
ical features or in chain lengths, we would need to syn-
thesize both erythro and threo isomers in any case. The

(4) Loh, H. H.; Cho, T. M.; Wu, Y. C.; Harris, R. A.; Way, E. L. Life
Seci. 1975, 16, 1811-1817.

(5) Cho, T. M.; Cho, J. S.; Loh, H. H. Mol. Pharmacol. 1979, 186,
393-405.

(6) Simpson, L. L.; Rapport, M. M. J. Neurochem. 1971, 18,
1341-1343.

(7) Cuatrecasas, P. Biochemistry 1973, 12, 3547-3558, 3558-3566.

(8) Mullin, B. R.; Fishman, P. H.; Lee, G.; Aloj, S. M.; Ledley, F. D.;
Winand, R. J.; Kohn, L. D.; Brady, R. O. Proc. Natl. Acad. Sci. U.S.A.
1976, 73, 842-846.

(9) Meldolesi, M. F.; Fishman, P. H.; Aloj, S. M,; Ledley, F. D.; Lee,
G.; Bradley, R. M.; Brady, R. O.; Kohn, L. D. Biochem. Biophys. Res.
Commun. 1977, 75, 581-588,

(10) Vengris, V. E.; Reynolds, F. H., Jr.; Hollenberg, M. D.; Pitha, P.
M. Virology 1976, 72, 486-493.

(11) Carter, H. E.; Glick, F. J.; Norris, W. P.; Phillips, G. E. J. Biol.
Chem. 1947, 170, 285-294. Carter, H. E.; Glick, F. J.; Norris, W. P,;
Phillips, G. E. Ibid. 1942, 142, 449-450.
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(13) Pryde, J.; Humphreys, R. W. Biochem. J. 1924, 18, 661-664.
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route developed appears to be applicable to the synthesis
of a variety of such structures. Prior synthetic work on
sphingosine and cerebrosides has been reviewed by Sha-
piro!” (see also ref 18).

Results

Ceramides. As shown in Scheme I, L-serine was con-
verted into an oxazoline derivative of sphingosine and its
epimer. The L-serine was esterified as previously de-
scribed,’® and the amine and hydroxyl groups were then
protected by formation of an oxazoline under conditions
shown not to cause epimerization,® (yield 79% from the
ester). The ester group could then be reduced to an al-
dehyde with diisobutylaluminum hydride (DIBAL-H) at
-70 °C. Subsequent reaction with the trans-vinylalane (4),
readily prepared from 1-pentadecyne, gave the sphingosine
oxazoline and its epimer as a 1:1 mixture. These erythro
and threo epimers were found to be nicely separable by
silica gel flash chromatography?® with ether-petroleum
ether (10:7) as the eluting solvent.

Ceramides were prepared from these oxazolines. Hy-
drolysis of the oxazoline with aqueous HCl gave the 1-
benzoate hydrochloride of sphingosine or the threo epimer
which could be acylated selectively at nitrogen to give 7
by using p-nitrophenyl oleate in pyridine.?"?> Treatment

(17) Shapiro, D. “Chemistry of Sphingolipids”; Hermann: Paris, 1969.

(18) Shoyama, Y.; Okabe, H.; Kishimoto, Y.; Costello, C. J. Lipid Res.
1978, 19, 260-259.

(19) Elliott, D. F. J. Chem. Soc. 1949, 589-594.

(20) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43,
2923-2925.

(21) Shapiro, D.; Rachaman, E. S.; Sheradsky, T. J. Am. Chem. Soc.
1964, 86, 4472-4476.

(22) Veinberg, A. Y.; Mel'nik, S. Y.; Roslovtseva, G. I.; Samokhvalov,
G. I. Zh. Obsnch. Khim. 1970, 40, 2742-2745.



erythro- and threo-N-Oleoyl-D-sphingosines

with sodium methoxide/methanol deprotected the C-1
hydroxyl, giving the corresponding erythro- and threo-
ceramides.

The 13C NMR spectra of these epimers were used for
conclusive differentiation. Ceramide was derived from
bovine cerebrosides® for comparison, and also myristoyl
ceramide containing bovine sphingosine was prepared in
our laboratory (see supplementary material, Table I).
Assignments were based on studies of several cerebrosides,
psychosine (galactosylsphingosine), and bovine sphingo-
sine,1P%2 ag well as literature data on analogous mole-
cules,P®24 and are considered unambiguous. All corre-
sponding absorptions are essentially identical for synthetic
erythro- and threo-oleoylceramide (erythro-Cer/threo-Cer
18:1) and the bovine substances, known to be erythro,!?
except for the sphingosine Cer C-3 and C-4 carbons and
the Cer C-2’ of bovine ceramide which is shown to be
anomalous by the bovine Cer (14:0) data, possibly because
of heterogeneous fatty acid chain types present in the
bovine ceramide. The ca. 2.4-ppm difference between
erythro and threo epimers at Cer C-3 clearly demonstrates
which isomer is which [6cMe! = 74.33 (erythro) and 71.95
(threo)].

Cerebrosides. The ceramide molecules could not be
converted to cerebrosides without prior protection of the
allylic hydroxyl group at C-3. However, the 1-benzoates
7 could be nicely protected by using tert-butyldiphenylsilyl
chloride, the resulting substances being stable during
subsequent deprotection and glycosylation at C-1, as well
as deprotection of the galactose introduced. Glycosylation
with a-D-bromotetraacetylgalactose? was successful, and
removal of the acetyl groups, followed by removal of the
tert-butyldiphenylsilyl group with tetra-n-butylammonium
fluoride, afforded pure cerebroside 12a and its threo ep-
imer 12b.

As with the ceramides, 13C NMR data differentiate the
erythro and threo epimers (see supplementary material,
Table II). Bovine Gal-Cer (18:1), synthetic 12a (erythro),
and 12b (threo) have Cer C-3 at 6;Me® = 73.16, 73.17, and
71.44, respectively.

Optical Purity. Possible racemization of the synthetic
sphingosine was examined by measurement of the optical
rotation of the triacetylsphingosine derivatives. The op-
tical rotation of pure D-erythro-triacetylsphingosine is
reported as [a]?*p —12.8° (mp 103.5-104 °C), while tri-
acetylsphingosine derived from natural cerebroside gave
[@)?p -11.7° (mp 101-102 °C).7 Since natural cerebroside
contains a few percent of dihydrosphingosine chains, the
slightly lower optical rotation seems to be derived essen-
tially entirely from the presence of dihydrotriacetyl-
sphingosine, which has [«]*’p +18.0°,27 and not from any
racemization. This is also consistent with the slightly lower
melting point of the natural derivative.

We prepared sphingosine from bovine brain cerebro-
side?® and peracetylated it according to the previous me-
thod,? giving [«]?**p —11.8°. This material was chroma-
tographically pure erythro, as confirmed by *C NMR.
Therefore, any racemization would have had to result from
epimerizations at both C-2 and C-3, lending further sup-
port to the conclusion that the rotation of natural tri-

(28) Carter, H. E.; Rothfus, J. A.; Gigg, R. J. Lipid Res. 1961, 2,
228-234.

(24) Tkaczuk, P.; Thornton, E. R. Biochem. Biophys. Res. Commun.
1979, 91, 1415-1422,

(25) Helferich, B.; Weis, K. Chem, Ber. 1956, 89, 314-321.

(26) Shapiro, D.; Segal, H.; Flowers, H. M. J. Am. Chem. Soc. 1958,
80, 1194-1197.

(27) Carter, H. E.; Norris, W. P.; Glick, F. J.; Phillips, G. E.; Harris,
R. J. Biol. Chem. 1947, 170, 269-283.

J. Org. Chem., Vol. 46, No. 22, 1981 4395

acetylsphingosine is accounted for by a small percentage
of dihydro form. In turn, these observations support the
value -12.8°% for optically pure D-erythro-triacetyl-
sphingosine.

Triacetyl derivatives were prepared from our synthetic
sphingosine and threo epimer. The 1-O-benzoate hydro-
chlorides were N-acetylated by using p-nitrophenyl acetate
in pyridine and debenzoylated with sodium methoxide/
methanol, paralleling the preparation of ceramides shown
in Scheme I. Treatment with acetic anhydride in pyri-
dine? gave the desired triacetyl derivatives: erythro, [a]*p
-12.9°; threo [a]?*p +8.43°.

These results demonstrate essentially complete optical
purity in the synthetic scheme. Absolute confirmation of
the optical purity of the cerebroside itself is difficult, and
the best method is degradation to form triacetyl-
sphingosine;??” we did not want to commit such large
quantities of synthetic cerebrosides to degradation as yet,
but intend to do so in due course. However, the operations
for conversion of ceramides to cerebrosides are considered
highly unlikely to produce any racemization, especially
since epimerization at C-2 would be required. Epimeri-
zation at the allylic C-3 position cannot affect optical
purity, since the diastereomeric cerebroside so formed
would be removed chromatographically in purification;
none was seen in 1*C NMR.

Conclusions. The synthetic scheme developed here
produces practical quantities of cerebrosides of high optical
purity without the necessity for an optical resolution step
during the course of the synthesis. The erythro- and
threo-oxazolines 5 are readily separable at an early stage,
i.e., as soon as the second chiral center is established. For
purposes of comparison of NMR properties, or for other
comparisons including physiological properties, both the
erythro and threo series are desirable. The synthesis can
be readily expanded to produce a series of cerebrosides that
differ in chain length, stereochemistry, or composition of
the saccharide unit from the derivatives described above.

Experimental Section!®

Materials and Methods. All solvents used were ACS grade.
Petroleum ether (bp 31.9-56.1 °C) was used in column chroma-
tographic separations of cerebroside derivatives. Flash column
chromatography® used EM silica gel 60 (230-400 mesh). These
columns could be reused for up to five separations by washing
with one bed volume of CH;OH and then reequilibrating with
an equal volume of the eluting solvent.® EM silica gel 60
glass-backed plates were used for TLC monitoring of column
fractions. The lipid spots were developed by immersion of the
plate in an ethanolic solution of phosphomolybdic acid.®
Methanol and nitromethane were dried by distillation from CaH,;
pyridine and N,N-dimethylformamide (DMF) were stirred with
KOH before distillation from CaH,. Toluene, hexane, tetra-
hydrofuran (THF), and ether (diethyl) were dried by being re-
fluxed over metallic sodium with benzophenone indicator and were
distilled immediately prior to use. Solvent mixtures are by volume
before mixing.

'H NMR spectra were recorded on a Bruker WM-250 spec-
trometer using 5-mm tubes. Chemical shifts are given in parts
per million relative to internal Me,Si. IR spectra were recorded
on a Perkin-Elmer 735 spectrometer. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter using a 1-dm cell.

4-(Carbomethoxy)-2-phenyl-A*oxazoline (2). From L-serine
(0.1 mol), the methyl ester hydrochloride was prepared as pre-
viously described:'? yield 92%; mp 133.5-134 °C (lit.? mp 134
°C). The hydrochloride (10.9 g, 70 mmol) in 7 mL of H,0 was
mixed with a solution of benziminoethyl ether3®3! (15.6 g, 105

(28) Kritchevsky, D.; Kirk, M. R. Arch. Biochem. Biophys. 1952, 35,
346-351.
(29) Painter, E. P. J. Am. Chem. Soc. 1947, 69, 229-232,
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mmol) in 45 mL of CH,Cl,, and the flask was stoppered and
shaken for 16 h. Sufficient water was then added to dissolve the
precipitated NH,C]; the product was extracted with CH,Cl,, the
pooled extracts were dried over MgSO,, and the solvent was
removed by rotary evaporation. The residue was distilled under
vacuum: bp 109-110 °C (0.01 torr) {lit.! 110-112 °C (0.02 torr)];
yield 11.3 g (55 mmol, 79%); IR (neat) 1740 (ester), 1640 (C=N)
cm™l; NMR (CDCly) 6y 3.79 (s, 3), 4.57 (dd, 1, J = 10.7, 8.8 Hz),
4.68(dd, 1,J = 84, 8.5 Hz), 4.95 (dd, 1, J = 10.7, 8.2 Hz), 7.36-7.49
(m, 3), 7.96-7.99 (m, 2).

4-Formyl-2-phenyl-A%-oxazoline (3). The oxazoline ester 2
(3.1 g, 15 mmol) in 120 mL of dry hexane/toluene (1:3) was cooled
to =77 °C (solid CO,-acetone bath), and diisobutylaluminum
hydride (DIBAL-H, Aldrich, 15 mmol) in toluene was added
dropwise to the stirring reaction mixture at a rate such that the
temperature did not exceed —70 °C. When all the DIBAL-H had
been added, the mixture was kept at —70 °C for an additional 3
h, and then 0.5 mL of CH;OH was added slowly, maintaining the
temperature at —70 °C for an additional 30 min. A mixture of
10 mL of ethyl acetate and 40 mL of saturated aqueous sodium
potassium tartrate solution was added to the mixture, and the
temperature was allowed to rise to ca. 23 °C. The reaction mixture
was then transferred to a 2-L separatory funnel and extracted
by using additional ethyl acetate and saturated tartrate solution
(sufficient to dissolve all of the aluminum salts which precipitated
during workup). The ethyl acetate extracts were combined, dried
over MgSQ,, filtered, and evaporated by rotary evaporation
followed by high vacuum to give a yellow oil (2.95 g), shown by
TLC in CHCl;-CH3OH (95:5) to be ca. 90% complete in aldehyde
(R;0.22) with a trace of unreacted methyl ester (R;0.60). This
aldehyde was stored in benzene at ~20 °C prior to use: IR (neat)
1720 (aldehyde), 1640 (C=N) cm™.. The aldehyde was not suf-
ficiently stable for microanalysis.

erythro- and threo-4-(1-Hydroxy-2-hexadecenyl)-2-
phenyl-A2-oxazoline (5). The trans-vinylalane (4) resulting from
cis addition of DIBAL-H to 1-pentadecyne (30 mmol) was syn-
thesized as previously reported,'®32% the resulting colorless so-
lution being cooled in an ice bath. Then the aldehyde 3 (30 mmol)
in 12 mL of ether-toluene (3:1) was added dropwise, maintaining
the temperature of the reaction mixture at 5-10 °C. The bath
was removed and the mixture stirred for 1 h while warming to
ca. 23 °C. The product mixture was then worked up by using
the ethyl acetate—tartrate extraction previously described for 3.
The erythro and threo products were separated on a 5-cm-diam-
eter silica gel flash column with ether-petroleum ether (10:7) as
the eluting solvent. TLC in the same solvent gave erythro product
5a (R; 0.39) and threo product 5b (R, 0.23).

Erythro product 5a was isolated: yielded 3.0 g (26%); mp 89-90
°C; IR (KBr) 1640 (C=N) cm™'; NMR (CDCly) 6y 0.88 (t, 3, J
= 6.6 Hz), 1.26 (s, 22), 1.62 (m, 2), 2.42 (br s, 1), 4.39 (m, 3), 4.52
(m, 1),5.44 (dd, 1, J = 15.4, 5.9 Hz), 5.81 (dt, 1, J = 15.4, 7.1 Hz),
7.35-7.50 (m, 3), 7.91 (m, 2).

Anal. Caled for CysHyNO,: C, 77.92; H, 10.13. Found: C,
77.69; H, 10.08.

Similarly, threo product 5b was isolated: yield 2.9 g (25%);
mp 70-70.5 °C; IR (KBr) 1640 (C=N) cm™}; NMR (CDCly) 4y
0.88 (t, 3, J = 6.7 Hz), 1.26 (s, 22), 1.62 (m, 2), 2.21 (br s, 1), 4.37
(m, 3), 4.50 (m, 1), 5.40 (dd, 1, J = 15.3, 6.0 Hz), 5.80 (dt, 1, J
= 15.4, 7.1 Hz), 7.36-7.53 (m, 3), 7.91 (m, 2).

Anal. Calcd for CysHgoNO,: C, 77.92; H, 10.13. Found: C,
78.20; H, 10.04.

The total yield of erythro plus threo was thus 51%.

N-Oleoyl-1- O-benzoyl-D-sphingosine (7). Either oxazoline,
5a or 5b (1.15 g, 3 mmol), in 20 mL of THF was stirred during
addition of 2.5 mL of 2 N HCI and then for 16 h at 25 °C. The
product was isolated by extraction with 100 mL of CHCl;-CH;0H
azeotrope (87:13) and 50 mL of H,0; the organic layer was dried
over MgSQ,, filtered, and evaporated to dryness. The hydro-
chloride residue 6 (1.27 g) gave only one spot on TLC with

(30) Dox, A. W. “Organic Syntheses”, 2nd ed.; Wiley: New York, 1947;
Collect. Vol. I, pp 5-7.

(31) Schaefer, F. C.; Peters, G. A. J. Org. Chem. 1961, 26, 2778-2784.

(32) Newman, H. Tetrahedron Lett. 1971, 4571-4572.

(33) Zweifel, G.; Whitney, C. C. J. Am. Chem. Soc. 1967, 89,
2753-2754.
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CHC;-CH,30H (95:5) and was dissolved in 4 mL of dry pyridine,
to which was added p-nitrophenyl oleate (1.17 g, 2.9 mmol) in
6 mL of dry pyridine with stirring. The reaction was allowed to
proceed for 16 h at 25 °C, i.e., until the hydrochloride 6 was no
longer detectable by TLC, and the solvent was then removed by
using a rotary evaporator equipped with a solid CO,-acetone
condenser. The residue was lyophilized from benzene, and the
resulting solid was chromatographed on a silica gel flash column
(4 cm in diameter) by using ether-petroleum ether (2:1) as the
eluting solvent, giving erythro-1-O-benzoylceramide (7a); yield
1.55 g (78%); mp 46-47 °C; IR (KBr) 1720 (ester), 1650 (amide)
cm™}; NMR (CDCly) 8y 0.88 (t, 6, J = 6.9 Hz), 1.25 (s, 44), 1.55
(m, 2), 1.99 (m, 4), 2.19 (t, 2, J = 7.7 Hz), 3.12 (br s, 1), 4.28-4.60
(m, 4), 5.33 (m, 2), 5.53 (dd, 1, J = 15.1, 6.9 Hz), 5.76 (dt, 1, J
= 15.0, 8.0 Hz), 6.11 (d, 1, J = 7.4 Hz), 7.40-8.00 (m, 3), 8.03-8.10
(m, 2).

Anal. Caled for C3yHNO, C,77.36; H, 10.94. Found: C, 77.32;
H, 11.15.

Similarly, the threo epimer of 1-O-benzoylceramide (7b) was
isolated: yield 1.56 g (78%); mp 47.5-48.5 °C; IR (KBr) 1720
{ester), 1650 (amide) cm™; NMR (CDCl;) 8y 0.88 (t, 6, J = 6.6
Hz), 1.25 (s, 44), 1.59 (m, 2), 2.01 (m, 4), 2.20 (t, 2, J = 7.3 Hz),
2.78 (br s, 1), 4.29-4.54 (m, 4), 5.30-5.36 (m, 2), 5.47 (dd, 1,J =
154, 5.9 Hz), 5.76 (dt, 1, J = 15.4, 7.4 Hz), 5.94 (d, 1, J = 8.0 Hz),
7.42-7.61 (m, 3), 8.01-8.05 (m, 2).

Anal. Caled for CgH3NO,: C, 77.36; H, 10.94. Found: C,
77.17; H, 10.95.

N-Oleoyl-D-sphingosine (8). Either erythro-1- O-benzoyl-
ceramide 7a or the threo epimer 7b (0.15 g, 0.22 mmol) was
dissolved in 90 volumes of warm CH;OH; the solution was cooled
to 25 °C, 10 volumes of 1 N NaOH was added, and the mixture
was stirred for 16 h at 25 °C. When the reaction was complete,
TLC (CHCl;~CH30H, 95:5) showed only one major spot. The
reaction mixture was transferred to a 250-mL separatory funnel
with a rinse of 40 mL of CHClg; 20 mL of H,0 was added, and
the extracted organic layer was dried over MgSO,, filtered, and
evaporated by rotary evaporation. The residue was lyophilized
from benzene and then purified by flash chromatography on silica
gel with CHCl;-CH30H (97.5:2.5) for elution. Fractions containing
pure erythro-oleoylsphingosine 8a were combined, evaporated,
and lyophilized from benzene, giving a white powder: yield 0.11
g (92%); mp 89-90 °C; IR (KBr) 1655 (amide) cm™; 3C NMR
presented in Table I of the supplementary material.

Anal. Caled for C3HggNOg: C, 76.73; H, 12.26. Found: C,
76.51; H, 12.32.

Similarly, the threo epimer of N-oleoyl-D-sphingosine (8b) was
isolated: yield 0.11 g (92%); mp 84-86 °C; IR (KBr) 1660 (amide)
cm™; 3C NMR presented in Table I of the supplementary ma-
terial.

Anal. Caled for C3HgNOg: C, 76.73; H, 12.26. Found: C,
76.84; H, 12.28.

N-Oleoyl-1-O-benzoyl-3- O-(tert-butyldiphenylsilyl)-D-
sphingosine (9). Either erythro-1-O-benzoylceramide 7a or the
threo epimer 7b (667 mg, 1 mmol) and imidazole (102 mg, 1.5
mmol) were dissolved in 2 mL of dry DMF and cooled in an ice
bath, and then tert-butylchlorodiphenylsilane (401 mg, 1.5 mmol)
was added followed by stirring at 0 °C for 10 min, allowing to warm
to 25 °C, and heating at 50 °C for 4 h. The product was extracted
with ether (ca. 70 mL) and 5% aqueous HCI (ca. 30 mL), and the
ether layer was dried over MgSO, and then evaporated on a rotary
evaporator. The resulting crude product was purified by flash
column chromatography on a 4-cm-diameter column packed with
silica gel with ether-petroleum ether (4:1) for elution. The eluted
fractions were monitored by TLC using the same solvent.
Fractions containing pure erythro product 9a were combined and
evaporated, giving an oil: yield 860 mg (95%); [a]**p -5.9°
(CHCI); IR (neat) 1740 (ester), 1650 (amide) cm™; NMR (CDCly)
oy 0.88 (t, 6, J = 6.6 Hz), 1.06 (s, 9), 1.26 (s, 44), 1.81-1.88 (m,
4), 1.94-2.02 (m, 4), 4.32-4.47 (m, 3), 4.56-4.63 (dd, 1, J = 11.4,
7.7 Hz), 5.28-5.46 (m, 4), 5.55 (d, 1, J = 9.5 Hz), 7.34-7.43 (m,
9), 7.61-7.97 (m, 6).

Anal. Caled for C5HyNO,Si: C, 77.89; H, 10.00. Found: C,
77.61; H, 10.27.

Similarly, the threo epimer 9b was isolated as an oil: yield 850
mg (94%); [a]*p —0.12° (CHCly); IR (neat) 1730 (ester), 1650
(amide) cm™; NMR (CDCl,) éy 0.88 (t, 6, J = 6.6 Hz), 1.07 (s,
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9), 1.26 (s, 44), 1.78-1.90 (m, 4), 1.99 (m, 4), 4.29-4.43 (m, 4),
5.26-5.49 (m, 4), 5.72 (d, 1, J = 9.0 Hz), 7.30-7.44 (m, 9), 7.60-7.93
(m, 6).

Anal. Caled for C5Hg NO,Si: C, 77.89; H, 10.00. Found: C,
77.74; H, 10.25.

N-Oleoyl-3-O-(tert-butyldiphenylsilyl)-D-sphingosine
(10). Either 9a or 9b (680 mg, 0.75 mmol) was dissolved in 20
mL of dry CH;OH, and a solution of sodium metal (10 mg) in
2 mL of dry CH;OH was slowly added with stirring. The solution
was stirred for 16 h at 25 °C, and when the starting ester 9 was
no longer detectable by TLC [ether—petroleum ether (2:1)], the
product 10 was extracted by addition of CHCl; (ca. 100 mL) and
H,0 (ca. 25 mL). The CHCI; layer was dried over MgSO,, filtered,
and evaporated by rotary evaporation, and the resulting oil was
purified on a silica gel flash chromatography column (4 ¢cm in
diameter) with ether—petroleum ether (2:1) as the eluting solvent.
Fractions containing pure erythro product 10a were combined
and evaporated, giving a clear oil: yield 580 mg (96%); [2]%p
-13.7° (CHCly); IR (neat) 1660 (amide) cm™; NMR (CDCly) 6y
0.88 (t, 6, J = 6.6 Hz), 1.07 (s, 9), 1.26 (s, 44), 1.98 (m, 8), 3.17
(brs, 1), 3.60 (m, 1), 3.90 (m, 2), 4.34 (m, 1), 5.29-5.41 (m, 4), 5.94
d, 1, J = 7.3 Hz), 7.32-7.45 (m, 6), 7.61-7.66 (m, 4).

Anal. Caled for CsoHg;NO;Si: C, 77.90; H, 10.86. Found: C,
717.83; H, 10.91.

Similarly, the threo epimer 10b was isolated as an oil: yield
570 mg (95%); [«]%p +11.8° (CHCl,); IR (neat) 1660 (amide) cm™;
NMR (CDCly) 6y 0.88 (t, 6, J = 6.6 Hz), 1.07 (s, 9), 1.26 (s, 44),
1.99 (m, 8), 2.77 (br s, 1), 3.59 (m, 1), 3.92 (m, 2), 4.27 (m, 1),
5.25-5.39 (m, 4), 5.93 (d, 1, J = 7.4 Hz), 7.33-7.45 (m, 6), 7.61-7.68
(m, 4).

Anal. Calcd for CsHg;NO3Si: C, 77.90; H, 10.86. Found: C,
717.71; H, 10.80.

N-Oleoyl-1-O-8-p-galactosyl-3-O-(tert-butyldiphenyl-
silyl)-D-sphingosine (11). The protected ceramide 10, either
erythro or threo, was glycosylated by the method of Helferich and
Weis? as modified by Shapiro et al.” Either 10a or 10b (0.4 g,
0.5 mmol) reacted with «a-D-bromotetraacetylgalactose in the
presence of Hg(CN), in dry benzene-nitromethane (1:1) to give
a crude product which was deacetylated with sodium methoxide
in methanol.t’?® The corresponding 3-O-tert-butyldiphenylsilyl
cerebroside, 11a or 11b, was extracted by addition of CHCl; (ca.
100 mL) and H,0 (ca. 25 mL); then the CHCI; layer was dried
over MgSOQ,, filtered, and evaporated. TLC of the residue with
CHCI;-CH30H (95:5) showed some unreacted 10, which was
separated from 11 by flash chromatography on a 4-cm-diameter
silica gel column with CHCl;-CH3;OH (95:5) for elution. Re-
covered, unreacted starting material (ca. 0.12 g) was recycled in
the reaction scheme to improve the yield. Erythro isomer 11a
(0.24 g, 0.25 mmol, 50%) was obtained after the reaction was
performed once, and the yield was increased to 0.31 g (0.32 mmol,
64%) after recycling: mp 42-43 °C; IR (KBr) 1660 (amide) cm™;
NMR (CDCly) 64 0.88 (t, 6, J = 6.3 Hz), 1.06 (s, 9), 1.26 (s, 44),
1.83-2.03 (m, 8), 2.45 (br s, 1), 2.78 (br s, 1), 2.89 (br s, 1), 3.47-3.58
(m, 4), 3.79-3.84 (m, 2), 3.93-4.00 (m, 2), 4.08-4.13 (br s, 1), 4.18
(d, 1, J = 7.3 Hz), 4.23-4.27 (m, 1), 4.66 (br s, 1), 5.30-5.43 (m,
4), 5.66 (d, 1, J = 7.5 Hz), 7.33-7.46 (m, 6), 7.60-7.67 (m, 4).

Anal. Caled for CssHyg;NOgSi-H,0: C, 70.95; H, 10.09. Found:
C, 70.96; H, 10.12.

Similarly, the threo epimer 11b was isolated: yield 0.29 g (60%,
after recycling of unreacted 10b); mp 41-42 °C; IR (KBr) 1660
(amide) cm™; NMR (CDCl;) 4y 0.88 (t, 6, J = 6.4 Hz), 1.07 (s,
9), 1.26 (s, 44), 1.84-2.05 (m, 8), 2.45 (br s, 1), 2.78 (br s, 1), 2.86
(br s, 1), 3.45-3.60 (m, 4), 3.76-3.84 (m, 2), 3.95-4.03 (m, 2),
4.10-4.19 (m, 3), 4.65 (br s, 1), 5.25-5.39 (m, 4), 565 (d, 1, J =
7.4 Hz), 7.30-7.45 (m, 6), 7.61-7.68 (m, 4).

Anal. Calced for CssHy;NOgSi-H,0: C, 70.95; H, 10.09. Found:
C, 71.08; H, 10.14.

N-Oleoyl-1- O-8-p-galactosyl-D-sphingosine (erythro- and
threo-12). Tetra-n-butylammonium fluoride (0.5 mL ofa 1 M
solution in THF) was added to a solution of 11a or 11b (0.24 g,
0.25 mmol) in 0.5 mL of THF, and the resulting solution was
stirred for 3 h, until 11 was no longer detectable by TLC
(CHCl1;-CH,0H, 87:13). To extract the product, 50 mL of
CHCl3-CH;0H azeotrope (87:13) and 20 mL of 5% aqueous HCl
were added to the reaction mixture in a separatory funnel, and
the cerebroside was extracted into the organic layer. The pro-
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cedure was repeated twice more with 30-mL aliquots of CH-
Cl;-CH,OH azeotrope, and the combined organic layers were dried
over MgSO,, filtered, and evaporated to dryness. The cerebroside
was purified on a 4-cm-diameter silica gel flash column with
CHCIl,;-CHOH (84:16) for elution. The fractions containing
cerebrosides were combined, evaporated, and then lyophilized from
benzene, giving erythro-oleoylcerebroside 12a as a white powder:
yield 0.16 g (88%); IR (KBr) 1650 (amide) cm™; 3C NMR
presented in Table II of the supplementary material.

Anal. Caled for C,2H,gNOg0.6H,0: C, 68.67; H, 10.89. Found:
C, 68.84; H, 10.60.

Similarly, the threo epimer of oleoylcerebroside 12b was iso-
lated: yield 0.16 g (88%); IR (KBr) 1650 (amide) cm™; 3C NMR
presented in Table II of the supplementary material.

Anal. Calcd for C42H79N05'H201 C, 67.83; H, 10.90. Found:
C, 68.10; H, 10.91.

It will be noted that water of hydration differs slightly in these
very hygroscopic compounds even when samples are prepared
under closely similar conditions.

N,0,0-Triacetylsphingosine Derivatives. Sphingosine
derived from bovine cerebrosides® was peracetylated according
to the procedure of Carter et al.?’ The CHClg-extracted product
was lyophilized from benzene, and the resulting powder was
purified on a 3-cm-diameter silica gel flash column with ether—
petroleum ether (4:1) for elution, the effluent being monitored
by TLC using the same solvent ratio. Fractions containing pure
triacetylsphingosine were combined, evaporated, and lyophilized
from benzene: yield 77%; mp 101-101.5 °C (lit.?” mp 101-102
°C); [a]%p -11.8° (CHCly) [lit.# [«]®p -11.7° (CHCly)]; IR (KBr)
1740 (ester), 1660 (amide) cm™; NMR (CDCl;) 6, 0.88 (t, 3, J =
6.4 Hz), 1.26 (s, 22), 1.98-2.13 (m, 11; contains 3 s, 6 1.98, 2.05,
2.07, each ca. 3 H), 4.04 (dd, 1, J = 11.6, 4.0 Hz), 4.30 (dd, 1, J
= 11.6, 5.8 Hz), 4.39-4.48 (m, 1), 5.28 (dd, 1, J = 7.35, 5.9 Hz),
5.39 (dd, 1, J = 15.2, 7.35 Hz), 5.68 (d, 1, J = 8.8 Hz), 5.79 (dt,
1,J =15.1, 6.6 Hz). The 3C NMR spectrum was similar to that
published.3*

The synthetic erythro- and threo-triacetylsphingosines were
prepared from the corresponding oxazolines 5 via the 1-benzoate
hydrochlorides 6 using p-nitrophenyl acetate in pyridine and
following the procedure described above for synthesis of
oleoylsphingosine 8a and its epimer 8b. After the 16-h reaction
period, the crude N-acetyl-1-O-benzoylsphingosine (or its epimer)
was extracted by using CHCl; (ca. 80 mL) and 5% aqueous HCl
(ca. 20 mL), and the CHCl; layer was dried over MgSQ,, filtered,
and evaporated. The erythro product was purified on a 4-cm-
diameter silica gel flash column with ether-petroleum ether (3:1)
for elution; product-containing fractions were combined and
evaporated, and the residue was lyophilized from benzene: 84%
yield from 0.5 g of 5a; mp 51-52 °C; IR (KBr) 1730 (ester), 1650
(amide) em™; NMR (CDCl;) 84 0.88 (t, 3, J = 6.6 Hz), 1.25 (s,
22), 1.90-2.07 (m, 5; contains s, 6 2.00, 3 H), 3.01 (br s, 1), 4.30
(m, 1), 4,40-4.44 (m, 2), 4.50-4.58 (m, 1), 5.53 (dd, 1, J = 15.4,
6.6 Hz), 5.78 (dt, 1, J = 15.4, 6.3 Hz), 6.15 (d, 1, J = 8.1 Hz),
7.47-1.61 (m, 3), 8.00-8.03 (m, 2).

Anal. Caled for CoyHiNOy: C, 72.81; H, 9.66. Found: 72.68;
H, 9.86.

Similarly, the threo epimer of N-acetyl-1- O-benzoylsphingosine
was prepared from §b: yield 85%; mp 4748 °C; IR (KBr) 1740
(ester), 1660 (amide) cm™; NMR (CDCl) 6y 0.88 (t, 3, J = 6.6
Hz), 1.25 (s, 22), 1.99-2.04 (m, 5; contains s, § 2.02, 3 H), 2.77 (br
s, 1), 4.28-4.41 (m, 3), 4.52-4.56 (m, 1), 5.48 (dd, 1, J = 15.4, 5.9
Hz), 5.77 (dt, 1, J = 15.4, 6.6 Hz), 6.00 (d, 1, J = 7.4 Hz), 7.43-7.62
(m, 3), 8.01-8.05 (m, 2).

Anal. Calced for C,yHiNO,: C, 72.81; H, 9.66. Found: C, 72.64;
H, 9.83.

These products were debenzoylated as described in the prep-
aration of 8 above, except that the dried (MgSO,) CHCl; extract
was filtered and evaporated first by rotary evaporation and then
under high vacuum for 4 h. This product was then acetylated
(without chromatographic purification) by addition of 0.8 mL of
acetic anhydride—dry pyridine (1:1) at 25 °C (reaction time 16
h). The erythro-triacetylsphingosine was purified in the same
way as bovine triacetylsphingosine (above): 85% yield from 0.42

(34) Stoffel, W.; Zierenberg, O.; Tunggal, B. D. Hoppe-Seyler's Z.
Physiol. Chem. 1972, 354, 1962-1969.
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g of benzoylated starting material; mp 103.5-104.5 °C; [a]#p -12.9°
(CHCly) [lit.® [a]*p -12.8°]; IR (KBr) 1740 (ester), 1650 (amide)
cm™; NMR (CDCly) 6 0.88 (t, 3, J = 6.3 Hz), 1.26 (s, 22), 1.98-2.14
(m, 11; contains 3 s, 6 1.98, 2.06, 2.07, each ca. 3 H), 4.04 (dd, 1,
J =11.8,3.7 Hz), 4.30 (dd, 1, J = 11.4, 5.8 Hz), 4.38-4.48 (m, 1),
5.28 (dd, 1, J = 7.35, 6.62 Hz), 5.39 (dd, 1, J = 15.4, 7.35 Hz), 5.68
(d, 1,J =88 Hz), 5.79 (dt, 1, J = 15.1, 6.6 Hz).

Anal. Caled for C,(H;NOs: C, 67.76; H, 10.12. Found: C,
67.66; H, 10.27.

The threo epimer of triacetylsphingosine was prepared in the
same way, yield 84%, mp 43-43.5 °C, [a]%p +8.43° (CHCl,); IR
(KBr) 1740 (ester), 1660 (amide} cm™; NMR (CDCly) 6y 0.88 (t,
3,J = 6.6 Hz), 1.25 (s, 22), 2.00-2.13 (m, 11; contains 3 s, § 2.00,
2,07, 2.08, each ca. 3 H), 4.08 (m, 2), 4.35-4.45 (m, 1), 5.33-5.44
(m, 2), 567 (d, 1, J = 9.6 Hz), 5.78 (dt, 1, J = 14.7, 6.6 Hz). The
multiplet at 4.08 ppm is the splitting pattern of the diastereotopic
sphingosine C-1 protons which are coupled to the C-2 proton with
J = 5.9 and 5.1 Hz and differ in chemical shift by 1.8 Hz.

Anal. Caled for C,,Hi3NOg: C, 67.76; H, 10.12. Found: C,
67.99; H, 10.27.
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Alcoholic extracts of Trewia nudiflora seed have yielded several new maytansinoid tumor inhibitors that are
exceptionally active in the PS, B1, and KB systems. These include trewiasine (1), dehydrotrewiasine (2), and
demethyltrewiasine (3), which were characterized by NMR, mass spectral, and chemical correlation with other
known maytansinoids. Two additional maytansinoids, trenudine (10) and treflorine (11), have been partially
characterized. The Trewia ansa macrolides differ from others in this series in that they possess an additional
methoxy group at C-15; and, with the exception of 1, they contain substituents at C-3 which differ from other
known maytansinoids. Detailed *C NMR assignments for maytansine and some related maytansinoids are

presented.

In a search for tumor inhibitors of plant origin, we found
that ethanolic extracts of Trewia nudiflora L. (Euphor-
biaceae) seed?® showed significant activity in vitro against
human carcinoma of the nasopharynx (KB) and in vivo
against P388 lymphocytic leukemia (PS).# Trewia extracts
also inhibit initiation and growth of crown-gall tumors on
potato disks.> Previous studies by other workers have
demonstrated that T. nudiflora seed contains a highly

(1) Presented in part at the 180th National Meeting of the American
Chemical Society and the Second Chemical Congress of the North Am-
erican Continent, Las Vegas, NV, Aug 24-29, 1980.

(2) The mention of firm names or trade products does not imply that
they are endorsed or recommended by the U.S. Department of Agricul-
ture over other firms or similar products not mentioned.

(3) We thank Dr. James Duke, USDA, Beltsville, MD, for supplying
seed material in accordance with the program developed by the National
Cancer Institute. A 27.2-kg recollection of Trewia nudiflora L. seed was
purchased in 1978 from Pratap Nursery, Dehra Dun, India.

(4) Cytotozic and antitumor activities were assayed under the auspices
of the National Cancer Institute by the procedures described by: Geran,
R. L; Greenberg, N. H.; MacDonald, M. M.; Schumacher, A. M.; Abbott,
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