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ABSTRACT

Selective acetylation of various per-O-TMS-protected carbohydrates has been accomplished. Using a protecting group exchange strategy and
microwave assistance, monosaccharides (glucose, galactose, and mannose) can be selectively acetylated producing either the 6-O-monoacetate
or 1,6-O-diacetylated species. This new class of molecules can be deprotected without migration of the acetyl groups, providing useful synthetic
intermediates. To demonstrate the scope of the reaction, the methodology was successfully extended to TMS-protected ceramide.

With the current interest in glycochemistry and glycobiology
growing, regioselectively functionalized carbohydrates are
targets that garner significant attention. Carbohydrate mol-
ecules contain a number of hydroxyl units that are difficult
to manipulate selectively due to similar reactivity profiles.
Hence, methodologies that achieve efficient protection and
selective modification of monosaccharides are important
synthetic tools in organic chemistry.

One of the most fundamental and yet significant transfor-
mations in carbohydrate chemistry is the acetylation of
monosaccharides. However, there has been little success in
the selective acetylation of unprotected sugars, owing largely
to the insolubility of carbohydrates in organic solvents.
Enzymatic acylation1 has been shown to be useful for the
preparation of selectively acetylated pyranosides,2 furano-
sides,3 sialosides,4 oligosaccharides, and natural glycosides.5

This technology has also been extended to more complex

carbohydrate structures, such as the selective acetylation of
ginsenosides6 and diterpenoid glycosides7 and the production
of gangliosides8 and combinatorial arrays,9 and has been
shown to be effective in ionic liquids.10 Yet, until now, a
nonenzymatic method for the selective acetylation of un-
functionalized carbohydrates with minimal synthetic ma-
nipulation has not been available.

Nonenzymatic acetylations of carbohydrates typically
utilize alkyl glycosides as substrates. Acetylation of the
hydroxyl at C-6 can be achieved preferentially on alkyl
glycosides, as conventional wisdom would predict.11 How-
ever, unprotected carbohydrates reportedly exhibit anomalous
behavior. For example, Kurahashi, Mizutani, and Yoshida
found that the secondary hydroxyls in glycosides were
preferentially acetylated over the primary 6-OH using acetic
anhydride and DMAP, presumably due to intramolecular
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hydrogen bonding.12 Kattnig and Albert showed that selec-
tivity of acetylation was also influenced by the counterion
and that, while acetyl chloride reacted primarily at the C-6
hydroxyl, acetic anhydride yielded an inseparable mixture
of acetylated products.13 With both of these approaches, it
is difficult to remove the alkyl functionality at the anomeric
position. Hence, the products of these reactions have yet to
find wide utility as synthetic precursors.

As opposed to using either alkyl glycosides or unfunc-
tionalized sugars, we explored the possibility of directly
exchanging a protecting group with an acetyl group. Acetyl-
ation of a protected sugar would provide increased solubility
in organic solvents, loss of intramolecular hydrogen bonding
in the substrate, and the ability to orthogonally deprotect and
functionalize the product. We regularly utilize per-O-TMS-
protected pyranosides and believed these would prove
promising substrates, especially since acetic anhydride had
been shown to acetylate per-O-TMS-protected N-acetylga-
lactosamine.14

The initial substrate we chose to investigate was per-O-
trimethylsilylgalactose (1), which was prepared in a single
step from galactose.15 The galactoside was stirred with 2
equiv of acetic acid for 2 days, and while TLC showed less
than 50% reaction completion, 35% of 6-O-monoacetate 2
and 2% of 1,6-O-diacetate 3 were isolated cleanly via column
chromatography (Scheme 1). When the amount of acid was

increased to 4 equiv, the substrate was completely consumed
after 48 h, yielding 90% of the monoacetylated product and
7% of diacetate 3.16

While encouraged by the results, a major drawback to the
methodology was the long reaction period. To expedite the
reaction time, the reaction was subjected to microwave
irradiation. The reaction progression was monitored via TLC
and showed complete consumption of starting material after
three 25 min cycles, as opposed to 48 h at rt (Scheme 1).
Interestingly, the microwave-assisted reaction produced a

larger amount of diacetate 3 than was produced at room
temperature. This led us to investigate whether the diacetyl-
ated product could be produced as the major product in the
selective acetylation reaction. Indeed, when 4 equiv of acetic
acid were used along with microwave assistance, diacetate
3 was the major product.

While selective acetylation at the 6-position was note-
worthy in that it produced 6-O-acetyl-monosaccharides
nonenzymatically, there have been no reported preparations
of unfunctionalized 1,6-di-O-acetyl-monosaccharides, to the
best of our knowledge. Hence, these novel molecules could
prove useful as synthetic intermediates, either as the TMS-
protected silyl ethers or the deprotected free sugar variant.
Moreover, since anomeric acetates can be removed selec-
tively,17 the 1-O-acetate is essentially orthogonal to the 6-O-
acetate.

The use of microwave conditions also produced selectively
acetylated triacetates (4) and tetraacetates (5) (Table 1, entry
4), and while they are minor products, the ease of separation
allows access to ample quantities of material upon scale-up.
Compounds 4 and 5 are useful synthetic intermediates, as
galactosides similar to 4 have been used in the synthesis of
glycans, such as Sialyl Lewis X.18

Similar reactivity was observed in the acetylation of per-
O-TMS glucose (6).15 The reaction progression was slow at
rt, and when 2 equiv of acid were used, the reaction did not
proceed to completion (Table 1, entry 5). In contrast, TLC
analysis showed complete substrate consumption when using
4 equiv of acetic acid after 48 h, yielding 66% of 6-O-
acetylglucoside 7 and 22% of 1,6-di-O-acetyl-glucoside 8
(Table 1, entry 6).16

These results indicate that the first site of acetylation of
the glucoside is the primary C-6 position to afford monoac-
etate 7, which is further acetylated at the anomeric position
to yield diacetate 8 as a mixture of anomers. The reaction
rate was increased by use of microwave irradiation and
triacetylated glucosides were isolated (Table 1, entry 7). With
glucose, however, selectivity was not observed and an
inseparable mixture of triacetates was obtained.

The promising reactivities of the galactose and glucose
systems led to the extension of the technology to mannose.
When per-O-TMS-mannose (9)15 was treated with 2 equiv
of acetic acid, the reaction progressed more rapidly than
either of the per-O-silylated galactose or glucose analogs at
rt (Table 1, entry 8). The main product was monoacetate
10, which was isolated in 70% yield, and diacetate 11 was
isolated in 16% yield. Under microwave irradiation, the main
products were again 10 and 11, but the microwave conditions
also yielded selectively acetylated triacetate 12 and tetraac-
etate 13 in small quantities (Table 1, entry 9). These
molecules are likely to be important analogs for the prepara-
tion of high-mannose oligosaccharides.

After noting the reaction generality, attention was turned
to N-acetylglucosamine (GlcNAc). Attempts to selectively
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Scheme 1. Acetylation of per-O-TMS-galactoside
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acetylate per-O-TMS-protected N-acetyl-glucosamine (14)15

under microwave irradiation produced per-O-acetylated N-
acetylglucosamine, even under shorter reaction times. Aside
from being more reactive than the previous glycosides,
GlcNAc compounds were very difficult to visualize by TLC,
which complicated monitoring the reaction progression.
However, when the substrate was stirred with 2 equiv of
acetic acid at rt, 1,6-diacetyl species 15 was produced in
good yields in 48 h (Table 1, entry 10). This product is poised
for use in the preparation of a number of biologically
important molecules, such as N-acetyllactosamine and chi-
tobiose.

In earlier work, we have shown that per-O-TMS-protected
glycosides can be readily deprotected via acidic methanoly-
sis.19 However, there was concern that selectively acetylated
TMS-protected sugars might undergo acetyl cleavage or
migration under the deprotection conditions. To explore this
possibility, the substrates were dissolved in methanol and
treated with Dowex for up to 1 h. To our delight, filtration
and concentration yielded fully deprotected monosaccharides
in high yield and purity (Table 2). It is important to note
that while spectroscopic analysis revealed that there was no
evidence of acetyl migration during deprotection, acetyl
migration can occur over time. Since, there was no evidence

of acetyl migration in the fully protected species, it is
recommended that the acetylated intermediates be desilylated
immediately prior to use, rather than stored as the deprotected
sugar.

The synthesis of tetraacetate 19 had been previously
reported by a 2-step enzymatic process; however, our
chemical shift and coupling constant data do not match the
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Table 1. Selective Acetylation of per-O-TMS-protected Monosaccharides

a No product isolated. b Mixture of inseparable triacetates isolated.

Table 2. Methanolysis of TMS-Ethers with Dowex

substrate product time yield

8 16 <15 min 80%
11 17 <15 min quant.
12 18 15 min quant.
5 19 1 h 94%
15 20 15 min 88%
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published NMR data.20 We are quite confident that our
methodology produced 19 based upon extensive 1D and 2D
NMR21 (Figure 1). Full proton assignment was accomplished

using COSY, and the coupling constants were indicative of
an anomeric mixture. The position of the acetates was
determined via HMBC NMR data, which correlated the
proton signals at C-1, C-2, C-3, and C-6 with long-range
coupling to the carbonyl carbons.

To test the selective acetylation of a molecule that was
not a sugar, the methodology was extended to ceramide 21,
a biologically important molecule. The ceramide was silyl-
ated cleanly using TMS-chloride, and the O-TMS-protected
ceramide was acetylated under microwave irradiation (Scheme
2). The reaction progressed quickly with 1 equiv of acetic
acid, and the reaction yielded selectively acetylated ceramide
22 in good yield along with small amounts of recovered
substrate and diacetylated ceramide. Deprotection of the silyl
ether proceeded without acetyl migration to yield acetyl-
ceramide 23 in 80% yield.

Wong and co-workers have developed a one-pot glycosyla-
tion strategy to facilitate complex oligosaccharide synthesis.22

The approach exploits the reactivity differences of various
glycosyl donors on the basis of the position, number, and type

of protecting group; and acyl groups are generally thought to
be deactivating.23 The nucleophilicity of glycosyl acceptors can
also be attenuated by acyl protecting groups, as recently
demonstrated in the synthesis of glycosyl ceramides.19b More-
over, Hung and co-workers have developed a regioselective one-
pot protection of TMS-protected glycosides.24 The synthetic
methodology presented herein nicely interfaces with these
platforms, providing powerful tools for accessing large arrays
of glycosyl donors and acceptors for oligosaccharide synthesis.
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Figure 1. Key COSY (red) and HMBC (blue) interactions in 19.

Scheme 2. Selective Acetylation and Deprotection of Ceramide
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