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Molecular recognition of mannose-6-phosphate (M6P)-modified oligosaccharides by transmembrane M6P re-
ceptors is a key signaling event in lysosomal protein trafficking in vivo. Access to M6P-containing high-mannose
N-glycans is essential to achieving a thorough understanding of the M6P ligand-receptor recognition process.
Herein we report the application of a versatile and reliable chemical strategy to prepare asymmetric di-an-
tennary M6P-tagged high-mannose oligosaccharides in > 20% overall yield and in high purity (> 98%).

Regioselective chemical glycosylation coupled with effective phosphorylation and product purification protocols
were applied to rapidly assemble these oligosaccharides. The development of this synthetic strategy simplifies
the preparation of M6P-tagged high-mannose oligosaccharides, which will improve access to these compounds
to study their structures and biological functions.

1. Introduction

a-Mannose 6-phosphate (M6P) residues appended to high-mannose
N-glycans are key targeting signals for the transport of newly synthe-
sized lysosomal glycoproteins by the M6P pathway [1]. After assembly
in the endoplasmic reticulum, newly synthesized lysosomal glycopro-
teins enter the cis-Golgi where their high-mannose oligosaccharide
chains are covalently modified by phosphorylation to contain one or
more terminal M6P residues. This phosphorylation involves UDP-
GlcNAc as a GlcNAc 1-phosphate donor to form a transient phospho-
diester linkage with O6 of a terminal aMan residue, followed by
phosphodiester hydrolysis to liberate free GlcNAc and the aM6P re-
sidue (Scheme 1) [1c]. The presence of M6P residues distinguishes ly-
sosomal glycoproteins from all other types of proteins in the Golgi and
enables their vesicular trafficking from the trans-Golgi to an acidified
prelysosomal compartment. Trafficking involves recognition between
the M6P-containing glycoprotein and two kinds of M6P receptors
(MPRs): a cation-dependent MPR (CD-MPR) and a cation-independent
MPR (CI-MPR) [2]. Selective recognition by these MPRs occurs at pH
6.5-6.7 in the trans-Golgi, from which clathrin-coated vesicles con-
taining the lysosomal glycoproteins bud and eventually fuse with the
more acidic (pH 6) endosome/lysosome compartments, into which the
glycoproteins are released [3].

Defects in the M6P-receptor recognition system cause lysosomal
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enzyme deficiencies that result in the intra-lysosomal accumulation of
non-degraded substrates, a characteristic symptom of lysosomal storage
diseases (LSDs). More than fifty inherited metabolic disorders, in-
cluding Gaucher disease, GM gangliosidoses, lysosomal acid lipase de-
ficiency and metachromatic leukodystrophy, are classified as LSDs,
with a relatively high cumulative incidence of ~1 in 8000 [4]. Enzyme
replacement therapy (ERT) that exploits the M6P-MPR pathway has
been used to treat inherited LSDs [5]. This strategy relies on in-
travenous injection of exogenous lysosomal enzymes containing M6P
modifications to facilitate their proper trafficking. However, treatment
of some LSDs with exogenous enzymes has proven ineffective for rea-
sons that remain unclear (e.g., renal impairment in Fabry disease)
[3,4,6,7]. Therefore, elucidating the mechanisms of the M6P signal
pathway at the molecular level remains imperative.

Efforts to treat LSDs have focused on the biological functions of
M6P-tagged oligosaccharides, whose structures display tremendous
diversity and informational storage capacity [8]. The location and va-
lency of M6P moieties in high-mannose N-glycans, and the higher-order
structural properties (e.g., conformation and dynamics) of the latter,
influence their binding affinities for MPRs [8c]. A major impediment to
these investigations has been the limited availability of structurally
defined and structurally diverse sets of phosphorylated high-mannose
oligosaccharides. The inherent structural heterogeneity of M6P-con-
taining oligosaccharides on glycoproteins (the M6P glycoproteome [1])
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Scheme 1. Enzymatic insertion of phosphate into aMan residues of Golgi glycoproteins destined for transport to lysosomes. Step a requires UDP-GIcNAc:glycoprotein
GlcNAc 1P phosphotransferase, which cleaves the phosphoanhydride bond in UDP-GIcNAc and transfers aGIlcNAc 1P to O-6 of a terminal aMan residue, releasing
UMP. Step b requires an aGlcNAc phosphodiesterase, which liberates GlcNAc and produces the O-6 phosphorylated aMan (aM6P) residue. Man residues in gly-
coproteins can apparently be mono- or bisphosphorylated in vivo and can be attached to the glycan chain by different types of O-glycosidic linkages, and glyco-

proteins may contain multiple aM6P residues.

make both their isolation from natural sources and their chemical
synthesis challenging [9]. Indeed, the extent of the chemical diversity
of the M6P glycoproteome is currently unknown due to difficulties in
separating mixtures of these modified proteins and in quantifying their
constituents [1,9e]. M6P-containing oligosaccharides have been pre-
pared previously using phosphorylated glycosyl bromides as donors
[10a-b], however this approach is hindered by poor reactivity. Recent
methods [10c-d] have employed strategically positioned protecting
groups during the synthesis and installation of the phosphate esters in
the final step of the assembly. In this report, we describe the chemical
synthesis of several phosphorylated high-mannose oligosaccharides and
their isolation in high purity, with the longer-range goal of expanding
the chemical space and availability of these compounds for use as M6P
glycoproteome standards and/or biochemical reagents in M6P glyco-
protein research. A consecutive regioselective glycosylation strategy
[10e] that reduces tedious and time-consuming protection-deprotec-
tion steps was applied to enable the rapid assembly of these modified
oligosaccharides. Two synthetic routes were developed to incorporate
phosphate groups at different locations to demonstrate the scope and
general applicability of the strategy to prepare structurally diverse
M6P-containing oligosaccharides.

2. Results and discussion

Three phosphorylated oligomannosides 1-3 were prepared (Scheme
2), which represent typical substructures found in naturally occurring
M6P-containing high-mannose oligosaccharides (M6P-HMOs). Since
1-3 are asymmetrically monophosphorylated on either the 3- or 6-

HO
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branches of residue M;, different synthetic routes incorporating dif-
ferent protection/deprotection strategies were developed to enable
their synthesis.

Syntheses of 1-3 initiate from building-block mannosyl donors and
acceptors. These reagents were prepared using established chemical
methods, including the mannose monosaccharide donors 8 and 11 [11],
the a-(1 — 2)-linked disaccharide donor 4 [12], and the partially pro-
tected triol acceptor 5 [13]. Both the TIPS-protected donor 8 and the
TBDMS-protected donor 11 were prepared to compare their properties
with respect to stability during glycosylation and lability towards de-
silylation.

In our previous assembly of high-mannose oligosaccharides [10e],
we demonstrated that chemical glycosylation between Schmidt tri-
chloroacetimidate donors and allyl 6-O-TBDPS-a-p-mannopyranoside
acceptors in the presence of a TMSOT( catalyst occurs exclusively and
regioselectively at O-3 in good yield. A similar strategy was applied in
this work, with glycosylations carried out between acceptor 5 and do-
nors 4 and 8 after activation with TMSOTf at —35°C to afford com-
pounds 6 and 9, respectively, in good yields (Scheme 3). The identities
of the newly formed linkages in 6 and 9 were confirmed from analyses
of 1D 'H and 2D 'H-'H COSY spectra. The anomeric configurations of
the a-(1 — 3)-glycosidic linkages in 6 and 9 were confirmed using the
chemical shifts of H5 in each residue, which is typically observed
downfield (> 3.6 ppm) in a-Man residues relative to that in B-Man
residues (~3.4ppm) [14]. For 6, two cross-peaks observed at
3.19 ppm/3.97 ppm and 2.53 ppm/4.00 ppm in the 2D 'H-'H gCOSY
spectrum (see Supplementary Data) indicated that 'H signals associated
with two free (non-glycosylated) hydroxyl hydrogens with chemical
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Scheme 2. Structures of the target M6P-HMOs 1-3. Mannose residues in 1-3 are labeled M;-Ms as shown.
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Scheme 3. Regioselective syntheses of acceptors 7 and 10.

shifts at 3.19 and 2.53 ppm correlated with 'H signals at 3.97 and
4.00 ppm, respectively. Inspection of the J-coupling patterns in the
latter signals (see Supplementary Data) led to their assignments to H2
and H4, respectively, since the former appears as a broadened signal
containing two small splittings (the H2 signal is split by small 3Jy 1o
and ®Jy, s values) and the latter appears as a pseudo-triplet (the H4
signal is split by large 3JH3,H4 and 3JH4,H5 values). These signal multi-
plicities differ from that expected for H3, which appears as a doublet of
doublets containing a small SJHZ,Hg and a large 3JH3,H4. These results
collectively confirmed that an a-(1 — 3)-glycosidic linkage was formed
during the glycosylation. For 9, the H2 signal is well resolved and
coupled to one of the hydroxyl hydrogens, but the H3 and H4 signals
overlapped with signals arising from two H6 hydrogens, preventing
their analysis. Thus, it was difficult to confirm the site of glycosylation
based on the NMR data obtained on 9. While removal of the 6-O-TBDPS
group in 9 allowed the H3 and H4 signals of 10 to be cleanly observed,
the hydroxyl hydrogen signals were unobservable, presumably due to
line-broadening caused by fast exchange with solvent. Consequently,
the linkage site in 10 was confirmed using the resolved H3 multiplet (a
doublet of doublets containing a small 3JH2,H3 and a large 3JH3’H4),
which was correlated in the 2D *H-'3C HSQC spectrum with the most
deshielded (glycosylated C3) carbon in the non-anomeric region of the
13C{'H} NMR spectrum of 10.

Compounds 6 and 9 were desilylated with tert-butyl ammonium
fluoride (TBAF) to give acceptors 7 and 10 in nearly quantitative yields
(Scheme 3). Interestingly, for the desilylation of 9, TBAF removed the
TBDPS group completely in ~1h without affecting the TIPS group
[15]; lack of reactivity of the latter might be attributed to its greater
steric bulk.

With acceptors 7 and 10 in hand, regioselective glycosylations were
performed to construct the frameworks of the target molecules (Scheme
4). Acceptor 7 was coupled to TBDMS-protected monosaccharide donor
11 and disaccharide donor 14, respectively, with activation afforded by
TMSOTS at — 35 °C, to give tetrasaccharide 12 and pentasaccharide 15.
Acceptor 10 was coupled to disaccharide donor 4 under the same
conditions to obtain tetrasaccharide 17. The TBDMS protection groups
in 12 and 15, and the TIPS protection group in 17, were stable under
the conditions used for glycosylation. Following chromatographic
purification of 12, its a-(1 — 6) linkage was confirmed by 1D 'H NMR;
two free hydroxyl hydrogen signals were observed as doublets split by
H2 and H4, and the 2D 'H-'H COSY spectrum confirmed these as-
signments (see Supplementary Data). Compounds 15 and 17 were
purified after peracetylation to give 16 and 18, respectively; acetylation
reduced the polarity of impurities (presumably unreacted acceptors
and/or hydrolyzed donors) and greatly facilitated purification by silica-
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gel column chromatography. The constituent a-(1 — 6) linkages in 13,
16 and 18 were confirmed by *C{'H} NMR (see Supplementary Data).
For tetrasaccharides 13 and 18, only three carbon signals at ~62 ppm
were observed, indicating that one of the four C6 carbons in the tet-
rasaccharide was glycosylated (glycosylation shifts the C6 signal
downfield to 66-68 ppm). Similarly, only four carbon signals were
observed at ~62 ppm for pentasaccharide 16, indicating that one of the
five C6 carbons was glycosylated.

Compounds 13, 16, and 18 were then subjected to desilylation.
Normally, TBAF in THF and acetic acid solvents effectively removes the
silyl groups based on the hard-hard interaction of fluoride anion with
silicon [14]. This treatment, however, gave no detectable desilylation
product as determined by TLC assay after overnight incubation at room
temperature with stirring. After incubation for two days, TLC assay
showed that ~60% of the starting material 13 was desilylated. The
product was then phosphorylated using dibenzyl N,N-diisopropylpho-
sphoramidite, followed by oxidation of the intermediate phosphite with
mCPBA and deprotection to give mannose phosphate 21, whose struc-
ture was characterized by NMR. NMR analysis showed, however, that
21 had the phosphate group attached to O4, giving a M4P derivative
instead of the desired M6P derivative (Scheme 5). The **C{'H} NMR
spectrum of 21 contained three C6 signals, all singlets, at ~62 ppm and
one doublet at 71.7 ppm. If the M6P derivative had been produced, O6
phosphorylation would have shifted the C6 signal downfield by
~3ppm and the signal would have appeared as a doublet caused by
chs,p (~-2.5Hz) [16]; the remaining two C6 signals would appear as
singlets at ~62 ppm. Subsequent NMR analysis of the protected inter-
mediate 20 (Scheme 5) found a broadened H4 signal at 3.83 ppm and a
correlation between an hydroxyl hydrogen signal at 2.70 ppm and the
H4 signal (see Supplementary Data), indicating that the solution con-
ditions for TBAF-mediated desilylation encouraged acetyl group mi-
gration from O4 to 06 (19 — 20 in Scheme 5), thus explaining the
formation of 21.

In an effort to minimize or eliminate acetyl group transfer during
desilylation, BF3-OEt, was examined as an alternate reagent to remove
the TBDMS group in 13 [8a]. Tetrasaccharide 13 was dissolved in
CH,Cl, at —10 °C, BF3OEt, was added dropwise to the solution, and
the solution was stirred for 2.5h while it was warmed to room tem-
perature (Scheme 6). The solution was then concentrated, and inter-
mediate 19 was purified and subsequently phosphorylated to give tet-
rasaccharide 22 (Scheme 6). **C{*H} NMR analysis of 22 showed that
phosphorylation had occurred at O6H, since only two C6 signals at
~62 ppm and one doublet at 66.0 ppm were observed in the spectrum
(see Supplementary Data). NMR (2D 'H-'H COSY) analysis of the in-
termediate 19 revealed a pair of broadened H6 signals at 3.68 and
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Scheme 4. Synthetic routes to prepare oligosaccharides 13, 16 and 18.

3.61 ppm and correlations between the hydroxyl hydrogen signal at
2.41 ppm and these H6 signals (see Supplementary Data). This desily-

lation approach proved more efficient than that using

TBDMS and TIPS groups completely removed in 2.5h. Compounds 16
and 18 were desilylated in the same manner using BF3OEt, and
phosphorylated to give precursors 24 and 26, respectively (Scheme 6).
Compounds 22, 24 and 26 were each dissolved in methanol, de-
benzylated in an H, atmosphere using a palladium hydroxide on carbon

TBAF, with both

(Pd(OH),/C, 20% wt-%) catalyst, and deacetylated with sodium
methoxide. Care was taken during deacetylation to add sufficient so-
dium methoxide to convert protonated phosphoric acid groups into
their corresponding disodium phosphate salts. This conversion, how-
ever, significantly decreased product solubility in methanol, causing
white precipitates to form. To avoid product loss, the precipitates were
brought back into solution with the addition of a small volume of water,
and the reaction mixture was stirred for another 2 h. The solution was
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Scheme 5. Desilylation of 13 with TBAF, and subsequent phosphorylation to give the unexpected phosphorylated tetrasaccharide 27.
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Scheme 7. Deprotection of tetrasaccharide 21 to give phosphorylated tetrasaccharide 27.

then concentrated, the residue was applied to a DEAE-Sephadex A-25
anion-exchange column (3 X 55cm), and the column was eluted with
aqueous NaHCOj3 (linear 0-0.8 M gradient; 3L total volume; 20 mL
fractions; 1.5 mL/min flow rate). Fractions containing organic phos-
phates, as determined by HPLC (Phenomenex organic acid column in
H™* form), were pooled and concentrated, and the resulting solutions
were desalted by passage through Sephadex LH-20 columns
(2.5 x 80 cm; water solvent) to give oligosaccharides 1-3 in purities
exceeding 98% (Scheme 6). Tetrasaccharide 21 was deprotected in the
same manner as 22, 24 and 26 to afford phosphorylated tetrasaccharide
27 after purification (Scheme 7).

A reliable chemical approach has been developed to prepare
asymmetric di-antennary M6P-tagged high-mannose oligosaccharides
in > 20% overall yield and with the single M6P residue residing in
either a (1 — 3)- or (1 — 6) branch of the oligosaccharide. Introducing
more than one M6P residue is feasible by incorporating silylated pro-
tecting groups in both arms; an example of this application is shown in
the Table of Contents (TOC) graphic. Regioselective chemical glycosy-
lations with partially protected acceptors to introduce (1 — 3)- and
(1 — 6)-linkages promoted rapid oligosaccharide assembly by reducing
the number of protection—deprotection steps, thereby improving overall
efficiency and yield. Purification procedures were developed to provide
phosphorylated oligosaccharides in purities exceeding 98%. The overall
synthetic strategy developed in this work simplifies the preparation of
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M6P-tagged high-mannose oligosaccharides and improve access to
these compounds to study their structures and biological functions.

3. Experimental section
3.1. General methods

All chemicals were purchased as anhydrous reagent grade and were
used without further purification. All reactions were performed under
anhydrous conditions unless otherwise noted. Reactions were mon-
itored by thin-layer chromatography (TLC) on silica gel precoated
aluminum plates. Zones were detected by heat/charring with a p-ani-
saldehyde-sulfuric acid visualization reagent [10e]. Flash column
chromatography on silica gel (preparative scale) was performed on a
Reveleris® X2 flash chromatography system. lH, 3c{'H} and 3'P{'H}
NMR spectra were recorded at 22 °C on Bruker Avance III HD 500-MHz
or Varian DirectDrive 600-MHz FT-NMR spectrometers. Chemical shifts
are reported in §-units (ppm) relative to the 'H signal of residual CHCl;
at § 7.26 ppm and the 13C signal at § 77.16 ppm. Chemical shifts for 3P
NMR are relative to external 85% H3PO, solution. Abbreviations for
NMR signal multiplicities are: s = singlet; dd = doublet of doublets;
d = doublet; dt = doublet of triplets; t = triplet; td = triplet of doub-
lets; q = quartet; m = multiplet. Two-dimensional NMR spectra
(gCOSY and gHSQC) were recorded on the same instruments using
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Bruker or Varian processing software. Mass spectrometric analyses were
performed on a Bruker microTOF-Q II quadrupole time-of-flight (QTOF)
mass spectrometer with an ESI source.

3.2. Experimental data

3.2.1. Bengyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-(1 — 2)-3,4,6-
tri-O-acetyl-a-p-mannopyranosyl-(1 — 3)-6-O-(tert-butyldiphenylsilyl)-a-p-
mannopyranoside 6

Donor 4 (2.02g, 2.26 mmol) and acceptor 5 (1.72 g, 3.39 mmol)
were dissolved in anhydrous CH»Cl, (200 mL), and 4 A molecular sieves
(4 g) were added to the solution. The solution was cooled to — 35 °C and
was treated with TMSOTf (82 pL, 0.45 mmol) under N,. The reaction
mixture was stirred for 2h and then quenched with the addition of
triethylamine (0.2mL). The mixture was vacuum-filtered through
Celite’, and the filtrate was concentrated to a syrup. The syrup was
purified by flash chromatography on an 80-g silica gel column (eluent:
hexanes/ethyl acetate = 1:2) to afford compound 6 (1.98 g, 1.76 mmol,
78%). 'H NMR (600 MHz, CDCl3) 8 7.68 (m, 4H), 7.44-7.35 (m, 7H),
7.33-7.27 (m, 4H), 5.38 (dd, J = 10.0, 3.4 Hz, 1H), 5.31 (m, 2H), 5.25
(m, 3H), 4.94 (d, J = 1.9Hz, 1H), 4.84 (d, J = 1.8 Hz, 1H), 4.63 (d,
J =11.9Hz, 1H), 4.42 (d, J = 11.9 Hz, 1H), 4.21 (dd, J = 12.2, 4.5 Hz,
1H), 4.18-4.06 (m, 4H), 4.00 (m, 1H), 3.97 (t, J = 9.4Hz, 1H),
3.94-3.90 (m, 2H), 3.89 (dd, J = 10.7, 5.1 Hz, 1H), 3.70 (m, 1H), 3.19
(br, 1H), 2.53 (br, 1H), 2.13 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 2.01 (s,
3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H), 1.04 (s, 9H). *C{'H} NMR
(126 MHz, CDCls) § 170.1, 171.0, 170.8, 170.1, 170.0, 169.8, 169.7,
137.1, 135.8 ( X 5), 133.2, 133.1, 130.1( X 2), 128.8 ( X 2), 128.6
(x2),128.3, 128.0 ( x 4), 100.1, 99.0, 98.7, 81.1, 76.5, 72.0, 70.5,
69.9, 69.3, 69.2 ( X 3), 68.8, 68.6, 66.8, 66.6, 65.1, 62.8, 62.7, 60.9,
27.1 ( X 3), 21.2, 20.9, 20.8 ( X 4), 20.6. HRESIMS: (m/z) calcd for
CssH70023SiNa™ (M + Na)™ 1149.3975; found 1149.3984.

3.2.2. Benzyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-(1 — 2)-3,4,6-
tri-O-acetyl-a-p-mannopyranosyl-(1 — 3)-a-p-mannopyranoside 7

Compound 6 (1.53 g, 1.36 mmol) was dissolved in THF (30 mL), and
AcOH (0.23mL, 4.08 mmol) and TBAF (2.72mL, 2.72mmol) were
added to the solution. The reaction mixture was stirred at rt for 2h,
then concentrated to a syrup. The syrup was purified by flash chro-
matography on a 40-g silica gel column (eluent: ethyl acetate) to afford
compound 7 (1.18 g, 1.33 mmol, 98%). H NMR (600 MHz, CDCl;) &
7.36-7.25 (m, 5H), 5.38 (dd, J = 10.0, 3.3 Hz, 1H), 5.36 (dd, J = 10.0,
3.2Hz, 1H), 5.34 (d, J = 2.2Hz, 1H), 5.28-5.21 (m, 3H), 4.96 (d,
J =1.9Hz, 1H), 4.90 (d, J = 1.8 Hz, 1H), 4.66 (d, J = 11.9 Hz, 1H),
4.47 (d, J = 11.9 Hz, 1H), 4.24-4.12 (m, 9H), 4.00 (m, 1H), 3.94-3.88
(m, 2H), 3.84-3.78 (m, 2H), 3.74 (d, J = 4.6 Hz, 1H), 3.61 (m, 1H),
3.04 (m, 1H), 2.13 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 2.00
(s, 3H), 1.99 (s, 3H), 1.98 (s, 3H). 3C{'H} NMR (126 MHz, CDCl;) §
171.6, 171.2 ( x 2), 170.1, 170.0, 169.8, 169.7, 137.0, 128.7 ( x 2),
128.5 ( x 2), 128.4, 100.3, 99.3, 99.0, 80.5, 76.8, 72.5, 70.9, 70.6,
70.0, 69.6, 69.3, 69.2, 68.6, 66.8, 66.7, 66.1, 62.9, 61.7, 21.1, 21.0,
20.9 ( X 4), 20.8. HRESIMS: (m/z) caled for C3oHs5053Na* (M + Na)*
911.2797; found 911.2782.

3.2.3. Benzyl 2,3,4-tri-O-acetyl-6-O-(tri-isopropylsilyl)-a-p-mannopyranosyl-
(1 — 3)-a-p-mannopyranoside 10

Donor 8 (1.0 g, 1.65 mmol) and acceptor 5 (1.26 g, 2.47 mmol) were
dissolved in anhydrous CH,Cl, (100mL), and 4 A molecular sieves
(2.5 g) were added to the solution. The solution was cooled to —35°C
and was treated with TMSOTf (60 pL, 0.33 mmol) under N,. The reac-
tion mixture was stirred for 2 h and then quenched with the addition of
triethylamine (0.2mL). The mixture was vacuum-filtered through
Celite’, and the filtrate was concentrated to a syrup. The syrup was
purified by flash chromatography on a 40-g silica gel column (eluent:
hexanes/ethyl acetate = 1.5:1) to afford compound 9 (1.08¢g,
1.13 mmol, 69%). 'H NMR (500 MHz, CDCl;) § 7.73 (tt, J = 6.1, 1.6 Hz,
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4H), 7.42-7.37 (m, 7H), 7.32-7.27 (m, 4H), 5.40 (dd, J = 9.8, 3.5 Hz,
1H), 5.33 (dd, J = 3.5, 1.8 Hz, 1H), 5.14 (t, J = 10.1 Hz, 1H), 5.11 (d,
J =1.9Hz, 1H), 4.82 (d, J = 1.7 Hz, 1H), 4.70 (d, J = 11.9 Hz, 1H),
4.47 (d,J = 11.9Hz, 1H), 4.25 (dd, J = 9.8, 7.4, 2.1 Hz, 1H), 4.18 (dd,
J=6.1,3.2,1.7 Hz, 1H), 4.01 (dd, J = 10.9, 3.7 Hz, 1H), 3.96-3.90 (m,
3H), 3.80-3.76 (m, 2H), 3.72 (dd, J = 10.8, 2.0Hz, 1H), 3.17 (d,
J =6.1Hz, 1H), 2.89 (d, J = 2.6 Hz, 1H), 2.11 (s, 3H), 2.02 (s, 3H),
1.98 (s, 3H), 1.09 (s, 9H), 1.04 (t, J = 6.5Hz, 18H). *C{'H} NMR
(126 MHz, CDCl3) § 170.1 ( x 2), 170.0, 137.2, 135.8, 135.7, 133.4,
133.3,129.8 ( x 2), 128.4,128.1, 127.8 ( x 3), 98.9, 98.6, 81.7, 72.4,
72.1, 69.9, 69.5, 69.3, 68.6, 67.3, 66.9, 64.7, 63.3, 26.9, 20.9, 20.8
(% 2),19.3,17.9, 11.9. Compound 9 (860 mg, 0.9 mmol) was dissolved
in THF (50 mL), and AcOH (0.16 mL, 3 mmol) and TBAF (1 mL, 1 mmol)
were added to the solution. The reaction mixture was stirred at rt for
2h, then concentrated to a syrup. The syrup was purified on a 24-g
silica gel column (eluent: ethyl acetate) to afford compound 10
(630 mg, 0.88 mmol, 98%). 'H NMR (500 MHz, CDCl5) 6 7.34-7.28 (m,
5H), 5.38 (dd, J = 9.9, 3.4 Hz, 1H), 5.33 (dd, J = 3.4, 1.8 Hz, 1H), 5.17
(t,J = 10.1 Hz, 1H), 5.13 (d, J = 1.8 Hz, 1H), 4.85 (d, J = 1.8 Hz, 1H),
4,70 (d, J = 12.0Hz, 1H), 4.49 (d, J = 12.0 Hz, 1H), 4.23 (dd, J = 9.8,
7.1, 2.2Hz, 1H), 4.17 (s, 1H), 4.11 (m, 1H), 3.94 (m, 2H), 3.87 (dt,
J =11.8, 6.4Hz, 2H), 3.76 (dd, J = 10.9, 7.0 Hz, 1H), 3.72-3.67 (m,
2H), 3.43 (d, J = 3.6 Hz, 1H), 2.78 (s, 1H), 2.11 (s, 3H), 2.02 (s, 3H),
1.99 (s, 3H), 1.02 (t, J = 6.5 Hz, 18H). *C{’"H} NMR (126 MHz, CDCl;)
§ 170.6, 170.4, 170.0, 137.2, 128.5, 128.1, 128.0, 99.5, 98.8, 81.4,
72.3, 72.2, 70.0, 69.9, 69.6, 69.2, 66.7, 66.1, 63.3, 62.3, 21.0, 20.9
(x2), 18.0, 12.0. HRESIMS: (m/z) caled for CsoHs5053Na™
(M + Na)* 911.2797; found 911.2782.

3.2.4. Benzyl 2,3,4-tri-O-acetyl-6-O-(tert-butyldimethylsilyD)-a-p-
mannopyranosyl-(1 — 6)-[2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-
(1 — 2)-3,4,6-tri-O-acetyl-a-p-mannopyranosyl-(1 — 3)]-b-
mannopyranoside 12

Donor 11 (180 mg, 0.32 mmol) and acceptor 7 (260 mg, 0.29 mmol)
were dissolved in anhydrous CH,Cl, (100 mL), and 4 A molecular sieves
(1 g) were added to the solution. The solution was cooled to — 35 °C and
treated with TMSOTf (10 uL, 0.058 mmol) under N,. The reaction
mixture was stirred for 2h and then quenched with the addition of
triethylamine (50pL). The mixture was vacuum-filtered through
Celite’, and the filtrate was concentrated to a syrup. The syrup was
purified on a 24-g silica gel column (eluent: ethyl acetate) to afford
compound 12 (243 mg, 0.18 mmol, 65%). H NMR (600 MHz, CDCl;) §
7.36-7.28 (m, 5H), 5.39 (dd, J = 9.8, 3.4 Hz, 1H), 5.38 (dd, J = 9.5,
3.4Hz, 1H), 5.31 (t, J=10.1Hz, 1H), 5.29 (t, J = 10.1Hz, 1H),
5.26-5.20 (m, 5H), 5.00 (d, J = 1.8 Hz, 1H), 4.94 (d, J = 1.8 Hz, 1H),
485 (d, J=1.8Hz, 1H), 4.68 (d, J=12.0Hz, 1H), 4.50 (d,
J = 12.0Hz, 1H), 4.23 (dd, J = 9.7, 5.5, 2.6 Hz, 1H), 4.21-4.10 (m,
7H), 4.07 (m, 1H), 3.95-3.92 (m, 2H), 3.91-3.87 (m, 2H), 3.78-3.70
(m, 4H), 2.88 (d, 1H), 2.54 (d, 1H), 2.13 (s, 3H), 2.11 (s, 3H), 2.07 (s,
3H), 2.04 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H), 1.99 (s, 3H),
1.98 (s, 3H), 1.97 (s, 3H), 0.90 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H).
13¢{'H} NMR (126 MHz, CDCls) § 171.3, 171.0, 170.6, 170.5, 170.3,
170.1 ( X 2), 169.9, 169.8 ( X 2), 136.9, 128.7 ( X 2), 128.6 ( X 2),
128.3,100.3,98.9 ( x 2),97.5, 81.4, 76.3, 72.0, 71.5, 70.5, 70.4, 70.3,
69.9, 69.5, 69.4, 69.3, 69.2, 68.5, 67.0, 66.8, 66.4, 63.2, 62.8, 62.4,
26.1 (% 3),21.1(x 3),21.0( x 4),20.9( x 2),20.8,18.5,1.2, —5.1,
—5.2. HRESIMS: (m/z) caled for CsyHg,O5;SiNa® (M + Na)*
1313.4502; found 1313.4511.

3.2.5. Benzyl 2,3,4-tri-O-acetyl-6-0O-(tert-butyldimethylsilyl)-a-p-
mannopyranosyl-(1 — 6)-[2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-
(1 — 2)-3,4,6-tri-O-acetyl-a-p-mannopyranosyl-(1 — 3)]-2,4-di-O-
acetyl-a-p-mannopyranoside 13

Compound 12 was dissolved in dry pyridine (20 mL), and 4-(di-
methylamino)pyridine (DMAP, catalytic amt.) and Ac,O (0.1 mL) were
added with stirring for 1 hat rt. After concentrating the solution, the
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residue was partitioned between EtOAc and water, and the organic
layer was washed with sat. aq. NaHCO3 and brine, dried over anhy-
drous Na,SO4, and concentrated in vacuo. The residue was purified by
flash chromatography on a 24-g silica gel column (eluent: hexanes/
ethyl acetate = 1:2) to afford compound 13 (250 mg, 0.18 mmol, 98%).
'H NMR (600 MHz, CDCl;) § 7.37-7.28 (m, 5H), 5.36 (dd, J = 10.0,
3.4Hz, 1H), 5.34 (dd, J = 10.1, 3.4Hz, 1H), 5.29 (t, J = 9.9 Hz, 1H),
5.28 (t, J = 9.9 Hz, 1H), 5.24-5.16 (m, 5H), 5.12 (d, J = 2.0 Hz, 1H),
5.11 (dd, J = 10.0, 3.1 Hz, 1H), 4.86 (d, J = 1.7 Hz, 1H), 4.79 (m, 2H),
4.69 (d, J = 11.6Hz, 1H), 4.52 (d, J = 11.6 Hz, 1H), 4.20-4.10 (m,
5H), 4.07 (dd, J = 12.3, 2.1 Hz, 1H), 3.98 (dd, J = 10.0, 4.8, 2.1 Hz,
1H), 3.89-3.84 (m, 3H), 3.79 (dd, J = 10.6, 6.5Hz, 1H), 3.70 (dd,
J=11.5, 5.1Hz, 1H), 3.67 (dd, J = 11.5, 2.6 Hz, 1H), 3.54 (dd,
J =10.6, 2.8 Hz, 1H), 2.16 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H), 2.10 (s,
3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H),
1.98 (s, 3H), 1.97 (s, 3H), 1.95 (s, 3H), 0.89 (s, 9H), 0.05 (s, 3H), 0.04
(s, 3H). "*C{'H} NMR (126 MHz, CDCl5) § 171.1, 170.6 ( x 2), 170.4,
170.3, 170.0 ( x 4), 169.8, 169.7, 169.6, 136.4, 128.8 ( x 2), 128.7
(x2), 128.5, 99.9 ( x 2), 97.3, 96.2, 78.5, 74.9, 71.6, 71.0, 69.8
(x 3),69.7 ( X 2),69.5, 68.9, 68.5, 66.8, 66.6, 66.4, 65.8, 62.8, 62.5,
62.3, 60.6, 26.0 (x3), 21.1 (x3), 21.0 (X 2), 20.9 (X 4),
20.8( x 3), —5.1, —5.2. HRESIMS: (m/z) calcd for Cg;HggO335SiNa™
(M + Na)* 1397.4718; found 1397.4718.

3.2.6. Benzyl 2,3,4-tri-O-acetyl-6-O-(tert-butyldimethylsilyl)-a-p-
mannopyranosyl-(1 — 6)-2,3,4-tri-O-acetyl-a-p-mannopyranosyl-
(1 — 6)-[2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-(1 — 2)-3,4,6-
tri-O-acetyl-a-p-mannopyranosyl-(1 — 3)]-2,4-di-O-acetyl-a-p-
mannopyranoside 16

Donor 14 (190 mg, 0.22 mmol) and acceptor 7 (300 mg, 0.33 mmol)
were dissolved in anhydrous CH,Cl, (50 mL), and 4 A molecular sieves
(400 mg) were added to the solution. The solution was cooled to
—35°C and treated with TMSOTf (4 pL, 0.022 mmol) under N,. The
reaction mixture was stirred for 2 h and then quenched with the addi-
tion of triethylamine (20 puL). The mixture was vacuum-filtered through
Celite’, and the filtrate was concentrated to a syrup. The afforded crude
product 15 was dissolved in dry pyridine (20 mL), and 4-(dimethyla-
mino)pyridine (DMAP, catalytic amt.) and Ac,0O (0.1 mL) were added
with stirring for 1 hat rt. After concentrating the solution, the residue
was partitioned between EtOAc and water, and the organic layer was
washed with sat. aq. NaHCO3 and brine, dried over anhydrous Na,SOy,,
and concentrated in vacuo. The residue was purified by flash chroma-
tography on a 40-g silica gel column (eluent: hexanes/ethyl
acetate = 1:3) to afford compound 16 (240 mg, 0.14 mmol, 66%). 3
NMR (500 MHz, CDCl3) & 7.34-7.29 (m, 5H), 5.34-5.21 (m, 11H),
5.12-5.09 (m, 2H), 4.89 (d, J = 1.7 Hz, 1H), 4.81 (d, J = 1.7 Hz, 2H),
4.79 (d, J=19Hz, 1H), 470 (d, J=11.6Hz, 1H), 4.53 (d,
J =11.6 Hz, 1H), 4.18-4.05 (m, 7H), 3.99 (ddt, J = 9.4, 4.7, 2.3 Hz,
2H), 3.87 (dt, J = 3.9, 1.9Hz, 2H), 3.79 (dd, J = 11.0, 5.3 Hz, 3H),
3.68 (m, 2H), 3.50 (dd, J = 10.8, 8.2, 2.7 Hz, 2H), 2.18-1.94 (15s,
15 x 3H), 0.89 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H). >C{'H} NMR
(126 MHz, CDCl3) § 170.9, 170.6, 170.5, 170.3 ( x 2), 170.1, 169.9
(x2),169.8 ( x 4), 169.7, 169.6, 169.5, 136.4, 128.7, 128.5, 128.4,
99.8, 99.7, 97.6, 97.5, 96.4, 78.4, 74.9, 71.5, 70.9, 69.7 ( X 3), 69.6,
69.5 ( X 2), 69.4, 69.2, 68.6, 68.4, 66.8, 66.4, 66.3, 66.3, 66.2, 65.7,
62.8, 62.3, 62.2, 25.9, 20.9-20.6, —5.2, —5.3. HRESIMS: (m/z) calcd
for C73H;0204:SiNa™ (M + Na)* 1685.5564; found 1685.5558.

3.2.7. Benzyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-(1 — 6)-2,3,4-
tri-O-acety-a-p-mannopyranosyl-(1 — 6)-[2,3,4-tri-O-acetyl-6-O-(tri-
isopropylsilyl)-a-p-mannopyranosyl-(1 — 3)]-2,4-di-O-acetyl-a-p-
mannopyranoside 18

Donor 4 (240 mg, 0.31 mmol) and acceptor 10 (200 mg, 0.28 mmol)
were dissolved in anhydrous CH,Cl, (50 mL), and 4 A molecular sieves
(400 mg) were added to the solution. The solution was cooled to
—35°C and treated with TMSOTf (5 pL, 0.028 mmol) under N,. The
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reaction mixture was stirred for 2h and then quenched with the addi-
tion of triethylamine (20 pL). The mixture was vacuum-filtered through
Celite®, and the filtrate was concentrated in vacuo to a syrup. The af-
forded crude product 17 was dissolved in dry pyridine (20 mL), and 4-
(dimethylamino)pyridine (DMAP, catalytic amt.) and Ac,O (0.1 mL)
were added with stirring for 1 h at rt. After concentrating the solution,
the residue was partitioned between EtOAc and water, and the organic
layer was washed with sat. aq. NaHCO3; and brine, dried over anhy-
drous Na,SO4, and concentrated in vacuo. The residue was purified by
flash chromatography on a 40-g silica gel column (eluent: hexanes/
ethyl acetate = 1:2) to afford compound 18 (250 mg, 0.18 mmol, 63%).
H NMR (600 MHz, CDCl3) 8§ 7.37-7.28 (m, 5H), 5.40 (t, J = 9.9 Hz,
1H), 5.39 (dd, J=10.0, 3.6Hz, 1H), 5.34 (t, J=9.9Hz, 1H),
5.30-5.24 (m, 4H), 5.19 (dd, J = 10.1, 3.3 Hz, 1H), 5.16 (t, J = 9.9 Hz,
1H), 4.98-4.94 (m, 3H), 4.90 (d, J = 1.8 Hz, 1H), 4.83 (d, J = 1.5 Hz,
1H), 4.70 (d, J = 11.9Hz, 1H), 4.52 (d, J = 11.9 Hz, 1H), 4.24-4.10
(m, 6H), 4.08-4.04 (m, 2H), 3.89 (dd, J = 9.8, 6.9, 3.6 Hz, 1H), 3.86
(dd, J = 9.9, 3.2, 2.9 Hz, 1H), 3.78-3.74 (m, 3H), 3.46 (dd, J = 10.6,
2.6 Hz, 1H), 2.17 (s, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H), 2.07
(2s, 6H), 2.05 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H), 2.00 (2s, 6H), 1.97 (s,
3H), 1.02 (t, J = 6.5Hz, 18H). *C{’H} NMR (126 MHz, CDCl;) §
171.1, 170.7, 170.5, 170.4 ( x 3), 170.1 ( x 2), 170.0, 169.7 ( x 3),
136.6, 128.7 ( x 2), 128.3 ( x 3), 99.9, 98.9, 98.1, 96.5, 77.3, 74.3,
72.3,71.1, 71.0, 70.5, 70.4, 70.0, 69.4 ( X 3), 68.9 ( X 2), 68.8, 68.6,
67.3, 66.5, 66.1, 62.7, 62.3 ( X 2), 60.6, 21.3 ( x 3), 21.1 ( x 2), 21.0
(x3), 209 (x4), 181, 12.2. HRESIMS: (m/z) caled for
Ce4Ho2033SiNa* (M + Na)* 1439.5188; found 1439.5210.

3.2.8. Benzyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-(1 — 2)-3,4,6-
tri-O-acetyl-a-p-mannopyranosyl-(1 — 3)-[2,3,6-tri-O-acetyl-a-p-
mannopyranosyl-(1 — 6)]-2,4-di-O-acetyl-a-p-mannopyranoside 20

Compound 13 (290 mg, 0.21 mmol) was dissolved in THF (30 mL),
the solution was cooled to 0 °C, and AcOH (36 pL, 0.63 mmol) and TBAF
(0.42mL, 0.42 mmol) were added. The reaction mixture was stirred at
rt for 48 h, and then concentrated to a syrup. The syrup was purified by
flash chromatography on a 24-g silica gel column (eluent: ethyl acetate)
to afford compound 20 (170 mg, 0.14 mmol, 64%). 'H NMR (600 MHz,
CDCl3) 6 7.18-7.10 (m, 5H), 5.36 (dd, J = 10.0, 3.4 Hz, 1H), 5.32-5.20
(m, 7H), 5.12 (d, J = 1.9 Hz, 1H), 5.11 (dd, J = 9.7, 3.1 Hz, 1H), 4.88
(d, J = 1.9Hz, 1H), 4.82 (d, J = 1.9 Hz, 1H), 4.80 (d, J = 1.9 Hz, 1H),
4.68 (d, J=11.5Hz, 1H), 452 (d, J=11.5Hz, 1H), 4.51 (dd,
J =12.2, 4.8Hz, 1H), 4.32 (dd, J = 12.2, 2.2 Hz, 1H), 4.21-4.06 (m,
4H), 4.00 (dd, J = 10.0, 4.8, 2.2 Hz, 1H), 3.92-3.80 (m, 4H), 3.75 (dd,
J =10.8, 5.8 Hz, 1H), 3.48 (dd, J = 10.8, 2.6 Hz, 1H), 2.20-2.00 (12s,
12 x 3H). *c{'H} NMR (126 MHz, CDCl;) § 170.9, 170.6, 170.4,
170.4, 170.2, 170.0, 169.9, 169.8 ( x 2), 169.5, 169.4, 136.1, 128.8
(x2),128.7 ( x 2),128.7, 99.8 ( x 2), 97.7, 96.6, 78.4, 74.9, 71.7,
71.2, 70.9, 70.0, 69.8 ( X 2), 69.7, 68.7, 68.6, 66.6, 66.4, 65.8, 63.5,
62.8, 62.3, 21.1-20.9. HRESIMS: (m/z) caled for CssH;5033Na™
(M + Na)* 1283.3854; found 1283.3837.

3.2.9. Benzyl  2,3,4-tri-O-acetyl-a-p-mannopyranosyl-(1 — 6)-[2,3,4,6-
tetra-O-acetyl-a-p-mannopyranosyl-(1 — 2)-3,4,6-tri-O-acetyl-a-p-
mannopyranosyl-(1 — 3)]-2,4-di-O-acetyl-a-p-mannopyranoside 19
Compound 13 (200mg, 0.15mmol) was dissolved in CH,Cl,
(50 mL), and the solution was cooled to —10°C. BF3°Et,O (45pL,
0.36 mmol) was then added dropwise, and the reaction mixture was
stirred for 2.5h while it warmed to rt. The reaction mixture was then
concentrated in vacuo, and the residue was purified on a 24 g silica gel
column (eluent: hexanes/ethyl acetate = 1:5) to afford compound 19
(150 mg, 0.12 mmol, 79%). 'H NMR (600 MHz, CDCl3) § 7.38-7.30 (m,
5H), 5.40 (dd, J = 10.2, 3.4 Hz, 1H), 5.35 (dd, J = 10.0, 3.4 Hz, 1H),
5.30-5.20 (m, 7H), 5.12-5.10 (m, 2H), 4.87 (d, J = 1.7 Hz, 1H), 4.84
(d, J = 1.8 Hz, 1H), 4.80 (d, J = 1.9 Hz, 1H), 4.68 (d, J = 11.6 Hz, 1H),
453 (d, J = 11.6 Hz, 1H), 4.51 (dd, J = 12.2, 4.8 Hz, 1H), 4.20-4.06
(m, 5H), 4.07 (dd, J =12.3, 2.1 Hz, 1H), 3.98 (dd, J = 10.1, 4.7,
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2.1 Hz, 1H), 3.88-3.84 (m, 3H), 3.76 (dd, J = 10.8, 6.1 Hz, 1H), 3.68
(br, 1H), 3.61 (br, 1H), 3.48 (dd, J = 10.8, 2.8 Hz, 1H), 2.41 (br, 1H),
2.18-1.97 (12s, 12 x 3H). *C{'H} NMR (126 MHz, CDCl;) § 171.1
( x 2), 170.7 ( x 2), 170.5, 170.3, 170.1 ( x 2), 170.0 ( x 2), 169.9,
169.7, 169.6, 136.4, 128.9 ( x 2),128.7 ( x 2), 128.6, 99.9, 99.8, 97.9,
96.4, 78.2, 74.7, 70.8, 70.7, 69.6 ( X 3), 69.4, 69.3 ( X 3), 68.7, 68.6,
68.3, 66.9, 66.3, 66.2, 65.2, 62.6, 62.1, 61.3, 20.9-20.5. HRESIMS: (m/
z) caled for CssH;2033Na’ (M + Na)™ 1283.3854; found 1283.3823.

3.2.10. 6-O-phosphate-a-p-mannopyranosyl-(1 — 6)-[a-p-
mannopyranosyl-(1 — 2)-a-p-mannopyranosyl-(1 — 3)]-a/B-p-
mannopyranose 1

To a solution of compound 19 (130 mg, 0.1 mmol) in anhydrous
CH,Cl, (30 mL) was added 4 A molecular sieves (300 mg) and 1H-tet-
razole (0.7 mL, 0.45 M in CH3CN, 0.31 mmol). After stirring for 2 h at rt,
dibenzyl N,N-diisopropyl-phosphoramidite (70puL, 0.21 mmol) was
added to the solution under N,, and the reaction mixture was stirred
overnight. mCPBA (55 mg, 0.31 mmol) was then added, and the mixture
was stirred at rt for 1 h. The reaction was quenched with the addition of
triethylamine (0.5 mL), vacuum-filtered through Celite®, and the filtrate
was concentrated in vacuo to a syrup. The syrup was purified by flash
chromatography on a 24-g silica gel column (eluent: hexanes/ethyl
acetate = 1:5) to afford compound 22 (140 mg, 0.092 mmol, 92%). 'H
NMR (500 MHz, CDCl3) § 7.34-7.30 (m, 15H), 5.37-5.21 (m, 9H), 5.11
(m, 2H) 5.05-5.03 (m, 4H), 4.85 (d, J=1.7Hz, 1H), 4.79 (4,
J = 2.0Hz, 1H), 4.78 (d, J = 1.8 Hz, 1H), 4.65 (dd, J = 81.9, 11.6 Hz,
2H), 4.19-4.04 (m, 9H), 3.98 (dd, J = 10.1, 4.8, 2.2 Hz, 1H), 3.88 (dd,
J=3.1, 2.0Hz, 1H), 3.82 (dd, J = 10.2, 5.8, 2.7 Hz, 1H), 3.75 (dd,
J =10.7, 5.8 Hz, 1H), 3.45 (dd, J = 10.7, 2.8 Hz, 1H), 2.13-1.95 (12s,
12 x 3H). *C{H} NMR (126 MHz, CDCl;) § 170.9, 170.5 ( x 2),
170.3, 170.0, 169.9, 169.8 ( x 2), 169.7 ( X 2), 169.5, 169.4, 136.3,
135.9, 135.8, 128.7, 128.6 ( x 2), 128.5, 128.4, 128.0, 127.9, 99.8,
99.7, 97.5, 96.3, 78.3, 74.8, 70.8, 69.7, 69.7 ( X 2), 69.6, 69.5 ( X 2),
69.4( x 4), 69.3, 69.1, 68.5, 68.4, 66.8, 66.3, 66.0, 65.9, 65.8, 65.6,
62.7, 62.2, 20.9-20.6. Compound 22 (140 mg, 0.092 mmol) was dis-
solved in anhydrous methanol (20 mL) and Pd(OH),/C (140 mg, 20%
wt-%) was added under H,. After stirring at rt for 2d, the Pd(OH),/C
catalyst was removed by filtration, and the solution was treated with
NaOMe (0.5M, 3mL). After stirring for 10 min, a white precipitate
formed. After additional stirring for 2 h, H,O was added until the pre-
cipitate dissolved. The reaction mixture was stirred for another 2 h, and
the solution was concentrated in vacuo to a syrup. The syrup was pur-
ified on a DEAE Sephadex A-25 column (3 X 55 cm) using a 3-L linear
gradient of aqueous NaHCOj3 solution (0-0.8 M). Fractions (20 mL)
were collected at a flow-rate of 1.5 mL/min, and fractions containing
organic phosphate were identified using HPLC. Fractions containing 1
were pooled and concentrated in vacuo to ~5mL, and the resulting
solution was applied to a Sephadex LH-20 gel-filtration column
(2.5 x 80 cm), which was eluted with distilled water at a flow rate of
1.5 mL/min. Fractions containing 1 were pooled and concentrated in
vacuo to give 1 (62 mg, 0.078 mmol, 85%) as a white solid. 1H NMR
(600 MHz, D,0) § 5.35 (d, J = 1.8 Hz, 1H), 5.13 (d, J = 1.8 Hz, 0.67H
(a-H)), 5.05 (d, J = 2.0 Hz, 1H), 4.90 (d, J = 1.8 Hz, 0.33H (3-H)), 4.89
(d, J = 2.0 Hz, 1H), 4.14-3.53 (m, 24H). *C{*H} NMR (126 MHz, D,0)
§ 102.3, 100.8, 100.7, 99.6, 99.6, 94.2, 93.8, 80.9, 78.6, 78.5, 74.1,
73.3, 73.2, 71.7, 71.6, 70.9, 70.8, 70.5, 70.5, 70.4, 70.1, 70.0, 69.9,
69.9, 67.0, 66.9, 66.7, 66.2, 65.8, 65.6, 65.5, 65.4, 64.0, 64.0, 61.0,
60.9. >'P{"H} NMR (202 MHz, D,0) § 0.72. HRESIMS: (m/2) calcd for
C24H4oNay024,P+ (M + H)™ 791.1599; found 791.1589.

3.2.11. 6-O-phosphate-a-p-mannopyranosyl-(1 — 6)-a-p-mannopyranosyl-
(1 — 6)-[a-p-mannopyranosyl-(1 — 2)-a-p-mannopyranosyl-(1 — 3)]-a/f3-
p-mannopyranose 2

Compound 16 (210mg, 0.13mmol) was dissolved in CH,Cl,
(50mL), and the solution was cooled to —10°C BF3Et,O (40 pL,
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0.32mmol) was then added dropwise, and the reaction mixture was
stirred for 2.5h as it warmed to room temperature. The mixture was
then concentrated in vacuo to a syrup, and the syrup was purified by
flash chromatography on a 24-g silica gel column (eluent: hexanes/
ethyl acetate = 1:5) to afford compound 23 (140 mg, 0.09 mmol, 71%).
To a solution of compound 23 (140 mg, 0.09 mmol) in anhydrous
CH,Cl, (30 mL) was added 4 A molecular sieves (200 mg) and 1H-tet-
razole (0.6 mL, 0.45 M in CH3CN, 0.27 mmol). After stirring for 2 h at rt,
dibenzyl N,N-diisopropyl-phosphoramidite (60 pL, 0.18 mmol) was
added to the solution under N,, and the reaction mixture was stirred
overnight. mCPBA (50 mg, 0.27 mmol) was then added, and the mixture
was stirred at rt for 1 h. The reaction was quenched with the addition of
triethylamine (0.5 mL), vacuum-filtered through Celite®, and the solu-
tion was concentrated in vacuo to a syrup. The syrup was purified by
flash chromatography on a 24-g silica gel column (eluent: hexanes/
ethyl acetate = 1:5) to afford compound 24 (160 mg, 0.089 mmol,
99%). *H NMR (500 MHz, CDCl3) § 7.34-7.29 (m, 15H), 5.36-5.19 (m,
11H), 5.12 (d, J=2.0Hz, 1H), 5.10 (dd, J = 10.0, 3.0Hz, 1H),
5.06-5.01 (m, 4H), 4.88 (d, J = 1.8 Hz, 1H), 4.79 (3d, J = 1.9 Hz, 3H),
4.70 (d, J = 11.5Hz, 1H), 4.52 (d, J = 11.6 Hz, 1H), 4.19-4.04 (m,
9H), 4.00-3.97 (m, 2H), 3.93 (ddt, J = 6.8, 4.3, 2.4 Hz, 1H), 3.86 (m,
2H), 3.74 (m, 2H), 3.47 (dd, J = 2.5, 1.2Hz, 1H), 3.46 (d, J = 2.6 Hz,
1H), 2.15-1.93 (15s, 15 x 3H). *C{'H} NMR (126 MHz, CDCl;) §
170.9, 170.5 (x 2), 170.4, 170.2, 169.9( x 2), 169.8 ( x 3),
169.74( x 2), 169.6, 169.5, 169.4, 136.3, 135.9( x 2), 135.8( x 2),
128.6( x 5), 128.5, 128.3, 128.0, 127.9, 99.7 ( X 2), 97.8, 97.5, 96.3,
78.4,74.8,70.8,69.6 ( X 3),69.5,69.4, ( X 3),69.3( % 2),69.2,69.1,
68.6, 68.4, 66.8, 66.3 ( X 2), 66.0, 66.0, 65.8, 65.6, 62.7, 62.1,
20.9-20.6. Compound 24 (160 mg, 0.089 mmol) was dissolved in an-
hydrous methanol (20 mL) and Pd(OH)»/C (160 mg, 20% wt%) was
added under H,. After stirring at rt for 2 d, the Pd(OH),/C catalyst was
removed by filtration, and the filtrate was treated with NaOMe (0.5 M,
3mlL). After stirring for 10 min, a white precipitate formed. After stir-
ring for an additional 2h, H,O was added until the precipitate dis-
solved. The reaction mixture was stirred for another 2h, and the so-
lution was concentrated in vacuo to a syrup. The syrup was purified on a
DEAE Sephadex A-25 column (3 X 55 cm) using a 3-L linear gradient of
aqueous NaHCO3 solution (0-0.8 M). Fractions (20 mL) were collected
at a flow-rate of 1.5mL/min, and fractions containing organic phos-
phate were identified using HPLC. Fractions containing 2 were pooled
and concentrated in vacuo to ~5mlL, and the resulting solution was
applied to a Sephadex LH-20 gel-filtration column (2.5 x 80 cm), which
was eluted with distilled water at a flow rate of 1.5 mL/min. Fractions
containing 2 were pooled and concentrated in vacuo to give 2 (74 mg,
0.078 mmol, 87%) as a white solid. "H NMR (600 MHz, D-,0) & 5.35 (d,
J = 1.8Hz, 1H), 5.13 (d, J = 1.8 Hz, 0.67H (a-H)), 5.05 (d, J = 1.9 Hz,
1H), 4.90 (d, J = 1.8 Hz, 1H), 4.89 (d, J = 1.0 Hz, 0.33H (B-H)), 4.88
(d, J=1.7Hz, 0.33H (B-H)), 4.87 (d, J=1.7Hz, 0.67H (a-H)),
4.14-3.53 (m, 30H). *C{’"H} NMR (126 MHz, D,0) § 102.3, 100.9,
100.7, 99.5 ( x 2), 94.2, 93.8, 80.9, 78.6, 78.5, 74.0, 73.4, 73.3, 71.7,
71.7, 70.9, 70.9, 70.8, 70.7, 70.7, 70.5, 70.4, 70.3, 70.1, 70.0, 69.9
(x2), 67.0, 66.9, 66.7, 66.6, 66.2, 65.7, 65.7, 65.6, 65.4, 65.3,
64.1(x 2), 61.0 (x 2). *'P{'"H} NMR (202MHz, D,0) § 0.70.
HRESIMS: (m/2) caled for C3oHs2Nax020P " (M + H)* 953.2127; found
953.2129.

3.2.12. Benzyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl-(1 — 6)-2,3,4-
tri-O-acetyl-a-p-mannopyranosyl-(1 — 6)-[2,3,4-tri-O-acetyl-6-O-
dibenzylphosphate-a-p-mannopyranosyl-(1 — 3)]-2,4-di-O-acetyl-a-p-
mannopyranoside 26

Compound 18 (250mg, 0.16 mmol) was dissolved in CH,Cl,
(50 mL), and the solution was cooled to —10°C BF3Et,O (60 pL,
0.49 mmol) was added dropwise, the reaction mixture was stirred for
2.5h as it warmed to room temperature, and then the reaction solution
was concentrated in vacuo to a syrup. The syrup was purified by flash
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chromatography on a 24-g silica gel column (eluent: hexanes/ethyl
acetate = 1:5) to afford compound 25 (180 mg, 0.14 mmol, 89%). H
NMR (500 MHz, CDCl5) § 7.35-7.30 (m, 5H), 5.39-5.18 (m, 10H), 5.04
(dd, J = 3.0, 1.8 Hz, 1H), 4.98 (d, J = 1.8 Hz, 1H), 4.86 (d, J = 1.6 Hz,
1H), 4.85 (d, J=1.7Hz, 1H), 4.81 (d, J=1.8Hz, 1H), 4.74 (d,
J = 11.8 Hz, 1H), 4.55 (d, J = 11.9 Hz, 1H), 4.27 (dd, J = 12.3, 5.2 Hz,
1H), 4.21 (dd, J = 9.8, 3.4 Hz, 1H), 4.12-4.08 (m, 2H), 4.06-4.00 (m,
2H), 3.91-3.82 (m, 2H), 3.78 (m, 2H), 3.58 (m, 2H), 3.48 (dd, J = 10.8,
2.7Hz, 1H), 2.38 (t, J=7.1Hz, 1H), 2.18-1.95 (12s, 12 X 3H).
13C{*H} NMR (126 MHz, CDCl3) § 171.1, 171.0, 170.7, 170.3, 170.1
( x 2), 170.0, 169.9, 169.8 ( x 2), 169.7, 169.6 ( X 2), 128.6, 128.2
(x2),99.2,97.9, 97.6, 96.3, 75.2, 71.6, 70.9, 70.0, 69.9, 69.5, 69.4
(x3),69.2( x 2),68.7, 68.3, 68.2, 66.9, 66.5, 66.4, 66.3, 66.0, 62.5,
61.2, 21.0-20.7. To a solution of compound 25 (180 mg, 0.14 mmol) in
anhydrous CH,Cl, (30 mL) was added 4 A molecular sieves (200 mg)
and 1H-tetrazole (0.96 mL, 0.45 M in CH3CN, 0.43 mmol). After stirring
for 2hat rt, dibenzyl N,N-diisopropylphosphoramidite (100 pL,
0.28 mmol) was added to the solution under N,, and the reaction
mixture was stirred overnight. Then mCPBA (100 mg, 0.43 mmol) was
added, and the mixture was stirred at rt for 1h. The reaction was
quenched with the addition of triethylamine (0.5 mL), vacuum-filtered
through Celite’, and the filtrate was concentrated to a syrup. The syrup
was purified by flash chromatography on a silica gel column (24 g)
(eluent: hexanes/ethyl acetate = 1:5) to afford compound 26 (150 mg,
0.1 mmol, 71%). 'H NMR (500 MHz, CDCl3) 6 7.34-7.24 (m, 15H),
5.37-5.16 (m, 10H), 5.04 (d, J = 1.1 Hz, 1H), 5.02 (d, J = 1.2 Hz, 1H),
5.01 (d, J = 1.1 Hz, 1H), 5.00 (d, J = 1.0 Hz, 1H), 4.94 (dd, J = 3.3,
1.8 Hz, 1H), 4.87 (d, J = 1.8 Hz, 1H), 4.85 (d, J = 1.4 Hz, 1H), 4.79 (d,
J = 1.7 Hz, 2H), 4.64 (dd, J = 96.0, 11.8 Hz, 2H), 4.26 (dd, J = 12.3,
5.2Hz, 1H), 4.15 (dd, J = 9.8, 3.4 Hz, 1H), 4.10-3.98 (m, 6H), 3.84
(dd, J = 10.2, 6.0, 2.8 Hz, 1H), 3.77-3.74 (m, 2H), 3.58 (dd, J = 11.2,
2.6 Hz, 1H), 3.45 (dd, J = 10.7, 2.8 Hz, 1H), 2.17-1.94 (12s, 12 X 3H).
13¢{*H} NMR (126 MHz, CDCls) § 170.7, 170.6, 170.3, 170.1, 170.0,
169.9, 169.8 ( X 2), 169.7 ( X 2), 169.6 ( x 2), 136.4, 135.98, 136.0,
135.9 ( x 2), 128.6 ( x 2), 128.5 ( x 2), 128.4, 128.3, 128.1, 127.9
(x2),98.8,97.8,97.5, 96.2, 74.7, 70.8, 70.0, 69.8 ( X 3), 69.4 ( X 2),
69.3 ( X 5), 69.1( x 2), 68.7, 68.4, 68.3, 66.9, 66.5, 66.3, 65.9, 65.7
(x2), 656, 624, 20.9-20.7. HRESIMS: (m/z) caled for
CeoHgs036PNat (M + Na)* 1543.4456; found 1543.4457.

3.2.13. a-p-mannopyranosyl-(1 — 6)-a-p-mannopyranosyl-(1 — 6)-[6-O-
phosphate-a-p-mannopyranosyl-(1 — 3)]-a/B-p-mannopyranose 3
Compound 26 (150mg, 0.1 mmol) was dissolved in anhydrous
methanol (20mL) and Pd(OH),/C (150 mg, 20% wt%) was added
under H,. After stirring at rt for 2d, the Pd(OH),/C catalyst was re-
moved by filtration, and the filtrate was treated with NaOMe (0.5 M,
3mL). After stirring for 10 min, a white precipitate formed. After stir-
ring for 2 h, H,O was added until the precipitate dissolved. The reaction
mixture was then stirred for another 2h, and the solution was con-
centrated in vacuo to a syrup. The syrup was purified by chromato-
graphy on a DEAE Sephadex A-25 column (3 X 55cm) using a 3-L
linear gradient of aqueous NaHCO; solution (0-0.8M). Fractions
(20 mL) were collected at a flow-rate of 1.5mL/min, and fractions
containing organic phosphate were identified using HPLC. Fractions
containing 3 were pooled and concentrated in vacuo to ~5mL, and the
solution was applied to a Sephadex LH-20 gel-filtration column
(2.5 x 80 cm), which was eluted with distilled water at a flow rate of
1.5 mL/min. Fractions containing 3 were pooled and concentrated in
vacuo to give 3 (70 mg, 0.089 mmol, 89%) as a white solid. 1H NMR
(600 MHz, D,0) § 5.13 (d, J=1.9Hz, 0.67H (a-H)), 5.10 (d,
J = 1.8Hz, 0.33H (B-H)), 5.09 (d, J = 1.8 Hz, 0.67H (a-H)), 4.92 (d,
J = 1.0Hz, 0.33H (B-H)), 4.90 (d, J = 1.7 Hz, 1H), 4.88 (d, J = 1.8 Hz,
0.33H (B-H)), 4.87 (d, J = 1.8 Hz, 0.67H (a-H)). 4.17-3.55 (m, 24H).
13C{'H} NMR (126 MHz, D,0) § 102.8, 102.5, 99.5, 99.4, 99.3, 94.4,
93.8, 81.1, 79.3, 74.0, 72.7, 72.4, 72.3, 70.8, 70.7, 70.6, 70.3 ( X 2),
70.1, 70.0, 69.9 ( X 2), 66.8, 66.6, 66.5, 65.7, 65.5, 65.5, 65.3, 65.2,
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64.3, 64.3, 61.0. 3'P{"H} NMR (202 MHz, D,0) & 0.90. HRESIMS: (m/z)
caled for Cy4H4oNas0.4P" (M + H)* 791.1599; found 791.1591.

3.2.14. 4-O-phosphate-a-p-mannopyranosyl-(1 — 6)-[a-D-
mannopyranosyl-(1 — 2)-a-p-mannopyranosyl-(1 — 3)]-a/B-p-
mannopyranose 27

Compound 20 was dissolved in anhydrous CH,Cl, (30 mL), and 4 A
molecular sieves (200 mg) and 1H-tetrazole (0.9 mL, 0.45M in CH3CN,
0.41 mmol) were added to the solution. After stirring for 2 h at rt, di-
benzyl N,N-diisopropyl-phosphoramidite (100pL, 0.27 mmol) was
added to the reaction mixture under N,, and the mixture was stirred
overnight. mCPBA (70 mg, 0.41 mmol) was then added, and the mixture
was stirred at rt for 1 h. The mixture was quenched with the addition of
triethylamine (0.5 mL), vacuum-filtered through Celite®, and the filtrate
was concentrated in vacuo to a syrup. The syrup was purified by flash
chromatography on a 24-g silica gel column (eluent: hexanes/ethyl
acetate = 1:5) to afford compound 21 (150 mg, 0.1 mmol, 75%). 'H
NMR (500 MHz, CDCl3) § 7.30-7.17 (m, 15H), 5.42 (dd, J =9.8,
3.5Hz, 1H), 5.35 (dd, J = 10.0, 3.3Hz, 1H), 5.29-5.11 (m, 7H), 5.09
(dd, J = 10.0, 2.9 Hz, 1H), 4.99 (d, J = 7.9 Hz, 2H), 4.88-4.84 (m, 3H),
4.80 (m, 2H), 4.74 (q, J = 9.5Hz, 1H), 4.67 (d, J = 11.5Hz, 1H), 4.47
(m, 2H), 4.25 (dd, J = 12.4, 5.3 Hz, 1H), 4.18-4.06 (m, 7H), 3.98 (dd,
J =10.1, 4.7, 2.1 Hz, 1H), 3.86 (m, 2H), 3.74 (dd, J = 10.6, 6.8 Hz,
1H), 3.49 (dd, J=10.7, 2.4Hz, 1H), 2.15-1.78 (12s, 12 x 3H).
13¢{"H} NMR (126 MHz, CDCl;) § 170.9, 170.6, 170.4, 170.4, 170.2,
170.0, 169.9, 169.8 ( x 2), 169.5, 169.4, 136.1, 135.5, 135.4 ( x 3),
128.7,128.6 ( x 2), 128.5, 128.4, 128.0, 127.8, 99.7 ( x 2), 97.0, 96.3,
78.3,77.4, 77.2, 76.9, 74.6, 70.8, 69.7, 69.6 ( X 4), 69.5 ( X 2), 69.2,
69.1, 68.6, 68.4, 66.8, 66.2, 65.6, 62.7, 62.5, 62.1, 20.9-20.6.
Compound 21 (140 mg, 0.092 mmol) was dissolved in anhydrous me-
thanol (20 mL) and Pd(OH),/C (140 mg, 20% wt-%) was added under
H,. After stirring at rt for 2d, the Pd(OH),/C catalyst was removed by
filtration, and the filtrate was treated with NaOMe (0.5 M, 3 mL). After
stirring for 10 min, a white precipitate formed, and after stirring for 2 h,
H,0 was added until the precipitate dissolved. The reaction mixture
was stirred for another 2 h, and the solution was concentrated in vacuo
to a syrup. The syrup was purified on a DEAE Sephadex A-25 column
(3 X 55cm) using a 3-L linear gradient of aqueous NaHCO; solution
(0-0.8 M). Fractions (20 mL) were collected at a flow-rate of 1.5mL/
min, and fractions containing organic phosphate were identified using
HPLC. Fractions containing 27 were pooled and concentrated in vacuo
to ~5mlL, and the resulting solution was applied to a Sephadex LH-20
gel-filtration column (2.5 x 80 cm), which was eluted with distilled
water at a flow rate of 1.5mL/min. Fractions containing 27 were
pooled and concentrated in vacuo to give 27 (60 mg, 0.075 mmol, 82%)
as a white solid. "H NMR (600 MHz, D,0) § 5.36 (d, J = 1.8 Hz, 1H),
5.13 (d, J = 1.9 Hz, 0.67H (a-H)), 5.05 (d, J = 2.0Hz, 1H), 4.91 (d,
J = 1.7 Hz, 0.33H ($-H)), 4.90 (d, J = 1.7 Hz, 0.67H (a-H)), 4.89 (d,
J=1.0Hz, 0.33H (B-H)), 4.18-3.52 (m, 24H). '3C{'H} NMR
(126 MHz, D,0) 6 103.7, 102.3, 102.1, 100.8, 100.7, 95.6, 95.2, 82.3,
80.0 ( x 2), 75.5, 74.8, 74.7, 73.2, 73.1, 72.8 ( X 2), 72.3, 72.2, 71.8,
71.5, 71.4, 71.2, 71.2, 68.4, 68.4, 68.2, 67.2, 67.1, ( X 2), 67.0, 62.4
(x 2), 62.2. *'P{"H} NMR (202 MHz, D,0) § 1.06. HRESIMS: (m/2)
caled for Cy4H4oNas054P" (M + H)* 791.1599; found 791.1616.
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