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Abstract—Computational chemistry can give information about the probable conformations of reactive intermediates that are dif-

ficult to determine experimentally. Based on density functional theory (DFT) calculations of tetra-O-methyl-DD-mannopyranosyl and

-glucopyranosyl oxacarbenium ions, two families of conformations, which we call B0 and B1, were found. For the manno config-

uration, a 4H3 and
3E almost isoenergetic pair were found, whereas for the gluco-configuration a 4H3 and

5S1 pair favouring
4H3

were calculated. These results corroborate earlier results and suggest that this two or more conformer hypothesis is general. Nucleo-

philic attack on these pairs of cations was modelled with methanol and led to four cases to consider namely a- or b-attack on B0 or

B1. The resulting complexes (G0, G1 and F0, F1) demonstrate facial selectivity. The relative energies of these complexes are dom-

inated by intramolecular hydrogen bonding and the conformational consequences to the pyranose ring of changes in the C-5–O-5–

C-1–C-2 torsion angle. Constrained variation of the nucleophilic oxygen (methanol) to C-1 distance shows that these ion dipole

complexes are the only minima with this constraint.
Crown Copyright � 2004 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Most sugars are found in Nature either as glycosides of

other natural products, or joined together to form oligo-

saccharides and polysaccharides. In order to synthesize

such compounds one must solve the complexities of

making the R1COC–OCR2 linkage. A large body of

empirical observations have been made on glycosylation

reactions but still only a few generalizations can be
made.1 Of particular importance is the control of the ste-

reochemistry at C-1 and avoiding side reactions. Experi-

mentally it is very difficult to study glycosylation

reactions due in part to the short lifetimes of the pre-

sumed oxacarbenium ion intermediates.2 Of most rele-
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vance to the present discussion is the unequivocal
demonstration of the formation of dioxolenium ions

under glycosylation reaction conditions.3 One of the

emerging strategies to study this stereochemical problem

is to perform mechanistic studies using modern theoreti-

cal chemistry methods. The recent advances in com-

puter hardware and software have now made

molecules of the size of protected monosaccharides ame-

nable to quantum mechanical calculations.4 Of particu-
lar interest is to determine the probable conformations

of the calculated species, since the conformation is ex-

pected to be an important determinant of the stereo-

chemical outcome of glycosylation reactions.

Several years ago we initiated a program to develop

an understanding of the glycosylation reaction mecha-

nism through density functional theory (DFT) calcula-

tions of plausible intermediates and transition states
ier Ltd. All rights reserved.
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(TS) where the initial structures were derived from

hypotheses developed from the body of empirical experi-
mental observations.5 Our goal is to assist experimen-

talists in developing stereospecific glycosylation

reactions that are free of side reactions. As we developed

our studies it has become increasingly clear to us that

our studies also have implications for the mechanistic

study of glycosyltransferases and glycosidases.

Our first studies were of the relatively rigid 2,6-di-O-

acetyl-3,4-O-isopropylidene-DD-galactopyranosyl cations,
1. These bicyclic ions were anticipated to show less flexi-

bility than monocyclic ions and therefore be less prone

to conformational ambiguities during calculations. The

relative energetics and conformational preferences of

these glycosyl oxacarbenium ion test the SN1 (DN+AN)

model of reactive intermediates generated from glycosyl

donors during a glycosylation reaction. The earliest ki-

netic studies of glycosylation reactions showed that only
with very reactive nucleophiles that true SN2 (ANDN)

kinetics could be observed.6 Since most glycosylation

reactions involve weak nucleophiles it follows that most

reactions have considerable SN1 character. Prompted by

detailed analysis of enzymatic glycosylation reactions,

more refined mechanistic studies also consider the de-

gree of association of the nucleophile at the TS as well
Figure 1. Ball and stick representation of 4 and 4 plus MeOH in its minimu

representation of the spherical representation of the conformations of six-m

conformational change from a-attack and b-attack for 4. The extension on th
in all structures for orientation and sugar hydrogens have been removed for
as the degree of disassociation of the leaving group.7

More recent kinetic studies find a dependence on both
the donor and acceptor, suggesting a more complex

mechanism than simple SN1.
8 However, all of these

mechanisms share a key feature, which is that C-1 has

appreciable sp2 character at the TS. This progression

from sp3 in the reactants to sp2 in the TS and back to

sp3 in the product must entail changes in the pyranosyl

ring conformation. For simplicity we only consider six-

membered rings. This hybridization change sequence is
fully operational with fully ionized glycosyl oxacarbe-

nium ions and is an important feature of our model. Ini-

tial studies are gas-phase models with a continuum

solvent correction. We anticipate that as computational

resources and programs improve solvent and counter-

ions can be included in the models.

Classical intuitive conformational analyses of gluco-

pyranosyl oxacarbenium ions have considered 4H3 and
3H4 half chair conformations for DD and LL sugars, respec-

tively, since these conformations allow the 3,4-substitu-

ents to be pseudo-equatorial instead of pseudo-axial.9

The adjacent in conformational space (see spherical rep-

resentation in Fig. 1) to 4H3 conformers
4E and E3 have

been considered for tetrahydropyranyl oxacarbenium

ions.10 Evidence for �flattened chair� conformations have
m conformations (grey = C, dark grey = O and light grey = H). Planar

embered rings showing the 4C1 hemisphere. The arrows indicate the

e right shows a portion of the 1C4 hemisphere. The C-2 atom is labelled

clarity.
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been found for reactions of diequatorially substituted

cyclohexane derivatives.11 Following extensive review
of the glycosylation literature we believe that most peo-

ple only consider one conformation of glycopyranosyl

oxacarbenium ions. In contrast, our studies of 1 found

two families of conformers, one in the 2SO skew boat

and the other in the B2,5 boat, ring conformations. We

named the conformation closest to the starting chair

conformation in conformational space B0 and the sec-

ond conformation B1. The barrier to interconversion
for 1 was found to be 34 kJ mol�1 with a OS2 TS.

12

The B2,5 ring conformation allowed for dioxolenium

ion formation from the 2-O-acetyl group. This discrep-

ancy from 4H3 and 3H4 conformations is almost

undoubtedly related to the fused isopropylidene ring.

Such rings are known to torsionally deactivate glycosyl-

ation reactions.13 Increasing the flexibility by studying

the 2,6-di-O-acetyl-3,4-di-O-methyl-DD-galactopyranosyl
cations (2) also found two families of conformers in

the E3 and
4H5 conformations. The latter allowing for

dioxolenium ion formation. The discrepancy in this case

could be the result of the difference between gluco and

galacto configured sugars. More recent studies of the

2,3,4-tri-O-methyl-DD-lyxopyranosyl cations (3) did in-

deed find the 4H3 and
3H4 ring conformations but sur-

prisingly the inverted 3H4 conformation was the most
stable by 12.6 kJ mol�1 suggesting the importance of

the C-2–O-2 conformation. Note that C-2–O-2 is pseu-

do-equatorial in the 3H4 conformation of 3. The electron

donating and electron withdrawing characteristics of O-

2 substituents are well known to influence the reactivity

of both chemical and enzyme catalyzed glycosylation

reactions.14 The influence of C-2 substituents on ring
Scheme 1. Activation of donor A leads to oxacarbenium ions B0 and B1, whi

four possible cases, F0, F1 and G0 and G1. The example shown is for gluco
conformations other than the possibilities of neighbour-

ing group participation are much less studied, see for
examples Ref. 15.

Based on the results for 1 to 3, we developed the two

conformer hypothesis of glycosyl oxacarbenium ions,

which is that glycopyranosyl oxacarbenium ions can ex-

ist in at least two families of conformers. Furthermore,

when assessing the reactivity of donors in glycosylation

reactions that could go through such ions at least four

cases need to be considered, which are a- or b-attack
on each of the two families (see Scheme 1). Detailed

studies may indicate the population of more than two

conformations but for arguments sake we limit the dis-

cussion to two. We wanted to assess this hypothesis with

a more fundamental test. Thus, we have now studied the

2,3,4,6-tetra-O-methyl-mannopyranosyl (4) and 2,3,4,6-

tetra-O-methyl-glucopyranosyl (5) oxacarbenium ions.

This pair only differ configurationally at C-2 and should
form a basis for all other glycopyranosyl oxacarbenium

ions (see Chart 1).
2. Results and discussion

2.1. Development of the model

We choose O-methyl substituents for two reasons.

Firstly, the absence of hydroxyl groups prevents intramo-

lecular hydrogen bonding. Conformations with intramo-

lecular hydrogen bonding are found as the lowest energy

ones by gas-phase calculations of neutral monosacchar-

ides, and this factormay obscure other factors influencing

reactivity.16 Secondly, methyl is the smallest possible
ch can be attacked by methanol from the a face or the b face leading to
se derivative 5. The A–G nomenclature is from Ref. 5, Pr = promoter.



Chart 2. Planar representation showing atom numbering and dihedral

angles.

Chart 1. Structures of oxacarbenium ions 1–5.
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protecting group and begins to address the important

issue of the effect of protecting groups on reactivity.

For simplicities sake the only nucleophile considered

so far is methanol. Thus, all issues of mismatched TS�s
and the anticipated stereoelectronic effects of the pro-
tecting groups of the nucleophile are not considered

but are expected to modify the trends observed in our

calculations.17 We have previously calculated the rela-

tive energetics of a- versus b-attack for 1–3 and some

closely related species with methanol. In all cases ion–di-

pole complexes with varying degrees of hydronium ion

character were found as minima implying a preassocia-

tion of nucleophile model (DN * AN) for glycosylation
reactions.18 Recent DFT dynamic calculations of the

acid catalyzed glycosidic bond formation reaction find

a DN * AN mechanism even in water.
19 Our observation

of a marked stereoselectivity for the a- versus b-attack
on glycopyranosyl oxacarbenium ions is in sharp con-

trast to most of the mechanistic discussions in the liter-

ature that assume little or no stereoselectivity, for

example Ref. 20. From our results two important fac-
tors determining stereoselective attack on glycopyrano-

syl oxacarbenium ions have been found.21 One factor

is intramolecular hydrogen bonding between the nucleo-

philic hydroxyl and the electronegative atoms of the

oxacarbenium ions especially in cases where the species

have appreciable hydronium ion character. The relative

energetics of this effect are over estimated because inter-

molecular hydrogen bonding is not considered.21 Sec-
ondly, the change in pyranosyl ring conformation

from the isolated cation to the ion–dipole complex can

be favourable or unfavourable. In all the isolated cat-

ions the C-5–O-5–C-1–C-2 (s5) torsion angle is nearly
planar, as expected. For the DD sugars considered so far

this torsion angle increases for b-attack and decreases
for a-attack. Depending on the starting conformation
this change may be favourable or unfavourable. It was
previously noted that some rotamers about C-5–C-6

(xH = H-5–C-5–C-6–O-6) allowed for hydrogen bond-
ing between the nucleophile and O-6 or its substituents

but otherwise the effect of xH conformation was not
considered in detail. Based on these observations and

the effect of the absence of C-6 in 3, the influence of

the xH conformation is considered in more detail in this
work. For numbering see Chart 2.
In the study of 1 above, it was found that the pyra-
nose ring conformational change was the dominant fac-

tor determining the barrier to dioxolenium ion

formation between the 2SO and the B2,5 conformations.

In order to model these transitions we have developed a

modification of Hendrickson�s spherical representation
of six-membered rings22 that allows the conformations

of six-membered rings to be described by three vectors,

which we have named chair (C), boat (B) and skew boat
(S).23 With suitable normalization, linear combinations

of these three vectors describe any six-membered ring

conformation.24 Throughout this work this description

is used.

For this study we used DFT calculations as imple-

mented in the Amsterdam Density Functional, ADF,

program (see Computational methods). To start we

optimized 4 and 5 in each of the two families of con-
formers. Input structures were either generated from

idealized 4H3 and
3H4 ring conformations

24 or by appro-

priate in silica modifications of the B0 and B1 structures

found for 2. Both procedures led to the same minima.

We assume that donors A ionize irreversibly to oxa-

carbenium ions and thus ignore ion-pairing or more

implicitly assume that its effect is equivalent for all spe-

cies considered. All our calculations do include a contin-
uum solvent correction calibrated to dichloromethane as

solvent. For each case all three staggered rotamers of C-

5–C-6 were optimized; for numbering see Chart 2. The

lowest energy conformers were then checked to be true

minima by frequency calculations. Subsequently all min-

ima were reoptimized within the continuum solvent

model (see Table 1).

2.2. Isolated 4 and 5

For both the mannose (4) and glucose (5) configured

glycopyranosyl oxacarbenium ions studied here two

conformers that differ by ring inversion B0 and B1 were

found. Figure 1 compare ball and stick representations

of B0 and B1 for 4 and Figure 2 compare B0 and B1



Figure 2. Ball and stick representation of 5 and 5 plus MeOH in its minimum conformations (grey = C, dark grey = O and light grey = H). Planar

representation of the spherical representation of the conformations of six-membered rings showing the 4C1 hemisphere. The arrows indicate the

conformational change from a-attack and b-attack for 5. The ring atoms that are used for the IUPAC descriptors are indicated for orientation. Sugar
hydrogens have been removed for clarity.

Table 1. Relative energies (kJ mol�1) of 4 and 5 and their methanol complexes F0, F1 and G0, G1 with selected geometric parameters (optimized with

solvation and corrected for ZPE)

Species xH (�) C-1–O-7 (Å) \O-5–C-1–O-7 (�) \O-5–C-1–O-7–C-7 (�) Energy –H-Bond

4(B0) �178.7 — — — 0.0

4(B1) �50.8 — — — 1.9

4(G0) 178.0 1.860 107.9 14.1 �21.2
4(F0) 179.3 1.498 110.5 �68.2 �51.3 �23.3
4(G1) �50.1 1.672 106.6 140.6 �30.9
4(F1) 178.4 1.510 105.9 �176.8 �49.5 �21.5
5(B0) �179.9 — — — �4.5
5(B1) �168.1 — — — 0.3

5(G0) 176.8 1.620 109.3 77.7 �47.9
5(F0) �175.0 1.518 110.6 �65.6 �60.7 �32.7
5(G1) 50.8 1.539 110.3 66.3 �59.8 �31.8
5(F1) �86.1 1.519 108.3 �80.9 �47.5 �19.5
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for 5. As discussed above we focus on the conformations

of these species in particular the conformation of the

pyranose rings. For both oxacarbenium ions the B0�s
are found to be in the 4H3 ring conformation long pos-
tulated to be a probable conformation for these ions.

The gluco configured cation is an almost perfect half

chair with a coefficient of 1.013 4H3 derived from

0.507 4C1 and 0.509 3S1 whereas the manno cation

(0.566 4C1,) has a smaller contribution from the skew

boat 0.397 3S1 resulting in a distorted 0.793
4H3 confor-
mation (see Table 2). The B1 conformations are 3E for 4

(DE 1.9 kJ mol�1) and 5S1 for 5 (DE 4.7 kJ mol�1) (see
Table 2). The 3E conformation is near in configurational

space to 3H4 but
5S1 is relatively far (see Figs. 1 and 2).

Examination of Figure 2 shows that this conformation

allows O-2 to be pseudo-equatorial while O-3, O-4,

and C-6 are pseudo-axial.

As expected s5 is almost planar in all isolated oxacarbe-
nium ions (see Table 2). The exocyclicC-5–C-6 conforma-

tions follow the trends for neutral pyranosides where the



Table 3. Effect of C-5–C-6 torsion angle on relative energies (calcu-

lated with solvent correction only)

Species xH/�
(H-5–C-5–C-6–O-6)

C-1–O-7/Å Energy/kJ mol�1

4(B0) �178.73 — 0.0

�43.86 — 3.8

58.84 — 17.4

4(B1) �50.81 — 0.0

170.15 — 9.4

57.06 — 8.1

4(G0) 178.89 2.184 0.0

�43.18 2.167 1.6

54.28 2.164 14.7

4(F0) �178.86 1.537 0.0

�57.65 1.615 23.2

61.24 1.618 36.5

4(G1) �49.19 1.969 0.0

178.55 2.027 1.8

63.39 1.995 11.1

4(F1) 178.79 1.553 0.0

�54.71 1.675 3.5

56.92 1.647 1.9

5(B0) �179.86 — 0.0

�43.51 — 5.9

58.85 — 18.0

5(B1) �168.09 — 0.0

�55.39 — 3.3

53.93 — 8.9

5(G0) 175.67 1.769 0.0

�48.25 1.721 0.2

54.55 1.722 13.8

5(F0) �173.06 1.575 10.1

�85.46 1.578 0.0

59.38 2.067 62.4

5(G1) 51.42 1.575 0.0

�53.86 1.605 1.4

�175.49 1.615 8.2

5(F1) �85.78 1.582 0.0

49.59 2.034 58.0

166.43 2.472 75.5

Table 2. Ring conformations of 4 and 5 and their methanol complexes F0, F1 and G0, G1

Species s1 (�) s2 (�) s3 (�) s4 (�) s5 (�) s6 (�) Chair Boat Skew-boat Half-chair/envelope

4(B0) �42.9 57.9 �48.5 24.5 �10.3 19.8 4C1, 0.566 B2,5 0.043
1S3 0.397

4H3 0.793

4(B1) 54.8 �58.7 35.0 �6.2 3.7 �29.5 1C4 0.522
0,3B 0.432 5S1 0.048

3E 0.864

4(G0) �53.5 59.4 �47.8 32.5 �28.7 39.4 4C1 0.726
2,5B 0.052 1S3 0.252 —

4(F0) �61.4 59.3 �7.3 �46.5 44.3 10.7 4C1 0.133 B0,3 0.881
5S1 0.031 —

4(G1) 66.1 �34.6 �23.2 56.9 �24.0 �37.7 1C4 0.095
1,4B 0.010 OS2 1.015 —

4(F1) 51.9 �45.1 41.0 �44.9 52.1 �56.6 1C4 0.810
0,3B 0.000 1S5 0.126 —

5(B0) �44.2 61.1 �46.8 15.9 0.3 14.8 4C1 0.507 B2,5 0.015
1S3 0.509

4H3 1.013

5(B1) �17.6 �27.2 57.4 �42.2 �4.6 37.0 1C4 0.188 B0,3 0.117
5S1 0.779 —

5(G0) �48.3 57.3 �54.9 46.2 �39.5 40.5 4C1 0.796
1,4B 0.025 2So 0.021 —

5(F0) �63.4 44.2 11.5 �54.8 35.3 24.1 4C1 0.083
1,4B 0.183 2So 0.976 —

5(G1) �21.9 �30.4 52.2 �17.3 �38.1 59.5 4C1 0.052
0,3B 0.122 5S1 0.925 —

5(F1) �24.4 �12.9 54.7 �62.6 23.3 21.2 1C4 0.299
2,5B 0.679 1S3 0.088 —
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xH = �60� (gt) and 180� (gg) conformers are near in en-
ergy and the +60� (tg) conformer is less stable (see Table
3).25 The only exception is the 4(B1) 180� conformation,
which is destabilized, perhaps sterically. It should be

noted that a rotation aboutC-5–C-6 is predicted for inter-

conversion between B0 and B1 for 4 but not for 5. The

small B0 versus B1 energy differences, especially for 4,

mean that different protecting groups, solvents, counter-

ions, etc. could well stabilize B1 over B0.

In all cases examined so far the preferred CH–OCH3
rotamers have a lone pair anti to the sugar methine

and the methyl carbon syn to the methine (Figs. 1 and

2). This conformational preference has been observed

before in calculated structures of permethylated disac-

charides.26 This syn preference has been found for 2,6-

disubstituted-1-methoxycyclohexanes and was ascribed

to steric effects.27 Calculated conformers with C-2–O-

2(CH3) anti were found to be minima but are typically
10 kJ mol�1 less stable then the syn conformers. The ori-

gin of this effect is currently under investigation and the

results will be reported elsewhere.

2.3. Static 4 and 5 plus methanol

In order to assess the possible origins of stereoselectivity

in glycosylation reactions the inherent preference of the a
and b faces was investigated using the model nucleophile
methanol. We well recognize that other factors should

contribute to stereoselectivity but it is our goal to deter-

mine the inherent selectivities under idealized SN1-like

conditions. We anticipate that this knowledge could be

useful for the development of stereoselective glycosyla-

tion methods. A similar optimization process to that

for isolated 4 and 5 was taken for the methanol ion–di-
pole complexes with one additional consideration. Each

initial minima was subjected to a constrained; optimiza-

tion procedure (Linear Transit, LT) where the O-7–C-1

(O-7 from MeOH) bond length was varied in approxi-

mately 0.1 Å increments forwards and backwards, allow-

ing all other degrees of freedom to minimize. Once a

minimum O-7–C-1 bond length was found the other

two staggered xH conformers were optimized. That these
overall conformations were indeed minima was then

checked by frequency calculations. Reoptimization with-
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in the continuum solvent model was then done as a pre-

liminary for more detailed LT studies, see below. This
procedure in no way ensures that the conformational

space is completely searched but it does encompass a

number of the plausible conformers.

Ball and Stick representations of the resulting confor-

mations are shown schematically in Figure 1 for

4 + MeOH and in Figure 2 for 5 + MeOH. The relative

energies, xH angles and the C- 1–O-7 bond lengths are
shown in Table 1. Table 2 gives the ring dihedrals
s1(C-1–C-2–C-3–C-4), s2(C-2–C-3–C-4–C-5), to s6(O–
C-1–C-2–C-3) and the conformational descriptors in

terms of the chair, boat and skew-boat canonical vector

representations of six-membered rings. Table 3 gives the

values for the xH search. All complexes have consider-
able hydronium ion character.

As above, we focus on the conformations of the six-

membered rings. Surprisingly for 4 the b-face complexes
(F0 and F1) are calculated to be more stable than those

for a-face complexes (G0 and G1). Most of this extra

stabilization comes from hydrogen bonding to O-6 even

though this forces the ring into boat B0,3 (F0) or inverted

chair 1C4 (F1) conformations, respectively. For 4(F0) O-

7–O-6 = 2.464 Å, O-7–OH-7 = 1.120 Å and \O-7–OH-

7–O-6 = 167.8�. For 4(F1) O-7–O-6 = 2.456 Å, O-7–

OH-7 = 1.108 Å and \O-7–OH-7–O-6 = 166.9�. The
second consequence of hydrogen bonding is a shorter

O-7–C-1 bond length. Previously, we had estimated

the energetic contribution of hydrogen bonding to be

28 kJ mol�1 by calculating for a deoxy analogue in the

same conformation as the parent oxygen containing

hydrogen bond accepting compound.21 Table 1 also

shows relative energy values corrected for neglect of

intramolecular hydrogen bonding. These �corrected� val-
ues show the expected trend of amore favourable than b
for mannopyranosyl donors. That this correction value

is reasonable is suggested by the relative energies at dif-

ferent xH values for 4(F0) where the 180� conformer al-
lows hydrogen bonding but the others do not (DE = 23.2
and 36.5 kJ mol�1). Note that for 4(F1) all conformers

allow for hydrogen bonding. In both these cases the

C-1–O-7 bond lengths are comparable. For 5(F1) the
C-1–O-7 bond length is much shorter at the hydrogen-

bonded minimum, which results in a large effect for

xH variation.
For 5 a similar picture emerges with b-face complexes

(F0 and F1) more stable than a-face complexes (G0 and

G1) but in this case the differences are smaller. In fact

these differences are small enough that many combina-

tions of different protecting groups, specific solvation
or ion-pairing could change the order. Also, once cor-

rected for neglect of hydrogen bonding the energetics

show a clear preference for a-glycosides. For 5(F0) O-

7–O-6 = 2.474 Å, O-7–OH-7 = 1.090 Å and \O-7–OH-

7–O-6 = 162.7�. For 5(F1) O-7–O-6 = 2.497 Å, O-7–

OH-7 = 1.102 Å and \O-7–OH-7–O-6 = 167.9�.
In accordance for the results with 1 to 3 the changes in

ring conformation with the changes in s5 is a dominant
factor. Figures 1 and 2 show projections of the spherical

representation of six-membered ring conformation and

the relative positioning of these changes can be dis-

cerned. For both B0�s in the 4H3 conformation a-attack
lowers this angle and is favourable since this pushes the

conformation back towards a chair whereas b-attack in-
creases this value and pushes the ring towards unfavour-

able conformations B0,3 for 4 and
2SO for 5. For 4(B1)

b-attack pushes the ring towards the inverted 1C4 chair
whereas a-attack leads to a OS2 skew boat conforma-

tion. For 5(B1) b-attack pushes the ring towards the
unfavourable 2,5B boat whereas a-attack maintains the
5S1 skew boat conformation that allows for a hydrogen

bond to O-4. For 5(G1) O-7–O-4 = 2.457 Å, O-7–OH-

7 = 1.106 Å and \O-7–OH-7–O-4 = 163.1�.
It is known that in some cases large protecting groups

at O-6 favour the formation of a products perhaps by
disfavouring hydrogen bonding.28 Hammett studies of

p-substituted benzoyl esters at O-6 of gluco configured

donors support a role for hydrogen bonding to O-6 as

a determinant of b products.29 Other, as yet unidentified
factors could also play roles.

2.4. C-1–O-7 bond length

For each of these eight minima the C-1–O-7 bond length

was varied forwards and backwards from the minima in

small increments as above, that is, LTs. The preliminary

gas-phase LTs with relatively large increments had indi-

cated methodological problems. Notably, oscillations in

energy and the inability to dissociate to the expected free

B0 or B1 conformations at long C-1–O-7 bond lengths.
These problems were addressed in two ways first by

including the continuum solvent effect in the constrained

optimizations (not as a correction factor as above) and

by using very small increments in the constraint. Both

of these procedures increase computational resources

and not all cases led to satisfactory results. Representa-

tive plots of relative energy versus C-1–O-7 bond length

are shown in Figure 3a–c for 4 and 5.
Also shown on the plots are the leading conforma-

tional descriptors for selected points. The same two

methodological problems are apparent in these plots.

Some plots show small discontinuities even with small

step sizes. We interpret this methodological short com-

ing to a need to couple the nucleophilic attack, C-1–O-

7 bond length, to the pyranose ring conformation by

using a more complex constraint in the calculations.30

Secondly, the complexes with hydrogen bonds in the

minima did not always dissociate the hydrogen bond

even at C-1–O-7 bond lengths >2 Å. In these cases the

pyranose ring conformations at 3 Å separation are not

necessarily those of the isolated cation. This creates a

timing dilemma on the importance of such hydrogen



(a)

(c)

(b)

Figure 3. Plots of C-1–O-7 bond length (O-7 from MeOH) versus energy with the minimum set to 0.0 kJ mol�1. At selected points the leading

conformational descriptors and the \O-5–C-1–O-7 bond angle are shown, (a) 4 (B0)+bMeOH, (b) 5 (B0)+bMeOH, (c) 5 (B1)+aMeOH. The minima
are 4 (G0), 5 (G0) and 5 (F1), respectively. All calculations done with a continuum dielectric parameterized to CH2Cl2 solution.
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bonds and the relative timing of hydrogen bond forma-

tion and ring conformational change. Case 1, which our

calculations model, has the nucleophile selecting a ring

conformation favourable for hydrogen bonding. How-
ever, if the oxacarbenium ions do indeed exist for suffi-

cient time to equilibrate before nucleophilic attack then

they should exist in their optimum (B0, B1, etc.) confor-

mations and a case 2, not modelled by our calculations,
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should occur where ring conformational changes follow

after nucleophile association. A more sophisticated
computational methodology is necessary to distinguish

these possibilities.

For 4(G0) (Fig. 3a) the minimum is very shallow with

a region from C-1–O-7 between 1.6 and 2.1 Å lying

within 5 kJ mol�1 of the minimum. The conformation

at C-1–O-7 of 3.0 Å is the 4E and not the 4H3 confor-

mation expected. However the energy is also 20–

35 kJ mol�1 less than all other cases studies at this
separation. The O-5–C-1–O-7 bond angle changes from

close to 90� to 108.5� see below for discussion. The data
for 5 is more clear than for 4 in Figure 3b the 5(G0) goes

forward from the minimum to a true chair conformation

and the proton transfers to O-2. Whereas on lengthening

C-1–O-7 the ring conformation transforms as expected

to a 4H3 conformation. In Figure 3c for the 5(F1) case

the hydrogen bonding dilemma prevents the ring from
changing from the 2SO conformation. As well, the

hydroxylic proton transfers to O-6 at short C-1–O-7

bond lengths.

In spite of these methodological shortcomings several

important features can be identified. One, the minimum

about the intermediate is very shallow in all cases.

Examination of the C-1–O-7 bond lengths in Table 3

versus Table 1 shows that in all cases the C-1–O-7 bond
length shortens by up to 0.3 Å for a-attack on 4 (4(G0))

when solvation is included in the optimization. Conse-

quently, the minima are best described as longer than

a normal exo-glycosidic bond length of about 1.42 Å

and shorter than about 2 Å with appreciable hydronium

ion character. Two, on going to shorter C-1–O-7 bond

lengths from the intermediates stable structures can be

formed by proton transfer. In cases with hydrogen
bonding at the shortest C-1–O-7 bond lengths the

hydroxylic proton does indeed transfer to the oxygen

that was the hydrogen acceptor. In chemical glycosyla-

tion reactions there is often no added base or only very

sterically hindered bases such as 2,6-di-tert-butylpyr-

idines or molecular sieves in the reaction mixture, in

these cases such transient proton transfers may actually

occur. The timing of proton transfer in chemical gly-
cosylations is not known. From our studies it seems un-

likely that proton transfer would occur before the

hydroxylic proton of the complex assumes sufficient

hydronium character so that it will easily transfer.

Three, plotting the \C-7–O-7–C-1 as a function of the

C-1–O-7 bond length reveals that at long distances this

angle approaches 90� whereas at short distances it is
close to the tetrahedral angle of 109�. In classical organ-
ic chemistry terms this angle change is consistent with a

transition from an initial p-complex to a r-complex,
mirroring the sp2 to sp3 hybridization change. The

changeover is at close to 2 Å and in some cases a TS

could be found by optimization and frequency calcula-

tion at near this separation. A similar TS has been found
by semi-empirical calculations for glycoside hydrolysis,

C-1–O-7 = 1.89 Å.31 However, the smooth nature of
the curves in Figure 3a–c suggests that this is not the

overall TS for the reaction. A second TS should also

be associated with the proton transfer step at short dis-

tances but in our still too simple model this could not be

separated from nucleophilic attack and ring conforma-

tional changes. Four, the pyranose ring conformation

changes relatively slowly with C-1–O-7 bond length

and does not show any abrupt changes. In other words
these two motions appear to be only loosely coupled and

reiterates the need for a more sophisticated computa-

tional model.
3. Conclusions

Our hypothesis is that for any reaction that proceeds
through oxacarbenium ion intermediates at least two

conformers of glycopyranosyl oxacarbenium ions need

to be considered. For glycosylation reactions that pro-

ceed through oxacarbenium ion intermediates this

means that at least four-cases need to be considered to

evaluate the inherent diastereoselectivity of such reac-

tions, that is, a- or b-attack on these two conformers.
The easiest to calculate are the four ion–dipole com-
plexes of the nucleophile and the oxacarbenium ions

since these are relatively easily found minima on the

PE surface. The corresponding TS�s that lead to glyco-
sides are much more difficult to find since these involve

at least three separate motions to occur. The C-1–Onuc
where Onuc is O-7 in our examples must shorten, the

pyranose ring must revert to a chair concomitant with

sp2 to sp3 rehybridization at C-1 and the hydroxylic pro-
ton must be transferred.

Our calculations are only aimed at identifying impor-

tant factors for glycosylation and not the much bigger

task of modelling the stereoselectivity of glycosylation.

Perhaps fortuitously, the results for 1 to 3 were that

the lowest energy ion–dipole complex corresponded to

the experimentally observed a- or b-selectivity. For
2,3,4,6-tetra-O-methyl-mannopyranosyl donors reacting
with excess methanol near 50:50 a- and b-glycosidic
mixtures have been reported. For 2,3,4,6-tetra-O-

methyl-glucopyranosyl donors reacting with excess

methanol under similar conditions b-glycosides predom-
inate, typically 93:7.6 Our calculations for 5 agree with

these results but those for 4 do not unless H-bonding

is neglected. However, if H-bonding is neglected for 5

than a-glycosides are predicted. Clearly a method for
determining the exact effect of H-bonding is required.

It should be noted that the experimental results refer

to conditions of excess methanol, which probably affects

H-bonding.

Our results do show the thermodynamic feasibility of

oxacarbenium ions accessing two or more families of
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conformations and that at least four cases need to be

considered when considering a/b-selectivities. In a non-
sugar example, it has been suggested that depending

on the reaction conditions a carbocation is formed in

one of two possible ring conformations leading to differ-

ent stereochemical outcomes of the reaction.32 This

observation is analogous to our B0 B1 hypothesis.

Although suggested for many years33 it is only in the

last few years that experimental evidence for �distorted�
conformations for the TS of glycosidases have been
shown.34 Attempts to rationalize the specificity of cer-

tain glycosidase inhibitors and their conformational

similarity to 4H3 conformations have been made35

although the role of shape versus charge of inhibitors

is controversial.36 Recently it has been shown that one

enzyme appears to be pick a low population conformer

of an inhibitor from among the family of accessible con-

formers lending support for the hypothesis that there is
a need for particular conformations for inhibition.37 In

order to test the relevance of �distorted� conformations
one synthetic group has prepared glycosides with fixed
2,5B conformations and this does not inhibit hydrolysis,

which it would if a markedly different conformation was

necessary for hydrolysis.38 Thus, our considerations

may have important implications for the design of gly-

cosyltransferase and glycosidase TS inhibitors.39

Although, a full discussion is outside the scope of this

article it seems highly possible that some enzymes may

stabilize B0 and others B1 conformations in their

TSs.40 For example, this may be one explanation for

the specificity of inhibitors, that is, a TS state inhibitor

that mimics a B0 conformation is not likely to inhibit

an enzyme that stabilizes B1 conformers and vice versa

even though the two enzymes have similar substrates.41

A recent example provides another twist where the

inhibitor 1-deoxymannojirimycin is found in a 1C4 con-

formation when bound to a class I a-(1!2)-manno-
sidase42 but in a 4C1 conformation when bound to a

class II a-(1!2)-mannosidase.43 These results suggest
that class I enzymes use B1 and class II enzymes use

B0 conformers.

How does our two conformer hypothesis assist the
development of stereoselective glycosylation reactions?

Experimentally b-mannopyranosides and a-glucopyr-
anosides are the most difficult to obtain and hence meth-

ods for their formation the most desirable. Our results

suggest two plausible strategies. A first one is to use con-

formationally constrained glycopyranosyl donors that

can only access one oxacarbenium conformation not

two or more. The best studied example of this strategy
is 4,6-O-alkyl(aryl)idene protected gluco- or mannopyr-

anosyl donors. Experimentally 4,6-O-alkyl(aryl)idene-

mannopyranosyl donors give preferentially, sometimes

even exclusively b-glycosides, whereas 4,6-O-alkyl(aryl)
idene-glucopyranosyl donors give mainly a-glycosides.44

Other similarly protected donors of different configura-
tions are known to be selective in some cases.45 We have

previously shown that distortions of the s5 torsion angle
from its isolated oxacarbenium ion values to new angles

in the ion–dipole complexes adequately models this ob-

served selectivity.21 The second strategy that follow for 4

and analogues is that in order to obtain b-glycosides H-
bonding to O-6 should be assisted by increasing the elec-

tron density at O-6 and minimizing the steric hindrance

about both the nucleophile and O-6, that is, use small

electron donating protecting groups at O-6. For 5 and
analogues in order to obtain a-glycosides large electron
withdrawing protecting groups should be used at O-6.

Thus, we have developed a prototype of a method to as-

sess the diastereoselectivty of a particular glycosyl donor

before a glycosylation reaction.
4. Computational methods

The DFT calculations were carried out with the Amster-

dam Density Functional (ADF) program system,

ADF2000.46 The atomic orbitals were described as an

uncontracted double-f Slater function basis set with a
single-f polarization function on all atoms, which were
taken from the ADF library. The 1s electrons on carbon

and oxygen were assigned to the core and treated by the
frozen core approximation. A set of s, p, d, f and g Slater

functions centred on all nuclei were used to fit the elec-

tron density, and to evaluate the Coulomb and exchange

potentials accurately in each SCF cycle. The local part

of the Vxc potential (LDA) was described using the

VWN parameterization,47 in combination with the gra-

dient corrected (CGA) Becke�s functional48 for the ex-
change and Perdew�s function for correlation (BP86).49

The CGA approach was applied self-consistently

in geometry optimizations. Second derivatives were

evaluated numerically by a two point formula. The sol-

vation parameters were dielectric constant e = 9.03, ball
radius = 2.4 Å, with atomic radii of C = 1.7, O = 1.4

and H = 1.2 Å.
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