Direct and Efficient Glycosylation Protocol for Synthesizing a-Glycolipids:
Application to the Synthesis of KRN7000
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Herein we describe a simple and practical protocol for ac-
cessing the biologically active galactosyl ceramide KRN7000
and other a-glycolipids with excellent yield and stereoselec-
tivity by using per-O-silylated galactosyl iodide and stannyl
ethers as glycosylation partners. This direct glycosylation re-

action reduces the overall number of steps and provides ra-
pid access to biologically important a-galactosyl ceramide
derivatives.

Introduction

Since the isolation of a group of marine galactosyl cera-
mides in the 1990s from Agelas mauritianus,\l and the sub-
sequent synthesis of various analogues, this family of
compounds has received much attention because of the po-
tent antitumor activity of some of these compounds in vivo
and because the galactosyl ceramides containing a-glyco-
sidic bonds, for example, agelasphin-9b 1 and KRN7000 2
(Figure 1), despite being naturally occurring compounds,
are in general not found in higher organisms, that is, they
are not the natural products of mammalian cells.
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Figure 1. a-Glycosphingolipids.

At the molecular level, the glycolipid agelasphin-9b (1)
has been shown to act as a connecting ligand presented by
the CD1d molecule of antigen-presenting cells to the mu-
rine Val4 receptor and the human Va24 receptor of natural
killer T (NKT) cells.l’! Upon recognition of the galactosyl
ceramide in the context of CDI1d, the NKT cell is stimu-
lated to produce interferon-y (IFN-y), interleukin-4 (IL-4),
and interleukin-2 (IL-2).5 In addition, exploration of the
biological effects of KRN7000 (2) has unveiled its promis-
ing activity against various diseases, including cancer,” ma-
laria,! juvenile diabetes,® hepatitis B,l”! and autoimmune
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encephalomyelitis.!®! These results and other findings have
stimulated research on the synthesis of a-glycosphingo-
lipids as alternatives to the naturally occurring compounds.
Retrosynthetic analysis reveals three important steps in the
total synthesis of these compounds: the glycosylation reac-
tion, N-acylation, and elimination of the protecting groups
(Figure 2). The latter two steps usually proceed without
problems, whereas the first step — the glycosylation reac-
tion — poses the main synthetic challenge. The need for
dependable methods of forming the glycosidic bond in the
presence of sensitive functionalities with high stereoselec-
tivity has led to the development of several glycosylation
methods.”! The most recognized glycosyl donors for this
purpose are trichloroacetimidate!'” and fluoride;!''l how-
ever, the yields are always moderate. In this regard, the
coupling of a ceramide unit with a glycoside generally gives
the desired product in rather low yield. Good yields in the
glycosylation step can be obtained by using an azidosphin-
gosine, but this approach requires further reduction of the
azido group and acylation. The difference in reactivity be-
tween azidosphingosines and ceramides has been attributed
to the low nucleophilicity of ceramides,'>!3 which are
highly ordered as a result of head-group hydrogen bonding.
This driving force for molecular self-assembly allows ceram-
ides to form hexagonal and orthorhombic phases. This
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Figure 2. Key disconnections in the preparation of a-glycosphingo-
lipids.



structural organization features of ceramides mean that
they form highly stable structures in both crystalline and
hydrated states.['4]

Results and Discussion

Gervay-Hague recently demonstrated the effectiveness of
a-glycosyl iodides in the synthesis of a-galactosyl azido-
sphingolipids!'® and o-GalCer.l'>!7l In the case of a-
GalCer, per-O-silylated galactosyl iodide donor 4 and an
unprotected ceramide acceptor were used under microwave
conditions. The reaction proceeded with complete stereo-
selectivity and a remarkable 67% yield for the synthesis of
KRN7000 (2). However, in our hands, this procedure
(TBAI, DIPEA, CH,Cl,, 120 °C, 300 W, 2 h) proved inef-
fective for the preparation of simple o-GalCer analogues
such as 7 starting from per-O-silylated galactosyl iodide 4
and acceptor 5 (Scheme 1). Under these conditions, the ex-
pected product was obtained in only 10% yield (a/f ratio
87:13).
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Scheme 1. Glycosylation reaction of 6 with galactosyl iodide 4 in
the presence of TBAI

In an effort to improve the yield of the direct glycosyla-
tion reaction, we applied our experience with stannyl
ethers!!'8l in the glycosylation of ceramides to give B-glyco-
lipids recently reported by our group!'”? in the synthesis of
a-glycolipids. This procedure involves the reaction of tetra-
O-acetyl-a-D-galactosyl iodide with stannyl ceramides in
the presence of TBAI as activator to give B-GalCer ana-
logues in high yield with complete stereoselectivity. TBAI
inverts the configuration of the anomeric iodine to afford
the highly reactive p-glycosyl iodide.

We show herein a new glycosylation protocol providing
a-GalCer analogues, and particularly KRN7000 (2). This
method activates classically reluctant acceptors such as
amido alcohols and ceramides as stannyl derivatives in the
TBAI-promoted glycosylation with glycosyl iodides
(Schemes 1 and 2).
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Scheme 2. Direct glycosylation of ceramide to obtain KRN7000
2).

The glycosylation reaction conditions were optimized by
starting from amido alcohol 5 (Scheme 1), which was con-
verted into stannyl ether 6 to increase the nucleophilicity of
the oxygen atom without significantly changing the basic-
ity.?% Initially, the reaction of 6 with a-iodogalactose 41!
in the presence of TBAI was carried out in CH,Cl, at room
temperature (Table 1, Entry 1). After hydrolysis by using
Dowex 50WX8-200, isomer 7o was obtained as the major
product in a modest 25% yield. Next, we tried the reaction
in toluene at 110 °C for 5 h in the presence of TBAL!! but
unexpectedly, the yield remained moderate (Table 1, En-
try 2). To our delight, however, we found that the order of
addition of the reagents was important; specifically, we
found that by adding the galactosyl iodide over the stannyl
ether in toluene at 110 °C afforded the expected glycoside
in an excellent overall yield of 95% and 88:12 a/f ratio
(Table 1, Entry 3). Moreover, when the reaction was per-
formed at 80 °C, the glycoside was obtained in almost
quantitative yield with excellent selectivity (a/f ratio 97:3;
Table 1, Entry 4).

Table 1. Synthesis of 7 by glycosylation of stannyl ether 6 with
iodide 4 in the presence of TBAIL.

Entry Reaction conditions® (equiv.) Yield o/B

[%]  Ratiol
1 TBAI (2), 4 A MS, CH,Cl,, room temp., 48 h 25  92:8
2l1 TBAI (2), 4 A MS, toluene, 110 °C, 5h 47 89:11
3ldel  TBAI (2), 4 A MS, toluene, 110 °C, 18 h 95  88:12
4 TBAI (2), 4 A MS, toluene, 80 °C, 18 h 98  97:3
[a] 1) a-Galactosyl iodide: TMSO-Gal (1 equiv.), TMSI (1 equiv.),
CH,Cl,, 0°C, 10min; stannyl ether/amide (I equiv.),

Bu;SnCH,CH=CH, (1.3 equiv.), TfOH (0.3 equiv.), r.t., 2 h. 2)
Dowex 50WX8-200, MeOH, reflux, 1 h. [b] Determined by inte-
gration of the anomeric proton signals in the '"H NMR spectrum
of the crude reaction mixture. [c] Addition of the stannyl ether
over the a-galactosyl iodide for 3 h. [d] Addition of the a-galactosyl
iodide over the stannyl ether for 3 h. [e] Dowex 50WX8-200,
MeOH, r.t., 4 h.

The highly stereoselective glycosylation method de-
scribed above offers a very efficient and direct synthesis of
unprotected a-glycolipids. To further demonstrate its syn-
thetic value, we showed that the method can be used to
rapidly prepare the biologically active compound
KRN7000 2 (Scheme 2).

The reaction of the stannyl derivative of ceramide 8 with
donor 4 was performed under optimized reaction condi-
tions. After hydrolysis of protecting groups by using acidic
resin, final product 2 was obtained in 90% yield with com-



plete a-selectivity. The overall process takes place with com-
plete chemoselectivity (differentiation of the primary and
secondary OH at the lipid moiety) and stereoselectivity (o-
anomer only).

Conclusions

We have developed a highly efficient and practical ap-
proach for synthesizing enantiomerically pure a-glycolipids
by the TBAI-mediated glycosylation of stannyl ethers with
per-O-silylated galactosyl iodides. This method afforded
KRN7000 (2), a powerful immunostimulant in mammals,
in excellent yield (90%) with complete a-selectivity. After
treatment with acidic media to remove the silyl groups, the
fully deprotected galactosyl ceramide was obtained in a
one-pot fashion. This direct glycosylation procedure pro-
vides a solution to the long-standing problem of direct con-
struction of a C-O bond between ceramides and sugars,
reduces the overall number of steps, and provides rapid ac-
cess to biologically important a-glycolipids and their deriv-
atives. The application of the proposed scheme to branched
oligosaccharides is currently under investigation.

Experimental Section

General Remarks: 'H and '*C NMR spectra were recorded by using
a Varian Mercury 400 MHz spectrometer. In the "H NMR spectra,
TMS was used as an internal reference. In the 3C NMR spectra,
the residual solvent signal was used as an internal reference
(CDCla, triplet at 6 = 77.23 ppm) unless otherwise stated. Elemen-
tal analysis (C, H, N, S) was performed by using a Carlo Erba EA
1108 Analyzer in the Servei de Recursos Cientifics (URV). Flash-
column chromatography was performed with silica gel 60 (E.
Merck, 40-63 pm). Solvents were purified by using standard pro-
cedures. Thin-layer chromatography (TLC) was performed on alu-
minum sheets coated with silica gel 60 F,s4 (E. Merck). Com-
pounds were visualized under UV (254 nm) light and also by spray-
ing the TLC plates with 6% H,SO, in EtOH followed by charring
at 150 °C for a few minutes. Starting material 5 was prepared as
described in the literature.'”1 All other reagents were used as re-
ceived from commercial suppliers.

KRN7000 (2): To a solution of 1,2,3,4,6-penta-O-trimethylsilyl-D-
galactopyranose 3 (38 mg, 0.071 mmol) in CH,Cl, (S5mL) at 0 °C
was added TMSI (14 mg, 0.071 mmol), and the reaction mixture
was stirred under an atmosphere of argon at 0 °C for 20 min. The
reaction was stopped by adding anhydrous benzene (15 mL), after
which the solvent was evaporated under reduced pressure. The re-
sulting slightly yellow oil 4 was dissolved in toluene (3 mL) and
kept under an atmosphere of argon. In a separate flask, molecular
sieves (MS, 4 A, 50 mg), TBAI (53 mg, 0.143 mmol), and 8 (66 mg,
0.071 mmol) were added into toluene (5 mL). The mixture was
stirred under an atmosphere of argon and glycosyl iodide 4 was
added dropwise. The reaction mixture was stirred at 80 °C for 18 h,
and the solvent was then evaporated. MeOH (15 mL) and Dowex
S0WX8-200 ion-exchange resin (0.5 g) were added and the reaction
was stirred at room temperature for 4 h. The resin was then re-
moved by filtration. The solvent was removed in vacuo, and the
resulting residue was purified by silica gel chromatography (hexane/
ethyl acetate/methanol = 6:3:1). The 'H and '*C NMR spectro-
scopic data of 2 were in good agreement with those in the litera-

ture.’? 'TH NMR (400 MHz, [Ds]pyridine): 6 = 8.43 (d, J = 8.6 Hz,
1 H), 5.55 (d, J = 3.5Hz, 1 H), 5.25-5.21 (m, 1 H), 4.66-4.61 (m,
2 H), 4.53 (m, 1 H), 449 (t, J = 5.8 Hz, 1 H), 4.42-4.36 (m, 4 H),
4.31-4.29 (m, 1 H), 243 (t, J = 7.4 Hz, 2 H), 2.23 (m, 1 H), 1.92—
1.86 (m, 2 H), 1.82-1.77 (m, 2 H), 1.63 (m, 1 H), 1.44-1.18 (m, 66
H), 0.88-0.83 (m, 6 H) ppm. '*C NMR (100.6 MHz, [Ds]pyridine):
0 =174.5,102.8, 77.9, 74.3, 72.8, 72.2, 71.5, 69.9, 63.9, 52.7, 38.0,
35.6, 33.4, 31.6, 31.4, 31.3, 31.2, 31.2, 31.1, 31.0, 30.9, 27.8, 27.6,
24.2, 15.5 ppm.

Glycolipid 7: The general procedure as reported for the preparation
of 2 was followed. '"H NMR (400 MHz, CDCl;/CD;0D, 4:1): § =
7.52 (s, 1 H), 4.87 (d, J = 3.2 Hz, 1 H), 3.93 (m, 1 H), 3.80-3.72
(m, 6 H), 3.49 (m, 1 H), 3.32 (m, 2 H) 2.20 (t, J = 8.0 Hz, 2 H),
1.62 (m, 2 H), 1.27 (m, 28 H), 0.89 (t, J = 7.2 Hz, 3 H) ppm. '3C
NMR (100.6 MHz, 4:1 CDCl;/CD;0D): ¢ = 174.9, 98.8, 70.6, 69.9,
69.5, 68.7, 66.7, 61.4, 41.5, 36.0, 29.3-28.9, 25.6, 22.3, 13.5 ppm.

Stannyl Acetal 8: A mixture of ceramide (50 mg, 0.071 mmol) and
dibutyltin oxide (0.176 mmol) in dry toluene (15 mL) was heated
to reflux and subjected to azeotropic dehydration by using a Dean—
Stark system or 4 A MS overnight. Removal of the solvent under
reduced pressure afforded stannyl acetal 8, which was used for the
glycosylation reaction without further purification.
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