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The stereoselective synthesis of acetals is of great interest,
especially because of the abundance of cyclic acetals in
nature.? Recently, there have been several reports of
organocatalytic approaches to stereoselective acetal forma-
tion." Organocatalysis has become a powerful synthetic
tool® and is attractive because the reactions are often
tolerant of water and air, and tend to be relatively simple to
perform. Arguably, the most important acetals are carbohy-
drates, of which 2-deoxysugars form an important and
synthetically challenging subclass. They occur widely in
natural products'!! and are frequently present in antibiotics,
anti-cancer, and cardiotonic agents'™* where the deoxysugar
component is often crucial for the bioactivity of the drug.”
Herein, we describe our efforts to develop an organocatalytic
method for the synthesis of 2-deoxygalactosides.
Considerable efforts have been made to develop stereo-
selective chemical methods for the assembly of oligosacchar-
ides containing 2-deoxysugars.*®) However, the absence of
groups at C-2 that can act to direct the coupling reaction often
leads to syntheses of 2-deoxyglycosides as mixtures of
anomers. Another concern is that 2-deoxyglycosides tend to
be more difficult to manipulate compared to the C-2
hydroxylated analogues because of their greater susceptibility
to hydrolysis."! Using directing groups at C-2 that are later
removed is inherently inefficient.*® Many direct methods
rely on stoichiometric promoters and/or precursors that
require several steps to synthesize.’ Catalyzing the direct
addition of an alcohol to a glycal (2) is the most atom-efficient
route to 2-deoxyglycosides."”! Existing methods (Scheme 1 a)
tend to be mostly confined to primary alcohol acceptors and
give either moderate yields or variable selectivities.'”) Herein,
we describe a highly atom-efficient method for the direct
reaction of readily available galactals with alcohols to give a-
linkages with high stereoselectivity using an organocatalyst.
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Scheme 1. Catalytic acetal formation from enol ethers.'*' PG = pro-
tecting group; THF =tetrahydrofuran.

Glycosylation reactions involving glycals tend to give
better stereoselectivities under mild conditions."” Organo-
catalysts often work under such conditions and tend to be
more tolerant of sensitive functional groups.'"'?l Recently,
Kotke and Schreiner reported the use of thiourea 1 to catalyze
the protection of alcohols with dihydropyran (DHP) under
mild conditions (Scheme 1b).>!¥ We reasoned that if glycals
could be used in place of DHP, it could provide a more
efficient glycosylation method than is currently available.
Modification of Schreiner’s reaction for use in stereoselective
glycosylations was not a trivial task, as the physical properties
and solubilities of our substrates were not amenable to the
methods described.™™ We optimized the reaction of protected
galactal 2a"™ (1.2 equiv.) with model acceptor 3a and found
that 1 mol % of catalyst 1, in a solution of CH,Cl, heated to
reflux, gave excellent results. Disaccharide 4a was produced
in 90 % yield in under six hours, exclusively as the a-glycoside
(Table 1, entry 1).% The high selectivity is not the result of
a postglycosylational anomerization (see below).

Having shown that thiourea 1 could be used as an efficient
and mild catalyst in our test reaction, we studied its use with
galactals bearing a range of different protecting groups. Thus
galactals 2b-f bearing ethyl, allyl, benzyl, methoxymethyl
ether (MOM), and silyl ether protecting groups were
prepared'” and subjected to the optimized reaction condi-
tions with 3a as acceptor (Table 1). In all cases, high yields
and excellent selectivities for a-linked glycosides were
obtained, albeit with longer reaction times being required
for substrates with bulkier protecting groups. In the case of
acetate-protected galactal 2g,"® no reaction was detected
after two days. Substrates 2h and 2j show that acetates can be
tolerated by the reaction but not in close proximity to the
reacting alkene, as is the case for 2h with an acetate at C-3
(Table 1, entry 8). We attribute the lack of reactivity of 2g to
the deactivation of the double bond.'”! Entries 8 and 9 in
Table 1 also show that the reaction is not sensitive to the
conformational restrictions imposed by the cis-decalin
system.
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Table 1: Reaction of galactals 2a—j with model acceptor 3a.l!
R20 OR®

O
2
R0 Catalyst1 (1 mol%)

OR' CH,Cly, reflux

2a-j
Entry R’ R? R? t[h]  Yield [%]“’1 a:pe
1 2a Me Me Me 6 90 a
2 2b Et Et Et 18 92 a
3 2c  Allyl Allyl Allyl 18 96 o
4 2d Bn Bn Bn 24 96 a
5 2e TBS TBS TBS 48 72 a
6 2f MOM MOM MOM 18 96 a
7 2g  Ac Ac Ac 48 0 -
8 2h  Ac Si(tBu),  Si(tBu), 48 14 a
9 2i MOM  Si(tBu), Si(tBu), 24 92 a
10 2j Bn Bn Ac 24 89 a

[a] 1.2 equiv. of 2a—j were used. [b] Yield of isolated product. No Ferrier
rearranged product was observed. [c] Determined by 'H NMR spectros-

copy.

Encouraged by these results, the scope of other common
glycosyl acceptors was investigated (Table 2). To that end,
perbenzylated galactal 2d was used as a model donor and
reacted with a range of differentially protected glycosyl
acceptors 3b-3j under the optimized reaction conditions.
Glycosyl acceptors with a primary alcohol® and either
benzyl or benzoyl protecting groups, as well as either methoxy
or thiophenyl as the anomeric substituents gave yields of the
isolated product of 87-98% and o-selectivity (Table 2,
entries 1, 2, 8, 9).

This high selectivity was maintained regardless of the
position of the free hydroxy group on the acceptor. Couplings
to secondary hydroxy groups®?! at C-2, C-3, or C-4 proceeded
extremely well with yields of the isolated product of 83-96 %
and complete a-stereocontrol (Table 2, entries 3-7). These
reactions were also independent of the configuration of the
OH group (axial vs. equatorial). For instance, galactoside 3h
with an axial secondary hydroxy group (Table 2, entry 7) gave
an excellent yield of 85 %, which is comparable to the result
obtained for glycosyl acceptor 3d (89 % ). Individual optimi-
zation of the reaction conditions was not required except in
the case of 3g. Because of its lower solubility in CH,Cl, this
reaction was run at a higher dilution of 3g with 2 equiv. of
galactal 2d and 2 mol % catalyst 1.

These results highlight that the organocatalyzed reaction
is tolerant of most commonly used alcohol protecting groups,
that is, benzyl and silyl ethers, benzoyl esters, and acetals.
Furthermore, the reaction works well across a range of
reactivity profiles® and the overall mild nature of the
reaction conditions makes this procedure remarkably general.

Having found that thioacetals were inert under the
organocatalytic glycosylation conditions (Table 2,
entries 8,9), we evaluated the new method in a three-compo-
nent, one-pot synthesis of trisaccharide 6 (Scheme 2). Thus,
galactal 2d was reacted with thioglycoside 3j under our
standard conditions. Following disaccharide formation,
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Table 2: Scope of acceptor in the glycosylation of galactals.

BnO o ‘ ROH BnO _OBn
_—
0 I
BnO Catalyst 1 (1 mol%) BnO @ only
2d (1.2 equiv) OBn CH,Cly, reflux, 24 h 56§ OR
Yield [%6] ROH Yield [96]
Ph—X~0
O O
1 Bno 98 6 BnO 3g 30
BnO HO
OMe

HO _OBn
3h
BzO o

BnO
OH
3i
3 89 8 BnO Q 92
B0 BnO SPh
OMe BnO
oTIPS oH

d o] 3j
o 941 2 BZ&&&S% 87
BzO
Ph—X-0
o o)
5 HO 3f 96
BnO

OMe

[a] Yield of isolated product. [b] 30 h; 2 equiv. of 2d and 2 mol % catalyst 1 with
respect to 3 g was used; 0.4 M ROH (all other reactions were approximately
0.8 M). [c] 18 h. [d] Product was isolated as the desilylated disaccharide for
purification purposes.

H
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2d reflux 0°C
6
58% yield

Scheme 2. One-pot trisaccharide synthesis.

acceptor 3a was added to the same pot along with N-
iodosuccinimide (NIS) and catalytic trimethylsilyl trifluoro-
methanesulfonate (TMSOTT).?*! This stepwise, one-pot addi-
tion reaction afforded trisaccharide 6 in 58% yield with
complete stereoselectivity.

To probe the mechanism of this reaction,® an a/p-
mixture of disaccharide 5b was subjected to the reaction
conditions and showed no change in the anomeric ratio,
indicating that the high a-selectivity is not the result of
anomerization. Moreover, the reaction with deuterated
galactal 7 yielded disaccharide 8 with the newly formed
bonds cis to each other (Scheme 3), thus the C—O and the C—
H bond formation steps are both diastereoselective. We
hypothesize that an alcohol-thiourea complex delivers the
proton selectively to the less hindered face of the enol ether
(A) followed by rapid collapse of the ion pair (B) to give 8.
The selective C—H bond formation may be dictated by steric
forces. The oo C—O bond-forming step, as shown in B, should
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Scheme 3. Mechanistic investigation and hypothesis.

be favored by sterics, the anomeric effect, and a chair-like
transition state, thus a low energy barrier is expected
compared to competing pathways that would lead to the -
product.?®! A similar face selectivity was observed by others
in the addition of azido radicals to the C2 position of
galactals.”!

In conclusion, we have described the first example, to our
knowledge, of an efficient direct glycosylation of galactals
with a wide range of glycosyl acceptors using a readily
available thiourea organocatalyst 1. This mechanistically
interesting reaction proceeds with excellent yields and high
selectivity for the a-anomer with only 1.2 equiv. of the
galactal donor. Furthermore, we have exemplified the versa-
tility of this reaction by the one-pot, chemo- and stereoselec-
tive synthesis of a trisaccharide. Work is currently underway
to extend this method to the stereoselective synthesis of other
deoxyglycosides. The simplicity of the method, mild condi-
tions, high yields, and stereoselectivity should make this
diastereoselective acetal formation a valuable addition to
synthetic chemistry with applications in, and beyond, the field
of carbohydrates.

Experimental Section

The monosaccharide acceptor (0.50 mmol) was weighed into a round-
bottom flask and placed under vacuum for 1 h. Then the flask was
filled with N,, followed by the addition of the galactal (1.2 equiv.) and
a stock solution of thiourea 1 (0.6 mL, 1mol%) in anhydrous
dichloromethane. The solutions were then heated at reflux under N,
until the reaction was determined to be complete by either TLC or
NMR spectroscopy analysis of the crude material. The solution was
then concentrated under vacuum and purified by column chromatog-
raphy.
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