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Introduction

Heparin and heparan sulfate belong to the glycosaminogly-
can family of carbohydrates. They consist of disaccharide re-
peating units of glucosamine a-1,4 linked to a pyranosoic
acid, which can be either glucuronic or iduronic acid. The 2-
O of the pyranosoic acid, 3-O, 6-O as well as the 2-N posi-
tions of the glucosamine can be sulfated, leading to a large
diversity of possible sequences.[1,2] Heparin and heparan sul-
fates play important roles in many biological events, such as
pathogen infection, blood coagulation, and tumor metasta-
sis.[1–5] Their biological functions can be critically dependent
on the sulfation patterns and backbone sequences.[6] This
has led to intense current interests in preparing heparin and
heparan sulfate oligosaccharides with defined sulfation and
backbone structures to decipher their structure–activity rela-
tionships.

Since the ground breaking synthesis of the anti-coagulant
heparin pentasaccharide,[6,7] significant advancements have
been achieved in heparin oligosaccharide assembly.[8–19] Typi-
cally, to prepare different sulfation patterns, building blocks
with strategically placed protective groups are utilized. Fol-
lowing assembly of the full length oligosaccharides, these
protective groups are selectively removed and the newly li-
berated hydroxyl and amino groups are sulfated. With the
need to introduce a large number of sulfates simultaneously,

it is often very difficult to completely sulfate all the desired
positions. Due to the highly charged nature of the sulfation
products, it is extremely challenging to separate and purify
the partially sulfated oligosaccharides, which can lead to
very low yields (<10 %) as encountered in sulfation of a
heparin heptasaccharide and a nonasaccharide.[17] Another
disadvantage is that to access differentially sulfated oligosac-
charides, multiple protected building blocks are required,
which can be very time consuming to prepare, limiting our
abilities to generate diverse heparin structures.

As an alternative to the post-glycoassembly sulfation
strategy, we became interested in investigating the usage of
pre-sulfated building blocks for the assembly of full length
oligosaccharides. To accomplish this, sulfates will be prein-
stalled onto glycosyl building blocks as sulfate esters, which
reduce the need for selectively removable protective groups
in oligosaccharide synthesis. Furthermore, to expedite build-
ing block preparation, a divergent strategy is designed in
which both the non-sulfated and sulfated glycosyl building
blocks can be obtained from a common intermediate.

Several sulfate esters[20] including phenyl,[21–23] ethyl,[24] tri-
fluoroethyl,[25–27] neopentyl,[28] isobutyl,[28] and trichloroethyl
(TCE) sulfates[29–32] have been explored in carbohydrate
chemistry. The majority of these studies were focused on the
preparation and deprotection of sulfate esters with several
reports investigating monosaccharide glycosylations.[25,31, 32]

Since the outcome of glycosylation in complex oligosacchar-
ide synthesis can be quite different from the simpler model
systems,[33–37] we set out to test the feasibility of using sul-
fate-ester-containing building blocks in the synthesis of com-
plex oligosaccharides such as heparin and establish the com-
patibility of sulfate esters with the synthetic manipulations
encountered in heparin oligosaccharide assembly.
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Results and Discussion

Among the several sulfate esters available,[20–28] we decided
to investigate the utility of TCE sulfates, which could be in-
troduced and deprotected under mild conditions in good
yields.[29,32] To access diverse heparin oligosaccharide struc-
tures by a divergent route, we designed an advanced disac-
charide 1 to serve as a key intermediate, which can be readi-
ly transformed into multiple building blocks (Scheme 1 a).

Disaccharide 1 was formed ste-
reospecifically through the
treatment of glucoside 6[38] with
the azide bearing glucosamine
donor 5[9] promoted by pTol-
SOTf,[39] which was formed in
situ through the reaction of
pTolSCl with AgOTf. The
newly formed a linkage was
confirmed by NMR analysis
(3JH1’,H2’=4.2 Hz, 1JC1’,H1’=

173.9 Hz). Selective removal of
the acetate in 1 by magnesium
methoxide led to compound 7 (Scheme 1 b), which was sul-
fated with the trichloroethyl sulfuryl dimethylimidazolium
triflate salt 8[29] over four hours (80 % yield). The sulfation
reaction time was significantly shortened to 20 min when
the reaction was assisted with microwave irradiation, pro-
ducing 9 in an excellent 94 % yield. Removal of p-methoxy-
benzyl ether (PMB) by 2,3-dichloro-5,6-dicyanobenzoqui-
none (DDQ) followed by 1-(3-dimethylaminopropyl)-3-eth-

ylcarbodiimide (EDC) and N,N-dimethylaminopyridine
(DMAP)-mediated esterification with levulinic acid generat-
ed the sulfated donor disaccharide 2. It was important to
use EDC for esterification, as a significant amount of the
sulfate ester was displaced by chloride when the more
common hydrochloride salt of EDC was employed.

Next, we tested the sulfation of diol 10, which was ob-
tained from 1 under the Zempl�n deacylation condition.
The primary hydroxyl group in 10 could be selectively sul-

fated with the salt 8 leading to
the monosulfate ester 11 in
95 % yield under microwave ir-
radiation (Scheme 2). Addition
of excess sulfation reagent 8 or
prolonged microwave irradia-
tion to sulfate the secondary
hydroxyl group led to decom-
position of the disaccharide,
which was presumably due to
participation of the anomeric
thioether group displacing the
neighboring 2-O sulfate ester.
A similar phenomenon was ob-
served during sulfation of the 2-
OH of a monosaccharide thio-
glycoside.[29]

With the monosulfate ester
11 in hand, the effects of 2-O
acyl groups on glycosylation
were explored. The free 2-OH
was first protected as a chloro-ACHTUNGTRENNUNGacetate (ClAc) ester (disacchar-
ide 12), because ClAc can be
selectively removed without af-
fecting other types of acyl pro-

tective groups.[40] Although the donor 12 was cleanly activat-
ed with pTolSCl/AgOTf, addition of acceptor 3 to the preac-
tivated 12 did not yield the desired tetrasaccharide. This
could be due to donor deactivation by the electron-with-
drawing sulfate ester, since we have demonstrated previous-
ly that electron withdrawing groups on the glycon ring could
significantly reduce the glycosylation power of donors even
after the donors were completely activated.[41] To test this

Scheme 1.

Scheme 2.
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possibility, the non-sulfated acceptor 4 was subjected to gly-
cosylation with donor 12, which again failed to produce the
desired oligosaccharide products. Furthermore, the reaction
of donor 13 with acceptor 14 gave a very low yield (<5 %)
of the desired product. These results suggested that 2-O
ClAc was not a suitable protective group for this glycosyla-
tion.

The benzoyl (Bz) group was explored next as the 2-O pro-
tecting group. In contrast to the 2-O ClAc donor, the reac-
tion between the Bz-containing donor 2 and alcohol 14 pro-
ceeded smoothly producing disaccharide 15 in 80 % yield
(Scheme 3 a). To elongate the saccharide chain, the tert-bu-
tyldimethylsilyl (TBS) moiety in 15 needed to be removed.
This was accomplished by treating 15 with trimethylsilyl tri-
fluoromethansulfonate (TMSOTf) at �20 8C, whereas the
usage of HF·pyridine or tetra-n-butyl ACHTUNGTRENNUNGammonium fluoride
(TBAF) for this reaction led to partial displacement of the
sulfate ester. The presence of the TCE sulfate in acceptor 3
did not disarm it towards glycosylation, since the disacchar-
ide donor 16 successfully glycosylated 3 in 80 % yield

(Scheme 3 b). To test the sulfated donor reactivity, the reac-
tion between sulfated disaccharide donor 2 with disacchar-
ide 4 was performed, which produced tetrasaccharide 18 in
82 % yield with a sulfate ester at the non-reducing end
(Scheme 3 d). Further chain extension was performed by
treating donor 2 with tetrasaccharide 19, to generate a hexa-
saccharide with two TCE sulfate esters (Scheme 3 e). Inter-
estingly, upon completion of the glycosylation and warming
up the reaction mixture to 0 8C, the TBS moiety in the hexa-
saccharide was cleanly removed, presumably by the acid
generated during the reaction, leading to hexasaccharide 20
without the need of an additional deprotection step. All the
oligosaccharide products were fully characterized by NMR
spectroscopy and mass spectrometry. These results suggest
that the TCE sulfate ester does not significantly affect the
reactivities of both the glycosyl donor and the acceptor. The
usage of sulfate esters enabled us to access the differentially
sulfated oligosaccharide sequences starting from a single di-ACHTUNGTRENNUNGsaccharide building block 1.

Since iduronic acid is another major component of hepa-
rin, the generality of the sulfate ester method was tested in
the preparation of iduronic-acid-containing heparin oligo-
saccharides. To accomplish this, the key idosyl disaccharide
building block 21 was assembled by reacting the glucosa-
mine donor 5 with idosyl acceptor 22[9] (Scheme 4 a). The se-
lective removal of the acetate group with magnesium meth-
oxide followed by sulfation and protective group adjustment
created the disaccharide donor 23. The idosyl containing di-

Scheme 3.
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ACHTUNGTRENNUNGsaccharide acceptor 26 was prepared by glycosylating alco-
hol 14 with disaccharide 24 followed by the subsequent re-
moval of the TBS group (Scheme 4 b). The reaction of the
sulfated donor 23 with the acceptor 26 produced the idosyl
tetrasaccharide 27 smoothly demonstrating TCE-sulfate-
containing idosyl building blocks are compatible with glyco-
assembly (Scheme 4 c).

The deprotection of tetrasaccharide 17 began with the re-
moval of the two Lev moieties with hydrazine acetate with-
out affecting the TCE sulfate ester (Scheme 5). Conversion
of the newly liberated primary hydroxyl groups to carboxylic
esters was accomplished by 2,2,6,6-tetramethyl piperidine 1-
oxyl (TEMPO)/NaOCl-mediated oxidation followed by Pin-
nick oxidation[42] and treatment with phenyl diazomethane[43]

leading to tetrasaccharide 29 in 72 % yield. Removal of the
TBS moiety was achieved by reacting 29 with TMSOTf and
the next task was to convert the azido groups in tetrasac-
charide 30 to amines. Although the Staudinger reduction of
azides using trimethylphosphine has been successfully ap-
plied in heparin oligosaccharide synthesis,[9,12, 44] the analo-
gous reaction on tetrasaccharide 30 did not lead to the de-
sired amines. Instead, the tetrasaccharide backbone was
cleaved at the glucosamine and glucuronic acid junctions.
This was presumably due to the intramolecular deprotona-
tion of C5 proton of the glucuronic acid unit assisted by the
aza-ylide intermediate formed in the Staudinger reduction
followed by elimination of the glucosamine unit (Scheme 6).
The contrasting outcome of our reaction can be attributed

Scheme 4.

Scheme 5.
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to the substrate structure, because the successful Staudinger
reductions from the literature were all performed on hepa-
rin oligosaccharides with carboxylates rather than carboxyl
esters as in 30.[9,12,44] The pKa values of the C5 protons in
the carboxylate-bearing molecules would be higher due to
the anionic nature of the structures, thus less prone to de-
protonation by the aza-ylide. The difficulty in the Staudinger
reduction was overcome by a zinc/ammonium formate re-
duction of tetrasaccharide 30, which not only cleanly re-
duced the two azides but also simultaneously deprotected
the TCE sulfate ester[32] generating tetrasaccharide 31. The
free amine groups were then sulfated with SO3·pyridine fol-
lowed by saponification and catalytic hydrogenation leading
to heparin oligosaccharide 34 with full N-sulfation and a
6-O sulfation in the glucosamine unit closer to the reducing
end. Besides sulfation, the amines in 31 were acetylated
with acetic anhydride. Saponification and hydrogenation of
the amide 33 created tetrasaccharide 35 as an acetamide-
containing heparin tetrasaccharide. In an analogous manner,
the tetrasaccharides 18 and 27 were deprotected and modi-
fied leading to four more heparin tetrasaccharides (36–39).
The availability of these compounds with systematically
varied structures can be useful for probing the biological
roles of N-sulfation, 6-O sulfation and different backbone
structures in heparin oligosaccharides.

Conclusion

We have demonstrated that TCE sulfate esters are compati-
ble with common synthetic manipulations encountered in
heparin oligosaccharide assembly. The presence of O-sulfate
esters in the glycosyl donor or the acceptor does not signifi-
cantly impact the glycosylation yields, enabling us to prein-

stall the O-sulfates at desired
positions prior to assembly of
the full length oligosaccharides.
This in turn allowed the genera-
tion of heparin sequences with
different sulfation patterns
from common disaccharide in-
termediates without resorting
to differential protective
groups. Further studies are on-
going in exploring the utility of
this method for the assembly of
larger heparin oligosaccharides.

Experimental Section

General experimental procedures : All reactions were carried out under
nitrogen with anhydrous solvents in flame-dried glassware, unless other-
wise noted. All glycosylation reactions were performed in the presence
of molecular sieves, which were flame-dried immediately before use in
the reaction under high vacuum. Glycosylation solvents were dried using
a solvent purification system and used directly without further drying.
The chemicals used were reagent grade as supplied, except where noted.
Analytical thin-layer chromatography was performed using silica gel 60
F254 glass plates. Compound spots were visualized by UV light (254 nm)
and by staining with a yellow solution containing Ce ACHTUNGTRENNUNG(NH4)2 ACHTUNGTRENNUNG(NO3)6 (0.5 g)
and (NH4)6Mo7O244H2O (24.0 g) in 6% H2SO4 (500 mL). Flash column
chromatography was performed on silica gel 60 (230–400 mesh). NMR
spectra were referenced using Me4Si (0 ppm), residual CHCl3 (1H NMR
d=7.26 ppm, 13C NMR d =77.0 ppm), CD3OD (1H NMR d=3.30 ppm,
13C NMR d=49.00 ppm), CD3SOCD3 (1H NMR d=2.49 ppm, 13C NMR
d=39.5 ppm), D2O (1H NMR d= 4.67 ppm). Peak and coupling constant
assignments are based on 1H NMR, 1H�1H gCOSY and (or) 1H�13C
gHMQC experiments. All optical rotations were measured at 25 8C using
the sodium D line.

Characterization of anomeric stereochemistry : The stereochemistry of
the newly formed glycosidic linkages in the heparin-like tetrasaccharide
and intermediates are determined by 3J(H1,H2) through 1H NMR and/or
1JC1,H1 through gHMQC 2D NMR (without 1H decoupling). Smaller cou-
pling constants of 3J(H1,H2) (around 4 Hz) indicate a linkages and larger
coupling constants 3J(H1,H2) (7.2 Hz or larger) indicate b linkages. This can
be further confirmed by 1J(C1,H1) (�170 Hz) for a linkages and 1J(C1,H1)ACHTUNGTRENNUNG(�160 Hz) for b linkages.[45]

General procedure for preactivation-
based glycosylation : A solution of
donor (60 mmol) and freshly activat-
ed molecular sieve MS 4 � (200 mg)
in CH2Cl2 (2 mL) was stirred at
room temperature for 30 min, and
cooled to �78 8C, which was fol-
lowed by addition of AgOTf (47 mg,
180 mmol) dissolved in Et2O (1 mL)
without touching the wall of the
flask. After 5 min, orange-colored
pTolSCl (9.5 mL, 60 mmol) was added
to the solution through a microsyr-

inge. Since the reaction temperature was lower than the freezing point of
pTolSCl, it was added directly into the reaction mixture to prevent it
from freezing on the flask wall. The characteristic yellow color of
pTolSCl in the reaction solution dissipated rapidly within a few seconds
indicating the depletion of pTolSCl. After the donor was completely con-
sumed according to TLC analysis (about 5 min at �78 8C), a solution of
acceptor (60 mmol) in CH2Cl2 (0.2 mL) was slowly added dropwise
through a syringe (one equivalent of TTBP was added with acceptor if

Scheme 6. Proposed mechanism for trimethylphosphine-mediated backbone cleavage of the oligosaccharide
through a six-membered-ring transition state.
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the donor or acceptor contains PMB protective group). The reaction mix-
ture was warmed to �20 8C while stirring for over 2 h. Then, the mixture
was diluted with CH2Cl2 (20 mL) and filtered over Celite. The Celite was
further washed with CH2Cl2 until no organic compounds were observed
in the filtrate by TLC. All CH2Cl2 fractions were combined and washed
twice with a saturated aqueous solution of NaHCO3 (20 mL) and twice
with water (10 mL). The organic layer was collected and dried over
Na2SO4. After removal of the solvent, the desired oligosaccharide was
purified from the reaction mixture by silica gel flash chromatography.

General procedure for deprotection of PMB: The PMB-protected com-
pound (1.0 equiv) was dissolved in a mixture of CH2Cl2/H2O (for 0.5 g of
compound, 9 mL/1 mL) and the solution was cooled to 0 8C. DDQ
(1.5 equiv) was added to the reaction mixture and stirred at room tem-
perature for 4–6 h. The reaction was quenched with saturated NaHCO3

solution and diluted with CH2Cl2 (50 mL) and extracted with water. The
organic phase was washed with H2O until the solution became colorless.
The solvent was concentrated in vacuo and the compound was purified
by silica gel column chromatography.

General procedure for protection of 6-OH with Lev (for substrates with-
out the �OSO3TCE group): The compound containing 6-OH (1 equiv)
was dissolved in CH2Cl2 (for 0.5 g of compound, 5 mL), followed by addi-
tion of levulinic acid (1.4 equiv), EDC·HCl (1.6 equiv) and DMAP
(1.0 equiv). The mixture was stirred at room temperature overnight and
was then diluted with CH2Cl2 (100 mL) and extracted with water. The or-
ganic phase was washed with saturated NaHCO3 solution, water and then
dried over Na2SO4. The solvent was concentrated in vacuo and the com-
pound was purified by silica gel column chromatography.

General procedure for protection of 6-OH with Lev (for substrates with
a �OSO3TCE group): The compound containing 6-OH (1 equiv) was dis-
solved in CH2Cl2 (for 0.5 g of compound, 5 mL), followed by addition of
levulinic acid (1.4 equiv), EDC (1.6 equiv) and DMAP (0.1 equiv). The
mixture was stirred at �15 8C to �10 8C for 6–8 h, then diluted with
CH2Cl2 (100 mL) and extracted with water. The organic phase was
washed with saturated NaHCO3 solution and then dried over Na2SO4.
The solvent was concentrated in vacuo and the compound was purified
by silica gel column chromatography.

General procedure for the deprotection of TBS (for substrates without a
�OSO3TCE group): The TBS-protected compound was dissolved in pyri-
dine in a plastic vial (for 100 mg of compound, 1.5 mL). The mixture was
cooled to 0 8C, followed by addition of HF in pyridine (0.75 mL, 65–70 %
in pyridine). The mixture was stirred at room temperature overnight. The
solvents were evaporated under vacuum and then the residue was diluted
in CH2Cl2 (100 mL) and then washed with saturated NaHCO3 solution.
The organic layer was dried over Na2SO4. The solvent was concentrated
in vacuo and the compound was purified by silica gel column chromatog-
raphy.

General procedure for deprotection of TBS (for substrates with a
�OSO3TCE group): The TBS-protected compound was dissolved in
CH2Cl2 (for 100 mg of compound, 2.5 mL). The mixture was cooled to
�20 8C, followed by addition of TMSOTf (4–6 equiv). The mixture was
stirred at �20 8C for 6–8 h, then the residue was diluted in CH2Cl2

(100 mL) and washed with saturated NaHCO3 solution. The organic
layer was dried over Na2SO4. The solvent was concentrated in vacuo and
the compound was purified by silica gel column chromatography.

General procedure for deprotection of Lev : The Lev-protected com-
pound (1 equiv) was dissolved in pyridine (for 150 mg of compound,
2.4 mL) and acetic acid (1.6 mL). The mixture was cooled to 0 8C, fol-
lowed by addition hydrazine monohydrate (5 equiv for each Lev). The
mixture was stirred at 0 8C for 6 h and then quenched by acetone
(0.28 mL). The mixture was stirred at room temperature for another 1 h
and the acetone was evaporated under vacuum. The residue was diluted
with EtOAc (50 mL) and extracted with water. The organic phase was
washed with saturated NaHCO3 solution, HCl solution (10 %), water,
and then dried over Na2SO4. The solvent was concentrated in vacuo and
the compound was purified by silica gel column chromatography.

General procedure for 6-OH oxidation to carboxylic acid and benzyl
ester formation : An aqueous solution of NaBr (1 m, 25 mL), an aqueous
solution of tetrabutylammonium bromide (1 m, 50 mL), TEMPO (2.2 mg,

0.014 mmol, 0.3 equiv per hydroxyl group) and a saturated aqueous solu-
tion of NaHCO3 (125 mL) were added to a solution of alcohol
(0.045 mmol) in CH2Cl2 (1 mL) and H2O (170 mL) in an ice–water bath.
The resulted mixture was treated with an aqueous NaOCl solution
(150 mL, chlorine content not less than 5%. Fresh NaOCl solution should
be used (as the reaction became sluggish with old NaOCl) and continu-
ously stirred for 1 h as the temperature increased from 0 8C to room tem-
perature. It was crucial to closely monitor the progress of the reaction,
once the starting material was completely consumed, the reaction should
be quenched with glacial AcOH (150 mL) to pH 6–7. After adjusting the
reaction pH to near neutral, tBuOH (0.7 mL), 2-methyl 2-butene in THF
(2 m, 1.4 mL), and a solution of NaClO2 (50 mg, 0.44 mm) and NaH2PO4

(40 mg, 0.34 mm) in H2O (0.2 mL) were added. The reaction mixture was
kept at room temperature for 1–2 h, diluted with saturated aqueous
NaH2PO4 solution (5 mL), and extracted with EtOAc (3 � 10 mL). The
organic layers were then combined and dried over MgSO4. After removal
of the solvent, the resulting residue was dissolved in CH2Cl2 (5 mL), fol-
lowed by addition of phenyldiazomethane in diethyl ether until the color
of the reaction remained red. The mixture was stirred at room tempera-
ture for 3 h and then was diluted with CH2Cl2 (50 mL). The organic
phase was washed with saturated NaHCO3 and then dried over Na2SO4.
The solvent was concentrated in vacuo and the compound was purified
by silica gel column chromatography.

General procedure for saponification : The compound (for 100 mg of
compound, 1 equiv) in THF (2.5 mL) was cooled to �5 8C and LiOH
(1 m, 12 equiv per COOBn) was added followed by H2O2 (150 equiv per
COOBn, 30%). The mixture was stirred at room temperature for 16 h
and then MeOH (6 mL) and LiOH (3 m, 10 equiv per COOBn) were
added to the solution. The mixture was stirred for another 24 h, which
was acidified with acetic acid to pH 7–7.5 at 0 8C and concentrated to
dryness on a rotavapor. The resulting residue was purified by a short size
exclusion column (LH-20, 1:1, CH2Cl2/MeOH).

General procedure for azide reduction to amine & deprotection of tri-
chloroethoxysulfate ester : To a solution of the azide-containing com-
pound (for 50 mg of compound, 1 equiv) in MeOH (1 mL) was added
ammonium formate solution (1 m) in MeOH (2 mL) and Zn power (8–10
equiv). The mixture was stirred at room temperature overnight. The salts
were filtered and washed with MeOH. The mixture was concentrated to
dryness on a rotavapor and the resulting residue was purified through a
size exclusion column (LH-20) (1:1, CH2Cl2/MeOH).

General procedure for selective N-sulfation : The mixture of NH2-con-
taining compound (for 20 mg of compound, 1 equiv), methanol (1 mL),
pyridine (0.3 mL), Et3N (0.2 mL), 1 m Na2CO3 solution (0.15 mL), and
SO3·Py (5 equiv per NH2) was stirred at room temperature. The mixture
was stirred for 12 h and acidified with acetic acid to pH 8.0. In order to
remove salts, the mixture was filtered through a plug of cotton, washed
with methanol and concentrated to dryness on a rotavapor. The residue
was diluted with CH2Cl2/MeOH (1 mL/1 mL) and the resulting solution
was layered on the top of Sephadex LH-20 chromatography column that
was eluted with CH2Cl2/MeOH (1:1, v/v). The appropriate fractions were
evaporated to dryness under vacuo and the residue was used for next
step without further purification.

General procedure for N-acetylation : The mixture of OH-, NH2-contain-
ing compound (for 12 mg of compound, 1 equiv), Ac2O (10 equiv per
NH2), Et3N (0.15 mL), and pyridine (1 mL) was stirred at room tempera-
ture for overnight. The solvent was evaporated to dryness at room tem-
perature on a rotavapor. The residue was dissolved with CH2Cl2/MeOH
(1 mL/1 mL) and the resulting solution was layered on the top of Sepha-
dex LH-20 chromatography column that was eluted with CH2Cl2/MeOH
(1:1, v/v). The appropriate fractions were evaporated to dryness under
vacuo and the residue was used for next step without further purification.

General procedure for global debenzylation : The mixture of the Bn-con-
taining compound (for 12 mg of compound, 1 equiv), MeOH/H2O (4 mL/
2 mL), and Pd(OH)2 (50 mg) was stirred under H2 at room temperature
for 24 h, which was filtered through a plug of cotton to remove Pd. The
filtrate was concentrated to dryness under vacuum and then diluted with
H2O (15 mL). The aqueous phase was further washed with CH2Cl2

(5 mL � 3), EtOAc (5 mL � 3), and then the water was evaporated under
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vacuum at 15 8C using toluene as co-evaporating solvent. The crude prod-
uct was further purified by size exclusion chromatography (G-15) and
then eluted from a column of Dowex 50WX4-Na+ to convert the com-
pound into the sodium salt form.

Acknowledgements

We are grateful for the National Institutes of Health (R01-GM-72667)
for financial support of this work.

[1] I. Capila, R. J. Linhardt, Angew. Chem. 2002, 114, 426 – 450; Angew.
Chem. Int. Ed. 2002, 41, 390 –412.

[2] U. Lindahl, Glycoconjugate J. 2000, 17, 597 – 605.
[3] J. R. Bishop, M. Schuksz, J. D. Esko, Nature 2007, 446, 1030 –1037.
[4] J. M. Whitelock, R. V. Iozzo, Chem. Rev. 2005, 105, 2745 – 2764.
[5] M. Bernfield, M. Gçtte, P. W. Park, O. Reizes, M. L. Fitzgerald, J.

Lincecum, M. Zako, Annu. Rev. Biochem. 1999, 68, 729 – 777.
[6] M. Petitou, C. A. A. van Beockel, Angew. Chem. 2004, 116, 3180 –

3196; Angew. Chem. Int. Ed. 2004, 43, 3118 – 3133.
[7] C. A. A. van Beockel, M. Petitou, Angew. Chem. 1993, 105, 1741 –

1761; Angew. Chem. Int. Ed. 1993, 32, 1671 –1690.
[8] T. Horlacher, C. Noti, J. L. de Paz, P. Bindsch�dler, M.-L. Hecht,

D. F. Smith, M. N. Fukuda, P. H. Seeberger, Biochemistry 2011, 50,
2650 – 2659, and references therein.

[9] Z. Wang, Y. Xu, B. Yang, G. Tiruchinapally, B. Sun, R. Liu, S. Dula-
ney, J. Liu, X. Huang, Chem. Eur. J. 2010, 16, 8365 –8375.

[10] S. Arungundram, K. Al-Mafraji, J. Asong, F. E. Leach, I. J. Amster,
A. Venot, J. E. Turnbull, G. J. Boons, J. Am. Chem. Soc. 2009, 131,
17394 – 17405.

[11] F. Baleux, L. Loureiro-Morais, Y. Hersant, P. Clayette, F. Arenzana-
Seisdedos, D. Bonnaff�, H. Lortat-Jacob, Nat. Chem. Biol. 2009, 5,
743 – 748.

[12] T. Polat, C.-H. Wong, J. Am. Chem. Soc. 2007, 129, 12795 –12800.
[13] J. L. de Paz, M. Martin-Lomas, Eur. J. Org. Chem. 2005, 1849 –1858.
[14] J. D. C. Cod�e, B. Stubba, M. Schiattarella, H. S. Overkleeft,

C. A. A. van Boeckel, J. H. van Boom, G. A. van der Marel, J. Am.
Chem. Soc. 2005, 127, 3767 –3773.

[15] C. Noti, P. H. Seeberger in Chemistry and Biology of Heparin and
Heparan Sulfate (Eds.: H. G. Garg, R. J. Linhardt, C. A. Hales),
Elsevier, Oxford, 2005, pp. 79 –142.

[16] R.-H. Fan, J. Achkar, J. M. Hernandez-Torres, A. Wei, Org. Lett.
2005, 7, 5095 –5098.

[17] J.-C. Lee, X.-A. Lu, S. S. Kulkarni, Y. S. Wen, S.-C. Hung, J. Am.
Chem. Soc. 2004, 126, 476 –477.

[18] L. Poletti, L. Lay, Eur. J. Org. Chem. 2003, 2999 –3024.

[19] J. Kovensky, P. Duchaussoy, F. Bono, M. Salmivirta, P. Sizun, J.-M.
Herbert, M. Petitou, P. Sina�, Bioorg. Med. Chem. 1999, 7, 1567 –
1580.

[20] R. A. Al-Horani, U. R. Desai, Tetrahedron 2010, 66, 2907 –2918, and
references therein.

[21] R. J. Kerns, R. J. Linhardt, Synth. Commun. 1996, 26, 2671 –2680.
[22] M. M. Abdel-Malik, A. S. Perlin, Carbohydr. Res. 1989, 190, 39– 52.
[23] C. L. Penney, A. S. Perlin, Carbohydr. Res. 1981, 93, 241 – 246.
[24] M. Huibers, A. Manuzi, F. P. J. T. Rutjes, F. L. van Delft, J. Org.

Chem. 2006, 71, 7473 –7476.
[25] N. A. Karst, T. F. Islam, F. Y. Avci, R. J. Linhardt, Tetrahedron Lett.

2004, 45, 6433 –6437.
[26] N. A. Karst, T. F. Islam, R. J. Linhardt, Org. Lett. 2003, 5, 4839 –

4842.
[27] A. D. Proud, J. C. Prodger, S. L. Flitsch, Tetrahedron Lett. 1997, 38,

7243 – 7246.
[28] L. S. Simpson, T. S. Widlanski, J. Am. Chem. Soc. 2006, 128, 1605 –

1610.
[29] L. J. Ingram, A. Desoky, A. M. Ali, S. D. Taylor, J. Org. Chem. 2009,

74, 6479 –6485.
[30] A. Y. Desoky, S. D. Taylor, J. Org. Chem. 2009, 74, 9406 – 9412.
[31] J. Chen, B. Yu, Tetrahedron Lett. 2008, 49, 1682 – 1685.
[32] L. J. Ingram, S. D. Taylor, Angew. Chem. 2006, 118, 3583 – 3586;

Angew. Chem. Int. Ed. 2006, 45, 3503 –3506.
[33] X. Lu, M. Kamat, L. Huang, X. Huang, J. Org. Chem. 2009, 74,

7608 – 7417.
[34] Z. Wang, L. Zhou, K. El-Boubbou, X.-S. Ye, X. Huang, J. Org.

Chem. 2007, 72, 6409 –6420.
[35] G. J. S. Lohman, P. H. Seeberger, J. Org. Chem. 2004, 69, 4081 –4093.
[36] H. M. Kim, I. J. Kim, S. J. Danishefsky, J. Am. Chem. Soc. 2001, 123,

35– 48.
[37] J. Seifert, M. Lergenm�ller, Y. Ito, Angew. Chem. 2000, 112, 541 –

544; Angew. Chem. Int. Ed. 2000, 39, 531 – 534.
[38] L. Huang, X. Huang, Chem. Eur. J. 2007, 13, 529 – 540.
[39] B. Sun, B. Srinivasan, X. Huang, Chem. Eur. J. 2008, 14, 7072 – 7081,

and references therein.
[40] C.-H. Wong, X.-S. Ye, Z. Zhang, J. Am. Chem. Soc. 1998, 120, 7137 –

7138.
[41] Y. Zeng, Z. Wang, D. Whitfield, X. Huang, J. Org. Chem. 2008, 73,

7952 – 7962.
[42] L. Huang, N. Teumelsan, X. Huang, Chem. Eur. J. 2006, 12, 5246 –

5252.
[43] X. Creary, Org. Synth. 1986, 64, 207.
[44] C. Noti, J. L. de Paz, L. Polito, P. H. Seeberger, Chem. Eur. J. 2006,

12, 8664 –8686.
[45] K. Bock, C. Pedersen, J. Chem. Soc. Perkin Trans. 2 1974, 293 –297.

Received: May 26, 2011
Published online: July 22, 2011

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 10106 – 1011210112

X. Huang et al.

http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C426::AID-ANGE426%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C426::AID-ANGE426%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20020201)114:3%3C426::AID-ANGE426%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C390::AID-ANIE390%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C390::AID-ANIE390%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C390::AID-ANIE390%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20020201)41:3%3C390::AID-ANIE390%3E3.0.CO;2-B
http://dx.doi.org/10.1023/A:1011030711317
http://dx.doi.org/10.1023/A:1011030711317
http://dx.doi.org/10.1023/A:1011030711317
http://dx.doi.org/10.1038/nature05817
http://dx.doi.org/10.1038/nature05817
http://dx.doi.org/10.1038/nature05817
http://dx.doi.org/10.1021/cr010213m
http://dx.doi.org/10.1021/cr010213m
http://dx.doi.org/10.1021/cr010213m
http://dx.doi.org/10.1146/annurev.biochem.68.1.729
http://dx.doi.org/10.1146/annurev.biochem.68.1.729
http://dx.doi.org/10.1146/annurev.biochem.68.1.729
http://dx.doi.org/10.1002/ange.200300640
http://dx.doi.org/10.1002/ange.200300640
http://dx.doi.org/10.1002/ange.200300640
http://dx.doi.org/10.1002/anie.200300640
http://dx.doi.org/10.1002/anie.200300640
http://dx.doi.org/10.1002/anie.200300640
http://dx.doi.org/10.1021/bi101121a
http://dx.doi.org/10.1021/bi101121a
http://dx.doi.org/10.1021/bi101121a
http://dx.doi.org/10.1021/bi101121a
http://dx.doi.org/10.1002/chem.201000987
http://dx.doi.org/10.1002/chem.201000987
http://dx.doi.org/10.1002/chem.201000987
http://dx.doi.org/10.1021/ja907358k
http://dx.doi.org/10.1021/ja907358k
http://dx.doi.org/10.1021/ja907358k
http://dx.doi.org/10.1021/ja907358k
http://dx.doi.org/10.1038/nchembio.207
http://dx.doi.org/10.1038/nchembio.207
http://dx.doi.org/10.1038/nchembio.207
http://dx.doi.org/10.1038/nchembio.207
http://dx.doi.org/10.1021/ja073098r
http://dx.doi.org/10.1021/ja073098r
http://dx.doi.org/10.1021/ja073098r
http://dx.doi.org/10.1002/ejoc.200400799
http://dx.doi.org/10.1002/ejoc.200400799
http://dx.doi.org/10.1002/ejoc.200400799
http://dx.doi.org/10.1021/ol052130o
http://dx.doi.org/10.1021/ol052130o
http://dx.doi.org/10.1021/ol052130o
http://dx.doi.org/10.1021/ol052130o
http://dx.doi.org/10.1021/ja038244h
http://dx.doi.org/10.1021/ja038244h
http://dx.doi.org/10.1021/ja038244h
http://dx.doi.org/10.1021/ja038244h
http://dx.doi.org/10.1002/ejoc.200200721
http://dx.doi.org/10.1002/ejoc.200200721
http://dx.doi.org/10.1002/ejoc.200200721
http://dx.doi.org/10.1016/S0968-0896(99)00106-6
http://dx.doi.org/10.1016/S0968-0896(99)00106-6
http://dx.doi.org/10.1016/S0968-0896(99)00106-6
http://dx.doi.org/10.1016/j.tet.2010.02.015
http://dx.doi.org/10.1016/j.tet.2010.02.015
http://dx.doi.org/10.1016/j.tet.2010.02.015
http://dx.doi.org/10.1016/0008-6215(89)84145-X
http://dx.doi.org/10.1016/0008-6215(89)84145-X
http://dx.doi.org/10.1016/0008-6215(89)84145-X
http://dx.doi.org/10.1016/S0008-6215(00)80853-8
http://dx.doi.org/10.1016/S0008-6215(00)80853-8
http://dx.doi.org/10.1016/S0008-6215(00)80853-8
http://dx.doi.org/10.1021/jo060404v
http://dx.doi.org/10.1021/jo060404v
http://dx.doi.org/10.1021/jo060404v
http://dx.doi.org/10.1021/jo060404v
http://dx.doi.org/10.1016/j.tetlet.2004.06.131
http://dx.doi.org/10.1016/j.tetlet.2004.06.131
http://dx.doi.org/10.1016/j.tetlet.2004.06.131
http://dx.doi.org/10.1016/j.tetlet.2004.06.131
http://dx.doi.org/10.1021/ol035882w
http://dx.doi.org/10.1021/ol035882w
http://dx.doi.org/10.1021/ol035882w
http://dx.doi.org/10.1016/S0040-4039(97)01681-X
http://dx.doi.org/10.1016/S0040-4039(97)01681-X
http://dx.doi.org/10.1016/S0040-4039(97)01681-X
http://dx.doi.org/10.1016/S0040-4039(97)01681-X
http://dx.doi.org/10.1021/ja056086j
http://dx.doi.org/10.1021/ja056086j
http://dx.doi.org/10.1021/ja056086j
http://dx.doi.org/10.1021/jo9014112
http://dx.doi.org/10.1021/jo9014112
http://dx.doi.org/10.1021/jo9014112
http://dx.doi.org/10.1021/jo9014112
http://dx.doi.org/10.1021/jo901882f
http://dx.doi.org/10.1021/jo901882f
http://dx.doi.org/10.1021/jo901882f
http://dx.doi.org/10.1016/j.tetlet.2007.12.132
http://dx.doi.org/10.1016/j.tetlet.2007.12.132
http://dx.doi.org/10.1016/j.tetlet.2007.12.132
http://dx.doi.org/10.1002/ange.200600153
http://dx.doi.org/10.1002/ange.200600153
http://dx.doi.org/10.1002/ange.200600153
http://dx.doi.org/10.1002/anie.200600153
http://dx.doi.org/10.1002/anie.200600153
http://dx.doi.org/10.1002/anie.200600153
http://dx.doi.org/10.1021/jo9016925
http://dx.doi.org/10.1021/jo9016925
http://dx.doi.org/10.1021/jo9016925
http://dx.doi.org/10.1021/jo9016925
http://dx.doi.org/10.1021/jo070585g
http://dx.doi.org/10.1021/jo070585g
http://dx.doi.org/10.1021/jo070585g
http://dx.doi.org/10.1021/jo070585g
http://dx.doi.org/10.1021/jo035732z
http://dx.doi.org/10.1021/jo035732z
http://dx.doi.org/10.1021/jo035732z
http://dx.doi.org/10.1021/ja0022730
http://dx.doi.org/10.1021/ja0022730
http://dx.doi.org/10.1021/ja0022730
http://dx.doi.org/10.1021/ja0022730
http://dx.doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C541::AID-ANGE541%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C541::AID-ANGE541%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C541::AID-ANGE541%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C531::AID-ANIE531%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C531::AID-ANIE531%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C531::AID-ANIE531%3E3.0.CO;2-F
http://dx.doi.org/10.1002/chem.200601090
http://dx.doi.org/10.1002/chem.200601090
http://dx.doi.org/10.1002/chem.200601090
http://dx.doi.org/10.1002/chem.200800757
http://dx.doi.org/10.1002/chem.200800757
http://dx.doi.org/10.1002/chem.200800757
http://dx.doi.org/10.1021/ja9813616
http://dx.doi.org/10.1021/ja9813616
http://dx.doi.org/10.1021/ja9813616
http://dx.doi.org/10.1021/jo801462r
http://dx.doi.org/10.1021/jo801462r
http://dx.doi.org/10.1021/jo801462r
http://dx.doi.org/10.1021/jo801462r
http://dx.doi.org/10.1002/chem.200600290
http://dx.doi.org/10.1002/chem.200600290
http://dx.doi.org/10.1002/chem.200600290
http://dx.doi.org/10.1002/chem.200601103
http://dx.doi.org/10.1002/chem.200601103
http://dx.doi.org/10.1002/chem.200601103
http://dx.doi.org/10.1002/chem.200601103
http://dx.doi.org/10.1039/p29740000293
http://dx.doi.org/10.1039/p29740000293
http://dx.doi.org/10.1039/p29740000293
www.chemeurj.org

