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ABSTRACT

TMSOTf-promoted glycosylations of 2-azido-2-deoxy-glucosyl trichloroacetimidates provide excellent r-anomeric selectivities when performed
at a relatively high reaction temperature in the presence of PhSEt or thiophene. NMR and computation studies have shown that these
glycosylations proceed through an equatorial anomeric sulfonium ion, which upon displacement by a sugar alcohol provides an axial glycoside.
Computational studies have indicated that steric factors determine the selective formation of the â-anomeric sulfonium ion.

The principal challenge presented by the synthesis of
complex oligosaccharides of biological importance is the
development of approaches for the stereoselective introduc-
tion of glycosidic linkages. A reliable method for stereose-
lective glycosylations is based on neighboring group par-
ticipation of a 2-O-acyl functionality (Figure 1a).1 In these
reactions, a promoter activates an anomeric leaving group,
which results in its departure and the formation of an
oxacarbenium ion. Subsequent neighboring group participa-
tion of the 2-O-acyl protecting group will give a more stable
dioxolenium ion. An alcohol can attack the anomeric center
of the dioxolenium ion from only one face providing a 1,2-
trans glycoside. Thus, in the case of glucosyl-type donors,
â-linked products will be formed and mannosides will give
R-glycosides. The introduction of 1,2-cisglycosidic linkages,
such asR-glucosides andR-galactosides, requires glycosyl
donors with a nonassisting functionality at C-2. Invariably,
the use of these glycosyl donors leads to the formation of
mixtures of anomers.2,3 Separation of these anomers requires
time-consuming purification protocols resulting in loss of
material. It also limits the use of one-pot multistep glyco-
sylations4,5 and automated polymer-supported synthesis6-8

to oligosaccharides that only contain 1,2-trans glycosides.

Thus, the stereoselective formation of 1,2-cis glycosides is
the principal challenge of complex oligosaccharide synthesis.
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Figure 1. Conventional and sulfonium ion promoted stereoselective
glycosylation.
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Recently, we reported that a glycosyl donor substituted
with a chiral auxiliary9-11 such as an (S)-(phenylthiomethyl)-
benzyl ether at C-2 can be employed for the stereoselective
introduction of 1,2-cis glycosides such asR-glucosides and
R-galactosides (Figure 1b). Neighboring group participation
by the chiral auxiliary leads to a quasistable anomeric
sulfonium ion. Due to steric and electronic factors, the
sulfonium ion is formed as atrans-decalin ring system.
Displacement of the sulfonium ion by a hydroxyl leads to
the stereoselective formation ofR-glycosides.

We report here that glycosylations of 2-azido-2-deoxy-
glucosyl donors performed in the presence of a thioether
provide glycosides with excellentR-selectivity.

NMR and computational studies have shown that these
glycosylations proceed through an intermediate sulfonium
ion, which due to steric factors adopts an equatorial config-
uration. Displacement of the latter intermediate by a sugar
hydroxyl results in the formation of an axial glycoside.

1,2-Cis-linked 2-amino-2-deoxy-glycosides are usually
introduced by employing glycosyl donors having a nonpar-
ticipating azido moiety at C-2 of a glycosyl donor.12,13

However, these glycosylations are rarely stereoselective and
often provide mixtures ofR/â-anomers (Scheme 1).

It was anticipated that the application of the auxiliary-
based methodology for the preparation ofR-linked 2-amino-

2-deoxy-glycosides would be difficult. Therefore, we inves-
tigated whether improvements in anomeric selectivities could
be achieved by the addition of thioethers to glycosylations
of 2-azido-2-deoxy-glycosyl donors. It was expected that
activation of such glycosyl donors would lead to the
formation of an oxacarbenium ion, which upon reaction with
the thioether would give a sulfonium ion intermediate (Figure
1c). Due to steric factors, the later intermediate should be
formed as aâ-anomer. Subsequent displacement of the
â-sulfonium ion by a sugar hydroxyl should then give an
R-glycoside.

In the first instance, the effect of the addition of phenyl-
thioethyl ether (PhSEt) on the anomeric outcome of
TMSOTf-promoted glycosylations of 3,4,6-tri-O-acetyl-2-
azido-2-deoxy-D-glucopyranosyl trichloroacetimidate (1a)14,15

with glycosyl acceptors2-4 was investigated. Phenylthio-
ethyl ether was selected due to its structural resemblance to
the (S)-(phenylthiomethyl)benzyl ether auxiliary, which has
been shown to glycosylate through a sulfonium ion.

Furthermore, primary sugar alcohols were selected because
their use leads often to poorR-anomeric selectivities.2 As
can be seen in Table 1, the addition of PhSEt to glycosyla-

tions of 1a with 2-4 performed at-78 °C in dichlo-
romethane resulted in increases ofR-anomeric selectivities.
Interestingly, when the reactions were performed at 0°C,
further improvement ofR-selectivity was observed, and in
each case, the addition of PhSEt gave the best results. For
example, a TMSOTf-promoted glycosylation of glycosyl
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Scheme 1. Glycosylations of Glycosyl Donors1a,b and
Acceptors2-6

Table 1. Stereoselective Outcomes of Glycosylations of
Glycosyl Donor1a with Glycosyl Acceptors2-6 in the
Presence or Absence of a PhSEt or Thiophene

acceptor temp (°C) thioether product, R/â (yield)

2 -78 none 7a, 2/1 (91%)
2 -78 PhSEt 7a, 5/1 (83%)
2 0 none 7a, 8/1 (92%)
2 0 PhSEt 7a, 20/1 (94%)
2 0 thiophene 7a, R-only (91%)
3 -78 none 8a, 2/1 (76%)
3 -78 PhSEt 8a, 4/1 (80%)
3 0 none 8a, 10/1 (85%)
3 0 PhSEt 8a, 14/1 (92%)
3 0 thiophene 8a, 18/1 (95%)
4 -78 none 9a, 1/1 (87%)
4 -78 PhSEt 9a, 1/1 (93%)
4 0 none 9a, 2/1 (87%)
4 0 PhSEt 9a, 5/1 (92%)
4 0 thiophene 9a, 14/1 (95%)
5 -78 none 10a, 2/1 (45%)
5 0 none 10a, 10/1 (56%)
5 0 thiophene 10a, 15/1 (60%)
6 -78 none 11a, R-only (33%)
6 0 none 11a, R-only (40%)
6 0 thiophene 11a, R-only (43%)
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donor1awith glycosyl acceptor2 in dichloromethane at-78
°C gave a poor anomeric selectivity ofR/â ) 2/1. An
improved anomeric selectivity ofR/â ) 5/1 was achieved
when the reaction was performed in the presence of PhSEt.
Interestingly, increasing the reaction temperature to 0°C
resulted in a goodR/â ratio of 8/1. However, at this reaction
temperature, the addition of PhSEt gave an excellentR-ano-
meric selectivity ofR/â ) 20/1. The anomeric ratios were
determined by integration of the signals of the methyl
glycoside after purification by size exclusion column chro-
matography.

The observation that the addition of PhSEt led to improved
R-anomeric selectivities provides support that the glycosy-
lations proceed through an intermediateâ-sulfonium ion. To
confirm the presence of this intermediate, glycosyl donor
1a and PhSEt (10 equiv) in CDCl3 at -20 °C were treated
with 1 equiv of TMSOTf, and after a reaction time of 10
min, 1H, 1H TOCSY, HSQC, and HMBC NMR spectra were
recorded (Figure 2).

The collected data showed the formation of three com-
pounds, which were unambiguously assigned as theR-triflate
12 and two diastereoisomericâ-sulfonium ions13. Thus,
H-1 of compound12 exhibits a large downfield shift and a
small vicinal coupling constant between H-1 and H-2, which
is typical for anR-triflate (δ 6.50, d,J1,2 ) 3.5 Hz).16 On
the other hand, the large vicinal coupling constants between
H-1 and H-2 of the two other compounds indicated that their
anomeric substituents haveâ-configurations (δ 5.95, d,J1,2

) 10.0 Hz; 5.48, d,J1,2 ) 10.0 Hz). Furthermore, the HMBC
spectrum, which measures three-bond proton-carbon cou-
pling, showed for each of the two compounds a correlation

between H-1 and H-8 of the ethyl moiety of the aglycon,
which demonstrates thatâ-sulfonium ions were formed.
When the temperature of the sample was gradually raised
to 0 °C, signals arising from theR-triflate and one of the
â-sulfonium isomers disappeared and only peaks assigned
to the otherâ-sulfonium isomer were observed. This com-
pound exhibited a medium strong nuclear Overhauser en-
hancement (NOE) between H-1 and H-8. Furthermore, no
NOEs were observed between H-1 and the aromatic protons
of the aglycon, indicating that the phenyl substituent istrans
to H-1.

The three possible rotamers of theâ-sulfonium ion were
optimized by DFT quantum mechanical calculations. A
distance of 2.8 Å between H-1 and H-8 in thetg conforma-
tion as in compound13 is in agreement with the observed
NOE. This conformation places the phenyl ringtransto H-1
and explains the absence of NOEs between these protons.
Theggandgt conformations predict NOEs between the aro-
matic ring of the aglycon and H-1, which indicates that the
â-sulfonium ion is preferentially formed as atg conformer.

Next, attention was focused on determining the origin of
the stereoselective formation of theâ-anomeric sulfonium
ion. In this respect, it has been found that the equilibrium
between anomers of pyranosides having a cationic function-
ality at their anomeric center often shifts toward the
equatorial anomer, an effect that has been coined reverse
anomeric effect (RAE). Lemieux and co-workers explained
the preferential formation of the equatorial anomer by
stabilizing monopole-dipole interactions arising from the
positive charge, which is close to the negative end of the
dipole.17 However, this proposal fails to explain conforma-
tional preferences of several compounds which apparently
are stabilized even though the positive charge has moved
away from the negative end of the dipole.18 Finch and
Nagpurkar proposed that a RAE arises from a stabilizing
homoallylic-type overlap between the oxygen lone pair and
the π* orbital of the aromatic heterocycle because such an
overlap is geometrically favorable in an equatorial conforma-
tion.19 However, quantum mechanical calculations of the
N-(hydroxymethyl)pyridinium ion indicated that the barrier
to C-N+ rotation is at best 0.3 kcal/mol when the p andπ*
orbitals are parallel.20 Moreover, UV spectra of 2-, 3-, or
4-(hydroxymethyl)pyridinium ions showed no evidence
for such a p-π* orbital interaction. It appears that in these
cases theâ-anomer is preferred due to minimizing steric
interactions.21

To examine the possible involvement of stereoelectronic
effects in the preferential formation ofâ-anomeric sulfonium
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Figure 2. (a) R-Triflate 12 andâ-sulfonium ions13. (b)1H NMR
spectrum of glycosyl donor1a. (c) 1H NMR spectrum of12 and
13. (d) HMBC spectrum of12 and13.
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ions, molecular orbital calculations at the B3LYP/6-31G**
level using the Jaguar program were performed on thetg
conformer (Figure 3). If stereoelectronic factors are respon-

sible for stabilizing theâ-sulfonium ion, overlap between
the lone pair electrons of the endocyclic oxygen (p-orbital)
and theπ* orbital of the C-1-S+ bond would be expected.
However, the calculations show that the HOMO-1 and
LUMO molecular orbitals do not display any participation
with the endocyclic oxygen. Thus, orbital interactions do not
appear responsible for the greater stability of theâ-sulfonium
ion. Interestingly, a model of the axially substituted anomeric
sulfonium ion in thetg conformation demonstrates steric
hindrance between the anomeric substituent and H-3 and H-5
of the sugar ring. Thus, it is likely that theâ-substituted
sulfonium ion is selectively formed due to minimizing
unfavorable steric interactions.

Having established that glycosylations performed in the
presence of PhSEt proceed through aâ-sulfonium ion inter-
mediate, a number of thioethers were examined to improve
the anomeric outcome of the glycosylations (see Supporting
Information). As can be seen in Table 1, the use of thiophene
resulted in further small increases inR-selectivity.

Next, glycosyl donor1awas coupled with secondary sugar
alcohols5 and6 at -78 °C and 0°C in both the presence
and absence of thiophene. In the case of5, a small increase
in R-anomeric selectivity was observed, whereas the use of
6 gave in both conditions only theR-anomer. The yields
were relatively low in part due to the formation of substantial
quantities of anomeric trichloroacetamide byproduct due to
reaction with the leaving group.22 When a thiophenyl
glycoside was employed in combination with Ph2S(O)/Tf2O
as the promoter system, compounds10a and 11a were
obtained in better yields (see Supporting Information).

To demonstrate the generality of the approach, glycosyl
donor1b was coupled with2-6 at -78 °C and 0°C in the
presence and absence of thiophene. As can be seen in Table
2, the R-anomeric selectivity was improved when the

glycosylations were performed in the presence of thiophene.
Also, a relatively high reaction temperature improved the
anomeric outcome of the glycosylations. The improvements
were most notable when primary sugar hydroxyls were
employed (Table 2).

Finally, a number of glycosylations were performed with
2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-glucopyranosyl trichlo-
roacetimidate22 (see Supporting Information). However, this
glycosyl donor gave poorR-anomeric selectivities for
primary as well as secondary sugar alcohols. Furthermore,
the addition of thiophene resulted only in marginal improve-
ments of anomeric selectivity.

Probably, the high reactivity of the glucosyl donor
promotes glycosylation of the intermediate oxacarbenium ion
resulting in poor anomeric selectivities.

In conclusion, glycosylations of 2-azido-2-deoxy-glycosyl
trichloroacetimidates provide excellentR-anomeric selectivi-
ties when performed at relatively high reaction temperatures
in the presence of thiophene. Mechanistic studies have shown
that activation of a trichloroacetimidate in the presence of
PhSEt results in the formation of aâ-substituted anomeric
sulfonium ion. Computational studies have indicated that the
steric factors determine the selective formation of the
â-anomer. Displacement of theâ-sulfonium ion by an alcohol
leads to the formation of anR-glycoside. Finally, the use of
highly reactive glycosyl donors leads to a reduction of
R-anomeric selectivity. Extension of the methodology to
other glycosyl donors is in progress.
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Figure 3. HOMO-1 and LUMO oftg conformer ofâ-sulfonium
ion intermediates. The endocyclic oxygen does not participate in
any orbital overlap. These molecular orbital calculations indicate
that stereoelectronic effects are not responsible and that steric effects
are the origin of selective formation of theâ-anomeric sulfonium
ion.

Table 2. Stereoselective Outcomes of Glycosylations of
Glycosyl Donor1b with Glycosyl Acceptors2-6 in the
Presence or Absence of a PhSEt or Thiophene

acceptor temp (°C) thioether product, R/â (yield)

2 -78 none 7b, 5/1 (85%)
2 0 none 7b, 12/1 (90%)
2 0 thiophene 7b, 20/1 (93%)
3 -78 none 8b, 4/1 (90%)
3 0 none 8b, 10/1 (95%)
3 0 thiophene 8b, 20/1 (92%)
4 -78 none 9b, 1/1 (94%)
4 0 none 9b, 10/1 (98%)
4 0 thiophene 9b, 15/1 (96%)
5 -78 none 10b, 3/1 (40%)
5 0 none 10b, 11/1 (52%)
5 0 thiophene 10b, 15/1 (50%)
6 -78 none 11b, R-only (31%)
6 0 none 11b, R-only (35%)
6 0 thiophene 11b, R-only (37%)
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