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Abstract: The potential energy surface for rotation of the exocyclic hydroxymethyl grospmflucopyranose has

been studied usingb initio quantum mechanical methods. Relevant stationary points, including for the first time
rotational transition states, have been characterized by full geometry optimization using basis sets ranging in quality
from 6-31G(d) to 6-311(2d,1p). Effects of dynamical electron correlation on both the geometric structures and the
energy surface are also investigated using second-order M#lesset perturbation theory (MP2) and density
functional methods (BLYP). A total of six stationary points along the hydroxymethyl rotational surface, including
three minima and three transition states, were identified. The effects of basis set augmentation and electron correlation
on the relative energies are small; the relative energies for each stationary point vary by less than3 kdr raibl

levels of theory considered. Final energetic barriers to hydroxymethyl rotation ranged from 15 to 29-&J mol
Differences between these barriers and previously repatbenhitio results on a carbohydrate model compound,
2-(hydroxymethyl)tetrahydropyran, as well as energies calculated using force field methods, are discussed.

Introduction tal’%11 research for many years. Quantitative characterization
of the conformational surface of simple monosaccharides like

Carbohydrates are ubiquitous in biological systems and play o ,copyranose is a necessary first step to quantitatively model
an important role in many biochemical processes. Aside from complex biological systems containing carbohydrates.

their critical role in energy metabolism pathways, carbohydrates x4 icylarly critical region of the glucopyranose confor-
are also important in recognition processes as components Ofmational surface relates to rotation of the exocyclic hydroxy-
glycopeptides and glycolipids. .Unglerstandlrjg thesg recognition methyl group. This region of the conformational hypersurface
processes through a charac_tenzgtlon of the interactions betweerhas been studied both experimentally and theoretically for related
carbohydrates and other biological molecules has become annodel system€ and for glucopyranose itsetf5¢-11 Pola-
area of intense research interest, especially for CompUtationalvarapu and Ewigreported the firsab initio study of the various
biochemists. The size of most biologically relevant carbohy- minimum energy exocyclic hydroxymethyl conformers for
drate systems precludes the use of rigorous quantum meChanic%olated molecules ab-glucopyranose. Cramer and TruHiar
methods; consequently, most computational studies to dateIater performed a thorough study fglucopyranose comform-
aimed at exploring carbohydraterotein interactions have relied  o'\,ing semiempirical methods with solvation and found that

?nlglz?)ssm;ajl mecr?aglc_s. ﬁn |rr|1qponant reql::;rement_ of Squh fo_rce the energetics for the minimum conformations of the hydroxy-
ield based methods Is that the computed energies o VarlousmethyI rotational surface are not significantly perturbed by

conformers accurately reproduce the true conformational energyqqvation. Salzner and Schlejeeported the conformation of

surface for molecule§ of interest. Accurate description of the {1 exocyclic hydroxymethyl group had no effect on the relative
complete conformational surface for even the simplest of energies of the.- and3- anomers at the HF/6-31G(d) level of
monosaccharides, including the quintessential monosa(:charldqheory in agreement with the earlier work by Polavarapu and
glucqpyranose (glucose), is, however, a formidable task given Ewig® at the HF/4-31G level. Glennoet al2 performed the

the size of the system and the large number O.f qonformatlonal most extensive computational study of mono- and disaccharides
degrees of freedom. A nearly c_omplete d_escrlpt|on of glucose 4, date, focusing on conformers afp-glucopyranose. Three
has been reported using force field technigtiseyvever, only . inimum conformations were found along the exocyclic hy-
select features of the complete surface have been characterize roxymethyl rotational surface designated GG, GT, and TG
using more accuratb initio methods. Despite the complexity each separated by approximately 12Bhedral rotation. The

of the problem, conformational analysis O.f prototype c_:arbohy- relative energy differences between conformers was found to
drates has been an active area of theorétigaind experimen-
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Rotational Surface in-p-Glucopyranoside

Figure 1. TG conformation ofa-b-glucopyranose with appropriate

atom labels. Bond distances (A) are those obtained at the MP2 6-31G-

(d) and RHF 6-31G(d) (italics) levels of theory.

be small &4 kJ mol?l) and somewhat basis set dependent.
Although the work by Glennomt al. represents an excellent
first step toward the complete characterization of the various
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Mgller—Plesset perturbation theory (MP2)and density functional
methods, employing the Becke exchange functionals ane Yeag—

Par correlation functionals (BLYP}. The most stable overall rotational
conformation ofa-p-glucopyranose, in which the hydroxyl groups at
C1 through C4 are in a counterclockwise arrangement, was chosen as
the reference stale(Figure 1), consistent with Polavarpu and Evig
and Glennoret al? Although various secondary hydroxyl substates,
which will certainly be populated in solution and quite possibly could
be populated in the gas phase, may perturb the relative energies of the
primary alcohol conformations, only the lowest energy arrangement
(determined by Polavarapu and E®Wigf the C1 through C4 hydroxyls
was chosen for analysis of the hydroxymethyl rotational surface. The
various stationary points associated with exocyclic hydroxymethyl
rotation were located by displacement of the-@5—C6—06 dihedral
angle in 60 increments, followed by reoptimization. Each stationary
point was verified as a minimum or a transition state via analytic second
derivative calculations. To ensure that each stationary point located
along the C5-C6 rotational surface represents the most stable structure
within the counterclockwise arrangement, the exocyclic hydroxyl
rotational surface was also explored by rotation about the@®bond.
Completely optimized structures were obtained for each stationary point
at the RHF level using the 6-31G(d), 6-31G(2d,1p), and 6-311G(2d,-
1p) basis sets and at the MP2 and BLYP level using the 6-31G(d) basis
set. All calculations were performed using the Gaussian 94 electronic
structure packagéon either a Cray Y-MP4E/464 or an IBM RS 6000/
590.

glucopyranose conformers, their computational results are Results and Discussion

limited to the Hartree Fock level with modest size basis sets
(6-31G(d)). Recently, Barrowst al. have reported the most
extensiveab initio study of any glucopyranose, employing basis
sets exceeding the cc-pVTZ level of theory to study the TG
and GT conformations of the two chair forms&b-glucopy-
ranose

Although the minima of the exocyclic hydroxymethyl rota-

tional surface have been studied extensively, no previous
theoretical work has addressed any aspect of the rotational
transition states connecting these minima. The energetics of

rotation in simple monosaccharides is not only an interesting
physical chemical problem but also has implications for
understanding the conformational equilibria and solvation of
carbohydrates, as well as for force field parametrization. Aside
from issues related specifically to carbohydrates, these system

intramolecular interactions. The magnitude of intramolecular
effects and the way in which they perturb rotational energy

hypersurfaces is important when considering the structure and

energetics of such molecules. In this article we repbrinitio
quantum chemical results on various rotational conformers of
a-D-glucopyranose (Figure 1) to characterize quantitatively, for
the first time, the complete intrinsic gas-phase exocyclic
hydroxymethyl rotational surface.

Computational Model

Figure 1 shows a three-dimensional representation of the most
stable conformer ofi-p-glucopyranose in the counterclockwise
arrangement, designated TG (trans gauche) along with important
bond distances obtained at the MP2 6-31G(d) level. Basis set
expansion and electron correlation through 6-311(1d,2p) and
MP2 were found to only moderately affect these structural
parameters. For most bonds, including the @ bonds and
O—H bonds, basis set expansion causes a contraction (ca. 0.007
A) while electron correlation causes bond elongation (ca. 0.02

), as expected. Interestingly, this trend does not hold for the
C—C bonds (Figure 1). Inclusion of electron correlation through
MP2 causes a slight contraction of the bonds. The reason for
this is not clear, but could be a result of incorporation of charge
transfer type configurations into the wave function, giving rise

- . ) Sto an electron deficient ring at the MP2 level, or it could be a
also represent an interesting example of molecules with strong

result of the limited flexibility of the 6-31G(d) basis set.
Figure 2 shows a graphical representation of the hydroxy-
methyl rotational energy surface at both the RHF 6-31G(d) and
MP2 6-31G(d) levels. The rotational surface consists of three
stable minima and three connecting transition states. Starting
from the most stable rotational conformer at the RHF 6-31G-
(d) level, TG, in which the hydroxymethyl group is ap-
proximately parallel to the ring with a G8C5—C6—06 dihedral
angle §) of 167.7, rotation aboug leads initially to structure
TS1 (y = —138.1), then to a second minimum structure GG (
—57.8), in which the hydroxymethyl group is roughly

Structures, relative energies, and vibrational frequencies of the salientperpendicular to the glucopyranose ring. Continued rotation

stationary points, including stable minima and the transition states
connecting them, associated with rotation about the exocyclie@Eh
bond have been determined at the restricted Hartfeek (RHF) and

at correlated levels using basis sets ranging in quality from 6-31G(d)
to 6-311G(2d,1p}? Effects of dynamical electron correlation on the

abouty leads to a second transition state, T$2< —0.6),

(14) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley-Interscience: New York, 1986, and
references therein.

(15) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang,

structure and the relative energies were estimated using second-ordekV.; Parr, R. G.Phys. Re. B 1988 37, 78. (c) Miehlich, B.; Savin, A;

(13) (a) Binkley, J. S.; Pople, J. A.; Hehre, W.11.Am. Chem. Soc
198Q 102 939. (b) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W.
J.; Hehre, W. JJ. Am. Chem. So&982 104, 2797. (c) Pietro, W. J.; Francl,
M. M.; Hehre, W. J.; Defrees, D. J.; Pople, J. A.; Binkley, JJSAm.
Chem. Soc1982 104, 5039. (d) Hehre, W. J.; Ditchfield, R.; Pople, J. A.
J. Chem. Physl972,56, 2257. (e) Hariharan, P. C.; Pople, J. Pheor.
Chim. Actal973 28, 213. (f) Gordon, M. SChem. Phys. Lettl98Q 76,
163. (g) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJ.AChem.
Phys.198Q 72, 650. (h) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.;
Schleyer, P. v. RJ. Comp. Chem1983 4, 294.

Stoll, H.; Preuss, HChem. Phys. Lett1989 157, 200.

(16) We refer to these orientations of the-C—O—H torsional angles
as counterclockwise (the appearance of the hydroxyl orientation when
viewed from above the ring with O5 in the upper right) to be consistent
with the description ofx- and3-p-glucopyranose in previous work.

(17) Gaussian 94 Revision A, M. J. Frisch, G. W. Trucks, M. Head-
Gordon, P. M. W. Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H.
B. Schlegel, M. A. Robb, E. S. Replogle, R. Gomperts, J. L. Andres, K.
Raghavachari, J. S. Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J.
Defrees, J. Baker, J. J. P. Stewart, and J. A. Pople, Gaussian, Inc.:
Pittsburgh, PA, 1992.



1192 J. Am. Chem. Soc., Vol. 118, No. 5, 1996

— RHF/B-31(d)
-« MP2/8-31(d)

Figure 2. Relative energy diagram (kJ m@) at the RHF 6-31G(d)
(solid line) and MP2 6-31G(d) (dashed line) levels of theory for the
stationary points along the exocyclic hydroxymethyl rotational surface
of a-p-glucopyranose. The internal coordinates defined as the O6
C6—C5—05 dihedral angle.

Table 1. Relative EnergiesAE, for Conformations of
o-D-Glucopyranose (kJ mot)

6-31G 6-311G
6-31G (2d,1p) (2d,1p) 6-31G(d) 6-31G(d)

conformet  (d) RHF RHF RHF  RB-LYP MP2
TG (167.7) 0.6 0.0° 0.0° 0.0° 0.0°
TS1(-138.1) 17.98 1751  17.50 13.33 15.65
GG (—57.8) 0.48 -—-0.13 -—0.68 2.04 0.09
TS2 (—0.6) 28.30 27.49  27.74 26.90 29.81
GT (58.7) 0.82 0.25 -0.16 3.40 2.36
TS3(108.2) 19.48 1835 17.26 20.75 21.77

aValues in parentheses are the-885—C6—06 dihedral angles of
the MP2 optimized geometrieAbsolute energies for the TG con-
formation, in hartrees, are683.334048;-683.400878,-683.559810,
—686.944381, ane-685.180845 for RHF 6-31G(d), RHF 6-31G(2d,1p),
RHF 6-311G(2d,1p), RB-LYP 6-31G(d), and MP2 6-31G(d) calcula-
tions, respectively. The TG conformer was defined as zero by
convention.

followed by a third minimum, GTy¥ = 58.7). Further rotation
abouty leads back to the initial structure TG through a third
transition state, TS3y(= 108.2). Aside from slight variation

in the C5-C6 bond distance between each minimum and their
associated rotational transition states due to eleetetectron
repulsion, the overall structures of the various rotational
conformers are very similar, with the orientation of the primary
hydroxyl group as the only exception.

Tables 1 and 2 list the relative energetic data for each
stationary point on the rotational surface at varialssinitio
computational levels along with relative strain energies calcu-
lated using Glennoet al2 and Homan®¥ parametrizations of
the AMBER force field, as implemented in the Discover

Brown and Wladkowski

Table 2. Corrected Energies and Force Field Strain Energies for
Conformations ofx-p-Glucopyranose (kJ mot)

AMBER
AE + Glennon

conformer ZPVER AH°® AG°s Homan§ etal®

TG 00 00 00 0.0 (0.0) 00(00)

TS1 1521 1340 17.36 15.98 05

GG —0.59 —0.25 —1.01 —10.46 (12.64) —A4. 23 -4.89)

TS2 27.71 26.99 28.44 —1.76 3.26

GT 148 191 0.94 —14.69 (-15.27) —4.35(-4.94)

TS3 20.05 18.63 17.36 7.66 21.71

aCorrections are added to the 6-31G(d) MP2 energy. Zero-point
vibrational energy (ZPVE) corrections were calculated from harmonic
vibrational frequencies determined at the RHF 6-31G(d) level and scaled
by a factor of 0.89 in accord with known overestimates at this level.
b AH°g = A(E + ZPVE) + AC,T andAG°y = AH® + TASq are the
relative gas-phase enthalpy and free energy, respectivBiglative
energies based on strain energies determined from single-point calcula-
tions using the indicated force field parametrization using MP2 6-31G(d)
geometries. Values in parentheses are the relative energies of the force
field minimized structures. Results reported here differ somewhat from
those calculated by Glennon et al., where the conformers were ranked
in the order TG (0.0x GG (0.4)< GT (0.8). These differences could
be due to slightly different geometries or differences in the computer
programs (AMBER versus Discover).

energetics, the three minimum conformations (TG, GG, and GT)
are found to be very close in energy. The relative energy
difference between minimum conformers is less than 1 kJ ol
at the RHF level, with the GG conformer being slightly more
stable at the RHF 6-311G(2d,1p) level. The relative ordering
of the conformers differs slightly when comparing RHF results
with those from BLYP or MP2, mainly due to the destabilization
of the GT conformer. The final ordering, obtained at the MP2/
6-31G(d) level with corrections for free energies, is G&A.(01)

> TG (0.0)> GT (0.94). Based on the shifts of MP2 energies
relative to RHF and BLYP, as well as basis set shifts, it is
unlikely that higher order correlation terms or basis set expan-
sion would alter these results outside chemical accuracy. This
conclusion is supported by the results of Barratsal., who
reported basis set and electron-correlation dependent variations
of less than 0.5 kJ mot for the calculated energies of the GT
and TG conformers gf-p-glucopyranosé.

All the stationary points identified on the hydroxymethyl
rotational surface consist of conformations that are influenced
by intramolecular interactions between the C6 hydroxyl and
nearby oxygens. In the TG conformer the C6 hydroxyl forms
an intramolecular hydrogen boldvith 04 (O6H-04 distance
2.006 A, 06-06H—04 angle 136.9), and in the TS1 transition
state this hydrogen bond is maintained (O8B# distance 1.949
A, 06—06H—-04 angle 134.9). Instead of orienting toward
04, O6H orients toward O5 in the GG conformer, but does not
form a true hydrogen bond (O6+HD5 distance 2.268 A, 06
O6H-05 angle 108.9. In the TS2 transition state O6H does
form a hydrogen bond with O5 (O6HO5 distance 1.892 A,
06—06H—05 angle 122.9, but the GT conformer, although
still oriented toward O5, does not (O6HD5 distance 2.271 A,
06—06H—-05 angle 108.%). There is no apparent relation
between those interactions that are within the specific hydrogen-
bonding threshold and the stability of the conformers, suggesting

software package (Biosym Technologies, San Diego, CA). The that the somewhat arbitrary definition of hydrogen bonding loses
relative energetic data for each stationary point are only its meaning when referring to intramolecular interactions in
modestly influenced by basis set augmentation over the rangecarbohydrates. Glennaet al. also found this to be true based
6-31G(d), 6-31G(2d,1p), to 6-311G(2d,1p), with shifts of less on their analysis of intramolecular hydrogen bonds from
than 3 kJ mot! overall. The effect of electron correlation on  dynamics simulations ofi-p-glucopyranosé. They observed
the relative energetics is slightly larger, with shifts of up to 6 *“non-standard’ (in the sense of the preferred angle between
kJ mol! between the RHF and MP2 or BLYP results using

the same basis set. Despite these modest shifts in the relative (19) A hydrogen bond is defined by an-® distance of less than 2.6
and a O-H—O0 angle of greater than 120consistent with the definition
of Glennonet al.

(18) Homans, S. WBiochemistry199Q 29, 9110.
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— MP2/6-31(d) Free Energy S2 to TG over 150 ps. This result, although consistent with the
- - - - AMBER Homans - force field energetic results, is inconsistent with the transition
----- AMBER Glennon, et al. state energies presented here, which suggest that, in the absence

of large solvation effects, little interconversion between any
conformers over such a short time scale is likely. Moreover,
based on the finahb initio results, the relative transition state
energies are in the order TS2TS3> TS1, indicating that the
most facile interconversion in the gas phase is between TG and
GG.

Previously, Zhencgt al12 mapped the exocyclic hydroxy-
methyl rotational surface for a related molecule, 2-(hydroxy-
methyl)tetrahydropyran (2-HMTHP), through a series of single-
point calculations at the 6-31G(d)//3-21G(d) level, but did not
explicitly identify rotational transition states. Based on estimates
) : . from the single-point calculations, the rotational barriere-af
W/ pN— glucopyranose determined here are significantly higher, up to
: g : : 11 kJ mof?, compared with those reported for 2-HMTHP.

. ; Stabilization of the minima on the glucopyranose rotational
1046 surface by nearby hydroxy groups effectively raises the energetic
) barrier to the transition states compared with the same transitions
1489 on the 2-HMTHP surface. These differences stress the caution
Figure 3. Relative energy diagram (kJ md) for free energies atthe  that should be exercised when extrapolating results from model
MP2/6-31G(d) Ie\_/el (SOlid Iine), the AMBER fqrce field of Homans systems to a System of interest. A|th0ugh one m|gh’[ expect
(shorter dashed line), and the AMBER force field of Glenmaral. that sufficient parametrization of a force field to reproduce the
(longer dashed line) for the stationary points along the exocyclic gy jnitip rotational surface for 2-HMTHP indicates transfer-
e se A opyanese, e "™ abilty o glucose, ince any teractionof the primary hycrosy
with the O4 hydroxyl will be contained in the electrostatic terms,
the hydrogen bond donor and acceptor)” intramolecular hydro- the results reported here show that this is not necessarily the
gen bonds, and a distance-only hydrogen bond showed a bettecase.
correlation with the relative €C—0—H dihedral angle flex- Differences between the AMBER energies and quantum
ibility. mechanical results are likely due to overestimation of intra-

Interestingly, the relative stabilities of the three rotational molecular electrostatic interactions, as opposed to incorrect
conformers ofx-p-glucopyranose determined here are in sharp parametriztion of the O5C5—-C6—06 dihedral angle force
contrast with the relative populations for these conformations constant. Zhengt al.reported this conclusion when comparing
found in solution. Using NMR data Nishidz al1! found that guantum mechanical results with force field calculations for
the GG and GT conformers were nearly equally populated while 2-HMTHP 12 The force field results using the Glennon
TG was not populated at all, independent of the solvent used. parameters are in better agreement withahenitio results for
Nishida et al. rationalized their observations by arguing that the transitions states in which the polar hydroxyl groups are
the TG conformation is destabilized by an unfavoradje furthest apart and the electrostatic contribution to the energy is
diaxial interaction. Based on the results reported here, there islower. Appropriate scaling of intramolecular electrostatic
no intrinsic electronic destabilization of the TG conformer and, interactions beyond traditional-4 scaling could improve force
therefore, the population distribution found in solution must be field predictions of the exocyclic hydroxymethyl rotational
due, at least in part, to solvation effects from specific interactions surface ofa-p-glucopyranose.
or through electrostatic fields. Comparison of the relative strain

energies calculated for the three minimum conformations using Conclusion
the Homan® and Glennoret al2 modified AMBER force field We have described the rotational energy surface for the
also reveals striking dissimilarities with the fireh initio results. exocyclic hydroxymethyl group af-p-glucopyranose using the

The Glennon results are somewhat closer, with both force fields high-level ab initio methods including electron correlation.

giving a relative ordering of G® GG > TG. This comparison  These data definitively establish the potential energy surface
(Figure 3) highlights the need for improved force fields along this coordinate in the gas phase. Comparison with
describing intramolecular interactions within simple monosac- previous studies on model compounds indicates that the

charides. rotational barriers are increased due to stabilization of the
The intrinsic exocyclic hydroxymethyl rotational barriers in  minima via intramolecular interactions. Current force fields for
glucopyranose are substantial, ranging from 12 kJfnfir carbohydrates are in good agreement with portions of the energy

TS1 to 30 kJ moi? for TS2, depending on the level of theory.  surface, but further refinement is necessary to accurately model
Similar to the minima, basis set augmentation has little affect overall carbohydrate rotational surfaces and structure.

on the structures or the relative energies of the rotational Studies that focus on the anomeric effect and solvation effects
transition states. Electron correlation also has a small effectand their impact on the hydroxymethyl rotational surface in
on transition state energies, with shifts relative to RHF of only glucopyranoses are currently underway.

3 kJ moll. Again, the results based on force field strain energy
calculations using both the Glennaet al2 and Homan®¥
AMBER parametrizations are only qualitatively consistent with
theab initio values, with the best agreement for TS1; differences
It\)/le(;[:giﬁlr; rtr;li/ nr:;tir;gd; I’T?LfH :t?or:(s) é}? Cla(ije Iﬂo @l? r:llzo(t))fseg}/De_d. in Biotechnology,_Natior_1aI Institute of Standards and Technol-
glucopyranose in water showed several interconversions betweer gy) for helpful discussion.
the GG and GT conformers and no interconversion from GG JA952804Y
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