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Act. 523 RESPUESTA Folios: 30

Sefores
DIVISION DE NUEVAS CREACIONES

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
Ciudad

REFERENCIA: Expediente No. 13 — 159.964

TiTULO: “METODOS PARA PREPARAR GLICOESFINGOLIPIDOS Y USOS DE
LOS MISMOS”

SOLICITANTE: NATIONAL TAIWAN UNIVERSITY

TRAMITE: Respuesta a Concepto Técnico notificado mediante Oficio No.
8.103 del 15 de julio de 2014.

JAIME EDUARDO DELGADO VILLEGAS, en mi condicién de apoderado de la NATIONAL
TAIWAN UNIVERSITY, dentro del término legal, presento respuesta a Concepto Técnico
notificado mediante Oficio No. 8.103 del 15 de julio de 2014.

1. Excepcién de Patentabilidad (Art 20 D 486 literal (d))
El Examinador Técnico de Patentes objeto la invencion porque:

“El objeto de las reivindicaciones 22 a 26 no es patentable de acuerdo con el
Art. Citado”.

R/: Nuestro poderdante de acuerdo a lo expresado por el Examinador Técnico de.
Patentes, elimino las reivindicaciones 22 a 26.
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Unidad de invencién (Art 25 D 486)

El Examinador objeta la unidad de invencién de la Solicitud porque se refiere a 4,

Grupos Inventivos:

“Los compuestos glicoesfingolipidos en los cuales R1 es OH son conocidos
(documento D2), por lo cual esta caracteristica técnica comun no es el “Unico
concepto inventivo” de las invenciones, como se observa en la siguiente
comparacion:

“1€.)

“Por lo tanto, no hay unidad de invencién entre los compuestos donde R1
tiene significados diferentes”.

“De otro lado, el compuesto intermediario 5 de la reivindicacion 20, ademas
de ser conocido (documento D2), sélo representa una parte de la estructura
final del compuesto final;, por lo cual no hay unidad de invencién entre este
tipo de compuestos intermediarios (que forman la cadena R del compuestos
final) y los compuestos intermediarios que forman el anillo galactopiranosil del
compuesto final; como se observa en la siguiente comparacion:”

“.)

“Y el compuesto intermediario 3 de la reivindicaciéon 20, ademéas de estar
sugerido (documento D1), sélo representa una parte de la estructura final del
compuesto final; por lo cual no hay unidad de invencién entre este tipo de
compuestos intermediarios (que forman el anillo galactopiranosil del
compuesto final) y los compuestos intermediarios que forman la cadena R del
compuestos final, como se observa en la siguiente comparacién.”

“Por lo tanto, los Grupos Inventivos estan definidos por las siguientes
caracteristicas técnicas esenciales:

“1° Compuestos en los cuales R1 = OH y el segundo C después del grupo
éter (-O-) estéa sustituido con N3, NH 6 NHC(O)R2 (reivindicaciones 1, 2, 18,
reivindicacion 19 en parte, y reivindicacién 20: compuestos 2, 8, 9, 10y 11)”.
“2° Compuestos en los cuales R1 = N3, NH 6 NHC(O)R2 y el segundo C
después del grupo éter (-O-) estd sustituido con N3, NH 6 NHC(O)R2
(reivindicacién 8, reivindicacion 19 en parte, y reivindicacion 20: compuestos
1,12, 13 14, 15y 16)". _

“3° Compuestos intermedios que forman la cadena R del compuesto final
donde R=alquilo terminado en arnlo o heteroarilo (reivindicacion 20:
compuestos 5y 7)”. ’
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“4° Compuestos intermedios que forman el anillo galactopiranosil del
compuesto final (reivindicacion 20: compuestos 3, 4 y 6)”.

“Se sugiere presentar las solicitudes divisionales que considere necesarias, 0
limitar la solicitud inicial a una sola invencion, eliminando de ella las otras
invenciones”.

Nuestro poderdante de acuerdo a lo expresado por el Examinador Técnico de
Patentes, de la unidad de invencion, eligié a los compuestos donde R1 = OH y los
compuestos intermedios donde R = alquilo que terminan en arilo o heteroarilo

(compuestos 5 y 7 de la reivindicacién 20).

Se modificé la reivindicacion 1, donde se incluyeron las diferentes etapas del
proceso para preparar el compuesto quiral, teniendo en cuenta lo descrito en las
reivindicaciones 2, 4 y 6 para los compuestos de formulas (6), (7), (5), (4) (3) y (2)

Se eliminaron las reivindicaciones 3,4y 6

oHSH o) ©
HN 10 F
o1 & oH
0 : <
\/Y\014Hm
OH

Las reivindicaciones 18 a 21 son reivindicaciones de productos definidos por el
proceso y se eliminaron con base a la presente eleccién del compuesto conocido,
C34.

Se aifadié la reivindicacion 5: “El método de la reivindicacion 1, en el que el grupo

saliente que contiene tiol es thiotoluene (STOL)".
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El soporte a las reivindicaciones, se encuentra en la Figura 1 y el apartado 0066 de

la Especificacion.

Por lo expresado anteriormente, el solicitante pone a consideracion del Examinador
Técnico de Patentes un NUEVO CAPITULO REIVINDICATORIO, el cual consta de cinco

(5) Nuevas Reivindicaciones en tres folios.

1.  DEL ANALISIS DE PATENTABILIDAD.

Novedad y Nivel Inventivo (art.16 y 18 D 486)

El Examinador objeta la novedad para las reivindicaciones 18 a 21 con los
documentos D1 (W02008128062), D2 (“In Vivo Protection Provided by a
agents and chemotherapy Synthetic New Alpha-Galactosyl Ceramide Analog
against Bacterial and Viral Infections in Murine Models”) y el nivel inventivo

para las reivindicaciones 1 — 17 y 22 porque:
“(..')))

“lLas caracteristicas esenciales del compuesto glicoesfingolipido 1-O-(a-D-
galactopiranosil)-2-(11-(4-(4-fluorofenoxi)fenil)undecanoil)amino-D-ribo-octa
decan-1,3,4-triol (C34) de la reivindicacion 18 habian sido divulgadas
previamente en el documento D2, el cual ensefia el compuesto
glicoesfingolipido 1-O-(a-Dgalactopiranosil)-2-(11-(4-(4-fluorofenoxi)fenil)
undecanoil) amino-D-ribo-octadecan-1,3,4-triol (C34) (Pag. 4130, Col. 1,
compuesto 5)”.

“En consecuencia, la reivindicacién 18 no es nueva, segun lo divulgado en el
documento D2”, '

“De otro lado, las reivindicaciones 18 a 21 no son nuevas, considerando que
lo particular del estado de la técnica anula la novedad de lo particular que se
reivindica, segtn lo divulgado en el documento D2:..”

4
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“..)

“Nivel inventivo.

“CLL)

“La diferencia entre la invencién, definida en la reivindicacion 1, y el proceso
divulgado en el documento D2 consiste en que en los compuestos obtenidos
R1 es OH, NH2 y NHCOR?2 (donde R2 es H ¢ alquilo terminado en arilo), en
lugar de los grupos OH y COOH en el anillo galactopiranosil”.

“No hay evidencia de que el proceso reivindicado, por el cual se obtienen
diversos compuestos en los cuales R1 es OH, NH2 y NHCOR?2 (donde R2 es
H 6 alquilo terminado en arilo), sea un proceso con algun efecto técnico
diferente al que ya proporcionaba el del documento D2”,

“Por lo tanto, la persona normalmente conocedora de la materia, incluiria los
grupos OH, NH2 y NHCOR?2 (donde R2 es H 6 alquilo terminado en arilo) en
los compuestos del proceso divulgado en el documento D2, teniendo en
cuenta que el documento D1 ensefia el proceso para preparar compuestos
que tienen los grupos OH, H, COOH, COO alquilo, CH20H y CH20 alquilo
(cuando el sustituyente R2 es alquilo) en el anillo galactopiranosil, que son
grupos quimicos que tienen la misma distribucién estérica de las cargas, dado
que son semejantes. Ademas, los compuestos del proceso alternativo
reivindicado, de la misma manera que los compuestos del estado de la
técnica, son también compuestos inmunogénicos que sirven como ligandos
para las células NKT (“natural killer T”, que son linfocitos que tienen actividad
antitumoral, antiviral y antibacterial). De manera que la reivindicacién 1 de la
solicitud se considera obvia y, en consecuencia, no tiene nivel inventivo”.

“Dado que las reivindicaciones dependientes 2 a 17 no presentan alguna
caracteristica adicional que conceda nivel inventivo al objeto de la
reivindicacién independiente, se considera que tampoco tienen nivel
inventivo”.

“La composicién de la reivindicacién 22, que se caracteriza porque contiene
un compuesto de las reivindicaciones precedentes, no tiene nivel inventivo,
dado que aquellas no lo tienen”,
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R/: Con relacién a las objeciones del Examinador de Patentes con respecto a la falta de
Novedad y Nivel inventivo de la invencién en estudio, el solicitante

desea resaltar lo siguiente:

En cuanto a la novedad, las reivindicaciones tienen por objeto cubrir un
nuevo método de fabricacion de los compuestos. El compuesto C34
primario es conocido y fue inventado originalmente por un subconjunto de

los inventores (documento D2).

El nivel inventivo clave en el método del método es en la utilizacion del

compuesto de férmula (6):

Ph
\OO

0

PGO '
PGO

LG (6)
en la que LG es un grupo saliente que contiene tiol.

El estado de la técnica anterior sélo describe el uso de un tricloroacetimidato
(OC (= NH) -CCI3) grupo que el grupo saliente LG. (Ver en el documento D1.
Figuras 7 y 7 (continuacién) y los parrafos 0061, 000102, 000104, 000291
(compuesto 20), etc Como se describe en documento D2, el mismo
glucésido tricloroacetimidato se utiliza en el mismo por Lin para la fabricacién
de C34.

De acuerdo con estos métodos, a fin de preparar glicésido-tricloro imidato

(compuesto (6)), primero el grupo tio de 1-tio-glucésido se elimina por N-
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bromosuccinimida (NBS) para dar 1-OH-glucésido. A continuacién, el 1-OH-
glucésido se hace reaccionar con CCI3CN y la base (normalmente K2CO3,
DBU u otros) para generar el compuesto donador de glysoside tricloro-
imidated (6). Este es el método descrito por Plettenberg O., J. Org. Chem. 67
(13): 4.559-4.564, en 4564 (2002), ver anexo.

Este ha sido el método aceptado para la sintesis de compuestos a-GalCer
desde como se describe por Trappeniers (Chem Med Chem 2008, 3:.. 1061-
1070) que fue citado durante la tramitacién de Estados Unidos. (Ver

Trappeniers en el Esquema 3, se adjunta copia)

El glicésido tricloro-imidated es un compuesto inestable. Para utilizar
glicésido tricloro-imidated como donador de azucar, que debe prepararse de
nuevo inmediatamente antes de la etapa de glicosilacion como se describe
en el parrafo 0042 de nuestra especificacion ("Debido a la imidato ser
facilmente hidrolizado y por lo general necesario para estar preparado
fresco, el uso de este grupo saliente para la glicosilaciéon en la sintesis a
gran escala podria encontrarse con problemas de almacenamiento y

purificacion").

Este inconveniente de los métodos anteriores se supera mediante el
uso de tioglicosido como un donante con catalizadores acidos de
Lewis y el uso de tamices moleculares para de-hidrato. (Véase el parrafo
0.042 de nuestra especificacién). EIl compuesto donador de tio-glucésido
que se especifica en las reivindicaciones es muy eétable y por lo

general se puede conseguir por recristalizacion.

Ademas, tenga en cuenta que los documento D1 y D2 describen métodos
usando fosfina utilizado para reducir la azida. Se modificé el término
7
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"complejo de fosfina" se elimina de la reivindicacion 5. El uso de
agentes tales como hidruro de litio y aluminio, borohidruro de sodio o
un complejo de borano reducciéon no se ha demostrado previamente

para la preparacion de compuestos C-34 relacionados.

Los inventores han observado que la reduccion de la azida por fosfina es
bajo rendimiento, baja conversién, y su producto secundario fosfina-
oxido es muy dificil de eliminar. (Véase el apartado 0043 de nuestra

especificacion).

Por lo tanto, el objeto de la invencion revelado .en las nuevas
reivindicaciones de la presente solicitud de patente de invencidn
implica NOVEDAD Y NIVEL INVENTIVO y no son evidentes para una
persona experta en la técnica en comparacién con los documentos D1 y

D2 del estado de la técnica mencionados por el Examinador de Patentes.

En conclusién, de acuerdo a lo expresado anteriormente, el solicitante pone a consideracion
del Despacho UN NUEVO CAPITULO REIVINDICATORIO el cual consta de cinco (5)
Nuevas Reivindicaciones en tres folios, el cual cumple con los requisitos de NOVEDAD,
NIVEL INVENTIVO Y APLICACION INDUSTRIAL exigidos por la Decision 486 del Acuerdo de
la Comisién de la Comunidad Andina y se esta dando respuesta al Concepto Técnico notificado
mediante Oficio No. 8.103 del 15 de julio de 2014. '

Por lo tanto, solicito respetuosamente se proceda a CONCEDER la Patente de Invencién
titulada: “METODOS PARA PREPARAR GLICOESFINGOLIPIDOS Y USOS DE LOS
MISMOS” a nombre de la sociedad NATIONAL TAIWAN UNIVERSITY, para las Nuevas

Reivindicaciones 1 a 5 inclusive.
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Atentamente,

. . 19.270.955 Bog
T.P. N¢. 43.308 C.S.J.

Anexo:

Nuevas Reivindicaciones (5) en tres folios.

Plettenberg O., J. Org. Chem en seis folios.

Trappeniers Chem Med Chem 2008 en el Esquema 3 en diez folios.



NUEVAS REIVINDICACIONES

Un proceso para preparar un compuesto quiral que comprende una forma R

o S de un glicoesfingolipido de la férmula (1)

OHR1

0O Rj
)j\x)\/RS

OH R

H

it g2

CiaHog
OH (1)

(1)

en donde Ry=0OH, R; = H o un alquilo, alquenilo, o alquilo terminando en

arilo, arilo sustituido, heteroarilo, o heteroarilo sustituido, X=grupo alquilo,

R3= OH o H, R4= OH o H, Rs= arilo, arilo sustituido, heteroarilo, o heteroarilo

sustituido, o una sal farmacéuticamente aceptable del mismo, en donde el

compuesto de la férmula 1 se prepara mediante

(a)

reaccion de la alfa-glicosilacion en presencia de un acido de Lewis y, el

uso de tamices moleculares para deshidratar, un compuesto de férmula
(6):
Ph
_\00

0

PGO
PGO

LG (6)
en donde PG es un grupo protector de hidroxilo y LG es un grupo
saliente que contiene tiol,

con un compuesto representado por la estructura de la férmula (7):
Ns QPG

Ho\/Y\CMHzg

OPG (7)

para obtener un compuesto de la formula (5)

/0



- Ph
\OO

0

PGO- '
P PGO N; OPG
O - <

\/\[/\CMst

OPG 5y

(b)  reducir el compuesto de férmula (5) para obtener un compuesto de

férmula (3)

Ph
\\BO

0

PEOA-TE)  NH, OPG

o)

\/Y\C14H29

OPG Q)

(c) acoplamiento por medio de la etapa de formacién del enlace amida con

reactivos de acoplamiento, del compuesto de férmula (3) con un

compuesto de férmula (4):

0 R
HOJ\X/\/ Rs
Ry )

donde X=grupo alquilo, alquenilo, R3=H, OH, R4= H, OH, R5= arilo,

arilo sustituido, heteroarilo, o heteroarilo sustituido, o una sal

farmacéuticamente aceptable del mismo,

para obtener un compuesto de la férmula (2):

Ph
_\00

N

/1



(d) desprotegiendo el compuesto de férmula (2), con hidrégeno bajo

catalisis de hidrogenacién.

El método de la Reivindicaciéon 1, en donde el catalizador de hidrogenacién

se selecciona a partir de Pd/C, Pd(OH,), o Raney-Ni. .

El método de la Reivindicacién1, en donde la reduccién en la etapa 1 (b) se
se consigue utilizando hidruro de litio y aluminio, borohidruro de sodio,
complejo de borano, complejo de fosfina, reduccion de enzima,

hidrogenacién, o hidrogenacion por transferencia.

El método de la Reivindicacion 1, en donde el acido de Lewis se selecciona

de TMSOTT, Tf,0, BF3 . OEt;, TfOH, Me,S,-Tf,0.

El método de la Reivindicaciéon 1 en donde el grupo saliente que contiene tiol

es tiotolueno (STol).

/2
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Synthesis of a-Galactosyl Ceramide, a Potent Immunostimulatory
' Agent

Oliver Plettenburg,’ Vera Bodmer-Narkevitch, and Chi-Huey Wong*

Department of Chemistry and Skaggs Institute for Chemical Biology, The Scripps Research Institute,
10550 N. Torrey Pines Road, La Jolla, California 92067

wong@scripps.edu

Received March 7, 2002

a-Galactosyl ceramide has been identified to be a potent stimulatory agent for a novel immunological
process, mediated by CD1 molecules. This paper describes a short and efficient synthesis of
a-galactosyl ceramide. Starting from commercially available 2-deoxy galactose, a suitable sphin-
gosine derivative was obtained in nine steps and 36% overall yield, which was subsequently
glycosylated to give the target molecule. This flexible route will provide various glycolipids for further

exploration of this interesting biological process.

Introduction

CD1 molecules represent a new class of highly con-

served, antigen-presenting cell surface proteins.! They.

recognize and bind glycelipid antigens through lipid—
protein interactions and present the sugar moiety of the
antigen to a receptor on natural killer T-cells (NKT cells)
to activate the immune system. In humans, five different
isoforms of CD1 have been detected so far. Since the
recognition event is highly specific for glycolipids and no
carrier proteins are required, this novel defense mecha-
nism has gained considerable interest in the past years,
with the hope that a new type of vaccine may be
developed in the future. Since the discovery of a-galac-
tosyl ceramide 1 in 1993 from the marine sponge Agelas
mauritianus,? it has been shown that 1 exhibits tumor
growth inhibition activities.? Further examination of the
pharmaceutical potential of this class of compounds has
led to the discovery that 1 is capable of initiating a CD1-
mediated activation of NKT cells* and preventing au-
toimmune diseases such as type I diabetes.> Another
derivative, whose sphingoside chain is truncated, seems
to prevent autoimmune encephalomyelitis.® It is worth
noting that, although f-galactosyl ceramides are fre-
quently found in mammalian tissues and do possess a

* To whom correspondence should be addressed.

t Current address: Aventis Pharma Deutschland GmbH, DI&A
Chemistry, D-65926 Frankfurt, Germany.
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(2) (a) Natori, T.: Morita, M.; Akimoto. K.; Koezuka, Y. Tetrahedron
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Koezuka, Y. Tetrahedron 1994, 50, 2771-2784.

(3) Koezuka, Y.; Kazuhiro, M.; Sakai, T.; Takenori: N. Recent Res.
Dev. Cancer 1999, I, 341-354.

(4) Kawano, T.; Cui, J.; Koezuka, Y.; Toura. I.; Kaneko, Y.; Motoki,
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M. Science 1997, 278, 1626—1629.

(5) (a) Sharif, S.; Arreaza, G. A.; Zucker, P.; Mi, Q.-S.; Sondhi, J;
Naidenko, O. V.; Kronenberg, M.; Koezuka, Y.; Delovitch, T. L. Nature
Med. 2001, 7, 1057--1062. ?b) Hong, S.; Wilson, M. T.; Serizawa, 1.;
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C.; Wie, J.; Kronenberg, M.: Koezuka, Y.: van Kaer, L. Nature Med.
2001, 7, 1052—1056.

(6) Miyamoto, K.; Miyake, S.; Yamamura, T. Nature 2001, 413, 531—
534,

number of functions,’® o-linked galactosyl ceramides
have not been detected in normal mammalian cells so
far. They have been found in cancer® or fetal'® cell lines,

however. In addition to the unusual o-linkage between .

galactose and ceramide, the ceramide portion of 1 also
differs from the normally found ceramide in which a
trans-olefin instead of a dihydroxy geometry is in place.

A few syntheses of 1 have been published so far.!!12
As a part of our effort to understand the mechanism of
CD1-mediated T-cell activation and to develop novel
glycolipid vaccines, we are interested in developing a
general and effective strategy for the synthesis of this
compound and related structures.

Results and Discussion

Our synthesis starts from 2-deoxy galactose (Scheme
1), a relatively inexpensive starting material, which
possesses all necessary stereochemical information found
in compound 1.

By Wittig reaction of a suitably protected 2-deoxy
galactose derivative, it should be possible to introduce
the long chain. The absence of an electron-withdrawing
hydroxy group at C2 position should facilitate the opening
of the pyranose ring. The single free hydroxy group
generated in the Wittig reaction can be converted to an
azide, serving as a protected form of the amide group.

(7) Harouse, J. M.; Bhat, S.; Spitalnik, S. L.; Laughlin, M.; Stefano,
K.; Silberberg, D. H.; Gonzales-Scarano F. Science 1991, 253. 320—
323.

(8) (a) Leeden, R. J. Neurosci. Res. 1984, 12, 147—159. (b) Hannun,
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Med. Chern. 1995, 38, 2176—2187. {b) Morita, M.; Natori, T.; Akimoto,
K.: Osawa, T.; Fukushima, H.; Koezuka, Y. Bioorg. Med. Chem. Lett.
1995, 5, 699—704. (c) Figueroa-Pérez, S.; Schmidt. R. R. Carboliydr.
Res. 2000, 328, 95—102. (d) Takikawa, H.; Muto, S—e.; Mori, K.
Tetrahedron 1998, 54, 3141-3150.

(12) Several derivatives have been reported: (a) NBD-derivative:
Sakai T.; Ehara, H.; Koezuka, Y. Org. Lett. 1999, 1, 359—361. (b)
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nenberg, M.; Koezuka, Y. J. Med. Chem. 1995, 38, 1836—1841.
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Retrosynthetic Analysis of a-Galactosyl Ceramide 1
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Scheme 3. Preparation of the Sphingosine Derivative 112
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An ideal strategy is to have an easily and selectively
cleavable protecting group at the primary hydroxy group
and another type of mildly cleavable protecting group on
the hydroxy groups at C3 and C4 positions. We decided
to use benzyl ethers as the protection groups since this
would allow simultaneous conversion of an azide to amine
and reduction of the double bond while liberating the
molecule in the final stage of the synthesis.

The route described in Scheme 2 involves the use of
thiotoluene as a selective protecting group for the ano-
meric center. Free 2-deoxy-galactose was peracetylated
and then reacted with thiocresol under BF; etherate
catalysis to give thioglycoside 4.

Subsequent cleavage of the acetates by sodium meth-
oxide in methanol, followed by selective silylation of the
6-OH of 5 and benzylation of the hydroxy groups, gave
7. The choice of the silyl protection group turned out to
be important, since use of TBDMS or TBDPS led to
cleavage or migration of the silyl group during benzyla-
tion.

Cleavage of the thiotoluene group was performed with
NBS. The reaction is complete within minutes. The
subsequent Wittig reaction was then carried out using 3
equiv of the Wittig reagent and 2.8 equiv of BuLi. The
reaction proceeds very fast; after 2 h, little starting
material can be detected by TLC. The E/Z ratio of the
isolated olefinic product was determined to be 3.7:1. Our

93%; (c) TBAF, THF, 91%.

attempt to introduce the azide group by mesylation of
the free hydroxy group in 9 and substitution by azide
gave either no conversion at low temperature, or decom-
position at high temperature. This was surprising to
some extent, since a successful conversion was described
recently for a similar molecule.!® Changing the solvent
from DMF to DMSO did not make any difference.!* Also,
chloremesylation did not give the desired product.!®

However, reaction with a freshly prepared HNj; solu-
tion'® under Mitsonobu conditions led to the desired
compound 10 in 93% yield in a very clean reaction. After
desilylation with TBAF, the sphingosine derivative 11
was obtained in 91% yield (Scheme 3).

Overall, the sphingosine building block 11 was pre-
pared in nine steps starting from commercially available
2-deoxy galactose in an overall yield of 36%. Our further
strategy featured simultaneous deprotection after glyco-
sylation by simple and mild hydrogenation, thereby
cleaving all benzyl groups, removing the double bond, and
reducing the azide to an amine. Amide formation using

(13) Onlssen, J.; Magnusson, G. Carbohydr. Res. 2001, 331, 91—
4

(14) Alvarez, S. G.; Alvarez, M. T. Synthesis 1997, 413—414.

(15) Saotome, C.; Kanie, Y.; Kanie, O.; Wong, C.-H. Bioorg. Med.
Chem. 2000, 8, 2249—2261.

(16) The preparation and handling of hydrazoic acid solutions are
described: Wolff, H. Org. React. 1946, 3, 307—336.
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Scheme 4. Preparation of a-Galactosyl Ceramide 132
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standard techniques should yield the desired galactosyl
lipid. This simple reaction sequence should facilitate the
synthesis of glycolipids and related structures.

To simplify the deprotection of final products, a suit-
able glycosylation donor should be used so that the
protected glycolipid product can be completely depro-
tected by hydrogenation. We first turned our attention
to thioglycosides. In a first experiment, NIS and AgOTf
were used as a promotor system and perbenzylated
thiogalactose 12 as the donor, a system that was used
successfully in preliminary experiments.!” Unfortunately
in this case, the reaction led to the formation of several
byproducts resulting from addition of electrophiles to the
double bond (Scheme 4). Therefore, DMTST!8 was used
as another promotor to aveid the production of electro-
philic iodine species. The reaction led to glycoside 13,
containing the desired a-linkage and whose exact mass
corresponds to MNa — N,. The observed isomerization
of the double bond was deemed insignificant, since
subsequent hydrogenation of either isomer would furnish
the desired product. No B-anomer formation was ob-
served. Further optimization allowed isolation of the
galactosyl ceramide 13 in 39% yield.

On the other hand, Schmidt!!'c had demonstrated in a
similar case the benefits of using the 4,6-benzylidene-
protected trichloroacetimidate 16. 16 can be obtained
easily from thiogalactose 14'* (Scheme 5). BF; etherate
was chosen as a mild promotor, delivering the galactosy!
ceramide 17 in a clean reaction in 68% yield. A similar
reaction on perbenzylated trichloroacetimidate 18% yielded

(17) Plettenburg, O.; Wong, C.-H, unpublished results.

(18) Ye, X.-S., Wong, C.-H. J. Org. Chem. 2000, 65, 2410~2431.

(19) Zhang, Z.; Ollmann, L. R.; Ye, X.-S.; Wischnat, R.; Baasov, T.;
Wong, C.-H. J. Am. Chem. Soc. 1099, 121, 734—753.

the desired a-galactosyl ceramide 13 in 50% yield along
with other products, the o/ ratio being 2.9:1. In both 13
and 17 E/Z ratio was found to be unchanged compared
to the starting ceramide (3.7:1).

Our further investigations emphasized the hydrogena-
tion of both 13 and 17 using Pearlmann’s catalyst. The
yields thus obtained were, however, relatively low, and
we noticed that the reactions were accompanied by
decomposition upon longer reaction times. An alternative
synthetic strategy (Scheme 6) was therefore tried on
galactosyl ceramide 17. Staudinger reduction, followed
by coupling of the free amine 19 with hexacosanoic acid
gave the expected galactosyl ceramide 20 in 69% yield,
which gave 1 upon hydrogenation with palladium black.

In summary, the new strategy described here for the
synthesis of 1 and related glycolipids should provide
access to glycolipid libraries for exploitation of their
immunestimulating activities. The amide as well as the
ceramide chain can be easily modified. In addition, the
stereochemistry of the ceramide part can be altered by
use of different starting sugars.

Experimental Section

General Methods. Tetrahydrofuran (THF) and diethyl
ether (Et;0) were distilled over sodium/benzophenone, and
methylene chloride (CHzClp) over calcium chloride. Reagents
of commercial quality were purchased and used without
further purification. All reactions were carried out under an
argon atmosphere with dry, freshly distilled solvents under
anhydrous conditions, unless otherwise noted. Glycosylation
experiments were performed by using malecular sieves, which
were flame-dried right before the reaction under high vacuum.
Analytical thin-layer chromatography was performed using
silica gel 60 Fas4 glass plates, compound spots were visualized

15
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Scheme 6. Preparation of o-Galactosyl Ceramide 12
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by UV light (254 nm) and by staining with a yellow solution
containing Ce(NH,):(NOj)s (0.5 g) and (NH,)gMo7024+4H:0
(24.0 g) in 6% H.S0; (500 mL). Flash chromatography was
performed on silica gel 60 Geduran (35—75 um, EM Science).

1,3,4,6-Tetra- G-acetyl 2-Deoxy-p-galactopyranoside (3).
2-Deoxygalactose (10 g, 60.9 mmol) was dissolved in a mixture
of 50 mL of pyridine and 50 mL of acetic anhydride. The
mixture was stirred overnight. The solvent was removed in
vacuo, and the resulting syrup was taken up in 200 mL of
chloroform and extracted with sat. sodium bicarbonate solution
(three to four times) and with brine (1x). The organic layer
was dried over sodium sulfate, and the solvent was evaporated
to give 3 (20.0 g, quant.) as a yellow oil. It was used for the
next step without further purification. 'H NMR (CDCl3;, 500
MHz): é =5.75 (dd, 1H, J= 28, 10.1 Hz); 5.25 (d, 1H, J=
2.9 Hz); 5.07 (ddd, 1H, J=12.5, 5.0, 3.1 Hz); 4.13 (dd, 1H, J
= 11.0, 6.6 Hz); 4.07 (dd, 1H, J= 114, 6.6 Hz); 3.90 (dt, J=
6.6,,1.3 Hz); 2.11 (s, 3H); 2.09 (s, 3H); 2.00—2.07 (m, 2H); 2.00
(s, 3H); 1.96 (s, 3H). '*C NMR (CDCl;, 101 MHz): 6 = 170.37;
170.13; 169.80; 168.71; 91.59; 71.88; 67.93; 65.03; 61.51; 30.00;
20.91;20.68;20.62 (2C). HRMS: Calcd. (C1sH2005Nat): 355.0999,
found 355.0996.

pMethylphenyl 3,4,6-Tri-O-acetyl 2-deoxy-1-thio-p-ga-
lactopyranoside (4). 3 {21.0 g, 53 mmol) was dissolved in
350 mL of dry dichloromethane. Thiocresol (13.22 g, 106 mmol,
2 equiv) was added. The reaction mixture was cooled to —40°
C. BF3¢0OEt; (11.9 mL) was added slowly. The reaction mixture
was allowed to warm to 0 °C and stirred for 1 h at this
temperature. The reaction was monitored closely by TLC
(hexanes:ethyl acetate 1:1). After almost all starting material
was consumed, the reaction was quenched by addition of
saturated sodium bicarbonate solution. The organic layer was
extracted with sat. NaHCO; (3x) and brine (1x), dried over
sodium sulfate, and evaporated. The resulting oil was chro-
matographed on silica gel (hexane:ethyl acetate 4:1) to give 4
as an oil (20.8 g, 83%). The a/f ratio was estimated from the
'H NMR to be 2.5:1. 'H NMR (CDCls, 600 MHz): ¢ =7.41 (d,
2H-B, J=17.9Hz); 7.35 (d, 2H-a, J= 7.9 Hz); 7.10 (d, 2H3, J
= 7.9 Hz); 7.09 (d, 2H-a, J = 7.9 Hz); 5.66 (d, 1H-a, /= 5.7
Hz); 5.36 (d, 1H-o, J = 2.6 Hz); 5.28—5.23 (m, 1H-a + 1H-5);
4.98 (ddd, 1H-8, J=9.9, 7.2, 2.9 Hz); 4.75 (dd, 1H-8, J=8.3,
5.7 Hz); 4.69 (t, 1H-3, J = 6.6 Hz); 4.16 (dd, 1H-8, J=11.2,
7.2 Hz); 4.11-4.06 (m, 2H-o+2H-p); 3.80 (dt, 1H-8, J= 0.9,
7.0 Hz); 2.44 (dt, 1H-0, J= 5.6, 12.8 Hz); 2.32 (s, 3H-p); 2.30
(s, 3H-q); 2.11 (s, 3H-0); 2.10 (s, 3H-A); 2.09-2.02 (m, 1H-
a+1H-8); 2.02 (s, 3H-); 1.982 (s, 3H-a); 1.978 (s, 3H-o); 1.97
(s, 3H-A). 13C NMR (CDCl3, 110 MHz): a-isomer: é = 170.43;
170.20; 169.88; 137.75; 132.26; 130.04; 129.72; 84.01; 67.44;
66.68; 66.66; 62.42; 30.57; 21, 09; 20.81; 20.64 (2C); S-isomer:
6 = 170.27; 170.25; 169.96; 138.07; 132.55; 129.59; 129.48;

83.04; 74.61; 69.37; 65.35; 62.12; 31.46; 21.11; 20.77; 20.68.
HRMS caled (CygH,40:SNa*) 419.1135, found 419.1141.
p-Methylphenyl 2-Deoxy-1-thio-n-galactopyranoside
(3. 4 (1.4 g, 3.53 mmol) was dissolved in 75 mlL of dry
methanol. The suspension was cooled in an ice bath, and 3
mL of a solution of sodium methoxide in methanol was added.
The reaction was allowed to warm to room temperature and
stirred for 3 h. Amberlyst 15 (H*-form) was added to neutralize
the sodium methoxide, the mixture was then diluted with
methanol, and the exchange resin was filtered off. The resin
was washed thoroughly and the filtrate was concentrated to
give 950 mg (99.5%) of a white solid. 'H NMR (MeOD, 600
MHz): é = 7.29 d, 2H-o+ 2H~4, J= 8.3 Hz); 7.00 (d, 2H-
o+2H—-8, J= 7.9 Hz); 5.46 (d, 1H-o, J = 5.5 Hz); 4.68 (dd,
1H-8, J=11.0, 3.1 Hz); 4.18 (1, 1H-o, J= 6.1 Hz); 3.82 (ddd,
1H-a, J=12.3, 4.8,3.1 Hz); 3.74 (d, 1H-o,, J = 2.6 Hz); 3.67—
3.55 (m, 1H-a +3H-4); 3.35 (dd, 1H-8, J=11.2, 7.2 Hz); 3.21
(m, 1H, OH); 2.27 (dt, 1H-$ + 1H-a, J= 2.0, 12.7 Hz); 2.20 (s,
3H-qa, 3H-A); 1.86-1.81 (m, IH-a+1H-f). ¥C NMR (MeOD, 110
MHz): o-isomer & = 138.55; 133.54; 132.66; 130.55; 86.22;
73.09: 69.54; 67.44; 62.74; 34.37; 21.10. B-isomer ¢ = 138.26;
132.47; 132.28; 130.52; 84.31; 80.69; 70.73; 68.44; 62.92; 35.52;
21.06. HRMS caled (C13H15804SNa*) 293.0818, found 293.0820.
p-Methylphenyl 2-Deoxy-1-thio-6- O-triisopropylsilyl-
p-galactopyranoside (6). 5 (553 mg, 2.05 mmol) was dis-
solved in 5 mL of dry THF. Imidazole (181 mg, 2.7 mmol) was

added, and the reaction mixture was cooled to 0 °C. TIPSCI

(0.49 mL, 2.25 mmol, 1.1 equiv) was added dropwise. The
reaction mixture was allowed to warm to room temperature
and stirred for 2.5 h. The reaction was monitored by TLC and
after completion quenched by addition of saturated NH,Cl. The
reaction mixture was diluted with ethyl acetate. The aqueous
layer was separated and extracted with ethyl acetate. The
combined organic layer was extracted with brine, dried over
sodium sulfate, and evaporated. The residue was chromato-
graphed on silica gel (hexanes:ethyl acetate 2:1) to give 750
mg (86%) of 6. Since o/ assignment of the protons is difficult,
integrals are given as absolute values, referring to the signal
at 7.31 ppm as 2. Due to chromatography, a/ff values changed-
to-a ratio of about 1:1.4. 'TH NMR (CDCls, 600 MHz): 6 =7.39
(d, 1.4H, J=7.5Hz); 7.32 (d, 2H; J= 7.9 Hz); 7.06 (2d, 3.4H);
5.61 (d, 1H, J = 5.3 Hz); 4.64 (dd, 0.7H, J = 11.8, 2.2 Hz);
4.22 (t, 1H, J = 4.8 Hz); 4.04 (s, 1H); 4.00—3.87 (m, 5.3H);
3.68 (b—s, 0.7H, OH); 3.62 (d, 1H, J = 3.1 Hz); 3.38 (t, 0.7H,
J =48 Hz); 3.24 (d, 0.7H, J = 5.3 Hz); 2.95 (bt, 3.0H, J =
10.1 Hz); 2.35-2.27 (m, 1.5H); 2.30 (s, 2.1H); 2.29 (s, 3H);

2.09-2.02 (m, 1.3H); 1.89—-1.81 (m, 0.7 H); 1.13-0.98 (m, 37.9 -

H). 3C NMR (CDCls, 110 MHz): 6 = 137.43; 136.91; 132.10;
131.40; 131.27; 130.05; 129.49; 129.45; 84.38; 82.96; 78.26;
70.18; 69.69; 69.33; 67.93; 66.46; 66.36; 63.76; 34.75; 33.59;
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21.02; 20.97; 17.85; 17.83; 17.80; 17.77; 11.72; 11.69. caled
(C22H3304SSiNat) 449.2152, found 449.2158.

p-Methylphenyl 3,4-Di-O-benzyl-2-deoxy-1-thio-6-O-
triisopropylsilyl-p-galactopyranoside (7). 6 (700 mg, 1.58
mmol) was dissolved in 10 mL of DMF. The reaction mixture
was cooled to —10 °C (ice bath/NaCl). Benzyl bromide (0.48
mL, 3.95 mmol, 2.5 equiv) was added, followed by 84 mg (3.32
mmol, 2.1 equiv) of sodium hydride (95%). The reaction was
monitored by TLC (hexanes:ethyl acetate 2:1) and completed
after 40 min at —10 °C. The reaction was quenched by addition
of solid NH4Cl, diluted with water, and the reaction mixture
was extracted with ethyl acetate (3x). The combined organic
layer was extracted with water (3x) and brine, dried over
sodium sulfate, and evaporated. The residue was subjected to
column chromatography (hexanes:ethyl acetate 15:1) to give
880 mg (89%) of 7. Ratio of the isomers after chromatogra-
phy: approx. 1:0.6. '"H NMR (CDCls, 600 MHz): 6 = 7.45—
7.25 (m, 24.6H); 7.09 (d, 2H, J= 83 Hz); 7.06 (d, 1.2H, J=
7.9 Hz); 5.68 (d, 1H, J= 5.7 Hz); 4.99 (d, 1.6H, J=11.4 Hz);
4.72 (dd, 2.3H, J=11.8, 3.1 Hz); 4.69—4.58 (m, 4.2H); 4.29 (1,
1H, J= 6.6 Hz); 4.05 (s, 1H); 3.97 (ddd, 1H, J=12.2,4.1, 25
Hz); 3.93 (s, 0.6 H); 3.89-3.84 (m, 2.1H); 3.74 (dd, I1H, J=
9.7, 5.7 Hz); 3.62 (ddd, 0.6H, J= 11.7, 4.3, 2.3 Hz); 3.44 (t,
0.6H, J = 6.6 Hz); 2.63 (dt, 1H, J= 12.7 Hz, 5.7 Hz); 2.33 (s,
3H); 2.325 (s, 2.1H); 2.20 (dd, 1H, J = 12.9, 4.6 Hz); 1.16—
1.01 (m, 37H). ¥C NMR (CDCl;, 125 MHz): 6 = 139.12; 138.94;
138.31; 138.20; 137.08; 136.94; 132.03; 131.57; 131.11; 130.55;
129.50; 129.39; 128.37; 128.32; 128.10; 127.98; 127.73; 127.69;
127.54; 127.33; 127.30; 127.24; 127.13; 84.88; 82.96; 79.71;
78.51; 75.43; 74.46; 74.03; 73.08; 72.35; 71.48; 70.40; 70.10;
62.36; 32.52; 31.86; 21.02; 17.96; 11.81. HRMS: calcd (CssHs0O4-
SSiNa*) 629.3091, found 629.3075.

3,4-Di- O-benzyl-2-deoxy-6- O triisopropylsilyl-n-galac-
topyranoside (8). 7 (820 mg, 1.35 mmol) was dissolved in 50
mL of acetone. The reaction mixture was cooled to 0 °C, and
NBS (281 mg, 1.59 mmol, 1.18 equiv) was added. The reaction
mixture turned orange immediately. After 10 min. the reaction
was quenched by addition of solid NH4Cl. The mixture was
diluted with water and ethyl acetate, and the aqueous layer
was extracted with ethyl acetate (3x). The combined organic
layer was extracted with brine, dried over sodium sulfate, and
evaporated. The residue was subjected to column chromatog-
raphy (hexanes:ethyl acetate 4:1) to give 520 mg (77%) of 8.
Ratio of /B isomers: 1:0.4. 'H NMR (CDCI;, 600 MHz): 6 =
7.40-7.22 (m, 14H); 5.42 (d, IH, J= 2.2 Hz); 4.96 (d, 1.4H, J
= 11.4 Hz); 4.70 (dd, 1.8H, J= 11.6, 5.5 Hz); 4.67--4.57 (m,
2.8H); 4.02—3.97 (m, 3H); 3.94 (s—b, 0.4 H); 3.90 (t, 0.4H, J=
9.2 Hz); 3.81 (dd, 1H, J = 9.7, 7.5 Hz); 3.80 (m, 0.4H); 3.73
(dd, 1H, J=9.7, 5.7 Hz); 3.57 (ddd, 0.4H, J=12.1, 4.2, 2.6
Hz); 3.52 (s—b, 0.4H); 3.40 (dd, 0.4H, J = 7.9, 5.7 Hz}; 3.39
(s—b, 1H); 2.20 (dt, J = 12.5, 3.5 Hz); 2.15 (dt, 0.4 Hz, J =
12.3, 2.1 Hz); 2.00 (m, 0.4H); 1.98 (dd, 1H, J = 12.7, 4.0 Hz);
1.15-1.03 (m, 31H). '3C NMR (CDCls, 125 MHz): § = 139.00;
138.89; 138.55; 138.21; 128.40; 128.34; 128.11; 128.04; 127.60;
127.36; 127.28; 94.82; 92.62; 77.14; 75.86; 74.53; 74.40; 74.26;
72.91; 71.76; 71.43; 70.36; 70.20; 62.38; 61.63; 34.90; 31.12;
17.98;17.96; 14.14; 11.86; 11.84. HRMS calcd (ngH44058iNa+)
523.285, found 523.284.

3,4-Di- O-benzyl-1-O-triisopropylsilyl-octadec-6-ene-2-
ol (9). Dodecyl triphenylphosphonium bromide (1.53 g, 3 mmol,
3 equiv) was suspended in 20 mL of dry THF. The mixture
was cooled to —10°. BuLi (1.75 mL, 2.8 mmol, 2.8 equiv) (1.6
M solution in hexanes) was added dropwise. The orange
solution was stirred for 30 min, and then the starting material
8 (510 mg, 0.99 mmol in 15 mL of dry THF) was added slowly.
The reaction was allowed to warm to room temperature and
stirred overnight. The reaction was monitored by TLC using
hexanes:ethyl acetate as a solvent system. For workup, the
reaction mixture was quenched with methanol. Afterward 80%
methanol in water was added and the reaction mixture was
extracted with hexanes (4x). The combined hexanes layer was
dried over sodium sulfate and evaporated, and the residue was
subjected to column chromatography (hexanes:ethyl acetate
10:1) to yield 610 mg (92%) of 9. '"H NMR (CDCl3, 600 MHz):
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0 = 7.33—7.25 (m, 10H); 5.57—-5.33 (m, 2H); 4.69 (d, 1H, J=
11.4 Hz); 4.60 (m, 3H); 3.94 (m, 1H); 3.72 (m, 4H); 3.07 (d,
1H, J= 4.8 Hz); 2.45 (dt, 1H, J=15.4, 7.0 Hz); 2.39 (dt, 1H,
J=152,5.6Hz);199(q, 2H, J=7.0Hz); 1.33-1.20 (m, 19H);

1.12—0.99 (m, 21H); 0.86 (t, 3H, J= 7.0 Hz). *C NMR (CDCls, -

125 MHz): ¢ = 138.29; 133.64; 132.33; 128.34; 128.30; 128.00;
127.77; 127.70; 127.57; 124.99; 80.06; 78.14; 73.69; 72.71;
71.30; 63.86; 31.91; 29.67; 29.64; 29.57; 29.38; 29.35; 29.01;
27.54;22.68; 17.99; 14.10; 14.10; 11.87. HRMS calcd (Cs2H704-
SiNa‘) 675.4779, found 675.4780.
2-Azido-3,4-di-O-benzyl-1-O-triisopropylsilyl-octadec-
6-ene (10). Sodium azide (6.5 g) was dispersed in 6.5 mL of
water and 40 mL of toluene. The suspension was cooled to
about 0 °C. Concentrated sulfuric acid (1.35 mL) was added
dropwise. While the internal temperature was kept below 10
°C, the reaction mixture was stirred slowly for another 30 min.
The toluene layer was decanted into a cooled conical flask (0
°C), dried over sodium sulfate, and stored in a freezer. To
determine the concentration, 0.3 mL of the solution and 0.3
ml of water were stirred in a vial and one drop of a
phenolphthalein-solution (1% in MeOH) was added, and the
solution was titrated with 0.25 N NaOH. Triphenylphosphine
(482 mg, 1.84 mmol, 4 equiv) was dissolved in 15 mL of dry
THF under argon. The solution was cooled to —78 °C. DEAD
(0.29 mL, 320 mg, 1.84 mmol, 4 equiv) and 1.3 mL (c= 1.4 M)
of the previously prepared HNj3 solution were added. After
stirring for 1 min, a solution of 300 mg (0.46 mmol) of 9 in 7
mL of THF was added rapidly. The reaction was stirred
overnight. The reaction progress was checked by TLC (hex-
anes:ethyl acetate 9:1). The reaction was quenched by the
addition of methanol (color changes from orange to light
yellow), concentrated in vacuo, and chromatographed on silica
gel (hexanes:ethyl acetate 20:1) to yield 263 mg (84%) of 10.
TH NMR (CDCl;, 600 MHz): 6 = 7.37~7.26 (m, 10H); 5.55—
5.44 (m, 2H); 4.74—4.53 (m, 4H); 4.06 (dd, 1H, J = 10.5, 3.1
Hz); 3.84 (dd, 1H, J=10.5, 7.9 Hz); 3.74-3.70 (m, 2H); 3.63
(dd, 1H, J='6.1, 4.2 Hz); 2.48 (t, 1H, J = 5.5 Hz); 2.06 (m,
1H); 1.38~1.23 (m, 19H); 1.11~1.02 (m, 21H); 0.90 (t, 3H, J=
7.0 Hz). 3C NMR (CDCl;, 125 MHz): § = 138.32; 138.11;
132.34;128.30; 128.27; 127.90; 127.67; 127.51; 125.14; 79.48;
78.89; 73.59; 72.05; 64.65; 64.62; 31.92; 29.68; 29.65; 29.60;
29.57,29.40; 29.35; 27.90; 27.56; 22.68; 17.91; 14.11; 11.85.
HRMS caled (C42H70N303Si) 678.5024, found 678.5054.
2-Azido-3,4-di- O'benzyl-octadec-6-en-1-0l (11). 10 (250
mg, 0.37 mmol) was dissolved in 5 mL of dry THF. The reaction
mixture was cooled to 0 °C, 1 mL of a 1 M TBAF solution was
added, and the reaction mixture was allowed to warm to room
temperature. After 10 min, the reaction was controlled by TLC
and found to be almost complete. After 20 min, the reaction
was stopped by addition of 5 mL saturated NaHCO;. The
aqueous layer was extracted with ethyl acetate (4x), and the
combined organic layer extracted with brine, dried, and
evaporated. The residue was chromatographed on silica gel
(hexanes:ethyl acetate 9:1) to yield 175 mg (91%) of 11.!H NMR
(CDCl3, 600 MHz): 6 = 7.39-7.26 (m, 10H); 5.51—-5.48 (m,
1H); 5.48—5.38 (m, 1H); 4.70—4.61 (m, 3H), 4.56 (d, 1H, J =
11.4 Hz); 3.85 (dd, 1H, J = 11.4, 4.8 Hz); 3.80—3.68 (m, 4H);
2.46 (m, 2H); 2.03 (m, 2H); 1.37-1.22 (m, 18H); 0.88 (t, 3H, J
= 7.0 Hz). 3C NMR (CDCl;, 150 MHz): § = 137.81; 137.58;
132.81; 128.44; 128.39; 127.97; 127.92; 127.88; 127.79; 124.40;
80.38; 78.57; 73.59; 72.26; 63.16; 62.24; 31.89; 29.65; 29.61;
29.54; 29.52; 29.36; 29.32; 28.11; 27.57; 22.66; 17.66; 14.09.
HRMS caled (CasHsoN3Ost — Na): 494.3629, found 494.3643
2-Azido-3,4-di-O-benzyl-1-0-(2,3,4,5-tetra-O-benzyl-o-D-
galactopyranosyl)-p-ribo-octadeca-6-en-1-ol (13). A solu-
tion of thioglycoside 12 (73 mg, 0.11 mmol) and sphingosine
11 (50 mg, 0.096 mmol) in 1.5 mL of anhyd CH,Cl, was added
over freshly dried powdered 4 A molecular sieves and cooled
to 0 °C. Meanwhile, methyl! disulfide (34.5 uL, 4 equiv) and
methyl trifluoromethanesulfonate (43.9 xL, 4 equiv) were
mixed in a separate vial to form solids. The solids in dry CHa-
Cl; (0.5 mL) were added to the above solution, and the mixture
was stirred at 0 °C for 2.5 h. The reaction was quenched by
the addition of 3 drops of saturated aqueous Na;S»03, diluted
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with CH,Cl,, and filtered through Celite. The organic layer
was washed with saturated aqueous NaHCOs and brine, dried
(MgS0O4), and concentrated. The residue was purified by
column chromatography on silica gel (hexanes:EtOAc 7:1) to
furnish 13 (39 mg, 39%) as an oil. 'H NMR (CDCl;, 600
MHz): § = 7.44-7.19 (m, 30H); 5.48—5.37 (m, 2H); 4.94 (d,
1H, J=11.4 Hz); 4.89 (d, 1H, J= 3.2 Hz); 4.86—-4.32 (m, 11H);
4.05 (dd, 1H, J = 10.0, 3.5 Hz); 3.96 (dd, 1H, J= 100, 2.0
Hz); 3.96—3.92 (m, 3H), 3.86—3.81 (m, 1H); 3.71-3.64 (m, 3H);
3.47 (m, 2H); 2.42 (m, 2H); 2.00 (m, 2H); 1.25 (m, 18H); 0.87
(t, 3H, J= 6.8 Hz). '*C NMR (CDCl3, 150 MHz): 6 = 138.82;
138.76; 138.65; 138.30; 138.09; 137.98; 132.42; 128.35; 128.34;
128.33; 128.31; 128.28; 128.22; 128.19; 127.79; 127.76; 127.75;
127.73; 127.72; 127.70; 127.64; 127.53; 127.51, 127.49; 127 .43,
125.50; 98.60; 79.33; 78.89; 78.81; 76.41; 75.08; 73.68; 73.45;
73.14; 73.12; 73.08; 71.92; 69.02; 68.37; 62.24; 62.15; 31.92;
29.70; 29.68; 29.65; 29.60; 29.55, 29.48; 29.35; 27.95; 27.58;
2268, 14.11. HRMS caled (CﬁﬁH8|N3OBH+ e Nz): 10]66040,
found 1016.6043.

0-(2,3-Di-O-benzyl-4,6- O-benzylidene-D-galactopyra-
nosyl) Trichloroacetimidate (16). 15 (600 mg, 1.35 mmol)
was dissolved in 45 mL of acetone. The reaction mixture was
cooled to —20 °C, and NBS (231 mg, 1.29 mmol, 1.2 equiv)
was added. After 45 min, the reaction was quenched by
addition of solid NH4Cl. The mixture was diluted with water
and ethyl acetate, and the aqueous layer was extracted with
ethyl acetate (4x). The combined organic layer was extracted
with brine (2x), dried over sodium sulfate, and evaporated.
The residue was subjected to column chromatography (hex-
anes:ethyl acetate 1:1) to furnish 461 mg (35%) of intermediate
deprotected product, which was subsequently solubilized in 10
mL of dry CH;Cl. CCI3;CN (1.028 mL, 10.28 mmol 10 equiv)
and DBU (77 xL, 0.51 mmol) were added to the solution, and
the mixture was stirred at rcom temperature for 2 h, The dark
solution was then concentrated and purified by column chro-
matography on silica gel (hexanes:EtOAc 2:1 containing 1%
NEt3) to furnish 16 (567 mg, 93%) as a white foam. NMR and
mass spectroscopic data correspond to the data given in the
literature.?!

2-Azido-3,4-di- O-benzyl-1-0-(2,3-di- O-benzyl-4,6-O-ben-
- zylidene-o-p-galactopyranosyl)-D-ribo-octadeca-6-ene-1-
ol (17). A solution of trichloroacetimidate 16 (50 mg, 0.084
mmol, 1.1 equiv)) and sphingosine derivative 11 (40 mg, 0.077
mmol) in 1.3 mL of anhyd Et;0 and 0.2 mL of anhyd THF
was added over freshly dried powdered 4 A molecular sieves
and cooled to —20 °C. BF3-OEt; (19.5 1L, 2 equiv) was added
to the solution, and the mixture was stirred at —20 °C for 1.5
h. Trichlorcacetimidate 16 (22 mg, 0.036 mmol) was then
added. Stirring was continued for 30 min followed by addition
of another 12 mg (0.02 mmol) of donor. After 30 min, the
mixture was diluted with EtOAc and filtered through Celite.
The organic layer was washed with saturated aqueous NaH-
CO; and brine, dried (MgS0,), and concentrated. The residue
was purified by column chromatography on silica gel (hexanes:
EtOAc 7:1) to furnish 17 (50 mg, 68%) as an oil. 'H NMR
(CDCl3, 500 MHz): 6 = 7.52—7.25 (m, 25H); 5.45-5.41 (m,
3H); 4.92 (d, 1H, J=3.5Hz); 4.82 (d, IH, J=11.7 Hz); 4.79—
4.49 (m, 7H); 4.11 (dm, 1H, J= 3.3 Hz); 4.05 (dd, 1H, J=9.9,
3.3 Hz); 4.01-3.92 (m, 3H), 3.83—3.77 (m, 2H); 3.68-3.64 (m,
3H); 3.50 (m, 1H); 2.41 (m, 2H); 2.00 (m, 2H); 1.22 (m, 18H);
0.85 (t, 3H, J = 7.0 Hz). 3C NMR (CDCl3, 125 MHz): § =
138.72; 138.21; 137.95; 137.78; 137.77; 132.51; 128.35; 128.31;
128.24; 128.23; 128.21; 128.08; 127.80; 127.73; 127.68; 127.65;
127.64; 127.58; 127.50; 127.49; 127.44; 126.32; 101.02; 99.05;
79.20; 79.09; 75.71; 75.44; 74.65; 73.72; 73.44; 72.01; 71.96;
69.25; 68.29; 62.91; 61.91; 31.90; 29.67; 29.64; 29.58; 29.57;
29.39; 29.38; 29.33; 27.98; 27.57; 22.66; 14.11. HRMS calcd
(C59H873N303Na+)1 9745295, found 974.5306.

(20) (a) Mottawia, M. S.; Olsen, C. E.; Denyer, K.: Smith, A. M;
Moller, B. L. Carbohydr. Res. 2001, 330, 309—318. (b) Wegmann, B ;
Schmidt, R. R. J. Carbohydr. Chern. 1987, 6, 357—375.

(21) Koeman, F. A. W.; Kamerling, J. P.; Vliegenthart, J. F. G.
Tetrahedron 1993, 49, 5291—-5309.
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2-Amino-3,4-di-O-benzyl-1- 0-(2,3-di- O-benzyl-4,6- O-ben-
zylidene-a-D-galactopyranosyl)-p-ribo-octadeca-6-en-1-
ol (19). The azide 17 (20 mg, 0.021 mmol) was dissolved in
0.5 mL of anhyd THF and cooled to 0 °C. PMej (0.11 mL of
1.0 M in THF, 0.11 mmol) was added to the solution, and the
reaction was stirred for 45 min at 0 °C and 2 h at room
temperature. After complete disappearance of the starting
material, 0.2 mL of ag 1 M NaOH was added to the mixture
and stirred for 2 h. EtOAc was then added to the solution,
and the mixture was washed with water (3x) and brine (1x),
dried MgSOy), and concentrated. The residue was used for
the next step without prior purification. 'TH NMR (CDCl3, 500
MHz): 8 = 7.53—7.26 (m, 25H); 5.50 (m, 2H); 5.47 (s, 1H);
497 (d, 1H, J=3.3 Hz); 4.85 (d, 1H, J=11.7 Hz); 4.82—-4.56
(m, 7H); 4.18 (dm, 1H, J= 2.3 Hz); 4.10~-4.07 (m, 2H); 4.01~
3.98 (m, 2H), 3.89 (m, 2H); 3.76 (m, 1H); 3.57 (m, 1H); 3.38
(m, 1H); 3.26 (m, 1H); 2.47 (m, 2H); 2.04 (m, 2H); 1.26 (m,
18H); 0.89 (t, 3H, J = 7.0 Hz). 3C NMR (CDCl3, 125 MHz): ¢
= 138.73; 138.59; 138.48; 138.05; 137.81; 132.29; 128.84;
128.36; 128.37; 128.32; 128.28; 128.27; 128.09; 127.79; 127.67;
127.66; 127.62; 127.60; 127.54; 126.32; 101.04; 99.23; 79.61;
76.11; 75.72; 74.48; 74.47; 73.66; 73.61; 71.94; 71.79; 69.36;
69.37; 62.65;52.77; 31.91; 29.69; 29.65; 29.64; 29.60; 29.43;
29.42; 29.35; 28.36; 27.61; 22.7; 14.12. HRMS calcd (CsgHys-
NOgNat): 948.5385, found 948.5379.

3.4-Di-O-benzyl-1-O-(2,3-di- O-benzyl-4,6-O-benzylidene-
o-D-galactopyranosyl)-2-hexacosylamino-D-ribo-octadeca-
6-en-1-o0l (20). The crude amine 19 was dissolved in 0.5 mL
of anhyd CHCl; and hexacosanoic acid (26 mg, 0.06 mmol, 3
equiv) and 1-[3-{dimethylamino)-propyl]-3-ethylcarbodiimide
hydrachloride (EDC) (11 mg, 0.063 mmol, 3 equiv) were added
to the solution. The mixture was stirred at room temperature
for 24 h and then diluted with CH,Cl; and washed with water
(3x) and brine (1x). The solution was dried (MgSO,) and
concentrated, and the residue was purified by column chro-
matography on silica gel (hexanes:EtOAc 4:1) to furnish 20
(11 mg, 69%) as an amorphous solid. 'H NMR (CDCls, 400
MHz): 6 =7.52—7.25 (m, 25H); 5.70 (d, 1H, J=8.2 Hz); 5.47—
5.45 (m, 3H); 4.93 (d, 1H, J=35Hz); 483 (d, 1H, J=11.7
Hz); 4.78—4.48 (m, TH); 4.38 (m, 1H); 4.16—4.04 (m, 3H), 4.07—

4.04 (m, 3H); 3.94—-3.87 (m, 2H); 3.77-3.73 (m, 1H); 3.59 (m, .

1H); 2.45 (m, 1H); 2.09 (m, 1H); 1.87 (m, 2H); 1.73 (m, 2H);
1.50 (m, 2H); 1.35—1.20 (m, 62H); 0.90 (t, 6H, J= 7.0 Hz). 13C
NMR (CDCl;, 150 MHz): 6 = 172.87; 138.67; 138.56; 138.37;
138.32; 137.81; 132.29; 128.84; 128.44; 128.37: 128.32; 128.31;
128.08; 127.87; 127.84; 127.76; 127.73; 127.66; 127.61; 127.57,
127.54; 126.31; 125.09; 101.00; 99.63; 79.93; 78.99; 76.13;
75.65; 74.40; 73.73; 73.34; 71.76; 71.59; 69.40; 68.24; 62.90;
50.20; 31.90; 29.72-29.61, 29.45; 29.42; 29.36; 27.99; 27.57;
25.71, 22.69; 14.13. HRMS calcd (CgsHi12sNOgNat): 1326.9246,
found 1326.9248.
1-O-(o-p-galactopyranosyl)-2-hexacosylamino-p-ribo-
1,3,4-octadecantriol (1). A solution of 20 (11 mg, 0.008 mmol)
in EtOAc (1 mL) was added to 3 mg of palladium black
suspended in 1.5 mL of EtOAc and saturated with hydrogen.
The reaction vessel was purged with hydrogen, and the
mixture was stirred at room temperature for 10 h. The reaction
mixture was diluted with pyridine, and the catalyst was
removed by filtration over Celite, Evaporation of the solvent
gave pure 1 (7 mg, 99.5%). The obtained spectroscopic data is
identical to the one reported in the literature.!'* HRMS calcd
(CsoHgsNOgNa™): 880.7212, found 880.7227.

Acknowledgment. O. P. acknowledges a fellowship
of the Deutsche Forschungsgemeinschaft. V. B.-N.
acknowledges the Swiss Natiocnal Chemical Society
fellowship. This research is supported by the Skaggs
funds.

Supporting Information Available: 'H and !3C NMR
spectral data of compounds 3—11, 13, 17, 19, 20, and 1 is
available free of charge via the Internet at http://pubs.asc.org.

JO0201530

18



DOI: 10.1002/cmdc.200800021

Synthesis and in vitro Evaluation of a-GalCer Epimers
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Introduction a-Gal0  OH

Natural killer T (NKT) cells are a
unique subset of Tcells that ex- R
press an invariant Tcell antigen
receptor (TCR). Unlike other
Tcells, NKT cells recognize gly-
colipid antigens when present-
ed by the major histocompati-
bility complex (MHQ) class I-like
molecule CD1d." An extensively studied exogenous glycolipid
activator of NKT cells is a-GalCer (also known as KRN7000, 1a,
Figure 1).29 a-GalCer was originally generated by the Kirin
group from structure-activity studies of glycolipids that were
isolated from the marine sponge Agelas mauritianus.

Stimulation of NKT cells by CD1d-mediated «a-GalCer presen-
tation leads to rapid release of T helper 1 (Th1) and T helper 2
{Th2) cytokines. Proinflammatory Th1 cytokines such as IFN-y
mediate antitumor, antiviral and antibacterial effects of «-
GalCer, while immunomodulatory Th2 cytokines such as IL-4
delay or prevent the onset of autoimmune diseases like type 1
diabetes.” Because Th1 and Th2 cytokines antagonize each
other’s effects, a-GalCer analogues that induce a biased Th1/
Th2 response are highly awaited.

In 2005, the crystal structure of human CD1d in a complex
with a-GalCer was elucidated, and it revealed the specific bind-
ing mode of a-GalCer to CD1d.® The acyl chain of a-GalCer
fits into the A’ pocket by adopting a counterclockwise circular
curve, and the sphingosine chain adopts an extended confor-
mation to fit into the F' pocket and to reach the end of the
binding groove. The galactose ring is well ordered and extends
above the surface of the lipid-binding groove. The crystal
structure revealed three hydrogen bonds between human
CD1d and a-GalCer. The glycosidic linkage 1-O is hydrogen
bonded to Thr154, the 2-OH group of the galactose ring
forms a hydrogen bond to Asp151, and the 3-OH group on
the sphingosine chain forms the third hydrogen bond to
Asp80. These bonds are assumed to anchor «-GalCer in a
proper orientation for recognition by the TCR of NKT cells.

Oy -NH OH
Y

(25,38,4R)-1b: R=C3H,;; R'=CsHy,

o-Gald  OH
R’ CraHiag

Oy NH OH
¥

a-GalO Q_H
“~Ciahn

O NH 6H
N '
R

(25,35,4R)-1a: R=CysHs; R=Cy4Hzg  (28,3R4R)-2: R=CysHgy  (25.35,4S)-3: R=CosHgy

(25,35,45)-4: R=CyH,5

Figure 1. Structure of a-GalCer (1 a, KRN7000), OCH (1 b), a-Gal-p-xylo-Cer (2), and two o-Gal-L-fyxo-Cer analogues,
one with the natural acyl chain (compound 3) and the other with a truncated one (compound 4).

In another crystallographic study of mouse CD1d in'a com-
plex with an OCH analogue, Asp80 was found to interact with
both secondary hydroxy groups (i.e., 3-OH and 4-OH) of the
sphingosine backbone.” In addition, Arg79 is oriented in such
a way that it can participate in hydrogen bonding with the
same 3-OH. More recently, Wong and co-workers reported the
crystal structure of mCD1d that was charged with the Sphingo-
monas glycolipid a-galacturonosyl ceramide (GalA-GSL), which
is characterized by a shorter fatty acyl chain, the absence of a
4-OH on the sphingosine moiety, and the presence of a 6'-
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CO,;H group on the galactose unit.®™ The absence of the 4-OH
causes the sphinganine backbone to shift slightly deeper in
the F' groove to establish an optimal hydrogen bond with the
terminal oxygen atoms of Asp80. As a consequence, the hydro-
gen bond between Arg79 and the 3-OH of the sphinganine
backbone is lost, and Arg79 is now oriented differently; this
possibly affects the interaction of GalA-GSL with CD1d and the
TCR.

Recently, Borg et al. reported the structure of a human NKT
TCR in complex with CD1d that was bound to the potent NKT-
cell agonist a-GalCer® Consistent with the previously deter-
mined structures,®” a-GalCer protrudes minimally from the
CD1d cleft; only the galactosyl head group is exposed for rec-
ognition by the NKT TCR, and it interacts solely with the
CDR1a and CDR3a loops. The galactose ring is sandwiched be-
tween Trp153 of CD1d and the aliphatic moiety of Arg95a, the
side-chain of which also hydrogen bonds to the 3-OH on the
sphingosine chain. The 2'-OH, 3'-OH and 4'-OH of the galactose
ring form hydrogen bonds to Gly96aq, Ser30a, and Phe29aq, re-
spectively, which are located on the invariant TCR a-chain. This
mode of binding is consistent with the fine specificity that the
NKT TCR exhibits for a-GalCer and its closely related analogues.
Most reported analogues of a-GalCer result from modifications
of the acyl chain,"®"! the glycosidic linkage,''*'¥ or the glycosyl
residue,”'*17! whereas relatively few alterations of the phyto-
sphingosine part have been explored.l"*®

With the synthesis of OCH (1b, Figure 1) it was demonstrat-
ed that analogues with a truncated sphingosine base tend to
predominantly trigger the production of Th2 cytokines.!'>%
Other studies reported the synthesis of a 4-deoxy-a-GalCer
congener,®>2'2 or analogues in which the phytoceramide
moiety was replaced by a ceramide moiety, characterized by a
double bond between C4 and C5.2*24 Interestingly, both types
of analogues retained their ability to stimulate NKT cells; this
suggests that the 4-OH is not critical for CD1d presentation.

An overview of these modifications and the influence of the
glycolipid structure on NKT cell response have been published
by Savage et al.,*® and more recently by Wong and co-work-
ers.?

These studies illustrate the importance of exploring the ste-
reochemistry at C3 and C4 of the phytosphingosine moiety. A
few strategies are reported for the synthesis of p-xylo- and L-
lyxo-phytosphingosine. The desired stereochemistry of the
three chiral centers has been realized by using o-(—)-tartaric
acid?-®! or a serine-derived 1,5-dioxaspiro[3.2]hexane®” as the
chiral template, by an aldol condensation between an imino-
glycinate that bears a chiral auxiliary and an appropriate alde-
hyde,"! or by asymmetric dihydroxylation of an (£)-a,fB-unsatu-
rated ester as the chiral induction stage.®’? Remarkably, unti
now, no attempts to alter the stereochemistry of the secondary
hydroxy groups (i.e., 3-OH and 4-OH) of the phytosphingosine
moiety of a-GalCer have been published. Recent work by Kim
et all¥¥ on the efficient synthesis of p-xylo-, L-lyxo-, and (-arabi-
no-phytosphingosine from the natural p-ribo-phytosphingosine
has prompted us to report the synthesis and in vitro evaluation
of a-Gal-b-xylo-Cer (2) and two a-Gal-t-lyxo-Cer analogues, one
with the natural acyl chain (compound 3), the other with a
truncated one (compound 4) (Figure 1).

Results and Discussion
Chemistry

The synthesis of the p-xylo-phytosphingosine acceptor 14 was
started from the commercially available p-ribo-phytosphingo-
sine 5 {Scheme 1). Conversion of the primary amine to an
azide, and subsequent protection of the hydroxy groups at C1
and C3 afforded the 1,3-di-tert-butylsilylene derivative 7.%¢
Benzyl protection of the remaining 4-OH group with freshly
prepared benzyl 2,2,2-trichloroacetimidate, followed by silylene

tBu\Si,tBu
OH OH oo
HO ~~Ciatg a HO ~~C1aHoe b - C1aHag c
NH, OH N, OH N, OH o
2
5 6 7
(Bu\Si/tBu
oo OH OH o o
Kft\rCqus d o Cuatzg _© ~-Cistg 1 /WC14H29
—_ HO/YY — T Y = TIO
N3 OBn N3 OBn N; OBn N3 OBn
8 g 10 11
OH OoBn OBn
g Tro/\H\rCqus h T ro/\‘/‘\rCque i HO/YK(C"HZQ
N3y OBn Ny OBn N; OBn
12 13 14

Scheme 1, Reagents and conditions: a} N,Tf, K,CO,, CuSO,, CH,Cl,, CH;OH, H,0, RT, overnight, 98%; b) (tBu),Si(OTf),, DMF, pyridine, —20°C, 4 h, 96 %; c) ben-
zyltrichloroacetimidate, TfOH (cat.), Et,0, 0°C—RT, 48 h, 58%; d) HF-pyridine, THF/pyridine (1:1), 0°C, 0.5 h, 98 %; e) TrCl, DMAP, pyridine, 70 °C, overnight,
87 %; f) p-nitrobenzoic acid, DIAD, PPh;, THF, RT, overnight, 71 %; g) NaOMe, MeOH, RT, 1 h, 89%; h) BnBr, NaH, DMF, 0°C—RT, overnight, 94%; i) ZnBr,, CH,Cl,/

iPrOH (85:15), RT, overnight, 73%.
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deprotection gave diol 9. The primary alcohol was then tritylat-
ed, and inversion of the 3-OH group under Mitsunobu condi-
tions afforded the p-nitrobenzoic ester derivative 11. Solvolysis
of the activated ester and subsequent protection of the invert-
ed 3-OH group as a benzyl ether gave the desired p-xylo-phy-
tosphingosine acceptor 14 after final deprotection of the trityl
group.

For the synthesis of the L-lyxo-phytosphingosine acceptor
20, we started from intermediate 7 (Scheme 2). Inversion of
the 4-OH group under Mitsunobu conditions afforded the p-ni-
trobenzoic ester intermediate 15. Solvolysis of the activated
ester and subsequent deprotection of the silylene gave triol
17. Selective tritylation of the primary alcohol, followed by a
dibenzylation step, afforded the desired L-lyxo-phytosphingo-
sine acceptor 20 after final deprotection of the trityl group.

For the glycosidation step, the 4,6-benzylidene-protected tri-
chloroacetimidate 21 was used as the galactosyl donor
{Scheme 3).%% Reaction with the v-lyxo-phytosphingosine ac-

ceptor 20 by using boron trifluoride diethyl etherate as the
promoter afforded the desired a-glycoside 23 in 58% vyield.
The glycosidation of the p-xylo-phytosphingosine acceptor 14
was performed with trimethylsilyl triflate® because it became
clear during the course of this project that this promoter gave
improved coupling yields. The desired o-glycoside 22 was iso-
lated in 70% yield. Staudinger reduction, followed by acylation
with the appropriate acid and 1-ethyl-3-(3-dimethylaminoprop-
yl) carbodiimide (EDC) as the coupling reagent gave the pro-
tected compounds 24-26. Final hydrogenolysis afforded the
desired analogues 2-4.

Confirmation of the inversion of the stereochemistry at C3
and C4 was established by preparing three bicyclic compounds
27, 28 and 31, and subjecting these to 'H NMR spectroscopic
selective decoupling experiments. The synthesis of the trans-
fused bicyclic compounds 27 and 28 started from intermedi-
ates 7 and 16, respectively (Scheme 4). Staudinger reduction of
the azide, followed by cyclization with triphosgene afforded

the desired compounds 27 and
28. For the synthesis of the cis-

{Bu..-Bu . . .
oS . fBu~;-fBu y fused bicyclic compound 31, in-
a 2 _Cuatas b o CuH Q CuH termediate 12 was used. Detrity-

2, LA L.

7 S e HO Y Y TR lation of the primary alcohol,
3 N, OH N OH followed by protection of the
18 16 17 hydroxy groups at C1 and C3 af-
forded the 1,3-di-tert-butylsily-
NO, lene derivative 30. Reduction of
oH oBn oBn the azw}e and simultaneous de-
d E_Cuetae e F_Ciato f Z__CuaHo protection of the 4-OH group
Y Y L gy HO : gave the desired cis-fused bicy-

N; OH N; OBn N; OBn . .
clic compound 31 after cycliza-

18 19 20

Scheme 2. Reagents and conditions: a) p-nitrobenzoic acid, DIAD, PPh;, toluene, RT, overnight, 78%; b) NaOMe,
MeOH, RT, 1 h, 909%; c) HF-pyridine, THF/pyridine (1:1), 0°C, 0.5 h, 96%; d) TrCl, DMAP, pyridine, 70°C, 4 h; e) BnBr,
NaH, DMF, 0°C—RT; f) ZnBr,, CH,Cl,/iPrOH (85:15), RT, overnight, 63 % over three steps.

tion with triphosgene.

A 'HNMR spectrum that was
obtained by selective decou-
pling of H2 permitted us to de-
termine the coupling constant
between H3 and H4 (Figure 2).
For the trans-fused derivative

Ph. O
Ph._ O
hd 1/ 27, we found a ¥, value of
O (o) o OBn 9.4 Hz, which confirms the
NH 14720 2. be
BnO ""‘OJ\CC| BnO” > o CiaHae transdiaxial position of H3 and
S8n ° OBn OBn H4. Irradiation of H2 in com-
: 3
21 (25.3R4R)-22 pound 28 gave rise to a *J;,
(25,35,45)-23 value of 5.0 Hz, and compound
Ph. _O OH 31 furnished a 3, value of
\(l)/ HO 2.1 Hz. According to the Karplus
] OBn die 0 OH equation, these values indicate
8n0” " o CiaHae HO” ™" oy C1aHzg a dihedral angle between 60°
OBn Oy _NH OBn OH Oy _NH OH and 90°; this confirms the inver-
7: 7; sion of the stereochemistry at
(2S,3R4R)-24: R=CysHs, (2S.3RAR)-2 €3 (compound 31) and C4
(2S,35,45)-25: R=C,5Hs, (25.35.45)-3 {(compound 28).
(25,3S,48)-26: R=C;Hqs (25,35.45)-4

Scheme 3. Reagents and conditions: a) 14, TMSOTS, THF, 4 A MS, —20°C, 2 h, 70% or 20, BF,-Et,0, Et,O/THF, 4 A
MS, —20°C, 3 h, 58%; b) 1) PMe,, THF, RT, 2 h, 2) 1 M NaOH, RT, 2 h; c) C,sH5,COOH or C,H,;COOH, EDC, CH,Cl,, RT,
18 h, 76 % {24), 60% (25) and 64 % (26); d) H,, Pd black, CHCI,/EtOH (1:3), 4 h, 68% (2); €) H,, Pd/C, EtOAc, 43%
(3) and 75% (4).
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(Bu~ ~Bu Bu. - 1Bu that these compounds showed

o0 00 significant  biological activities

7 28 ~~Cratzg 16 20 \/\{C‘4H29 through activation of NKT cells
HN._ O HN O in both a TCR and CD1d-depen-

\g/ 27 \g/ 28 dent manner. Furthermore, our

fBu._{Bu Bu.__Bu data show evidence that a

OH oo oo single modification by alteration

12 —%. HO CiHe . H/'\‘/CMHze ef H/k)/Cqug of the stereochemistry of either
Ns OBn Ny OBn HN. O the 3-OH or 4-OH in the phytos-

20 v 10 \g/ 21 phingosine chain, causes the in-

Scheme 4. Reagents and conditions: a) 1) PMe,, THF, RT, 2 h, 2) 1 m NaOH, RT, 2 h; b) triphosgene, iPr,EtN, CH,Cl,,
RT, 16 h, 64% (27), 83% (28) over two steps; ¢} ZnBr,, CH.Cl,/iPrOH (85:15), RT, overnight, 89%; d) (tBu),Si{OTf),,
DMF, pyridine, —20°C, 4 h, 95%; €) H,, Pd black, CHCI,/EtOH (1:3), 7 h; f) triphosgene, iPr,EtN, CH,Cl,, RT, 16 h,

43% (31) over two steps.

iBu
o—Si—tBu
(Bu H3R (BU/E: H

Siee gt 4O Sim g\ 1O N-fr~p3

Bu \09\5,*6\\ BrR2 NS f° ¥
R4 B R b d Hia

27: R=Cy4Hae 28: R=Cy4Hyo 31: R=Cy4Hy
H3 H3 03

04 R o4 H4 04 R

c2 03 c2 03 c2 H3
fia R fid

8,459.4 Hz 3;.425.0 Hz 85,721 Hz

Figure 2. Determination of the coupling constant between H3 and H4 of bi-
cyclic compounds 27, 28, and 31.

In vitro stimulation of NKT cells

To investigate whether these analogues could elicit NKT cell ac-
tivation, splenocytes from B6 mice were cultured with different
concentrations of glycolipids. Figure 3 demonstrates that all
compounds induced significant IFN-y and 1L-4 production in a
dose-dependent manner. Remarkably, epimer 4 activated NKT
cells to induce similar levels of both IFN-y and IL-4 compared
with a-GalCer, while the level of IFN-y was significantly lower
when splenocytes were cultured at the lowest concentrations
with either 2 or 3. A similar level of IFN-y was observed after
culturing the splenocytes with 1a, 2, or 3 at the highest con-
centration of 250 ngmL™". In addition, no cytokine production
was observed when splenocytes from either Ja18~'~ or CD1d™"~
mice were cultured with o-GalCer or a-GalCer analogues; this
indicates that these glycolipids induce CD1d-dependent TCR
activation of NKT cells (Figure 3).

Conclusions

Herein we describe the synthesis and in vitro evaluation of a-
Gal-p-xylo-Cer (2) and two o-Gal-L-lyxo-Cer analogues, one
with the natural acyl chain (compound 3), the other with a
truncated one (compound 4). The invitro data demonstrate

duction of differential cytokine
levels. This observation can be
probably explained by suggest-
ing that these modifications
might induce changes in the af-
finity for CD1d.

Experimental Section

General: NMR spectra were obtained with a Varian Mercury 300
spectfometer (Varian, Palo Alto, California, USA) or a Bruker Avan-
ce |1 700 spectrometer. Chemical shifts are given in ppm (J) relative
to residual solvent peak, in the case of [Dg]DMSO: 4 =2.54 ppm for
'H and 4 =40.5 ppm for *C, in the case of CDCl;: §=7.26 ppm for
'H and 8=77.4 ppm for *C, and in the case of [D]pyridine 6=
7.18 ppm, 7.56 ppm and 5=8.71 ppm for 'H and §=123.5, 1355
and 149.9 ppm for C. All signals that were assigned to hydroxy
groups were exchangeable with D,0. Mass spectra and exact mass
measurements were performed on a quadrupole/orthogonal-accel-
eration time-of-flight (Q/0aTOF) tandem mass spectrometer (qT of
2, Micromass, Manchester, UK) that was equipped with a standard
electrospray ionization (ESI) interface. Samples were infused in a 2-
propanol/water (1:1) mixture at 3 pLmin~'. Precoated Merck silica
gel F254 plates were used for TLC, and spots were examined
under UV light at 254 nm and stained by sulfuric acid-anisalde-
hyde spray. Column chromatography was performed on ICN silica
gel (63-200 pm, ICN, Asse Relegem, Belgium).

(25,35,4R)-2-Azidooctadecane-1,3,4-triol (6): A mixture of NaN;
(20.48 g, 315 mmol), CH,Cl, (50 mL) and H,0 (50 mL) was cooled to
0°C, and Tf,0 (11.25 mL, 63 mmol) was added slowly. After 2 h stir-
ring at 0°C, the mixture was separated. The aqueous layer was ex-
tracted with CH,Cl, (2x25 mL) and the combined organic layers
were washed with H,0 (2x 100 mL). This freshly prepared TfN; so-
lution (100 mL in CH,Cl,) was added to a mixture of phytosphingo-
sine 5 (10 g, 31.5 mmol), K,CO; (8.7 g, 62.9 mmol), CusO, (50 mg,
0.32 mmol), H,0 (200 mL) and MeOH (600 mL). The mixture was
stirred overnight and evaporated in vacuo to 200 mL of a white
slurry. The precipitate was filtered, washed with H,0 (5x100 mL)
and lyophilized to yield compound 6 (10.60 g, 98%) as a white
solid. "H NMR (300 MHz, [D,lpyridine): 6 =0.86 (t, J=6.7, 3H), 1.18~
1.36 (m, 22H), 1.60-1.74 (rh, 1H), 1.84-1.90 (m, 2H), 2.12-2.24 (m,
1H), 4.20-4.27 (m, TH), 4.32 (dd, J=4.4 and 6.7, 1H), 4.43 (ddd, J=
3.5, 4.1 and 7.6, 1 H), 4.57 (dd, J=7.5 and 11.4, 1H), 469 (dd, /=3.5
and 11.4, 1H), 6.38 (brs, 1H), 7.08 ppm (brs 2H); "*C NMR (75 MHz,
[Dslpyridine): 6=14.20, 22.86, 26.31, 29.53, 29.84, 29.89, 29.99,
30.15, 32.04, 34.12, 61.93, 66.67, 72.33, 75.96 ppm; HRMS (ESI-MS):
m/z: for C,gH3,N50;: caled: 366.2733 [M+Na] ™, found: 366.2725.

(25,35,4R)-2-Azido-1,3-0-di-(tert-butyl)silanediyloctadecane-
1,3,4-triol (7): A solution of 6 (10 g, 29.11 mmol) in DMF (200 mL)
and pyridine (2.6 mL, 32.02 mmol) was cooled to —20°C and
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Figure 3. Properties of glycolipids to activate the TCR of NKT cells in a CD1d-dependent manner. Splenocytes of B6, J18~~, and CD1d~'~ mice were cultured
with various concentrations of 1a (1), 2 (m), 3 (0), 4 (), or DMSO (4). After 72 h, supernatants were harvested, and both IFN-y (top row) and IL-4 {bottom
row) levels were measured by ELISA. Data represent the mean # SEM of 6-8 wells that were pooled from two experiments. (*P < 0.05 for both compounds 2
and 3 versus 1a at glycolipid concentrations of 50 ngmL™" and 25 ng mL™"; Mann-Whitney U test).

(tBu),Si{OTH), (10.37 mL, 32.02 mmol) was added dropwise over 1 h.
After additional stirring for 1 h at —20°C, the mixture was
quenched with H,0 (800 mL). The aqueous layer was extracted
with EtOAc (3x250 mL) and the combined organic layers were
washed with 1M HCl (150 mL) and H,O (2x 150 mL), dried over
Na,S0,, filtered and evaporated to dryness. The residue was puri-
fied by column chromatography with hexanes/EtOAc (95:5), to
afford 7,;{13.47 g, 96%) as a colorless oil. 'H NMR (300 MHz, CDCl,):
&6=087 (t, J=6.7, 3H), 1.00 (s, 9H), 1.04 (s, OH), 1.20-1.44 (m,
23 H), 1.48-1.62 (m, 3H), 2.09 (d, /=8.5, 1H), 3.51 (appdt, J=4.7
and 10.0, 1H), 3.71-3.79 (m, 1H), 3.92 (dd, J=6.0 and 10.0, 1H),
394 (dd, J=10.0 and 10.1, 1H), 422 ppm (dd, J=4.7 and 100,
1 H); ®*C NMR (75 MHz, CDCl,): 6=14.34, 20.48, 22.92, 22.93, 25.88,
27.23, 27.71, 29.59, 29.83, 29.86, 29.89, 29.90, 29.92, 29.93, 31.10,
32.15, 58.99, 66.56, 73.15, 79.22 ppm; HRMS (ESI-MS): m/z: calcd for
CueHs3N;0,5i,: 482.3783 [M—H]*, found: 482.3780.

{25,35,4R)-2-Azido-4-O-benzyl-1,3-O-di-(tert-butyl)silanediylocta-
decane-1,3,4-triol (8): A solution of benzyl alcohol (12.3mL,
118.85 mmol) in Et,0 (45 mL) was cooled to 0°C and NaH (1.19 g,
29.71 mmol) was added. After 30 min stirring at 0°C, CI,CCN
(11.92 mL, 118.85 mmol) was added, and the solution was allowed
to stir at room temperature for 1 h. The mixture was quenched
with NaHCO, (50 mL) and the aqueous layer was extracted with
Et, 0 (3x50 mL). The combined organic layers were dried over
MgSQ,, filtered, and evaporated to dryness to afford benzyl 2,2,2-
trichloroacetimidate as a brown oil. TFOH (208 pL, 2.38 mmol) was
added dropwise to a mixture of 7 (11.5 g, 23.77 mmol) and freshly
prepared benzyl 2,2,2-trichloroacetimidate (118.85 mmol) in Et,O
(55 mL). The brown mixture was stirred at room temperature for
48 h and quenched with NaHCO; (100 mL). The aqueous layer was
extracted with Et,0 (3x100 mL), and the combined organic layers
were washed with H,0 (50 mL), dried over MgSQ,, filtered, and

evaporated to dryness. The residue was purified by column chro-
matography with 1% Et;N (v/v) in hexanes/EtOAc (99:1) to afford
compound 8 (7.9q, 58%) as a colorless oil. '"H NMR (300 MHz,
CDCly): 6=0.82 (t, J/=6.7, 3H), 0.92 (s, 9H), 0.98 (s, 9H), 1.20-1.44
(m, 23H), 1.48-1.62 (m, 3H), 3.45 (m, 1H), 3.52 (m, 1H), 3.82 (dd,
J=99 and 109, 1H), 3.98 (dd, J=3.1 and 89, 1H), 412 (dd, J=4.4
and 109, 1H), 452 (d, /=120, 1H), 457 (d, J=120, 1H), 7.20-
7.30 ppm (m, 5H); 3C NMR (75 MHz, CDCl,): d =14.35, 20.57, 22.86,
22.92, 25.76, 27.24, 27.76, 29.59, 29.83, 29.86, 29.89, 29.90, 29.92,
29.94, 32.16, 59.37, 66.57, 72.18, 77.17, 81.15, 127.81, 128.19,
128,55, 138.73 ppm; HRMS (ESI-MS): m/z: calcd for C33HsgN3O5Si,:
596.4223 [M+Nal*, found: 596.5014.

(25,35,4R)-2-Azido-4-O-benzyloctadecane-1,3,4-triol (9): A solu-
tion of HF in pyridine (3.99 mL, 28.78 mmol, 65-70%) was added
dropwise to a solution of 8 (7.5 g, 13.08 mmol) in THF (65 mL) and
pyridine (65 mL) at 0°C. After 30 min the mixture was diluted with
EtOAc (150 mL), the organic layer was washed with 1M HCl (3x
50 mL) and H,0 (3x50 mL), dried on Na,SO,, filtered, and evapo-
rated to dryness. The residue was purified by column chromatogra-
phy with hexanes/EtOAc (7:3) to yield compound 9 (5.56 g, 98%)
as colorless oil. '"H NMR (300 MHz, CDCly): =084 (t, J=6.7, 3H),
1.20-1.38 {m, 23H), 1.42-1.56 (m, 2H), 1.62-1.68 (m. 1 H), 2.40-2.58
(brs, 2H), 3.53 (m, 1H), 3.62 (m, 1H), 3.84 (dd, J=5.0 and 11.7, TH),
3.93 (m, 1H), 3.95 (dd, /=4.4 and 11.7, TH), 459 (s, 2H), 7.20-
7.30 ppm (m, 5H); *C NMR (75 MHz, CDCly): 8 =14.35, 22.91, 25.53,
29.00, 29.59, 29.79, 29.83, 29.89, 29.93, 29.94, 29.95, 32.15, 62.97,
63.13, 72.23, 72.51, 79.76, 128.24, 12826, 128.79, 138.02 ppm;
HRMS (ESI-MS): m/z: calcd for CysH,N;Os: 434.3377 [M+-H]*,
found: 434.3372.

(25,35,4R)-2-Azido-4-O-benzyl-1-O-trityloctadecane-1,3,4-triol
(10): A solution of 9 (5449, 1245 mmol), DMAP (384 mg,
3.11 mmol) and trityl chloride (3.90g, 13.70 mmol) in pyridine
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(125 mL) was stirred overnight at 70°C. The mixture was quenched
with NaHCO,; and extracted with CH,Cl, (3x150 mL). The com-
bined organic layers were washed with brine, dried over Na,SO,,
filtered, and evaporated to dryness. The residue was purified by
column chromatography with hexanes/EtOAc (9:1) to yield com-
pound 10 (7.33 g, 87%) as a yellow oil. 'H NMR (300 MHz, CDCl,):
3=0.89 (t, /=66, 3H), 1.20-1.38 (m, 23H), 1.42-1.52 (m, 2H),
1.54-1.60 (m, 1H), 2.32 (d, J=4.1, 1H), 3.34-3.42 (m, 2H), 3.53-3.64
{m, 2H), 3.80 (ddd, J=4.4, 4.7 and 6.9, 1H), 4.28 (d, J=11.3, 1H),
443 (d, 1H, J=11.3), 7.19-7.35 (m, 14H), 7.44-7.50 ppm (m, 6H);
BCNMR (75 MHz, CDCly):: 8=14.36, 22.93, 2522, 28.78, 29.60,
29.81, 29.86, 29.90, 29.93, 29.94, 29.99, 32.16, 62.67, 64.32, 71.38,
71.99, 79.65, 87.71, 127.39,.127.99, 128.00, 128.17, 128.65, 128.90,
138.31, 143.77 ppm; HRMS (ESI-MS): m/z: calcd for C,Hs;N,0;:
698.4298 [M+-Nal*, found: 698.4277.

(25,3R,4R)-2-Azido-4-0-benzyl-3-0-(4-nitro)benzoyl-1-O-trityloc-
tadecane-1,3,4-triol (11): DIAD (5.39 mL, 26.04 mmol) was added
to a solution of triphenylphosphine (6.83 g, 26.04 mmol) and p-ni-
trobenzoic acid (4.34 g, 26.04 mmol) in THF (60 mL) at room tem-
perature. After stirring for 1 h, compound 10 (7.0 g, 10.42 mmol} in
THF (40 mL) was added, and the mixture was stirred overnight at
room temperature. The next day, the THF was removed in vacuo,
and the residue was purified by column chromatography with hex-
anes/EtOAc (97:3) to afford 11 (6.07g, 71%) as a yellow oil.
'HNMR (300 MHz, CDCly): 6=0.84 (t, J/=6.7, 3H), 1.20-1.38 (m,
24 H), 1.44-1.52 (m, 2H), 3.27 (dd, 1 H, J=6.1 and 10.1), 3.45-3.55
(m, 2H), 3.75 (ddd, J=4.2, 59 and 5.9, 1H), 4.05 (d, J=11.5, 1H),
443 (d, J=11.3, 1H), 551 (dd, J/=4.7 and 5.8, 1H), 7.06-7.12 {(m,
2H), 7.20-7.30 (m, 12H), 7.40-7.46 (m, 6H), 8.15 (d, J=9.1, 2H),
827 ppm (d, J=9.1, 2H); ®C NMR (75 MHz, CDCl,): 5 =14.35, 22.92,
25.37, 29.60, 29.69, 29.75, 29.87, 29.89, 29.93, 29.94, 30.27, 32.16,
61.75, 63.15, 72.60, 74.76, 78.13, 87.58, 123.77, 12747, 127.73,
127.87, 128.17, 12851, 128.83, 131.22, 135.28, 138.10, 143.45,
150.86, 164.09 ppm; HRMS (ESI-MS): m/z: caled for CsHgoN,Og:
847.4411 [M+Na]™, found: 847.3873.

(25,3R,4R)-2-Azido-4-O-benzyl-1-O-trityloctadecane-1,3,4-triol

(12): NaOMe (400 mg, 7.02 mmol) was added to a solution of 11
(5.8g, 702 mmol) in MeOH (70 mL) at room temperature. The
white suspension was stirred for 1 h, quenched with a saturated
NH,C! solution, and extracted with CH,Cl, (3x100 mL). The com-
bined organic layers were washed with brine (1x100 mL), dried
over MgSQO,, filtered, and evaporated to dryness. The crude was
purified by column chromatography with hexanes/EtOAc (9:1) to
yield compound 12 (4.23g, 89%) as a yellow solid. 'H NMR
(300 MHz, CDCly): 6=0.82 (t, J=6.7, 3H), 1.20-1.38 (m, 24 H), 1.42-
1.56 {m, 2H), 2.14 (d, J=5.6, 1H), 3.24-3.42 (m, 4H), 3.62 (dd, J=
52 and 9.7, 1H), 4.14 (d, J=11.1, 1H), 444 (d, J=11.3, TH), 7.10-
7.26 (m, 18H), 7.35-7.40 ppm (m, 2H); *C NMR (75 MHz, CDCl,):
d=14.35, 2293, 25.30, 29.60, 29.82, 29.94, 30.09, 30.20, 31.92,
32.16, 63.53, 63.95, 7242, 72.59, 79.55, 127.40, 127.49, 128.00,
128.03, 128.14, 128.68, 128.87, 138.23, 143.79 ppm; HRMS (ESI-MS):
m/z: caled for C,Hs,N;05: 698.4298 {M+Na)™*, found: 698.4279.

(25,3R,4R)-2-Azido-3,4-di-O-benzyl-1-O-trityloctadecane-1,3 4-

triol (13): NaH (266 mg, 6.65 mmol) was added to a solution of 12
(3.04g, 443 mmol) in DMF (44 mL) at 0°C. After 30 min stirring at
0°C, benzyl bromide (806 pL, 6.65 mmol) was added, and the mix-
ture was stirred overnight at room temperature. H,O (200 mL) was
added and the aqueous layer was extracted with CH,Cl, (3x
200 mL). The combined organic layers were washed with brine (3 x
100 mL), dried over MgSO,, filtered, and evaporated to dryness.
The residue was purified by column chromatography with hex-
anes/EtOAc (97:3) to yield compound 13 (3.19 g, 94%) as a color-

less oil. '"H NMR (300 MHz, CDCl,): 6=0.82 (t, 3H, J=6.7), 1.12-1.24
(m, 24H), 1.42-1.52 {m, 2H), 3.25-3.32 (m, 2H), 3.35-3.45 (m, 2H),
3.48-3.54 {m, 2H), 428 (d, /=114, 1H), 436 (d, /=114, 1H), 4.45
(d, J=11.4, 1H), 458 (d, J=11.5, 1H), 7.08-748 ppm (m, 25H);
CNMR (75 MHz, CDCly): 6=14.35, 2293, 25.74, 29.60, 29.85,
29.94, 30.75, 30.77, 32.16, 62.40, 63.55, 73.27, 74.70, 79.83, 80.12,
12717, 127.24, 127.37, 127.75, 127.83, 128.06, 128.12, 12823,
128.48, 128.50, 128.86, 128.96, 138.33, 138.70, 143.83 ppm; HRMS
(ESI-MS): m/z: calcd for C5HgN,O;: 788.4767 [M+Nal*; found:
788.4368.

(25,3R,4R)-2-Azido-3,4-di-O-benzyloctadecane-1,3,4-triol (14): A
solution of ZnBr, (7.7 g, 33.59 mmol, 1 M) in CH,Cl/iPrOH 85:15
(33.6 mL) was added to compound 13 (1.59 g, 2.07 mmol), and the
resulting yellow reaction mixture was stirred overnight at room
temperature. H,O (50 mL) was added, and the aqueous layer was
extracted with CH,Cl, (3xX75 mL). The combined organic layers
were washed with brine {1x100 mL), dried over MgSO,, filtered
and evaporated to dryness. The yellow crude was purified by
column chromatography with hexanes/EtOAc (9:1) to afford com-
pound 14 (792mg, 73%) as a colorless oil. '"H NMR (300 MHz,
CDCly): 6=0.82 (t, /=6.7, 3H), 1.14-1.28 (m, 24H), 1.42-1.56 (m,
2H), 2.18 (brs, 1H), 3.47-3.55 (m, 3H), 3.57-3.64 (m, 2H), 4.46 (s,
2H), 457 (d, 1H, J=11.5), 4.62 (d, 1H, J=11.5), 7.18-7.32 ppm (m,
10H); CNMR (75 MHz, CDCl,): §=14.35 2292, 26.24, 29.60,
29.78, 29.85, 29.90, 29.94, 30.18, 32.16, 62.69, 64.56, 73.22, 74.39,
79.44, 80.05, 128.20, 128.23, 128.33,-128.47, 128.72, 128.74, 138.02,
138.09 ppm. HRMS (ESI-MS): m/z: calcd for Cy,H,gN;O;: 524.3846
[M+H]*, found: 524.3839.

(25,35,45)-2-Azido-4-0-(4-nitro)benzoyl-1,3-0-di-(tert-butyl)sila-
nediyloctadecane-1,3,4-triol (15): DIAD (8.78 mL, 44.60 mmol) was
added to a solution of triphenylphosphine (11.70 g, 44.60 mmol)
and p-nitrobenzoic acid (7.45 g, 44.60 mmol} in toluene (60 mL} at
room temperature. After stirring for 1 h, compound 7 (863 g,
17.84 mmol) in toluene (20 mL) was added, and the mixture was
stirred overnight at room temperature. The next day, toluene was
removed in vacuo, and the residue was purified by column chro-
matography with hexanes/EtOAc (97:3) to afford 15 (8.83 g, 78%)
as a yellow oil. '"H NMR (300 MHz, CDCly): §=0.86 {t, J=66, 3H),
1.04 (s, 9H), 1.06 (s, 9H), 1.20-1.42 (m, 24H), 1.84-1.94 (m, 2H),
3.54 (apptd, J=5.0 and 104, 1H), 391 (t, J=108, 1H), 3.94 (dd,
1H, J=1.8 and 10.0), 4.22 (dd, /=5.0 and 10.8, 1H) 5.43 (apptd,
J=1.5 and 7.0, 1H), 8.23 (d, J=9.1, 2H), 8.29 ppm (d, J=9.1, 2H);
BCNMR (75 MHz, CDCl): 6=14.35, 2292, 25.37, 29.60, 29.69,
29,75, 29.87, 29.89, 29.93, 29.94, 30.27, 32.16, 61.75, 63.15, 72.60,
74.76, 78.13, 87.58, 123.77, 127.47, 127.73, 127.87, 128.17, 128,51,
128.83, 131.22, 135.28, 138.10, 143.45, 150.86, 164.09 ppm.

(25,35,45)-2-Azido-1,3-O-di-(tert-butyl)silanediyloctadecane-

1,3,4-triol (16): NaOMe (680 mg, 12.64 mmol) was added to a solu-
tion of 15 (8.0 g, 12.64 mmol) in MeOH (100 mL) at room tempera-
ture, The white suspension was stirred for 1 h, quenched with a sa-
turated NH,Cl solution and extracted with CH,Cl, (3x100 mL). The
combined organic layers were washed with brine (1x100 mL),
dried over MgsO,, filtered and evaporated to dryness. The crude
was purified by column chromatography (hexanes/EtOAc 9:1) to
yield compound 16 (5529, 90%) as a colorless oil. 'H NMR
(300 MHz, [D;lpyridine): 6 =0.97 (t, J=7.0, 3H), 1.11 (s, 9H), 1.13 (s,
9H), 1.22-1.42 (m, 22H), 1.50-1.62 (m, 2H), 1.86-2.10 (m, 2H), 3.97
(dd, J=1.8 and 94, 1H), 4.05 (t, /=123, 1H), 4.10-4.17 (m, 1H),
432-4.44 (m, 2H), 583 ppm (d, J=7.0, TH); "CNMR (75 MHz,
[Dslpyridine): 6=14.17, 20.39, 22.79, 22.84, 26.30, 27.11, 27.56,
29.51, 29.79, 29.82, 29.84, 29.87, 30.05, 32.03, 33.76, 58.77, 66.90,
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70.44, 79.27 ppm; HRMS (ESI-MS): m/z: caled for CygHssN;0;:
482.3778 {M—H]™; found: 482.3781.

(28,35,45)-2-Azidooctadecane-1,3,4-triol (17): A solution of HF in
pyridine (140 plL, 1.01 mmol, 65-70%) was added dropwise to a so-
lution of 16 (1.20g, 248 mmol) in THF (10 mL) and pyridine
(10 mL) at 0°C. After 30 min the mixture was diluted with EtOAc
(50 mL), the organic layer was washed with 1 m HCl (3x50 mL) and
H,O (3x50 mL), dried on Na,SO,, filtered, and evaporated to dry-
ness. The residue was purified by column chromatography with
hexanes/EtOAc (1:1) to yield compound 17 (818 mg, 96%) as a
white powder. '"H NMR (300 MHz, [Dslpyridine): 6=0.86 (t, J=6.7,
3H), 1.21-1.40(m, 22H), 1.48-1.62 (m, 1H), 1.66-1.78 (m, TH), 1.81-
1.92 (m, 1H), 1.98-2.12 (m, 1H), 4.02 (apptd, /=18 and 7.9, 1H),
4.21-4.32 (m, 2H), 4.36-4.46 (m, 1H), 4.65 (ddd, J=3.2, 5.0 and
114, 1H), 6.02 (d, J=6.7, 1H), 6.44 (d, 1H, J=7.9), 6.85 ppm (t, 1H,
J=5.6); "CNMR (75 MHz, [D;lpyridine): 6=-14.18, 22.85, 26.56,
29.52, 29.83, 29.86, 29.88, 29.95, 30.09, 32.04, 34.89, 63.14, 66.26,
70.92, 73.09 ppm; HRMS (ESI-MS): m/z: calcd for CgH;3,N;0;:
366.2733 [M+Nal™, found: 366.2724.

(25,35,45)-2-Azido-3,4-di-O-benzyloctadecane-1,3,4-triol (20): A
solution of 17 (690 mg, 2.01 mmol), DMAP (61 mg, 0.50 mmol),
and trityl chloride (842 mg, 1.56 mmol) in pyridine (5 mbL) was
stirred overnight at 70°C. The mixture was diluted with EtOAc
(20 mL) and washed with ice-cold HCl (0.1m, 3x20 mL), H,0 (3x
20 mL), and brine (1x20 mL). The organic layer was dried over
Na,SO, filtered and co-evaporated twice with toluene. NaH
(643 mg, 16.08 mmol) was added to a solution of the crude com-
pound 18 in DMF (10 mL) at 0°C. After 30 min stirring at 0°C,
benzyl bromide (1.92 mL, 16.08 mmo!) was added, and the mixture
was stirred overnight at room temperature. H,0 (40 mL) was
added, and the aqueous layer was extracted with CH,Cl, (3x
75 mL). The combined organic layers were washed with brine (3x
50 mL), dried over MgSO,, filtered, and evaporated to dryness. A
solution of ZnBr, (13.8 g, 60.0 mmol, 1M} in CH,Cl,/iPrOH (85:15,
60 mL) was added to the crude compound 19 and the resulting
yellow mixture was stirred overnight at room temperature. The
mixture was evaporated to dryness and dissolved in CH)CI,
(20 mL). The solution was washed with H,0 (3x20 mL) and brine
(1x 20 mL), dried over Na,SO,, filtered, and evaporated to dryness.
The crude was purified by column chromatography with hexanes/
EtOAc (8:2) to afford compound 20 (665 mg, 63% over three
steps) as a colorless oil. "H NMR (300 MHz, [D.lpyridine): =0.86 (t,
J=6.7, 3H), 1.20-1.34 (m, 22H), 1.42-1.61 (m, 2H), 1.82-1.92 (m,
2H), 3.92 (apptd, J=3.8 and 6.2, 1 H), 4.05 (dd, /=38 and 7.0, TH),
4.12 (apptd, J=3.2 and 6.7, 1H), 4.26-4.35 (m, 1H), 442 (ddd, J=
29,47 and 11.4, 1H), 7.01 (t, J=5.28, 1H), 7.26~7.40 (m, 6H), 7.50-
7.56 ppm (m, 4H); *C NMR (75 MHz, [D;]pyridine): 6 =14.35, 22.92,
26.24, 29.60, 29.78, 29.85, 29.90, 29.94, 30.18, 32.16, 62.69, 64.56,
73.22, 74.39, 79.44, 80.05, 128.20, 128.23, 128.33, 128.47, 128.72,
128.74, -138.02, 138.09 ppm; HRMS (ESI-MS): m/z: caled for
C3HigN;O;: 524.3846 [M+H] ™, found: 524.3870.

(25,3R,4R)-2-Azido-3,4-di-O-benzyl-1-0-(2,3-di-O-benzyl-4,6-0-

benzylidene-a-p-galactopyranosyl)octadecane-1,3,4-triol (22): A
solution of 14 (401 mg, 0.77 mmol) in THF (5 mL) was added to a
mixture of 21 (545 mg, 0.92 mmol) and powdered 4 A molecular
sieves in THF (5 mL). The mixture was cooled to —20°C, and
TMSOTF (21 pL, 0.11 mmol) was added dropwise. After stirring for
1 h at —20°C, the mixture was neutralized with Et;N and filtered
through celite. The filtrate was evaporated to dryness, and the re-
sulting residue was purified by column chromatography (hexanes/
EtOAc 5:1 4 1 V9% Et;N) to afford compound 22 (508 mg, 70%) as
a white solid. '"H NMR (300 MHz, CDCly): 8=0.74 (t, J=6.3, 3H),

1.14-1.20 (m, 22H), 1.30-1.46 (m, 4H), 3.37 (m, 1 H), 3.40-3.50 (m,
4H), 3.63 (dd, J=3.1 and 9.9, 1H), 3.74 (dd, J=1.6 and 12.4, 1H),
3.80 (dd, J=3.3 and 10.1, 1H), 3.88-4.00 (m, 2H), 438 (s, 2H), 4.46
(d, 1H, J=11.7), 450 (d, J=118, 1H), 452 (t, J=23, 1H), 457 (d,
J=120, 1H), 460 (d, J=124, 1H), 464 (d, J=125, 1 H), 4.68 (d, J=
12.0, 1H), 4.73 (d, J=3.5, 1H), 5.30 (s, 1H), 7.10-7.25 (m, 23H),
7.34-7.38 ppm (m, 2H); *C NMR (75 MHz, CDCl,): 6=14.28, 22.85,
25.80, 29.53, 29.77, 29.83, 29.87, 29.94, 30.50, 32.09, 61.83, 63.18,
68.51, 69.51, 72.26, 72.84, 73.15, 73.67, 74.53, 74.85, 75.64, 75.78,
77.37, 79.63, 79.95, 99.39, 101.21, 126.48, 127.73, 127.87, 127.91,
127.93, 128.15, 128.27, 128.39, 128.46, 12847, 128.54, 128.65,
129.04, 137.95, 138.35, 138.54, 138.89 ppm; HRMS (ESI-MS): m/z:
caled for CsoH,5N;Oq: 976.5452 [M+Nal*; found: 976.5492.

(25,3S,45)-2-Azido-3,4-di-0-benzyl-1-0-(2,3-di-O-benzyl-4,6-0-
benzylidene-a-p-galactopyranosyljoctadecane-1,3,4-triol (23):
BF; < M. > Et,0 (280 pl, 2.18 mmol) was added dropwise to a mix-
ture of 21 (960 mg, 1.62 mmol), 20 (570 mg, 1.09 mmol) and pow-
dered 4 A molecular sieves in Et,O/THF 13:1 (20 mL) at —20°C. The
mixture was stirred for 2 h at —20°C, and an additional portion of
compound 21 (960 mg, 1.62 mmol) was added. After 1 h, the mix-
ture was diluted with EtOAc (50 mL) and filtered through celite.
The filtrate was washed with a saturated NaHCO; solution (2x
50 mL) and brine (1x50mL), dried over Na,SSO, filtered, and
evaporated to dryness. The residue was purified by column chro-
matography with hexanes/EtOAc (7:1) to afford compound 23
(578 mg, 56%) as a white powder. '"H NMR (300 MHz, CDCl,): 6=
0.81 (t, J=6.7, 3H), 1.12-1.26 (m, 22H), 1.44-1.56 (m, 4H), 3.46
(apptd, J=3.1 and 6.3, 1 H), 3.53-3.58 (m, 2H), 3.62 (dd, J=3.2 and
7.7, 1H), 3.71 (dd, J=5.0 and 106, 1H), 3.90 (dd, J=1.7 and 12.5,
1H), 3.92-3.99 (m, 2H), 404 (dd, J=3.1 and 10.1, 1H), 4.08-4.13
(m, 2H), 4.42-4.47 (m, 3H), 458 (d, J=11.6, 1H), 459 (d, J=11.7,
1H), 467 (d, J=123, 1H), 474 (d, /=124, 1H), 479 (d, J=11.7,
1H), 490 (d, /=32, 1H), 5.40 (s, 1H), 7.13-7.35 (m, 23H), 7.43-
7.47 ppm (m, 2H); *C NMR (75 MHz, CDCl,): § =14.36, 22.93, 26.09,
29.60, 29.82, 29.89, 29.90, 29.92, 29.95, 30.01, 30.32, 32.16, 61.16,
63.30, 68.21, 69.64, 72.20, 72.66, 73.93, 74.50, 74.82, 75.54, 76.14,
77.44, 78.18, 79.16, 99.26, 101.32, 126.58, 127.73, 127.78, 127.89,
127.94, 12799, 12827, 128.35, 128.35, 12846, 128.52, 128.53,
128.56, 129.11, 138.07, 138.22, 138.64, 138.92, 138.95 ppm; HRMS
(ESI-MS): m/z: caled for CyH,sNOg: 976.5452 [M-+Nal™*, found:
976.5516.

(25,3R.4R)-3,4-Di-O-benzyl-1-0-(2,3-di-O-benzyl-4,6-0-benzyli-

dene-a-p-galactopyranosyl)-2-hexacosylamino-octadecane-1,3,4-
triol (24): A solution of trimethylphosphine in THF (2.66 mL,
2,66 mmol, 1 M) was added dropwise to a solution of 22 (508 mg,
0.53 mmol) in THF (5.4 mL) at room temperature. After stirring for
2 h at room temperature, a NaOH solution (10 mL, 1 M) was added
and the mixture was allowed to stir for an additional 2 h. The solu-
tion was diluted with EtOAc (20 mL), washed with H,0 (3x20 mL)
and brine (1x20 mL), dried over MgSQ,, filtered, and evaporated
to dryness to afford the amine as a colorless oil. A mixture of the
crude amine, EDC (204 mg, 1.06 mmol), hexacosanoic acid
(333 mg, 0.80 mmol) in CH,Cl, (8 mL) was stirred at room tempera-
ture for 18 h. The mixture was diluted with CH,Cl, (20 mL), washed
with H,0 (3x20 ml) and brine {1 x20 mL), dried over MgSO,, fil-
tered, and evaporated to dryness. The residue was purified by
column chromatography with hexanes/EtOAc (4:1) to afford com-
pound 24 (532 mg, 76%) as a yellow oil. 'H NMR (300 MHz, CDCL):
6=0.88 (t, J=6.9, 6H), 1.18-1.34 (m, 68H), 1.40-1.62 (m, 4 H), 2.10
(t, J=7.3, 2H), 3.42-3.52 (m, 3H), 3.57 (dd, J=7.3 and 9.8, 1H),
3.72 (dd, J=1.3 and 7.6, 1H), 3.83 (dd, J=1.6 and 11.7, 1H), 3.87
(dd, J=3.5 and 104, 1H), 401-4.10 (m, 3H), 4.38 (appq, J=7.9,
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1H), 448 (d, J=11.4, 1H), 455 (d, /=114, 1H), 461 (d, /=123,
1H), 4.64 (d, J=12.0, 1H), 470 (d, J=129, 1H), 476 (d, J=123,
1H), 4.82 (d, J=12.0, 1H), 4.83 (d, J=11.7, 1H), 490 (d, J=3.5, 1 H),
542 (s, 1H), 5.76 {(d, J=9.1, 1H), 7.18-740 (m, 23H), 7.47-
7.52 ppm (m, 2H); *C NMR (75 MHz, CDCly): 6 =14.36, 22.93, 25.24,
26.07, 29.59, 29.61, 29.67, 29.83, 29.89, 29.94, 29.97, 30.11, 31.00,
32.16, 32.17, 37.12, 49.03, 63.16, 68.87, 69.56, 72.27, 73.37, 73.63,
74.99, 75.67, 75.82, 77.44, 79.82, 80.89, 99.49, 101.26, 126.58,
127.80, 127.84, 127.93, 127.95, 128.02, 128.06, 128.32, 128.55,
128.60, 128.64, 129.08, 138.05, 138.86, 138.91, 138.94, 172.89 ppm;
HRMS (ESI-MS): m/z: calcd for CgsH,;N,Og: 1328.9408 [M—H]™,
found: 1329.0897.

(25,35,45)-3,4-Di-O-benzyl-1-0-(2,3-di-O-benzyl-4,6-0-benzyli-
dene-a-p-galactopyranosyl)-2-hexacosylamino-octadecane-1,3,4-
triol (25): A solution of trimethylphosphine in THF (1.90 mL,
1.90 mmol, 1 M) was added dropwise to a solution of 23 (360 mg,
0.38 mmol) in THF (4 mL) at room temperature. After stirring for
2 h at room temperature, a 1 M NaOH solution (1.9 mL) was added,
and the mixture was allowed to stir for an additional 2 h. The solu-
tion was diluted with EtOAc (20 mL), washed with H,O (3x20 mL)
and brine (1 x20 ml), dried over Na,SO,, filtered and evaporated to
dryness to afford the amine as a colorless oil. A mixture of the
crude amine, EDC (225 mg, 1.14 mmol), and hexacosanoic acid
(465 mg, 1.14 mmol) in CH,Cl, (5 mL) was stirred at room tempera-
ture for 18 h. The mixture was diluted with CH,Cl, (20 mL), washed
with H,0 (3x20 mL) and brine (1 x20 mL), dried over Na,5S04, fil-
tered, and evaporated to dryness. The residue was purified by
column chromatography with hexanes/EtOAc (4:1) to afford com-
pound 25 (298 mg, 60%) as a white solid. 'H NMR (700 MHz,
[Dslpyridine): 6 =0.84-0.90 (m, 6H), 1.20-1.34 (m, 65H), 1.36-1.41
(m, 1H), 1.43-1.49 (m, 1H), 1.54-1.61 (m, 1H), 1.78-1.89 (m, 2H),
1.92-1.98 (m, 2H), 2.41 (t, J=74, 2H), 3.97 (dd, J=5.8 and 106,
1H), 402 (s, 1H), 4.10 (dd, J=5.6 and 10.2, 1H), 4.18 (d, /=122,
1H), 4.22 (t, J=5.8, 1H), 4.35 (dd, J=4.4 and 10.2, 1H), 4.39-4.44
(m, 3H), 4.64 (d, /=22, 1H), 473 (d, /=109, 1H), 4.77 (d, /=124,
1H), 480 (d, J=11.2, 1H), 4.86-493 (m, 4H), 497 (d, J=114,
1H),5.06 (m, 1H), 542 (d, J=2.1, 1H), 5.81 (s, 1H), 7.26-7.40 (m,
16H), 7.48 (d, J=7.6, 3H), 7.53 (d, J=7.5, 2H), 7.59 (d, J=7.5, 2H),
7.78 (d, J=7.3, 2H), 835 ppm (d, /=79, TH); >CNMR (75 MHz,
[D,lpyridine): 6 =14.20, 22.86, 22.88, 25.72, 26.30, 29.53, 29.57,
29.73, 29.76, 29.84, 29.88, 29.95, 29.97, 30.26, 30.85, 32.05, 32.06,
36.78, 50.64, 63.58, 67.86, 69.63, 71.48, 72.63, 73.62, 74.41, 74.49,
76.61, 77.10, 80.15, 80.51, 99.36, 100.97, 126.85, 127.74, 127.76,
127.80, 127.82, 127.85, 127.96, 128.10, 128.35, 128.40, 128.58,
128.64, 128.65, 129.00, 139.30, 139.44, 139.45, 139.53, 139.60,
172.80 ppm.

(28,35,45)-3,4-Di-O-benzyl-1-0-(2,3-di-O-benzyl-4,6-O-benzyli-
dene-a-p-galactopyranosyl)-2-octanoylaminooctadecane-1,3,4-
triol (26): A 1M solution of trimethylphosphine in THF (1.10 mL,
1.10 mmol) was added dropwise to a solution of 23 (210 mg,
0.22 mmol) in THF (1 mL) at room temperature. After stirring for
2 h at room temperature, a 1 M NaOH solution (1.1 mL) was added,
and the mixture was allowed to stir for an additional 2 h. The solu-
tion was diluted with EtOAc (20 mL), washed with H,0 (3x20 mL)
and brine (1x20 mL), dried over Na,SQ,, filtered, and evaporated
to dryness to afford the amine as a colorless oil. A mixture of the
crude amine, EDC (127 mg, 0.66 mmol), octanoic acid (105 uL,
0.66 mmol) in CH,Cl, (3 mL) was stirred at room temperature for
18 h. The mixture was diluted with CH,Cl, (20 mL), washed with
H,O (3x20 mL) and brine (1x20 mL), dried over Na,S04, filtered,
and evaporated to dryness. The residue was purified by column
chromatography with hexanes/EtOAc (4:1) to afford compound 26

(145 mg, 64%) as a white solid. '"H NMR (700 MHz, [Dilpyridine):
6=0.81 {t, J/=6.9, 3H), 086 (t, J/=7.0, 3H), 1.15-1.35 (m, 30H),
1.43-1.48 (m, 1H), 1.54-1.59 (m, 1H), 1.76-1.84 (m, 2H), 1.92-1.97
(m, 2H), 2.38 (t, J=7.3, 2H), 3.97 (dd, J=5.9 and 10.6, 1H), 4.02 (s,
1H), 4.10 (dd, /=5.6 and 10.2, 1H), 4.18 {dd, /=1.4 and 11.6, 1 H),
4.22 (dd, /=4.7 and 6.0, 1H), 435 (dd, J=4.4 and 10.2, 1H), 4.40-
444 (m, 3H), 4.64 (d, J=22,1H), 473 (d, J=11.4, 1H), 477 (d, J=
123, 1H), 478 (d, /=120, 1H), 480 (d, J=11.4, 1H), 483 (1H, d,
1=106), 487 (1H,d, J=106),492 (1H,d, J=11.7),497 (1H, d, J=
11.7), 5.01 (m, 1H), 5.42 (d, J=2.6, 1H), 5.80 (s, 1H), 7.26-7.39 (m,
15H), 7.47 {(dd, J=1.4 and 7.6, 4H), 7.54 (d, /=75, 2H), 7.59 (d, J=
7.5, 2H), 7.78 (d, J=7.1, 2H), 833 ppm (d, /=79, 1H); *CNMR
(75 MHz, [Dg]pyridine): § =14.15, 14.21, 22.81, 22.87, 25.71, 26.26,
27.81, 28.37, 29.32, 29.55, 29.62, 29.87, 29.94, 29.50, 30.25, 30.84,
31.89, 32.05, 50.62, 63.59, 67.88, 69.62, 71.47, 72.62, 73.61, 74.41,
74.49, 76.60, 77.09, 80.17, 80.51, 99.36, 100.98, 127.75, 127.80,
127.82, 127.84, 12796, 128.09, 128.35, 128.40, 128.58, 128.60,
128.64, 128.65, 129.00, 139.30, 139.44, 139.53, 139.59, 172.79 ppm;
HRMS (ESI-MS): m/z: caled for Ci,HgN,Oy: 1054.6772 [M+H]™;
found: 1054.6716.

1-0-(a-p-Galactopyranosyl)-2-hexacosylamino- p-xylo-1,3,4-octa-
decanetriol (2): A solution of 24 (485 mg, 0.37 mmol} in CHCly/
EtOH (1:3, 12 mL) was hydrogenated under atmospheric pressure
for 4 h in the presence of Pd black (50 mg). The solution was dilut-
ed with pyridine (20 mL), filtered through celite, and co-evaporated
twice with toluene. The crude was purified by column chromatog-
raphy with CH,Cl,/MeOH (9:1) to afford compound 2 (215 mg,
68%) as a white powder. '"H NMR (300 MHz, [D;]pyridine): § =0.86
(6H, m), 1.18-1.42 (66H, m), 1.62-1.90 (4H, m), 2.00 (2H, m), 2.44
(2H, t, J=7.5), 4.08-4.18 (2H, m), 4.25-4.32 (1 H, m), 4.34-4.50 (4H,
m), 4.50-4.58 (2H, m), 4.60-468 (1H, m), 4.98-5.08 (1H, m), 5.48
(1H, d, J=35), 593 (1H, d, J=50), 6.26 (1H, d, J/=4.4), 630 (1H,
d, J=3.9), 637 (1H, d, J=7.2), 6.46 (1H, t, J=5.5), 6.53 (1H, d, J=
5.74), 8.25 ppm (1 H, d, J=8.7); *C NMR (75 MHz, [Ds]pyridine): 6=
14.44, 23.07, 23.09, 26.59, 26.76, 29.74, 29.78, 29.87, 29.98, 30.05,
30.12, 30.17, 30.23, 30.32, 32.25, 32.28, 34.02, 36.91, 51.09, 62.83,
69.32, 70.55, 71.11, 71.80, 72.55, 73.08, 74.32, 101.35, 173.95 ppm;
HRMS (ESI-MS): m/z: caled for (ESI-MS) for CgoHgN,Oq: 858.7392
{M+H]*, found: 858.6768. '

1-0-(x-o-Galactopyranosyl)-2-hexacosylamino-L-lyxo-1,3,4-octa-
decanetriol (3): A solution of 25 (275 mg, 0.21 mmol) in EtOAc
(20 mL) was hydrogenated under atmospheric pressure for 16 h in
the presence of 10% Pd/C (55 mg). The solution was diluted with
pyridine (20 mL), filtered through celite, and co-evaporated twice
with toluene. The crude was purified by column chromatography
with CH,Cl,/MeOH (9:1) to afford compound 3 (77 mg, 43%) as a
white powder. 'H NMR (700 MHz, [Dglpyridine): 6=0.88 (m, 6H),
1.18-1.43 (m, 66H), 1.53-1.60 (m, 1 H), 1.72-1.79 (m, 2H), 1.80-1.86
{m, 2H), 207-2.13 (m, 1H), 245 (t, J=7.4, 2H), 4.12-4.17 (m, 2H),
4.38-4.41 (dd, /=5.6 and 10.9, 1H), 4.43-444 (dd, /=6.0 and 10.5,
1H), 4.44-4.46 (dd, J=3.1 and 9.8, 1H), 4.48-4.53 (m, 3H), 455 (d,
J=3.0, 1H), 466 (dd, /=3.8 and 9.9, 1H), 487-4.97 (m, 1H), 5.49
(d, J/=3.8, 1H), 5.62 (brs, 1H), 6.06 (brs, 1H), 6.28 (brs, 1H), 6.40
(brs, 3H), 8.57 ppm (d, J=8.8, 1H); *C NMR (75 MHz, [D,]pyridine):
d=14.22, 2288, 26.30, 26.85, 29.55, 29.57, 29.65, 29.75, 29.85,
29.88, 29.94, 29.96, 30.07, 30.20, 52.88, 62.59, 69.91, 70.52, 70.80,
70.90, 71.49, 73.05, 73.59, 102.19, 174.62 ppm; HRMS (ESI-MS): m/z:
caled for CgoHggN,Og: 858.7398 [M4-H]™; found: 858.7355.

1-O-(a-p-Galactopyranosyl)-2-octanoylamino-L-lyxo-1,3,4-octade-
canetriol (4): A solution of 26 (120 mg, 0.11 mmol) in EtOAc
(15 mL) was hydrogenated under atmospheric pressure for 16 h in
the presence of 10% Pd/C (24 mqg). The solution was diluted with
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pyridine (20 mL), filtered through celite, and co-evaporated twice
with toluene. The crude was purified by column chromatography
with CH,Cl,/MeOH (95:5) to afford compound 4 (50 mg, 75%) as a
white powder. 'H NMR (700 MHz, [Dslpyridine): =079 (t, J=7.0,
3H), 0.85 (t, J=7.1, 3H), 1.10-1.18 (m, 5H), 1.20-1.38 (m, 25H),
1.52-1.59 (m, 1H), 1.71-1.78 (m, 3 H), 1.80-1.85 (m, 1H), 2.06-2.12
(m, 1H), 242 (t, J=7.5, 2H), 4.12-4.17 (m, 2H), 437-4.41 (dd, J=
56 and 10.9, 1H), 442-4.44 (dd, /=65 and 1.1, 1H), 4.44-446
(dd, J=3.4 and 10.1, 1H), 4.48-4.53 (m, 3H), 455 (d, J=3.1, 1H),
466 (dd, J=3.8 and 10.0, 1H), 4.86-4.91 {(m, 1H), 548 (d, J=3.38,
1H), 5.91 (brs, 6H), 856 ppm (d, J=86, 1H); PC NMR (75 MHz,
[Dslpyridine): 6=14.14, 14.21, 22.78, 22.87, 2625, 26.84, 29.28,
29.52, 29.54, 29.85, 29.92, 29.94, 30.04, 30.20, 52.90, 62.59, 69.87,
70.54, 70.83, 70.90, 71.51, 73.06, 73.60, 102.21, 174.60 ppm; HRMS
(ESI-MS): m/z: caled for Cy,HgN,Oy: 606.4581 [M+H]T: found:
606.4557.

(25,35,4R)-1,3-0-Di-(tert-butyl)silanediyl-(2-N,4-0}-oxazinano-
neoctadecane-1,3,4-triol (27): A solution of trimethylphosphine in
THF (2.25 mL, 2.25 mmol, 1 M) was added dropwise to a solution of
7 (220 mg, 0.45 mmol) in THF (5mL) at 0°C. After stirring for
15 min at room temperature, a 1M NaOH solution (5 mL) was
added, and the mixture was allowed to stir for an additional hour.
The solution was diluted with EtOAc (20 mL), washed with H,0 (2x
20 ml) and brine (2x20 mL), dried over Na,SO,, filtered, and
evaporated to dryness to afford the amine. /Pr,EtN (160 puL,
0.90 mmol) and triphosgene (270 mg, 0.90 mmol) were added to a
solution of the crude amine in CH,Cl, (2 mL), at 0°C. The mixture
was stirred at room temperature overnight, quenched with MeOH
(0.5 mL) and diluted with EtOAc (20 mL). The organic layer was
washed with H,0 (2x20mL) and brine (2x20 mL), dried over
Na,SO,, filtered, and evaporated to dryness. The crude was purified
by column chromatography (hexanes/EtOAc 2:1) to afford com-
pound 27 (140 mg, 64%) as a colorless wax. '"H NMR (300 MHz,
CDCly): 6=0.86 (t, J=6.7, 3H), 0.95 (s, 9H), 1.03 (s, 9H), 1.18-1.36
(m, 22H), 1.40-1.48 (m, 1H), 1.52-1.66 (m, 2H), 1.84-1.95 (m, 1 H),
343 (ddd, /=4.5, 9.2 and 10.5, TH), 3.73 (t, J=9.1, 1 H), 3.79 {t, J=
10.4, 1H), 403-4.10 (m, 1H), 411 (dd, J=4.7 and 10.2, 1H),
717 ppm (brs, 1H); "CNMR (75 MHz, CDCl,): 6=14.33, 20.08,
22.90, 23.02, 24.30, 27.11, 27.57, 29.57, 29.66, 29.69, 29.76, 28.87,
29.89, 2990, 29.91, 30.94, 32.14, 53.70, 67.50, 72.18, 80.94,
154.52 ppm; HRMS (ESI-MS): m/z: calcd for CyHssN,O,: 484.3822
[M+-H]™, found: 484.3806.

(25,35,45)-1,3-0-Di-(tert-butyl)silanediyl-(2-N,4-O)-oxazinanone-

octadecane-1,3,4-triol (28): A 1m solution of trimethylphosphine
in THF (1.16 mL, 1.16 mmol) was added dropwise to a solution of
16 (110 mg, 0.23 mmol) in THF (2.5 mL) at 0°C. After stirring for 1 h
at room temperature, a 1m NaOH solution (1.16 mL) was added,
and the mixture was allowed to stir for an additional hour. The so-
lution was diluted with EtOAc (20 mlL), washed with H,0 (2x
20 mL) and brine (2x20 mL), dried over Na,SO, filtered, and
evaporated to dryness to afford the amine. /PrEtN (80 pi,
0.46 mmol) and triphosgene (137 mg, 0.46 mmol) were added to a
solution of the crude amine in CH,Cl, (2 mL}, at 0°C. The mixture
was stirred at room temperature overnight, quenched with MeOH
(0.5 mL), and diluted with EtOAc (20 mL). The organic layer was
washed with H,O (2x20mL) and brine (2x20 mL), dried over
Na,SO,, filtered, and evaporated to dryness. The crude was purified
by column chromatography with hexanes/EtOAc (2:1) to afford
compound 28 (91 mg, 83%) as a colorless oil. '"H NMR (300 MHz,
CDCly): 6=0.87 (t, J=6.7, 3H), 0.97 (s, 9H), 1.03 (s, 9H), 1.18-1.38
{m, 22H), 1.41-1.59 (m, 2H), 1.62-1.74 (m, 1H), 1.80-1.88 (m, 1H),
3.53 (apptd, J=4.4 and 10.1, 1H), 3.80 (t, J=10.2, 1H), 4.14 (dd,

J=5.1 and 105, 1H), 4.19 (dd, J=5.3 and 9.6, 1H), 4.33 (ddd, J=
1.9, 5.1 and 11.9, 1H), 7.10 ppm {brs, 1H); “CNMR (75 MHz,
CDCl): 6=14.34, 20.27, 2291, 23.06, 25.87, 27.22, 27.58, 28.72,
29.58, 29.67, 29.69, 29.77, 29.86, 29.90, 29.92, 32.14, 49.53, 67.86,
70.84, 79.43, 15382ppm; HRMS (ESI-MS): m/z: calcd for
CyyHs3N O, 484.3822 IM4-H] ™, found: 484.3806.

(25,3R,4R)-2-azido-4-O-benzyloctadecane-1,3,4-triol (29): A 1m
solution of ZnBr, (4.14g, 18.76 mmol) in CH,CI,/iPrOH (85:15,
18.8 mL) was added to compound 12 (794 mg, 1.17 mmol), and
the resulting yellow mixture was stirred overnight at room temper-
ature. H,0 (25 mL) was added, and the aqueous layer was extract-
ed with CH,Cl, (3x50 mL). The combined organic layers were
washed with brine (1x50mL), dried over MgSO,, filtered, and
evaporated to dryness. The yellow crude was purified by column
chromatography with hexanes/EtOAc (3:1) to afford compound 29
(434 mg, 89%) as a colorless oil. '"H NMR (300 MHz, CDCl,): 6 =0.88
(t, J=6.4, 3H), 1.23-1.34 (m, 22H), 1.34-1.44 (m, 2H), 1.52-1.70 (m,
2H), 2.33 {t, J=5.9, 1H), 2.68 (d, J=4.7, 1H), 3.42 (appq, J=47,
1H), 3.58 (appq, J=5.9, 1H), 3.74 (m, 1H), 3.83 (m, 2H), 4.50 {d, J=
11.1, TH), 4.69 (d, J=11.1, 1H), 7.31-7.41 ppm (m, 5H); *CNMR
(75 MHz, CDCl,): 6=14.35, 22.92, 25.19, 29.59, 29.76, 29.81, 29.87,
29.89, 29.90, 29.92, 29.93, 30.08, 30.13, 32.15, 63.58, 63.77, 72.52,
73.81, 79.52, 128.24, 128.31, 128.84, 138.01 ppm; HRMS (ESI-MS):
m/z: caled for CyH,3N;0;: 456.3202 [M+Na)*, found: 456.3254.

(25,3R,4R)-2-Azido-1,3-0O-di-(tert-butyl)silanediyloctadecane-
1,3,4-triol (30): A solution of 29 (430 mg, 0.99 mmol) in DMF
(3 mL) and pyridine (97 puL, 1.19 mmol) was cooled at —20°C and
(tBu),Si{OT), (563 pL, 1.74 mmol) was added dropwise. After stir-
ring for 1h at —20°C, the mixture was quenched with H,0
(20 mL). The aqueous layer was extracted with EtOAc (3x25 mL),
and the combined organic layers were washed with 1m HC
(20 mL) and H,0 (2x 20 mL), dried over Na,SO,, filtered and evapo-
rated to dryness. The residue was purified by column chromatogra-
phy with hexanes/EtOAc (9:1) to afford 30 (540 mg, 95%) as a col-
orless oil. '"H NMR (300 MHz, CDCl,): 6=0.88 (t, J=6.4, 3H), 1.08 (s,
9H), 1.10 (s, 9H), 1.20-1.34 (m, 22H), 1.40-1.52 (m, 4H), 3.54 (m,
1H), 3.62 (appqg, J=1.8, 1H), 4.18 (dd, J=1.8 and 7.6, 1H), 432
(dd, J=1.8 and 129, 1H), 4.37 (dd, J=2.4 and 129, 1H), 461 (d,
J=108, 1H), 492 (d, J=10.8, 1H), 7.24-7.40 ppm (m, 5H); '*C NMR
(75 MHz, CDCl,): 8 =14.36, 20.71, 22.93, 23.60, 25.67, 27.29, 28.02,
29.60, 29.83, 29.85, 29.90, 29.93, 29.94, 30.92, 32.16, 60.07, 65.50,
75.51, 79.61, 81.41, 127.74, 128.38, 128.52, 139.40 ppm; HRMS (ESI-
MS): m/z: caled for C33HsgN;O5Si: 596.4223 [M+Nalt; found:
596.4490.

(25,3R,4R)-1,3-0-Di-(tert-butyl)silanediyl-(2-N,4-0)-oxazinano-

neoctadecane-1,3,4-triol (31} A solution of 30 (200mg,
0.35 mmol) in CHCI,/EtOH (1:3, 12 mL) was hydrogenated under at-
mospheric pressure for 7 h in the presence of Pd black (200 mg)
and formic acid (13 pL, 0.35 mmol). The solution was diluted with
pyridine (20 mL), filtered through celite, and co-evaporated twice
with toluene to afford the crude amine as a colorless oil. iPr,EtN
(52 pL, 0.31 mmol) and triphosgene (92 mg, 0.31 mmol) were
added to a solution of the crude amine in CH,Cl, (2 mL), at 0°C.
The mixture was stirred at room temperature overnight, quenched
with MeOH (0.5 mL), and diluted with EtOAc (20 mL). The organic
layer was washed with H,0 (2x20 mL) and brine (2x20 mL), dried
over Na,SO,, filtered, and evaporated to dryness. The crude was
purified by column chromatography with CH,Cl,/MeOH (95:5) to
afford compound 31 (73mg, 43%) as a yellow oil. 'HNMR
(300 MHz, CDCly): 6=0.86 (t, J=6.6, 3H), 0.99 (s, 9H), 1.05 (s, 9H),
1.20-1.40 (m, 22H), 1.40-1.52 (m, 2H), 1.68-1.90 (m, 2H), 3.47 (dd,
J=2.1 and 4.6, 1H), 404 (dd, J=1.5 and 12.8, 1H), 4.13 (appt, J=
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6.7, 1H), 425 (m, 1H), 4.32 (dd, J=1.8 and 12.8, 1H), 6.54 ppm
(brs 1H); >CNMR (75 MHz, CDCl,): 6=14.33, 20.66, 22.90, 23.65,
25.00, 27.06, 28.07, 29.57, 29.63, 29.68, 29.73, 29.85, 29.86, 29.88,
29.89, 29.91, 30.24, 32.14, 53.14, 65.91, 66.27, 80.47, 154.82 ppm;
HRMS (ESI-MS): m/z: caled for CyHgN,0,5i: 506.3642 [M+-Na]*,
found: 506.3619.

In vivo experiments: C57BL/6J (B6) mice were originally purchased
from The Jackson Laboratory (Bar Harbor, ME, USA), and CD1d™/~
and Ju18~'~, both on B6 background, were kindly provided by Dr.
Francois Trottein (Lille, France). Mice were bred in our breeding fa-
cility, and treated and used in agreement with the institutional
guidelines. All animal procedures were approved by the Institution-
al Animal Care and Ethics Committee.

Dissolution of a-GalCer and «-GalCer-analogues: Stock solutions
of 1, 2, 3 and 4 were prepared in 100% DMSO at a concentration
of 1 mgmL~'. Before use, the solutions were diluted with phos-
phate buffered saline (pH 7.4) to obtain a final concentration of
10 pgmL~".

In vitro stimulation with a-GalCer-analogues: Spleens from 8- to
12-week-old mice were removed and teased apart. After lysis of
the erythrocytes with 0.177m NH,Cl, the remaining lymphocytes
were washed three times with Dulbecco’s phosphate-buffered
saline (PBS). Cells were counted with trypan blue to exclude dead
cells. Splenocytes were suspended in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum,
100 UmL™" penicillin, 100 ugmL™" streptomycin, 0.03% glutamine,
and 5x107°mM 2-ME (all obtained from Life Technologies, Paisley,
UK). Splenocytes were cultured in flat-bottomed 96-well plates at
2x10%cellsmL™" per well in 200 pL, with a final concentration of
glycolipids of 250 ngmL™", 50 ngmL~', or 25 ngmL™". After culture
for 72 h, supernatants were harvested for determination of cyto-
kine levels.

ELISA: The level of both IFN-y and IL-4 in cell culture supernatants
was measured by standard sandwich ELISA by using purified-cap-
ture and biotin-conjugated detection monoclonal antibodies and
standards. After incubation with avidin peroxidase, ELISAs were de-
veloped with TMB substrate, followed by evaluation with a micro-
plate reader.
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