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Abstract — The synthesis of an extended globo-H (MBr1 antigen) in the form of a
glycosylamino acid is reported. By careful NMR analysis, we found an interesting
conformational “flip” on the E ring of some synthetic intermediates. An
explanation offered for the successful [3+3] coupling of ABC acceptor 11 and
DEF donor 10 possessing a C4 free hydroxyl to produce [-galactoside in

azaglycosidations is reinforced.

In the 1980s, the glycosphingolipid antigen globo-H (1, Figure 1) was isolated by Hakomori and
co-workers from the human breast cancer cell line MCF-7,' and was recognized by the monoclonal
antibody MBr1.2 This human breast cancer-associated antigen was later found to be overexpressed in a
number of other carcinomas, including prostate, ovary, lung, colon, and small cell lung cancers.” Due to
the complexity of this molecule, and our interest in developing carbohydrate-based anticancer vaccines,”
we launched a program toward the total synthesis of the globo-H antigen. Indeed, the total synthesis of
homogeneous globo-H was accomplished in our laboratory, and the synthetic route served to confirm the
published structure of 1.° This biologically interesting glycolipid has stimulated broad interest in the
organic synthesis community, and subsequent syntheses have been accomplished by several groups,
including Schmidt,® Boons,” Wong®, Seeberger,’ Huang,'® and Wang."!
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Our first-generation total synthesis of globo-H utilized all glycal building blocks for the rapid
construction of the complex oligosaccharide.” These synthetic efforts relied on a critical and convergent
[3+3] coupling, which made use of our sulfonamido glycosidation protocol'? to generate the
hexasaccharide core. In this route, a flexible terminal glycal was maintained throughout the
hexasaccharide construction (Figure 1). Late stage appendage of the ceramide side chain or the allyl
functional group to the glycal served to provide either globo-H glycolipid (1) or its allyl glycoside (2),
respectively. The synthesis of 1 served to facilitate the proof of the stereostructure determination and the
immunocharacterization of globo-H. The allyl glycoside 2 was employed for immunoconjugation to
biocarrier proteins. This first generation synthetic route was sufficiently efficient to provide adequate

quantities of synthetic material for proof of structure, immunocharacterization, conjugation, mouse
vaccinations, and phase I clinical trials.
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Figure 1. Our first generation synthesis of the human cancer associated globo-H antigen (MBr1).

When an anticancer vaccine based on this antigen was advanced to phase I11/111 clinical trials for prostate
cancer in the late 1990s, it became necessary to develop a second generation synthesis of a modified
globo-H antigen, incorporating an n-pentenyl, rather than allyl, glycoside.*® In the hopes of achieving
maximal convergency, we designed a modified ABC acceptor (11, Scheme 1), already equipped with the
pentenyl glycosidic linker. The hexasaccharide core would then be assembled via an analogous [3+3]
ABC+DEF coupling reaction. As previously described,” synthesis of DEF trisaccharide thiodonor (10)

commenced with the preparation of the TIPS cyclic carbonate a-epoxide (4) through DMDO-mediated
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epoxidation of cyclic carbonate (3).* This donor, in turn, was used to glycosylate 5 under the effect of
zinc chloride, providing 6 in 87% vyield. Next, upon exposure to fucosyl donor (7), under
Mukaiyama™-Nicolaou®™® conditions, trisaccharide glycal (8) was obtained in 47% yield. The latter was
then converted to the 1-f-ethanethiolate donor (10), bearing a 2-a-phenylsulfonamido function, via
trans-diaxial iodosulfonamide (9) and thence to DEF donor 10, drawing from our
iodosulfonimidation/rearrangement methodology. Treatment of the DEF donor (10) with MeOTf in the
presence of ABC acceptor (11) smoothly provided hexasaccharide (12) in 60-70% vyield. Following
deprotection, Birch reduction, and peracetylation, 12 was advanced to the peracetylated hexasaccharide
(13), in 42% overall yield. After de-aceylation, the terminal pentenyl function of the globo-H glycoside
was subjected to oxidative cleavage, and the resulting y-oxybutyryl aldehyde was conjugated to KLH via
reductive amination."” In addition, 13 was later employed to prepare the glycosylamino acid (14, Scheme
l)_17
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Scheme 1. Our previous synthesis of globo-H pentenyl glycoside and glycosylamino acid.

In the context of our ongoing, carbohydrate-based vaccine program, we recently synthesized a
unimolecular pentavalent construct, incorporating five different carbohydrate-based antigens — including

. . . . 1
globo-H — whose overexpression is associated with breast and prostate cancer.'®

We are currently
advancing this unimolecular pentavalent construct to phase I clinical trials. Toward that end, we recently

scaled up the synthesis of the globo-H antigen, according to the route outlined in Scheme 1."
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NMR Studies. During the course of the synthesis of the globo-H antigen, we observed some interesting
conformational changes on the D-galactose moiety of 6, 8, 10, 12, 13 and 15 (E-ring, colored in red,
Scheme 2). These phenomena were observed through careful examination of the coupling constants
between vicinal hydrogen atoms (Ju1n2) in extensive 2D NMR studies. Thus, we observed that the cyclic
carbonate and TIPS-protected D-galactose in disaccharide (6) adopts a regular stable “Cy conformation
(E-ring, Ju1H2 = 6.6 Hz). However, when the L-fucose moiety was appended to the disaccharide (6), an
interesting ring flip took place on the D-galactose moiety of the resultant trisaccharide (8) (Scheme 2).
The small coupling constant observed between the vicinal hydrogen atoms of the D-galactose moiety of 8
(E ring, Juinz = 4.8 Hz) is in agreement with a distorted *C, conformation (see 8').2° This ring flip may
be attributed to the steric congestion of the E-ring, which presents a -D-Galactal, an a-D-Fucose (1—2),
a 3, 4-cyclic carbonate and a 6-O-TIPS ether. Unfavorable steric interactions of the D-galactose moiety
would presumably be somewnhat alleviated in this distorted C, conformation.

The 1-B-ethanethiolate donor (10) prepared from 8 also adopts a 'C4 conformation at the p-galactose
moiety (see 10°, E-ring, Ju1 12 = 1.0 Hz). Moreover, the smaller Jui 12 in the E-ring of 10 indicate that it
exists in a more standard 'C, conformation, which is consistent with the relatively larger size of the
D-ring of 10 (a protected B-D-galactose amine) in comparison with that of 8 (a p-D-galactal). Along these
lines, one would expect that the hexasaccharide (12), which possesses the entire protected ABCDEF
system, should adopt an even more regular *C4 conformation at the E-ring (colored in red). Indeed, this
conjecture is in complete agreement with the observed coupling constant between the vicinal hydrogen
atoms at the E-ring of 12 (Jy1n2 = 0 Hz). With the removal of the two —TIPS protecting groups and the
cyclic carbonate, the resulting hexasaccharide (15)** now assumed a regular stable *C; conformation at
the E-ring. Hexasaccharide (15) was further subjected to dissolving metal reduction, resulting in the
removal of all benzyl and sulfonamide protecting groups, followed by peracetylation to furnish the
isolable hexasaccharide peracetate (13). The latter was also observed to adopt a regular stable “C,
conformation at the E-ring (Scheme 2). The change in conformation from *Cy4 to “Cy may be attributed to
the release of the steric interactions on the D-galactose moiety. HSQC analysis on 15 and 13 clearly
shows that these compounds possess two a- and four B-anomeric centers, which is consistent with the

natural globo-H ceramide (MBr1 antigen).
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Scheme 2. Conformational reinvestigation.

Mechanistic Analysis of the [3+3] Coupling Reaction. Key to the success of the [3+3] coupling of
ABC acceptor (11) and DEF donor (10/10") is the use of galactosyl donor carrying a free hydroxyl group
at C4. As we previously reported, the preferential formation of s-galactoside in aza-glycosidations with
galactosyl donors possessing a C4 free hydroxyl group appears to be quite general.>** By contrast, when
C4 is protected as an acetate or benzyl ether, such as in 19 and 20, competition from a-azagalactoside
formation can be severe.>?® We had previously reported a detailed explanation for this interesting
stereochemical outcome based on the observed experimental data.”> We present herein some further
insights into this observed phenomenon. According to the coupling constants analysis described above,
the D-galactose thiodonor moiety of the DEF donor adopts a stable “C; conformation. Upon activation of
ethyl thioether with methyl triflate, conventional neighboring group participation of the C, sulfonamide
could possibly lead to one of two structures: the five-membered intermediate (16), derived from oxygen
attack, or the three-membered compound (17), resulting from nitrogen attack (Scheme 3). Due to possible
intramolecular hydrogen bonding between the C4-hydroxyl and the pyranosidal oxygen (see reference 19
for corresponding data analysis), participation from the ring oxygen to expel an equatorial anomeric
group, en route to an oxonium intermediate 18, would appear to be electronically disfavored. Thus,
nucleophilic attack of the ABC acceptor on either 16 or 17 would give rise to the S-galactoside product,
(i.e. 12/12"). Along these same lines, activation of the ethyl thioether of either 19 or 20 with methyl
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triflate would lead to either 21, derived from oxygen attack, or 22, resulting from nitrogen attack.
However, when C4 is protected as an acetate (19) or benzyl ether (20), the absence of intramolecular
hydrogen bonding would better dispose the ring oxygen to expel the equatorial anomeric group in 21 or
22, en route to an oxonium intermediate (23). Subsequent nucleophilic attack of the ABC acceptor to 23
would lead to the formation of a-galactoside as the anomerically favored product. These experimental
results indicate that subtle changes in the protecting groups could dramatically affect the glycosyl donor

conformations, and subsequently lead to different stereochemical outcomes of glycosidation.?
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Scheme 3. Mechanistic proposal for the azaglycosidations.

Synthesis of Modified Glycosyl Amino Acid. In order to facilitate the preclinical and clinical evaluation
of the unimolecular pentavalent vaccine construct targeting prostate and breast cancer bearing Globo-H,
GM2, STn, TF and Tn,'® we carried out the synthesis of chain-extended Globo-H glycosylamino acid (26).
The logic relied was based on our previously reported cross metathesis method,” with slight
modifications. Thus, as shown in Scheme 4, cross-metathesis of hexasaccharide peracetate 13 with
allylglycine benzylester (24), using the Grubbs-Hoveyda first generation catalyst (25)* and subsequent
hydrogenative reduction afforded the desired chain-extended Globo-H glycosylamino acid (26)*° in 58%

yield over two steps.
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Scheme 4. Synthesis of a chain-extended globo-H glycosylamino acid.
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