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ABSTRACT

1,2-Cyclopropaneacetylated sugar is an effective glycosyl donor, which reacted with various glycosyl acceptors including monosaccharides,
amino acids and other alcohols in the presence of BF3•OEt2 or TMSOTf. The glycosylation is stereoselective in favor of �-anomeric products
with BF3•OEt2 as catalyst, whereas TMSOTf-catalyzed glycosylation prefers the r-anomeric products. 2-C-Acetonyl-2-deoxy-D-galactosides
were obtained in good yields.

2-Acetamido-2-deoxy-D-glycopyranosides are widely dis-
tributed in living organisms as oligosaccharides and glyco-
conjugates, and play essential roles in a wide range of
biological processes.1 Hence, there is a considerable interest
in glycan and glycoconjugate mimics with modified 2-N-
acetamidosugar residues for further understanding and
modulating the targets of these glycosides.2 Among the
various analogs, 2-acetonyl-2-deoxy-D-galactose (2-keto-Gal)

has gained much attention.3 This substrate can serve as
ketone isostere of GalNAc for cell surface engineering,4

conjugation of nonglycoprotein with biomolecules,5 and
labeling of a single-chain antibody.6 Moreover, 2-keto-Gal
has been taken as a substrate for mutant GalT to detect
O-GlcNAc-glycosylated proteins,7 and the LacNAc moiety
of glycoproteins and glycolipids.8 Notably, it may function
as a linker substrate to assemble glycoconjugates with
therapeutic and diagnostic applications.6,9

† Chengdu Institute of Biology.
‡ National Research Council of Canada.
(1) (a) Dwek, R. A. Chem. ReV. 1996, 96, 683–720. (b) Zachara, N. E.;

Hart, G. W. Chem. ReV. 2002, 102, 431–438.
(2) (a) Laughlin, S. T.; Baskin, J. M.; Amacher, S. L.; Bertozzi, C. R.

Science 2008, 320, 664–667. (b) Prescher, J. A.; Dube, D. H.; Bertozzi,
C. R. Nature 2004, 430, 873–877. (c) Mahal, L. K.; Yarema, K. J.; Bertozzi,
C. R. Science 1997, 276, 1125–1128. (d) Hang, H. C.; Yu, C.; Pratt, M. R.;
Bertozzi, C. R. J. Am. Chem. Soc. 2004, 126, 6–7. (e) Hanson, S. R.; Hsu,
T. L.; Weerapana, E.; Kishikawa, K.; Simon, G. M.; Cravatt, B. F.; Wong,
C. H. J. Am. Chem. Soc. 2007, 129, 7266–7267. (f) Kim, E. J.; Sampath-
kumar, S. G.; Jones, M. B.; Rhee, J. K.; Baskaran, G.; Goon, S.; Yarema,
K. J. J. Biol. Chem. 2004, 279, 18342–18352. (g) Jackman, J. E.; Fierke,
C. A.; Tumey, L. N.; Pirrung, M.; Uchiyama, T.; Tahir, S. H.; Hindsgaul,
O.; Raetz, C. R. H. J. Biol. Chem. 2000, 275, 11002–11009. (h) Li, X. C.;
Uchiyama, T.; Raetz, C. R. H.; Hindsgaul, O. Org. Lett. 2003, 5, 539–541.

(3) (a) Rexach, J. E.; Clark, P. M.; Hsieh-Wilson, L. C. Nat. Chem.
Biol. 2008, 4, 97–106. (b) Khidekel, N.; Ficarro, S. B.; Clark, P. M.; Bryan,
M. C.; Swaney, D. L.; Rexach, J. E.; Sun, Y. E.; Coon, J. J.; Peters, E. C.;
Hsieh-Wilson, L. C. Nat. Chem. Biol. 2007, 3, 339–348. (c) Khidekel, N.;
Ficarro, S. B.; Peters, E. C.; Hsieh-Wilson, L. C. Proc. Natl. Acad. Sci.
U.S.A. 2004, 101, 13132–13137. (d) Qasba, P. K.; Boeggeman, E.;
Ramakrishnan, B. Biotechnol. Prog. 2008, 24, 520–526.

(4) Hang, H. C.; Bertozzi, C. R. J. Am. Chem. Soc. 2001, 123, 1242–
1243.

(5) Ramakrishnan, B.; Boeggeman, E.; Qasba, P. K. Bioconjugate Chem.
2007, 18, 1912–1918.

(6) Ramakrishnan, B.; Boeggeman, E.; Manzoni, M.; Zhu, Z. Y.;
Loomis, K.; Puri, A.; Dimitrov, D. S.; Qasba, P. K. Bioconjugate Chem.
2009, 20, 1383–1389.

ORGANIC
LETTERS

2010
Vol. 12, No. 3

540-543

10.1021/ol902732w  2010 American Chemical Society
Published on Web 12/30/2009



Given the complex nature of the chemoenzymatic or
biological synthesis of glycans and glycoconjugates with
2-keto-Gal residuesrelying on the availability of different
wild-type and mutant glycosyltransferases, and UDP-2-keto-
Galsit is not surprising that access to diverse and chemically
defined glycoform mimics through the above the pathways
is difficult (Scheme 1). In this context, we presumed that it
could be a preferred strategy to assemble these modified
glycoforms through chemical glycosylation method. In
addition, as the UDP-2-keto-Gal precursor, peracetylated
2-acetonyl-2-deoxy-galactose,4,10 is not suitable for large-
scale glycosylation reactions as glycosyl donor due to the
synthetic route suffering from poor yield (3 steps, < 10%),
we were therefore attracted to the use of cyclopropanated
sugars as glycosyl donors.

1,2-Cyclopropanated glycosyl donors have been investi-
gated and employed in the preparation of 2-C-branched
glycosides11 and ring expanded heptanosides12 as a result
of the versatile reactivity of cyclopropyl ring strain. Most
of these unsubstituted, and ester or halo substituted sugar
cyclopropanes are synthesized from glycals through 1,2-
cyclopropanation, and they undergo ring-opening via sol-
volysis, providing anomeric mixtures of 2-C-branched mono-
saccharides,13 or Lewis acid-assisted pyran ring expansion
to oxepanes.14 Unfortunately, only Zeise’s dimer ([Pt(C2H4)-
Cl2]2)

15 and NIS/TMSOTf,16 have been found to be effective
for promoting the glycosylation of 1,2-cyclopropanated sugar
donors with sugar alcohols. Herein, we report the Lewis acid-

catalyzed ring-opening of a 1,2-cyclopropaneacetylated sugar
and subsequent glycosylation with various glycosyl acceptors
for stereoselective synthesis of 2-acetonyl-2-deoxy-D-galac-
topyranosyl conjugates.

The straightforward synthesis of galactose-derivative cy-
clopropane donor 5 commenced with the known allyl
C-galactoside 1.17 Mild oxidation of 1 with IBX followed
by NaBH4-mediated highly diastereoselective reduction
provided the epimeric allyl C-taloside 2 in excellent yield.
Tosylation of 2′-OH gave 3, and subsequent terminal olefin
oxidation with Hg(OAc)2/Jones reagent afforded 1-C-D-
talosyl acetone 4. Intramolecular SN2 reaction of compound
4 under K2CO3/DMSO conditions produced the desired 1,2-
cyclopropaneacetylated sugar 5 as the main product (Scheme
2). Extensive NMR studies and other analytical methods
confirmed that compound 5 was a pure diastereoisomer with
a trans configuration at bridged C1′ as indicated by the NOEs
between H1′, H3 and H5, which were supported by the
coupling constants (JH1, H1′ ) 2.1 Hz).18,19

Unexpectedly, the galactose-derivative cyclopropane 5, in
CDCl3, rapidly generated the hemiacetal 6 as a 2:1 mixture
of R- and �-isomers (Scheme 3), whereas the structurally
similar glucose cyclopropane existed stably in the same
deuterated solvent.19 This indicated that cyclopropane ring
of 5 was highly reactive and it might be usable as an effective
glycosyl donor.
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Scheme 1. Synthesis of Glycosyl Conjugates with 2-keto-Gal
Residue3,4

Scheme 2. Synthesis of 1,2-Cyclopropaneacetylated Sugar 5
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With 1,2-cyclopropaneacetylated sugar donor 5 in hand,
we focused our attention on exploring its Lewis acid-
catalyzed glycosylation with the primary alcohol of 7 as a
model reaction (Table 1). Upon treatment of 5 and 7 with

10 mol % of BF3·OEt2 under an inert atmosphere, the reaction
proceeded sluggishly at -78-0 °C and gave the desired
disaccharide 8 in 58% yield with R/� ) 1:4 (Table 1, entry
1). Increasing the amount of BF3·OEt2 to 20 mol % and
warming the reaction to -20 °C-rt successfully improved
the yield to 84%, obtaining slightly higher �-selectivity
(Table 1, entry 2). A variety of other Lewis acids were then
screened (Table 1, entries 3-10). AlCl3, BiCl3, and ZnCl2
were found to be less effective for O-glycosylation than
BF3·OEt2 (Table 1, entries 3-5). The use of InCl3 and PdCl2

resulted in only a trace amount of the desired disaccharide
8 and the reaction did not even occur in the presence of
AgOTf as a promoter (Table 1, entries 6-8).

Interestingly, we found that by replacing BF3·OEt2 with
the more reactive Lewis acid, TMSOTf, the glycosylation,
under otherwise similar conditions, exhibited modest R-se-
lectivity (Table 1, entry 9). Warming the reaction to near
room temperature resulted in the diastereoselectivity improv-
ing to R/� ) 7:1 and the same yield (Table 1, entry 10). It
is notable that during the course of monitoring the above

Lewis acid-catalyzed glycosylation reactions by TLC, the
anomerization of �- to R-O-glycoside was not detected
through prolonging reaction time. These results clearly
demonstrated the similar efficiency of both BF3·OEt2 and
TMSOTf in promoting the ring-opening of 1,2-cyclopropa-
neacetylated sugar donor and the contrast in diastereoselec-
tive glycosylation.

Considering the potential application of R- and �-2-keto-
galactosides in assembling special glycans and glycoconju-
gates, the scope of both Lewis acids-catalyzed coupling
methods was further examined with a number of monosac-
charides, amino acids and other alcohols 9-15 (Table 2).

To our delight, using monosaccharides 9-11 as nucleo-
philes, the desired 2-keto-galactosyl disaccharides 16 r/�,
17 r/�, and 18 r/� were formed in 71-89% yield with
moderate to good �-selectivity under BF3·OEt2-catalyzed
conditions, in contrast to TMSOTf-catalyzed glycosylation
which gave good to high R-selectivity (Table 2, entries 1-6).
When serine and threonine derivatives 12 and 13 were
employed as glycosyl acceptors, 2-keto-galactosides 19 r/�,
and 20 r/� were afforded in 71-78% yield (Table 2, entries
7-10). In addition, coupling of the hindered secondary 3-OH
of cholesterol 14 with 5 under both conditions gave good to
excellent R- or �-selectivity respectively (Table 2, entries

Scheme 3. Hydrolysis of 1,2-Cyclopropaneacetylated Sugar 5

Table 1. Lewis Acid Catalyzed Glycosylation of Glycosyl
Donor 5 and Acceptor 7a

entry catalyst condition yieldc (%) R/�d

1b BF3·Et2O -78-0 °C, 3 h 58 1:4
2 BF3·Et2O -20 °C-rt, 2 h 84 1:5
3 AlCl3 -20 °C-rt, 2 h 76 1:3
4 BiCl3 -20 °C-rt, 2 h 80 1:4
5 ZnCl2 -20 °C-rt, 2 h 73 1:2
6 InCl3 -20 °C-rt, 16 h trace /
7 PdCl2 -20 °C-rt, 16 h trace /
8 AgOTf -20 °C-rt, 16 h 0 /
9 TMSOTf -20 °C-rt, 2 h 87 2:1

10 TMSOTf 0 °C-rt, 1.5 h 86 7:1
a Reactions were performed with 1.1 equiv of acceptor in CH2Cl2 (0.1

M). b Ten mol % catalyst was employed. c Isolated yield. d Values were
determined by 1H NMR.

Table 2. Glycosylation of 1,2-Cyclopropaneacetylated Sugar
Donor 5

a Reactions were carried out using 20 mol % BF3·OEt2 at -20 °C to rt.
b Reactions were carried out using 20 mol % TMSOTf at 0 °C to rt.
c Reactions were carried out using 40 mol % TMSOTf at rt. d Isolated yield.
e Values were determined by 1H NMR.
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11 and 12), while similar results were also obtained using
adamantanol 15 as an acceptor (Table 2, entries 13 and 14).
Overall, the above examples clearly demonstrate the ef-
fectiveness of BF3·OEt2-catalyzed �-selective glycosylation
and TMSOTf-catalyzed R-selective glycosylation.

On the basis of the above result, a plausible mechanism
for the BF3·OEt2-catalyzed �-selective glycosylation is
outlined in Scheme 4 (path a). Coordination of the oxygen
atom of acetyl with BF3·OEt2 followed by the C1-C1′ bond
cleavage produces the highly reactive ion pair 23, which then
reacts with nucleophile and mainly gives 1,2-cis R-glycoside
24, due to the anomeric effect. Alternatively, 23 might be
equilibrating to a more stable enol ether 25 thanks to
intramolecular neighboring group participation.20 Then Lewis
acid-induced nucleophilic attack by the glycosyl acceptor
from � face, similar to the glycosylation of enol ether-type
glycosides,21 would form the 1,2-trans �-glycoside 26.

For the TMSOTf-catalyzed R-selective glycosylation, we
presumed that the tight coordination of the oxygen atom of
carbonyl with TMSOTf, followed by breaking of the C1-C1′
bond, could produce oxocarbenium triflate intermediate 2722

with a 2-C-branched trimethylsilyl enol ether, which has no
neighboring group participation.23 Thus, nucleophilic attack
by an acceptor alcohol at the anomeric carbon atom would
afford R-glycoside 24 as the main product, favored by the
anomeric effect (Scheme 4, path b). The opposite stereose-
lectivity of the glycosylation under BF3·OEt2 and TMSOTf
results mainly from the nature of promoters. To the best of

our knowledge, these are the first examples of catalyst-
controlled stereoselective glycosylation of 1,2-cyclopropan-
ated sugar.

In conclusion, we have demonstrated that 1,2-cyclopro-
panated galactosugar is a useful glycosyl donor, which
undergo BF3·OEt2 and TMSOTf-catalyzed glycosylation
reaction stereoselectively. The glycosylation favors �-ano-
meric products under BF3·OEt2 while TMSOTf-catalyzed
glycosylation prefers R-anomers. These novel glycoconju-
gates may serve as building blocks for more complex
glycomimics, and be useful substrates for enzymes.
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Scheme 4. Proposed Mechanism for the BF3·OEt2 and TMSOTf
Catalyzed Ring Opeing of 1,2-Cyclopropaneacetylated Sugar
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