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Abstract: The decasaccharide sialyl-trimeric-Lewis x is a component of glycopro-
teins and glycolipids that serve as E- and P-selectin ligands. The synthesis of this
target structure was accomplished by utilizing a combination of chemical and
enzymatic methods. Highlights of the chemical synthesis include minimal use of
protecting groups and regioselective glycosylations to arrive at a linear tri-lactos-
amine structure. Glycosyltransferase-catalyzed reactions were then employed for the
addition of the terminal sialic acid and branch-point fucose residues. Notably,
fucosyltransferases V and VI showed different specificities for the sialyl-tri-lactos-
amine core structure.
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Introduction

The sialyl Lewis x tetrasaccharide (sLex) has been identified
as a minimal ligand for the selectin family of proteins (E-, P-,
and L-selectin).[1] However, monovalent sLex-selectin binding
events are far too weak to account for the intercellular
adhesive force observed in biological systems in which
selectins function.[2] Attempts to create potent selectin ligands
through syntheses of mimetics or multivalent forms of sLex

have achieved only moderate success.[3] In contrast, the
glycoproteins that present sLex in the inflammatory response
and other disease states act as high affinity selectin ligands.[4]

In nature, sLex is rarely present in the form of a simple
tetrasaccharide. Sialyl Lex generally terminates long poly-
lactosamine chains attached to glycoproteins or glycolipids on
the cell surface.[5] Specifically, recent studies have revealed the
sialyl-trimeric-Lewis x structure (compound 1, Scheme 1) as a
component of the P-selectin glycoprotein ligand-1 (PSGL-1)
glycan.[6] This decasaccharide is expected to contribute to high
affinity interactions between PSGL-1 and E- or P-selectin.
Glycolipids from HL-60 cells also display similar sialylated,
multi-fucosylated polylactosamines that function as E-selectin
ligands.[7]

In order to generate sialyl-trimeric-Lewis x for biological
evaluation, a chemoenzymatic synthesis was developed. This
molecule has not previously been synthesized employing
chemical means. Syntheses of related polylactosamine struc-

tures, such as the VIM-2 epitope, have involved the isolation
of natural glycans.[8] In contrast, syntheses of trimeric-Lewis x
glycolipids[9] and sialyl-dimeric-Lewis x[10] have relied on
complicated chemical synthetic strategies. The chemoenzy-
matic synthesis described herein takes advantage of the
remarkable specificity of glycosyltransferases to simplify the
overall route. Minimal use of protecting groups and regiose-
lective glycosylations are highlights of the chemical portion of
the synthesis.

Results and Discussion

Synthesis began with the chemical construction of tri-lactos-
amine core 2 (Scheme 1). This required the generation of a
suitable lactosamine glycosyl donor for block synthesis.
Initially, glucosamine derivative 3 was obtained by previously
published methods.[11] Protection of the anomeric position as
the tert-butyldimethylsilyl ether (TBS) then furnished the b-
linked glycoside (Scheme 2). Glycosyl acceptor 6 was then
readily accessible through saponification of the acetate esters,
followed by selective protection of the primary 6-hydroxyl as
the tert-butyldiphenylsilyl (TBDPS) ether.

Trimethylsilyl trifluoromethanesulfonate (TMSOTf)-cata-
lyzed glycosylation of acceptor 6 with the glycosyl donor
imidate 7[12] then furnished b1,4-linked lactosamine 9 in 50 %
yield after deprotection. Recovery of unreacted starting
material 6 was also possible at this stage. Notably, the b1,3
lactosamine regioisomer was isolated in only 8 % yield, and a-
linked products were not observed.[13] Compound 9 was then
peracetylated for characterization. The position and config-
uration of the newly formed glycosidic linkage was ascer-
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Scheme 2. a) TBDMS-Cl, imidazole, DMF, 100 %; b) 1m NaOMe, MeOH,
98%; c) TBDPS-Cl, Et3N, DMAP, DMF/CH2Cl2, 87 %; d) 1) 7, TMSOTf,
4 � molecular sieves, CH2Cl2, ÿ20 8C; 2) 1m NaOMe, MeOH, 50%;
e) TBDPS-Cl, Et3N, DMAP, CH2Cl2, 99%; f) Ac2O, DMAP, pyridine,
79%; g) bis(acetonitrile)palladium(ii) chloride, acetone, 4 d, 71%;
h) Cl3CCN, Cs2CO3, 4 � molecular sieves, CH2Cl2, 87%; i) allyl alcohol,
TMSOTf, CH2Cl2, 95%; j) 1m NaOMe, MeOH, 93 %.

tained to be b1,4 by 2D COSY (correlation spectroscopy)
NMR analysis.

Further protection of 9 was accomplished through forma-
tion of the galactose 6-hydroxyl TBDPS ether, followed by

peracetylation. The anomeric TBS ether was then removed
with bis(acetonitrile)palladium(ii) chloride in acetone, a
reaction which proceeded without destruction of the TBDPS
ethers.[14] Conversion to trichloroacetimidate 13 then gave the
appropriate glycosyl donor for block synthesis.

Glycosylation of 13 with allyl alcohol as acceptor furnished
the b-linked reducing terminal lactosamine block. Unexpect-
edly, normal saponification conditions then reproducibly
furnished mono-acetate 15 in high yield. Reaction of glycosyl
acceptor 15 with donor 13 under TMSOTf catalysis then
afforded the tetrasaccharide product, which could be isolated
only following peracetylation (Scheme 3). 2D COSY NMR
analysis confirmed that the desired glycosidic linkage had
been formed at the galactose 3-hydroxyl.[15] This result is in
accord with the reactivity difference in the galactose hydroxyl
groups observed in previous studies.[10, 16] As was the case
previously, deprotection of the di-lactosamine construct under
Zemplen conditions proceeded incompletely, in this instance
giving tri-acetate 17 as the major product.[17]

Construction of the protected tri-lactosamine hexasacchar-
ide was then accomplished by TMSOTf-catalyzed glycosyla-
tion of acceptor 17 with donor 13. After peracetylation,
COSY NMR analysis of the product was unclear due to severe
overlap of the diagnostic Gal H-4 resonances. However, upon
conversion of the NHTroc groups to NHAc by reaction of
activated Zn dust in acetic anhydride,[18] clear assignment of
19 was possible. Deprotection of the hydroxyl groups was then
accomplished with TBAF in THF, followed by saponification
of the acetate esters, yielding tri-lactosamine 2.

With the chemical portion of the synthesis completed, the
remaining synthetic steps involved the enzymatic transfer of a
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Scheme 1. Retrosynthetic analysis of sialyl-trimeric-Lewis x 1.
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single sialic acid and three fucose residues. Transfer of sialic
acid was accomplished utilizing CMP-NeuAc as glycosyl
donor in the presence of recombinant human a2,3-sialyl-
transferase as the catalyst. The reaction catalyzed the addition
of sialic acid to the non-reducing terminus of the polylactos-
amine chain to give 20. In initial fucosylation attempts, 20 was
treated with GDP-fucose in the presence of recombinant
human a1,3-fucosyltransferase V (FucT V). FucT V catalyzed
the addition of two fucose residues to the polylactosamine
chain.[19] Further incubation of the difucosylated molecule
with GDP-fucose and a1,3-FucT V for an extended period of
time failed to furnish tri-fucosylated structure 1. However,
incubation of the di-fucosylated intermediate with GDP-
fucose in the presence of recombinant human a1,3-FucT VI
successfully appended the third fucose to the polylactosamine
chain to give sialyl-trimeric-Lewis x 1. Alternatively, it was
discovered that 1 could be ob-
tained directly from 20 by in-
cubation with 3 equivalents of
GDP-fucose in the presence of
a1,3-FucT VI. This result clari-
fies previous biological studies
of milk fucosyltransferase spe-
cificity for polylactosamine ac-
ceptors, in which activity could
not be pinpointed to a single

fucosyltransferase.[20] The re-
sults reported herein clearly
show distinct substrate specific-
ity for FucT V and FucT VI.

Conclusion

In summary, glycosyltransferas-
es have the potential to greatly
simplify complex carbohydrate
synthesis. In the present study, a
branched decasaccharide was
constructed employing only six
glycosylation reactions, two of
which were enzymatic. Minimal
synthetic manipulations, involv-
ing only four protecting groups,
were sufficient to arrive at the
desired target structure. Thus,
the first chemoenzymatic syn-
thesis of sialyl-trimeric-Lewis x
1 has been accomplished. Eval-
uation of biological activity will
be undertaken in the near future.

Experimental Section

All non-aqueous reactions were run in
oven-dried glassware under an inert
Ar atmosphere. Reactions were moni-
tored by thin-layer chromatography
(TLC) utilizing p-anisaldehyde or ce-

rium molybdate stain as the developing reagent. Unless otherwise noted,
reagents, and materials were obtained from commercial sources and used
as provided. All non-aqueous solvents were distilled prior to use. 1D 1H-
and 13C-NMR spectra were recorded on Bruker AMX-400, AMX-500,
DRX-500, or DRX-600 MHz spectrometers, and were referenced to
residual solvent peaks (CDCl3: 1H d� 7.24, 13C d� 77.0; CD3OD: 1H d�
3.30, 13C d� 49.0; D2O: 1H d� 4.76). 2D COSY and HMQC NMR spectra
were recorded on a Bruker DRX-600 spectrometer equipped with either a
broadband or inverse probe for greater sensitivity. CMP-NeuAc, GDP-
fucose, a2,3-sialyltransferase, a1,3-fucosyltransferase V, and a1,3-fucosyl-
transferase VI were purchased from Calbiochem. Where applicable, NMR
assignments refer to the designations given in Figure 1.

Compound 4 : Compound 3 (9.77 g, 20.32 mmol), imidazole (1.80 g,
26.42 mmol), and tert-butylchlorodimethylsilane (3.98 g, 26.42 mmol) were
dissolved in dry N,N-dimethylformamide (101.6 mL). The reaction was
stirred at ambient temperature for 48 h. The reaction was diluted with ethyl
acetate (200 mL), washed with water (3� 100 mL) and brine (1� 100 mL).
The aqueous extracts were combined and re-extracted with ethyl acetate
(2� 100 mL). The combined organic extracts were dried (MgSO4), filtered,
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Scheme 3. a) 1) 13, TMSOTf, CH2Cl2; 2) Ac2O, DMAP, pyridine, 67 %; b) 1m NaOMe, MeOH, 72 %; c) 1. 13,
TMSOTf, CH2Cl2; 2) Ac2O, DMAP, pyridine, 35%; d) Zn dust, Ac2O, 36 %; e) 1) 1m TBAF in THF; 2) 1m
NaOMe, MeOH, 49%; f) CMP-NeuAc, 1m MnCl2, a2,3-SiaT, alkaline phosphatase, 100 mm HEPES,
pH 7.4�0.25 % Triton X-100, 2 d, 85%; g) 1) GDP-fucose, 1m MnCl2, a1,3-FucT V, alkaline phosphatase,
100 mm MES, pH 6.0� 0.25 % Triton X-100, 5 d; 2) GDP-fucose, 1m MnCl2, a1,3-FucT VI, alkaline phosphatase,
100 mm MES, pH 6.0�0.25 % Triton X-100, 5 d, 30%; h) GDP-fucose, 1m MnCl2, a1,3-FucT VI, alkaline
phosphatase, 100 mm MES, pH 6.0� 0.25 % Triton X-100, 6 d, 41 %.
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and concentrated. Purification by flash chromatography (silica gel, gradient
2:1 to 3:2 hexane/EtOAc) then afforded 4 (12.50 g, 100 %). 1H NMR
(500 MHz, CDCl3): d� 5.22 (t, 1 H, J� 10 Hz, H-3), 5.03 ± 4.99 (m, 2H,
H-4, NH), 4.79 (d, 1H, J� 8 Hz, H-1), 4.72 (d, 1H, J� 12 Hz, -CH2-CCl3),
4.62 (d, 1H, J� 12 Hz, -CH2-CCl3), 4.18 (dd, 1H, J� 12, 6 Hz, H-6), 4.10 (d,
1H, J� 12 Hz, H-6), 3.68 ± 3.62 (m, 1 H, H-5), 3.59 (dd, 1 H, J �20, 9 Hz,
H-2), 2.05 (s, 3 H, -COCH3), 2.01 (s, 6H, -COCH3), 0.85 (s, 9 H, -C(CH3)3),
0.10 (s, 3 H, -CH3), 0.07 (s, 3 H, -CH3); 13C NMR (100 MHz, CDCl3): d�
170.74, 170.63, 169.50, 153.92, 96.09, 74.56, 71.82, 68.96, 62.43, 58.24, 25.51,
20.71, 20.65, 17.90, ÿ0.02, ÿ4.27, ÿ5.30; HR-MS (FAB) calcd for
C21H34NO10SiCl3Cs [M�Cs]� 726.0072, found 726.0054.

Compound 5 : Compound 4 (3.16 g, 5.31 mmol) was dissolved in methanol
(54.6 mL). A 1m solution of sodium methoxide in water (0.5 mL) was added
to the stirred solution. After stirring a total of 3 h at ambient temperature,
solvent was removed by a rotary evaporator. Purification by flash
chromatography (silica gel, 10 % methanol/chloroform) then yielded 5
(2.43 g, 98 %). 1H NMR (400 MHz, CD3OD): d� 4.70 (dd, 2H, -CH2-CCl3),
4.63 (d, 1H, J� 8 Hz, H-1), 3.83 (dd, 1 H, J� 12, 2 Hz, H-6), 3.69 (dd, 1H,
J� 12, 5 Hz, H-6), 3.42 ± 3.33 (m, 3 H), 3.30 ± 3.22 (m, 1H), 0.89 (s, 9H,
-C(CH3)3), 0.13 (s, 3 H, -CH3), 0.12 (s, 3H, -CH3); 13C NMR (100 MHz,
CD3OD): d� 156.89, 129.90, 129.19, 126.29, 97.86, 77.83, 75.75, 75.59, 72.11,
62.71, 61.13, 26.18, 18.80, ÿ3.96, ÿ5.21; HR-MS (FAB) calcd for
C15H28NO7SiCl3Na [M�Na]� 490.0598, found 490.0612.

Compound 6 : Triethylamine (8.00 mL, 57.08 mmol), N,N-dimethylamino-
pyridine (DMAP) (0.47 g, 3.81 mmol), and tert-butylchlorodiphenylsilane
(7.42 mL, 28.54 mmol) were added to a solution of 5 (8.92 g, 19.03 mmol) in
a dichloromethane/N,N-dimethylformamide mixture (95 mL/5 mL). After
stirring 5 h at ambient temperature, the reaction was diluted with ethyl
acetate (80 mL), washed with water (2� 50 mL) and brine (2� 50 mL).
Aqueous extracts were combined and re-extracted with ethyl acetate (2�
40 mL). The combined organic extracts were dried (Na2SO4), filtered, and
concentrated. Purification by flash chromatography (silica gel, gradient 6:1
to 1:1 hexane/EtOAc) then gave 6 (11.77 g, 87%). 1H NMR (500 MHz,
CDCl3): d� 7.70 ± 7.67 (m, 4H, Ph), 7.42 ± 7.36 (m, 6 H, Ph), 5.38 (d, 1 H, J�
7 Hz, NH), 4.75 ± 4.64 (m, 3 H, H-1, -CH2-CCl3), 3.91 (dd, 2 H, J� 11, 4 Hz),
3.85 (dd, 1 H, J� 11, 5 Hz), 3.70 (br t, 1 H), 3.57 (t, 1 H, J� 9 Hz), 3.47 (br s,
1H), 3.44 ± 3.40 (m, 1H, H-5), 3.39 ± 3.34 (m, 1 H, H-2), 1.04 (s, 9H,
-C(CH3)3), 0.88 (s, 9H, -C(CH3)3), 0.12 (s, 3H, -CH3), 0.10 (s, 3H, -CH3);
13C NMR (100 MHz, CDCl3): d� 135.56, 135.54, 132.89, 132.82, 129.82,
127.78, 95.92, 75.30, 74.78, 74.35, 72.47, 64.36, 59.93, 26.75, 25.61, 19.14,
17.89, ÿ4.01, ÿ5.33; HR-MS (FAB) calcd for C31H46NO7Si2Cl3Cs [M�Cs]�

840.0911, found 840.0948.

Compound 9 : Compound 6 (11.22 g, 15.87 mmol), compound 7 (7.87 g,
15.90 mmol), and 4 � molecular sieves (3.2 g) were placed in dry dichloro-
methane (320 mL). The solution was allowed to stir for 1.5 h at ambient
temperature, then was cooled to ÿ20 8C. TMSOTf (12.7 mL, 0.01m) was
transferred dropwise by cannula into the reaction flask. Following transfer,
the reaction was stirred an additional 15 min at room temperature, then
quenched by addition of solid sodium bicarbonate. The solution was
washed with saturated sodium bicarbonate (2� 5 mL) and brine (1�
5 mL). The aqueous extracts were re-extracted with dichloromethane
(2� 5 mL). The combined organic extracts were dried (Na2SO4), filtered,
and concentrated. Flash chromatography (silica gel, gradient 2:1 to 1:2
hexane/EtOAc) yielded a mixture of inseparable disaccharide products, as
well as some recovered starting material 1. After all solvent had been
removed in vacuo, the product mixture was dissolved in methanol
(320 mL). A 1m solution of sodium methoxide in water (1.6 mL) was
added, and the reaction stirred for 4 h at room temperature. The reaction
was neutralized with Amberlyst-15 H� resin, filtered, and concentrated.
Purification by flash chromatography (silica gel, gradient 3 ± 10 % meth-
anol/chloroform) then yielded the desired disaccharide 9 (6.70 g, 50%) as
well as the undesired b1,3-linked regioisomer (1.20 g, 8%), and recovered
starting material 6 (3.30 g). (Yields based on recovered starting material 6
are 72% for compound 9 and 9 % for the b1,3 linked isomer). Compound 9 :
1H NMR (400 MHz, CD3OD): d� 7.76 ± 7.72 (m, 4 H, Ph), 7.41 ± 7.37 (m,
6H, Ph), 4.72 (dd, 2H, J� 18, 12 Hz, -CH2-CCl3), 4.66 (d, 1 H, J� 8 Hz, Glu
H-1), 4.53 (1d, H, J� 8 Hz, Gal H-1), 4.20 (dd, 1 H, J� 11, 3 Hz), 3.99 (dd,
1H, J� 11, 1 Hz), 3.94 (t, 1 H, J� 9 Hz, H-4), 3.77 ± 3.72 (m, 2H), 3.65 ± 3.60
(m, 2 H), 3.53 (dd, 1H, J� 10, 8 Hz), 3.49 ± 3.42 (m, 3H), 3.37 (dd, 1 H, J�
10, 3 Hz), 1.06 (s, 9H, -C(CH3)3), 0.90 (s, 9H, -C(CH3)3), 0.12 (s, 3 H, -CH3),
0.11 (s, 3H, -CH3); 13C NMR (100 MHz, CD3OD): d� 156.86, 137.02,

136.79, 135.06, 134.26, 130.73, 128.81, 128.73, 104.40, 97.80, 79.04, 77.24,
76.80, 75.76, 74.85, 73.89, 72.50, 70.32, 63.55, 62.62, 60.72, 27.51, 26.22, 20.34,
18.85, ÿ3.82, ÿ5.12; HR-MS (ESI-MS) calcd for C37H56NO12Si2Cl3H
[M�H]� 868.2485, found 868.2452.

Peracetylated 9 : 1H NMR (500 MHz, CDCl3): d� 7.72 ± 7.70 (m, 4 H, Ph),
7.44 ± 7.39 (m, 6 H, Ph), 5.29 (d, 1H, J� 4 Hz, Gal H-4), 5.19 (d, 1 H, J�
9 Hz, NH), 5.04 (t, 1H, J� 9 Hz, Glu H-3), 4.99 (dd, 1H, J� 10, 8 Hz, Gal
H-2), 4.80 (dd, 1H, J� 10, 3 Hz, Gal H-3), 4.76 (d, 1H, J� 13 Hz, -CH2-
CCl3), 4.68 ± 4.63 (m, 3H, Glu H-1, Gal H-1, -CH2-CCl3), 4.15 (t, 1H, J�
10 Hz, Glu H-4), 4.09 (d, 2H, J� 6 Hz, Gal H-6), 3.99 (d, 1H, J� 11 Hz,
Glu H-6), 3.85 (d, 1H, J� 12 Hz, Gal H-6), 3.73 (t, 1H, J� 10 Hz, Glu H-2),
3.68 (t, 1 H, J� 7 Hz, Gal H-5), 3.34 (d, 1 H, J� 9 Hz, Glu H-5), 2.13 (s, 3H,
-COCH3), 2.08 (s, 3H, -COCH3), 2.06 (s, 3 H, -COCH3), 1.97 (s, 3H,
-COCH3), 1.73 (s, 3H, -COCH3), 1.12 (s, 9 H, -C(CH3)3), 0.90 (s, 9H,
-C(CH3)3), 0.15 (s, 3 H, -CH3), 0.10 (s, 3H, -CH3); 13C NMR (100 MHz,
CDCl3): d� 171.10, 170.34, 170.15, 168.69, 154.29, 135.88, 135.39, 133.36,
130.05, 129.90, 128.22, 127.99, 127.78, 125.25, 99.84, 96.69, 95.35, 75.30, 74.61,
73.73, 72.17, 70.96, 70.51, 69.17, 66.90, 61.35, 61.17, 57.95, 26.89, 25.49, 20.82,
20.67, 20.61, 20.48, 19.43, 17.90, ÿ4.18, ÿ5.39; ESI-MS (pos) calcd for
C47H66NO17Si2Cl3 [M�H]� 1078, found 1078.

Compound 10 : Compound 9 (0.289 g, 0.333 mmol), triethylamine
(0.120 mL, 0.432 mmol), N,N-dimethylaminopyridine (8.0 mg,
0.067 mmol), and tert-butylchlorodiphenylsilane (0.112 mL, 0.432 mmol)
were dissolved in dry dichloromethane. After stirring for 24 h at room
temperature, the reaction was diluted with ethyl acetate (10 mL), washed
with water (2� 5 mL) and brine (1� 5 mL). The aqueous extracts were re-
extracted with ethyl acetate (2� 5 mL). The combined organic extracts
were dried (Na2SO4), filtered, and concentrated. Purification by flash
chromatography (silica gel, 5 % methanol/chloroform) then provided 10
(0.355 g, 99%). 1H NMR (500 MHz, CDCl3): d� 7.72 ± 7.63 (m, 8H, Ph),
7.45 ± 7.33 (m, 12H, Ph), 4.97 (br s, 1 H, NH), 4.74 (d, 1H, J� 7 Hz), 4.64
(dd, 2H, J� 26, 12 Hz, -CH2-CCl3), 4.30 ± 4.28 (m, 2H), 3.97 ± 3.96 (m, 1H),
3.94 ± 3.92 (m, 2 H), 3.89 (dd, 1 H, J� 10, 5 Hz), 3.80 (dd, 1H, J� 10, 6 Hz),
3.77 ± 3.76 (m, 1 H), 3.58 ± 3.50 (m, 3H), 3.46 ± 3.41 (m, 2 H), 3.32 (dd, 1H,
J� 18, 8 Hz), 1.07 (s, 9 H, -C(CH3)3), 1.06 (s, 9H, -COCH3), 1.05 (s, 9H,
-C(CH3)3), 0.10 (s, 3 H, -CH3), 0.07 (s, 3H, -CH3); 13C NMR (100 MHz,
CDCl3): d� 135.78, 135.53, 134.76, 133.48, 132.87, 132.67, 129.87, 129.74,
129.60, 128.99, 128.24, 127.82, 127.75, 127.69, 125.27, 103.12, 95.73, 95.32,
80.10, 75.06, 74.96, 74.68, 73.60, 71.47, 71.41, 68.31, 62.98, 62.24, 59.80, 26.79,
26.74, 26.53, 25.58, 21.43, 19.29, 19.02, 17.87, ÿ4.15, ÿ5.39; HR-MS (FAB)
calcd for C53H74NO12Si2Cl3Cs [M�Cs]� 1240.2637, found 1240.2688.

Compound 11: Acetic anhydride (0.248 mL, 2.63 mmol) and N,N-dimethyl-
aminopyridine (8.0 mg, 0.066 mmol) were added to a solution of 10
(0.355 g, 0.329 mmol) in dry pyridine (0.51 mL). After stirring for 24 h at
room temperature, the reaction was diluted with water (0.10 mL) and
stirred an additional hour. The reaction was then diluted with ethyl acetate
(2 mL), washed with saturated sodium bicarbonate (4� 1 mL) and brine
(1� 1 mL). The aqueous extracts were re-extracted with ethyl acetate (2�
2 mL). The combined organic extracts were dried (Na2SO4), filtered, and
concentrated. Purification by flash chromatography (silica gel, 4:1 hexane/
EtOAc) then afforded 11 (0.331 g, 79 %). 1H NMR (500 MHz, CDCl3): d�
7.73 ± 7.69 (m, 4 H, Ph), 7.60 ± 7.57 (m, 4H, Ph), 7.45 ± 7.35 (m, 12H, Ph), 5.53
(d, 1H, J� 3 Hz, Gal H-4), 5.34 (d, 1 H, J� 9 Hz, NH), 4.98 (t, 1H, J�
10 Hz, Glu H-3), 4.95 ± 4.87 (m, 2H, Gal H-2, Gal H-3), 4.74 (d, 1 H, J�
11 Hz, -CH2-CCl3), 4.64 ± 4.60 (m, 3H, Glu H-1, Gal H-1, -CH2-CCl3), 4.07
(t, 1H, J� 9 Hz, Glu H-4), 3.95 (d, 1 H, J� 10 Hz, Glu H-6a), 3.81 (d, 1H,
J� 10 Hz, Glu H-6b), 3.72 ± 3.66 (m, 2 H), 3.60 (dd, 1H, J� 9, 6 Hz), 3.50 (t,
1H, J� 9 Hz, Gal H-5), 3.31 (d, 1H, J� 9 Hz, Glu H-5), 1.98 (s, 6H,
-COCH3), 1.77 (s, 3H, -COCH3), 1.68 (s, 3 H, -COCH3), 1.10 (s, 9H,
-C(CH3)3), 1.04 (s, 9H, -C(CH3)3), 0.89 (s, 9H, -C(CH3)3), 0.13 (s, 3H,
-CH3), 0.08 (s, 3H, -CH3); 13C NMR (100 MHz, CDCl3): d� 170.91, 169.89,
169.78, 154.26, 135.84, 135.54, 135.37, 133.32, 132.60, 132.56, 132.27, 130.03,
129.94, 129.80, 128.97, 128.14, 127.93, 127.81, 127.72, 125.24, 99.71, 99.60,
95.42, 75.21, 74.53, 73.55, 72.57, 72.30, 71.20, 69.60, 66.66, 61.38, 60.61, 57.76,
29.58, 29.29, 26.83, 26.67, 25.46, 22.61, 20.55, 20.41, 19.32, 18.94, 17.83, 14.05,
ÿ4.26, ÿ5.42; HR-MS (FAB) calcd for C61H82NO16Si3Cl3Cs [M�Cs]�

1408.3054, found 1408.3127.

Compound 12 : Bis(acetonitrile)palladium(ii) chloride (0.034 g,
0.130 mmol) was added to a foil-covered flask containing 11 (0.331 g,
0.259 mmol) dissolved in acetone (5.2 mL). After stirring 4 d at room
temperature, solvent was removed by rotary evaporation. The resulting
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residue was purified by flash chromatography (silica gel, 2:1 hexane/
EtOAc) to yield 12 (0.215 g, 71 %). 1H NMR (500 MHz, CDCl3): d� 7.70 ±
7.56 (m, 8 H, Ph), 7.44 ± 7.34 (m, 12 H, Ph), 6.41 (d, 1H, J� 10 Hz, NH), 5.56
(d, 1 H, J� 2 Hz, Gal H-4), 5.49 (t, 1H, J� 10 Hz, Glu H-3), 5.28 (t, 1 H, J�
3 Hz), 4.99 ± 4.96 (m, 2 H), 4.90 (d, 1 H, J� 12 Hz, -CH2-CCl3), 4.65 (d, 1H,
J� 7 Hz, Gal H-1), 4.56 (d, 1H, J� 12 Hz, -CH2-CCl3), 4.03 (t, 1 H, J�
10 Hz, Glu H-4), 3.92 (dt, 1H, J� 11, 3 Hz), 3.83 ± 3.62 (m, 8 H), 3.50 (t, 1H,
J� 9 Hz, Gal H-5), 2.03 (s, 3 H, -COCH3), 2.01 (s, 3H, -COCH3), 1.76 (s,
3H, -COCH3), 1.64 (s, 3H, -COCH3), 1.04 (s, 9 H, -C(CH3)3), 1.03 (s, 9H,
-C(CH3)3); 13C NMR (100 MHz, CDCl3): d� 171.03, 170.70, 169.88, 169.83,
154.89, 136.01, 135.90, 135.53, 135.43, 135.21, 133.24, 132.54, 131.98, 130.01,
129.92, 129.74, 127.96, 127.84, 127.72, 127.58, 104.96, 99.87, 95.76, 91.66,
74.40, 73.85, 72.64, 70.66, 70.53, 70.04, 66.55, 61.01, 60.48, 54.40, 26.62, 20.62,
20.50, 19.22, 18.95; HR-MS (FAB) calcd for C55H68NO16Si2Cl3Cs [M�Cs]�

1294.2186, found 1294.2121.

Compound 13 : Freshly distilled trichloroacetonitrile (0.242 mL,
2.411 mmol) and 4 � molecular sieves (0.078 g) were added to a solution
of 12 (0.560 g, 0.482 mmol) in dry dichloromethane (2.1 mL). The mixture
was allowed to stir for one hour at ambient temperature. Dry cesium
carbonate (0.039 g, 0.121 mmol) was then added to the reaction flask, and
stirring continued for an additional 1.5 h. Triethylamine (2 mL) was then
added to the flask and the reaction mixture filtered through a short plug of
silica gel. Follwing concentration, purification by flash chromatography
(silica gel, 2:1 hexane/EtOAc� 0.05 % Et3N) provided 13 (0.547 g, 87%).
1H NMR (400 MHz, CDCl3): d� 8.78 (s, 1 H, NHCCl3), 7.74 ± 7.72 (m, 4H,
Ph), 7.61 ± 7.58 (m, 4 H, Ph), 7.46 ± 7.37 (m, 12 H, Ph), 6.48 (d, 1 H, J� 4 Hz,
NH), 5.56 (d, 1 H, J� 3 Hz, Gal H-4), 5.26 (dd, 1 H, J� 9, 4 Hz), 5.23 (d,
1H, J� 10 Hz), 5.03 (dd, 1 H, J� 10, 8 Hz), 4.95 (dd, 1H, J� 10, 4 Hz, Gal
H-3), 4.75 ± 4.69 (m, 3H), 4.19 ± 4.12 (m, 2 H), 3.94 ± 3.87 (m, 2H), 3.79 ±
3.73 (m, 2H), 3.68 (1t, H, J� 7 Hz, Glu H-2), 3.54 (t, 1H, J� 9 Hz, Glu
H-5), 2.02 (s, 3H, -COCH3), 2.00 (s, 3H, -COCH3), 1.80 (s, 3H, -COCH3),
1.73 (s, 3 H, -COCH3), 1.09 (s, 9H, -C(CH3)3), 1.05 (s, 9H, -C(CH3)3);
13C NMR (100 MHz, CDCl3): d� 170.68, 169.93, 169.76, 168.78, 160.45,
154.15, 135.83, 135.76, 135.55, 135.49, 135.37, 133.11, 132.56, 132.45, 131.93,
130.18, 130.00, 129.90, 129.83, 128.91, 128.14, 128.11, 128.07, 127.91, 127.84,
127.78, 127.70, 125.19, 100.16, 95.24, 94.74, 90.72, 74.39, 73.57, 73.48, 72.84,
72.73, 71.38, 70.07, 69.53, 66.60, 60.67, 54.11, 26.81, 26.72, 26.62, 26.46, 21.36,
20.60, 20.50, 20.47, 20.41, 19.27, 18.90; HR-MS (FAB) calcd for C57H68N2O16-
Si2Cl6Cs [M�Cs]� 1437.1275, found 1437.1351.

Compound 14 : Allyl alcohol (0.019 mL, 0.280 mmol) and 13 (0.091 g,
0.070 mmol) were dissolved in dry dichloromethane (0.70 mL). The
solution was cooled to ÿ20 8C, and TMSOTf (220 mL, 0.05m) in dichloro-
methane (0.014 mL) was added dropwise. The reaction was stirred for
15 min at ÿ20 8C, and an additional 15 min at room temperature. A few
drops of dry triethylamine were added to quench the reaction. The reaction
mixture was diluted with ethyl acetate (2 mL), washed with saturated
sodium bicarbonate (3� 2 mL), and brine (1� 2 mL). The aqueous extracts
were then re-extracted with ethyl acetate (2� 1 mL). The combined
organic extracts were dried (Na2SO4), filtered, and concentrated. Purifica-
tion by flash chromatography (silica gel, 3:1 hexane/EtOAc) then gave 14
(0.080 g, 95%). 1H NMR (500 MHz, CDCl3): d� 7.78 ± 7.73 (m, 4H, Ph),
7.59 ± 7.57 (m, 4 H, Ph), 7.45 ± 7.35 (m, 12H, Ph), 5.86 (m, 1H, -CH2-
CH�CH2), 5.55 (s, 1 H, Gal H-4), 5.25 (dd, 1H, J� 16, 2 Hz, -CH2-
CH�CH2), 5.20 (br s, 1 H, NH), 5.17 (dd, 1 H, J� 10, 2 Hz, -CH2-CH�CH2),
5.04 ± 4.98 (m, 3 H, Glu H-3, Gal H-2, Gal H-3), 4.77 (d, 1 H, J� 7 Hz, Gal
H-1), 4.72 (dd, 2H, J� 15, 12 Hz, -CH2-CCl3), 4.42 (1H, d, J� 8 Hz, Glu
H-1), 4.34 (dd, 1H, J� 13, 5 Hz, -CH2-CH�CH2), 4.09 ± 4.04 (m, 2H, Glu
H-4, -CH2-CH�CH2), 3.92 ± 3.86 (m, 2H, Glu H-6a, Glu H-6b), 3.78 ± 3.67
(m, 3 H, Glu H-2, Gal H-6a, Gal H-6b'), 3.52 (t, 1 H, J� 9 Hz, Gal H-5), 3.29
(d, 1H, J� 10 Hz, Glu H-5), 2.02 (s, 3H, -COCH3), 2.00 (s, 3 H, -COCH3),
1.78 (s, 3H, -COCH3), 1.77 (s, 3H, -COCH3), 1.07 (s, 9H, -C(CH3)3), 1.03 (s,
9H, -C(CH3)3); 13C NMR (100 MHz, CDCl3): d� 170.85, 170.03, 169.91,
168.94, 163.41, 154.38, 135.96, 135.56, 135.37, 133.61, 132.64, 132.57, 132.08,
129.96, 129.87, 127.96, 127.83, 127.77, 127.66, 117.52, 100.11, 100.06, 75.18,
74.39, 74.03, 72.82, 72.24, 71.31, 69.72, 69.38, 66.72, 61.13, 60.74, 55.89, 26.76,
26.71, 26.63, 20.64, 20.56, 19.33, 19.03; HR-MS (FAB) calcd for C58H72NO16-
Si2Cl3Cs [M�Cs]� 1334.2500, found 1334.2569.

Compound 15 : A solution of 1m sodium methoxide in water (0.017 mL,
0.017 mmol) was added to a solution of 14 (0.199 g, 0.166 mmol) in
methanol (1.7 mL). The reaction was stirred for 4 h at ambient temper-
ature, then solvent was removed by rotary evaporation. Purification by

flash chromatography (silica gel, 5% methanol/chloroform) then yielded
15 (0.166 g, 93%). 1H NMR (500 MHz, CDCl3): d� 7.74 ± 7.62 (m, 8H, Ph),
7.43 ± 7.26 (m, 12 H, Ph), 5.85 (1 H, m, -CH2-CH�CH2), 5.24 (dd, 1 H, J� 17,
1 Hz, -CH2-CH�CH2), 5.16 (dd, 1 H, J� 10, 1 Hz, -CH2-CH�CH2), 5.09 (t,
1H, J� 10 Hz, Glu H-3), 4.72 (dd, 2 H, J� 32, 12 Hz, -CH2-CCl3), 4.52 (d,
1H, J� 7 Hz, Gal H-1), 4.44 (1H, d, J� 8 Hz, Glu H-1), 4.31 (dd, 1 H, J�
14, 5 Hz, -CH2-CH�CH2), 4.23 (br s, 1H), 4.14 (d, 1H, J� 10 Hz, -CH2-
CH�CH2), 4.08 (t, 1 H, J� 10 Hz, Glu H-4), 4.04 ± 4.00 (m, 2 H), 3.91 (d,
2H, J� 10 Hz), 3.86 ± 3.79 (m, 5 H), 3.76 ± 3.70 (m, 1H), 3.58 ± 3.43 (m, 4H),
3.37 (d, 1H, J� 9 Hz, Glu H-5), 1.83 (s, 3 H, -COCH3), 1.05 (s, 9H,
-C(CH3)3), 1.04 (s, 9 H, -C(CH3)3); 13C NMR (100 MHz, CDCl3): d� 172.09,
163.69, 154.44, 135.94, 135.88, 135.44, 135.39, 133.73, 132.96, 132.84, 132.42,
129.90, 129.75, 129.02, 128.22, 127.79, 127.55, 125.27, 117.27, 102.61, 99.81,
95.68, 75.15, 74.97, 74.84, 74.54, 74.29, 73.95, 72.90, 71.63, 69.26, 68.35, 62.24,
61.42, 55.78, 26.80, 26.71, 21.44, 20.95, 19.33, 19.26, 19.15, 19.07; HR-MS
(FAB) calcd for C52H66NO13Si2Cl3Cs [M�Cs]� 1208.2180, found 1208.2118.

Compound 16 : A solution of TMSOTf (172 mL, 0.05m) in dry dichloro-
methane (0.172 mL, 0.009 mmol) was added dropwise to a stirred solution
of 13 (1.183 g, 0.860 mmol) and 15 (0.921 g, 0.856 mmol) in dry dichloro-
methane (8.6 mL). The reaction was stirred 15 min at room temperature,
and then quenched by addition of solid sodium bicarbonate. The reaction
was diluted with ethyl acetate (20 mL), washed with saturated sodium
bicarbonate (3� 10 mL) and brine (1� 10 mL). Aqueous extracts were re-
extracted with ethyl acetate (2� 10 mL). The combined organic extracts
were dried (Na2SO4), filtered, and concentrated. Flash chromatography
(silica gel, gradient hexane to 2:1 hexane/EtOAc, then 10 % methanol/
chloroform) allowed recovery of unreacted starting material 15 (0.097 g),
but the other reaction products were inseparable.

The mixture was dissolved in dry pyridine (1.3 mL). Acetic anhydride
(0.400 mL, 4.246 mmol) and N,N-dimethylaminopyridine (20.8 mg,
0.170 mmol) was added to the reaction flask, and the reaction stirred for
2 h. The mixture was diluted with ethyl acetate (10 mL), washed with
saturated sodium bicarbonate (3� 10 mL) and brine (1� 10 mL). The
aqueous extracts were re-extracted with ethyl acetate (2� 5 mL). The
combined organic extracts were dried (Na2SO4), filtered, and concentrated.
Flash chromatography (silica gel, gradient 4:1 to 2:1 hexane/EtOAc) then
yielded 16 (1.321 g, 67%, two steps) (Considering recovery of starting
material 15, the yield is 75 % over two steps). 1H NMR (500 MHz, CDCl3):
d� 7.74 ± 7.30 (m, 40 H, Ph), 5.90 ± 5.82 (m, 1H, -CH2-CH�CH2), 5.60 (br s,
1H, Gal1 H-4), 5.53 (d, 1H, J� 3 Hz, Gal2 H-4), 5.25 (dd, 1 H, J� 17, 2 Hz,
-CH2-CH�CH2), 5.19 ± 5.11 (m, 2 H, Glu2 H-3, -CH2-CH�CH2), 5.06 (d, 1H,
J� 9 Hz, Glu1 NH), 5.02 ± 4.83 (m, 5H, Glu1 H-3, Glu2 NH, Gal1 H-2, Gal2

H-2, Gal2 H-3), 4.75 ± 4.70 (m, 3H, Gal2 H-1, -CH2-CCl3), 4.65 ± 4.58 (m,
4H, Gal1 H-1, Glu2 H-1, -CH2-CCl3), 4.39 (d, 1H, J� 8 Hz, Glu1 H-1), 4.33
(dd, 1 H, J� 13, 4 Hz, -CH2-CH�CH2), 4.08 ± 4.02 (m, 2H, Glu1 H-4, -CH2-
CH�CH2), 3.97 ± 3.84 (m, 6 H, Glu2 H-4, Gal1 H-3), 3.78 ± 3.57 (m, 6H, Glu1

H-2), 3.49 (t, 1H, J� 9 Hz, Gal2 H-5), 3.41 (d, 1 H, J� 10 Hz, Glu2 H-5),
3.35 (q, 1 H, J� 9 Hz, Glu2 H-2), 3.28 (1H, d, J� 9 Hz, Glu1 H-5), 2.01 (s,
3H, -COCH3), 2.00 (s, 3 H, -COCH3), 1.99 (s, 3H, -COCH3), 1.85 (s, 3H,
-COCH3), 1.75 (s, 3H, -COCH3), 1.71 (s, 3 H, -COCH3), 1.68 (s, 3H,
-COCH3), 1.07 (s, 9 H, -C(CH3)3), 1.06 (s, 9 H, -C(CH3)3), 1.03 (s, 9H,
-C(CH3)3), 0.98 (s, 9H, -C(CH3)3); 13C NMR (100 MHz, CDCl3): d� 170.84,
170.26, 169.97, 169.84, 169.28, 168.91, 168.76, 154.24, 153.70, 135.88, 135.79,
135.49, 135.42, 135.37, 133.60, 133.53, 133.15, 132.78, 132.70, 132.58, 132.51,
132.27, 132.00, 130.05, 129.94, 129.84, 129.77, 129.63, 129.04, 128.19, 128.03,
127.84, 127.75, 127.65, 117.47, 100.42, 100.20, 100.06, 100.00, 95.56, 95.45,
75.55, 75.28, 74.52, 74.31, 73.93, 73.68, 72.69, 72.19, 71.91, 71.27, 69.69, 69.38,
68.69, 66.57, 62.10, 61.41, 61.15, 60.50, 56.65, 55.85, 26.77, 26.65, 21.01, 20.60,
20.54, 20.41, 19.36, 19.25, 18.96; HR-MS (FAB) calcd for C111H136N2O30-
Si4Cl6Cs [M�Cs]� 2435.5437, found 2435.5585.

Compound 17: A 1m sodium methoxide solution in water (54 mL,
0.054 mmol) was added to a stirred solution of 16 (1.24 g, 0.538 mmol).
The solution was stirred at ambient temperature for 4 h, and then solvent
was removed by rotary evaporation. Flash chromatography (silica gel,
gradient chloroform to 3% methanol/chloroform) afforded 17 (0.833 g,
72%). 1H NMR (400 MHz, CD3OD): d� 7.76 ± 7.54 (m, 16 H, Ph), 7.42 ±
7.29 (24 H, m, Ph), 5.96 ± 5.88 (m, 1H, -CH2-CH�CH2), 5.62 (d, 1H, J�
3 Hz, Gal2 H-4), 5.29 (dd, 1H, J� 18, 2 Hz, -CH2-CH�CH2), 5.15 (d, 1H,
J� 11 Hz, -CH2-CH�CH2), 5.09 (t, 1 H, J� 10 Hz, Glu1 H-3), 4.97 (t, 1H,
J� 10 Hz, Gal1 H-2), 4.83 ± 4.65 (m, 4H, Gal1 H-1, -CH2-CCl3), 4.58 ± 4.54
(m, 3 H, Glu1 H-1, Glu2 H-1, -CH2-CCl3), 4.38 ± 4.34 (m, 2H, -CH2-
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CH�CH2), 4.18 (t, 1H, J� 11 Hz, Glu1 H-4), 4.13 ± 4.07 (m, 2H, -CH2-
CH�CH2), 3.97 ± 3.34 (m, 19H), 2.05 s, (3H, -COCH3), 1.94 (s, 3H,
-COCH3), 1.67 (s, 3 H, -COCH3), 1.07 (s, 9H, -C(CH3)3), 1.01 (s, 9H,
-C(CH3)3), 0.98 (s, 9H, -C(CH3)3), 0.96 (s, 9H, -C(CH3)3); 13C NMR
(100 MHz, CD3OD): d� 137.09, 136.85, 136.79, 130.70, 136.64, 136.61,
135.34, 134.74, 134.49, 134.39, 133.99, 133.39, 131.13, 131.04, 130.91, 130.84,
129.91, 129.12, 129.07, 128.99, 128.89, 128.84, 117.27, 104.84, 101.60, 101.47,
97.27, 80.76, 77.03, 76.80, 76.57, 76.27, 75.71, 75.30, 74.83, 73.93, 72.90, 72.70,
72.34, 70.78, 69.76, 64.06, 63.78, 62.29, 58.95, 58.29, 57.25, 27.68, 27.61, 27.52,
27.42, 27.39, 21.17, 20.81, 20.33, 20.24, 20.03, 19.97, 18.37; HR-MS (FAB)
calcd for C103H128N2O26Si4Cl6Cs [M�Cs]� 2268.1176, found 2268.1062.

Compound 18 : A solution of TMSOTf (64 mL, 0.05m) in dry dichloro-
methane (0.064 mL, 0.003 mmol) was added dropwise to a stirred solution
of 13 (0.423 g, 0.324 mmol) and 17 (0.691 g. 0.324 mmol) in dry dichloro-
methane (3.2 mL). The reaction was stirred 10 min at room temperature,
and then quenched by addition of solid sodium bicarbonate. The reaction
was diluted with ethyl acetate (5 mL), washed with saturated sodium
bicarbonate (3� 5 mL) and brine (1� 5 mL). Aqueous extracts were re-
extracted with ethyl acetate (2� 5 mL). The combined organic extracts
were dried (Na2SO4), filtered, and concentrated. Flash chromatography
(silica gel, gradient, chloroform to 10% methanol/chloroform) allowed the
recovery of unreacted 17 (0.341 g), but the other reaction products were
inseparable.

The mixture was dissolved in dry pyridine (0.36 mL). Acetic anhydride
(0.219 mL, 2.322 mmol), and N,N-dimethylaminopyridine (5.6 mg,
0.046 mmol) were added to the reaction flask, and the reaction stirred for
4 h. The mixture was diluted with ethyl acetate (3 mL). It was washed with
saturated sodium bicarbonate (3� 3 mL) and brine (1� 3 mL). The
aqueous extracts were re-extracted with
ethyl acetate (2� 3 mL). The combined
organic extracts were dried (Na2SO4),
filtered, and concentrated. Flash chro-
matography (silica gel, gradient chloro-
form to 1% methanol/chloroform) then
yielded 18 (0.386 g, 35 %, two steps).
(Considering the recovery of 17, the
yield is 69% over two steps.) 1H NMR
(600 MHz, CDCl3): d� 7.74 ± 7.56 (m,
24H), 7.46 ± 7.27 (m, 36H), 5.87 ± 5.82
(m, 1H), 5.59 (app s, 2 H), 5.53 (d, 1H,
J� 3 Hz), 5.25 (dd, 1H, J� 17, 1 Hz),
5.23 ± 5.14 (m, 2H), 5.08 ± 4.87 (m, 9H),
4.79 ± 4.68 (m, 9H), 4.43 (d, 1H, J�
7 Hz), 4.39 (1H, d, J� 8 Hz), 4.32 (dd,
1H, J� 9, 2 Hz), 4.08 ± 3.38 (m, 25H),
2.00 (s, 3H), 1.99 (s, 6 H), 1.86 (s, 3H),
1.81 (s, 3H), 1.76 (s, 3 H), 1.71 (s, 3H),
1.70 (s, 3H), 1.68 (s, 3 H), 1.60 (s, 3H),
1.07 (s, 9H), 1.06 (s, 9 H), 1.05 (s, 9H),
1.03 (s, 9 H), 0.96 (s, 9H), 0.95 (s, 9H);
13C NMR (100 MHz, CDCl3): d�
170.41, 170.19, 169.95, 169.81, 169.29,
168.89, 168.77, 168.68, 154.26, 153.64,
135.94, 135.88, 135.80, 135.74, 135.60,
135.54, 135.51, 135.45, 135.41, 135.33,
133.59, 133.50, 133.27, 133.19, 132.78,
132.71, 132.68, 132.61, 132.56, 132.53,
132.23, 132.03, 130.04, 129.93, 129.87,
129.83, 129.76, 129.68, 128.98, 128.16,
128.03, 127.96, 127.93, 127.83, 127.77,
127.74, 127.65, 127.58, 125.24, 117.43,
100.23, 100.09, 100.01, 99.92, 75.64,
75.55, 75.30, 74.35, 74.18, 74.02, 73.72,
72.72, 72.19, 72.10, 71.90, 71.27, 71.21,
69.70, 69.38, 68.45, 66.59, 61.79, 61.40,
60.52, 56.70, 56.50, 55.86, 26.92, 26.86,
26.79, 26.68, 26.61, 26.58, 21.40, 20.95,
20.58, 20.54, 20.48, 20.44, 20.41, 20.35,
20.22, 19.33, 19.21, 18.96; MALDI-
MS calcd for C164H200N3O44Si6Cl9Na
[M�Na]� 3421, found 3421.

Compound 19 : Activated zinc dust (2.230 g) was added to a solution of 18
(0.372 g, 0.109 mmol) in acetic anhydride (2.7 mL). The reaction was stirred
for 24 h at room temperature, then filtered through a plug of Celite, eluting
with ethyl acetate. After concentration, purification by flash chromatog-
raphy (silica gel, 1:1 EtOAc/hexane, then 10:4:1 hexane/EtOAc/methanol)
yielded 19 (0.118 g, 36%). 1H NMR (600 MHz, CD3OD): d� 7.75 ± 7.55 (m,
24H, Ph), 7.47 ± 7.23 (m, 36 H, Ph), 5.95 ± 5.89 (m, 1 H, -CH2-CH�CH2), 5.67
(d, 1H, J� 3 Hz, GalintH-4), 5.56 (d, 1 H, J� 3 Hz, GalintH-4), 5.50 (d, 1H,
J� 3 Hz, GalextH-4), 5.37 (dt, 2H, J� 10, 4 Hz, 2 Glu H-3), 5.27 (d, 1H, J�
17 Hz, -CH2-CH�CH2), 5.16 (d, 1 H, J� 11 Hz, -CH2-CH�CH2), 5.04 (t,
1H, J� 10 Hz), 4.97 ± 4.87 (m, 5H, 2 Glu H-1), 4.76 (d, 1 H, J� 8 Hz, Gal
H-1), 4.67 (d, 1H, J� 8 Hz, Gal H-1), 4.61 (1H, d, J� 8 Hz, Gal H-1), 4.56
(1H, d, J� 8 Hz, Glu H-1), 4.33 (dd, 1 H, J� 13, 4 Hz, -CH2-CH�CH2),
4.14 ± 3.82 (m, 14H), 3.72 ± 3.47 (m, 11H), 3.43 ± 3.33 (m, 3 H), 2.03 (s, 3H),
2.02 (s, 3 H), 2.01 (s, 3H), 1.94 (s, 3H), 1.93 (s, 3H), 1.92 (s, 3H), 1.89 (s, 3H),
1.81 (6 H, s), 1.77 (s, 3H), 1.74 (3 H, s), 1.66 (s, 3H), 1.65 (s, 3 H), 1.08 (s, 9H),
1.06 (9H, s), 1.01 (s, 9H), 1.00 (s, 9 H), 0.94 (s, 9 H), 0.93 (s, 9 H); 13C NMR
(100 MHz, CD3OD): d� 173.47, 173.42, 173.32, 172.15, 172.07, 171.84,
171.68, 171.51, 171.34, 171.06, 170.85, 170.74, 170.67, 137.08, 137.02, 136.73,
136.67, 136.64, 136.53, 135.40, 134.85, 134.78, 134.58, 134.03, 133.87, 133.81,
133.68, 133.57, 133.29, 131.26, 131.14, 130.98, 130.89, 129.23, 129.19, 129.03,
128.93, 128.81, 117.17, 101.34, 101.18, 101.07, 76.50, 76.37, 76.24, 75.75, 75.42,
75.34, 75.21, 74.25, 74.07, 73.24, 73.14, 72.83, 72.64, 70.98, 70.65, 70.55, 68.24,
63.88, 63.63, 63.01, 62.92, 62.63, 62.48, 62.14, 57.05, 55.20, 27.84, 27.61,
27.29, 23.68, 22.97, 22.81, 22.74, 21.99, 21.46, 21.43, 21.28, 21.04, 20.89,
20.79, 20.75, 20.68, 20.60, 20.49, 20.37, 20.27, 20.10, 20.00, 19.95, 19.90; HR-
MS (HR-MALDI) calcd for C161H203N3O41Si6Na [M�Na]� 3025.2405,
found 3025.2504. See also the COSY spectrum of compound 19
(Figure 2).

Figure 2. COSY spectrum of compound 19 and partial assignment.
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Compound 2 : Compound 19 (0.109 g, 0.036 mmol) was dissolved in dry
tetrahydrofuran (0.4 mL) and a 1m solution of tetrabutylammonium
fluoride (0.726 mL, 0.726 mmol) added. The reaction was stirred 24 h at
room temperature. Solvent was removed by rotary evaporation and the
residue redissolved in methanol (0.4 mL). A 1m solution of sodium
methoxide in water (0.030 mL, 0.030 mmol) was added to the reaction
flask, and stirring continued for 24 h. The reaction was concentrated, and
the TBAF and NaOMe conditions repeated an additional time. Purification
by size-exclusion chromatography (Biogel P-2, water as mobile phase)
afforded 2 (20.5 mg, 49%). 1H NMR (400 MHz, D2O) identifiable
resonances: d� 5.89 ± 5.81 (m, 1 H, -CH2-CH�CH2), 5.39 (app d, 1 H, J�
17 Hz, -CH2-CH�CH2), 5.21 (app d, 1H, J� 10 Hz, -CH2-CH�CH2), 4.65
(app d, 2 H, J� 8 Hz, Glu2 H-1, Glu3 H-1), 4.53 (d, 1H, J� 8 Hz, Glu1 H-1),
4.44 ± 4.40 (m, 3H, Gal1H-1, Gal2 H-1, Gal3 H-1), 4.29 (dd, 1 H, J� 13,
4 Hz), 1.98 (s, 9H); 13C NMR (100 MHz, D2O): d� 172.15, 171.81, 130.52,
115.43, 100.13, 100.01, 97.21, 79.29, 75.63, 75.35, 72.59, 72.11, 71.99, 71.78,
69.71, 69.41, 68.20, 67.70, 67.20, 65.78, 65.55, 58.27, 58.19, 57.26, 57.06, 52.38,
52.24, 19.41, 19.38; ESI-MS (pos) calcd for C45H75N3O31Na [M�Na]� 1176,
found 1176.

Compound 20 : Compound 2 (11.7 mg, 0.010 mmol) and CMP-sialic acid
(7.3 mg, 0.011 mmol) were dissolved in 100 mm 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES) buffer, pH 7.4 (2.0 mL) contain-
ing 0.25 % Triton X-100 and a freshly prepared MnCl2 solution

(0.011 mmol). a2,3-Sialyltransferase (200 mU) and alkaline phosphatase
(300 mU) were added to the reaction vial, and the solution stirred gently
at room temperature for 3 d. After lyophilization, the reaction mixture
was dissolved in water and purified on a column of Biogel P-2, eluting
with water. The product was further purified on a DEAE Sephadex
A-25 anion-exchange column, eluting with a gradient of 0 to 100 mm
NH4HCO3. Final desalting was accomplished on Biogel P-2, eluting with
water. Product fractions were combined and lyophilized, yielding 20
(12.3 mg, 85 %). 1H NMR (400 MHz, D2O) identifiable resonances: d�
5.91 ± 5.81 (m, 1 H, -CH2-CH�CH2), 5.28 ± 5.20 (m, 2H, -CH2-CH�CH2),
4.65 (app d, 2H, J� 8 Hz, Glu2 H-1, Glu3 H-1), 4.54 ± 4.50 (m, 2 H, Glu1 H-1,
Gal3 H-1), 4.41 (app d, 2H, J� 8 Hz, Gal1 H-1, Gal2 H-1), 4.29 (dd, 1H, J�
13, 4 Hz, -CH2-CH�CH2), 2.71 (app d, 1 H, J� 9 Hz, NeuAc H-3eq), 1.99 (s,
12H), 1.75 (t, 1 H, J� 11 Hz, NeuAc H-3ax); 13C NMR (100 MHz, D2O):
d� 130.75, 115.64, 100.35, 100.27, 100.23, 100.00, 97.44, 82.81, 79.52, 75.88,
75.59, 72.95, 72.63, 72.34, 72.23, 72.01, 70.35, 69.93, 69.63, 69.34, 69.24, 67.94,
67.70, 67.68, 67.42, 67.37, 67.26, 67.21, 67.16, 66.98, 66.91, 66.85, 66.69, 65.80,
65.54, 64.92, 64.61, 60.03, 58.49, 58.42, 57.85, 57.49, 57.29, 55.57, 54.32, 52.61,
52.45, 49.13, 35.16, 29.33, 19.62, 19.59; ESI-MS (neg) calcd for C56H91N4O39

[MÿH]ÿ 1443.5, found 1443.6.

Compound 1

Method A : Compound 20 (7.4 mg, 5.2 mmol) and GDP-fucose (10.0 mg,
16.9 mmol) were dissolved in 100 mm 4-morpholine ethanesulfonic acid

Figure 3. COSY spectrum of compound 1 and partial assignment.
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monohydrate (MES) buffer pH 6.0
(1.0 mL) containing 0.25 % Triton
X-100 and a freshly prepared MnCl2

solution (16.9 mmol). a1,3-Fucosyl-
transferase V (34.3 mU) and alkaline
phosphatase (156 mU) were added to
the reaction vial, and the solution
stirred gently at room temperature
for 5 d. After lyophilization, the reac-
tion mixture was dissolved in water
and purified on a column of Biogel
P-2, eluting with water. Product frac-
tions were combined and lyophilized,
to yield a di-fucosylated molecule.
This intermediate structure (7.4 mg,
�4.0 mmol) and GDP-fucose (2.6 mg,
4.4 mmol) were dissolved in 100 mm
MES buffer pH 6.0 (0.8 mL) contain-
ing 0.25 % Triton X-100 and a freshly
prepared MnCl2 solution (4.4 mmol).
a1,3-Fucosyltransferase VI (40.0 mU)
and alkaline phosphatase (120.0 mU)
were added to the reaction vial, and
the solution stirred gently at room
temperature for 5 d. After lyophiliza-
tion, the reaction mixture was dis-
solved in water and purified on a
column of Biogel P-2, eluting with
water. Product fractions were com-
bined and lyophilized. These were
further loaded onto a DEAE Sepha-
dex A-25 column, eluted first with
water, and then with 100 mm NH4HCO3. This material was purified an
additional step on Biogel P-2, eluting with water, to give sialyl-trimeric-
Lewis x 1 (3.0 mg, 30 %, two steps).

Method B : Compound 20 (5.0 mg, 3.5 mmol) and GDP-fucose (6.7 mg,
11.6 mmol) were dissolved in 100 mm MES buffer pH 6.0 (0.7 mL) contain-
ing 0.25 % Triton X-100 and a freshly prepared MnCl2 solution (11.6 mmol).
a1,3-Fucosyltransferase VI (35.0 mU) and alkaline phosphatase (105 mU)
were added to the reaction vial, and the solution stirred gently at room
temperature for 6 d. After lyophilization, the reaction mixture was
dissolved in water and loaded onto a column of Biogel P-2, eluting with
water. Fractions containing compound were further loaded onto a DEAE
Sephadex A-25 column, eluted first with water, and then with 100 mm
NH4HCO3. This material was purified an additional step on Biogel P-2,
eluting with water, to give sialyl-trimeric-Lewis x 1 (2.7 mg, 41 %). 1H NMR
(750 MHz, D2O) identifiable resonances: d� 5.91 ± 5.85 (m, 1 H, -CH2-
CH�CH2), 5.27 (dd, 2 H, J� 18, 2 Hz, -CH2-CH�CH2), 5.11 (2d, 2 H, J�
4 Hz, Fuc2, Fuc3 H-1), 5.08 (d, 1H, J� 4 Hz, Fuc1 H-1), 4.71 (2d, 2 H, J�
8 Hz, Glu2, Glu3 H-1), 4.58 (d, 1H, J� 8 Hz, Glu1 H-1), 4.51 (d, 1H, J�
8 Hz, Gal3 H-1), 4.44 (d, 1H, J� 8 Hz, Gal(1 or 2) H-1), 4.42 (d, 1H, J� 8 Hz,
Gal(1 or 2) H-1), 4.31 (dd, 1H, J� 13, 5 Hz, -CH2-CH�CH2) 2.73 (dd, 1H, J�
12, 4 Hz, NeuAc H-3eq), 2.02 (3H, s), 2.01 (s, 3H), 2.00 (s, 6H), 1.78 (t, 1H,
J� 12 Hz, NeuAc H-3ax), 1.14 (d, 3 H, J� 7 Hz, Fuc H-6), 1.12 (d, 6 H, J�
7 Hz, 2Fuc H-6); ESI-MS (neg) calcd for C74H121N4O51 [MÿH]ÿ 1882,
found 1882. See also the COSY spectrum (Figure 3) and HMQC spectrum
(Figure 4) for compound 1.
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