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Abstract: Static and dynamical Density Functional Theory studies of 2,6-di-O-acetyl-3,4-O-isopropylidene-
D-galactopyranosyl cation have shown that this cation can exist in two conformers characterized as2SO and
B2,5, respectively. The2SO conformer has the O-2 acyl group equatorial with the carbonyl syn to H-2 and is
populated by monocyclic oxocarbenium ions. These conformational features are present in the structurally
related glycosyl donor ethyl 2,6-di-O-benzoyl-3,4-O-isopropylidene-â-D-galactothiopyranoside as determined
by X-ray diffraction studies. The B2,5 conformer has O-2 axial and allows the carbonyl to rotate and close the
five-membered ring to form a bicyclic dioxolenium ion. Constraints based on natural internal coordinates
were implemented to study this conformational transition. In this way the barrier to interconversion has been
determined to be 34 kJ mol-1 with a transition state characterized asOS2 and a pathway involving pseudorotation.
Thus, for the first time the structures and energetics of the key ions postulated to be involved in neighboring
group assisted glycosylation reactions have been determined.

Introduction

Winstein and co-workers first interpreted the stereochemical
outcome of substitution reactions of 1,2-disubstituted cyclo-
hexanes in terms of neighboring group assistance.2 Carbohydrate
chemists realized that these concepts rationalized some of the
complexities of glycosylation reactions withO-acyl groups
adjacent to the reactive anomeric center.3 In particular, stere-
ochemical control of some glycosylation reactions and anchi-
meric assistance of poor leaving groups are accounted for.4 The
monocyclic1 and the bicyclic2 oxocarbenium ions are essential
precursors of the neighboring group assisted glycosylation, see
Scheme 1. The predominant formation oftrans-glycosides is
usually rationalized by an SN2-like reaction at the anomeric
carbon of ions such as2.5,6 However, such a mechanism is
inconsistent with the postulate of Dewar that pentacoordinate
SN2 transitions states adjacent to an oxygen atom are antiaro-
matic.7 In addition, the positive charge is on the former carbonyl
carbon of 2 which makes the anomeric carbon an unlikely
reaction center.8

Our recent study of a particular neighboring group assisted
glycosylation reaction offers an alternative interpretation of the
stereochemistry based on the relative energies of theR andâ
intermediates formed by a direct SN1-like attack on the
oxocarbenium ion1.9 However,1 is thermodynamically unstable
with respect to cyclization (cf.2) and thus we needed to study
its kinetic stability to evaluate this hypothesis. In this report
we explore the reaction pathway that connects1 to 2 by
constrained ab initio molecular dynamics methods. Crucial
questions are whether the reaction is stepwise or concerted and
ultimately if there is a significant energy barrier.

Computational Details

Constrained geometry dynamics require the definition of
constraints that have a high projection on the reaction coordinate.
Molecular mechanics simulations often use internal coordinates,
like bond length, bond angles, and dihedral angles, as con-
straints.10 We derived constraints based on the natural internal
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Scheme 1. Intermediates1 and2 in the Neighboring Group
Assisted Glycosylation Reaction of the 2,6-Di-O-acetyl
Analogue of3 (Energies in kJ Mol-1)
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coordinate representation of the conformational degrees of
freedom.11 A distortion from the planar structure into the1C4

chair conformation is represented by

internal coordinate whereτ1, τ2, τ3, τ4, τ5, andτ6 stand for the
dihedral angles defined by the C-1C-2C-3C-4, C-2C-3C-4C-5,
C-3C-4C-5-O, C-4C-5-OC-1, C-5OC-1C-2, and OC-1C-2C-3
atom sets, respectively. Similarly, internal coordinates corre-
sponding to the1,4B boat (q2) andOS2 twist-boat (q3) conforma-
tions can be defined as

and

respectively.
The internal coordinates defined in eqs 1 through 3 can define

any conformation of a six-membered ring. The chair distortion
coordinate can also be used to represent one of the common
conformational pathways, the chair inversion pathway. The other
common pathway is the pseudorotational pathway that involves
both boat- and twist-boat-type distortions. The pseudorotation
is a consequence of the degenerate nature of the boat and twist-
boat distortions in the highest symmetry limit. The pseudoro-
tation is best represented by the phase angle defined by the boat
and twist-boat coordinates, q2 andq3:

Thex3/2 term arises from normalization factors. Equation 4 is
consistent with the Cremer Pople definition ofφ, provided the
ring atoms are numbered by carbohydrate numbering. The zero
value of the phase angle corresponds to the1,4B conformation.
All conformations of six-membered rings use the IUPAC
recommended nomenclature and were determined as described
in a recent report.12

We implemented the conformational constraints in con-
strained ab initio molecular dynamics in the Projector Aug-
mented Wave method (PAW, See details below). The imple-
mentation of the constraints in ab initio molecular dynamics
follows the SHAKE algorithm.10 This algorithm had been
implemented in the PAW program package for several other
constraints. Our implementation required new subroutines
that calculate the value and the derivatives with respect to
Cartesian atomic coordinates of the coordinates defined in eqs
1 through 4.

Static DFT Calculations. The reported static calculations
were carried out with the Amsterdam Density Functional (ADF)
program system version 2.3 derived from the work of Baerends
et al.13 and developed at the Free University of Amsterdam14,15

and the University of Calgary.16 The energy functional in all
static calculations used the local density approximation17 (LDA)
augmented with gradient corrections to the exchange and
correlation potentials by Becke18 and Perdew.19

The atomic orbitals were described by an uncontracted
double-ú Slater function basis set20 augmented by a single-ú
polarization function. The 1s2 configuration on carbon and
oxygen was assigned to the core and treated by the frozen-core
approximation. The electron density was fitted to a set of s, p,
d, f, and g Slater functions centered on all nuclei to calculate
the Coulomb and exchange potentials accurately in each SCF
cycle.21 A continuum dielectric constant method described
previously was used to estimate solvation effects.8 The probe
radius 2.4 Å and the dielectric constant ofε ) 9.0 corresponds
to CH2Cl2 which was a typical solvent for the glycosylation
reactions. These calculations were carried out on a multiproces-
sor SGI Origin 2000 workstation.

Dynamical DFT Calculations.Dynamical DFT calculations
were carried out with the PAW method,22 an implementation
of the Car-Parrinello ab initio molecular dynamics23 by Blöchl.
This method uses an augmented plane wave basis set which
allows one to describe the full all-electron wave function. The
description of the core wave function takes advantage of the
frozen core approximation. These simulations used an energy
cutoff of 30 Rydberg for the plane wave basis set and periodic
boundary conditions in a unit cell defined by lattice vectors ([0.0
10.0 10.0] [10.0 0.0 10.0] [10.0 10.0 0.0]) Å. Typically 132
grid points were used in each dimension of the periodic cell.
All calculations employed the exchange correlation functional
of the generalized gradient approximation with the local potential
of Perdew and Zunger24 augmented by the gradient corrections
to the exchange and correlation of Becke17 and Perdew.18 To
prevent electrostatic interactions between periodic images, a
charge isolation scheme was used.25 The nuclei were brought
to a temperature of 300 K by applying a sequence of 50-150
sinusoidal pulses of excitation vectors orthogonal to the already
excited modes. A temperature of 300 K was maintained for all
simulations by a Nose´ thermostat26,27 to simulate a canonical
(NVT) ensemble. The fictitious kinetic energy of the electrons
was controlled in a similar fashion by a Nose´ thermostat.28 We
used mass re-scaling to 2.0 (O and C) and 1.5 (H) atomic mass
units to enable faster sampling combined with an integration
time step of 7 au (0.17 fs). Since we do not discuss time-
dependent properties and since configurational ensemble aver-
ages remain unchanged under a re-scaling of the masses, this
technique is appropriate. To explore a reaction path we carried
out constrained dynamics with the SHAKE algorithm.10 It is
desirable that the constraint has a high projection onto the
intrinsic reaction coordinate (IRC).29 All other degrees of
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freedom are allowed to evolve naturally in time. By slowly
varying the constraint, the phase space in the vicinity of the TS
can be sampled dynamically, leading to undisturbed dynamics
for all motions that are orthogonal to the constraint. This “slow-
growth” technique allows us to investigate reactions that would
take place on a larger time scale than the simulations. Slow-
growth simulations consist of 60 000 time steps and cover 10.2
ps real time, unless otherwise indicated in the text or figure
captions. The free energy difference,∆F, between two arbitrary
points (λ0 and λ1) along the reaction coordinateλ can be
evaluated by integrating the average force onλ at a given
constant temperatureT:

∆F as derived by this formula does not rely on the harmonic
approximation but it does not include quantum effects. For eq
5 to give the correct results,〈δE/δλ〉|λ,T must be determined at
a large number of points betweenλ0 andλ1. Furthermore, for
each point, an extensive sampling is required at constant
temperatureT to determine the proper average〈δE/δλ〉|λ,T. In
the “slow growth” limit,λ is scanned continuously so that only
a single value of〈δE/δλ〉|λ,T is determined at each value ofλ.
This method has the advantage of not disrupting the dynamics
when the value ofλ is changed. The slow growth method has
been previously demonstrated on several elementary reaction
steps in organometallic chemistry.30 In the slow growth method
the energy gradient is not averaged at constant values ofλ,
therefore it does not yield the free energy exactly. However,
this method is successful for the qualitative understanding of
the reaction mechanisms, the location of stationary points on
the free energy surface, and semiquantitative calculation of free
energy differences.

The two different implementations of DFT give similar
relative energies. For example, the energy difference between
1 and 2 is -57.3 and-55.2 kJ mol-1 by PAW and ADF,
respectively.

Experimental Methods

Ethyl 2,6-di-O-benzoyl-3,4-O-isopropylidene-â-D-galactothiopyra-
noside,3, was prepared according to ref 9. A sample was recrystalized
from ethanol/water to provide crystals suitable for X-ray diffraction
studies. The full details are provided as tables of crystallographic data
for 3 and are available free of charge via the Internet at http://
pubs.acs.org.

Results and Discussion

The advantages of exploring reaction pathways by dynamical
methods have been demonstrated in the literature.31 In the case
of carbohydrates, this method is particularly appropriate for two
reasons. Carbohydrates have a large number of conformations
separated by relatively small barriers and it is almost hopeless
to find all minima. However, a well executed dynamical
calculation samples the conformational space at least to that
extent that it prevents the structure from becoming locked into
a high energy local minimum. Furthermore, the conformational
transitions of sugar rings involve many elementary steps. Most
reaction path following algorithms in quantum chemistry had

been developed with elementary reaction steps in mind. To
explore multistep reactions by considering elementary reaction
steps creates an intractable combinatorial problem. Methods
have been developed for the conformational analysis of small
hydrocarbon rings32 including methods that particularly address
pyranose conformations.33 However, these methods are either
too expensive32 or incompatible33 with quantum chemical
applications. For this reason we developed a new method to
address this problem which is explained in the Computational
Details section.

Benchmark tests on the enthalpy and the free energy barrier
of chair inversion of some six-membered rings represent a
remarkable agreement between experiment and theory for both
quantities, see Table 1. For example, the lowering of the
enthalpic barrier to inversion by oxygen substitution on going
from cyclohexane to tetrahydropyran is well reproduced by
calculation as well as the smaller difference in free energy.
Complete details of these calculations will be given in a separate
report.34

With these tools we studied the interconversion of1 and2.
First we needed to know the conformational preferences of1.
For this purpose we determined the X-ray crystal structure of
the donor3, ethyl 2,6-di-O-benzoyl-3,4-O-isopropylidene-â-D-
galactothiopyranoside. A representation of this structure is
shown in Figure 1.35 The pyranose ring conformation is a4C1

chair distorted toward a B1,4 boat conformation due to the fused
3,4-O-isopropylidene protecting group. The carbonyl of the 2-O-
benzoyl is oriented syn to H-2, a usual conformation of esters.36

Since the C- -S bond is relatively long (1.802 Å), ionization is
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Table 1. Calculated Barriers to Chair Inversion (in kJ mol-1) at
300 K

compd ∆H(calcd) ∆H(exptl) ∆G(calcd) ∆G(exptl)

cyclohexane 48 50.6( 2.0a 41 43b

tetrahydropyran 37 42.0( 5.0b 40 41.0( 1.6b

m-dioxane 44 40.0( 2.1b 38 41.0( 0.8b

p-dioxane 47 n.a. 47 ∼41b

s-trioxane 47 37.0( 5.0b 46 46.0( 0.8b

a Reference 50.b Reference 51.

Figure 1. ORTEP representation of the X-ray structure of3.
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anticipated to occur by lengthening of this bond followed by
irreversible rearrangement of the alkylthio:promoter complex
to yield an oxocarbenium ion like1 in Scheme 1. Experimentally
donor 3 yields predominantlyâ-glycosides as expected for
donors capable of neighboring group participation.9 Previous
static calculations found a2SO conformation for1 that maintains
the syn and equatorial conformational features about the
C-2- -O-2 bond. The formation of the bicyclic intermediate,
2, requires two significant conformational changes: the ring
conformation has to change so that the 2-O-acyl protecting group
moves from the equatorial position into an axial position and
the acyl group has to rotate around the C-2- -O-2 bond.
Previous static calculations found a B2,5 conformation for2 that
has O-2 axial and the dioxolenium ring closed. Although these
reaction steps have been previously hypothesized, neither the
energetic consequences nor the conformational preferences of
such ions have been examined in detail. For example, Lemieux
postulated a1,4B transition state for the process of ring inversion
for the 2,3,4,6-tetra-O-acetyl-D-glucopyranosyl cation.37 Also,
the additional mechanistic question of whether ring inversion
precedes acyl group rotation or not is raised.

The trajectory that we found to be the minimum energy path
as determined by constrained ab initio molecular dynamics is
described in Figure 2 in terms of potential energy (a), the
pseudorotation phase angle in eq 4 (b), and the (Cd)O- -C-1
distance (c). Initially the trajectory follows the pseudorotational
itinerary in a negative direction as indicated by the phase angle.
It passes through the2SO, 2,5B, 5S1, B1,4, 3S1, 3,OB, OS2, and B2,5

conformations. Once the O-2 group is in an axial position, the
dioxolene ring closure occurs spontaneously with little or no
barrier as indicated by the sudden closure of the (Cd)O- -C-1
bond (see c in Figure 2 and Figure 3). Consequently, this is an
asynchronous reaction where the conformational change domi-
nates the reaction coordinate up to the transition state followed
by dioxolene ring closure on the downhill part.

Constrained ab initio molecular dynamics methods can help
to qualitatively characterize such complicated reactions, but free
energies would not be reliable with our method since two
different normal modes dominate the first and last part of the
trajectory. Stationary points can be determined by optimizing
the geometry of candidate structures taken from the dynamical
trajectory. The highest energy TS on the minimum energy path
is shown in Figure 4 and characterized as theOS2 conformation,
34 kJ mol-1 above the energy of1. Alternative reaction path-
ways starting with opposite pseudorotationl or with the
2-O-acyl group rotation lead to high-energy states and not
toward2.

Our result is somewhat biased by the 3,4-O-isopropylidene
group but some of the factors responsible for the significant
barrier are more general: (1) For hexoses with O-2 equatorial
the related oxocarbenium ions adopt an initial conformation with
the 2-O-acyl group in the equatorial position and oriented syn
to H-2. (2) The formation of the neighboring group assisted
ion requires a conformational change that moves the 2-O-acyl
group from an equatorial into an axial position. (3) Visual
examination of the dynamics trajectory suggests that the
equatorial-axial change is restricted by repulsion between the
2-O-acyl group and the protecting groups on O-3. Thus
neighboring group participation involves a significant barrier.(37) Lemieux, R. U.Chem. Can.1964, 16, 14.

Figure 2. (a) Potential energy, (b) pseudorotation phase angle, and
(c) (Cd)O- -C-1 distance during the dynamical trajectory.

Figure 3. Snapshots of the trajectory connecting1 and2.

Figure 4. Representation of the transition state connecting1 and2.
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Our hypothesis is that the stereochemical control of glyco-
sylation reactions could arise from face discriminated nucleo-
philic attack on ions such as1. This can only be true if this
SN1-like barrier is of comparable or lower energy than the barrier
of the competing reaction, ring closure to2. Richard et al. have
determined the benchmark barrier for a nucleophilic addition
to the acetophenone oxocarbenium ion in water as 27.2 kJ
mol-1.38 Considering the electronic and solvation effects in a
typical glycosylation reaction, the barrier to direct nucleophilic
attack on1 should be lower and thus in principle it can compete
with cyclization to2.

We consider these results as a major step toward understand-
ing the role of conformation to the kinetic stability of oxocar-
benium ions in glycosylation reactions.39 Factors such as the
lifetime of oxocarbenium ions,40 ion-pairing,41 solvent,42 cova-
lent intermediates,43 etc. all affect the stereochemical outcome
of glycosylation reactions. However, at present we want to stress
the importance of the conformation of oxocarbenium ions since
the energetics and structures of this effect have received little
attention.44 These conformational preferences may have effects
which extend past chemical glycosylation reactions. For ex-
ample, the hydrolysis of oligosaccharides as catalyzed by some
glycosidases has been shown to proceed through intermediates
with considerable oxocarbenium ion character.45 In several cases

the conformations of such intermediates have been determined
to have boat or twist-boat conformations.46 In the absence of
the enzyme such conformations can interconvert by pseudoro-
tation. It follows from our results that such enzymes must have
selected only one of the conformations available to the oxo-
carbenium ions to stabilize.47 Therefore, the design of cationic
TS mimics as glycosidase inhibitors should consider the
particular conformations available and the barriers to their
interconversions. Current efforts have been directed toward
synthesizing mimics with a flattened shape but not at those with
specific boat or twist-boat shapes.48 Similarly the mechanistic
studies of glycosyl transferases also suggest intermediates with
considerable oxocarbenium ion character.49 The new procedures
described in this report should be useful in the design of TS
state mimics for this class of enzymes too, since they allow for
the determination of the important stationary points.
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