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The conformation of the six-membered ring of pyranosyl sugars has pronounced effects on the physical and
chemical properties of carbohydrates. We present a method to determine key features of the potential energy
surfaces, such as transition states associated with the inversion pathways of the model compounds cyclohexane,
tetrahydropyranp-dioxane m-dioxane s-trioxane, and 2-oxanol. Finally, we make the first determination of

the pathways for inversion of pen@-methyla-p-glucopyranose and pen@-methyl{3-p-glucopyranose.

For both anomers, a transition state with five coplanar atoms with appre€@akibaracter was found. The
method is based on constrained €Rarrinello ab initio molecular dynamics, as implemented in the projector
augmented-wave (PAW) method. The constraints are derived from the normal modes of six-membered rings
and are described in terms of the canonical conformafiGashair,1“B boat, ancPS, skew-boat. The PAW

derived trajectories are in agreement with previous suggestions in the literature that pseudorotation is an
important feature of such conformational interconversions. The dynamic nature as well as the internal
coordinate-based constraints provide a method which can reliably accommodate pseudorotation. To determine
semiquantitative energies, we recalculate key conformations using standard quantum mechanical calculations
while keeping the ring dihedral angles frozen at their values found in the dynamics. In all cases where
experimental barriers are known, our results are in excellent agreement.

1. Introduction importance are the saddle points because experimental informa-

Ring conformation is an essential factor in the hydrolysis and tion concerning transition states is extremely limited. In the
the synthesis of the glycosidic bond. The mechanism of the PréSent paper, we developed a new method to explore the
reactions involved in the synthesis of oligosaccharides using POtential energy surface of pyranoses with particular emphasis
chemical glycosylatichor glycosyl transferasés* as well as on finding transition states along conformational and reaction
the degradation of oligosaccharides by solvolysis reactidns ~ Pathways.
or glycosidasésimplies changes in the ring conformation. The application of existing algorithms of quantum chemistry
Recent atomic force microscopy experiments were interpretedto study the reaction mechanism involving the change in
as indications that polysaccharides owe their elasticity to the pyranose conformation is not straightforward. The first difficulty
chair—boat flips of the pyranose rirjOur previous studies of  lies in the multitude of possible conformations. Pyranoses have
the neighboring group-assisted glycosylation reactions, by 38 distinct basic conformations: 2 chairs, 6 boats, 6 skew-boats,
quantum chemistry calculations, revealed that, in some cases12 half-chairs, and 12 envelopkdn addition, there are stable
the relative energies of pyranose conformations determine theconformations that do not always conform with any of the 38
transition states between crucial stéps.Our previous studies  basic conformation¥® New intermediate stable conformations
also suggest that chemical modification of the rigidity of the are made possible by different substituents, attached fused rings,
pyranose ring controls the stereochemistry and determines theand double bonds; e.g, there are 24 additional conformations
product distributiort912.13 for 2,6-Cis- and 2,6trans-substituted dyhydropyronones that are

Our present goal is the complete characterization of the intermediates between envelope and half-chair conformatfons.
conformational potential energy surface of pyranoses. We Even the simplest and most symmetrical saturated six-membered
believe that the mapping of the stationary points on the potential ring compound, cyclohexane, has stationary points which cannot
energy surface of pyranoses is a necessary prerequisite for thése described by any of the chair, boat, skew-boat, half-chair,
explanation of the biological functions of carbohydrates. Of most or envelope conformatior§.The brute-force approach to the
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for the mathematical expression of the spherical polar coordi-
nates, including our own definitiol. The most popular defini-
tion was introduced by Cremer and Pople (CP) who expressed
the ring conformation as a function of the Cartesian atomic
coordinated? Alternatively, spherical polar coordinates can be
derived by Fourier transform from the ring torsion angie%:

In the preceding papéf, we have derived quantitative
expressions for the characterization of the pyranose and other
six-membered ring conformations which rely heavily on the
definitions of the natural internal coordinates introduced by
Pulay et aP223If 14, 15, T3, 74, T5, and 7 torsion angles are
defined by the @2C3C4, C2C3C4C5, C3C4C50, QCsOCl, C5-
0OC;C,, and OGC,C3 atom sets, respectively, displacement into
the 1C, chair conformation is described by the

W=7, T, t T3~ T, T 75— T 1)
Figure 1. Spherical mapping of pyranose conformations. . . . .
9 P ppIng ot by internal coordinate. Displacement intdB boat @) and°S,
skew-boat ¢3) conformations are described by the internal

chair and skew-boat conformations are usually minimal, the boat .
coordinates

and half-chair conformations are first-order transition states, the
envelope conformations are second-order transition states, and

. =1, 13t 1.1 2

there are several exceptions from these rules. %= T2 T3 s T )
It is not possible to tell a priori the nature of each conforma- 1 1 1 1

tion; furthermore, different algorithms need to be used to =T~ 572" 5la T T~ 5Ts ~ 5T 3)

optimize stable structures or transition states. It is particularly
difficult to find transition states on the ring conformational respectively.

potential surface because of the nature of the eigenvectors The phase angle of pseudorotation can be defined as a
involved in the conformational transitions. Transition-state (TS) function of g, and gz internal coordinates:

optimization methods rely on identifying the eigenvector

corresponding to the reaction coordinate. Conformational transi- 30,

tions of six-membered rings involve the continuous mixing of ¢ = arcta > (4)

two or three eigenvectors. For this reason, the straightforward s

application of TS optimization algorithms is often unsuccessful.

To explore the potential energy surface of ring conformational

transition, it was necessary to develop new methods that take
into account the physical nature of the conformational degrees
of freedom and the possible pathways of converting one

conformation into another.

The+/3/2 term arises from normalization factors. Equation 4 is
consistent with the CremePople definition ofp, provided that
the ring atoms are numbered by carbohydrate numbering. In
that case, the zero value of the phase angleorresponds to
the 1B boat conformation.

The internal coordinates defined in egs3 can be applied
as constraints. Although they may not be the most suitable
constraints, their availability in quantum chemistry programs

The conformational analysis of the potential energy surface makes them an attractive choice. For example, the transforma-
of six-membered pyranose rings by quantum chemistry methodstion from ©S; to 2Sy conformations can be studied wit3 of
requires that the geometry can be constrained to any particulareq 3 as a constraint. The midpoint of the pseudorotational circle
conformation during optimization. The conformational degrees (Figure 1) corresponds to the planar conformation, and the radius
of freedom of the six-membered rings arise from the three out- determines the amplitude of displacement from the planar
of-plane normal modes of the regular hexagon. These threeconformation into theé®S, conformation. However, any other
normal modes correspond to the distortion of the planar ring conformation (in this case, any other twistboat) can be described
into chair, boat, and skew-boat conformations. All pyranose ring by the internal coordinatgs by permutation of atom numbers
conformations can be uniquely described in terms of one chair, in the definition of the internal coordinate. For example, starting
one boat, and one skew-boat conformation, but it proves the atom numbering with £nstead of G in the definition of
convenient to use th¥C, chair, 1B boat, and®S, skew-boat the g3, we can describe distortion into tH&; conformation.
conformations, which we call canonical conformatidhsf Opposite conformations correspond to the same internal coor-
distortions into 1C, chair, B boat, and°S, skew-boat dinate with the opposite sign. By increasing the valugsdfom
conformations are represented by points onzhe andy axes a negative to a positive value, one may induce a conformational
of an orthogonal coordinates system, respectively, all boat andchange that turns tHS; into the?Sy conformation. By allowing
skew-boat conformations derived by permutation of the atom the complementary internal coordinates to evolve according to
numbering lie on a circle in thgy plane. The half-chair and  the lowest-energy path, the reaction follows the pseudorotational
envelope conformations lie on a smaller radius circle between itinerary instead of going through the energetically forbidden
the xy plane and the chair coordinate on thaxis. Thus, as planar conformation. The drawback of using constraints such
originally suggested by Hendrickson, all pyranose ring confor- asq, andgs is that there is no control over whether the transition
mations are conveniently represented on a sphere and charactefellows a clockwise or counterclockwise transformation along
ized by spherical polar coordinates (FiguredYhe radius is the pseudorotational itinerary. The direction will be determined
the puckering amplitude, and the angular coordinates determineby the lower energy of distortion at the starting conformation.
the type of conformation. There have been several proposalsHowever, this direction does not necessarily correspond to the

2. Conformational Constraints
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overall lowest-energy reaction pathway because the potential TABLE 1: Barriers to Chair to Skew-Boat Conversion in
may sharply increase at a subsequent conformation. AnotherkJ:mol™* at 300 K=

drawback of such constraints is that they do not have high AH AH AG AG AG
projection onto the intrinsic reaction coordinate (IRC) through- compd (calcdp (exptlt (calcdp (calcd)  (exptle
out the reaction. This is a requirement for the calculation of cyciohexane 435 38-048.0 480 41.4 ~43
thermodynamic properties along the reaction pathway by tetrahydropyran 42.6 42850 41.8  39.7 41.61.6
constrained reaction dynamics. We usgdio explore the chair m-dioxane 418 4021 405 401 41608
inversion process angp andgs to explore the pseudorotational ~ P-dioxane 430 na 426 41.0~41
itinerary. s-trioxane 418 37.&50 355 48.5 46.6 0.8
aSee Figure 2 for canonical conformatioAs:ully optimized at the
3. Computational Details b3p86/6-311-g** level. ¢ See ref 419 Calculations were carried out

. . . . with PAW. € See ref 42.
3.1. Dynamical DFT Calculations. Dynamical density

funtional theory (DFT) calculations were carried out with the TABLI§12: Barriers to Skew-Boat to Chair Conversion in
projector augmented-wave (PAW) method of &i¢?* which kJ-mol™ at 300 K#

is an implementation of the CaParrinello ab initio molecular AH AH AG AG AG
dynamics®® The energy cutoff of the plane wave basis set was compd (calcdy (exptl) (caledp (calcdy  (exptly
set to 30 Ry, and the calculations used the frozen-core cyclohexane 17.1 na 23.8 18.0 2292
approximation. All calculations employed the exchange cor- tetrahydropyran  18.4 na 19.6 16.7 na
relation functional of the generalized gradient approximation ndioxane 16.3 na 17.6 234  na

with the local potential of Perdew and Zungfeaugmented by ~ P-dioxane 155 na 176 150 na

the gradient corrections to the exchange and correlation of Becke strioxane 20.5 na 16.7 238 na

and Perdew. Periodic boundary conditions were used with a See Figure 2 for canonical conformatiofig:ully optimized at the
unit cell defined by lattice vectors ([0.0 10.0  10.0][10.0 b3p86/6-311-g** level. ¢ Calculations were carried out with PAYSee

0.0 10.0][10.0 10.0 0.0]) A for the test molecules and "¢f 43

by lattice vectors ([0.0 14.0 14.0] [140 0.0 14.0] gradient is not averaged at constant values.,otherefore it
[140 140 0.0]) A forp-glucopyranose. To prevent does not yield the free energy exactly. However, this method
electrostatic interactions between periodic images, a charge-is successful for the qualitative understanding of the reaction
isolation scheme was usétA temperature of 300 K was  mechanism, the location of stationary points on the free-energy

maintained for all simulations by a Nogeermosta#®2 The surface, and the semiquantitative calculation of free-energy
fictitious kinetic energy of the electrons was controlled in a (jfferences.
similar fashion by a Nosthermostat® To span large portions 3.2. Static DFT Calculations.The reported static calculations

of configuration space in a minimum amount of time, the true ere carried out with the Gaussian 98 program pacRagedl.
masses of the nuclei were rescaled to 3.0 (O and C) and 1.50ptimized static geometries calculated in this study are based
(H) atomic mass units. Together with an integration step of 7 on the generalized gradient approximation (GGA). All calcula-
au (0.17 fs), this choice ensures good energy conservation duringtions were performed with the B3P86 method combining
dynamics simulations without computational overhead due to Becke’s 3-parameter exchange functihalith the Perdew 86
heavy atomic nuclei. Because we do not discuss time-dependentorrelation functiona$®3° The basis set was 6-3+G**. Full
properties and because configurational ensemble averagegeometry optimization followed by complete frequency analysis
remain unchanged under a rescaling of the masses, this techniqu@as performed in all cases.
is appropriate. To sample space in the vicinity of the transition
state, we chose a reaction coordinate (RC) which was kept4. Results and Discussion
constrained during the dynamics with the SHAKE algoritHm.
All other degrees of freedom are allowed to evolve naturally in
time. By slowly varying the constraint, we can sample phase
space in the vicinity of the transition state dynamically, leading
to undisturbed dynamics for all motions which are orthogonal
to the RC and to the fictitious dynamics along the RC. All . -
simulations consisted of 70 000 (test molecules) and 90 000 timecyclohexane, tetrahydropyramdloxane, p-dloxa_ne, ands .
trioxane to test various aspects of the constrained dynamics,

steps V\./h'ch cover 11.'9 and 15.3 ps real time, respectively, unlesssuch as the different constraints, the energy conservation, and
otherwise indicated in the text.

The free-energy differenc&F, between two arbitrary points _the ntj_m(etr|ga:Lacc_:urzs1lcy tby t\g’ol' \]:va);hsmulatlons. _Secozndly, W?
(41 and Ap) along the reaction coordinate can be evaluated by mvfes ;]ga ed Ine simples .mod € Ok: de p)c/jranose ring ( -oxanol)
integrating the average force drat a given constant temper- to further test our constrained method and to compare our results
ature,T: Wlth previous high-level theoretical ca!culaﬂons. F|_naIIy, we

investigated the complete conformational potential energy
= surface ofb-glucopyranose.
AF=F() — Flo) = . %H di (5) 4.1. Benchmark Applications and TestsTables 1 and 2
show the experimentally determined free energy and enthalpy

The reaction coordinate can be sampled with discrete valuesof activation of cyclohexane and its derivatives vs our calculated
of A or allowed to vary continuously in what is calledsew- values. The free-energy values were computed by dynamical
growth simulation. In the latter method, the system is never simulations at 300 K with eq 5 and by static DFT simulations.
properly equilibrated unless the change in the RC is infinitesi- The enthalpy of activation values were obtained by static DFT
mally small. Theslow-growth method has been previously thermochemistry calculations at 300 K.
demonstrated on several elementary reactions steps in organo- The calculated-energy and free-energy barriers for chair to
metallic chemistry?2-35 In the slow-growthmethod, the energy ~ skew-boat conversion, listed in Table 1, are in excellent

Thermodynamical experimentally measured data on saturated
six-membered rings consist of values for the energy barriers of
the chair inversion and the skew-boat to chair isomerization as
well as values for the rate of inversion of the rings. First, we
investigated the conformational potential energy surface of
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Figure 2. Free-energy diagrams in+dol~! for the inversion of saturated six-membered rings: (a) cyclohexane, (b) tetrahydropyradi¢xane,
(d) p-dioxane, and (e¥-trioxane.

agreement with the experimental valtR8 and are within the 10
numerical accuracy of the calculations of the experimental error -,
range. E

The calculated-energy and free-energy barriers to skew-boat 3
to chair conversion are listed in Table 2. Experimental values, b
at room temperature and in gas phase, corresponding to our
simulations are not available. The only experimental value for
the free-energy barrier of cyclohexane skew-badair isomer-
ization was measured at 100 K in an Ar mattx.

Next, we discuss the conformational interconversion of the
different six-membered ring compounds on the basis of dynami-
cal and static DFT calculations.

4.1.1. Cyclohexanéigure 2a shows the free-energy diagram
corresponding to the inversion of cyclohexane using dhe
constraint. The dynamical trajectory obtained by constraining
the cyclohexane inversion using thechair coordinate involves
two half-chair transition state$H4 and“Hz) and a skew-boat
(°Ss) secondary minimum. The free-energy diagram is sym-
metric with both chair to skew-boat barriers of 41.4rkadl~*. with experimental data that found a barrier of interconversion
The first transition state’l;) normally connects the chaitQ,) of 3.8 kImol™1.
conformation to the skew-bo&;). The fact that the secondary 4.1.2. TetrahydropyranFigure 2b shows the free-energy
minimum is the?S; skew-boat suggests that the transition state diagram corresponding to the inversion of tetrahydropyran using
pseudorotates. This confirms the conclusion of previous ab initio, the g, chair constraint. The three minima correspond to the two
semiempirical, and molecular mechanics studies that the flat chair conformersC4 and “C;) and to the skew-boat stable
nature of the potential surface around the half-chair conformation secondary minimum?8o). The free-energy barriers frofC,

mol

J

AG/kJ-mol”!

0
RC (q,)/rad.

Figure 3. Free-energy diagrams in #dol™! for the inversion of
cyclohexane using (a) thg constraint and (b) thegs constraint.

gives rise to a fluxional, pseudorotating transition state. to 2So and from 4C; to 2So are 33.9 and 39.7 kol
The second half of the trajectory follows the minimum energy respectively. The dynamical trajectory of the tetrahydropyran
pathway by connecting th&Ss skew-boat with the'C; chair chair inversion does not follow the lowest skew-boat conforma-

conformation through 4Hs half-chair transition state. In this  tion and passes through ag &velope transition state, which
case, there is also a strong contribution from pseudorotation. is essentially isoenergetic with thleo conformation. The free-
The energy barrier to the skew-boat secondary minimum to the energy barriers to the skew-boat to two chair conformations
chair conformations of 18.0 kdol~! was in good agreement are 16.3 and 16.7 kdol~1. The static calculation results are
with the experimental values. The static calculation free-energy shown in Tables 1 and 2 and are in good agreement with the

and enthalpy of activation are shown in Tables 1 and 2. experimental results.

Figure 3 shows the free-energy diagrams corresponding to 4.1.3. m-DioxaneFigure 2c shows the free-energy diagram
the inversion of cyclohexane using thie and g; constraints. corresponding to the inversion ofdioxane using theu chair
The dynamical trajectories obtained using tpeboat andgs constraint. The low symmetry ofi-dioxane is well represented

skew-boat coordinates show that, in both cases, the trajectoryby the asymmetric free-energy diagram. The dynamical calcula-
is constrained to the pseudorotational itinerary. The skew-boattions found that théC; conformer is 10.0 kinol~! more stable
minimum conformers along the pseudorotational circle are than the'C, conformer. The dynamical trajectory starts from
interconverted via boat transition-state conformations. The free-the “C; conformer and then passes througltHa half-chair
energy barriers are below 4.18 kibl™1, in very good agreement  transition state (the free-energy barrier is 40.imdl™%; see
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Figure 4. Free-energy curve and dynamical trajectory on the conformational sphere for the inversion of 2-oxanol.
. . . . i - i o -1
Table 1) which leads to %, secondary minimum. Interestingly, 1 ~BLE 3: Energetics for 2-Oxanol in kJ-mol
from the>S,, the trajectory follows the pseudorotational itinerary G G G E E
and passes through th8; skew-boat and then through tHe, compd (caled}  (calcdp  (calcdf  (calcdp  (calcdy
transition state to finally get to the invertéd, chair conformer. 1Cy 0.0 0.0 0.0 0.0 0.0
The detour on the pseudorotational circle costs an additional Zg; ig-g@E) Cﬁ-? 23.7 g8i5 35.6
9.6 kdmol™1, and the overall free-energy barrier is 23.4 : : na : na
molL 9y 308 185 188 na 16.1 na
: . . . 3G, 16.9 15.0 6.9 15.5 13.7
4.1.4. p-DioxaneFigure 2d shows the free-energy diagram Bis na na 14.3 na 20.2
corresponding to the inversion pfdioxane using the; chair S, 10.8 14.5 5.9 14.3 14.3
constraint. The dynamical trajectory for the inversiort©f to ;So ig-i %4712 na gg-g na
4, . H 3,0 . . na . na
C; passed through th&s; secondary minimum. The minima Q) 137 195 na 211 na

were connected b3H, and®Hs half-chair transition states. The
free-energy barrier to the chair to skew-boat reaction was 41.0 # Calculations were carried out with PAWFully optimized at the
kJmol~! (Table 1), and the barrier to the skew-boat to chair P3p86/6-313g™ level. ¢ See ref 7.

reaction was 15.0 kihol™* (Table 2). ) ) ) ) )

4.1.5 s-Trioxane Figure 2e shows the free-energy diagram (Flgurg 1). Our constramgd dynamical anaIyS|_s founq a different
corresponding to the inversion eftrioxane using they, chair inversion pathway. Starting frofC, conformation (Figure 4),
constraints-Trioxane inverts through two envelope transition the lowest-energy trajectory passed through Beenvelope
states {E and B). The secondary minimum on the free-energy conformation; then, the trajectory involved an evolution in the

plot is a skew-boat conformetgs). The free-energy barrier to direction of the®©B conformer, coupled with pseudorotation,
the chair inversion is 48.5 kdol~! (Table 1), and the barrier ~ and arrived at th€S, conformation as the secondary minimum.

to the skew-boat to chair interconversion is 23.81dl* (Table This was unexpected because #g conformation is connected
2). with the 1C4 conformation through théH, half-chair transition

4.2. Pyranose Systems and Modelhe simplest model for ~ State. However, théE envelope and théH, half-chair are
the pyranose ring is 2-oxanol. Previous studies of 2-oxanol haveadjacent structures and are very close in energy. FrorfiShe
shown that many aspects of the hydrolysis of the glycosidic conformation, the dynamical trajectory involved evolution that
bond can be interpreted using 2-oxanol as a model systém. Passed through thesEenvelope conformation and arrived at
Our results showed that the dynamical calculations are in good the inverted'Cy chair. We have calculated the total energies of
agreement with previous high-level theoretical calculations and, V&rious conformations of 2-oxanol and confirmed that there is
furthermore, provided a unique insight into the chair inversion @ strong preference for tHeS, conformation with respect to
process. The next example in this section is the study of the 3G, conformation. The relevant thermodynamic data are
p-glucopyranose. summarized in Table 3. For those conformations characterized

4.2.1. 2-Oxanol.Smith has studied the conformational PY Smith/ the relative energies qualitatively agree between the
requirements of the hydrolysis of the glycosidic bond using QC1/631-G(d) and the present DFT calculations.
2-oxanol by very high-level (G2 theory) ab initio calculations. ~ The dynamical trajectory of 2-oxanol inversion clearly
The relevant conformations in his study were selected on the showed that our dynamical approach provided a unique insight
basis of their significance in enzymatic cleavage of the glyco- into the chair inversion process. The reaction paths suggested
sidic bond. Smith’s study suggested that the inversion of by the previous study and the dynamical calculations are
2-oxanol from the!C, conformation passes through tfid, different. The dynamical calculation showed a complex evolu-
transition state and arrives at t&; conformation on the tion: once the reaction path passed the barrier, the chair
pseudorotational itinerary. Tiel, transition state connects the  inversion was combined with significant pseudorotation. The
1C, and thesS; conformations on the conformational map oscillation of the pseudorotational angle around the skew-boat
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conformation had a much larger amplitude than that from around
the transition states, which suggested a flat potential surface
around thePS, secondary minimum.

4.2.2. Glucopyranos®ur main interest was the study of the
inversion ofo- andg-b-glucopyranosen-Glucopyranose plays
an essential role in biochemistry, and its structure and confor-
mational behavior were intensively studied by theoretical means.

There are more than 700 possible conformers based on the

different orientations of hydroxyl and hydroxymethyl groudps.
It has been found that both anomets andf-p-glucopyranose,
exist predominantly adC; conformers. Experimentally, the

separation energy between the two chair conformers was 46.0

kJmol~1.45 Theoretical calculations ranging from semiempiri-
cal*6=4% and molecular mechani®s>2 to ab initio>3-5” Monte
Carlo?86 and molecular dynamis®® have thoroughly
investigated the conformational modifications of glucose rings.
However, many of these calculations are based on force fields
unsuitable to predict correctly the conformational potential
surface of pyranoses. Ab initio calculations found, in vacuo,
that the*C; chair is about 33.4 kinol~1 more stable than the
invertedC,. On average, the. anomer is about 1.7 kdhol™?
more stable than thg anomer. Previous ab initio calculations
of chair-boat conversions in pyranose monomers have shown
transition-energy barriers of approximately 58.5rkdl1.64

J. Phys. Chem. A, Vol. 109, No. 36, 2005101

Figure 5. Dynamical trajectory on the conformational sphere for the
inversion of penta-methyl-a-p-glucopyranose (circles) and penta-
O-methyl{3-D-glucopyranose (stars).

envelope andHo half-chair, with the major contribution from

the envelope conformation. From this point, the trajectory
continued toward théSs skew-boat minimum and, without
reaching it completely, pseudorotated and passed subsequently
through the B s boat and®S, skew-boat conformations. Once
the conformation settled to tH&S, skew-boat minimum, the
pseudorotation ended, and by passing through®the half-

Many recent studies have concentrated on the study of solvation:npair as a second transition state, the inversion process ended

effects and were based on continuum models. The relative
stability changes in agueous solution, where the population of
B anomers is lower in free energy than thatcohnomers by

1.2 kImol™L. Previous ab initio and nanosecond molecular
dynamics studies of solvated disacchartfieésvealed a com-
petition between the intermolecular watenaltose and in-
tramolecular hydrogen bonds of comparable strengths in mal-
tose, which leads to water-promoting rotation around the
glycosidic bond. Atomic force microscope (AFM) manipulations
of polyglucose molecules were a different and unique way of
inducing conformational transitions by ellastical deformation
of the pyranoid ring:56

For our studies, we chose p&methyl substitution for two

with the “C; inverted chair. The free-energy barrier from the
4C; chair to the®S, skew-boat was 20.5 kdol ™%, twice the
free-energy barrier required to leave thgy chair minimum.
This is consistent with experimental data that evidenced the
greater stability of th¢C; chair compared to that of th&C,
chair.

For the penta®-methyl 8 anomer, the MD trajectory had
some significant differences from the one found for the
anomer (Figure 5). First, the transition state from %@g chair
was a purely’E envelope conformation. Consequently, from
the envelope-like transition state, the system evolved into the
148 minimum. The barrier for this conversion was only 2.1
kJ-mol~1. Secondly, the pseudorotation was around Be

reasons: First, the absence of hydroxyls prevents intramolecularskew-boat minimum and stopped without reachingd®®eskew-

hydrogen bonding. Conformations with intramolecular hydrogen

boat. Thirdly, the transition state to the invert&} chair was

bonding are found to be the lowest-energy ones by gas-phasea mix of envelope and half-chair conformations. The free-energy

calculations of neutral monosaccharides, and this factor may
obscure other factors influencing reactiviySecondly, methyl

barrier to leave théC; chair minimum was 7.2 kiol™%, nearly
twice the free-energy barrier required to leave g chair

is the smallest possible protecting group and begins to addressminimum.

the important issue of the effect of protecting groups on
reactivity. In all cases examined so far, the preferred-CiCH;

Figure 6 shows the evolution of the ©04 distance for the
two anomers with time. For the-p-glucopyranose anomer, the

rotamers have a lone pair anti to the sugar methine and to theyansition from chair to boat conformations increased the

methyl carbon syn to the methine (Figure 8). This conforma-
tional preference has been observed before in calculated
structures of permethylated disacchariéfeEhis syn preference

distance between the glycosidic oxygen O1 and the oxygen O4.
For the-p-glucopyranose anomer, the transition from chair to
boat conformations decreased the distance between the two

has been found for 2,6-disubstituted-1-methoxycyclohexanes andyyygens. These results are in good agreement with AFM studies

was ascribed to steric effed@s.

The trajectory that we found to be the minimum energy path
between the two chair conformers was determined by con-
strained ab initio molecular dynamics and was plotted on the
conformational sphere using the Crem@ople parameters in
Figure 5. The trajectories show that the inversion process is a
mix of several modes, with a large contribution from pseudoro-
tation.

For the penta®-methyla anomer, the MD trajectory followed
a complex pathway on the potential energy surface and, in
addition to inversion, it also involved pseudorotation (Figure
5). The barrier to pass to get out of th&y chair minimum was
10.3 kdmol™! and involved a transition state between #e

on amylose, dextran, and cellul8skat found a similar variation
of the length of the monomer with the pyranose ring conforma-
tion.

Constrained ab initio molecular dynamics can help qualita-
tively describe the conformational path, but free energies are
not reliable, especially when two different modes dominate a
major part of the trajectory. We have conducted a series of static
calculations in which we have taken snapshots of the conforma-
tions along the MD trajectory at regular spaced intervals. Figure
7 shows the potential energy curves obtained by static calcula-
tions. The energy vs constraint plots were calculated by
optimizing geometries taken from bothand f anomer MD
trajectories, with ring dihedrals kept frozen during the optimiza-
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Figure 6. Time evolution of the distance G404 (in A) for (a) penta-

O-methylo-D-glucopyranose and (b) pen@methyl{-p-glucopyra-

nose.
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Figure 7. Static DFT pathway for the transition from th€, chair to
theC, chair of penta®-methyl-a-p-glucopyranose (circles) and penta-
O-methyl5-p-glucopyranose (stars).

TABLE 4: Energy Barriers for Penta- O-methyl-o- and
Penta-O-methyl-f-p-glucopyranose Chair to Skew-Boat
Conversions in k3mol~1 at 300 K

AG AG AH AE AE
compd (calcd} (calcdp (calcdp  (calcdpc  (calcdy
4C; to Skew-Boat

a 20.5 51.9 42.6 45.9 65.6
B 7.2 37.3 30.7 335 70.9
1C4 to Skew-Boat
a® 10.3 na na na 10.5
i 2.1 na na na 13.1

2 Calculations were carried out with PAWFully optimized at the
b3p86/6-31%-g** level. ¢ ZPE included? Ring dihedrals are frozen;
see Figure 7¢ Penta©-methyl-a-p-glucopyranose’ Penta©-methyl-
[-D-glucopyranose.

lonescu et al.

state was passed, the trajectories followed different energetic
pathways, with the3 trajectory higher in energy than the
trajectory.

Stationary points were calculated by fully optimizing candi-
date structures taken from the static calculation simulated
trajectory for each anomer. For th&; chair, we found that the
B conformer was 1.0 kihol~! more stable than the conformer.

Our static calculations showed that #@ chair conformations
were unstable. Consequently, we calculated only the transitions
from the*C; chair to the skew-boat and boat secondary minima.
Next, we compared the geometries of the two anomers obtained
by optimization of the candidate structures taken from the static
potential energy curve. The geometrical parameters that we
investigated were the G105 and C+O1 bonds and the
dihedral angle O6C5—C6—06. The C+0O5 bond distances

for o and chair minima (Figure 8a,b) were 1.421 and 1.422
A, respectively. The C10O1 bonds are longer in than inj

by 0.011 A. The O6-C5—-C6—06 dihedral angles{71.2 for

both chair anomers) showed that the two conformers are in the
g conformation that some experimental NMR studies have
shown to be the most populated. The-@04 distance is 1.041

A shorter in thea chair anomer than in it§ counterpart.

The investigation of the same geometrical parameters of the
transition states (Figure 8c,d) showed that the-Olbond was
0.021 A longer imx than inf. Although there was no difference
in C1—0O1 bonds between anomers, the-€4 distance in the
o anomer was 0.967 A shorter than that in thanomer. For
the two transition states, the €C2—C3—C4 and C2-C3—
C4—C5 ring dihedrals were 48or o and 17.8 for 5 and 0.2
for a and —11.6> for f3, respectively. The five contiguous
coplanar carbon atoms suggested that, in both cases, the
transition followed the route to the skew-boat conformation via
an envelope saddle point. Conformation analysis pointed out
that both transition structures were @ envelope type. This
conformation is adjacent to tHéHs half-chair transition state
predicted by the MD trajectory. An attentive look at the MD
trajectory revealed oscillations between s half-chair and
the ©°E envelope conformations. However, the maximum energy
was reached for the half-chair conformation, thus explaining
our choice for the MD transition state.

The secondary minima were found to be & skew-boat
for the a-p-glucopyranose and a mix 8, skew-boat and“B
boat for thefS-p-glucopyranose (see Table 5 and Figure 8).
Although the C+05 and C+0O1 bonds have similar values,
the O1-04 distance is 0.699 A larger in thethan in thep
anomer.

For the o anomer, the transition from chair to skew-boat
increased the 0104 distance by 0.640 A and the remaining
selected geometrical parameters did not suffer a significant
change. The calculated increase is 12.3%, and the experimental
measured values are 16t81.8% for amylose and 1945 2.1%
for dextran. For thg anomer, the transition from chair to skew-
boat significantly modified all the selected geometrical param-

tion. The rest of the molecule was allowed to optimize. This €ters: the C+O6 bond is 0.015 A shorter and the €01 bond

permitted us to simulate the dynamical trajectory and to calculate
the thermodynamic values associated with the inversion pat
Free-energy barriers obtained by both dynamic and static

calculations are shown in Table 4. T#@; chair conformation
was the most stable for bothand anomers. An energy plateau

was found around the value zero for the constraint and

is 0.021 A longer in the skew-boat conformation than in the

h chair conformation. The transition to the skew-boat decreased

the 0104 distance by 1.110 A or 20.6%. The only experi-
mental value available of 0% was obtained for cellulose by AFM
studies and is consistent with our results: the stretching force
compensated the reduction in distance.

corresponds to the conformations close to the pseudorotational5 Discussion and Conclusions
itinerary. The!C,4 chair was the less-stable conformation. The

activation barriers for leaving th€; chair minimum fora. and The goal of this paper was to demonstrate how the chosen
8 anomers had almost equal values. However, once the transitiormathematical constraints enabled us to study the conformational
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a b

Figure 8. Stationary point geometries (ORTEP representation) for chair to skew-boat transitions oOpeetiryl-o-p-glucopyranose (&)Cy, (c)
OE, and (e)°S; and pentad®-methyl3-p-glucopyranose (bJCy, (d) °E, and (f)°S,.

TABLE 5: Optimized Canonical Conformations for the sphere). The inversion trajectory also evidenced a secondary
Stationary Points on the Trajectory “C; Chair to °S; minimum (usually a skew-boat) situated on the pseudorotational
Skew-Boat for PentaO-methyl-a- and itinerar
Penta-O-methyl-f-p-glucopyranose y ) ]
compd canonical conformations The internal coordinates andqs are equivalent and can be
P used to describe conformational change along the pseudorota-
, Penta®-methylo-o-glucopyranose tional itinerary. We only simulated the pseudorotation along
o% 021’00'7%375.5,%5’86)&; ’él’é) 5)8774 the equatorial itinerary for cyclohexane. The results showed that
os, 143, 0.181:C,, 0.062:9S), 1.009 the trajectory followed the surface of the sphere and remained
pentad-methyl$-p-glucopyranose constrained to the pseudorotational itinerary; the skew-boat
1c, 4C1?/O.9269;°~3B, &113;551’ 0.005 minima were interconnected along the inversion pathway by
o OF, 0.830:°3B, 0.253:1S;, 0.098 boat transition states. The energy barriers along the pseudoro-
0s, 148, 0.801;°Hs, 0.110;°S;, 0.850 tational itinerary were about 4 ko™, in good agreement with

experimental data.

transitions among selected pyranose conformations in both static \ve have also studied 2-oxanol, which is the simplest model
and dynamical calculations. We have combined the constrainedfor glucopyranose, as well as theand;3 conformers of penta-
method with ab initio molecular dynamics calculations to sample O-methyl-p-glucopyranose. For 2-oxanol, we have highlighted
the conformational space of glucopyranose and some modela different trajectory than previously calculated. This inversion
compounds. Our constrained method allowed us to define thetrajectory, passing through 8o conformer, was confirmed
chair, boat, skew-boat, half-chair, and envelope conformers andto be the lowest-energy pathway by static ab initio calculations.
to map the low-energy paths connecting them. For a- and -p-glucopyranose, the calculations provided

The inversion process was conducted mainly via the additional insights into the behavior of these anomers. We
constraint. The inversion trajectory passed through transition calculated for the first time a complete inversion trajectory for
states situated on smaller radius circles halfway between thethe p-glucopyranose system. The calculations indicated that a
pseudorotational circle (the equator of the conformational variety of structures were isoenergetic, suggesting a flat potential
sphere) and the two chairs (the poles of the conformational energy surface around the skew-boat secondary minima. Ac-
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cording to our calculations, the free-energy barriers for the chair are not accounted for. However, the mean absolute deviation
to twist-boat transition iro- and S-p-glucopyranose were 52 between MD and static simulations was 4.8rkdI~! for the

and 37 kdmol~! (Table 4), respectively. These values can be model molecules; as far-glucopyranoses, the MD simulations
compared to the ab initio constrained calculations of O’Donoghue in both cases underestimated the free-energy barriers. We
et al.56 which gave a barrier height for the-p-glucopyranose explained this, first, by additional steric and electronic effects
chair to twist-boat transition of about 59-kdol~* and gave a not present with the model molecules and, second, by the mixed-
barrier height for thgg-p-glucopyranose chair to boat transition  inversion pseudorotation process that characterized the MD
of about 53 kdmol™1. These values are internal energies and trajectories ob-glucopyranoses.

not free-energy differences and were obtained by a limited These results clearly demonstrate that our constrained method
conformational search with only one of the three puckering was able, first, to simulate accurate trajectories for the chair
coordinates constrained. Previous MM3 molecular mechanicsinversion of several pyranose conformations and, second, to
studies also found a barrier of 50 -kiol~! for the o-p- calculate free-energy barriers that were in excellent agreement
glucopyranose chair to twist-boat transiti®hAFM studies with both established static calculations and experimental data.
suggested that the elastic properties of polyssacharides result We consider these results a major step toward understanding
from a force-induced elongation of the ring structure and a final the role of conformation change in the kinetic stability of sugar
transition from a chairlike to a boatlike conformatibrin residues involved in glycosylation reactions. Our constrained
contrast to these findings are the most recent AFM experiments,method was successfully used to characterize the conformational
suggesting a mechanism involving relatively low-energy transi- potential energy surface by mapping important stationary points.
tion barriers for the chair extension, with the dominating process

being an ant-syn isomerization of the dihedral angles for the ~ Acknowledgment. This work was partly supported by the
o(1—4) linkage’* iHPC multiscale modeling initiative of the NRC. This is NRC
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