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Total synthesis of the natural p-ribo-phytosphingosine I and its 2-epimer II7in the protected form
was achieved through a common strategy. The aza-Claisen rearrangement of allylic thiocyanate
(Z)-V incorporated the new stereogenic centre with nitrogen and the subsequent Wittig olefination
constructed a non-polar side chain. Hydrogenation, followed by removal of protecting groups, com-

pleted the syntheses of I and III.
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Introduction

(25,35,4R)-D-ribo-Phytosphingosine I  (PHS,
Fig. 1), the most abundant member of the phytosph-
ingosine family, is a structural component of the
cell membranes of plants, fungi, bacteria, marine or-
ganisms, and some mammalian tissues (Holst, 2001;
Karlsson & Martensson, 1968). From a structural per-
spective, I possesses a saturated lipid chain linked to
a polar 2-amino-1,3,4-triol head group bearing three
stereogenic centres. PHS is a characteristic sphingoid
base of the epidermal lipid architecture in human skin
that contributes to production of the water perme-
ability barrier (Kolter & Sandhoff, 1999). In addition
to its structural functions, I has been shown to play
a key role in the heat stress response of yeast cells
(Wells et al., 1998; Chung et al., 2000). Furthermore,
D-ribo-phytosphingosine I is an essential scaffold of
some bioactive lipid molecules such as KRN7000 (II,
also known as AGL-582 or a-GalCer, Fig. 1), which
exhibits potent immunostimulatory and antitumour
activities (Motoki et al., 1995) due to its ability to
activate NKT-cells (natural killer cells).

The remarkable spectrum of the biological activity
of I has prompted a number of groups to synthesise
I as well as its stereoisomers or their analogues with
other alkyl chain lengths using different approaches
commencing from the various starting materials, es-
pecially from carbohydrates (Howell & Ndakala, 2002,
see also references herein; Luo et al., 2002; Naidu &
Kumar, 2003; Raghavan et al., 2003; Lu et al., 2004;
Singh et al., 2004; Lu & Bittman, 2005; Righi et al.,
2006; Lombardo et al., 2006; Kumar & Rode, 2007;
Abraham et al., 2007, 2008; Jeon et al., 2007; Chang
et al., 2007; Kim et al., 2008; Niu et al., 2008; Pandey
& Tiwari, 2009; Dubey & Kumar, 2009; Cai et al.,
2009; Llaveria et al., 2009; Liu et al., 2010; Kumar
et al., 2010; Morales-Serna et al., 2010, see also refer-
ences herein; Rao & Rao, 2011a, 2011b; Perali et al.,
2011).

We were recently engaged in the synthesis of phy-
tosphingosines and reported the ready preparation
of D-ribo-Cqyp-phytosphingosine and its 2-epi-congener
(Martinkova et al., 2011) from D-ribose, employing the
[3,3]-sigmatropic rearrangement of allylic trichloroace-
timidates as the key reaction. In tandem with our
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Fig. 1. D-ribo-Phytosphingosine I and its analogues.

Table 1. aza-Claisen rearrangement of thiocyanates (Z)-V and (E)-V

Entry Thiocyanates Conditions
1 (2)-v MW, 90°C, heptane
2 (Z)-v MW, 150°C, heptane
3 (2)-v A, 90°C, heptane
4 (2)-v MW, 90°C, o-xylene
5 (2)-v MW, 150°C, o-xylene
6 (BE)-V A, 90°C, heptane

Time Yield®
Molar ratio®
h Via : VIb %
7 75 : 25 51
4 68 : 32 49
15 7327 60
5 74 : 26 30
3 68 : 32 30
16 71:29 53

a) Ratio in the crude reaction mixture; b) isolated combined yields of VIa and VIb.

interest in the total synthesis of natural phytosph-
ingosines and their related compounds, we describe
here an extension of the above methodology to al-
lylic thiocyanates (Gonda et al., 2011; Martinkova et
al., 2010) derived from the same starting molecules
and illustrate its use in construction of the predom-
inant member in the class of phytosphingosines (D-
ribo-phytosphingosine I) and its C(2)-epimer III.

Results and discussion

As shown in Fig. 2, our synthesis commenced with
the known (45,55,6 R,22)-6,7-bis[(tert-butyldimethyl-
silyl)oxy]-4,5-(isopropylidenedioxy)hept-2-en-1-ol IV
readily obtained from D-ribose on a multi-gram scale
(Martinkové et al., 2011). Exposure of IV to methane-
sulphonyl chloride (MsCl) in the presence of EtzN
in CH5Cly produced a crude mesylate, treatment of
which with KSCN in CH3CN provided the correspond-
ing thiocyanate (Z)-V (Jes = 11.0 Hz) in 89 % yield
after two reaction steps (Fig. 2); its structure was con-
firmed by 'H and 3C NMR spectroscopy including 2D
experiments.

Having produced allylic thiocyanate (Z)-V, we
then explored the thermal aza-Claisen rearrangement

which was carried out in heptane at 90°C under a ni-
trogen atmosphere and afforded the rearranged prod-
ucts VIa and VIb with overall yield of 60 % (Table 1,
entry 3) as an inseparable mixture of diastereoisomers.
By contrast, the microwave-mediated thermal [3,3]-
sigmatropic rearrangement led to considerably shorter
reaction times (Table 1, entries 1 and 2), with iso-
lated yields similar to those observed for the thermally
driven reaction (Table 1, entries 3 and 6).

In the course of this reaction, in all cases, we also
recovered the isomerised thiocyanate (E)-V with ap-
proximately 30-40 % yield; the coupling constant ob-
served in (E)-V (Jirans = 15.2 Hz) proved the trans-
configuration of the double bond. Its rearrangement,
performed in heptane at 90°C, gave the rearranged
products VIa and VIb with 53 % yield (Table 1, entry
6). The extended reaction time or higher temperature
had almost no influence on the yield of isothiocanates
VIa and VIb. Table 1 (entries 4 and 5) shows that real-
ization of the rearrangement in o-xylene exhibited an
equilibrium shifted towards thiocyanate (E)-V, hence
these conditions could not be utilised preparatively.

Although the diastereoselectivity observed in the
[3,3]-sigmatropic rearrangement of thiocyanate (2)-V
was moderate (Via : VIb ~ 3 : 1 molar ratio, see
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Fig. 2. Synthesis of isothiocyanates VIa and VIb. Reagents and conditions: (a) MsCl, Et3N, CH2Clz, 0°C to r.t.; (b) KSCN,
CH3CN, 0°C to r.t., 89 % after two steps; (¢) A or MW, see Table 1. TBDMS = tert-butyldimethylsilyl.

Table 1, entries 1 and 3) and the yield of isolated
isothiocyanates VIa and VIb was lower (60 %, see Ta-
ble 1, entry 3), the relatively short synthetic pathway
to these rearranged products along with their inter-
esting structure prompted us to use these compounds
for the construction of D-ribo-phytosphingosine I and
its 2-epi-congener III.

The stereochemistry of the newly installed stereo-
genic centre with an isothiocyanate group was as-
signed by conversion of a mixture of the rearranged
products VIa and VIb into the known compounds
XVII and XVIIT (Martinkova et al., 2011). The cru-
cial structures of alcohols XVII and XVIII, prepared
by the sequence of reaction steps outlined in Fig. 3
(vide infra), clearly showed that the major isomer of
the aza-Claisen rearrangement VIa possessed (5R)-
configuration (Fig. 2). As an additional confirmation
of configuration, we converted the known trichloro-
acetamide XXIX (Martinkova et al., 2011) to cyclic
carbamate XIII in two steps: (a) ozonolysis of XXIX
and the subsequent reduction (NaBH,) afforded al-
cohol XXX (66 %) and (b) DBU-mediated cyclisation
produced compound XIITwith 96 % yield (Fig. 3). The
same compound with identical spectroscopic data and
optical rotation was obtained from the major thiocar-
bamate VII (Fig. 3).

Thus, exposure of a mixture of isothiocyanates
VIa and VIb to sodium methoxide in CH3OH af-
forded the corresponding thiocarbamates VIIand VIII
as an readily separable mixture of diastereoisomers
with 81 % overall yield. Replacement of the sulphur
atom by oxygen in both derivatives VII and VIII was
achieved under very mild conditions by the action of
mesitylnitrile oxide (Kniezo et al., 1994) in CH3;CN
to give the corresponding carbamates IX and X with
82 % and 53 % isolated yields, respectively (Fig. 3).
The lower yield of 53 % for the isolated compound X
was due to generation of further unidentified (prob-
ably decomposition) products. Their ozonolysis in a
mixture of CHsOH/CH:Cly (¢ = 5 : 1) at —78°C,
followed by NaBH, reduction, successfully afforded
primary alcohols XI and XII with 90 % and 82 %
yields from IX and X, respectively. Treatment of XTI
and XII with sodium hydride in THF at 0°C induced
intramolecular cyclisation to produce the correspond-
ing oxazolidinones XIIT and XIV with 95 % and 94 %

yields, respectively (Fig. 3). Protection of the carba-
mate nitrogen atom with a Boc group in XIIT and
X1V (Bo2O, DMAP, CH3CN) (Hansen et al., 1995) re-
sulted in formation of the fully protected compounds
XVand XVIin 96 % and 97 % isolated yields, respec-
tively (Fig. 3).

In order to modify the protected oxazilidinones XV
and X VI into suitable compounds (aldehydes) for the
final coupling reaction with hydrophobic Ci3 coun-
terpart (vide infra), deprotection of TBDMS groups
was required. As exposure of XV and XVI to tetra-
butylammonium fluoride resulted in cleavage of the
tert-butyldimethylsilyl and also tert-butoxycarbonyl
groups, we selected formation of the oxazolidine ring
as the protecting group for both amino and alcohol
functions. Thus, basic hydrolysis of the protected ox-
azolidinone ring in XV and XVI was achieved by em-
ploying CsyCOg3 in CH3OH at room temperature to
give the known compounds XVII and XVIII (Mar-
tinkovd, et al., 2011) with 90 % and 91 % yields, re-
spectively (Fig. 5). Their treatment with 2,2-DMP
and catalytic amounts of CSA in benzene followed
by deprotection with TBAF provided the known
derivatives XXI and XXII (Martinkova et al., 2011)
with 88 % and 93 % isolated yields (Fig. 4). Hav-
ing established the procedure for the preparation
of molecules XXI and XXII, we were able to com-
plete our synthesis. Oxidative cleavage of diols XXI
and XXIT with sodium metaperiodate (NalO4) in
CH3;0H/H-0 afforded aldehydes, which were imme-
diately used in the next step without purification to
avoid any problems associated with their possible in-
stability. Their Wittig olefination with the destabilised
ylide derived from tridecyltriphenylphosphonium bro-
mide (C13Ha27PPhsBr; prepared from the commercial
undecanal in five reaction steps with 53 % overall
yield, Fig. 5), using LHMDS (freshly prepared from
n-BuLi and NH(SiMe3)2) as a base (Azuma et al.,
2000), resulted in the formation of barely separable
mixtures of olefins XXIIT and XXIV (Z: E=94:6
ratio for both cases, determined by 'H NMR spectro-
scopic analysis) with 86 % and 68 % isolated yields,
respectively. Small amounts of the mixtures of XXIIT
and XXIV were separable by column chromatography
to afford only (Z)-isomers of XXIII and XXIV in pure
forms; the geometries of their double bonds were as-
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Fig. 3. Synthesis of alcohols VII and VIII. Reagents and conditions: (a) CH30ONa, CH3OH, 0°C to r.t., 81 %; (b) MNO, CH3CN,
r.t.; (¢) O3, CH3OH/CH2Clz (¢r = 5 : 1), —78°C; (d) NaBH4, —78°C to r.t., XXX, 66 % after two steps; (e) NaH, THF,
0°C to r.t.; (f) BoczO, CH3CN, DMAP, r.t., XV, 96 %, XVI, 97 %; (g) Cs2COs3, CH30H, r.t.; (h) DBU, CHxCly, 0°C to
r.t. TBDMS = tert-butyldimethylsilyl, Boc = tert-butoxycarbonyl.

signed through the vinyl proton coupling constant val-
ues (Jeis = 10.4 Hz for (Z)-XXIIT and J.is = 10.6 Hz
for (Z)-XXIV). Both mixtures of the corresponding
alkenes XXIIT and XXIV were hydrogenated at am-

bient temperature under atmospheric pressure using
10 % Pd/C to provide saturated derivatives XXV and
XXVIwith 93 % and 90 % yields. Finally, global de-
protection in XXV and XXVI was achieved by acid
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hydrolysis (TFA/H;O) followed by treatment with a
1 % solution of NaOH in CH30H to give the desired
D-ribo-phytosphingosine I and its 2-epi-congener IIT
[(2R,35,4 R)-D-arabino-phytosphingosine)] with 96 %
and 97 % yields, respectively. The structures of iso-
lated phytosphingosines I and III were confirmed by
conversion to their tetraacetyl derivatives (Ac2 O, pyri-
dine, DMAP, Fig. 4) XXVII (82 %, m.p. 49.5-51°C,
[ = +27.9° ¢ = 6.8 ¢ L', CHCl3. IR (KBr),
v/em™1: 3391, 2958, 2917, 2851, 1748, 1683. 'H NMR
(400 MHz, CDCl3), 4: 0.88 (t, 3H, J = 6.8 Hz, CHjs),
1.25 (br s, 24H, 12 x CHj), 1.56 (m, 2H, 2 x Hj;),
1.99 (s, 3H, CHs), 2.06 (s, 3H, CHj), 2.07 (s, 3H,
CHs), 2.11 (s, 3H, CHs), 3.99-4.01 (m, 2H, 2 x H;),
4.57-4.63 (m, 1H, Hs), 4.98-5.02 (m, 1H, Hy), 5.19
(dd, 1H, J = 6.6 Hz, J = 3.3 Hz, Hj), 5.62 (d, 1H,
J = 9.5 Hz, NH). ¥C NMR (100 MHz, CDCl3), ¢:
14.1 (CHs), 20.7 (2 x CHs), 20.9 (CHs), 22.6 (CH,),
23.2 (CHs), 25.0 (CH,), 29.3 (CH,) 29.4 (2 x CH,),
29.5 (CHs), 29.6 (5 x CHj), 30.2 (Cs), 31.9 (CH,),
47.0 (Cz), 63.0 (Cy), 70.9 (Cy4), 71.9 (C3), 169.6 (CO),
169.8 (CO), 170.2 (CO), 170.6 (CO). For Co6H47NO7
(M, = 485.65) w;/mass % calc.: C, 64.30; H, 9.75; N,
2.88; found: C, 64.37; H, 9.68; N, 2.81) and XXVIII
(78 %, amorphous compound, [a]3 = +29.8°, ¢ =
6.0 g L=1, CHCI3. 'H NMR (400 MHz, CDCl3), d: 0.88
(t, 3H, J= 6.8 Hz, CHs), 1.25 (br s, 24H, 12 x CH,),
1.57-1.70 (m, 2H, 2 x H;), 2.03 (s, 3H, CHs), 2.05 (s,
6H, 2 x CHgs), 2.08 (s, 3H, CHj), 4.00 (dd, 1H, J =
11.7 Hz, J = 3.1 Hz, H;) 4.29 (dd, 1H, J=11.7Hz, J
= 4.9 Hz, Hy), 4.44-4.51 (m, 1H, Hy), 4.94 (dt, 1H, J
= 98 Hz, J= 3.2 Hz, J = 3.2 Hz, Hy), 5.11 (dd, 1H,
J=28.3Hz, J=3.1Hz, H3), 6.02 (d, 1H, J = 9.4 Hz,
NH). 13C NMR (100 MHz, CDCl3), §: 14.1 (CHj3),
20.7 (2 x CHs), 21.0 (CHs), 22.7 (CHy), 23.3 (CH,),
25.5 (CH,), 28.1 (Cs), 29.3 (2 x CHy), 29.5 (2 x CH,),
29.6 (5 x CHy), 31.9 (CHy), 47.6 (Cs), 62.8 (Cy), 71.9
(Cs), 72.9 (Cy), 169.7 (CO), 170.0 (CO), 170.8 (CO),
171.1 (CO). For CogH47NO7 (M, = 485.65) w; /mass %
calc.: C, 64.30; H, 9.75; N, 2.88; found: C, 64.25; H,
9.81; N, 2.94). The spectroscopic data and optical ro-
tation for XX VIII were in accord with those reported
(Azuma et al. (2000); [a]% = +26.2°, ¢ =20.0 g L1,
CHCl3; He et al. (2000); [a]% = +27.8°, c=8.0g L1,
CHCl3; Cai et al. (2009); [a]p = +25.8°, ¢ = 14.0
g L~1, CHCls; Liu et al. (2010); [o]% = +22.6°, ¢ =
7.0 g L=, CHCI3). 'H and *C NMR data for deriva-
tive XX VII matched the known values for ent- XX VII
(Azuma et al. (2000) for *H NMR; Shirota et al. (1999)
for 'H and '3C NMR). The magnitude of optical rota-
tion was in good agreement with that reported for ent-
XXVII and was opposite in sign (Azuma et al. (2000)
for ent- XX VII, [o] =-25.1°, c=15.0g L™, CHCl3).
Surprisingly, the optical data published for compound
XXVII (Kumar et al. (2010) and Dubey and Kumar
(2009); [a]F = —25.95°, ¢ = 15.0 g L™, CHCl3) have
comparable magnitude and the same sign of rotation
as those for ent-XXVII (Azuma et al., 2000).

In addition, optical rotation values were only re-
ported for ent-III (Mulzer and Brand (1986); (] =
~12.3°, ¢ = 6.0 g L1, pyridine; Imashiro et al. (1998);
[a]25 = -3.7°, ¢ = 10.0 g L™, pyridine; Shirota et
al. (1999); [a]® = -4.5°, ¢ = 5.8 g L™!, pyridine;
Kim et al. (2008); [a]% = -2.76°, ¢ = 10.0 g L1,
pyridine) and are considerably different. Prompted by
these findings, we prepared compound [I] in the pure
form and fully characterised by spectroscopic means
(97 %, m. p. 83-85°C, [a|E = +14.7°, c = 3.4 g L7}
pyridine. IR (KBr), 7/cm~!: 3357, 2918, 2850, 1578,
1468, 1059. 'H NMR, (400 MHz, CD30D), §: 0.88 (t,
3H, J = 6.7 Hz, CH3), 1.27 (br s, 24H, 11 x CHa, Hj,
Hg), 1.53-1.55 (m, 1H, Hg), 1.62-1.67 (m, 1H, Hy),
3.03-3.06 (m, 1H, H,), 3.37 (dd, 1H, J= 7.0 Hz, J =
2.1 Hz, H3), 3.48-3.60 (m, 3H, 2 x Hy, Hy). 13C NMR
(100 MHz, CD30D), §: 14.5 (CHs), 23.8 (CH,), 26.9
(Ca), 30.5 (CHQ), 30.8 (CHQ), 30.9 (6 X CHQ), 31.0
(CH2), 33.1 (CHy), 35.0 (Cs), 54.1 (Cz), 65.4 (Cy),
73.5 (C4), 74.4 (Cg) For ClgH39N03 (Mr = 31751)
wi/mass % calc.: C, 68.09; H, 12.38; N, 4.41; found:
C, 68.14; H, 12.30; N, 4.36).

Conclusions

We have developed a synthetic strategy for prepa-
ration of D-ribo-phytosphingosine I and its 2-epi-
congener IIT in the protected form. The key transfor-
mations were aza-Claisen rearrangement of the allylic
thiocyanate (Z)-V which installed the new asymmet-
ric centre with nitrogen and the Wittig reaction of
the corresponding aldehydes generated in situ to es-
tablish the non-polar side-chain. To prove the con-
figuration at the stereogenic centre incorporated in
both isomers VIa and VIb, chemical correlations of
these compounds to known diastereoisomers X VII and
XVIII were performed. On the basis of our recent
and present results, we conclude that the diastere-
oslectity observed in both the Overman rearrangement
of trichloroacetimidates (Martinkova et al., 2011) and
aza-Claisen rearrangement of allylic thiocyantes (Z)-V
and (E)-V (Table 1) was moderate (Overman = 2 : 1,
Martinkové et al. (2011), aza-Claisen VIa: VIb=3:1)
and the resultant rearranged products were obtained
with 65 % (Martinkové et al., 2011) and 60 % yields.
To compare both synthetic routes leading to the fi-
nal sfingofungins I and III, the “Overman approach”
(Martinkové et al., 2011) appears to be more practical
and also affords a greater amount of the natural prod-
uct I (aza-Claisen rearrangement of (Z)-V produced
a reversal diastereoselectivity (5R)-Via : (5S5)-VIb ~
3:1).
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