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Introduction

There are several archetypal “bonding patterns” found in
nature connecting simple molecular building blocks via co-
valent bonds to biopolymers possessing a vast spectrum of
functionalities. Among them are the peptide bond, the disul-
fide bond, and the glycosidic bond thus highlighting the im-
portance of these motifs within (bio)chemistry. In particular,
monosaccharides such as a-d-glucopyranose are the building
blocks of carbohydrate chemistry, linked together by glycosi-

dic bonds. Simple sugars make up a wide variety of substan-
ces found in nature, from DNA to cellulose to biological
energy storage mechanisms. Consequently, the glycosidic
bond has been studied experimentally for a wide variety of
compounds,[1–13] predominantly through hydrolysis, under a
myriad of conditions, and is important in the consideration
of enzymatic glycosyl-transfer reactions. One of the reasons
it has been studied so extensively is because of the rich and
often subtle variety of the reactions that take place. Widely
varying amounts of inversion and retention of the anomeric
center are readily observed depending upon anomeric start-
ing configuration, leaving group, additional ring substituents,
and solvent. Adding to the complexity are competing hy-
drolysis reactions when multiple products are possible.[1] It
is accepted that the reaction proceeds through an oxocarbe-
nium cation intermediate; the mechanism involved in hy-
drolysis of glucopyranosides has been concluded to be disso-
ciative (DN+AN) or partially-dissociative (A*

NDN)[1,2,13] which
lies between SN2 and SN1 behavior, although a concerted
mechanism (ANDN)[5,6] has been observed for the case of
aqueous hydrolysis of fluoro-a-d-glucopyranoside (see
ref. [14, 15] for notation details). Upon reviewing previous
work it has been concluded[8] that the hydrolysis of methyl
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a- and methyl b-glucopyranosides is specific acid-cata-
lyzed[2,16] and that the mechanism has been explained by the
pre-equilibrium formation of a protonated leaving group in-
termediate which provides insufficient time for solvent equi-
libration. The transition state has an estimated life time[2,10]

of ~1–3 ps.
Although the hydrolysis of glucopyranosides has been

thoroughly investigated, the forward reaction to form poly-
saccharides has not received much attention for several rea-
sons, including energetic unfavorability and lack of appear-
ance in carbohydrate digestion (where precisely the opposite
occurs). Due to the subtlety in the effects of leaving
group[5,6] and temperature[12] on the hydrolysis reaction the
mechanism of the forward reaction is not necessarily the
same as its hydrolysis, though reaction energetics should be
comparable. In particular, the questions of the reaction
being late or early, the transition state being solvent equili-
brated or not, and the degree of C1�O1 bond cleavage at the
transition state can be answered and compared with the hy-
drolysis reaction.

Previous theoretical treatments have investigated aspects
of such hydrolysis reactions by using quantum chemical gas
phase or continuum solvation methods[17–21] where the con-
formation of exocyclic substituents such as the C6�O6 hy-
droxymethyl orientation was found to be particularly impor-
tant for the hydrolysis of methyl b-d-glucopyranoside. These
studies focused mainly on aspects of reactivity and confor-
mational stability of mono- or disaccharides in the ground
state and transition states, including relative anomeric stabil-
ity and substituent effects. A notable exception to these
studies includes the investigation of uracil-DNA glycosylase
via a QM/MM approach.[22] Others have focused on the sol-
vation and hydrogen-bonding behavior without studying
chemical reactions using molecular dynamics methods.[23–25]

Combining these findings it can be anticipated that the pres-
ence of water will be critical for the mechanism so that con-
densed phase results are expected to differ substantially
from gas-phase.

Stimulated by the lack of theoretical studies at typical
“wet chemistry conditions” in conjunction with the general
importance of the glycosidic bond we launched a Car–Parri-
nello ab initio molecular dynamics[26–28] study; preliminary
results have been published very recently in a short note.[29]

The goal of this investigation was to determine the mecha-
nistic details including the transition state structure, extent
of oxocarbenium ion formation and free energy of reaction
at conditions relevant to experiment, that is, in acidic liquid
water at room temperature and atmospheric pressure. In
order to obtain a computationally tractable model for dy-
namical ab initio simulations one of the monosaccharide
partners was replaced by a methanol molecule. Thus, we in-
vestigate how methyl b-d-glucopyranose is formed via the
specific acid-catalyzed reaction of methanol with a-d-gluco-
pyranose. The method of Car–Parrinello molecular dynam-
ics[26–28] was chosen because of its ability to study bond for-
mation and breaking, its incorporation of dynamical con-
straints, the ability to explicitly include a solvent at the same

footing as the reactants, and the ability to do all this at a
biologically relevant temperature and pressure.

Computational Methods and Modeling Approach

Car–Parrinello molecular dynamics[26,27] as implemented in
the CPMD code[27,28] was used for both the dynamic ab
initio simulations and the static optimizations in the liquid
and gas phase, respectively. For these electronic structure
calculations Troullier–Martins norm-conserving pseudopo-
tentials[30] were employed together with the BLYP function-
al[31,32] by using a plane wave cutoff of 70 Ry at the G point
of the simulation cell; periodic boundary conditions were
applied for the condensed phase simulations, whereas gas
phase calculations where carried out within isolating “clus-
ter” boundary conditions.

Initially, a study of the proton affinity of the respective
oxygens of a-d-glucopyranose was carried out with static ab
initio calculations in the gas phase to find out which of the
six oxygen atoms is a preferred site for protonation, see
Figure 1. Starting with the crystal structure[33] of a-d-gluco-
pyranose gas phase optimizations were performed, followed
by the generation of six different protonated structures by
placing a proton in one of the two “tetrahedral lone pair
sites” of each of the six oxygen atoms and optimizing the re-
sulting protonated molecules.

In order to prepare the system in solution in a chemically
relevant state an initial pre-equilibration was performed
with classical molecular dynamics, which satisfactorily de-
scribes the non-reactive interactions involved in this process.
In particular, a (neutral) starting configuration was prepared
by very slowly pulling together the Om atom of methanol
and the C1 site on the sugar ring (see Figure 1 for labeling)
in a large simulation cell; again the crystal structure[33] of a-
d-glucopyranose was used as an initial structural guess. For
this purpose the OPLS-AA all-atom force field for carbohy-
drates[34,35] was used in conjunction with the TIP3P[36] water
model for the classical simulations of a-d-glucopyranose,
methanol, and water at a density of 0.997 g cm�3. These clas-
sical simulations were carried out with the TINKER simula-
tion package.[37] The electrostatic interactions were comput-
ed with a distance-based cutoff at 9 � and periodic boun-
dary conditions were applied. A time step of 1 fs was used
with the velocity–Verlet integration scheme, and a tempera-
ture of 300 K was maintained by a Berendsen thermostat
with coupling time of 1 ps.

Figure 1. Numbering scheme of a-d-glucopyranose molecule�s heavy
atoms.
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This force field based setup was used to pull the reactants
slowly together by applying a harmonic distance constraint
(or “restraint”) on the C1–Om distance, starting with an in-
teratomic distance of 10 � and decrementing by 0.5 � from
10 to 3.5 � followed by 0.25 � from 3.5 to 2.5 � by using a
force constant of 100 kcal mol�1. In addition, it was necessa-
ry to apply such a constraint on the O1�Om distance as to
keep Om close to the C1�O1 vector in order to avoid hydro-
gen bonding between O1 and methanol at short distances;
this would be an unfavorable starting configuration for a
substitution reaction on the C1 carbon. Three a-d-glucopyra-
nose rotamers were used, all sharing the 4C1 conformation
of the pyranose ring but differing in both the conformation
of the hydroxymethyl group (rotation around the C5�C6

bond) and direction of the hydrogen bonds of the hydroxyl
groups. Finally, one configuration was chosen at a constraint
distance of about 2.7 � such that the group was located op-
posite the O1 atom with respect to the sugar ring based on
“chemical intuition” of a displacement reaction. Subse-
quently, the number of water molecules was decreased (by
using NVT and NpT simulations at 300 K and 1 atm) from
483 to 89, 73, 57, and 44 solvating molecules. No significant
difference was found between the radial distribution func-
tion of water oxygen atoms around both C1 and O1 as ob-
tained by 89, 73, 57 molecules, whereas qualitative devia-
tions were found with 44 molecules. In order to prepare a
starting configuration for the follow-up ab initio simulations
a configuration was sampled from a NpT run (within a cubic
supercell) with 57 water molecules where Om was close to
the C1–O1 vector subject to having system parameters such
as volume and total potential energy close to their respec-
tive average values. This particular system had a box length
of 12.255 � which yielded a density of 1.118 g cm�3.

This configuration of the neutral system was then equili-
brated for about 2.5 ps by using Car–Parrinello ab initio mo-
lecular dynamics. After this simulation phase, a proton was
added at one of the two tetrahedral oxygen lone-pairs of a
water molecule that was hydrogen bonding with the O1

oxygen; the latter was found to be the energetically most fa-
vorable protonation site in the gas phase. This system com-
posed of 57 water molecules to solvate the protonated reac-
tive complex in a cubic box of 12.255 � was propagated by
Car–Parrinello ab initio molecular dynamics; the overall
positive net charge was compensated as usual by applying a
uniform negative background charge. A temperature of
300 K was established via Nos�–Hoover thermostatting, thus
properly sampling the canonical ensemble. Hydrogen was
substituted by deuterium allowing for a time step of 0.12 fs
in conjunction with a fictitious electron mass of 1000 au and
separate thermostatting of the orbitals.

Since the reaction barrier is certainly too high (experi-
mental estimates[38] for the hydrolysis of methyl b-d-gluco-
pyranoside, which is at least as large of a barrier as for the
forward reaction studied here, are in the range of about 31–
34 kcal mol�1) to be overcome by thermal fluctuations on
the picosecond time scale of ab initio molecular dynamics
runs, constraint techniques[39,40] have to be used. Here, we

continue to use the distance between the Om atom of metha-
nol and the C1 site on the sugar ring as a possible reaction
coordinate to drive the reactive complex to the product
state. The free energy along this particular variable is ob-
tained via thermodynamic integration from the integral of
the average Lagrange multiplier in the constrained ensemble
which defines the mean force for the simple interatomic dis-
tance constraint used.[40] Starting from 2.69 � the constraint
distance was decreased in a stepwise fashion to 1.46 � by
using increments from 0.15 to 0.075 �. Overall, a total ab
initio simulation time of 13.3 ps (after ab initio equilibra-
tion) was necessary in order to simulate the entire process
of glycosidic bond formation including a meaningful sam-
pling of the average Lagrange multiplier at each increment.

Results and Discussion

Gas phase—Structure and proton affinity : The results from
the structural optimizations of a-d-glucopyranose in isola-
tion are collected in Table 1 in terms of dihedral angles;
other structural parameters such as bond lengths and bond
angles are within the expected ranges. The structure of the
neutral sugar molecule agrees well with the experimentally
determined structure in the crystal[33] and previous density
functional and MP2 calculations of the isolated mole-
cule.[19,41, 42] As seen in Table 2, the O1 site is the most ener-
getically favorable site for protonation in the gas phase. For
comparison, the proton affinity of water obtained with the
very same approach was determined to be 169 kcal mol�1; a
recent G2 calculation[43] yielded 163 kcal mol�1 whereas the
experimental value[44] is 165 kcal mol�1. This suggests that O1

might also be the thermodynamically preferred site for pro-
tonation in solution. An interesting and unexpected result of
these gas phase calculations was the “product” of the O4

protonation. Having an energy value of only 0.18 kcal mol�1

above that of the protonated O1 site, which is essentially a
degenerate situation in view of the accuracy of the electron-
ic structure method, this optimization resulted in a complete
rearrangement of the six-membered pyranose to a five-
membered furanose ring with the H2O leaving group, in-
volving O4, stabilizing the carbocation at C3 formed as
shown in Figure 2. This rearrangement is probably the cause
for our finding the proton affinity of O4 to be higher than

Figure 2. Optimized gas-phase structure for a-d-glucopyranose protonat-
ed at the O4 site. Note the qualitative rearrangement from the pyranose
ring from Figure 1 into a five-membered furanose ring.
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O6 in contrast to previous Hartree–Fock calculations,[45]

where no such complete restructuring of the sugar ring was
reported. Additionally, although the proton affinities are
(essentially) the same for O1 and O4, the required rearrange-
ment in the latter case would not lead to the desired glycosi-
dic bonding pattern and would in any case almost certainly
not occur in aqueous solution where interactions with neigh-
boring water molecules would not allow such a rearrange-
ment. However, this result might have interesting implica-
tions for gas phase studies. Thus, protonation of O1 is most
promising and will be considered in detail in aqueous so-
lution.

Condensed phase—Mechanism : Upon starting from a situa-
tion where a-d-glucopyranose is close to the methanol mol-
ecule, the distance between the Om atom of methanol and
the C1 site on the sugar being 2.7 � and a protonated water
molecule donating a hydrogen bond to O1, the approach of
the methanol molecule was enforced by decreasing the C1–
Om distance in a stepwise fashion; see Section on Computa-
tional Methods above for a detailed description of the pro-
tocol. The reaction mechanism can be inferred from the
evolution of interatomic separations plotted in Figure 3a,
hydrogen bond coordinates in b) and sugar ring torsional

angles in c). The hydrogen-bond coordinates depicted in
Figure 3b are asymmetric stretch coordinates defined such
that a value of zero implies that a given proton resides
midway between the respective donor and acceptor atoms.
Note that only for convenience, the entire reaction sequence
is plotted on one time axis and events occurring during the
simulation will be referred to according to at what “time”
they occurred; however, it must be emphasized that due to
the effect of the constrained dynamics this should not be in-
terpreted as real time.

Table 1. Comparison of a-d-glucopyranose torsional angles [8]; note that
the experimental structure[33] is obtained from crystallographic data.

Atoms Experimental[33] This
work

BLYP[41] MP2[19] B3LYP[42]

exocyclic
angles
C2-C1-O1-H �163.1 �170.2 �170
C3-C2-O2-H 24.4 75.3 75
C4-C3-O3-H 73.8 56.7 60
C5-C4-O4-H �103.6 �81.9 �90
C5-C6-O6-H �143.8 �161.1 180 �58.0
O5-C5-C6-O6 70.2 75 74.9 60.8
C4-C5-C6-O6 �170.3 �165.4 �165
O5-C1-O1-H 74.9 66.4 67.6
C1-O5-C5-C6 �176.5 �176.6 �178.7
endocyclic
angles
C1-C2-C3-C4 �51.3 �49.3 �54.0
C2-C3-C4-C5 53.3 52.9 56.5 55.9
C3-C4-C5-O5 �57.5 �56.3 �57.9 �56.6
C4-C5-O5-C1 62.2 60.3 60.1 58.7
C5-O5-C1-C2 �60.9 �58.8 �57.9
O5-C1-C2-C3 54.1 51.7 53.8

Table 2. Gas phase a-d-glucopyranose proton affinities in kcal mol�1; see
text for a discussion of the comparison with the Hartree–Fock data.[45]

Site This work HF/6-31G[45]

O1 214
O2 204
O3 205
O4 214 190
O5 208
O6 207 196

Figure 3. Evolution of distances and torsional angles as the C1–Om con-
straint is decreased from 2.689 � at t=0 ps to 1.462 � at t=15 ps where
unconstrained dynamics sets in. a) Solid, dotted and dashed lines repre-
sent C1–Om, C1–O1 and C1–O5 distances, respectively. b) Solid and dotted
lines represent the hydrogen bond coordinates rOwH+�rO1H+ and rOmHm�
rOwHm, respectively. c) Solid, dotted and dashed lines represent C4-C5-O5-
C1, C5-O5-C1-C2 and O5-C1-C2-C3 angles, respectively. Labeling scheme
according to Figure 1.
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The formation of methyl b-d-glucopyranoside is found to
occur in two sequential steps along the chosen reaction co-
ordinate, the C1–Om distance (Figure 3a, c), which is de-
creased throughout the reaction. The first step, I, consists of
concerted protonation of O1 in the leaving hydroxyl group
(Figure 3b, c), breaking of the C1�O1 bond (a, dotted
line), and shortening of the endocyclic C1�O5 bond (a,
graph at r = 1.5 �) close to 7.76 ps at which point the C5-
O5-C1-C2 torsion moves from negative to positive values (c,
dotted line). These events are initiated by irreversible proto-
nation of O1. This also brings about a change in the orienta-
tion of the attacking methanol as evidenced by the O5-C1-
Om angle moving from 80 to 1008, see also the schematic
representation in Figure 4a,b. The second step, II, involves
the formation of the new C1�Om bond (Figure 3a, c), de-
protonation of Om (Figure 3b, dotted line crossing zero), an
increase in the C1�O5 bond length (Figure 3a), dashed line),
and cessation of changes to the ring conformation (Fig-
ure 3c, see also Figure 4c,d. Prior to this successful step two
temporary protonation events of the leaving hydroxyl group,
that is, of O1, were observed at about 3.0 and 4.7 ps (Fig-
ure 3b, c), which were, however, unsuccessful in breaking
the C1�O1 covalent bond. These events imply that it was
necessary to have the methanol Om sufficiently close to C1

before irreversible protonation and thus dehydration could
occur. This scenario does not support mechanisms where the
intermediate cation is assumed to have sufficient time to
become solvent equilibrated before the C1�Om bond is
formed, similar to glycosyltransferase mechanisms[46] with
close proximity of the nucleophile before ionization.

Interestingly, each reversible protonation of O1 was fol-
lowed by changes in bond lengths between C1�O1 which in-
creases and C1�O5 which decreases, most noticeable in
Figure 3 at 3.0 ps. This observation is characteristic for both
specific acid catalysis[2,16] and the near synchronicity of
step I. The coupling of C1�O5 bond shortening and C1�O1

bond breaking, which occur nearly simultaneously at 7.76 ps,
is at odds with kinetic isotope effect data for the hydrolysis
of methyl a- and methyl b-d-glucopyranoside[2] which indi-
cates a delay between the two events. However, the same
hydrolysis reaction for methyl xylopyranosides[47] is known
to be simultaneous. The three endocyclic ring torsional
angles, which can be used to monitor the conformation
during the simulation, are depicted in Figure 3c. The change
from the initial 4C1 to the final predominantly 1S3 twist boat

conformation, which occurs continuously starting at 7.76 ps,
is clearly seen. Panels a) and c) in Figure 5 depict these con-
formations as sampled from the trajectory. Once the C1�Om

distance has reached 2.06 � at 7.27 ps, it takes about 500 fs
until the C1�O5 bond length contracts abruptly by as much
as �0.15 � after which it relaxes only slowly back to the

Figure 4. Scheme of the reaction mechanism a)–d) and ball-and-stick rep-
resentation of the most important atoms (O: red, C: black) in representa-
tive trajectory snapshots taken at 7.27 ps (e), 7.74 ps (f), 12.5 ps (g), and
13.5 ps (h). The Wannier centers are represented by transparent spheres
(blue) with radii being proportional to the spread of the localized orbi-
tals.

Figure 5. Conformations of the glucopyranose molecule throughout the simulation. a) 4C1 conformation at 3.07 ps; b) 1S5 conformation at 7.75 ps; c) 1S3

conformation at 13.90 ps.

Chem. Eur. J. 2005, 11, 2651 – 2659 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2655

FULL PAPERGlycosidic Bond Formation

www.chemeurj.org


original value, see the dashed line in Figure 3a. The reason
for this phenomenon, which is the transient formation of an
oxocarbenium ion, can be understood at the molecular level
upon analyzing electronic structure changes during the
course of the simulation, see next section.

Shortly after the oxocarbenium formation it is observed
by analyzing coordination numbers that O5 expels its hydro-
gen-bonded solvating water molecule at about 8 ps. Further-
more, it is found that this site remains unsolvated during the
lifetime of the oxocarbenium cation before it partially re-
solvates itself by establishing a hydrogen bond involving an-
other water molecule at �11.4 ps. This temporary “drying”
of O5 is visualized in Figure 6, which depicts the distance
from O5 to the closest hydrogen atoms over the course of
the simulation in comparison to the C1�O5 bond length,
which monitors the oxocarbenium state.

Between approximately 11.4 and 12.9 ps, at a constant C1–
Om constraint distance of 1.69 �, several deprotonation at-
tempts of Om occur, see dotted line in Figure 3b, each of
which manifests itself by a slight but significant increase of
the C1�O5 bond length. This period is characterized by elec-
tronic structure fluctuations of the oxocarbenium cation, see
next section. The end of this period, at a constant C1–Om

distance of 1.69 � shows several reversible deprotonations
of the Om oxygen, each of which show a corresponding in-
crease in the C1�O5 bond length. Finally, when the C1–Om

distance is reduced to 1.54 �, which lies at the edge of the
fluctuating range of bond lengths in the subsequent uncon-
strained simulation (after 15.0 ps), the Om oxygen is definite-
ly deprotonated, that is, the dotted line in Figure 3b stays
positive after 12.9 ps, at which time the C1�O5 bond length
returns to the typical single-bond value, see Figure 4d, and a
hydrogen bond is again fully accepted by O5. Based on O1–
H+ , C1–O1, and C1–O5 distance criteria steps I and II of the
reaction occur at 7.7 and 12.9 ps, respectively, with the

period of reversible deprotonation of Om occurring between
11.4 and 12.9 ps.

Condensed phase—Electronic structure : The chemistry re-
sponsible for these structural changes becomes obvious
upon analyzing the electronic structure via the localization
of the canonical Bloch orbitals in terms of Wannier func-
tions.[48] Wannier functions (or orbitals) are the analogues of
Boys� localized molecular orbitals for periodic systems such
as a molecular liquid subject to periodic boundary condi-
tions as simulated here. Thus, they allow a dynamical analy-
sis of the electronic structure imposing a “Lewis-type view-
point” based on concepts such as single bonds, double bonds
and lone pairs. To this end the Wannier centers, being the
average positions of corresponding orbitals, can be used as
simplified indicators[49] as depicted in the right sequence of
panels in Figure 4 where only the most important atoms and
corresponding orbitals/centers are cut out of the trajectory
for the sake of clarity. In Figure 4e, corresponding to the
“normal” C1�O5 bond length, one can identify two Wannier
centers connected exclusively to O5 thus representing its two
lone pairs. In addition there is one center each on the con-
necting axes to the neighboring carbon atoms (C1 and C5),
which represent the two C1�O5 and C5�O5 single bonds.
This bonding pattern changes qualitatively once the C1�O5

bond contracts around 7.7 ps: there is only one lone pair left
at O5 whereas two Wannier centers become aligned along
the C1–O5 axis, see Figure 4f. At the same time the Wannier
center between O5 and C5 stays invariant implying the exis-
tence of the C5�O5 single bond. In terms of a simple Lewis
picture this change clearly signals the formation of a C1=O5

double bond, that is, of an oxocarbenium cation. This is the
site for the incoming methanol molecule to form an ion–
dipole complex which remains stable up to about 11.4 ps. In
the interval between approximately 11.4 and 12.9 ps several
deprotonation attempts of Om occur and the Wannier cen-
ters of O5, see Figure 4g, are found to oscillate between one
or two lone pairs and a double or single C1�O5 bond, re-
spectively, corresponding to sp2- and sp3-hybridization pat-
terns of C1. After reducing C1�Om to 1.54 � the C1�O5 bond
assumes again a clear single bond character as seen from
the Wannier centers in Figure 4h which closely resemble the
situation in Figure 4e.

This bonding analysis, which relies on a specific orbital lo-
calization procedure, was supplemented and confirmed by a
more elaborate topological analysis[50–53] of the electron lo-
calization function (ELF) introduced by Becke and Edge-
combe;[54] note that the present analysis focuses exclusively
on the chemically relevant valence electrons. This function
h(r) is large in regions where two electrons with antiparallel
spin are paired in space thus forming covalent bonds or lone
pairs;[50,51] ELF is normalized between zero and unity and its
value for the uniform electron gas is 1=2. Positions in space
where ELF attains maximum values (denoted by h max) are
called attractors which can be used to locate covalent bonds
and/or lone pairs; conventional single bonds are character-
ized by one attractor on the axis connecting two nuclei

Figure 6. Distances between O5 and the two closest solvent hydrogens
(g, c) in comparison to the C1�O5 bond length (dashed). The loss
of hydrogen bonding involving O5, between about 8 and 11 ps, correlates
with the existence of an oxocarbenium cation which is characterized by a
decrease in the C1–O5 bond length.
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whereas double bonds feature two attractors above and
below the respective symmetry plane; note that in the case
of covalent bonds involving hydrogen, H–X, the correspond-
ing bond attractors are shifted toward the position of the
proton. In order to characterize the regions around attrac-
tors in more detail one can consider all the points in space
with h(r)� f, which define corresponding f localization do-
mains; f is a positive constant smaller than h max. These re-
gions in space can be visualized by showing the isosurface
h(r)= f such as done in Figure 7 for two important configu-
rations sampled from the trajectory. For a given value of f,
several closed isosurfaces surrounding different attractors
can exist. As the value of f is lowered different spatially sep-
arated f localization domains are confluent and closed iso-
surfaces appear which contain more than one attractor.

In the present case, clear evidence for oxocarbenium for-
mation is found in terms of the emergence of a double bond
attractor between C1 and O5. At a time of 7.27 ps there are
two pronounced lone pair ELF attractors (with h max = 0.94
in both cases and confluence of the localization domains at
h*= 0.90, see arrows in Figure 7a) and two single bond at-
tractors between O5 and both C1 and C5 (in both cases
h max =0.85). This topology is changed qualitatively at a time
of 8.48 ps where O5 clearly has only one lone pair left
(h max =0.94), whereas a double bond attractor is now locat-
ed between O5 and C1 (h max = 0.84) while preserving the
single bond attractor between O5 and C5 (h max = 0.86), simi-
lar to Figure 7b. At 10.83 ps, O5 is found to have one lone
pair (h max =0.95), a sharp (in terms of its localization
domain) single bond attractor between O5 and C5, whereas
the attractor between O5 and C1 is of single-bond type but
its localization domain is very large/diffuse. As already dis-
cussed above, this transition period up to about 11.4 ps is
characterized by an unsolvated O5 site. Finally, at 13.19 ps
the standard bonding situation is fully re-established, that is,
two lone pairs at O5 (h max = 0.93) and two (“sharp”) single
bond attractors between O5 and C5 as well as between O5

and C1 (in both cases h max = 0.85).
In order to scrutinize and possibly complement the assign-

ment of the two steps as inferred from simple structural in-

dicators the Wannier analysis was performed for many
system configurations both shortly before and after steps I
and II. This dynamical electronic structure analysis allows to
determine at which step the C1�O5 bond changed from
single to double bond character and back. Based on the lo-
cations of Wannier centers step I clearly occurs at 7.7 ps
where an O5 oxygen “lone pair” center becomes oriented
along the C1–O5 axis, whereas the center that was previously
located on the axis connecting C1 to O5 moves off-axis
which yields a C1=O5 double-bond pattern. Throughout the
time between 11.4 and 12.9 ps where reversible deprotona-
tion of Om occurs the electronic structure “close to” O5 os-
cillates between having one and two Wannier centers orient-
ed along the C1–O5 axis, and thus two and one lone pair cen-
ters at O5 respectively, finally remaining at one site after
12.9 ps. Thus, both the electronic and real-space structure
lead to the same window of existence of the oxocarbenium
cation and thus yield the same assignments of steps I and II.

Condensed phase—Energetics : The free energy of the reac-
tion can be calculated[39, 40] from the force acting on the con-
straint along the reaction coordinate x, that is, the C1–Om

distance, by integration of the curve shown in Figure 8a.
From the free energy profile the difference between the re-
actant and product energies is about 27 kcal mol�1 with a
barrier height of about 35 kcal mol�1 to formation. Addition-
al simulations at larger values of x were later added to ac-
count for a consistent initial and final force of about zero,
causing the slight difference between this value of the free
energy and our initially reported one.[29] As the constraint
distance shortened, a negative constraint force is observed,
see Figure 8a. However, the force finally approaches zero as
the adduct becomes deprotonated when Hm is “taken” by a
solvating water molecule as depicted in Figure 4c. In turn,
the resulting hydronium ion H3O

+ detaches from the adduct
complex, becomes solvated in the liquid, and features stan-
dard Grotthuss structural diffusion.[55] The final value of the
C1–Om distance constraint was 1.462 �, which is close to the
average value of about 1.47�0.05 � as determined from an
unconstrained �1 ps simulation in continuation of the last
constrained run, see Figure 3a.

Based on the shape of the free energy profile, see Fig-
ure 8b, the transition state can be identified from the maxi-
mum of the curve: it corresponds to a constraint value of
about 1.95 � or equivalently to �9 ps. Thus, the transition
state is close to step I which is the situation depicted in Fig-
ure 4b and f. This is broadly consistent with both the assess-
ment of structural rearrangements as the reaction progresses
and the dynamics of the electronic structure extracted from
Wannier orbital and ELF analysis. Furthermore, the confor-
mation of the pyranose ring close to the transition state can
be analyzed in detail, see for example, Figure 3c. It is found
that its conformation is a flattened 4C1 chair with some 1S5

character as depicted in Figure 5b. This is similar to the pro-
posed transition states for corresponding hydrolysis of
methyl b-d-glucopyranoside.[1,2,8] At the transition state the
C1–O1 distance was �1.9 � indicating the degree of bond

Figure 7. Electron localization function for a reduced system of reactants
and two water molecules participating in the proton transfers, a) at 7.27
and b) at 7.75 ps.
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cleavage is almost complete. As the starting conformation of
the pyranose ring was also 4C1 the transition state must be
regarded as an early one, which is consistent with a late
transition state for the back reaction.[2,5, 6] The stability range
of the oxocarbenium cation can also be roughly inferred
from the shape of the free energy profile, see Figure 8, from
values of x close to the maximum (where the transition state
exists). Taking the maximum to be bounded by 3.9<x<

3.2 au corresponds to simulation times between 6 and 12 ps.
This assignment of the oxocarbenium lifetime complements
the previously discussed assignments based on atomic and
electronic structure.

At this stage it is revealing to compare this scenario to
what was observed in gas phase calculations[18] where the
transition state of protonated methyl b-d-glucopyranoside
was found to feature a stabilizing intramolecular interaction
of the protonated Om by O6 instead of an intermolecular sta-
bilization due to solvent molecules. In the light of the pres-
ent “wet chemistry” results this intramolecular stabilization
looks like an artefact—when compared with the situation in
solution—that is caused by the lack of solvent. This conclu-
sion is underscored by our previous observation that proto-
nation of a-d-glucopyranose at the O4 site in the gas phase

leads to release of a water molecule and concurrent forma-
tion of a five-membered ring (i.e. , the furanose depicted in
Figure 2), which is not expected in solution. Thus, the corre-
sponding gas-phase reaction probably follows another path-
way from reactants to products than the condensed phase
reaction.

Concluding Remarks

A detailed investigation of the mechanism of the specific
acid-catalyzed reaction of methanol and a-d-glucopyranose,
modeling the formation of a glycosidic bond in liquid water
at ambient conditions, is presented based on a set of con-
strained molecular dynamics simulations. The constraint,
being a one-dimensional reaction coordinate, was chosen to
be the distance between the oxygen atom of the attacking
methanol and the C1 site of the pyranose ring. After prepar-
ing the system relying on classical molecular dynamics, the
reactive simulations were carried out within the Car–Parri-
nello approach to ab initio simulation thus allowing to in-
clude efficiently the electronic structure within density func-
tional theory. The solvent is included on the same footing as
the reactants and the reaction mechanism is analyzed in
terms of structural and energetic aspects as well as changes
of the electronic structure. The latter is dissected by using
localized orbitals of the Boys/Wannier type and the topology
of the electron localization function ELF.

In a nutshell, the reaction is found to proceed—along the
enforced reaction coordinate—via a two-step D*

NAN mecha-
nism as sketched in the sequences of left panels in Figure 4,
because of the apparent necessity of close proximity of the
methanol molecule to the successful protonation and subse-
quent dehydration of the glucopyranose ring. This scenario
is akin to the hydrolysis of methyl a- and methyl b-d-gluco-
pyranoside.[2] In particular, the DN step consists of a concert-
ed protonation of the O1 hydroxyl group, breaking of the
C1�O1 bond, and oxocarbenium ion formation involving a
C1=O5 double bond. The second AN part is the formation of
the C1�Om glycosidic bond, deprotonation of the methanol
hydroxyl group OmHm, and re-formation of the C1�O5 single
bond. The formed hydronium H3O

+ detaches from the
adduct and diffuses away via Grotthuss structural diffusion
in the liquid.

Based on detailed and complementary analyses of the
electronic structure along the reaction coordinate it is
shown that the intermediate can be classified to be an oxo-
carbenium cation, see Figure 4f for its Wannier function rep-
resentation and Figure 7b for ELF. Within the reaction se-
quence it exists between the DN and AN steps, which is con-
firmed by structural parameters, chemical bonding analyses,
and the features of the free energy profile of the entire reac-
tion. The oxocarbenium is non-solvent equilibrated in light
of the apparent necessity of a close approach of the metha-
nol Om before its formation. This was previously found to be
the case for many glucopyranoside hydrolysis reactions,[1–3]

as well as for the theoretical study of glycosyltransferase.[46]

Figure 8. Constraint force (a) and corresponding free energy profile (b)
as a function of the reaction coordinate x which is the constrained C1–Om

distance. Standard deviations obtained from the fluctuations of the La-
grange multiplier during the sampling windows at each value of the con-
straint, see black line in Figure 3a, are shown as error bars.
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Most interestingly, water is found to play a crucial role in
the reaction sequence. It was possible to show that the for-
mation of the oxocarbenium intermediate correlates with
desolvation of the O5 site. After formation of the glycosidic
C1�Om bond and thus upon switching back from the C1=O5

double bond to the C1�O5 single bond the O5 site becomes
again re-solvated. This active role of water correlates well
with the previous finding that an intramolecular stabilization
of the transition state occurs in the gas phase. Beyond this
specific example it is expected that a major cause for differ-
ent reaction mechanisms occurring in the gas phase versus
aqueous solution is caused by the missing influence of spe-
cific hydrogen-bonding interactions involving solvation shell
water. In more general terms this implies that theoretical
studies of reactions in associated liquids relying on continu-
um solvation models, even if hydrogen-bonding effects are
approximately included, are likely to lead to erroneous re-
sults.
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