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Abstract: Gangliosides have attracted much atten-
tion due to their important biological properties.
Herein we report the first chemoenzymatic syntheses
of two globo series of ganglioside oligosaccharides,
Globo-H 1 and stage-specific embryonic antigen-4
(SSEA-4) 2. The common precursor SSEA-3 penta-
saccharide for these two compounds was assembled
rapidly using the pre-activation-based one-pot glyco-
sylation method. The stereoselectivity in forming the
1,2-cis linkage in SSEA-3 was attributed to a steric

buttressing effect of the donor rather than electronic
properties of the glycosyl donors. SSEA-3 was then
successfully fucosylated by the fucosyltransferase
WbsJ and sialylated by sialyltransferases CST-I and
PmST1 producing Globo-H and SSEA-4, respective-
ly.

Keywords: carbohydrates; chemoenzymatic synthe-
sis; natural products; oligosaccharides; stereoselec-
tivity

Introduction

The globo series of gangliosides, including Globo-H 1
and stage-specific embryonic antigen-4 (SSEA-4) 2,
possess the b-GalNAc-(1!3)-a-Gal-(1!4)-Gal oligo-
saccharide moiety.[1,2] This family of glycolipids has at-
tracted much attention due to their roles as tumor-as-
sociated antigens[2] and as receptors for bacteria, vi-
ruses and toxins, which present excellent targets for
novel therapeutics design.[3–5] For example, Globo-H
has been found to be over-expressed on a variety of
human cancer cells, including breast cancer, prostate
cancer, ovarian cancer, and lung carcinomas.[6,7] Im-
munotherapy using Globo-H hexasaccharide as a
cancer vaccine[8] has received encouraging preliminary
results against breast cancer, which is now undergoing
phase II clinical trials.[9–11] SSEA-4 is believed to be
involved in bacterial and viral infections, serving as

receptors for uropathogenic Escherichia coli[12–14] and
human parvovirus B19.[15] In addition, SSEA-4 is a
marker for human cancer cells[16–19] and the expression
level of SSEA-4 shows clear correlation with metasta-
sis potential and malignancy of renal cell carcino-
ma.[20–23]

Due to their biological importance and the difficul-
ties in accessing these complex oligosaccharides from
natural sources, great efforts have been devoted to
chemical synthesis.[1,24] Globo-H hexasaccharide has
been assembled by a variety of methods including the
glycal strategy,[25] the trichloroacetimidate method,[26]

two-directional glycosylation,[27] automated solid-
phase synthesis,[28] the reactivity-based one-pot
method[29] as well as the pre-activation-based one-pot
method.[30] With the presence of the sialic acid unit at
its non-reducing end, SSEA-4 presents additional syn-
thetic challenges. Although much progress has been
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made in chemical sialylation,[31,32] it still remains one
of the most difficult glycosidic linkages to synthesize.
The carboxylic acid moiety in sialic acid also requires
additional consideration for protective group compati-
bility in synthetic design.[33] To date, SSEA-4 has only
been assembled twice by the Hasagawa[34] and
Schmidt/Garegg groups.[35] The successful completion
of these highly challenging structures serves as high-
lights of the power of modern carbohydrate synthetic
methodologies. However, despite these accomplish-
ments, there is a continual need to further improve
synthetic efficiencies of these molecules.

An attractive alternative to chemical synthesis is
enzymatic synthesis.[36,37] With their high regio- and
stereoselectivities, glycosyltransferases can facilitate
the formation of glycosidic bonds under aqueous con-
ditions without relying heavily on protective groups.
However, enzymatic activities can be highly depen-
dent upon structures of both the glycosyl donor and
the acceptor. An effective enzymatic synthesis may
require the preparation and screening of an array of
enzymes, which can be time-consuming. Thus, chemo-
enzymatic synthesis, through the combination of the
power of enzymatic synthesis with the flexibility of
chemical synthesis, presents a potent approach to
access complex oligosaccharides. Several gangliosides
such as GM3,[38] GM2,[39] GM1,[39] GD1a,[39] Gb3[40]

and SSEA-3[41] have been synthesized chemoenzymat-

ically. Herein, we report our studies on chemoenzy-
matic syntheses of Globo-H 1b and SSEA-4 2b, both
of which contain aminopropyl side chains and can be
conjugated to protein carriers for future immunologi-
cal studies.

Results and Discussion

Retrosynthetically, we envision that both Globo-H
and SSEA-4 can be accessed by enzymatic glycosyla-
tion of pentasaccharide SSEA-3 3, which is also a
tumor-associated carbohydrate antigen.[42] The penta-
saccharide 3, in turn, can be chemically assembled
from disaccharide 5, galactoside 6, and lactoside 7
(Figure 1). Based on our previous studies,[30] the pres-
ence of electron-withdrawing benzoyl moieties on the
lactoside acceptor drastically reduced the glycosyla-
tion yield. Thus, the electron-donating benzyl groups
are selected as protective groups masking hydroxy
groups not undergoing glycosylation in order to en-
hance the nucleophilicity of the acceptors as well as
to simplify deprotection procedures. A side effect of
using benzyl groups is that building block galactoside
6 possesses high anomeric reactivity (armed)[43] as a
glycosyl donor with its multiple electron-donating
protective groups.[36] Therefore, in chemoselective gly-
cosylation of thiogalactoside 6 by the thioglycoyl
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donor 5, caution must be taken to prevent the unde-
sired premature activation of galactoside 6. This can
be achieved by pre-activating[44–48] disaccharide 5 first
with a stoichiometric promoter, generating a reactive
intermediate. Upon complete donor activation, addi-
tion of the bifunctional galactoside 6 building block
to the reaction mixture will produce the desired tri-
saccharide. As donor activation and acceptor addition
occur as two distinct steps, even though the acceptor
6 has high anomeric reactivity, it will not be activated
by the promoter.

For the pre-activation-based glycosylation ap-
proach, we have extensively used the p-TolSCl/
AgOTf promoter system,[30,44,49–52] which generates p-
TolSOTf in situ. p-TolSOTf is a powerful thiophilic
agent, capable of activating thioglycosides even with
very low anomeric reactivities.[48,53,54] Moreover, the
side product p-tolyl disulfide produced from pre-acti-
vation is not electrophilic, thus will not activate the
thioglycoside acceptor. Alternatively, reagent combi-
nations such as benzenesulfinylpiperidine/triflic anhy-

dride (Tf2O),[55] S-(4-methoxyphenyl) benzenethiosul-
finate/Tf2O,[56] benzenesulfinylmorpholine/Tf2O,[57]

and diphenyl sulfoxide/Tf2O
[58] have also been used as

thioglycoside promoters for pre-activation reactions.
However, electrophilic side products are typically
generated with these promoters, which often require
the addition of a quencher such as triethyl phosphite
at the end of the reaction to prevent undesired ac-
ceptor activation.[45,59] This renders it difficult to carry
out multiple sequential glycosylations in the same re-
action flask without intermediate purification.

Disaccharide donor 5 was prepared from disacchar-
ide 8[30] starting with treatment of sodium hydride and
benzyl bromide. Reduction of the azide moiety and
subsequent Troc protection produced the disaccharide
donor 5 in 81% overall yield for the three steps
(Scheme 1). Galactoside 6 and lactoside 7 were pre-
pared according to literature methods.[30,60]

With all necessary building blocks in hand, we per-
formed the assembly of SSEA-3 using the pre-activa-
tion-based one-pot protocol.[30,44] With future automa-

Figure 1. Retrosynthetic analysis.

Scheme 1.
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tion in mind, we decided to carry out the one-pot syn-
thesis under the reaction conditions established previ-
ously without optimization. Pre-activation of the dis-
accharide donor 5 at �78 8C with p-TolSCl/AgOTf
was followed by the addition of the bifunctional
building block 6 (Scheme 2, reaction a). A sterically
hindered base, 2,4,6-tri-tert-butylpyrimidine (TTBP)[61]

was added with 6 to neutralize triflic acid generated
from glycosylation. The reaction temperature was
raised to �20 8C to expedite glycosylation, and the ac-
ceptor 6 was completely consumed as judged by TLC
analysis. The reaction temperature was cooled back
down to �78 8C, followed by addition of the lactoside
acceptor 7 and p-TolSCl/AgOTf. The fully protected
SSEA-3 pentasaccharide 4a was obtained in 37%
yield from this three-component one-pot reaction se-
quence within six hours, which was fully characterized
by 1H NMR, 13C NMR, gCOSY, gHMQC and HR-
MS. In addition, the anomer 4b was also separated in
13% yield. The presence or absence of the base
TTBP did not significantly affect either the yield or
the stereochemical selectivity of this reaction.[62]

Deprotection of the pentasaccharide 4a was per-
formed by first removing the Troc group with 1M
NaOH in THF followed by acetylation. Staudinger re-
duction of the azide group and subsequent catalytic
hydrogenation over PearlmanOs catalyst[30,50,51,63] gave
the fully deprotected SSEA-3 3 in 55% overall yield
for all the deprotection steps (Scheme 2, reaction b).

Formation of the Challenging a-Gal-(1!4)-Gal
Linkage, Stereochemical Dependence on Donor

We examined next the stereochemical outcome in for-
mation of the a-Gal-(1!4)-Gal linkage, which is a
major challenge in the syntheses of all globo series of
gangliosides, with anomeric mixtures of products

often obtained.[28,60,64] We have reported that glycosy-
lation of the lactoside acceptor 7 by the galactoside
9[30] gave the Gb3 trisaccharide 10 in a combined 85%
yield with an a :b ratio of 27:1 (Table 1, entry 1),[30]

which compared favorably with literature results on
Gb3 synthesis.[28,60,64] The large difference in stereo-
chemical selectivity between Gb3 trisaccharide 10 and

Scheme 2.

Table 1. Evaluation of the formation of the a-Gal-(1!4)-
Gal linkage.
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SSEA-3 pentasaccharide 4 prompted us to prepare
the disaccharide donor 11, the trisaccharide donor 12
and the tetrasaccharide donor 13 (Scheme 3). Pre-ac-
tivation of donor 14[30] by p-TolSCl/AgOTf followed
by addition of the galactoside 6 generated the disac-
charide 11 in 70% yield and the glycosylation of 6 by
5 produced the trisaccharide 12 (Scheme 3, reactions
a and b). The successful glycosylation of armed galac-
toside 6 by the disarmed donor 14 is a salient feature
of the pre-activation method. One-pot sequential gly-
cosylation of fucoside 15,[30] disaccharide 16[30] and
galactoside 6 led to the tetrasaccharide donor 13 in
60% overall yield (Scheme 3, reaction c).

The glycosylations of lactoside 7 by donors 11, 12
and 13 were then performed. The reaction of disac-
charide donor 11 with 7 gave tetrasaccharides 17a
(71%) and 17b (19%) (17a :17b=3.7:1, Table 1,
entry 2). Trisaccharide 12 glycosylated the lactoside 7
with an a :b ratio of 2.6 (Table 1, entry 3), which was
similar to that obtained in the one-pot synthesis of
SSEA-3 (Scheme 2) indicating that the one-pot proce-
dure did not significantly affect the stereoselectivity.
A further reduction in a :b selectivity (1.9:1) was ob-
served in glycosylation of 7 by the tetrasaccharide
donor 13 (Table 1, entry 4). These results suggested

that as the glycosyl donor became larger, the a selec-
tivity became lower although the overall yields were
similar. The stereoselectivity change must be reflec-
tive of the rate differential of axial versus equatorial
approach of the nucleophile onto the reactive inter-
mediate(s),[51,65] because no anomeric bond isomeriza-
tions were observed when the O-glycoside products
were re-submitted to the glycosylation reaction condi-
tions.

It is possible that the stereochemical divergence in
glycosylating the acceptor 7 may be attributed to
changes in electronic properties and/or steric encum-
brance of the glycosyl donors. The introduction of a
single electron-withdrawing group on glycosyl donors
can greatly influence the stereoselectivity.[66,67] Induc-
tively, the glycosyl units on 3-O of the reducing end
galactose in donors 11–13 can be viewed as electron-
withdrawing groups.[51,68] Therefore we prepared
donor 19 bearing a highly electron-withdrawing p-ni-
trobenzoyl (p-NO2Bz) moiety on its 3-O position
through nitrobenzoylation of galactoside 6. Glycosyla-
tion of the lactoside 7 by the donor 19 produced the
trisaccharide 20a in 78% yield with no corresponding
b anomer isolated (Table 1, entry 5). This suggests
that electronic properties of the donors do not play a

Scheme 3.
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major role in determining stereoselectivity in this
case.

Crich and co-workers have reported that the pres-
ence of a tert-butyldimethylsilyl (TBDMS) group on
3-O of the mannosyl donor 21 led to a significant de-
crease in b-mannoside formation compared to the
corresponding reaction with the benzyl-bearing donor
22.[69] This was rationalized by a steric buttressing

effect as the bulky 3-O-TBDMS moiety pushes the
axial 2-O-benzyl group towards the b face of the
anomeric center, 1,2-cis-(b-mannosyl) glycosylation is
hindered. Similar phenomena have been observed in
modular synthesis of alternating b-(1!3)-b-(1!4)-
mannans,[70] where increased steric size on the 3-O po-
sition of the donor in the form of another glycosyl
unit reduced the amount of b-mannoside product
drastically. It is possible in our studies that the glyco-
syl units on the 3-O of reducing end galactose of
donors 11, 12 and 13 present a steric buttressing
effect, pushing the equatorial 2-O-benzyl towards the
anomeric center, thus reducing the amount of 1,2-cis-
(a-galactosyl) products. As the size of the donor in-
creases from monosaccharide 9 to tetrasaccharide 13,
the effect of the steric buttressing effect becomes
greater resulting in lower a selectivity.

Enzymatic Synthesis of Globo-H 1a and MSGG 2a

Fucosylation of the SSEA-3 pentasaccharide 3 was
carried out using WbsJ[71] with GDP-fucose. Despite
the presence of three galactosyl units in SSEA-3, the
2-OH of the non-reducing terminal galactose was se-
lectively fucosylated leading to Globo-H 1a in 71%
yield (Scheme 4, reaction a), the identity of which was
confirmed by NMR comparison with the Globo-H 1a
assembled via chemical synthesis.[30]

Sialylation of pentasaccharide 3 was performed
with the Campylobacter jejuni Cst-I sialyltransferase
(construct CST-06), which cleanly transformed SSEA-
3 into SSEA-4 2b with 1.5 equivalents of CMP-
Neu5Ac (Scheme 4, reaction a). The conversion was
quantitative based on TLC but the isolated yield was
34%. Presumably, some product was lost during the
work-up and purification processes. SSEA-3 can also
be sialylated by a multifunctional Pasteurella multoci-
da sialyltransferase PmST1[72] to form SSEA-4 2b in
over 90% yield based on TLC analysis. In addition,
we found that SSEA-3 is a substrate for a recombi-
nant Photobacterium damsela a-2,6-sialyltransferase
Pd2,6ST[73] with a yield of 40% by TLC. These results
indicate that the large size of the pentasaccharide ac-
ceptor 3 does not present an obstacle to these enzy-
matic glycosylation reactions.

As we have obtained the tetrasaccharide 17a, we
investigated whether its fully deprotected form can
also serve as an enzyme substrate. Compound 17a
was deprotected in the same manner as described for
the pentasaccharide 3, producing the tetrasaccharide
23 in 50% yield (Scheme 4, reaction b). Tetrasacchar-

Scheme 4.
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ide 23 can serve as a substrate to galactosyl transfer-
ase LgtD,[41,74] providing an alternative access to
SSEA-3.

Conclusions

In conclusion, we report the first chemoenzymatic
syntheses of two tumor-associated carbohydrate anti-
gens, Globo-H hexasaccharide 1b and SSEA-4 hexa-
saccharide 2b. The common precursor SSEA-3 penta-
saccharide for these two compounds was assembled
rapidly using the pre-activation-based one-pot
method. Enzymatic glycosylations of SSEA-3 by fuco-
syltransferase WbsJ and sialyltransferases CST-I or
PmST1 led to Globo-H and SSEA-4, respectively. In-
terestingly, we observed that the stereoselectivities in
formation of the challenging a-Gal-(1!4)-Gal link-
age decreased when larger oligosaccharide donors
were used. This was rationalized by a steric buttress-
ing effect due to the glycosyl unit(s) linked to 3-O of
the reducing end galactose in the donor.

Experimental Section

Characterization of Anomeric Stereochemistry

The stereochemistries of the newly formed glycosidic link-
ACHTUNGTRENNUNGages in oligosaccharides are determined by 3JH1,H2 through
1H NMR and/or 1JC1,H1 through gHMQC 2-D NMR (without
1H decoupling). Smaller coupling constants of 3JH1,H2

(around 3 Hz) indicate 1,2-cis a linkages and larger coupling
constants 3JH1,H2 (7.2 Hz or larger) indicate 1,2-trans b link-
ages. This can be further confirmed by 1JC1,H1 (~170 Hz) for
a linkages and 1JC1,H1 (~160 Hz) for b linkages.[75]

General Procedure for Single Step Pre-Activation-
Based Glycosylation

A solution of donor (0.060 mmol) and freshly activated mo-
lecular sieve MS 4 P (200 mg) in CH2Cl2 (2 mL) was stirred
at room temperature for 30 min, and cooled to �78 8C,
which was followed by addition of AgOTf (47 mg,
0.18 mmol) dissolved in Et2O (1 mL) without touching the
wall of the flask. After 5 min, orange colored p-TolSCl
(9.5 mL, 0.060 mmol) was added through a microsyringe.
Since the reaction temperature was lower than the freezing
point of p-TolSCl, p-TolSCl was added directly into the reac-
tion mixture to prevent it from freezing on the flask wall.
The characteristic yellow color of p-TolSCl in the reaction
solution dissipated rapidly within a few seconds indicating
depletion of p-TolSCl. After the donor was completely con-
sumed according to TLC analysis (about 5 min at �78 8C), a
solution of acceptor (0.060 mmol) in CH2Cl2 (0.2 mL) was
slowly added dropwise via a syringe. The reaction mixture
was warmed to �20 8C under stirring in 2 h. Then the mix-
ture was diluted with CH2Cl2 (20 mL) and filtered over
Celite. The Celite was further washed with CH2Cl2 until no
organic compounds were observed in the filtrate by TLC.

All CH2Cl2 solutions were combined and washed twice with
a saturated aqueous solution of NaHCO3 (20 mL) and twice
with water (10 mL). The organic layer was collected and
dried over Na2SO4. After removal of the solvent, the desired
disaccharide was purified from the reaction mixture via
silica gel flash chromatography.

p-Tolyl 2,3,4,6-Tetra-O-benzyl-b-d-galactopyranosyl-
(1!3)-4,6-benzylidene-2-(2,2,2-trichloroethoxycar-
bonylamino)-2-deoxy-1-thio-b-d-galactopyranoside
(5)

Galactoside 8[30] (0.4 g, 0.48 mmol) was dissolved in DMF
(10 mL) and the solution was cooled to 0 8C. NaH (0.029 g,
60% NaH in mineral oil, 0.72 mmol) was added in portions,
followed by addition of benzyl bromide (0.086 mL,
0.72 mmol). The mixture was stirred at room temperature
under N2 for 2 h and then diluted with EtOAc (50 mL). The
mixture was washed with saturated NaHCO3, water and
then dried over Na2SO4, filtered and concentrated. Silica gel
column chromatography (2:1 hexanes-EtOAc) afforded p-
tolyl 2,3,4,6-tetra-O-benzyl-b-d-galactopyranosyl-(1!3)-2-
azido-4,6-benzylidene-2-deoxy-1-thio-b-d-galactopyranoside
S1 as white solid; yield: 0.44 g (quantitative).

The above prepared S1 (0.44 g, 0.48 mmol), 1,3-propane-
dithiol (0.48 mL, 4.8 mmol) and Et3N (0.67 mL, 4.8 mmol)
were dissolved in a mixture of CH2Cl2/MeOH (5 mL each).
The mixture was heated at reflux overnight under N2 and
then concentrated. The resulting residue was diluted with
CH2Cl2 (60 mL) and then washed with a saturated aqueous
solution of NaHCO3 and water, dried over Na2SO4, filtered
and concentrated. The resulting residue was purified by
quickly passing it through a short silica gel column (20:1,
CH2Cl2-MeOH) and the obtained solid and solid NaHCO3

(0.078 g, 0.93 mmol) were put into THF (5 mL) and then
TrocCl (0.075 mL, 0.56 mmol) was added. The mixture was
stirred at room temperature under N2 for 4 h and filtered.
The filtrate was concentrated and then diluted with CH2Cl2
(50 mL). The mixture was washed with water and brine,
dried over Na2SO4, filtered and concentrated. Silica gel
column chromatography (2:1 Hexanes-EtOAc) afforded
compound 5 as white solid; yield: 0.42 g (81% for two
steps).

3-Azidopropyl 2,3,4,6-Tetra-O-benzyl-b-d-galactopy-
ranosyl-(1!3)-4,6-benzylidene-2-(2,2,2-trichloroeth-
oxycarbonylamino)-2-deoxy-b-d-galactopyranosyl-
(1!3)-2,4,6-tri-O-benzyl-a-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzyl-b-d-galactopyranosyl-(1!4)-2,3,6-
tri-O-benzyl-b-d-glucopyranoside (4a) and 3-
Azidopropyl 2,3,4,6-Tetra-O-benzyl-b-d-galacto-
pyranosyl-(1!3)-4,6-benzylidene-2-(2,2,2-trichloro-
ethoxycarbonylamino)-2-deoxy-b-d-galacto-pyranosyl-
(1!3)-2,4,6-tri-O-benzyl-b-d-galacto-pyranosyl-(1!4)-
2,3,6-tri-O-benzyl-b-d-galacto-pyranosyl-(1!4)-2,3,6-
tri-O-benzyl-b-d-glucopyranoside (4b)

After donor 5 (50 mg, 46.7 mmol) and activated molecular
sieve MS-4 P (500 mg) had been stirred for 30 min at room
temperature in CH2Cl2 (3 mL), the solution was cooled to
�78 8C, followed by addition of AgOTf (36 mg, 140 mmol) in
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Et2O (1.5 mL). The mixture was stirred for 5 min at �78 8C
and then p-TolSCl (7.4 mL, 46.7 mmol) was added into the
solution. (See the general procedure for single step pre-acti-
vation based glycosylation for precautions) The mixture was
vigorously stirred for 10 min, followed by addition of a solu-
tion of acceptor 6 (22.1 mg, 39.7 mmol) and TTBP (6.9 mg,
46.7 mmol) in CH2Cl2 (1 mL). The reaction mixture was
stirred for 2 h from �78 to �20 8C and then the mixture was
cooled down to �78 8C, followed by sequential additions of
AgOTf (12 mg, 46.7 mmol) in Et2O (1 mL), acceptor 7
(22.5 mg, 23.3 mmol) and TTBP (6.9 mg, 46.7 mmol) in
CH2Cl2 (1 mL). The mixture was stirred for 5 min at �78 8C
and then p-TolSCl (6.3 mL, 39.7 mmol) was added into the
solution. The reaction mixture was stirred for 3 h from �78
to 10 8C and then was quenched with Et3N (40 mL), concen-
trated under vacuum to dryness. The resulting residue was
diluted with CH2Cl2 (30 mL), followed by filtration. The or-
ganic phase was washed with saturated aqueous NaHCO3,
H2O and then dried over Na2SO4, filtered and concentrated.
Silica gel column chromatography (2:1 hexanes-EtOAc) af-
forded 4a (yield: 20 mg, 37%) and 4b (yield: 7.2 mg, 13%),
respectively, as colorless gel.

Compounds 4a and 4b were also synthesized from donor
12 and acceptor 7 in 60% and 23% yield, respectively, as
colorless gel following the general procedure of single step
glycosylation.

3-Aminopropyl b-d-Galactopyranosyl-(1!3)-2-acet-
amido-2-deoxy-b-d-galactopyranosyl-(1!3)-a-d-ga-
lactopyranosyl-(1!4)-b-d-galactopyranosyl-(1!4)-b-
d-glucopyranoside (3)

The mixture of compound 4a (60 mg, 25.5 mmol), 1M
NaOH (4 mL, 0.4 mmol) and THF (4 mL) was stirred at
50 8C overnight and then concentrated to dryness. The re-
sulting residue was diluted with CH2Cl2 (30 mL) and the or-
ganic phase was washed by H2O and then dried over
Na2SO4, filtered and concentrated to dryness. The resulting
residue was dissolved in methanol (2 mL) and acetic anhy-
dride (24 mL, 0.25 mmol) was added dropwise and the mix-
ture was stirred at room temperature under N2 overnight.
The reaction was quenched by adding a few drops of H2O
and then diluted with CH2Cl2 (30 mL). The organic phase
was washed with a saturated aqueous solution of NaHCO3,
H2O and then dried over Na2SO4, filtered and concentrated
to dryness. Silica gel column chromatography (2:1 hexanes-
EtOAc) afforded the N-acetylation product as white solid.

The mixture of the N-acetylation product, 1M PMe3 in
THF (0.5 mL, 0.5 mmol), 0.1M NaOH (0.5 mL, 0.05 mmol)
and THF (4 mL) was stirred at 60 8C under N2 overnight.
The mixture was concentrated and the resulting residue was
diluted with CH2Cl2 (30 mL). The organic phase was washed
with H2O and then dried over Na2SO4, filtered and concen-
trated to dryness. The resulting residue was purified by
quickly passing through a short silica gel column (10:1,
CH2Cl2-MeOH). The mixture of the obtained solid and
Pd(OH)2 in MeOH/H2O/HOAc (3 mL/1 mL/1 mL) was
stirred under H2 at room temperature overnight and then
filtered. The filtrate was concentrated to dryness under
vacuum and then was co-evaporated with H2O (10 mL)
three times to remove the HOAc. The aqueous phase was
further washed with CH2Cl2 (5 mLQ3) and EtOAc (5 mLQ

3) and then the aqueous phase was dried under vacuum to
afford compound 3 (acetate salt) as a white solid; yield:
13 mg (55% for four steps).

p-Tolyl 3,4,6-tri-O-Acetyl-2-(2,2,2-trichloroethoxycar-
bonylamino)-2-deoxy-b-d-galactopyranosyl-(1!3)-
2,4,6-tri-O-benzyl-1-thio-b-d-galactopyranoside (11)

Compound 11 was synthesized from donor 14 and acceptor
6 in 70% yield following the general procedure of glycosyla-
tion.

p-Tolyl 2,3,4,6-Tetra-O-benzyl-b-d-galactopyranosyl-
(1!3)-4,6-benzylidene-2-(2,2,2-trichloroethoxy-
carbonylamino)-2-deoxy-b-d-galactopyranosyl-(1!3)-
2,4,6-tri-O-benzyl-1-thio-b-d-galactopyranoside (12)

Compound 12 was synthesized from donor 5 and acceptor 6
in 71% yield following the general procedure of single step
glycosylation.

3-Azidopropyl 2,3,4-Tri-O-benzyl-a-l-fucopyranosyl-
(1!2)-3,4,6-tri-O-benzyl-b-d-galactopyranosyl-(1!3)-
4,6-benzylidene-2-(2,2,2-trichloroethoxycarbonyl-
amino)-2-deoxy-b-d-galactopyranosyl-(1!3)-2,4,6-tri-
O-benzyl-1-thio-b-d-galactopyranoside (13)

Compound 13 was synthesized by a three-component one-
pot synthesis procedure. After the donor p-tolyl 2,3,4-tri-O-
benzyl-1-thio-b-l-fucopyranoside 15[30] (50 mg, 92.47 mmol)
and activated molecular sieve MS-4 P (500 mg) had been
stirred for 30 min at room temperature in Et2O (4 mL), the
solution was cooled to �78 8C, followed by addition of
AgOTf (72 mg, 277.4 mmol) in Et2O (1.5 mL). The mixture
was stirred for 5 min at �78 8C and then p-TolSCl (14.7 mL,
92.47 mmol) was added into the solution. (See the general
procedure for single step pre-activation based glycosylation
for precautions) The mixture was vigorously stirred for
10 min, followed by addition of a solution of acceptor p-
tolyl 3,4,6-tri-O-benzyl-b-d-galactopyranosyl-(1!3)-4,6-ben-
zylidene-2-(2,2,2-trichloroethoxycarbonylamino)-2-deoxy-1-
thio-b-d-galactopyranoside 16[30] (77.1 mg, 78.60 mmol) and
TTBP (23 mg, 92.47 mmol) in CH2Cl2 (1 mL). The reaction
mixture was stirred for 2 h from �78 to �20 8C and then the
mixture was cooled down to �78 8C, followed by addition of
AgOTf (24 mg, 92.47 mmol) in Et2O (1 mL). The mixture
was stirred for 10 min at �78 8C and then p-TolSCl (12.5 mL,
78.60 mmol) was added into the solution. After stirred for
5 min, a solution of acceptor 6 (30.9 mg, 55.48 mmol) and
TTBP (23 mg, 92.47 mmol) in CH2Cl2 (1 mL) was added
slowly along the flask wall into the mixture and the reaction
mixture was stirred for 2 h from �78 to �20 8C, then reac-
tion was quenched with Et3N (40 mL) and concentrated
under vacuum to dryness. The resulting residue was diluted
with CH2Cl2 (30 mL), followed by filtration. The organic
phase was washed with saturated aqueous NaHCO3, H2O
and then dried over Na2SO4, filtered and concentrated.
Silica gel column chromatography (2:1 hexanes-EtOAc) af-
forded 13 as a colorless gel; yield: 60.6 mg (60%).
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3-Azidopropyl 3,4,6-Tri-O-acetyl-2-(2,2,2-trichloro-
ethoxycarbonylamino)-2-deoxy-b-d-galactopyranosyl-
(1!3)-2,4,6-tri-O-benzyl-a-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzyl-b-d-galactopyranosyl-(1!3)-2,4,6-
tri-O-benzyl-b-d-glucopyranoside (17a) and 3-
Azidopropyl 3,4,6-Tri-O-acetyl-2-(2,2,2-tri-
chloroethoxycarbonylamino)-2-deoxy-b-d-
galactopyranosyl-(1!3)-2,4,6-tri-O-benzyl-b-d-
galactopyranosyl-(1!4)-2,3,6-tri-O-benzyl-b-d-
galactopyranosyl-(1!3)-2,4,6-tri-O-benzyl-b-d-
glucopyranoside (17b)

Compound 17a and 17b were synthesized from donor 11
and acceptor 7 in 71% and 19% yield, respectively, as color-
less gel following the general procedure of single-step glyco-
sylation.

3-Azidopropyl 2,3,4-Tri-O-benzyl-a-l-fucopyranosyl-
(1!2)-3,4,6-tri-O-benzyl-b-d-galactopyranosyl-(1!3)-
4,6-benzylidene-2-(2,2,2-trichloroethoxycarbonyl-
amino)-2-deoxy-b-d-galactopyranosyl-(1!3)-2,4,6-tri-
O-benzyl-a-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzyl-b-d-glucopyranoside (18a) and 3-Azidopropyl
2,3,4-Tri-O-benzyl-a-l-fucopyranosyl-(1!2)-3,4,6-tri-
O-benzyl-b-d-galactopyranosyl-(1!3)-4,6-
benzylidene-2-(2,2,2-tri-chloroethoxycarbonylamino)-
2-deoxy-b-d-galactopyranosyl-(1!3)-2,4,6-tri-O-
benzyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzyl-b-d-galactopyranosyl-(1!4)-2,3,6-tri-O-
benzyl-b-d-glucopyranoside (18b)

Compound 18a and 18b were synthesized from donor 13
and acceptor 7 in 57% and 30% yield, respectively, as color-
less gel following the general procedure of single step glyco-
sylation. Their identities were confirmed by NMR compari-
son with literature data.[30]

p-Tolyl 2,4,6-Tri-O-benzyl-3-O-p-nitrobenzoyl-1-thio-
b-d-galactopyranoside (19)

Compound 6 (43.5 mg, 0.078 mmol) and N,N-dimethylami-
nopyridine (9.5 mg, 0.078 mmol) were dissolved in CH2Cl2
(5 mL), followed by the addition of p-nitrobenzoyl chloride
(10.9 mL, 0.09 mmol). The mixture was stirred overnight at
room temperature and then diluted with CH2Cl2 (20 mL),
washed with saturated aqueous NaHCO3 and H2O and then
dried over Na2SO4, filtered and concentrated. Silica gel
column chromatography (4:1 hexanes-EtOAc) afforded 19
as a gel-like solid; yield: 50.6 mg (92%).

3-Azidopropyl 2,4,6-Tri-O-benzyl-3-O-p-nitrobenzoyl-
a-d-galactopyranosyl-(1!4)-2,3,6-tri-O-benzyl-b-d-
galactopyranosyl-(1!4)-2,3,6-tri-O-benzyl-b-d-
glucopyranoside (20a)

After donor 19 (30 mg, 42 mmol), acceptor 7 (37 mg, 38
mmol) and activated molecular sieve MS-4 P (200 mg) were
stirred for 30 min at room temperature in a mixture solvent
of Et2O (1 mL) and CH2Cl2 (2 mL), the mixture was cooled
to �78 8C, followed by addition of AgOTf (33 mg,

0.127 mmol) in Et2O (1 mL). The mixture was vigorously
stirred for 10 min and then p-TolSCl (6.74 mL, 42 mmol) was
added and the reaction mixture was stirred for 2 h from �78
to �20 8C. The reaction was quenched by Et3N and then
concentrated under vacuum to dryness. The resulting resi-
due was diluted with CH2Cl2 (10 mL), followed by filtration.
The organic phase was washed with saturated aqueous
NaHCO3 and H2O and then dried over Na2SO4, filtered and
concentrated. Silica gel column chromatography (3:1 hex-
anes-EtOAc) afforded 20a as gel-like solid; yield: 46.2 mg
(78%).

3-Aminopropyl a-l-Fucopyranosyl-(1!2)-b-d-
galactopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-
galac-topyranosyl-(1!3)-a-d-galactopyranosyl-(1!4)-
b-d-galactopyranosyl-(1!4)-b-d-glucopyranoside (1b)
To a mixture of 10 mM SSEA-3 pentasaccharide 3, 15 mM
GDP-fucose in 20 mM Tris-HCl buffer (pH 7.5) was added
a-1,2-fucosyltransferase WbsJ (7 mU). The mixture was in-
cubated at room temperature for 2 days. The Globo-H hexa-
saccharide 1b was purified on a BioGel P-2 gel filteration
column (BioRad) followed by Dowex 1Q8–400 ion ex-
change resin (chloride form) with water as the mobile
phase. The fractions containing the desired product 1b
(71%) were collected and lyophilized. NMR data of 1b were
collected, which were identical to those obtained from
Globo-H 1b synthesized chemically.[30]

3-Aminopropyl 5-Acetamido-3,5-dideoxy-d-glycero-a-
d-galacto-non-2-ulopyranosylonic acid-(2!3)-b-d-
galactopyranosyl-(1!3)-2-acetamido-2-deoxy-b-d-
galactopyranosyl-(1!3)-a-d-galactopyranosyl-(1!4)-
b-d-galactopyranosyl-(1!4)-b-d-glucopyranoside (2b)
The Campylobacter jejuni CST-I a-2,3-sialyltransferase (con-
struct CST-06) was expressed as a fusion protein with the E.
coli maltose-binding protein and purified.[39] To a mixture of
10 mM MgCl2, 5 mM SSEA-3 pentasaccharide 3, 7.5 mM
CMP-Neu5Ac in Hepes buffer (50 mM, pH 7.5) was added
CST-I a-2,3-sialyltransferase (0.32 U/mL). The reaction was
incubated at 37 8C for 2 h and TLC (BPH:AMW=1:1, BPH
1:2:1 n-butanol:propanol:0.1M HCl; AMW 1:1:1
CH3CN:methanol:water) showed complete consumption of
the pentasaccharide 3. Multiple reactions were set to con-
vert all of the pentasaccharide 3 (9 mg, 9.1 mmol). The reac-
tion volume was reduced using a centrifugal concentrator
and the material was loaded (in 3 runs) on a 10 mmQ30 cm
Superdex Peptide column (GE Healthcare). The column
was eluted with an ammonium acetate buffer (pH 7,
20 mM) at 0.5 mLmin�1. The product was eluted between 7
and 8 mL. The fractions were pooled and lyophilized three
times to remove the ammonium acetate. We recovered 4 mg
(3.1 mmol) of purified 2b with a yield of 34%. As the condi-
tions for enzymatic synthesis were very mild and previously
we did not observe any product decomposition using this
enzyme,[39] the low isolated yield was probably due to multi-
ple small-scale reactions performed resulting in loss of prod-
uct during work-up and purification.
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Enzymatic Sialylation of Pentasaccharide SSEA-3
using PmST1 and Pd2,6ST

The enzymatic assays were carried out in a total volume of
10 mL in a Tris-HCl buffer (100 mm, pH 8.5) containing
CMP-Neu5Ac (20 mM), SSEA-3 3 (10 mM), MgCl2
(20 mM) and the corresponding sialyltransferases (PmST1
or Pd2,6ST). Reactions were allowed to proceed for 60 min
at 37 8C. The reactions were then monitored by TLC (BPH:
AMW=1:1) and the products formed were confirmed by
MS. ESI-MS (for sialylation product catalyzed by PmST1):
m/z=1262.29 calcd. for [M+Na]+ C46H78N3Na2O34: 1262.43;
ESI-MS (for sialylation product catalyzed by Pd2,6ST):
m/z=1262.28, calcd. for [M+Na]+ C46H78N3Na2O34: 1262.43.

3-Aminopropyl 2-Acetamido-2-deoxy-b-d-galactop-
yranosyl-(1!3)-a-d-galactopyranosyl-(1!4)-b-d-
galactopyranosyl-(1!4)-b-d-glucopyranoside (23)
The mixture of compound 17a (0.050 g, 0.027 mmol), 1M
NaOMe (4.0 mL, 4.0 mmol) and THF (4 mL) was stirred at
50 8C overnight and then concentrated to dryness. The re-
sulting residue was diluted with CH2Cl2 (50 mL) and the or-
ganic phase was washed by H2O and then dried over
Na2SO4, filtered and concentrated to dryness. The resulting
residue was dissolved in methanol (3 mL). Acetic anhydride
(1.0 mL) was added dropwise and the mixture was stirred at
room temperature under N2 for 6 h. The reaction was
quenched by adding EtOH and then diluted with EtOAc
(20 mL). The organic phase was washed with saturated
aqueous solution of NaHCO3, H2O and then dried over
Na2SO4, filtered and concentrated to dryness. Silica gel
column chromatography (2:1 hexanes-EtOAc) afforded the
N-acetylation product as white solid.

The mixture of the N-acetylation product, 1M PMe3 in
THF (0.5 mL, 0.5 mmol) and THF (3 mL) was stirred at
50 8C under N2 overnight. The mixture was concentrated
and the resulting residue was diluted with CH2Cl2 (50 mL).
The organic phase was washed with H2O and then dried
over Na2SO4, filtered and concentrated to dryness. The re-
sulting residue was purified by quickly passing through a
short silica gel column (10:1, CH2Cl2-MeOH). The mixture
of the obtained solid and Pd(OH)2 in MeOH/H2O/HOAc
(5 mL, 3:1:1) was stirred under H2 at room temperature
overnight and then filtered. The filtrate was concentrated to
dryness under vacuum and then was co-evaporated with
H2O (10 mL) three times to remove the HOAc. The aque-
ous phase was further washed with CH2Cl2 (5 mL Q 3) and
EtOAc (5 mL Q 3) and then the aqueous phase was dried
under vacuum to afford compound 23 as white solid; yield:
10.4 mg (50% for three steps).

Enzymatic Galactosylation of Tetrasaccharide 23

To a mixture of 10 mM tetrasaccharide 23, 20 mM UDP-gal-
actose, 1 mM MnCl2, 1 mM dithiothreitol and 1% BSA in
20 mM Tris-HCl buffer (pH 7.5) was added b-1,3-galactosyl-
transferase (LgtD) (2 mU). The mixture was incubated at
room temperature for 2 days. The SSEA-3 pentasaccharide
3 (70%) was purified on a BioGel P-2 gel filteration column
(BioRad) followed by Dowex 1Q8–400 ion exchange resin
(chloride form) with water as the mobile phase.

Supporting Information

General experimental procedures as well as analytical and
spectroscopic characterization data for all compounds are
given in the Supporting information.
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