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Abstract

Previous static and dynamical density functional theory studies of the 2,6-di-O-acetyl-3,4-O-isopropylidene-D-galactopyranosyl
cations and their methanol adducts has led to an hypothesis that these cations exist in two families of conformers characterized
as 2SO and B2,5, respectively. These families differ by ring inversion, each with its own reactivity. New calculations on the
2,6-di-O-acetyl-3,4-di-O-methyl-D-galactopyranosyl cation confirmed these trends. Removing the isopropylidene group allows
more flexibility, but two families of conformers can be discerned with the monocyclic oxocarbenium ions in the E3 conformation
and the bicyclic dioxolenium ions in the 4H5 conformation. Attack on the �-face of these monocyclic cations is favored by
hydrogen bonding and the anomeric effect. The experimentally observed high �-stereoselectivity of mannopyranosyl donors and
high �-stereoselectivity of glucopyranosyl donors with the 4,6-O-benzylidene protecting groups can be rationalized assuming that
the trans-fused 1,3-dioxane ring allows population of only one family of conformers. The combination of hydrogen bonding and
conformational changes of the pyranose ring in response to the C-5�O-5�C-1�C-2 torsion angle changes are identified as key
factors in stereoselectivity. Based on these observations a strategy to design face discriminated glycosyl donors that exist
predominantly in only one family of conformers is proposed. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

The formation of an acetal or a ketal linkage in a
glycosylation reaction is central to the development of
efficient methods for oligosaccharide synthesis. An ideal
reaction will be completely regio- and stereospecific and
proceed free of side reactions. Given the large number
of hydroxyl and amino functions in typical oligosaccha-
rides, it is perhaps not surprising that such efficiencies
are rarely achieved. If oligosaccharide synthesis is ever
to be automated1 in the way oligonucleotides and pep-
tides are, then these efficiencies must be achieved. This
paper appraises our understanding of the class of glyco-
sylation reactions for which neighboring group partici-

pation can be used to control the stereochemistry at the
reactive anomeric carbon.2 For the sake of discussion,
we will discuss only hexoses where the anomeric center
is C-1 and the neighboring acyl group is attached to
C-2. These results can be interpreted in ways that lead
to new directions of research to control the stereochem-
istry of glycosylation reactions.

The global mechanism of glycosylation reactions has
been known for a long time and falls in the borderline
between SN1 and SN2 nucleophilic substitution reac-
tions.3 Typical glycosylation reactions are between a
sugar acceptor with sterically hindered sugar hydroxyl
groups of low nucleophilicity and the anomeric center
of a sugar donor. In order to activate the donor, very
good leaving groups and powerful promotors are used
to generate reactive electrophilic species. Following ear-
lier considerations,4 we consider three sequential steps
in an SN1 like mechanism: (1) irreversible ionization of
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the glycosyl donor; (2) nucleophilic attack by the glyco-
syl acceptor; and (3) proton transfer to give the gly-
coside (see Scheme 1). This mechanism is analogous to
ester formation between an alcohol and a source of
R�C�O+.

Most glycosylation methods rely on making the ion-
ization step irreversible by either precipitation of the
leaving group as in heavy metal ion-promoted reactions
or by rearrangements such as the trichloroacetimidate
to trichloroacetamide transformation.5 Therefore, in
sharp contrast to classical SN1 mechanistic discussions
which concentrate on the kinetic barriers to ionization,
it is the reactivities of the electrophilic species that we
are interested in. It is well documented that the counte-
rions such as trifluoromethanesulfonates (triflates) can
in some cases form covalent intermediates6 or that
added bases such as 2-chloropyridine can also form
similar covalent intermediates.7 It is not clear if these
intermediates can react directly (SN2) to give glycosides
or by prior dissociation (SN1).5 If the latter case occurs,
then our mechanistic interpretations are still valid. We
reason that nucleophilic attack precedes proton transfer
for two reasons. First, the pKa of a typical sugar

hydroxyl is about 13, which is much too high to be
ionized in the presence of strong Lewis acids used in
glycosylation conditions.8 The pKa of hydronium ions is
on the order of −3, and therefore typical additives
such as molecular sieves are sufficient to act as proton
acceptors.9 Two, the reverse reaction to glycosylation,
namely acid-catalyzed hydrolysis, is well known to pro-
ceed by protonation followed by C�O bond cleavage.10

Finally, we interpret proton transfer as a termination
step in the mechanism as most O-glycosides are stereo-
chemically inert to glycosylation conditions.

For a classical SN2 reaction proceeding through an
anti-five-coordinate transition state (TS), the �/� selec-
tivity is determined by the relative free energies of the
two possible TS’s. For neighboring group-assisted gly-
cosylations, the corresponding TS has the 2-acyl group
as the leaving group (see E in Scheme 3(a)). Our initial
goals were to find the structure of this TS, and then
investigate the effects of varying the nature of the acyl
group on its structure and energetics. For SN1 reac-
tions, the origins of �/� selectivity is much less clear.
We reason that there is at least one TS past the
formation of the reactive electrophilic species and that
stereoselectvity arises because of different free energies
for �- versus �-attack on this species. By definition,
these TS must have lower energy barriers than the TS
for ionization. Finding the structures of these TS is the
second goal of our work.

The classical analysis of plausible electrophilic inter-
mediates in glycosylation reactions have considered 4H3

and 3H4 half-chair (C-5�O-5�C-1�C-2 torsion=0°)
conformations.11 These conformations were proposed
based on the necessity to accommodate the sp2 carbon
at the anomeric centre, C-1. Since the electrophilic
species are difficult to study experimentally, several
attempts have been made to calculate model com-
pounds in order to gain insight into these types of
intermediates.12 One such calculation on model com-
pounds found 4E as the lowest energy conformation of
a tetrahydropyranyl oxocarbenium ion.12a However, ei-
ther due to limitations in the computational methods or
the inherent flexibility of the chosen models, clear an-
swers were elusive. Our results show that pyranosyl
oxocarbenium ions can exist in a variety of conforma-
tions other than 4E, 4H3, and 3H4.

In order to circumvent the flexibility problem, we
studied plausible intermediates in the neighboring
group-assisted glycosylation reaction derived from rela-
tively rigid glycosyl donors A (2,6-di-O-acetyl-3,4-O-
isopropylidene-D-galactopyranosyl-leaving group (1))
(see Scheme 2).13 These computational studies were
based on extensive experimental studies with this sys-
tem.14 Our approach is to optimize the geometries of
plausible intermediates by quantum mechanical meth-
ods. In particular using static density functional theory
(DFT) calculations as implemented in the Amsterdam

Scheme 1. Three-step (activation, nucleophilic attack, and
proton transfer) model of the glycosylation reaction, adapted
from Ref. 4.

Scheme 2. Plausible (B–E for 1) intermediates in the neigh-
boring group-assisted glycosylation derived from donor A.
Energies in kJ mol−1, adapted from Ref. 13.
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Scheme 3. Previous proposals for �-glycoside formation after
nucleophilic attack on the dioxolenium ion C. (a) A SN2
pathway through pentacoordinate TS. (b) A proton-transfer
pathway which proceeds through tetrahedral intermediate H.

first is an anti SN2 attack proceeding through a penta-
coordinated TS from an intermediate of type E (see
Scheme 3(a)).3 The second mechanism involves a step-
wise proton-transfer mechanism from intermediates of
type D resulting from nucleophilic attack at the former
carbonyl carbon (C-7) (see Scheme 3(b)).16 We exam-
ined both mechanisms by the procedures described
above and could not find low-energy pathways to �-gly-
cosides. For example, the barrier to the five-coordinate
SN2 TS was �100 kJ mol−1. The arrows in Scheme
3(b) indicate a proton transfer from the nucleophile to
the anomeric oxygen with concomitant migration of the
nucleophile and opening of the dioxolenium ring. Opti-
mized intermediate, H, in this pathway was too high in
energy to be realistic.13 Other proton-transfer pathways
and intermediates involving other tetrahedral interme-
diates at the carbonyl carbon were tested, but none
appeared realistic. Our failures led us to hypothesize
that nucleophilic attack on B via F and G could be the
pathway to glycosides (see Scheme 2).

For this hypothesis to be valid, at least three factors
need to be true: (1) intermediate B must have a suffi-
cient lifetime to equilibrate to F or G; (2) the relative
stabilities of F and G must account for the observed
stereoselectivities; and (3) the barriers from F and G to
the respective �- and �-glycosides must be very com-
parable in energy.

Factor 1 has been addressed by other groups in other
contexts, for example the discrete existence of glucosyl
oxocarbenium ions in water has been questioned by
Jencks.20 Evidence for the existence of oxocarbenium
ions in water has been presented for the more stabilized
keto acid, neuraminic acid.21 Similarly, a considerable
body of evidence supports the existence of oxocarbe-
nium ion intermediates or TS’s in glycosidase catalyzed
reactions.22 Therefore, it seems likely, in the presence of
powerful Lewis acids in non-nucleophilic solvents, that
oxocarbenium ions are formed. However, such free
oxocarbenium ions as B are unlikely to exist in the
absence of stabilizing anions and solvent.23 Typically
such anions are present in glycosylation reactions and
in some cases may even participate in the reaction as
nucleophiles.8,9,24 In other words, a continuum of spe-
cies from covalent intermediates, through tight ion-
pairs and loose ion-pairs are likely to exist. The
equilibrium proportions will be highly dependent on the
reaction conditions. Furthermore, each will have its
own reactivity. However, if the ultimate precursors to
glycosides are indeed such ion–dipole complexes as F
and G, then the relative stabilities of these species will
determine stereoselectivity. Complexes of type F and G
will also exist as solvated ion-pairs and multiple species
of differing stabilities may exist.

Also of relevance to factor 1 is the intrinsic barrier to
nucleophilic attack on B. From calculations in the gas
phase, we could find no calculated barrier to nucle-

density functional package including continuum dielec-
tric solvation contributions.15 Low-energy pathways
that connect these intermediates were initially searched
for by using ‘chemical intuition’ based on numerous
suggestions in the literature as guides.16 Subsequently
we have developed strategies based on dynamical DFT
methods and intrinsic reaction coordinates (IRC) meth-
ods to find transition states (TS’s).17 Intermediate B is
the monocyclic oxocarbenium ion derived by ionization
of donors like A. Intermediate C is the bicyclic oxocar-
benium ion resulting from neighboring-group participa-
tion. Intermediates D–G are ion–dipole complexes
resulting from initial nucleophilic attack by the nucle-
ophile methanol on B or C.18

Experimentally it is well established that such dioxo-
lenium ions as C are formed in the absence of nucle-
ophiles under glycosylation reaction conditions.19 The
marked energetic stability of C over B supports this
observation. Since the original precursor is A, our
results suggest that B is formed first. We calculated that
for B to equilibrate to C the pyranose ring in B must
invert and then the O-2 acyl group rotates to close the
dioxolenium ring. The barrier is 34 kJ mol−1 and
mostly originates from the ring-inversion step. Note
that O-2 is equatorial in A and B, whereas it is pseu-
doaxial in C. It is also well established that such ions as
C can be formed directly from A by anchimeric assis-
tance if the leaving group is in the � position, plausibly
by a similar mechanism.

Two mechanisms are proposed in the literature that
lead from such intermediates as C to �-glycosides. The
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ophilic attack by methoxide on B. Richard et al. have
determined the benchmark barrier for a nucleophilic
addition to the acetophenone oxocarbenium ion in
water as 27.2 kJ mol−1.25 This barrier was suggested to
arise from a combination of solvent reorientation and
electron–electron repulsion between the nucleophile
and the �-character electrons of the electrophile.26 In
the medium-polarity solvents used in glycosylation re-
actions, this barrier is probably lower than the 27.2 kJ
mol−1. Thus, the finding of a 34 kJ mol−1 barrier for
the B to C transition suggests that nucleophilic attack
should compete with ring inversion and cyclization to
C. Since bicyclic C is more stable than B in the absence
of nucleophilic reaction, C will accumulate. Therefore,
for our mechanism a pathway from C to B should exist.
Such reversions to B could follow one of two mecha-
nisms. The six-membered ring may invert first or the
five-membered ring may break followed by inversion.
The first mechanism was studied by first-principle
molecular dynamics and shown to proceed to a high-
energy intermediate C� which does not lead to B. There-
fore breaking of the five-membered ring and then ring
inversion is the probable mechanism. Hybrid mecha-
nisms that include the nucleophile to assist such break-
ing are attractive namely SN1 alternatives to the SN2
pathway from E. Note that this would lead to adducts
similar to F and G but with inverted pyranosyl ring
conformations.

The origin of our hypothesis is the marked stability
of F over G (see Scheme 2). Obviously it is necessary to
examine many more examples to test if this is general.
This work studies this issue and examines the factors
that lead to this stability difference. It is anticipated
that such analysis will lead to hypotheses that can be
tested experimentally.

Implicit in our hypothesis is the assumption that the
energy barrier(s) from F to the �-glycoside are nearly

identical to those going from G to the �-glycoside. This
progression is complex involving at least three major
changes. First, the C-1�O-8 bond length (O-8 from
CH3OH) must shorten. Second, C-1 must go from sp2

hybridization to sp3 and this change is accompanied by
a pyranosyl ring change to a stable chair conformation
(in most cases). Finally, the hydroxylic proton must be
transferred. Neither the order nor the possible coupling
of these steps is known. We have extensively studied
these questions by computations on model compounds
and will report on this in a separate communication.

2. Results and discussion

3,4-O-Isopropylidenegalactose systems.—The marked
energetic stability of �-complex F over �-complex G
leads to the question of what factors contribute to this
difference. Plausible factors include: (1) non-specific
solvation; (2) bonding interactions between the nucle-
ophile and the electrophile; (3) induced ring strain in
the electrophile; (4) induced strain to accommodate
hydrogen bonding; (5) hydrogen bonding; (6) differen-
tial specific solvation; and (7) differential ion pairing.
The last two effects are beyond the capabilities of the
computational models and resources we used, and for
this reason we could not calculate them. Nevertheless
we keep these limitations in mind in the interpretation
of the results and when comparing with experiments for
any species in this work. For the purposes of this
discussion the possibilities of differential specific solva-
tion or ion pairing are neglected, that is, the relative
energetics of implicit solvent and counter ions are set to
zero. This neglect probably leads to an overestimate of
the strength of hydrogen bonds, since in the absence of
intramolecular hydrogen bonds the proton of the nucle-
ophile is likely hydrogen bonded to the counterion or
solvent, especially once it has developed appreciable
hydronium ion character. To address the remaining
questions we decomposed the interaction into five com-
ponents, 1–5 from above. The anomeric effect cannot
be directly separated, but its effect is discussed below.

The energetic terms of this decomposition are illus-
trated in Fig. 1 as a step function. This was done by
first calculating the isolated electrophile (that is B from
1) and methanol. Then reoptimizing the geometry (that
is F or G from 1), a process that leads to steps 2 and 3.
To separate the effect of hydrogen bonding from the
binding energy of the forming glycosidic bond, we
removed the C-6 side chain of B, F, and G of 1 and
carried out calculations on B, F, and G of 2-O-acetyl-6-
deoxy-3,4-O-isopropylidene-D-galactopyranosyl (2, see
Scheme 4). From this, steps 4 and 5 can be calculated.
Finally non-specific solvation was calculated for all six
species to give step 1.

Fig. 1. Cumulative step function of the factors contributing to
the difference between �-face and �-face attack for F and G
for 1 and 2. Note that contributions (d) and (e) are 0.0 kJ
mol−1 for F and G from 2 and for G from 1. Solid black for
F and hatched for G. (a) Solvation. (b) Conformational
distortion for glycoside formation. (c) Partial glycosidic bond
formation. (d) Conformational distortion required for hydro-
gen bond formation. (e) Hydrogen bonding.
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Scheme 4. Models of F from 1 and 2 used to calculate the
energies in Fig. 1.

basis of our theory is the existence of two families of
conformations of electrophilic glycosyl donors. One
family allows face discriminated SN1 glycosylations and
the other favors dioxolenium ion formation. Proton
transfer from any of the intermediates leads to stable
products.

3,4-Di-O-methylgalactose systems.—Our initial stud-
ies have focused on the 3,4-O-isopropylidene deriva-
tives derived from 1. This choice of a relatively
rigid-ring system was deliberate because it reduces the
multiple minima problem and it is directly related to
glycosyl donors that led to acyl-transfer side-reac-
tions.14 Since our original hypothesis was based on this
system, we decided to consider the more flexible ana-
logue of 1, namely 2,6-di-O-acetyl-3,4-di-O-methyl-D-
galactopyranosyl (3). For this purpose, intermediates
corresponding to B to G were optimized at the same
level of DFT calculations. Computational details are
identical to the ones described in our previous publica-
tions.13 The results are compared in Table 1. It is
readily apparent that the trends observed for 1 are
followed closely for 3. Two families of conformers are
found, one conformer family which supports the oxo-
carbenium ion found in B and in methanol complexes F
and G, and another family which exhibits the closure of
the five-membered dioxolenium ion C, D, and E. For C
and D, conformers with the opposite ring conformation
were found, C� and D�, but these are much higher in
energy. Also, a complex resulting from endo attack on
C was considered, but it was very much higher in
energy D��.

Three different complexes with the nucleophile on the
�-face and with hydrogen bonds from OH-8 to the C�O
group attached to O-6, to the C�O attached to O-2, and
to O-6 were found, F-1, F-2, and F-3. All of these are
much more stable than the �-face complex G. Thus the
more flexible 3 also exists in at least two different
families of conformations.

The conformations in Table 1 are characterized by
their projections on the 38 idealized conformations of
six-membered rings.28 The first three columns describe
the three leading conformers of the chair, boat, and
skew types. The fourth column includes the intermedi-
ate half-chair and envelope conformations. For exam-
ple, monocyclic B has as leading projections 0.506 4C1

and 0.566 BO,3 with only residual contributions from
the 1S5 (0.030). The first two values show that its
conformation is approximately half a chair and half a
boat namely the E3 envelope. Likewise F-1 has as
leading projections 0.638 4C1 and 0.519 skew 1S3 with
residual contributions from 2,5B (0.106), i.e., approxi-
mately half a chair and half a skew so therefore a 4H3

half-chair. This classification follows the IUPAC
nomenclature and has been described in detail by us.29

The more familiar Cremer–Pople classification is also
shown in Table 1.30 The close similarities of the ring

The C-5�O-5�C-1�C-2 dihedral angle which is almost
planar in B (7.7°) as expected to accommodate the sp2

carbon, determines the anomeric preference. Our calcu-
lations show that it is easier to distort B to accommo-
date positive values of this dihedral angle consistent
with the +23 and −7° distortions for the � and �
anomer (that is, F and G of 1) respectively. In addition
to electrostatic stabilization, hydrogen bonding con-
tributes to the stabilization of the glycosidic bond. The
forming C-1�O-8 glycosidic bond reduces from 1.99 to
1.54 A� once hydrogen bonding is enabled in F of 1.
Considering the 2–methanol adducts, the � anomer G
is marginally more stable than the � anomer precursor
F (compare hatched versus black for (c) and (d) of Fig.
1). In spite of the stronger anomeric interaction of the
� anomer indicated by the shorter glycosidic bond and
the larger C-5�O-5�C-1�C-2 dihedral angle, the higher-
energy penalty for ring distortion and higher repulsion-
energy leads to a marginally lower stability of F than
that of G of 2. This finding supports the conclusion of
Sinnott, who found no evidence for a decisive kinetic
anomeric effect in reactions of acetal derivatives in
conformationally flexible compounds.27

For complexes F and G and the like to proceed to
glycosides, the O-8�C-1 bond must shorten and the
H�O-8 proton must be transferred.4 The most energeti-
cally favorable complex F of 1 has the shortest O-8�C-1
bond and the longest O-8�H-8 bond, 1.059° in 1 versus
0.987° in 2. Thus, the most stable complex is also the
most product-like, suggesting that this is indeed a real-
istic reaction pathway.

Both the hydrogen bonding and the anomeric effect
are specific to the 2SO ring conformation common to F
and G of 1 and 2. Hydrogen bonding with O-6 becomes
impossible if C-6 is in the equatorial disposition. The
inversion of the ring conformation reverses the stereose-
lectivity of the nucleophilic attack due to the reversal of
the anomeric effect and the removal of the hydrogen
bonding of the � intermediate. These intermediates (C,
D, and E) have a B2,5 ring conformation which sup-
ports � selectivity, but they all have the O-2 acyl
protecting group in the axial position and the five-mem-
bered ring is closed. These observations suggest an
alternative explanation for the stereospecificity of
neighboring group-assisted glycosylation reactions. The
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conformations of the family B, F-1, F-2, F-3, and G of
3 can be ascertained from the Cremer–Pople parame-
ters where the values are �=120�20° and �=200�
20°. Whereas for the second family C, D, and E these
values are �=140�10° and �=10�10°. Ion–dipole
complexes F1–3 all exhibit distortions from the E3

conformation of B to adjacent conformations on the
spherical representation to accommodate the hydrogen
bonding (see Fig. 2). For example, F-3 moves to the
2SO, which puts C-6 in the axial disposition and allows
O-6 to act as hydrogen bond acceptor as in F from 1
above. Ball and stick representations of structures B, C,
D, E, F-1, F-2, F-3, and G are shown in Fig. 2.

Although many more systems need to be studied, the
analysis of cations related to 1 and 3 supports a two
family of conformers model, each with its own reactiv-
ity. The structures of B, C, F or F-2 and G of 1 and 3
are directly compared in Scheme 5. In both cases F or
F-2 are the lowest energy intermediates. These calcula-
tions agree with the experimental observation of high
�-selectivity. In cases where neighboring-group partici-
pation is possible, one family of conformers allows for
ring closure to bicyclic dioxolenium ions, thus prevent-
ing �-glycosides. Is there any experimental evidence for
this hypothesis? Several 2,6-dibenzoyl donors with vari-
ous alkyl or acyl substituents at O-3 and O-4 all cleanly
give �-glycosides.31 This is the expected result with
neighboring-group participation and does not directly

test our hypothesis. In one case, the 2-deoxy-2-acetam-
ido-3,4,6-tri-O-acetyl-D-glucopyranosyl cation has been
unequivocally shown to react to give predominantly
�-glycosides without reacting through the neighboring-
group like oxazolinium ion.32

4,6-O-Benzylidenemannose and -glucose systems.—
What about other systems? In recent years a number of
examples of dramatic control of reactivity by using very
bulky silicon protecting groups have been reported.33 In
all cases the ground-state conformation has been shown
to be a reversal of the pyranose ring conformation,
typically 1C4 instead of 4C1. In a more relevant system,
a wide variety of 4,6-O-aryl- or alkylidene-substituted
mannose donors have been shown to exhibit a high
preference for the formation of �-glycosides.34 Prelimi-
nary analysis of a prototype of this system (4,6-O-ben-
zylidene-2,3-di-O-methyl-D-mannopyranosyl cation (4))
shows that only one family of conformers can be
populated in this system (see Table 2). Ring inversion
of the cation is inhibited by the trans-fused 1,3-dioxane
ring. Intermediates B, F, and G have been calculated
for this system, and in agreement with the hypothesis
the observed �-stereoselectivity is rationalized by the
relative energetics of F over G. As expected, all three
cations show similar pyranose ring conformations (B2,5

or 1S5) and all of the 1,3-dioxane rings are chairs (see
Table 2 and Fig. 3). As for F from 1 the C-5�O-5�C-
1�C-2 torsion angle increases for F from 4 (15.4°)

Table 1
Conformational descriptions, Cremer–Pople (CP) parameters, and relative energies of cation 3 and its methanol adducts

Cation Chair CP-�Boat Skew Half-chair/envelope CP-Q CP-� Energy (kJ mol−1)

E3
1S5BO,3 123.64C1B 0.603 303 0.0 a

(1.012)(0.030)(0.566)(0.506)
4C1 BO,3

1S5
4H5C 0.54 144.2 17 −100.3

(0.729) (0.040) (0.392) (0.785)
320 −74.42,5BC� 1S3

4C1 0.805 95.3
(0.046) (0.174) (1.115)

D −136.67.3142.60.5422SO
1,4B4C1

(0.080)(0.346)(0.711)
328 −104.02,5BD� 1S3

4C1 0.78 99.1
(0.136) (0.043) (1.082)

D�� −91.122538.40.4665E3S1
2,5B1C4

(0.676)(0.063)(0.338)(0.629)
E 4C1 BO,3

1S5
4H5 0.524 144.2 15.6 −143.5

(0.710) (0.047) (0.379) (0.758)
4C1

2,5B 1S3
4H3F-1 0.578 133.9 317 −127.5

(0.638) (0.106) (0.519) (1.037)
4C1 BO,3

1S5F-2 0.692 101.6 307 −150.8
(0.840)(0.166) (0.122)

−121.728099.2F-3 0.7254C1
2SO

1,4B
(0.138) (0.169) (0.970)

G 4C1 E3
1S5BO,3

302131.2 −52.60.568(0.935)(0.002)(0.468)(0.593)

a The energy of solvated methanol is added to that of solvated B and then set to 0.0 kJ mol−1.
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versus B (2.2°) whereas this angle decreases for G from
4 (−7.7°). For this G, this maintains the unfavorable
B2,5 ring conformation whereas for this F, the ring
shifts to the more favorable adjacent 1S5 conformation.
Along with the hydrogen bonding to O-3 from OH-8
enabled in F, the ring conformational change leads to
the �-selectivity. The longer C-1�O-8 bond length
(2.298 A� in G versus 1.632 A� in F) suggests caution in
interpreting these results (see Table 2).

Recently it has been shown experimentally that 4,6-
O-benzylidene substituted glucose donors exhibit a
marked stereoselectivity for �-glycosides.35 The calcu-
lated stabilities of cations related to this system, namely
the prototype 4,6-O-benzylidene-2,3-di-O-methyl-D-
glucopyranosyl (5), cation show a marked preference
for �-glycosides (see Table 2 and Fig. 4). The confor-
mational analyses of the corresponding pyranose rings
reveal an interesting trend. The parent B from 5 is

Fig. 2. Ball and stick representations of proposed intermedi-
ates B, C, D, E, F-1, F-2, F-3, and G of 2,6-di-O-acetyl-3,4-di-
O-methyl-D-galactopyranosyl cation (3) and its methanol
adducts.

Scheme 5. Comparison of the structure and energetics of B,
C, F or F-2, and G of 1 and 3.
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Table 2
Conformational descriptions, selected geometric parameters, and relative energies of cations (B) 4, and 5 and their methanol
adducts (F and G)

Boat Skew Half-chair/env Energy (kJChair C-1–O-8 (A� ) O-5�C-1�O-8 C-5�O-5�C-1�C-2Cation
elope mol−1)angle (°)angle (°)

B2,5
1S34-B 4C1 2.2 0.0 a

(0.052) (0.834) (0.090)
4-F O,3B1C4

1S5 1.632 107.4 15.4 −51.5
(0.251) (0.970)(0.024)

4C14-G B2,5
3S1 2.298 96.3 −7.7 −13.5

(0.111) (0.825) (0.018)
1,4B OS2

4E4C15-B −0.4 0.0 a

(0.495)(0.483) (0.046) (0.967)
1,4B OS2

4E 2.2224C1 97.95-F 16.1 −18.9
(0.344) (0.629) (0.046) (0.688)
4C15-G O,3B 1S5

(0.018) (0.266) 1.645(0.780) 108.1 −39.8 −67.2

a The energy of solvated methanol is added to that of solvated B and then set to 0.0 kJ mol−1.

calculated to have an almost exactly 4E conforma-
tion.12a In F the C-5�O-5�C-1�C-2 torsion angle is
distorted towards positive values, as calculated for 1–4.
This change distorts the ring towards the unfavorable
1,4B conformation. For G this angle is distorted to more
negative values, which pushes the ring towards the
favorable 4C1 conformation. Apparently the pyranose
ring conformation is a major factor in controlling the
stereoselectivity in this system. Since most preparative
glycosylations use ethers larger than methyl as protect-
ing groups, each glycosylation reaction mixture will
have different relative stabilities of F versus G.

Based on these ideas we propose that one way to
control the stereochemistry of glycosylation reactions is
to create face-discriminated cations that can only access
one ring conformation. That is, to synthesize donors
that can only populate one of the two normal families
of cations and in the populated family has the approach
to one face greatly favored over the other. One plausi-
ble approach to such compounds is to prepare bridged
compounds where the bridge both prevents ring inver-
sion and provides the basis for facial selectivity. We are
currently attempting to synthesize such a derivative to
test this hypothesis.

3. Conclusions

The wide diversity of calculated conformations for
oxocarbenium ions strongly suggests that conforma-
tions in addition to the 4H3 and 3H4 half-chairs need to
be considered. Such considerations lead us to give a
tentative yes to the answer posed by the title of this
communication, that is, can the stereochemical out-

Fig. 3. Ball and stick representations of proposed intermedi-
ate F and G for 2,3-di-O-methyl-4,6-O-benzylidene-D-
mannopyranosyl cation (4) methanol adducts.

Fig. 4. Ball and stick representations of proposed intermedi-
ate F and G for 2,3-di-O-methyl-4,6-O-benzylidene-D-
glucopyranosyl cation (5) methanol adducts.
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come of glycosylation reactions be controlled by the
conformational preferences of the glycosyl donor? Al-
though it would be appealing to think that calculating
the relative stabilities of intermediates F and G for any
glycosyl donor–acceptor pair would lead to the predic-
tion of the experimental stereoselectivity, this is unlikely
due to the relative simplicity of our current models.
Implicit in our theory is that stereoselectivity is under
thermodynamic control, based on the relative stabilities
of intermediates F and G. This key point is not known
and it may be that stereoselectivity is under kinetic
control. The apparent success of our calculations may be
that they partially mimic the key features of the relevant
TS’s. Indeed arguments have been presented that, when
possible, glycosyl triflates or functionally similar deriva-
tives are formed and therefore such glycosylation reac-
tions proceed by an apparent SN2 mechanism.35 In this
case our intermediates could well resemble the SN2 TS,
noting that symmetrical five-coordinate SN2 TS’s are
unfavorable and therefore the SN2 TS may have little
bonding to the leaving group. The inclusion of counteri-
ons in our calculations may help resolve this important
question.

Our main motivation is to find experimental methods
to control the stereoselectivity of glycosylation reactions.
From the present communication, four important factors
have been presented: (1) the five-coordinate SN2 pathway
is high energy for glycosylation reactions; (2) ion–dipole
complexes can exist in two families of conformations
which differ by ring inversion; (3) ion–dipole complexes
are stabilized by intramolecular hydrogen bonding; (4)
the anomeric effect increases the C-5�O-5�C-1�C-2 tor-
sion angle for �-attack and decreases if for �-attack. The
resulting pyranose distortions can be favorable or unfa-
vorable depending on the uncomplexed conformation.
These factors form the basis for the design of experiments
to control the stereoselectivity of glycosylation reactions.

4. Computational details

The ADF calculations use the methods described in
Ref. 13 and include a continuum dielectric solvent term.
The basis set used was a double zeta basis set with a single
polarization function. The conformational description
based on the IUPAC nomenclature is described in detail
in Ref. 29. A fully working version of the program is
available at http://www.sao.nrc.ca/ibs/6ring.html.
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