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ABSTRACT: Methods are described for the stereoselective
synthesis of 1,2-cis glycopyranosides in the D-galacto, D-gluco,
and 2-azido-2-deoxy-D-glucopyranoside series utilizing mini-
mally protected (3-bromo-2-pyridyloxy) β-D-glycopyranosyl
donors in the presence of BF3−N,N-dimethylformamide
(DMF) as a catalyst and a variety of alcohol acceptors relying
on the “remote activation concept”. Precursors to antifreeze
glycopeptide components are synthesized in excellent yields
and high α/β ratios. The method is adaptable to one-pot sequential glycosidation as well as to solid-supported synthesis giving
access to diverse sets of minimally protected α-D-glycopyranosides as major products.

In spite of major advances in the chemistry and biology of
carbohydrates and their derivatives, the stereocontrolled

synthesis of 1,2-cis-glycopyranosides remains as a major
challenge.1−3 The polyfunctional nature of sugar molecules
acting as glycopyranosyl donors in natural product an
oligosaccharide synthesis has necessitated the extensive use of
O- and N-protecting groups and the exploitation of a variety of
anomeric leaving groups in the quest for stereocontrolled
glycoside formation.4Therefore, continued exploration of
glycosidation methods that minimize hydroxyl or amino
group protection are worthy of study.5

Herein we describe versatile methods for the solution and
solid-phase stereocontrolled synthesis of 1,2-cis-hexopyranosides
exemplified by a prototypical (3-bromo-2-pyridyloxy) β-D-
galactopyranosyl donor containing a single 6-O-tert-butyldiphe-
nylsilyl protecting group using a variety of alcohol acceptors. A
novel feature of this glycosylation reaction is the anomeric
heterocyclic leaving group with 5−20 mol % quantities of the
BF3−N,N-dimethylformamide (DMF) complex6 which is
utilized as a mild Lewis acid in glycoside synthesis for the
first time. Upon addition of an alcohol to a dichloromethane
solution containing the β-D-galactopyranosyl donor and the
catalyst, a rapid reaction takes place at −20 to 0 °C with the
formation of the 1,2-cis-D-galactopyranoside as the major
product in the cases studied, accompanied by the liberation
of the highly chromophoric 2-hydroxy-3-bromopyridine there-
by allowing easy monitoring of the progression of the reaction.
The variety of alcohol acceptors listed in Table 1 attests to

the versatility of the method which is based on our original
“remote activation concept”.7 The impact of this type of remote
anomeric activation was already demonstrated for the first time
in the successful glycosylation of the aglycones of complex
carbohydrate-containing natural products such as erythromycin
A8 and avermectin B1a9 using 2-pyridylthio glycosyl donors.7a

The presently reported method of glycoside synthesis using
(3-bromo-2-pyridyloxy) glycopyranosyl donors in conjunction
with BF3−DMF as a mild Lewis acid offers a number of
practical and operational advantages.10

The crystalline catalyst is a convenient “solid form” of BF3
which is released in the medium and catalytically recycled. It is
stable to air, can be used in 5−20 mol % quantities, and is
compatible with a variety of protective groups and other
reactive functionalities. The comparable α/β ratios of product
glycosides and the mildness of the reaction conditions, allowing
the use of minimal equivalents of alcohols if needed, are
important assets compared to the use of MeOTf.11 We suggest
that the BF3 released from the BF3−alcohol/BF3−DMF
complexes activates the β-3-bromo-2-pyridyloxy moiety of the
donor.12 The resulting oxycarbenium/BF3-coordinated 3-
bromo-2-pyridyloxy ion-pair intermediate is displaced with
the alcohol in an SN2-like reaction.

13 The departing 2-hydroxy-
3-bromopyridine (or 2-pyridone tautomer) releases the bound
BF3 which resumes its catalytic cycle. In fact, the 2-hydroxy-3-
bromopyridine BF3 complex, prepared independently, acts as a
competent catalyst. A plausible mechanism is shown in Scheme
1.
2-Acetamido-2-deoxy-α-D-galactopyranosyl serine and threo-

nine derivatives are important constituents of immunologically
relevant glycoproteins (TN antigen).14 They are also
components of antifreeze glycopeptides15 which inhibit the
formation of ice; hence, they are essential for marine life at
subzero temperatures. All reported methods for their synthesis
require O-protecting groups and employ various anomeric
activating groups. Yields and anomeric ratios in favor of the α-
anomer have been generally acceptable.16
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Herein we describe an expeditious method for the synthesis
of 2-azido-2-deoxy-α-D-galactopyranosyl N-Cbz serine and N-
Cbz threonine methyl esters in excellent yields and high α/β
selectivities using only 1.1 equiv of the amino acid derivatives

(Scheme 2). Treatment of the 3 with Cbz-Ser-OMe in the
presence of BF3−DMF led to 4 in 20:1 selectivity and 89%

yield. The same reaction afforded 5 in 8.0:1 selectivity and 90%
yield. Reaction times were a little longer in comparison with the
same donor having a 2-hydroxy functionality. This might
possibly be due to the participation of the 2-hydroxyl group in
the activation step of the 3-bromo-2-pyridyloxy moiety.
Stereocontrolled alkyl α-D-galactopyranoside synthesis can be

also efficiently accomplished on solid phase with yields
comparable to reactions in solution. The (3-bromo-2-
pyridyloxy) β-D-galactopyranosyl donors were immobilized via
silyl ether tethers on polystyrene beads17 and then treated with
the appropriate alcohol in the presence of BF3−DMF complex
to give the corresponding α-D-galactopyranosides as major
isomers in good to excellent yields (Table 2).

Table 1. BF3−DMF Mediated Synthesis of Alkyl, Aryl, and
Aminoacyl α-D-Galactopyranosides

a10 equiv of ROH, except for entries 6, 7, 8, 9, and 12, where 5 equiv
of ROH were used. bYields α/β isolated from flash chromatography;
α- and β-anomers are separable. cRatio from 1H NMR (400 MHz). d5
mol % BF3−DMF, rt, 20 h, 59% conversion, 8.0:1 (α:β); see
Supporting Information.

Scheme 1. Plausible Mechanism for the “Remote Activation
Concept” Glycosylation of Alcohols Catalyzed by BF3−DMF

Scheme 2. Stereocontrolled Synthesis of Antifreeze
Glycoprotein Subunits and TN Antigen as 2-Azido
Precursors

Table 2. BF3−DMF Mediated Glycoside Synthesis on Solid
Support

aYields α/β of acetylated compounds; after flash chromatography; α-
and β-anomers are separable. bRatio from 1H NMR (400 MHz) of the
crude. cSee Supporting Information. d2e as in Table 1; TBDPSCl,
imidazole, DMF after step 3; see Supporting Information.
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The differential reactivity of 3- and (6-bromo-2-pyridyloxy)
β-glycopyranosyl donors in the D-gluco and D-galacto series led
us to explore one-pot sequential glycosidations with two
different alcohols. Previous one-pot glycoside syntheses have
required O- and N-protecting groups and different anomeric
activation protocols such as thioglycosides vs trichloroacetimi-
date glycopyranosyl donors or glycopyranosyl fluorides.18

In the presently described method, sequential glycosylation
reactions occur with minimal protection using a bromo-2-
pyridyloxy leaving group from two different β-D-glycopyranosyl
donors in one reaction vessel (Scheme 3). The reactivity of the
pyridyl moiety is modulated by the position of the bromo
substituent, which affects the electronic character of the
nitrogen atom.19

These prototypical one-pot sequential glycosidations are
exemplified by the use of D-galacto and D-gluco donors and
different alcohol acceptors (Scheme 3, Table 3). Thus, the

more reactive 1 is consumed within 30 min in the presence of
only 1.5 equiv of 2-naphthol with the release of 2-hydroxy-3-
bromopyridine and the formation of the 2d as the major
product (α:β = 6.5:1). Adding (−)-menthol as a second
alcohol, now in excess, to the solution containing the still
unreacted 7, leads to the corresponding α-D-8 as the major
product, albeit requiring a longer reaction time for a hindered
secondary alcohol. The sequential glycosidation of 4-methox-
yphenol followed by Cbz-Ser-OMe furnishes the corresponding
α-D-galactopyranoside (α:β = 6.8:1) and α-D-glucopyranoside
(α:β = 7.8:1) respectively. The progress of the second
glycosylation reaction can be monitored directly by LC-MS
and TLC with the appearance of the 2-hydroxy-6-bromopyr-
idine. This protocol allows for the one-pot synthesis of diverse
sets of glycosides with appropriate alcohols as acceptors, simply
by choosing the more reactive donor and the less accessible
alcohol in the first pass. Applications to solid-supported
syntheses are possible.

In conclusion, we have reported practical and expeditious
methods for the stereocontrolled synthesis of otherwise
arduously accessible α-D-galacto-, α-D-gluco-, and 2-azido-2-
deoxy-α-D-glycopyranosides with minimal O-protection using
the hitherto seldom used BF3−DMF as a mild Lewis acid, in
solution and on solid phase. The method allows facile
monitoring of the reactions with the release of the
chromophoric 3-bromo-2-hydroxypyridine which is an asset
when adapted to solid phase glycosidations.
The sequential formation of diverse 1,2-cis-glycosides as

major products offers the opportunity to exploit the remote
activation concept toward the synthesis of sets of anomerically
functionalized carbohydrates including esters as prodrugs,20 as
substrates for enzyme inhibition,21 and in carbohydrate
mediated drug delivery.22
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