Cat bohydiate Research, 90 (1981) 173-185
Elsevier Scientific Publishing Company Amsterdam — Printed 1n The Netherlands

THE CONFORMATIONAL PROPERTIES OF THE GLYCOSIDIC LINKAGE*>

IGOR TVAROSKA*
Institute of Chenustrv, Slovah Acadernv of Sciences 809 33 Biratislava ( C=cchosloyahia)

AND TiBOR KOZAR
Institute of Neurobiologh, Slovah Acadenty of Scicnces, 040 01 Kosice (Czechoslovahia)

(Receiwved September 17th, 1980, accepted for publicauon, September 30th 1980)

ABSTRACT

Stereochemical propertics of the glycosidic linhage have been studied 5y the
quantum-chemical PCILC method, using 2-methoxytetrahydropyran as a madel.
Calculations of the tvo-dimensional, conformational (@,%) maps showed that the
rotation around the C-1-0O-1 bond 1s more hindered than tha. around the O-1-C-6
bond, and that there are differences in the shape of the er~zrgy curve for the axial and
equatonal forms of 2-methoxytetrahydropyran The observed population of the five
stable conformers at equilibrium (GG.GT TG, TG, TT =708 60 199 20 1 3)
is consistent with the prediction of the anomeric and exo-anomeric effects The
calculated abundance (76 89%) of thc aawal form of 2-methoaytetrahydropyran is
comparable with e.perimental results (77-809%,) obtained by n.m r measurements in
non-polar solvents The energies found for individual conformers made 1t possible
to cilculate the magnitude of the anomernic effect (3 kJ/mol) and to determine, for
the first fime, the -alues of the exo-anomeric effect for axial (6 kI/mo!) and equatornal
2-methoxytetrahyaropyran (7 kJ/mol) The calculated varniations or the geometry
arising from rotation around the C-1-0O-1 bond arc consistent vitn results obtamned
by statistical an Jdysis of expernimental data for 7- and f-glycosides The results
obtained, indicating that the energy, geometry, and electronic struciure of glycosides
are largely affccted vy the conformation of the acetat segment, are discussed from the
point of view of conformational an:lysis of oligo- and poly-sacchaidzs

INTRODUCTION

The glycosidic linkage consists of a molecular segment where two electio-
negatine atoms pearing lone pairs of elections are linked to the anomeric carbon
atom The electromc structure 1n the vicinity of this airrangesent affecis markediy the
geometrvy and conformation of a molecule, the overall consequences peing termed

*Theoretical Studres on the Conformation of Saccharides, Part [I For Part I, see ref 7
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Fig 1 The differences between the anomeric and exo-anomeric effects, exemphfied with the con-
formers of 2-methoxytetrahydropyran

anomeric and exo-anomeric effects’ 2 Although the physical basis of the anomeric
and exo-anomeric effects 1s the same, each affects a different portion of the acetal
segment, so that two terms have been introduced to describe the same general
phenomenon The anomeric effect 1s related to the preference of the axial orientation
of the aglycon group in pyranosides, ¢ ¢ , the preference of a synclinal arrangement
around the C-1-O-5 bond in the C-5-0O-5-C-1-O-1 segment The exo-anomeric
effect 1s related to the preference of the aglycon carbon atom for a position close to
the synchinal orientation towards the ring oxygen and anomeric carbon 1n the O-5-
C-1-0-1-C-X segment The two effects are illustrated in Fig 1, which shows the six
possible conformations of 2-methoxytetrahydropyran Obviously, the most important
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outcome of the exo-anomeric effect 1s concerned with the relative stability of mutual
onentations of neighbouring saccharide umits 1 ohigo- and poly-saccharides In this
case, the conformational importance of the exo-anomeric effect surpasses that of
the anomeric effect

Recently, anomeric and exo-anomeric effects have been extensively studied,
both theoretically and experimentally Theoretical, quantum-chemical studies®~ ¢ of
dimethoxymethane, an acyclic model for the acetal segment, demonstrate correctly
the preference of the synclinal over the antiperiplanar orientation, and show the
changes 1n the bonding angles as well as bond lengths Nevertheless, from the point
of view of the behaviour of glycosidic structures, there are shortcomings In acyclic
molecules, the conformational surface 1s largely symmetiical and thus does not allow
differentiation between the magnitude of the anomeric and exo-anomeric effects, ot
between the stability of the two synclinal orientations resulting from the interactions
with the pyranoid ring and its substituents

Our previous work” was devoted to studies of the conformational flexibility
of the pyranoid ring, in which the semi-empirical, quantum-chemical PCILO method
was applied to 2-methoxytetrahydropyran as a model substance The results showed
that, in agreement with the anomeric and exo-anomeric effects, the most stable
orientations are axial and synchnal for the methoayl and methyl groups, respectively
Also, the results indicated that there is a relation between the geometrical parameters
and the conformation of the acetal segment We now report on the conformational
properties of the glycosidic linkage and consider (a) the effect of the geometry adopted
on the potential of rotation around the glycosidic linkage and the mutual stabihity
of the conformers, and () the changes of the geometry of a pyranoid ring and of the
acetal segment as a result of the changed conformation of the acetal segment

THE MODEL AND THE APPLIED \METTIOD

Conformational properties of the glycosidic linkage have been studied by using
2-methoxytetrahydropyran as a model, for numbering of the atoms and the designa-
tion of dihedral angles, see Fig 1 A detailed description of the nomenclature has
been published” The rotation around the glycosidic linkage 1s given by the angles
@ and ¥, and the angle 0 determines the orientation of the methoxyl group The
designation of stable conformers 1s based on the conformation of the acetal segment
(Fig 1) and 1s given by the values of @ and @ The individual conformer energies
were calculated by the PCILO method with standard parameters When calculating
the two-dimensional conformation (@.%¥) maps, constant geometry corresponding
to the most stable conformation of the given anomer was used, 1 ¢, GG, and TG,
for anial and equatorial orienta.ions of the methoxyl group, respectively In calcila-
tions mvolving optimusation of the geometry, 21 gecometrical parameters were
optimised”’
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RESULTS AND DISCUSSION

Conformation eneigy (®,%) maps — Figs 2 and 3 show the energies of 2-
methoxytetrahydropyran conformers having axial and equatorial methoxyl groups
(A-MTHP and E-MTHP, respectively) obtained by rotation within 10° around the
C-1-0-1 and O-1-C-6 bonds, 1n the form of two-dimensional contour, conformational
energy (@,%) maps As expected, the rotation around the O-1-C-6 bond 1s less
restricted as compared with that around the C-1-O-1 bond The conformation energy
map in the direction of the ¥ co-ordinate may be divided into three equal parts, each
mmvolving a 120° interval The symmetry follows from the symmetry of the methyl
group The most stable arrangement 1s that mvolving a synclinal orientation of the
reference hydrogen atom The rotation around the C-1-O-1 bond 1s hindered mainly
by steric interactions of the methyl group with the methylene group of the pyranoid
ring These interactions are more pronounced for A-MTHP, which 1s mamfested by
different space requirements for this conformer, as compared with E-MTHP In the
direction of the @ co-ordmate. the main mimmum for A-MTHP holds for the syn-
clinal arrangement, corresponding to GG, (further GG) conformer For E-MTHP,
the mintmum 1n the direction of the @ co-ordinate agamn lies in the synclinal arrange-
ment. and corresponds to the TG, conformer Surpiisingly the two (@,%) conforma-
tional maps ndicate the existence of only one mimmmum 1n the direction of the ¢
co-ordinate, although the existence of other mimma, corresponding to conformers
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Fig 2 The conformarional energy map for A-MTHP (1n kJ/mol)
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Fig 3 The conformational energy map tor E-MTHP (in KJ/mol)

shown 1n Fig 1, would also be expected In tegtons corresponding to the GT, TG,
and TT conformers, only slight indications of the existence of more stable areas are
visible and, in the regien of the GG, conformer, a pronounced maximum 1s present
(Fig 2) This problem 1s discussed below

The effect of the geomenr) selected on the ene: gy of 1otation around the C-1-0-1
bond — The fact that only shight indications of mmmima for certain conformers were
present on the (&,¥) maps calculated with fixed GG and TG, geometry for A-
MTHP and E-MTHP, respectively, led to a further study of the effect of the geometry
on the energy of 2-methoxytetrahydropyran conformers For the sake of clarity and
because of the symmetry 1n the direction of the ¥ co-ordinate, only sections through
(®,%) maps for ¥ = 60° were caiculated

The pertinent results are illustrated in Figs 4 and 5 The dashed lines corre-
spond to the energy of 2-methoxytetrahydropyran calculated with a fixed geometry
in the most stable conformation of its individual forms The dot-dashed lines, corre-
sponding to the fixed geometry of the GT and TT conformers, were calculated 1n a
similar manner The full lines illustrate the energy curve involving the optimisation
of 21 geometrical parameters’ for an interval of ¢ = 10° Figs 3 and 4 both show a
pronounced dependence of the potential energy of the rotation around the C-1-O-1
bond on the selected geometry, viz , the mnadequacy of the use of constant geometry
in studies of the conformation of molecules that contam an acetal segment A com-
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Fig 4 A section through conformational energy maps (¥ = 60°) for A-MTHP with optimused
geometry ( ) and fixed geometry corresponding to GG (——-—-) or GT ( — — ) conformers (in
KJ/mol)

parison of the curves demonstrates that the use of constant geometry leads to an
unreal shape of the energy curves, whereas the curves approach the region of “correct”
(optimised) energies only 1n the region of the minimum, corresponding to the geometry
used The barrniers of transitions among the individual conformers are excessively high
An undesirable consequence of the use of constant geometry, corresponding to
certain of the stable conformations, 1s the erroneous description of the course of the
energy In its further minima It may sometimes lead to such a situation that some of
the minima remam undisclosed Only when the geometry 1s optimised are the general
features of the energy profiles such as would be expected by analogy with the con-
formation oroperties of acyclic model compounds®. The most stable conformation of
dimethoxymethane 1s the twice-degenerate one, G,G,;(G,G,) The next mimmum
(3 37 kJ/mol higher) 1s the four-times degenerate G, T (TG,, G,T, TG,) conforma-
tion The last munimum 1s the TT conformation, which has an energy 13 69 kJ/mol
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Fig 5 A section through conformational energy maps (¥ = 60°) for E-MTHP with opumised
geometry ( ) and fixed geometry corresponding to TG, (————— ) or TT ( — —) confoimers (in
kJ/mol)

above the absolute mmimum In comparison with dimethoxymethane. the ring
structure of 2-methoxytetrahydropyran results 1n a lower symmetry of the conforma-
tion surface, and the individual conformers therefore differ in their energy For
A-MTHP, the lowest mimimum appeared at 63° (GG) and the next (GT), with
~6 2 kJ/mol higher energy, at 152 2° In the range of the third, expected GG, mini-
mum between —150° and 20°, there i1s a broad maximum caused by steric inter-
actions of the methyl group and the ring with its substituents For E-MTHP.
there are three minima, corresponding to three different, eclipsed arrangements
around the glycosidic hinkage Energetically most favoured 1s the TG, conformer,
having 3 1 kJ/mol higher energy than the GG conformer of A-MTHP The TG,
and TT conformers are 57 and 6 8 kJ/mol, respecuvely, higher than the TG, con-
former The maximum at ~ —120°1s caused by interactions of the methyl group and
H-2 and H-3 Based on the energies calculated for the individual conformers, the
equilibnium distribution GG GT TG, TG, TT =708 60 199 20 13 has been
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calculated It shows that the equilibrium A-MTHP E-MTHP = 76 § 23 2 1s shifted
in favour of A-MTHP. which 1s 1n agreement with data for non-polar solvents
(¢f ~77-80% for A-MTHP? 8 11)

Coupling of the 2-methon) tetralnvdiopyran structire with the gly cosidie torsional
angle — A difference of bonding parameters for - and j-pyranosides has been
observed Theoretical calculations for acyclic models follow these trends as a function
of the change of the conformation. and expiamn the differencas as resuiting from the
delocalisation of free electron-pairs at the ovygen atom® ® '*> However, the acychc
models do not allow determination of the effect of rotation around the glycosidic
linkage (characterised by angle @) on the shape of the pyranoid ring, and of the ring
on the structure of the glycosid.c hinkage The high degree of dependence of the
rotation energy on the chosen geometry indicates changes in the structure of both
forms of 2-methoxytetrahydropyran, depending upon the orientation of the methyl
group Table I shows selected geometrical parameters for the five most-stable con-
formations of 2-methoxytetrahydropyran The Cremer—Pople parameters (Q, @.,90,)
show changes of ring puckering depending upon the change in conformation of the
acetal segment The larger ¢, values calculated for E-MTHP conformations agree
with e<oerimental data extracted from X-ray analysis and neutron diffraction stud-
1es'* The bond lengths follow qualitatively the ewperimentally found changes
The differences however, are not as pronounced as for the experimental values
Simular results for bond lengths calculated by the PCILO method have been observed .
and they can probably be accounted for by the approximations involved in the
PCILO method

TABLE I

CALCULATED RELATIVE ENERGY VALUES (LIE,) AND SELECTED GEOMETRICAL PARAMETERS OF THE MOST
STABLE CONFORMERS OF 2-MITHOXYTETRAHY DROPYRAN

A-MTHP E-MTHP

GG GT TGy 7G> T
E, (WJ/mol) 00 61 31 88 99
O (deg) 660 663 —178 5 174 2 1791
D (deg) 630 1512 582 —44 4 1595
¥ tdeg )y 60O ik 660 60O 600
Q (pm) 574 576 571 576 571
Os (deg) 36 26 44 39 44
@2 (deg) 201 8 199 6 2083 197 7 208 5
r(C-1 O-1) (pm) 1394 1397 1392 1394 1394
r(C-1-0O-5) (pm) 1399 1399 1400 1400 1398
(1) (deg) 1105 106 4 106 6 107 2 1023
«(6) (deg) 1119 1114 1124 1119 1127
B (deg) 108 8 108 6 108 5 109 5 108 9
r{G-1—-8B0-4j {pmj 421 1 4164 5tii 5143 35iG4
r(0O-1-HO-3) (pm) 3907 3945 452 4 4580 456 9

r(O-1-HO-6) (pm) 3774 3689 428 2 4292 421 8
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Fig 6 Conformational dependence of bond angles a a(l), b, 2{6), and c, f, for the rotation about
the C-1-0-1 bond in A-MTHP Broken lines correspond to mean values of angle @ for diufferent
types of glycosides!?

An analysis of geometrical parameters during rotation about the C-1-O-1
bond reveals that the most pronounced changes are 1n the bond angles of the acetal
segment {a(l), «(6), and ] Figs 6 and 7 show these changes for A-MTHP and
E-MTHP The conformational dependence of these angles results from several
effects The miost important are the relaxation of the geometry to minimise non-
bonded interactions, and delocalization of a free electron-pair of the oxygen atom
The former factor manifests 1tself mainly in the region of energetically unfavourable
conformations involving strong, steric interactions of the methyl group with ring
atoms and substituents (@ ~—120 to —150°) The unfavourable interactions be-
come less pronounced at the expense of alterations of some inner geometrical para-
meters The loss of energy needed to cause this change 1s overcome by the gain
resulting from the elimination of steric repulsions by separation of the interacting
groups Since the valence angles are “softer” parameters than bond lengths, 3¢ 15
to be expected that the changes would affect most markedly only the valence angles,
and mainly the glycosidic angle which 1s independent of the ring-closure conditions
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Fig 7 Conformational dependence of bond angles a, «(1), &, (6), and c, f, for the rotation about
the C-1-O-1 bond in E-MTHP Broken lines correspond to mean values of angle @ for different
types of glycosides!+

with respect to other parameters 1n the ring It follows'? from studies of the torsional
dependence of orbital nteractions in dimethoxymethane that, by virtue of through-
bond interactions of free electron-pairs, each rotation from the antiperiplanar position
around the C-O bond results in an ncrease of the O-C-O angle These factors are
clearly reflected 1n the course of the torsional dependence of bonding angle o« (Figs 6
and 7) For the purpose of comparison with experimental data from statistical analysis
of available crystallographic data for methyl glycosides and for oligo- and poly-sacchar-
ides contaiming different types (1-X) of glycosidic linkage'#, the mean values of
angle @ are shown in Figs 6 and 7 as a dashed line These values make it possible to
compare the alterations of valence angles calculated for 2-methoxytetrahydropyran
with those of the mean, angle values for different types of glycosidic linkage In spite
of the evident effect of chemical structure and the strengths of the crystal field, the
changes, compared with the situation in 2-methoxytetrahydropyran, are qualitatively
correct For example, of the values for glycosidic angles calculated according to
experimental, mean, angle values for -glycosides, the smallest value 1s observed for
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TABLE II

CALCULATED, NET ATOMIC CHARGES? AND DIPOLE MOMENTS OF THE MOST STABLE CONFORMERS OF
2-METHOXYTETRAHYDROPYRAN

4-MTHP E-MTHP

GG GT 7G, TG T
Q(C-1) 291 8 2940 2999 293 8 299 0
Q(C-2) —210 —308 —253 —345 —352
Q(C-3) 450 447 409 426 43 4
Q(C) 04 06 01 —-06 —06
Q(C-5) 1600 160 0 156 5 156 5 154 7
Q(C-6) 100 6 978 102 6 104 6 953
Q(O-1) —1705 —1713 —160 1 —169 1 —1542
Q(O-5) —194 2 —1814 —1875 —1869 —168 3
Q(H-1) —780 —754 —965 —76 9 —949
1 (D)? 0284 2169 2134 2360 3181
len (D) 0 369 0 631 0385 0 746 0 666
ttsp (D) 0175 1619 2031 1749 2715

2Q(i), m 10~%¢ ?1D = 333 x 1073° mAs

methyl dernivatives, a larger one for (1 —4)-linked oligosaccharides, and the greatest
for (1—3)-inked oligosaccharides This fully agrees with the order found expern-
mentally For o-glycosides, the theoretically predicted, glycosidic angle increases in
the order (1—1), (1—6), methyl, (1—3), (1—2), and {1—4), which 1s very close to
the order found experimentally (1—6), methyl, (1-1), (I—3), (1-2), and (1—4)
(Figs. 6 and 7) The same qualitative agreement 1s observed for the dependence of
angles «(1) and «(6) upon &

An 1mportant parameter in the conformational analysis and X-ray structure-
determination of polysaccharides 1s the so-called virtual-bond length It 1s also an
index of the cumulative effect of changes in the geometrical parameters of the mono-
meric units of polysaccharides Foi1 2-methoxytetrahydropyran, the parameter
analogous to the virtual-bond length will be taken as the distance between O-1 and
the hydrogen atom at the position of the assumed glycosidic linkage Values for three
such distances are given in Table I The different values of these distances indicate that
the size and shape of the residues change with the change in the shape of the poly-
saccharide chain, which 1s determined mainly by angles @ and ¥ These results support
French’s opinion®, based on single-crystal studies of various polymorphs of amylose,
that the size of «-D-glucopyranose varies from 410 to 480 pm and that the whole set
of known geometrical residues should therefore be used 1n structural studies

Conformational dependence of intramolecular interactions and geometrical
parameters 1s manifested also in calculations of electronic structures resulting from
the change of conformation of the glycosidic inkage Table II shows changes in
charge distribution of selected atoms, and changes of the dipole moment together
with 1ts components for the five most-stable conformers of 2-methoxytetrahydropyran.
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Although a certain dependence of net-charge values for the individual atoms on
conformation can be observed, the most pronounced variation of electronic structure
can be seen i the change of the dipole moment The smallest dipole moment 1s
exhibited by the GG conformer (0284 D. 1 D = 3 33 x 1073% mAs) and the highest
one by the TT conformer (3 181 D) The mean value of the dipole moment (1 23 D)
calculated by applying PCILO energies and dipole moments of the individual con-
formers 1s 1n a very good agreement with the experimental value (i 21 D) found'!
in CCl, The changes in dipole moment as a function of conformation are very
important from the point of view of conformational equilibria 1n solution con-
formers showing higher dipole moments are stabilised 1n more polar solvents A
comparison of dipole moment components shows that while the charge component,
Hey,- varies only shghtly (from 0 37 to 0 75 D), the hybridisation dipoles, p,,, depend
largely upon conformation (0 18-2 72 D) The value and the conformational de-
pendence of g, indicates the inadequacy of the use of charge distribution when the
electrostatic term 1s calculated by the molecular-mechanics method, and confitms the
need to modify this distribution by 1aclusion of the hybridisation dipoles!®
Anomeric and exo-anomeric effects — Although the physical basis of the two
effects 1s the same 1t 1s necessary to distinguish between the magnitude of the anomeric
and exo-anomeric effects, and for the exo-anomeric effect, 1ts magnitude for axial and
equatoral forms In contrast to acyclic models for which it 1s impossible to distinguish
between the magnitude of the anomeric and exo-anomeric effects, based on our
results and usig energies of individual conformers, 1t 1s possible to calculate the
effects for A-MTHP and E-MTHP In this approximation, the anomeric effect 1s
determined by the differences between the mean energies of conformations of A-
MTHP and E-MTHP Analogously, for the exo-anomeric effect, the difference can
be taken between energies of synclinal and antiperiplanar conformers n individual
2-methoxytetrahydropyran forms Based on calculated energies of individual con-
formers. the anomeric effect in 2-methoxytetrahydropyran amounts to 2 96 kJ/mol,
and the evo-anomeric effects 1 A-MTHP and E-MTHP are 6 14 and 7 01 kJ/mol,
respectively This result imphies that the exo-anomeric effect 1s stronger 1n # anomers
Owing to expertmental difficulties involved in the determination of conformational
equilibrium around the C-1-O-1 bond the calculated magnitude of the anomeric
effect can be compared only with data obtained in non-polar solvents, where the
respective values range from 3 0 to 3 9 kJ/mol It can be assumed, based on the good
agreement between calculated and experimentally found values for the anomeric
effect, that the values for the exo-anomeric effect (the first to have been reported)
are also correct The values for the exo-anomeric effect are roughly twice as high as
those for the anomeric effect which again emphasizes the importance of the exo-
anomeric effect in governing the conformational properties of the glycosidic segment* ”
The foregoing results cotrespond to the so-called state of an 1solated molecule
The conformational equilibrivm of the conformers and the magnitudes of the ano-
meric and exo-anomeric effects depend, of course, upon the medium in which the
glycosidic structures exist Recent studies of the effect of media on the conformational
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properties of dimethoaymecthane’® and n mr studies of 2-alkoxytetrahydropyrans
n solution? 8 '* show that the solvent effect 1s an important factor upon which the
abundance of the axial form of 2-methoxytetrahydropyran depends A detatled study
of the effect of solvents upon the conformational properties of the glycosidic linkage
and the magnitude of anomeric and evo-anomeric effects are presented elsewhere!?

As a conclusion to this study, a few comments concerning the conformational
analysis of oligo- and poly-saccharides are necessary The pronounced dependence
of the torsional energy around the glycosidic linkhage indicates that the approarmation
to a ngid residue may lead to erroneous results Care should be exercised n deriving
conclusions in cases when only geometrical parameters from X-ray or neutron
diffraction studies are available, because these correspond only to certain con-
formations A more suitable approximation would be the use of the so-called average
parameters, for example, Arnott and Scott’s geometrical parameters?® Since some of
e geometrical parameters alter considerably, it 15 necessary to include in calculations
of the conformation of oligo- and poly-saccharides at least the most important
parameters, ¢ g , «(1) or the glycosidic angle This 1s paiticularly important i studies
of the properties of polysacchanides n solutions. as the shape and pioperties of
molecules are given by a dynamic equilibrium of many conformatons The first
approach of this type can be found in the work of Brant®' who included, as another
parameter, the glycosidic angle f8 1n the configuiational statistics of polysaccharnides

It follows from the high values of the exo-anomeric effect that this factor 1s an
important driving-force, comparable with other interactions, determuning the con-
formational properties of the glycosidic linhage The exo-anomeric cffect should
therefore be included as a suitable parameter in the methods of molecular mechanics
applied to conformational properties of oligo- and poly-saccharndes
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